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Article’s History: Abstract. The purpose of this study was to substantiate the optimal combination of

Received: 24.01.2025 agroecological resources of the Western Forest-Steppe of Ukraine and the biological

Revised: 16.05.2025 potential of spring barley productivity in cultivation technology. The organised research

Accepted: 25.06.2025 was aimed at analysing the state of growth and development of spring barley plants
on the example of the phenotype with three formed shoots at the end of the tillering
phenophase, depending on the influence of environmental conditions at different
sowing dates. To describe and summarise the experimental data, the study employed
the method of establishing the significance of the difference in sample means by the
t-criterion (difference analysis) was used. As a result of the study of barley growth and
development, on the example of the analysis of the phenotype of plants with three
formed shoots at the end of the tillering process, a pattern of gradual decrease in
the realisation of the biological potential of shoots was obtained when the sowing
dates were shifted by 10 days starting from the first sowing date - March 10. The
maximum values of the growth and development of shoots of plants of this phenotype
were obtained as a result of ensuring the sowing process on March 10 at the earliest.
According to the order of the biological sequence of formation of the first, second,
and third shoots, the indicators were for crude biomass - 4.2 g, 3.2 g, 2.2 g; dry matter
content - 0.77 g, 0.58 g, 0.43 g, leaf surface area - 37.9 cm?, 34.8 cm?, and 30.9 cm?.
According to the analysis of the factual material obtained as a result of an organised
experiment of growing plants in abiotic conditions at different sowing dates, the process
of modifying the influence on the morphogenesis of barley shoots was established. The
best results of intensification of spring barley tillering according to the parameters
of the established data of shoot development on the example of the indicated plant
phenotype were obtained under environmental conditions at early sowing dates. From
a practical standpoint, the use of favourable environmental resources at early sowing
dates in ensuring consistently high grain yields of spring barley crops continues to be
an underutilised reserve in cultivation technology

Keywords: spring barley; abiotic conditions; biomass; leaf surface area; t-criterion;
biological potential
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INTRODUCTION

Due to changes in agroclimatic resources in the West-
ern Forest-Steppe of Ukraine, it has become relevant to
investigate the growth and development of early spring
cereals, including barley, at different sowing dates to
improve cultivation technologies. Global barley grain
production depends on vyields under weather condi-
tions and is characterised by data within 140-160 mil-
lion tonnes per year. In the 2023-2024 season, it is es-
timated at around 144 million tonnes, which is down
5.6% year-on-year, according to experts. These results
were influenced by lower yields and, accordingly, pro-
duction volumes in several European countries and
some regions of the African continent due to deteri-
orating weather conditions. Ukraine is a considerable
influence on the global grain market, where the agri-
cultural sector is essential for the global food balance.
Ukraine produces approximately 7-10 million tonnes
of barley annually, depending on weather conditions,
growing technologies and global market conditions,
and maintains its status as a leading barley producer in
the world. Ukraine ranks 3rd in the global barley ship-
ment ranking. Ukraine can produce up to 2.0 million
tonnes of malting barley, of which the internal market
can sell 0.9-1.0 million tonnes under favourable eco-
nomic conditions.

The global climate change that has taken place in
recent decades has markedly affected crop cultivation.
Climate change in Ukraine is a part of global climate
change, and it has its specific regional features, both
as factors affecting barley grain production and the
yield of all grain crops overall (van der Wiel & Bintan-
ja,2021; Appiah et al., 2023). Barley is one of the oldest
cultivated plants, with a history of cultivation span-
ning thousands of years (Lukinac & Juki¢, 2022; Kaur et
al, 2024). It began to be cultivated 10-12 thousand
years ago, along with other cereals, including wheat.
Barley came to Europe in prehistoric times through the
Balkans. It is known on Ukrainian lands according to
the Tripoli culture of the 3-4 millennium BC. S. Tatsu et
al. (2020) noted that barley is one of the leading crops
used for the production of feed, beer, food, etc. Today,
it continues to be one of the key crops in Ukraine’s ex-
ports. D. Rico et al. (2020) argued that compliance with
the requirements of cultivation technology will ensure
stable and high barley yields.

Barley requirements for temperature conditions.
Barley seeds begin to germinate at a temperature of
1-2°C. However, under such conditions, the germination
process is very slow and is mostly directed towards the
root system. At a temperature of 4°C, seed hatching
takes 5 to 7 days, at 10°C - 3 days, and at 16-19°C - 1-2
days. Accordingly, the sowing-germination period de-
pends on the soil temperature regime, as well as on the
biological and physiological quality of the seeds. The
hotter the temperature, the earlier the seedlings ap-
pear on the soil surface. However, the most favourable
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temperature at the beginning of barley development
is 10-15°C, which is slightly lower than the optimal
parameters of seed germination, which are 20-23°C.
R. Shivhare et al. (2020) noted that hot temperature ac-
celerates plant development by shortening the dura-
tion of the tillering phase, which leads to a decrease in
barley ear productivity.

Barley requirements for moisture supply. Barley
seeds germinate when water is absorbed in an amount
equal to half of their weight (Springer & Mornhin-
weg, 2019). This is somewhat less than is required for
wheat, rye, and oats, which reflects the xerophilicity
of barley. With sufficient moisture supply, barley seeds
swell in 24 hours, while with insufficient moisture sup-
ply, this process takes longer. The water requirement of
barley plants is constantly increasing from germination
to earing, with the maximum amount occurring be-
tween the beginning of the tube and the onset of ear-
ing. Moisture deficit during grain filling leads to a loss
of optimal kernel weight parameters, which definitely
reduces the yield level. The accumulation of starch in
the grain decreases, the protein content increases, and
the uniformity and size of the grain decreases.

Barley grain production in Ukraine can increase
due to modernisation of agricultural technology, invest-
ments in modern machinery, use of precision farming
systems, improvement of technological methods, and
logistics approaches in the growing process to adapt
to climate change, creation, and introduction of new
varieties resistant to disease and drought, will help to
increase and stabilise spring barley grain yields. The
purpose of this study was to assess the state of growth
and development of spring barley plants at the end of
the tillering phenophase depending on the influence
of environmental conditions at different sowing dates
to ensure adaptation to climate change, the cultivation
technology, and maximum use of the agro-ecological
resource of the Western Forest-Steppe of Ukraine.

MATERIALS AND METHODS

The study included the phenotype of spring bar-
ley plants of the Sebastian variety with three formed
shoots in terms of growth and development at the end
of the tillering process. The influence factor is abiotic
environmental conditions at five different sowing dates,
10 days after the first one on 10 March. The experimen-
tal studies were conducted in 2018-2020 at the Podil-
skyi State University, in the soil and climatic conditions
of the Western Forest-Steppe of Ukraine. The key de-
termining factors of soil fertility in the experimental
plots included the provision of barley plants with the
necessary nutrients for growth and development. The
soil of the experimental plots was podzolised medium
loamy, structured, with a humus content of 3.2%, pH pa-
rameters were close to neutral, hydrolytic acidity and
the amount of absorbed bases per 100 g of soil were




0.56-0.62 mg-eq and 32-36 mg-eq, respectively. The
presence of macro- and microelements per 1 kg of soil
was as follows: alkaline-hydrolysed nitrogen - 100 mg,
mobile phosphorus - 176 mg, exchangeable potassi-
um - 160 mg.

Formal characteristics of the field experiment: row
spacing of 15 cm, depth of seed placement during sow-
ing 2-3 cm, seeding rate of 250 germinating seeds/m?2.
The homogeneity of the used seeds by grain weight
was within 48-52 mg. The area of the accounting plots
was 20 m?, the number of replications was 4 times. The
following indicators were determined: crude plant bio-
mass by weighing on the FEH-600L balance, dry matter
mass by thermogravimetric method, leaf surface area
by the method of notches (Hrytsaenko et al., 2003). For
the mathematical analysis of the obtained research re-
sults, the Student’s t-test was applied to determine the
dependence of spring barley shoots crude biomass, dry
matter content, and leaf surface area on the influence
of sowing dates (Yeshchenko et al., 2014). The conduct-
ed study did not violate the basic standards and pro-
tocols following the Convention on Biological Diversi-
ty (1992) adopted at the Earth Summit in Rio de Janeiro,
as well as the Convention on International Trade in En-
dangered Species of Wild Fauna and Flora (1979).

RESULTS AND DISCUSSION

In the presented study results, the analysis included in-
dicators of crude biomass of shoots, dry matter content,
and leaf surface area. Crude biomass is a physiological

Horash & Klymyshena

indicator that characterises the intensity of photosyn-
thesis, transpiration, and the efficiency of solar ener-
gy use. The dry matter content (DMC) of plants is an
indicator that characterises their productivity and ef-
ficiency of using environmental resources. In the anal-
ysis of the efficiency of crop cultivation technologies,
DMC characterises the state of plant development and
reflects the accumulation of organic substances, which
are products of photosynthesis. A high DMC obtained
at different stages of plant development during culti-
vation reflects intensive growth and development of
the crop. Controlling the dry matter content provides a
reasonable opportunity to adapt the agricultural tech-
nology to the conditions of the region where crop pro-
duction is performed.

The key aspect of the analysis of leaf area was the
assessment of photosynthetic activity. The leaf surface
is the principal organ of photosynthesis. The larger the
leaf area, the more solar energy the plant can absorb
for the synthesis of organic matter. Monitoring the leaf
area at different stages of the growing season provides
objective information on plant growth rates and their
condition, which is an essential element in modern re-
search to ensure the development of spring barley cul-
tivation technology. The analysis of spring barley shoot
biomass data at the end of the tillering process, i.e.,
at the beginning of the fourth stage of organogenesis,
revealed that with each 10-day delay in sowing date,
starting from the first one on March 10, the shoot bio-
mass steadily decreased (Table 1).

Table 1. Evaluation of spring barley growth and development at the end of tillering process
at different sowing dates based on the analysis of the phenotype of plants with three formed shoots (2018)

Sowing period

Indicator
first second third fourth fifth

First shoot
Crude biomass, g 3.88%0.11 3.45+0.12 3.04+0.10 2.65%0.13 2.33%0.06
Dry matter content, g 0.77+0.017 0.61%£0.015 0.51+0.012 0.41%0.010 0.32%£0.016
Leaf surface area, cm? 34.18+0.81 31.82%0.77 29.71+£0.67 27.31+0.55 23.25+0.65

Second shoot
Crude biomass, g 2.89£0.10 2.59£0.09 2.36%0.07 1.92+0.08 1.70£0.06
Dry matter content, g 0.58+0.013 0.46+0.014 0.38+0.016 0.29£0.007 0.24%0.012
Leaf surface area, cm? 32.84%0.69 30.04+0.70 27.76%0.53 24.75+0.77 21.55+0.79

Third shoot
Crude biomass, g 2.11+£0.08 1.85%£0.10 1.53%£0.09 1.23+0.07 1.00£0.08
Dry matter content, g 0.41+0.018 0.32+0.017 0.26+0.011 0.19+0.014 0.15+0.013
Leaf surface area, cm? 28.07+0.32 26.07+0.81 24.05+0.50 22.08+0.83 18.64+0.86

Source: compiled by the authors of this study based on the research results

Specifically, the difference in the biomass of plants
of the first shoot when comparing the data obtained
at the first and second sowing dates was 0.43 g, which
is statistically significant (t; - 2.65 >t - 2.009). When
comparing the data of shoot biomass at the second and
third sowing dates, the difference of 0.41 g was also
significant (t;- 2.62 >t - 2.009). The difference in the

biomass of the first shoot of spring barley at the third
and fourth sowing dates of 0.39 g was statistically sig-
nificant (t;- 2.37 >t - 2.009). And when comparing the
obtained data on the biomass of the first shoot at the
fourth and fifth sowing dates, the difference of 0.32 g
is statistically significant (t; - 2.23 > t, - 2.009). Thus,
with each delay of spring barley sowing by 10 days
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after the first one on March 10, the biomass of the first
shoot at the end of the vegetative state of development
significantly decreased. The obtained indicators of dry
matter of the first shoot under analogous comparison
options also indicate that with each subsequent sow-
ing date, the established indicators were significantly
lower. Comparison of the data obtained during the first
and second sowing periods was characterised by a sta-
tistically significant difference in the dry matter content
of the shoots, which was 0.16 g (t;- 7.07 > t,,; - 2.009).
When comparing the data obtained at the second and
third sowing dates, the difference of 0.10 g was also
significant (t;- 5.20 > t,,, - 2.009). Additionally, the dry
matter content of the shoot at the fourth sowing date
was significantly lower by 0.10 g compared to the data
at the third sowing date (t;- 6.41 > t, . - 2.009). When
sowing in the fifth term, the indicator was 0.32 g,
which was significantly less by 0.09 g compared to the
data for the fourth sowing term, statistical criterion
t-4.78>1,,, - 2.009.

The following is an analysis of the data on leaf area
using an analogous comparison format. When compar-
ing the area of the first shoot according to the data
obtained during sowing on 10 March, the value was
greater and amounted to 34.18 cm? and on 20 March,
where the value was lower - 31.82 cm?, the difference
of 2.36 cm? was significant (t;- 2.11 >t - 2.009). When
analysing the results obtained during the second and
third sowing periods, it was found that the leaf surface
area of the shoot in the third period was significantly
less by 2.11 cm? (t; - 2.06 > t,, - 2.009). When analys-
ing the data obtained at the third and fourth sowing
dates, the leaf surface area of the shoot at the fourth
date was significantly lower by 2.40 cm?, as evidenced
by statistical analysis (t;- 2.77 >t - 2.009). The small-
est leaf surface area for the biological development of
the first shoot was at the fifth sowing date - 23.25 cm?
Comparison with the same indicator obtained at the
fourth sowing date showed a significant difference in
data at the level of 4.06 cm? where the value t; was
4.77 >ty - 2.009.

The following is an assessment of the growth and
development of the second shoot of spring barley
plants depending on the sowing date at the end of the
third stage of organogenesis. The biomass of the shoot
at the first sowing date was 2.89 g, and at the second
sowing date 10 days after the first - 2.59 g. The differ-
ence in the comparison was significant and amounted
to 0.30 g (t;- 2.23>t,,, - 2.009). The biomass of the sec-
ond shoot at the third sowing term of 2.36 g compared
to the index obtained at the second sowing term was
0.23 g less, the difference was statistically significant
(t;- 2.02 > t,,, - 2.009). When barley was grown under
the conditions of the fourth sowing term, the biomass
of the shoot was even lower and amounted to 1.92 g.
Compared to the results of the analysis at the third
sowing date, the difference of 0.44 g was statistically
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significant (t,;- 4.15 > t,,, - 2.009). And under the condi-
tions of the fifth sowing term, the biomass of the sec-
ond shoot of 1.70 g was significantly lower than the
biomass of the shoot when sown in the fourth term.
The difference of 0.22 g was statistically significant
(t-2.20>t,, - 2.009).

The analysis of the data on the dry matter content
of the second shoot of spring barley at the end of the
vegetative state of plant development under conditions
of five different sowing dates shows that when com-
paring the data obtained at the first and second sowing
dates, the differences were 0.12 g, which were driven
by substantially lower values obtained at the second
sowing date (t;- 6.28 >t - 2.009). In the third sowing
term, the value of 0.38 g provided a statistically signif-
icant difference of 0.08 g compared to the results ob-
tained in the second sowing term (t,- 3.77 > t, .. - 2.009).
Comparison of the data obtained under the conditions
of the fourth and third sowing terms characterised sta-
tistically significant differences in the parameters of in-
dicators with a lower value when sowing in the fourth
term, the difference was 0.09 g (t,- 5.17 >t - 2.009).
Under the conditions of the fifth sowing term, the dry
matter content was the lowest at 0.24 g, which is 0.05 g
less than the value obtained during the fourth sowing
term, but the difference was statistically significant
(t-3.62>t,, - 2.009).

According to the study results, it was found that
with each 10-day delay in sowing dates, starting from
the first one on 10 March, the leaf surface area of the
second shoot by the degree of development at the end
of the vegetative state of plants became smaller. Spe-
cifically, the indicators according to the first, second,
third, fourth, and fifth sowing dates were 32.84 cm?
30.04 cm?,27.76 cm?,24.75 cm? and 21.55 cm” The dif-
ference of 2.80 cm? between the first and second indi-
cators was significant (t;- 2.85>t, ;- 2.009). When com-
paring the second and third indices, the difference of
2.28 cm? was also statistically significant, i.e., the leaf
surface area of the second shoot at the third sowing
date became smaller (t;-2.59>t, ;- 2.009). At the fourth
sowing term, the index became even smaller, the differ-
ences compared to the data obtained under the condi-
tions of the third sowing term of 3.01 cm? were statis-
tically significant (t,- 3.22 >t - 2.009). And at the fifth
sowing date, the established value of the leaf surface
area of the shoot was 21.55 cm?was the smallest. The
difference in comparison with the data obtained under
the conditions of the fourth sowing date of 3.20 cm?
was significant (t;- 2.90 >t - 2.009).

The development of the third shoot of spring bar-
ley plants, depending on the conditions of sowing
time, was analogous to the established pattern, both
in relation to the first and second shoots. At the first
sowing date, the biomass of the shoot was 2.11 g, at
the second - 1.85 g, which was 0.26 g less, the differ-
ence was statistically significant t,- 2.03 >t - 2.009.




Under the conditions of the third sowing term, the
indicator of 1.53 g was significantly lower by 0.32 g
compared to the data obtained during the second
sowing term (t.- 2.38 > t, . - 2.009). The index of shoot
biomass at sowing in the fourth term was 0.30 g less
compared to the data for the third sowing term, the
difference was significant (t;- 2.63 > t;,, - 2.009). The
conditions of spring barley cultivation at the fifth
sowing term provided a shoot biomass of 1.00 g. The
difference of 0.23 g compared to the data obtained
at the fourth sowing term was statistically significant
(t-2.16>t,,. - 2.009).

Based on the analysis of the data on the develop-
ment of the third shoot of spring barley in terms of dry
matter content, it was found that in the first sowing
period the index was the highest at 0.41 g. Under the
conditions of the second sowing term, it decreased by
0.09 g, where the value of the indicator was at the level
of 0.32 g. The difference was significant based on sta-
tistical calculation (t;- 3.64>t, . - 2.009). The conditions
of the third sowing term led to a further decrease in the
accumulation of dry matter content by the shoot. The
established value at the level of 0.26 g was lower than
the value of the indicator obtained under the conditions
of the second sowing term. The difference of 0.06 g was
significant (t;- 2.97 > t, s - 2.009). When barley was sown
in the fourth term, the accumulation of dry matter by
the shoot decreased by 0.07 g compared to the results
obtained in the third term of sowing. The difference
was statistically significant at the established criterion
t,- 3.93>t,,. - 2.009. Under the conditions of the fifth
sowing date, the dry matter content of the third shoot
was the lowest and amounted to 0.15 g. Compared to
the data obtained under the conditions of the fourth
sowing term, the difference of 0.04 g was statistically
significant (t;- 2.09 > t, .. - 2.009).

When analysing the leaf surface area of the third
shoot of spring barley plants under growing conditions
at sowing on 10 March, an indicator of 28.07 cm? was
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obtained, and upon sowing on 20 March it significant-
ly decreased by 2.0 cm? (t;- 2.29 > t, s - 2.009). The de-
velopment of the shoot at the third sowing date was
characterised by a value of 24.05 cm?, which was signif-
icantly less than the value of 26.07 cm? obtained under
the conditions of the second sowing date. The differ-
ence in the comparison data was 2.02 cm?, which was
statistically significant (t;- 2.12 >t - 2.009). The leaf
surface area of the shoot under the conditions of the
fourth sowing term at 22.08 cm? was 1.97 cm? small-
erthan the leaf surface area of the shoot when grown
under the conditions of the third term. The differenc-
es in the indicators were statistically significant, the
factual value of the Student’s t-test was greater than
the theoretical one (t;- 2.03>t,,, - 2.009). The environ-
mental conditions of the fifth sowing term provided
the smallest size of the leaf surface area of the shoot -
18.64 cm?. The indicator was 3.44 cm? smaller than the
data for barley cultivation under the conditions of the
fourth sowing term, the difference was statistically sig-
nificant (t;- 2.87 >t - 2.009).

The results of the study in 2019 are presented in
Table 2. The biomass of the first shoot during sowing
in the first term was 3.81 g and was 0.41 g greater
than the results of the second sowing term, the differ-
ence was significant (t;- 2.50 >t - 2.009). Under the
conditions of the second sowing term, the indicator
was 3.40 g, which was 0.42 g greater than the value
of the indicator obtained under the conditions of the
third sowing term in terms of statistical significance
(t;-2.65>t,,,-2.009). The development of spring barley
during sowing in the third term provided a biomass of
the first shoot of 2.98 g, which was naturally statistical-
ly higher compared to the value of the same indicator
obtained in the fourth term (t;- 3.28 >t - 2.009). The
parameter of the shoot index at the fourth sowing term
of 2.54 g was greater than the index of 2.13 g obtained
at the fifth sowing term, the differences in the data
were statistically significant (t;- 2.77 >t - 2.009).

Table 2. Evaluation of spring barley growth and development at the end of tillering process
at different sowing dates based on the analysis of the phenotype of plants with three formed shoots (2019)

Sowing period

Indicator first second third fourth fifth
First shoot
Crude biomass, g 3.81%£0.10 3.40%0.13 2.98+0.09 2.54+0.10 2.13+0.11
Dry matter content, g 0.75%£0.016 0.59£0.025 0.48+0.019 0.39£0.015 0.29+£0.018
Leaf surface area, cm? 38.28%0.64 35.51£0.87 33.25%£0.70 28.67%£0.91 22.93£0.75
Second shoot
Crude biomass, g 2.79%0.11 245+0.12 2.13+0.10 1.80+0.09 1.51+0.11
Dry matter content, g 0.57+0.014 0.45+0.021 0.35+0.024 0.27+0.019 0.20£0.020
Leaf surface area, cm? 34.11+0.72 31.54+0.81 28.78+0.82 21.07%0.79 16.85+0.80
Third shoot
Crude biomass, g 2.10£0.08 1.79£0.10 143+0.11 1.13+0.07 0.84%0.12
Dry matter content, g 0.47+0.025 0.34+0.022 0.24+0.025 0.16+0.015 0.10+0.016
Leaf surface area, cm? 29.94+0.67 27.07+0.71 23.20+0.83 18.03£0.70 15.00%£0.73

Source: developed by the authors of this study based on the research results
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The following is a characteristic of the dry mat-
ter content of spring barley shoots at the end of the
vegetative stage of plant development. The parame-
ter of the first shoot at the second sowing date was
0.59 g less than the one obtained at the first sowing
date, the difference of 0.16 g was statistically signifi-
cant (t;- 5.40 > t, . - 2.009). The result obtained at the
third sowing date was 0.48 g less than the second
sowing date, the difference of 0.11 g was significant
(t;-3.50>t,,,-2.009). The dry matter content of the shoot
at the fourth sowing date was 0.39 g, which was 0.09 g
less than the data at the third sowing date, the differ-
ence was statistically significant (t,- 3.71 > t,, - 2.009).
The results of the data obtained at the fifth sowing date
were the lowest in the study, the dry matter content
was 0.29 g. Differences in comparison with the indica-
tors obtained under the conditions of plant develop-
ment at the fourth sowing date at the level of 0.10 g
were statistically significant (t;-4.27 >t - 2.009).

The characteristics of the development of the leaf
surface area of shoots were highlighted by an analo-
gous comparison scheme. The largest leaf area of the
first shoot at 38.28 cm? was obtained at the first sowing
date. Compared to the data for the second sowing date
at 35.51 cm?, the difference of 2.77 cm? was statistical-
ly significant (t;- 2.56 >t - 2.009). The analysis of the
shoot data obtained under the conditions of the third
sowing term, where the indicator was 33.25 cm?, which
characterised the pattern of a significant decrease in
the leaf surface area of the shoot compared to the data
for the second sowing term by 2.26 cm?, the difference
was significant (t; - 2.02 >t - 2.01). The leaf surface
area of the shoot at the fourth sowing date at 28.67 cm?
was significantly less than that obtained at the third
sowing date. The difference was 4.58 cm?, statistical
criterion t,- 3.98 > t, . - 2.009. And the area of the leaf
surface of the first shoot of spring barley at the fifth
sowing date at 22.93 cm? was the smallest. The differ-
ence was found at the statistical level compared to the
indicator obtained at the fourth sowing date - 5.74 cm?
(t,-4.86>1,, - 2.009).

Statistical analysis of spring barley plants growth
and development based on the biomass of the second
shoot shows that the value of 2.79 g at the first sow-
ing date was significantly greater compared to the data
established when growing plants under the conditions
of the second sowing date (t;-2.09 >t - 2.009). Shoot
biomass at the second sowing date of 2.45 gwas 0.32 g
greater than the index when growing barley at the third
sowing date, the difference was statistically significant
(t;- 2.05 > t,,, - 2.009). The obtained shoot biomass at
the third sowing date of 2.13 g was significantly great-
er than the established biomass results at the fourth
sowing date (t;- 2.46 >t, . - 2.009). And, accordingly, the
biomass of the second shoot of spring barley 1.80 g
in the process of cultivation under the conditions of
sowing in the fourth term at a statistically significant
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level of data discrepancy was 0.29 g greater than the
indicator of 1.51 g obtained in the fifth sowing term
(t;- 2.04 >t - 2.009).

When analysing the data on the dry matter content
of the second shoot under the conditions of the second
sowing term, the value of 0.45 g was lower compared
to the results obtained under the conditions of grow-
ing the first sowing term of 0.57 g. The difference in
data was statistically significant (t,- 4.76 > t, s - 2.009).
The dry matter content obtained at the third sowing
date of 0.35 g was significantly lower than the results
of the index when growing spring barley at the second
sowing date. The difference of 0.10 g was statistical-
ly significant (t; - 3.14 > t,,; - 2.009). According to the
same pattern, the value of the index obtained at the
fourth sowing term of 0.27 g was characterised by a
significantly lower value of the parameter compared to
the data obtained at the third sowing term. The differ-
ence at the level of 0.08 g was statistically significant
(t;- 2.61 >ty - 2.009). In plant development under the
conditions of the fifth sowing term, the dry matter con-
tent of the second shoot was 0.20 g. The established
difference of 0.07 g was statistically significant when
compared to the corresponding values obtained under
the conditions of cultivation of the fourth sowing term
(t;-2.54>1t,,; - 2.009).

The highest value of the leaf surface area of the
second shoot was found at the first sowing date of
34.11 cm? Under the conditions of the second sowing
date,the value was 31.54 cm2.The difference of 2.57 cm?
was significant (t; - 2.37 > t, . - 2.009). The shoot index
at the second sowing date was significantly greater by
2.76 cm? than the result of leaf area established under
the conditions of plant vegetation at the third sowing
date (t;- 2.39 >t - 2.009). Analogously, the indicator of
leaf surface area of the shoot at the third sowing date of
28.78 cm? was greater than the results obtained at the
fourth sowing date by 7.71 cm? The differences in the
data were statistically significant (t;- 6.77 >t ,, - 2.009).
The index of leaf surface area of the second shoot at
the fourth sowing date of 21.07 cm? was greater than
the index of 16.85 cm? of the fifth sowing date. Sta-
tistically, the difference of 4.22 cm? was significant at
t;-3.75>1,,, - 2.0009.

Based on the analysis of the biomass data of the
third shoot of spring barley plants, it was found that
in the first sowing term, the results of the index were
2.10 g greater than those obtained when growing un-
der the conditions of sowing in the second term. When
compared, the difference of 0.31 g was statistically sig-
nificant (t.- 2.42 >t - 2.009). The shoot biomass at the
second sowing date of 1.79 g was significantly greater
compared to the data obtained at the third sowing date,
the difference was 0.36 g (t;- 2.43 > t, . - 2.009). Analo-
gously, when comparing the biomass of the shoot at the
third sowing date, an indicator of 1.43 g was obtained,
which was greater than the biomass of the shoot at




the fourth sowing date. The difference of 0.30 g was
statistically significant (t,- 2.30 > t, .. - 2.009). According
to the same pattern, the index of shoot biomass when
grown under the conditions of the fourth sowing term
was 0.29 g greater than the index obtained at the fifth
sowing term, the difference is statistically significant
(t,-2.10>1t,, - 2.009).

The analysis of the data on the development of the
third shoot of spring barley plants in terms of dry mat-
ter content shows that the second sowing term yielded
a value of 0.34 g, which is lower than the result ob-
tained under the conditions of the first sowing term of
0.47 g, the difference of 0.13 g was statistically signif-
icant (t;- 3.90 >t - 2.009). The figure obtained at the
third sowing date at 0.24 g in the statistical comparison
was also 0.10 g smaller than the result of the second
sowing date (t;- 3.00 >t . - 2.009). As a result of the
analysis of the data on the dry matter content of the
third shoot under the conditions of plant development
of the fourth sowing term, a value of 0.16 g was estab-
lished, which at the statistical level was significantly
less by 0.08 g compared to the data obtained in the
third sowing term (t;- 2.74 > t, .. - 2.009). Under the con-
ditions of cultivation of the fifth sowing term, the value
of the indicator was only 0.10 g, but when statistically
compared with the data obtained under the conditions
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of the fourth sowing term, the difference of 0.06 g was
significant (t;- 2.73 > t, . - 2.009).

Based on the analysis of the data of the third
shoot of the leaf surface area, the highest parameter
of the indicator was 29.94 cm? at the first sowing date.
When grown at the second sowing date, the leaf sur-
face area of the shoot was 27.07 cm? The difference
of 2.87 cm? was significant, the statistical value of t;
was 2.94 > t,,, - 2.009. The parameter of the indicator
at the third sowing date of 23.20 cm? was lower than
the results obtained under the conditions of growing
plants of the second sowing date. The difference in
data at the statistical level of 3.87 cm? was significant
(t;- 3.54>t,,, - 2.009). The established value of the leaf
surface area of the shoot at the fourth sowing date at
18.03 cm? was smaller than the data established under
the conditions of the third sowing date. The difference
of 5.17 cm? was significant (t; - 4.76 > t s - 2.009). The
parameter of leaf surface area at the fifth sowing date
at 15.00 cm? was significantly lower than the previous
sowing date. The difference in data at 3.03 cm? was sig-
nificant (t;- 2.99 >t s - 2.009). The analysis of the bio-
logical development of spring barley on the example of
the phenotype of plants with three developed shoots
under different sowing dates at the end of the tillering
process in 2020 is presented in Table 3.

Table 3. Evaluation of spring barley growth and development at the end of tillering process
at different sowing dates based on the analysis of the phenotype of plants with three formed shoots (2020)

Sowing period

Indicator first second third fourth fifth
First shoot
Crude biomass, g 4.81+£0.17 4.11£0.15 3.56%0.12 2.96%0.16 2.48+0.13
Dry matter content, g 0.80+0.018 0.64+0.034 0.55+0.023 0.42+0.027 0.36+0.012
Leaf surface area, cm? 41.13%0.75 38.57+0.78 35.69+0.91 31.00+0.81 25.30+0.83
Second shoot
Crude biomass, g 3.99+0.13 3.32+0.18 2.70+0.11 2.15+0.12 1.70£0.14
Dry matter content, g 0.59£0.031 0.49+0.028 0.40+0.033 0.30£0.020 0.22£0.019
Leaf surface area, cm? 37.51+0.86 34.55+0.90 30.89£0.83 25.83+0.99 19.79+1.00
Third shoot
Crude biomass, g 2.50+0.13 2.09+0.11 1.69%£0.12 1.30+0.13 0.96+0.10
Dry matter content, g 0.42+0.025 0.33+0.029 0.25+0.021 0.19%0.016 0.14+0.015
Leaf surface area, cm? 34.84+1.10 31.67%0.77 27.12%0.98 20.99+1.00 15.25+0.87

Source: compiled by the authors of this study based on the research findings

It was found that the biomass of the first shoot of
4.11 g at the second sowing date was 0.70 g small-
er than the biomass of the shoot of 4.81 g at the first
sowing date, the difference was statistically signifi-
cant (t;- 3.09 >t . - 2.009). Under the conditions of the
third sowing term, the shoot biomass index was 3.56 g.
Compared to the biomass of the shoot at the second
sowing date, the difference of 0.55 g was statistical-
ly significant (t; - 2.86 > t,,. - 2.009). Under the condi-
tions of the fourth sowing term, the value of the indi-
cator was 2.96 g and, accordingly, 0.60 g smaller than
the value of the same indicator obtained under the

conditions of barley cultivation during sowing in the
third term. The differences in the data were statistically
significant (t,- 3.00 >t - 2.009). The index of biomass
of the first shoot at the fifth sowing term of 2.48 g was
0.48 g smaller than the value obtained at the fourth
sowing term, the difference was statistically significant
(t-2.33>t,,, - 2.009).

The study found that the dry matter content of the
first shoot at the first sowing date of 0.80 g was greater
than the parameters of the indicator obtained at the sec-
ond sowing date of 0.64 g, the difference at the level of
0.16 g was statistically significant (t;-4.16 > t,, - 2.009).
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The parameter of 0.55 g obtained under the conditions
of sowing the third term was 0.09 g smaller than the
second sowing term, the difference was statistically sig-
nificant (t;- 2.19 > t,; - 2.009). The value of the shoot
dry matter content at the fourth sowing term of 0.42 g
was 0.13 g smaller than the parameter of the indicator
obtained during sowing at the third term, which char-
acterises the difference in data as statistically signif-
icant (t;- 3.67 >t,,s - 2.009). The dry matter content of
the first shoot at the fifth sowing date of 0.36 g was
0.06 g less than the dry matter content of the shoot of
the fourth sowing date, the difference was significant
(t;-2.03>t,,, - 2.009).

The analysis of the development of the first shoot
by the value of leaf surface area showed that the index
for the second sowing date of 38.57 cm? was smaller
by 2.56 cm? with a statistically significant difference
in data compared to the results of the obtained plant
vegetation conditions when sowing in the first term
(t - 2.36 > t,,s - 2.009). The leaf surface of the shoot
of 35.69 cm? at the third sowing date was 2.88 c¢m?
smaller than the area parameter at the second sow-
ing date, the difference was statistically significant
(t;- 240>t - 2.009). The indicator for the fourth sow-
ing term of 31.00 cm? was smaller than the indicator
obtained in the third sowing term by 4.69 cm?, which
characterised the difference in data as statistically sig-
nificant (t, - 3.85 >t s - 2.01). The data on the leaf sur-
face area of the shoot at the fifth sowing date were
characterised by a value of 25.30 cm?2. The difference
with significantly lower parameters compared to the
value obtained under the conditions of vegetation of
plants of the fourth sowing term was 5.70 cm?, which
was statistically significant (t,-4.91 >t - 2.009).

Based on the assessment of the development of the
second shoot of spring barley plants by biomass param-
eters, it was found that the index for the second sowing
term of 3.32 g was 0.67 g less than the result of 3.99 g
obtained when growing under the conditions of sowing
in the first term. The difference is statistically signifi-
cant (t;- 3.01>t, . - 2.009). The results obtained in the
third sowing term showed that the biomass of the shoot
was 2.70 g less than the value of the index obtained in
the second sowing term, the difference of 0.62 g was
statistically significant (t.- 2.95 > t, s - 2.009). The estab-
lished index of shoot biomass under the conditions of
the fourth sowing term of 2.15 g was 0.55 g less than
the result obtained under the conditions of barley culti-
vation when sown in the third term. In this comparison,
the difference was significant (t;- 3.39>t, . - 2.009). And
in the fifth term of sowing, the biomass of the second
shoot of 1.70 g was 0.45 g less than the figure obtained
during the fourth term, the difference was statistically
significant (t;- 2.44 > t, . - 2.009).

The results of the dry matter content according to
the state of biological development of the second shoot
show that under the conditions of the second sowing
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term, the indicator of 0.49 g was less than the indicator
of 0.59 g obtained during the organisation of sowing in
the first term. The difference of 0.10 g was statistically
significant (t,- 2.39 > t, s - 2.009). Under the conditions
of plant development during sowing in the third term,
the content of dry matter of the shoot was 0.40 g and
was 0.09 g less than the value of the indicator obtained
in the second term of barley sowing, the difference was
statistically significant (t,- 2.08 > t, s - 2.009). The condi-
tions of barley development of the fourth sowing term
provided the content of shoot dry matter at the level
of 0.30 g. The value of this indicator was lower at a
statistically significant level of data discrepancy at the
established difference of 0.10 g compared to the value
obtained at the third sowing date (t;- 2.59 >t, . - 2.009).
The dry matter content of the shoot at the fifth sowing
date was 0.22 g. Compared to the value of the indica-
tor obtained in the fourth term, the difference in the
data discrepancy of 0.08 g was statistically significant
(t-2.90>t,,; - 2.009).

The following is an analysis of the leaf surface
area according to the biological stage of develop-
ment of the second shoot of spring barley, depending
on the influence of the conditions that developed at
different sowing dates. When growing plants at the
second sowing date, the area of 34.55 cm? was signif-
icantly smaller compared to the 37.51 cm? obtained at
the first sowing date. The difference of 2.96 cm? was
significant (t,- 2.37 > t,,; - 2.009). Upon growing plants,
when sowing was performed in the third term, the
leaf surface area of the second shoot was 30.89 cm?.
Compared to the value of the same indicator obtained
under the conditions of the second sowing term, the
difference of 3.66 cm? was statistically significant
(t - 2.99 > t,,; - 2.009). At the fourth sowing term, the
obtained area of 25.83 ¢cm? characterised the pattern
of decrease in parameters compared to the results ob-
tained at the third sowing term. The difference in data
at the level of 5.06 cm? was statistically significant
(t-3.91>1t,,, - 2.009). The smallest leaf surface area of
the second shoot was found at the fifth sowing date of
19.79 cm?, which was 6.04 cm? smaller than the value
obtained at the fourth sowing date, the difference was
statistically significant (t,- 4.29 >t, . - 2.009).

Analysis of the data on the biomass of the third
shoot according to the biological stage of develop-
ment showd that the conditions at the second sow-
ing date provided a parameter of 2.09 g. Compared
to the results obtained during the cultivation of bar-
ley in the first sowing period, the indicator was 2.50 g,
the difference of 0.41 g was statistically significant
(t;- 2.41>t,,s- 2.009). The index of shoot biomass at the
third sowing term of 1.69 g was naturally characterised
by a decrease in the development potential compared
to the results obtained under the conditions of devel-
opment when sowing in the third term. The difference
in the comparison data was 0.40 g and was statistically




significant (t;- 2.46 >t - 2.009). Under the fourth sow-
ing term, the shoot biomass of 1.30 g was estimated
to be significantly lower than the results obtained
when growing barley plants sown in the third term.
The difference of 0.39 g was statistically significant
(t;- 2.21>t,,5- 2.009). The following difference analysis
showed that the biomass of the shoot at sowing in the
fifth term was 0.96 g statistically less than the biomass
of the shoot at the fourth sowing term, the difference
of data at the level of 0.34 g was statistically significant
(t,-2.07 >, - 2.009).

Characteristics of the development of the third
shoot of spring barley by estimating the dry matter
content shows that the best result of 0.42 g was ob-
tained under growing conditions when sowing in the
first term. The value of the indicator at the second
sowing date of 0.33 g was significantly less by 0.09 g
(t - 2.35 > t, s - 2.009). The dry matter content of the
shoot under the conditions of development of plants
of the third sowing date of 0.25 g compared to the dry
matter content of the shoot at the second sowing date
was lower, the difference of 0.08 g was statistically sig-
nificant (t;- 2.23>t,,, - 2.009). At the fourth sowing date,
the figure was even lower and amounted to 0.19 g. The
difference of 0.06 g in comparison with the data of the
dry matter content of the shoot of the third sowing
term was significant (t, - 2.27 > t,,, - 2.009). The influ-
ence of developmental conditions of the fifth sowing
term provided the lowest accumulation of dry matter by
the third shoot. A result of 0.14 g was obtained, where
the difference of 0.05 g compared to the data of the
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same indicator at the fourth sowing date was statisti-
cally significant (t;- 2.28 > t, . - 2.009).

Based on the characteristics of the parameters of
the leaf surface area of the third shoot at the second
sowing date, a value of 31.67 cm? was established,
which was lower than the result of 34.84 cm? obtained
at the first sowing date. The difference of 3.17 cm?
was statistically significant (t; - 2.36 > t, . - 2.009).
Comparison of the index obtained at the third sow-
ing term of 27.12 cm? with the same at the second
sowing term characterises a decrease of the parame-
ter by 4.55 cm? The statistical difference was signif-
icant at t;- 3.65 >t - 2.009. Under the condition of
plant development at sowing in the fourth term, the
leaf surface area of 20.99 cm? was 6.13 cm? small-
er than that obtained when growing under the con-
ditions of development at sowing in the third term.
The difference in data was statistically significant
(t; - 4.37 >ty - 2.009). The smallest leaf surface area
of the third shoot (15.25 cm?) was obtained under the
conditions of barley development when sown in the
fifth term, which was smaller than the data obtained
at the fourth sowing term. The difference of 5.74 cm?
was significant (t,- 4.33>t,,, - 2.009).

As a result of the conducted study, the dependence
of the processes of growth and development of spring
barley on the state of plants at the end of the tiller-
ing phenophase on the conditions of vegetation fac-
tors of five sowing dates was established according to
the structural analysis of the phenotype of plants with
three formed shoots (Table 4).

Table 4. Evaluation of spring barley growth and development at the end of tillering process at different sowing dates
based on the analysis of the phenotype of plants with three formed shoots (average for 2018-2020)

Sowing period

Indicator first second third fourth fifth
First shoot
Crude biomass, g 417 3.65 3.19 2.72 2.31
Dry matter content, g 0.77 0.61 0.51 0.41 0.32
Leaf surface area, cm? 379 35.3 329 29.0 23.8
Second shoot
Crude biomass, g 3.22 2.79 2.40 1.96 1.64
Dry matter content, g 0.58 0.47 0.38 0.29 0.22
Leaf surface area, cm? 34.8 32.0 29.1 239 194
Third shoot
Crude biomass, g 2.24 1.91 1.55 1.22 0.93
Dry matter content, g 0.43 0.33 0.25 0.18 0.13
Leaf surface area, cm? 30.9 28.3 24.8 204 16.3

Source: compiled by the authors of this study based on the research findings

According to the first, second, third, fourth, and fifth
sowing dates, morphobiological parameters on average
for three years significantly decreased and were charac-
terised by the following data: biomass of the first shoot -
417 g;3.659;3.19q;2.72 g; 2.31 g; the second - 3.22 g;
2.79 g; 2.40 g; 1.96 g; 1.64 g; the third - 2.24 g; 1.91 g;
1.55 g; 1.22 g; 0.93 g; dry matter content of the first

shoot - 0.77 g; 0.61 g; 0.51 g; 0.41 g; 0.32 g; the sec-
ond - 0.58 g; 0.47 g; 0.38 g; 0.29 g; 0.22 g; the third -
0.43 g; 0.33 g; 0.25 g; 0.18 g; 0.13 g; according to the
leaf surface area of the first shoot - 37.9 cm?; 35.3 cm?;
32.9 cm?; 29.0 cm?; 23.8 cm?; the second - 34.8 cm?,
32.0 cm?; 29.1 cm?; 239 cm?; 19.4 cm?; the third -
30.9 cm?; 28.3 cm?; 24.8 cm?; 20.4 cm?; 16.3 cm? (Table 4).
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The results of the morphobiological analysis of the
phenotype of spring barley plants with three formed
shoots at the end of the tillering phase in terms of
individual data of shoot biomass, dry matter content,
and leaf surface area at different sowing dates indicat-
ed the effectiveness of the implementation of abiot-
ic resources of the environment when forming crops
during the vegetative state of plant development. The
significance of analysing the growth and development
of spring barley plants from the beginning of the seed
germination process to the end of the tillering pheno-
phase is that this is the period of growth and develop-
ment of vegetative organs. This is a separate part of the
growing season, during which the potential for plant
productivity and the structure of the agrophytocenosis
overall are laid and formed. Next, the generative state
of plant growth and development begins, the effective-
ness of which largely depends on the vegetative state.
Primarily, this applies to the functional element of the
yield structure, namely productive shoots, the number
of which, upon the onset of the generative state of de-
velopment in barley plants, is determined and can no
longer be controlled by both abiotic and technologi-
cal factors. It is also significant that during the vege-
tative state of barley plant growth and development,
the foundations of biological potential are laid by the
number of spikelets in the ear. Therefore, considerable
attention is paid to spring barley before the onset of
the generative state of growth and development, since
with its onset, the determination of this structural ele-
ment of yield also occurs.

Abiotic environmental conditions during the peri-
od of barley vegetative development play a key role. R.
Klymyshena and O. Horash (2024) argued that they are
essential and are always influential on the processes
of seed germination after sowing, on the accumulation
of biological potential by barley plants before tillering,
both from its beginning and its completion. Notably, at
early sowing dates, the tillering process always occurs
much earlier than at later dates. The conditions of abi-
otic factors of vegetation, specifically, such as the du-
ration of daylight hours, which can be characterised by
the process of energy flow of quanta, and temperature
conditions (minimum, maximum, and optimal tempera-
tures), which integrally interact and affect the duration
of the tillering process regardless of sowing dates and
determine their productivity.As a result of the influence
of day length and air temperature, barley shoots enter
a state of generative development, the fourth stage of
organogenesis. Therefore, it is crucial to determine on
which biological resource spring barley completes the
tillering process, depending on the development con-
ditions at different sowing dates, with reference to the
most significant task of the technology process, which
is to maximise the use of environmental resources.

The influence of abiotic factors of vegetation on
the state of growth and development of spring barley
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at the end of the tillering process at different sow-
ing dates can be established by analysing separately
selected plant phenotypes. Accordingly, the results of
barley development at the end of the tillering pheno-
phase, depending on environmental conditions at dif-
ferent sowing dates, were presented on the example
of analysing the phenotype of plants with three devel-
oped shoots according to individual indicators of each
of them. The plant phenotype was the result of the in-
teraction of genotype and environment. Plants with the
same genotype exhibit phenotype traits according to
the conditions of growth and development during the
growing season. The phenotype itself includes morpho-
logical traits, physiological properties, resistance to en-
vironmental factors, and biometric parameters. Pheno-
type in crop production is a set of traits and properties
of plants that are formed by the implementation of the
genotype in the growing environment, which are also
set by technology.

M. Zulkiffal et al. (2021) noted that the technolog-
ical process of spring barley cultivation in the condi-
tions of changes in abiotic factors requires a systemat-
ic solution. The primary types of abiotic factors include
climatic factors, particularly temperature, distribution
and instability of precipitation, reduction of surface
water, intensity and duration of daylight hours, at-
mospheric pressure, and wind. The list also includes
chemical and physical properties of the soil, including
acidity, structure, density, soil porosity, water availabil-
ity for plants and its ability to retain water, macro- and
microelements, and the presence of toxic substances.
S.l.Zandalinas et al. (2021) reported that hydrothermal
conditions play a crucial role, characterising the inter-
action of water and thermal regimes in a particular
area. They provide an opportunity for the development
of vegetation. The key components of hydrothermal
conditions include temperature regime - average, min-
imum, maximum temperatures, duration of the warm
period; humidity - rainfall, soil moisture, groundwater
level. The heat and moisture ratio is the balance be-
tween the amount of heat that ensures vegetation and
the water required for plants. Abiotic factors form the
conditions under which certain organisms can exist.
According to V.0. Balabukh et al. (2021, 2023), the in-
teraction of abiotic factors with biotic factors creates
an ecosystem. In this aspect, the vector of spring bar-
ley breeding is also sufficiently focused on adaptation
to changes in the parameters of abiotic factors that
have occurred in recent decades. Environmental con-
ditions are characterised by a rather significant impact
on the existence and survival of biological organisms.
A. Linchevskyi and |. Legkun (2020) addressed a new
attitude towards culture and breeding in the context
of climate change.

In the analysis of this area of the problem, there are
relevant features that should be considered from the
other perspective. In the southwestern Forest-Steppe of




Ukraine, from 2000 to 2010, there was a tendency for
favourable conditions for spring barley sowing to oc-
cur earlier. In some years, the conventional sowing date
of the first decade of April was shifted to the onset of
favourable conditions after 20 March. Additionally, this
decade saw an increase in the number of opportunities
to sow spring barley in both the first and second dec-
ades of March. Spring conditions for spring barley culti-
vation over 2010-2020 were predominantly favourable
for early sowing in the early part of March.

According to practical results, early sowing enables
the efficient use of winter moisture reserves and fertil-
isers, which positively influences the tillering process
and, ultimately, yields. If sowing is delayed, the field
germination of seeds decreases, the root system of
plants develops less well, and uniform tillering is not
ensured.Based on these conditions, the relevance of the
tasks of scientific research is the need to substantiate
the optimal combination of the biological potential of
spring barley productivity and agroecological resources
in cultivation technology. In modern intensive systems
of cereal crops cultivation, there is a requirement for
increased attention to plants as a biological means of
production. Particular significance is attached to the bi-
ological properties and characteristics of the crop in
connection with the task of cultivation technology to
maximise the potential of crop productivity. A series of
scientific studies revealed that optimisation of plant
growth and development in growing crops cannot be
achieved without paying special attention to the bio-
logical object as the primary factor of technology.

The issue of spring barley cultivation under current
changes in abiotic factors is receiving considerable at-
tention both in Ukraine and around the world. Changes
in the agroclimatic conditions of spring barley cultiva-
tion due to climate change are assessed. A. Polevoy et
al. (2013a, b) showed that the A1B climate change
scenario in Ukraine, the regional climate model MPI-
M-REMO, and the global model ECHAM5-r3 were used
to assess changes, as the most probable for the period
up to 2050. The photosynthetic productivity and fluc-
tuations in the average regional grain yield of spring
barley in the districts of Odesa region, which belong
to the Ukrainian part of the Danube Delta sub-basin,
were also assessed using plant production models.
Specifically, the analysis of spring barley development
by phenological phases under climatic factors and the
impact on spring barley yield in Europe was also given
considerable attention by many scientists, particularly
by M. Bicard et al. (2025).

Thus, the conducted study reflects the norm of
spring barley response to environmental conditions,
which characterises the properties of the crop based
on the results of plant analysis, biologically fixed adap-
tation of ontogeny to changes in agroclimatic resourc-
es, resulting in the regulation of growth and develop-
ment processes.
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CONCLUSIONS

The conducted study established the dependence of
the fulfilment of the biological potential of spring
barley growth and development processes on the ex-
ample of the analysis of the phenotype of plants with
three formed shoots at the end of the tillering phe-
nophase on the influence of vegetation factors at five
equidistant 10-day sowing dates. It was proved that
the key morphophysiological parameters of spring
barley plants growth and development, specifically,
crude biomass, dry matter content, leaf area of shoots,
during the period of vegetative state of plants are
limited by the resource of the environment, which
gradually becomes smaller with the delay of sowing
for every 10 days starting from the first one on March
10. As a result of the study, the maximum values of
indicators were obtained for the first sowing date on
10 March. Accordingly, during the first, second, third,
fourth, and fifth sowing periods, the obtained indica-
tors decreased significantly. On average, according to
the data of three years of research, they were charac-
terised by the following parameters: biomass of the
first shoot - 4.17 g; 3.65 g; 3.19 g; 2.72 g; 2.31 g;
the second shoot - 3.22 g; 2.79 g; 2.40 g; 1.96 g;
1.64 g; the third shoot - 2.24 g; 1.91 g; 1.55 g; 1.22 g;
0.93 g; dry matter content of the first shoot - 0.77 g;
0.61 g; 0.51 g; 0.41 g; 0.32 g; the second shoot -
0.58 g; 0.47 g; 0.38 g; 0.29 g,0.22 g; the third shoot -
0.43 g,0.33 g,0.25 g, 0.18 g, 0.13 g; leaf area of the
first shoot - 37.9 cm?, 35.3 cm?, 32.9 cm? 29.0 cm?,
23.8 cm?; the second shoot - 34.8 cm?, 32.0 cm?
29.1 cm?, 239 cm?, 19.4 cm?; the third shoot -
30.9 cm?, 28.3 cm?, 24.8 cm?, 20.4 cm?, 16.3 cm?. The
obtained findings proved the expediency of ensuring
early sowing in the organisation of the technological
process of spring barley cultivation to favourably im-
plement the productivity of the natural resource of
plants during the vegetative state of the environment
of the Western Forest-Steppe of Ukraine.

Prospects for further research include the assess-
ment of fulfilling the productivity potential of spring
barley plants during their generative state, depending
on the influence of conditions at early sowing on the
biometric parameters of shoots and elements of ear
productivity to establish the degree of synchronisation
and formation of homogeneity of the components of
agrophytocenosis as characteristics of the perfection of
the technological process of cultivation.
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OUiHKa CTaHy POCTY Ta PO3BUTKY POC/IUH SiUMeHIo deHoTuny
3 TpboMa cHOPMOBaHUMM MaroHaMm No 3aBepLUeHHI0 eHoda3mn KyLLEeHHS
3a pi3HUX CTPOKIB ciB6MU
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AHorTauisa. MeTa gocnigkeHb nonsrana B He0OXiAHOCTi 06rpyHTYBaHHS ONTUMAIbHOMO NMOEAHAHHS arpOeKONOTiHHMUX
pecypciB yMOB cepefoBuiwa 3axigHoro Jlicocteny YkpaiHu Ta 6ioforiyHOro noteHuiany npoayKTUBHOCTI SYMEHHO
SIpOro B npoLeci TexHonorii BupoLLyBaHHs. OpraHizoBaHi AOCNIAKEHHS CNPAMOBAHI Ha aHani3 CTaHy poCTy Ta pO3BUTKY
POC/IMH SIYMEHIO SPOro Ha Mpuknafi deHoTuny 3 TpboMa cHOPMOBAHMMM MAroHaMM Ha 3aBeplieHHi deHodasn
KYLLLIHHS 3a/1€XKHO BifL, BMNJIMBY YMOB 30BHILIHbOrO CEPeA0BULLA 3a Pi3HUX CTPOKIB CiBOM. [lns onucy Ta y3aranbHEHHS
eKCNnepurMeHTaNIbHUMX OAaHUX 3aCTOCOBAHO METO[ BCTAHOBJ/IEHHS iCTOTHOCTI Pi3HMLI BMOipKOBMX cepefHix 3a t -
KpUTEpieM (pi3HMLEeBMI aHani3). B pe3ynbTati npoBefeHOro AOCAIAXKEHHS POCTY Ta PO3BUTKY SUMEHIO HA NpuKnagi
aHanisy GeHoTUny pocsivH 3 TpboMa chOpMOBaHMMM NArOHaMu CTAHOM Ha 3aBEPLUEHHI NPOLLECY KYLLEHHS OTPUMAHO
3aKOHOMIpHICTb MOCTYMOBOIO 3HWXEHHS peani3auii 6ion0riYHOro MoTeHLiany MaroHiB Mpu 3MilleHHi CTPOKiB
ciB6bM Ha 10 gHiB po3noyMHaoumM Big neplioro cTpoky ciBou — 10 6epesHs. MakcuMManbHi 3HAYEHHS MOKA3HMKIB
pOCTy Ta PO3BWTKY MaroHiB pOCAMH 03HAYeHOro GeHOTUNY OTPMMaHi B pe3ynbTaTi 3abe3neveHHs npouecy ciBbw,
K HanpaHiwe, 10 6epe3Hs. Y BignoBifZHOCTI A0 nopsaky GionoriyHoi Yyepru GopMyBaHHS NepLuoro, APYyroro Ta
TPETbOro NaroHiB MOKA3HWKKM CTAHOBUAM ONs cupoi biomacn - 4,2 r; 3,2; 2,2 r; BMiCTy Cyxoi pe4yoBuHu - 0,77 T;
0,58; 0,43 r, nnowii nucTkoBoi nosepxHi — 37,9 cM?; 34,8 1a 30,9 cM2 BignoBigHo aHanisy ¢akTMuHoro Matepiany
OTPMMAHOTIO B pe3y/bTaTi OPraHi30BaHOro AOC/iAY BUPOLLYBAHHS POCIMH B aBiOTMUYHMX YMOBAX 3a Pi3HUX CTPOKIB
ciBbu BCcTaHOBNEHO npouec MoamdikauiiHOro BAAMBY Ha MopdoreHes MnaroHiB s4MmeHto. Harkpali pesynbtatu
iHTeHCcHiKaLii KyLeHHS SYMEHI0 Aporo 3a napamMeTpamu BCTAHOBIEHWX OAHWUX PO3BUTKY MAroHiB Ha MpUKNaAi
03HA4YeHoro GeHoTMUNY POC/IMH OTPMMAHO B YMOBaX CEPEAO0BULLA 33 PAHHIX CTPOKIB CiBOM. 3 NpakTUYHOro Nornaay 4o
TenepiwHbOro Yacy 3a/MLWAETbCS HEAOCTAaTHLO peani3oBaHUM pe3epBOM B TEXHOJONiT BUPOLLYBAHHS BUKOPUCTAHHS
CNPpUSTANBMX PeCypCiB CeEpeAoBULLA 33 PaHHIX CTPOKIB CiBbM B 3abe3neyeHHi cTabinbHO BUCOKOT YpPOXKAMHOCTI 3epHa
KYNbTYpU SYMEHI0 pOro

KniouoBi cnoBa: suMiHb spuii; abioTMyHi yMOBM; 6ioMaca; nioLwa AMCTKOBOI NOBEPXHi; t — KpuTepii; 6ionorivyHui
noTeHuian
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INTRODUCTION

Maize (Zea mays L.) is a crucial crop in agricultural pro-
duction, occupying a substantial portion of cultivated
land globally, including in Ukraine. The substantial out-
put and many applications of these crops render them
essential for food and feed security. O. Erenstein et
al. (2021) emphasised that maize production encoun-
ters various obstacles, with crop weediness being one
of the most significant. Weeds compete for essential
resources - water, nutrients, and light - which can sig-
nificantly reduce yield. O. Skydan et al. (2022) noted
that widespread ways to control weeds, especially the
use of herbicides, have many downsides, like creating
weed species that do not die from these chemicals,
harming the soil and environment, and being very
costly. Therefore, it is imperative to ascertain alterna-
tive weed management practices that are ecologically
sustainable and economically feasible. E. Radicetti and
R. Mancinelli (2021) and A. Boutagayout et al. (2025)
emphasised that agroecological approaches to weed
management are gaining prominence in modern agri-
culture. These methods integrate mechanical, biologi-
cal, and agrotechnical techniques to effectively reduce
crop weediness while minimising environmental harm.
Their application contributes to improved soil fertility,
the preservation of agroecosystems, and lower cultiva-
tion costs.

0. Orlov et al. (2021) emphasised that weeds that
are widely dominating crop fields typically require
analogous growth and development conditions as the
cultivated plants. Therefore, a comprehensive under-
standing of their adaptation strategies, typical respons-
es to agricultural practices, and pesticide applications
is essential for designing effective weed management
systems that minimise crop losses. Over the past two
decades, S. Fonteyne et al. (2022) observed significant
and rapid shifts in the factors influencing the spread of
weed species. These changes are largely driven by land
use planning, the spatial configuration of agricultural
zones, the introduction of short-rotation cropping sys-
tems, the adoption of minimal tillage practices, a re-
duction in technical interventions, and the limited use
of organic fertilisers.

T. Fedoniuk et al. (2025) noted that throughout the
last century, agricultural development has undergone
several transformative phases aimed at restructuring
land use practices. Although the government first ac-
knowledged the strategic significance of maize in crop
rotations in the early 1930s, large-scale expansion of
maize cultivation did not begin until the late 1950s.
This expansion coincided with debates between the
grassfield concept - focused on maintaining soil fer-
tility through perennial grasses — and the mineral con-
cept, which emphasised mineral fertilisers. Further-
more, T. Fedoniuk et al. (2024) mentioned that between
1980 and 1984, the increased farming of row crops like
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maize and the use of herbicides such as atrazine and
eradican in mineral oil emulsions caused major chang-
es in the types of weeds found in crop fields. S. Cord-
eau (2022) claimed that it is possible to manage weeds
effectively without chemical pesticides if a successful
combination of mechanical, cultural, and biotechnical
methods is used.

However, L. Schnee et al. (2023) warned that ex-
cessive tillage may facilitate the spread of perennial
weeds through vegetative reproduction. B. Thapa and
R. Dura (2024) noted that minimum tillage approach-
es, including no-till systems, minimise soil disturbance
but can lead to the accumulation of weed seeds near
the soil surface. Still, combining no-till practices with
mulching and the use of cover crops has proven ef-
fective in suppressing weed emergence and growth.
Furthermore, S. Liu et al. (2022) reported that dense
crop planting can markedly reduce weed pressure.
Densely sown maize forms a thick canopy that Llimits
light penetration on the soil surface, thereby inhibit-
ing weed germination and reducing competition for
resources during the early growth stages of the crop.
V. Mandi¢ et al. (2024) demonstrated that optimised
sowing densities of maize can play a crucial role in re-
ducing weed density, thereby lessening their negative
impact on crop productivity. However, the researchers
also warned that planting too many maize plants can
lead to competition among them, showing the signif-
icance of adhering to recommended planting rates to
effectively control weeds without hurting crop growth.
Thus, the purpose of the present study was to evalu-
ate how well different eco-friendly methods work for
controlling weeds in maize farming by combining var-
ious tillage systems, planting densities, and stopping
the use of chemical herbicides, while also consider-
ing their effects on plant growth, productivity, and the
overall farming environment.

MATERIALS AND METHODS

Experimental site and natural conditions. The exper-
imental plot was situated inside the broader experi-
mental field of Polissia National University (N 50°26’;
E 28°4) (Fig. 1). The site mostly consists of Gleic Albic
Luvisol, classified as Endoclayic, Cutanic, Differentic,
Katogleyic, and Ochric types according to IUSS Work-
ing Group WRB (2022).

The climate of the research region is described
as somewhat continental with humid conditions.
The average annual air temperature is roughly 7-8°C,
whereas the mean temperature in January is approxi-
mately 5°C. The summer temperature generally varies
between 18°C and 20°C. Annual precipitation varies
between 600 mm and 700 mm, primarily occurring in
the summer months. The relative humidity of the air is
significantly increased.
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Figure 1. Location of the study area
Source: generated in ArcGIS Pro software, digitised by the authors of this study based on factual field coordinates

Experimental design and arrangement. Analysis of
variance was employed to evaluate the effects of fac-
tors F1, F2, F3, and their interactions. The experiment
was performed in three replications to minimise exper-
imental error and improve the validity of the results.
A 1-hectare area was partitioned into 12 experimen-
tal plots, with each plot replicated three times (Fig. 2).
The study was conducted in 2023-2024. The research
employed a factorial experimental design that includ-
ed combinations of F1, F2, and F3. Each combination
of F1xF2xF3 was performed in triplicate. The study
investigated the impact of the following factors: F1 -
tillage systems: S1 - deep soil ploughing at 18-20 cm

(standard), S2 - soil disking at 10-12 cm (agroecologi-
cal strategies — AES), S3 - soil milling at 5-7 cm (AES);
F2 - sowing density: A1 - 1.1 sowing units per hectare
(standard); A2 - 1.3 sowing units per hectare (AES);
F3 - herbicide application: H1 - standard herbicide ap-
plication; H2 - herbicide non-application (AES).

Data were collected weekly from each source. Dur-
ing field research, the parameters of main crops, cereal
weeds, broadleaf, and short-leaved weeds were meas-
ured for height and density in each plot. The follow-up
study was conducted in 2023-2024. The predicted ex-
pected impacts of various agroecological strategies are
presented in Table 1.

1000 m

uonnedal |

100.0 m

uonyedai ||

il| S2H2A1 | S2H2A2 | S3H2A1 !

uonnedai j|

|:| Plots

Figure 2. Experiment design

Source: compiled by the authors of this study
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Table 1. Logic of applying weeds management strategies

Version Impact of AE strategy
Standard maize seeding density when ploughing can help reduce competition for resources, but it also creates
S1H1A1 conditions for weed growth. In comparison with compacted crops, with a standard seeding density, plants are unable
S1H2A1  to quickly close the interrows, which allows weeds to actively develop. This reduces the effectiveness of weed control
and can also negatively affect yields due to lower seeding density.
The high density of maize sowing allows the plants to close the interrows faster, reducing the number of weeds. This
S1H1A2 . - . . ) o
S1H2A2 effectively limits the space for the development of weeds and increases the effectiveness of their control. The yield in
this case is usually greater due to less competition between plants and better development of the root system.
With medium seeding density and disking, maize will compete better with weeds, while the interrows will close faster.
S2H1A1 S . . . o -
SIHIAL This will increase the effectiveness of weed control and improve yields compared to low densities. However, in case of
heavy weeding, the efficiency of disking may not be sufficient for complete control over weeds.
High seeding density against the background of disking allows maximising the competitive ability of maize against
S2H1A2 . : . . . . .
weeds. Maize quickly closes the rows, reducing the risk of weeding. This leads to greater yields, as plants make better
S2H2A2 . - .
use of soil resources and have less competition with weeds.
With medium seeding density, maize can provide more effective weed control. Tilling promotes a more even
S3H1A1 distribution of seeds and improves the structure of the soil, which promotes better plant development. Yields at
S3H2A1 this seeding density are usually stable and optimal because there is less competition with weeds and maize makes
effective use of moisture and nutrients.
The high density of maize seeding during milling provides the best soil coverage and reduces weediness. Maize forms
S3H1A2 ST S . . . ; .
S3H2A2 a dense leaf cover, which significantly limits the access of weeds to light and nutrients. This leads to high yields, as

plants actively use resources and effectively compete with weeds.

Source: compiled by the authors of this study

Soil sample collection and physicochemical prop-
erty analysis. The study was executed using a mul-
ti-phase experimental methodology. The experimen-
tal design was first established, subsequently leading
to the evaluation of soil health, plant health,and weed
prevalence. A total of 108 soil samples were collected
and analysed at the Measurement Laboratory of PNU.
The soil health of the experimental plots was eval-
uated using standardised methods grounded in in-
ternationally acknowledged protocols. Soil sampling
was performed according to ISO 18400-201 (2017)
series standards, assuring uniformity in the selec-
tion, safety, and methodology of sample collection.
The granulometric composition was ascertained us-
ing the pipette method modified by N.A. Kaczynski,
following DSTU 4730:2007 (2008). Soil compaction
density and moisture content were assessed using the
ISO 11272:2017 (2002) standard and the thermostat-
ic-weight method, respectively. Organic matter, soil
organic carbon density (SOCDb), and carbon balance
(C:N ratio) were assessed using Tyurin’s approach as
modified by Simakov (DSTU 4289:2004, 2005). Supple-
mentary factors including pH, electrical conductivity,
accessible nitrogen, mobile phosphorus, potassium,

sodium adsorption ratio, and cation exchange capacity
were evaluated according to national and internation-
al standards pertinent to each indicator.

Weed accounting. Weed species and density were
assessed weekly in 36 experimental plots from May to
August 2024 according to the Handbook of Weed Man-
agement (2024). The current weediness of the crops
was assessed using route surveys conducted annually
during the emergence of all primary weed species. The
primary survey for grain crops occurs during the earing
period, while for row crops, it took place during their
vegetative growth. Concrete strategies for herbicide
application during the post-emergence phase were for-
mulated based on weed records collected in the spring
following the widespread emergence of seedlings. In
each crop rotation field or its segment covering up to
50 hectares, a minimum of 10 monitoring sites must
be established, each measuring 2-3 m? for perennial
weeds and 0.25-1 m? for most annual weeds. Approx-
imate accounting method: the density of weeds in the
field was evaluated using point scales (Table 2).

For convenience, the scale of projective weed cov-
erage of the soil surface was employed (in points and
percentages) (Fig. 3).

Table 2. Six-point scale for assessing soil covered by weeds

Grade Covering degree

Description

0 no weeds present

1 weeds present individually, with a covering density of around 0.1-3 weeds per 10 m?

2 up to 5% 3-5 weeds per m?

3 5-20% 5-15 weeds per m?, cultivated plants predominate over weeds

4 20-50% 20-30 weeds per m?, cultivated plants continue to prevail over weeds

5 50-70% the number of weeds is equal to or greater than the number of cultivated plants, the culture is under threat
6 75-100% persistent obstruction, weeds substantially dominate cultivated vegetation

25

Source: Determination of the actual weediness of crops (n.d.)
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Figure 3. Cubic scale for evaluating weediness based
on projected weed coverage of the soil surface (in points and percentages)
Note: a, b is the consistent distribution of weeds across the area;, c is the cellular coverage; d is the solid coverag

Source: Determination of the actual weediness of crops (n.d.)

The quantitative accounting method relies on enu-
merating the cultivated plants and weeds at the desig-
nated recording sites. Simultaneously, they use frames
of suitable dimensions. Upon enumerating the weeds

within the frames, the average quantity per frame and
per meter is calculated, alongside a proportion of the cul-
tivated plants, designated as 100%. The extent of crop
blockage is assessed using the designated scale (Table 3).

Table 3. Scale for determining the degree of weeding of crops

Number of weeds per 1m? Rating Degree of weeding
1-5 1 Very weak
6-15 2 Weak
16-50 3 Average
51-100 4 Strong
Over 100 5 Very strong

Source: Determination of the actual weediness of crops (n.d.)

The quantitative-weight accounting approach in-
volves enumerating the quantity of weeds by species
and their aggregate count, assessing their height, devel-
opmental stage, and biomass. All weeds are extracted
at the registration site, their roots severed and weighed,
thereafter dried to an air-dry condition and reweighed.
The Jaccard Index was employed to analyse biodiversity
data,whichquantifiesthesimilaritybetweentwosetsand
is widely used in ecology to evaluate species common-
ality across different areas and experimental conditions.

|ANB|
|auB|’

J(A,B) = 1)

where |ANB| is the number of species common to both

sites (variants); |[AUBJ is the total number of species oc-
curring in at least one of the sites.

Scientific Horizons, 2025, Vol. 28, No. 7

The index varied from 0 to 1, where 1.00 is com-
plete coincidence (species always occur together);
0.00 is no coincidence (species never occur together)

Statistical analysis methods. ANOVA and several
statistical methods were used to assess the influence of
pesticides and seeding density on weed density. Regres-
sion analysis was used to create models for predicting
maize development levels. Only factors that maintained
statistical significance post-correction were considered
credible. The study was conducted following the stand-
ards of the Convention on Biological Diversity (1992).

RESULTS AND DISCUSSION

Soil conditions. Before initiating the field experiment,
a thorough assessment of the site’s soil characteris-
tics was conducted using soil profile analysis and an




extensive review of physicochemical data. The soil was
categorised as light grey forest loamy medium loam
on loamy deposits, designated under the 1USS Working
Group WRB (2022) classification as Gleic Albic Luvisol
(Endoclayic, Cutanic, Differentic, Katogleyic, Ochric).
The soils of experimental plots S1,S2,and S3 exhibited
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a mildly acidic reaction (pH 4.53-4.71), characteristic of
podzolic or acidic soils. The organic carbon percentage
varied between 1.68% and 1.9%, signifying a moderate
supply of organic matter. The humus concentration was
at a moderate level (1.68-1.9%), indicating a moderate
buildup of humus (Table 4).

Table 4. Changes in agrochemical parameters depending on cultivation

AS S1 S2 S3

A Cv, % A Cv, % A Cv, %

pH sol.. of/pH 4.71+0.39 8.38 4.71+0.71 15.17 4.53+0.43 9.51

Organic carbon, % 0.97£0.3 31.17 1.1+0.3 27.41 1.03%0.32 31.05
Hummus, % 1.68+0.52 31.2 1.9+0.52 27.43 1.78+0.55 31.02

Alkaline hydrolysed nitrogen,mg/kg  75.64+14.4 19.04 77.05%+15.41 20 76.28+13.4 17.57
Mobile phosphorus, mg/kg 161.13+93.33 57.92 143.9+67.63 47 139.21£52.84 37.95
Exchangeable potassium, mg/kg 107.38+42.19 39.29 96.95+63.04 65.03 108.62+52.51 48.34
Iron content, mg/kg 5.04%2.52 49.99 9.3£11.63 125.08 6.92+4.82 69.69
Copper content, mg/kg 0.18+0.05 30.64 0.19+0.07 37.22 0.17+0.05 28.89
Zinc content, mg/kg 0.85+0.37 43.56 0.86+0.47 54.79 0.86+0.94 109.82
Hydrolytic value, mmol/100g 2.74%0.52 18.83 2.95+£1.04 35.11 3.27%0.76 23.17
Sum of absorbed bases, mmol/100g 5.73+1.98 3458 6.37+3.57 56.04 5.77+1.93 33.49
Degree of bases saturation, % 65.74+11 16.73 63.66+18.39 28.89 62.11+11.86 19.1

Source: compiled by the authors of this study

The alkaline hydrolysable nitrogen concentration
ranged within 75.64-77.05 mg/kg, reflecting a moder-
ate nitrogen supply. The available phosphorus varied
within 139.21-161.13 mg/kg, signifying a substan-
tial quantity of phosphorus feeding. The exchange-
able potassium concentration ranged within 96.95-
108.62 mg/kg, reflecting a medium-to-high potassium
availability. The micronutrient makeup included iron
at 5.04-9.3 mg/kg, copper at 0.17-0.19 mg/kg, and zinc
at 0.85-0.86 mg/kg. The maximum iron concentration
was recorded in plot S2. Hydrolytic acidity varied with-
in 2.74-3.27 mmol/100 g, whereas the total absorbed
bases ranged within 5.73-6.37 mmol/100 g. The base
saturation degree ranged within 62.11%-65.74%,
signifying a substantial saturation of the soil’s cation
exchange capacity with bases. The coefficient of varia-
tion (Cv, %) for most indicators varied within 15%-65%,
signifying medium-to-high variability of the soils, es-
pecially for potassium, iron, and micronutrient levels.
The soils of the experimental plots exhibited modest
acidity, moderate humus content, adequate nitrogen
supply, and elevated levels of accessible phosphorus
and potassium, which are conducive to the cultivation
of most agricultural crops, contingent upon the neutral-
isation of acidity.

Weed biodiversity observation. The average height
of the main crop ranged from 153.3 cm (S2H2A1) to
176.7 cm (S1H1A2). Variants with H1 generally showed
greater crop height than variants with H2, which may
reflect better growing conditions. The amount of the
main crop was stable for all variants: 8 plants/m? for
conventional seeding rates and 10 for compacted crops.
To control the number of weeds, the herbicide Premium

Gold 4.5 L+ Quiet was used, which, according to farmer
surveys, is an effective preparation in controlling a wide
range of weeds in maize crops. Specifically, the results
showed that in H1 variants, some annual cereals were
practically absent, namely, E. crus-galli, S. glauca etc.,
which were found everywhere in these fields. However,
some weeds stayed partially or completely: resistant
dicotyledons: Convolvulus arvensis, Raphanus sativum, as
well as perennial grasses: Elymus (Elytrigia) repens (L.)
Gould. Clearly, weed biodiversity was more widespread
in H2 variants. C. album, R. sativum, etc., were quite
widespread.

The variants also differed in the number of weed
plants, the largest number of weeds was observed in
S2H2A1 (22.3 pcs), the smallest number in STH1A2
(12.0 pcs). Variants with H2 had slightly more weed
cover compared to H1, but the difference was not sig-
nificant. Weed species were represented unevenly be-
tween variants. In some variants such as S3H1A1, they
were dominated by a few key species, while in other
variants, e.g., S3H2A2, greater diversity was observed.
A smaller number of weed species (e.g., STH1A1) may
suggest that certain species dominated and sup-
pressed others. Some weed species were dominant: Co.
arvensis: highest abundance among all variants, espe-
cially in S2H2A2; Setaria pumila: significant abundance
in many variants, especially in S3H1A1 and S2H1A1;
Equisetum arvense: found in some variants such as
S2H1A1. Other species, e.g., Capsella bursa-pastoris
or A. retroflexus, were represented to a lesser extent
or not at all in most variants. The greatest number of
weeds was observed in variants S2ZH2A1 and S3H2A2.
This indicates that the conditions of these variants
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contributed to their growth. In the S1H1A1 variant,
the number of weeds was smaller, and their species
composition was limited.

Some weed species were concentrated in certain
variants, which may be related to agrotechnical condi-
tions. Chenopodium album (quinoa): the highest abun-
dance in SIH1A2; Persicaria lapathifolia: found only in
a few variants, R. sativum (wild radish): widespread in
almost all variants, but with varying quantities. There-
fore, the growing conditions in the variants signifi-
cantly affected the species composition and number
of weeds. The variants with the greatest weed burden
(e.g., S2H2A2) required additional weed management
to reduce weed numbers and minimise competition
with the main crop. During the present study, over 300
weed species were documented growing continuous-
ly in fields and uncultivated roadsides. As presented in

Figure 4, weed groups in a single field typically consist-
ed of 17-26 species, although in some cases there may
be a sizeable number (53-200 species) (Fedoniuk et
al., 2024). Within the weed communities, dicotyledon-
ous plants were the dominant species, accounting for
89% of the total. Most of the species consisted of win-
ter weeds, (43%), whereas summer weeds made up only
16%. Regardless of the time of observation, all the cur-
rent fields surveyed had four species of weeds: E. rep-
ens, Co. arvensis L., and Sonchus arvensis. Based on their
share of the weed group of E. repens, Co. arvensis, and
S. arvensis had a major impact on maize, as the most
active portion of the weed block. Without exception,
all observed fields contained these species, with mean
numbers of during the period of growth of 6-20 pcs/m?,
whereas the projective coverage and ground mass were
16% and 9%, and 250 g and 90 g, respectively.

Cluster Dendrogram (Based on Jaccard Index)

=] [=]
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|

Distance (1 - Jaccard Index)

Sonchus arvensis
Galinséga parvifléra
Setaria pumila
Cirsium arvense
Persicaria lapathifolia
Elymus repens

Capsella bursa-pastoris

Convonvulus arvensis
Echinochloa crus-galli
Equisetum arvense
Raphanus sativum
Amarantus retroflexus
Chenopodium album
Veronica agrestis

Weed Species

Figure 4. Cluster structure of weed species, created based on the Jaccard index,
which indicates the similarity of their presence in maize agrophytocenoses

Source: compiled by the authors of this study

Cluster analysis of weed species, performed using
the Jaccard index, elucidated ecological similarities
among species based on their presence in maize agro-
phytocenoses across 12 experimental variants. The Jac-
quard index served as a metric for the co-occurrence
of two species under identical growth conditions. The
study revealed that several weed species exhibited
distinct clusters, signifying their ecological resem-
blance. Co. arvensis, R. sativus, E. repens, E. arvense, and
E. crus-galli were identified as the closely associated
species, consistently occurring in analogous combina-
tions of soil management, seeding rates, and herbicide
use. The similarity index was 0.92, indicating frequent
co-occurrence in the same areas. This commonality is
likely attributable to shared demands for moisture pro-
vision or the structural and mechanical makeup of the
soil. Species of moderate prevalence, particularly those
from the families Setaria, Galinséga, and Amaranthus,
exhibited less dense aggregations, suggesting greater
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adaptation potential to alterations in the agro-environ-
ment or competition from the primary crop (0.80). Con-
versely, C.bursa-pastoris, S.arvensis, and Veronica agrestis
were allocated to distinct branches of the dendrogram,
indicatingtheirinfrequent occurrence orreactiontoaset
of circumstances. These findings are of significant prac-
tical relevance: they facilitate the prediction of typical
weed associations and the selection of control measure
combinations, considering the co-occurrence of species.
This is particularly advantageous for devising integrat-
ed crop protection strategies for maize. Clustering can
be employed for the ecological assessment of weed
composition in fields. Subsequent research may involve
examining the interrelation of experimental variants
and investigating the association between weed spe-
cies composition and the agricultural characteristics of
maize. The cluster technique utilising the Jaccard index
is an excellent method for evaluating the composition
of the weed component within agrophytocoenosis.




Weed amount observation. In contemporary ag-
ricultural production, weed management is a critical
aspect influencing the efficacy of maize cultivation.
Weeds compete with the primary crop for moisture,
light, and nutrients, while also complicating mech-
anised field cultivation and diminishing yield and
product quality. Consequently, in the context of the
present study, which encompassed diverse tillage
strategies, sowing density, and herbicide treatment,
weed control is an essential variable. It facilitates
the evaluation of the biological and economic viabil-
ity of alternative technical options, particularly with
the transition to energy-efficient agricultural systems
(Fig. 5). The greatest weed development was noted in
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variants STH1A2 and S1H2A2, whereas the least weed
infestation occurred in S2ZH2A2. This suggests that the
incorporation of surface tillage by disking, the exclu-
sion of pesticides, and increased seeding density (AES)
is more effective in weed management compared to
conventional techniques. The results of the one-way
analysis of variance (ANOVA) on changes in weed in-
festation were as follows: F-statistic: 13.42; p-value:
3.40x101% This reflects statistically significant differ-
ences across the experimental variants for the number
of weeds (p<0.001). Table 5 presents the results of the
analysis of variance (ANOVA), which allows assessing
the influence of agrotechnical factors on the number
of weeds in maize crops.

26
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Figure 5. Box plot depicting the mean and standard deviation
of weed infestation (number of weeds per square meter) across 12 versions of the agro-experiment

Source: compiled by the authors of this study

Table 5. Analysis of variance (ANOVA) results for a three-factor experiment

Effect sum_sq df F PR(>F)
C(F1) 924.4801 2 95.28186 2.66E-35
C(F2) 140.9995 1 29.06432 1.13E-07
C(F3) 26.06264 1 5.37231 0.020901
C(F1):C(F2) 609.8311 2 62.85245 7.79E-25
C(F1):C(F3) 22.25571 2 2.293792 0.102046
C(F2):C(F3) 50.01987 1 10.31063 0.001416
C(F1):C(F2):C(F3) 81.32895 2 8.382196 0.000266

Residual 2212.189 456

Source: compiled by the authors of this study

The study considered three factors: tillage system
(F1), seeding rate (F2), and herbicide treatment (F3).
The results of the analysis of variance indicated that
all three studied factors had a different degree of in-
fluence on the dependent variable. The most signifi-
cant was the influence of the F1 factor. Its contribution
to the total variation was the largest, and the corre-
sponding p-value was extremely small, which reflect-
ed a statistically significant influence of this factor

(F=95.28,p<0.0001). This means that different tillage
methods do affect the degree of crop litter, and it is
likely that milling (as one of the methods of surface
tillage) contributes to the reduction of weed numbers
by mechanically destroying their seeds or improving
the conditions for maize growth. Seeding density, rep-
resented by factor F2, also has a statistically signif-
icant effect, although less pronounced compared to
F1 (F=29.06,p<0.000001). Increasing the seeding rate
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(1.1-1.3 seeding units per hectare) probably leads to a
thickening of maize crops, which limits access to light
and space for weeds, reducing their development.

Factor F3, which describes the use of herbicides,
also turned out to be significant, but its effect was
the smallest among all three main factors (F = 5.37,
p =0.021). This may suggest that under the conditions
of this experiment, the herbicide did not provide the
expected effectiveness. Possible reasons are the de-
velopment of resistance in weeds, the mismatch of the
type of herbicide to the spectrum of weeds, or errors in
agricultural application techniques. Additionally, alter-
native methods of mechanical tillage were used in the
herbicide-free treatment variants, which provided the
desired effect. Furthermore, the analysis of variance re-
vealed a significant interaction between the F1 and F2
factors. This means that the efficiency of seeding densi-
ty depends on the soil cultivation system used. Such an
interaction requires special attention when interpret-
ing the findings, since the same density level can affect
the result differently depending on the type of cultiva-
tion. At the same time, the interaction between F1 and
F3 was not statistically significant, which indicates the
absence of a noticeable combined effect between the
soil cultivation system and the use of herbicides. Over-
all, tillage and seeding rates had the greatest impact on
weed abundance in maize, while herbicide treatment
was ineffective. This highlights the significance of agro-
nomic decisions in an integrated weed control system
and indicates the feasibility of improving tillage and
seeding approaches.

The findings of this study confirmed the value of
agroecological strategies for sustainable weed manage-
ment in maize agroecosystems. The conducted analysis
of variance (ANOVA) revealed a statistically significant
influence of tillage systems, which allows concluding
that surface tillage, especially milling, markedly reduc-
es the weed load and at the same time promotes the
development of cultivated plants due to the improve-
ment of the soil structure and the reduction of the weed
seed bank plants in the upper soil layer. These data
are consistent with the findings of S. Selvakumar and
R.Ariraman (2022) that reducing the intensity of tillage
disrupts the germination cycles of weed seeds and im-
proves the conditions for growing maize. One of the key
results is the minimal effect of herbicides on the level
of crop contamination. Analogous findings emphasise
the need to transition to integrated weed management
systems, which focus on mechanical and agrotechnical
methods. The data are consistent with the conclusions
of N. Colbach et al. (2025), where, upon modelling sus-
tainable weed management systems in three European
cases, the researchers showed that the greatest contri-
bution to sustainability is made by integrated agrotech-
nical measures adapted to local conditions, including
the combination of minimal tillage and optimal sow-
ing times. N. Sharma and M. Rayamajhi (2022) empha-
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sised that the success of integrated weed management
in maize crops depended on a complex combination
of mechanical, agrotechnical, and biological methods
adapted to concrete climatic and soil conditions.

The significance of sowing density deserves spe-
cial attention. The increase in density provided both
the suppression of weeds due to the accelerated clos-
ing of the rows, and the improvement of the compet-
itiveness of maize. This result confirms the data of
R. Leskovsek et al. (2025), where the significance of
the density of the standing of cultivated plants for the
development of a dense canopy and the reduction of
soil illumination was emphasised, which complicates
the successful germination for weeds. K. Nthebere et
al. (2025) also showed that in systems of conservation
agriculture based on minimal tillage and mulching, im-
provements in soil quality and crop stability in arid cli-
mates are achieved, which confirms the universality of
the revealed patterns.

A valuable discovery of the present study was the
absence of a significant interaction between soil treat-
ment and the use of herbicides. This indicates that agro-
ecological mechanical methods can completely replace
chemical means of plant protection in certain condi-
tions without losing the effectiveness of weed vegeta-
tion management. At the same time, the revealed sig-
nificant interaction between the tillage system and the
density of sowing emphasises the need for a systematic
approach to the planning of agrotechnical measures.
Cluster analysis using the Jaccard index revealed sta-
ble ecological and coenotic relationships between the
primary types of weed plants. A stable coexistence of
C. arvensis, E. repens, and R. sativum species was estab-
lished under various cultivation technologies, which
indicated their pronounced adaptability. These data are
significant for forecasting weed complexes and devel-
oping targeted measures to combat them, which was
also noted by N. Colbach et al. (2025) within the frame-
work of approaches to spatial modelling of sustainable
management systems.

Thus, the findings of the present study confirmed
the expediency of the transition to the paradigm of
agroecological intensification in the cultivation of
maize. Such an approach reduces dependence on
chemical means of plant protection, contributes to the
preservation of soil fertility, biodiversity, and ensures
the long-term stability of agroecosystems. Prospective
areas for further research include the evaluation of the
long-term ecological consequences of the proposed
methods, their economic efficiency in the conditions of
commercial agriculture, as well as the study of the syn-
ergistic effect of combining with cover crops and the
use of organic fertilisers.

CONCLUSIONS

The research results validated the efficacy of agroeco-
logical weed management techniques in maize agroe-




cosystems. The tillage system had the most substantial
effect in diminishing field litter. Specifically, surface
tillage, particularly milling, resulted in a notable de-
crease in weed populations and a concurrent enhance-
ment in crop output due to enhanced soil structure and
a reduction in the weed seed bank in the upper layer.
Augmenting the seeding density positively influenced
the suppression of weed germination, as the extensive
coverage of the soil by the maize leaf surface restricted
light penetration to the soil, hence inhibiting the prolif-
eration of undesirable vegetation. The influence of her-
bicides was less significant than other factors, suggest-
ing the possibility of diminishing reliance on chemical
protective agents through the implementation of good
agronomic methods.

The demonstrated correlation between tillage sys-
tem and crop density underscored the necessity for a
comprehensive approach to agroecosystem manage-
ment. The integration of surface tillage and heightened
crop density yielded optimum outcomes in weed man-
agement. Consequently, methodical planning of crop
rotation, mechanical tillage, and optimisation of crop
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density are essential for effective weed control and con-
sistent yields. The results validated the viability of agro-
ecological intensification in maize production as a sus-
tainable method that mitigates environmental burdens,
enhances soil fertility,and guarantees the long-term sta-
bility of agricultural ecosystems. Future studies should
focus on evaluating the long-term ecological conse-
quences of these methods, assessing their economic vi-
ability in commercial farming contexts, and investigat-
ing synergistic effects with cover cropping and organic
amendments. This study provides valuable empirical ev-
idence endorsing the scalability and ecological viability
of integrated weed management in maize cultivation.
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CTane ynpaBniHHA 6yp’aHaMM y nociBax KyKypyAa3u:
ouiHKa arpoeKonoriyHUX NpPakKTUK Ta CUCTEM O6PO6GITKY FPYHTY
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AHoTauif. Y focnigxeHHi ouiHoBanacs edekTUBHICTb arpoeKkooriYHnxX niaxoais 6opoTebu 3 6yp’aHamu y nocisax
KyKypya3u. EkcnepumenT, nposeaenuit y 2023-2024 pokax i BK/IYaB Tpu cucTteMu 06pobiTKy rpyHTy (rnmboka
OpaHKa, AMCKYBaHHA, Gpe3epyBaHHA), ABi ryctoty nocisy (1,1 Ta 1,3 nociBHMX oAMHMUb/ra) Ta ABa NiAXOAM OO
3aCTOCYBaHHA repbiunaiB (3aCTOCYBaHHS Ta HE3aCTOCYBaHHS repbiumais), 3aranom 12 BapiaHTIB Y 3 NOBTOPEHHAX.
HaBuwwmnin piseHb 3abyp’sHEHOCTI 6yno 3adikcoBaHO Yy BapiaHTi 3 AMCKYBAHHAM, HU3bKOK TYCTOTOK MOCIBY Ta
6e3 repbiumais (S2H2A1) - 22,3 pocnnHKU/M?; HaMHMKUMIA — Y BapiaHTi 3 OPaHKO, BUCOKOK TyCTOTOK MOCiBy Ta
3acTocyBaHHaM repbiumais (STH1A2) - 12 pocivmu/mM2. BapiaHTy 3 yLLiZIbBHEHMM NOCIBOM, HE3AIEXKHO Bif, 3aCTOCYBaHHS
repbiumais, NPOLEMOHCTPYBANM KPaLLy 3[aTHICTb A0 NPUTHIYEHHS OYp’aHIB 3aBASKM WBUAKOMY 3MUKAHHIO MiXPALb
Ta 3MEHLUEeHH0 focTyny cBitna. AucnepciiHuii aHanis (ANOVA) nokasas, Lo HaibinbLwmii BIAMB Ha KiNbKicTb Oyp’aHiB
MaB 06po6iTok rpyHTy (F=95,28; p<0,0001), nani Mwna ryctota nocisy (F=29,06; p<0,000001),a BHecok repbiunis
6yB HaMeHwmuM (F=5,37; p=0,021). 3HauHa B3aEMoLis MixX cucteMoto 06pobiTky Ta ryctototo nocisy (F=62,85;
p <0,000001) cBif4MTb NPO HEODOXiAHICTH KOMMAEKCHOMO MAAHYBAHHS arpoTexHiYHMX 3ax0AiB. KnactepHuit aHanis
Ha OCHOBI iHAeKcy YKakkapa BMSIBMB CU/IbHI €KOMOTiYHI 3B’I3KM MiX BMAamu byp’aHiB — 3okpema, C. arvensis, E.
repens Ta R.sativum manu koediuieHT noaioHocTi 0,92, o f03B0ONSE NPOrHO3YBaTH TMNOBI diTOCOLiaNbHI KOMBIHALT
Ta po3pobnsaTH LinecnpsamMoBaHi 3axoam 60poTboU. Pe3ynbTaTi 3aCBigUMK, L0 arpoOeKONOrivyHi CTpaTerii, BK/IYaum
noBepxHeBWUI 0OPOBITOK IPYHTY Ta YLLINbHEHWIA MOCIB, MOXYTb YCMILUHO 3aMiHWUTKU XiMiYHI MeTOAM, 3MEHLLYHOUM
HaBaHTAKEHHA HA [OBKINAA Ta NiATPUMYKOUM CTabinbHICTb NPOAYKTUBHOCTI. MNpakTUYHA LiHHICTb LOCNIOKEHHS
Nnonara€e y AoBeAEHI MOXIMBOCTI MiHiMi3aLii BUKOPUCTaHHSA repbiumnais npu 36epexeHHi BUCOKOI BPOXAMHOCTI
KYKYPYA3M LUASXOM BNPOBAAXKEHHS aAaNTOBAaHMX arpoTEXHIYHMX pillleHb

Knrouosi cnoBa: arpoekonoris; 6opotbba 3 6ypaHamu; Zea mays L.; cuctemmn obpobiTKy rpyHTY; poLoYiCTb IPYHTY;
anbTepHaTMBM repbiunaam; NpoayKTUBHICTb POCIMH
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was more often diagnosed at the storage stage. The development of bacterial diseases of potatoes intensified
under conditions of excessive soil moisture, temperatures above 27°C, mechanical damage and accumulation
of organic residues. The formation of a stable rhizosphere microbiota, with the participation of representatives
of the genera Pseudomonas and Bacillus, contributed to a 47-62% reduction in the sickness index and a 25-31%
increase in vegetative mass compared to the control. Different tolerance mechanisms dominated in the studied
varieties: vascular resistance in Solokha, which provided a 62% reduction in lesions, 31% weight gain and 2.2
additional tubers per plant. Dnepryanka showed a biochemical response, with a 3.1-fold increase in peroxidase
activity and a 1.6-fold increase in phenylalanine ammonia lyase, and Lugovska showed a microbiological control,
with a rhizosphere colonisation density of up to 1x10° colony-forming units per gram of soil and an increase in
the number of tubers by 24. The obtained results are of practical importance for the development of integrated
potato protection schemes that involve the use of bioagents and resistance inducers as an effective alternative to
chemicals, as well as for the implementation of an early diagnostic monitoring system based on bioindicators in

breeding and agricultural production technologies

Keywords: microbiota; soil; moisture; resistance; agroecosystem; endophytes; wilting

INTRODUCTION

Potatoes (Solanum tuberosum L.) are one of the four
most widely produced crops in the world, behind only
corn,rice and wheat. It is a key source of carbohydrates
in the diets of more than 1 billion people and is widely
used in the food, starch and alcohol industries. Bac-
terial diseases cause significant yield losses, reduce
tuber quality, complicate storage and pose economic
risks to producers. The rapid adaptation of pathogens,
their ability to persist in the soil, and a wide range of
host plants make controlling them particularly chal-
lenging, so the issue of increasing potato resistance
to bacterial pathogens remains relevant.

In response to the growing threats posed by bac-
terial diseases of potatoes, several international or-
ganisations are actively implementing evidence-based
programmes to reduce phytopathogenic risks. The
Food and Agriculture Organisation studies the global
spread of bacterial diseases of potatoes in the con-
text of food security, develops recommendations for
reducing phytosanitary risks and implements integrat-
ed plant health management policies (Rolot, 2012).
A. Charkowski et al. (2020) conducted genetic charac-
terisation of the main bacterial pathogens, in particu-
lar Ralstonia solanacearum and Clavibacter sepedonicus,
investigated resistance mechanisms and developed
varieties with increased resistance to pathogens. The
European Food Safety Authority (2019) assessed the
risks associated with the spread of phytopathogens
through planting material, harmonised diagnostic
methods and regulates quarantine measures within
the European Union. All these organisations support
integrated approaches to combating bacterial infec-
tions, including monitoring, breeding, early diagnosis
and biological control.

In different regions of the world, bacterial diseas-
es of potatoes have specific epidemiological features
that necessitate the adaptation of control methods to
specific agroclimatic conditions. In Eastern Europe, in
Ukraine, phytopathogenic bacteria remain one of the

key factors in reducing potato yields, as confirmed by
N. Yarema (2023), who emphasises the importance of
using resistant varieties and introducing biological
control. In North America, J. Yuan et al. (2020) conduct-
ed an association genomic analysis of scab resistance
based on Canadian potato collections, which identified
candidate genes for breeding. In South Asia, in India,
R. Manda et al. (2020) described the epiphytic spread
of bacterial wilt caused by Ralstonia solanacearum, em-
phasising the role of high temperatures and moisture
in exacerbating the pathogenesis. In Africa, namely in
Ghana, together with the East Asian countries of Ja-
pan and South Asian Pakistan, S. Ismail et al. (2020)
investigated the variability of Streptomyces scabies
pathogenicity and resistance levels of varieties, con-
firming the wide ecological plasticity of the pathogen.
Bacterial diseases of potatoes are transcontinental in
nature, but effective control is possible only if region-
al biotic and abiotic factors are addressed.

In modern research, there is a growing interest in
biological strategies for potato protection aimed at
reducing the use of chemicals and increasing plant
resistance to bacterial pathogens. The analysis of pho-
tosynthetic parameters has proved to be a promising
tool for assessing the effectiveness of biological prod-
ucts: T. Khomenko et al. (2023) proved that the induc-
tion of chlorophyll fluorescence sensitively reflects the
response of potatoes to biological treatment, which
can be used to assess the physiological effect of the
products in the field. H. Balan (2020) presented the
concept of integrated crop protection, which involves
the combination of agrotechnical techniques with
biological methods, creating the basis for adaptive
models of pathogen control depending on the stage
of plant development. In addition,J-M. Liu et al. (2020)
identified endophytic bacterial strains from potato tu-
bers that showed antagonism to phytopathogens and
at the same time reduced solanine levels, indicating
their potential as dual-acting biological products.
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Modern approaches to improving potato resist-
ance include the use of markers that can be used for a
quick assessment of resistance in varieties. A. Khairy et
al. (2021) found that the activity of peroxidase (POD),
polyphenol oxidase (PPO) and the content of phenol-
ic compounds correlated with tolerance to Ralstonia
solanacearum, which confirms the feasibility of using
biochemical parameters for breeding screening. In turn,
P. Paluchowska et al. (2022) analysed the effectiveness
of the Resistance to Phytophthora infestans genes in the
formation of long-term resistance to late blight, em-
phasising the importance of the genetic combination
of resistant alleles.

Despite the availability of numerous studies, the
interaction between the species composition of potato
bacterial pathogens, the peculiarities of the infection
process and the effectiveness of available methods of
increasing resistance in a changing environment re-
mains insufficiently covered in the scientific literature.
The study aimed to summarise information on bacterial
pathogens of potatoes, assess the effectiveness of exist-
ing approaches to improving their resistance and devel-
op agrobiological and biotechnological methods of re-
sistance induction,incorporating varietal characteristics.

MATERIALS AND METHODS

The study included both theoretical and experimental
components that were interrelated within the overall
goal of a comprehensive assessment of the factors of
bacterial damage to potatoes and the development and
testing of effective agrobiological and microbiological
methods to increase their resistance. The study covered
the following aspects: morphological and molecular
characteristics of pathogens, mechanisms of infection,
conditions of infection development, host plant re-
sponses and control strategies. This approach provid-
ed an in-depth study of the material and was used to
conduct a systematic analysis of pathogenic factors. To
summarise the theoretical understanding of the key
factors of pathogenesis, the analysis of their relative
impact on the course of bacterial infections of potatoes
was conducted. The degree of influence was assessed
using a scale of conditional intensity (from O to 10),
which was based on a critical comparison of the mech-
anisms of action described in leading sources of mod-
ern phytopathology (Ashmawy et al., 2020; Mohamed et
al., 2020). The focus was on pathogens with high eco-
logical plasticity and the ability to persist in agroeco-
systems, such as Ralstonia solanacearum, Pectobacterium
carotovorum and Clavibacter sepedonicus.

Three potato genotypes, Solokha, Dnipryanka and
Luhovska, were selected for the theoretical analysis of
varietal differentiation by resistance type, which are
the result of breeding work of the Institute of Potato
Growing of the National Academy of Agrarian Scienc-
es of Ukraine. The varieties are characterised by differ-
ences in their anatomical and morphological structure,
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enzymatic profile and ability to interact with the rhizos-
phere microbiota. Solokha belongs to the medium-early
maturity group (vegetation period 90-95 days), has an
average tuber weight of 90-110 g and demonstrates in-
creased vascular resistance with a tolerance index of 7.8
points on a 9-point scale. Dnepryanka is a mid-season
variety (growing season 100-110 days) with an average
tuber weight of 80-100 g and pronounced biochemical
reactivity, resistance index 6.9 points. Luhovska is a me-
dium-early variety (95-100 days), with a tuber weight of
85-105 g, a well-developed rhizosphere microbiota and
a resistance index of 7.2 points. These varieties were
chosen due to their representativeness in terms of the
main levels of the defence response: anatomical and
vascular (Solokha), biochemical (Dnipryanka) and mi-
crobiological (Luhovska). This differentiation ensured
the completeness of the comparative analysis and
conducted a structured generalisation of typical mech-
anisms of potato resistance under pathogenic stress.

The synthesis of scientific sources integrated knowl-
edge about the nature of bacterial pathogenesis with
the understanding of potato resistance at different lev-
els: genetic, biochemical and microbiological. Based on
the repeated patterns,generalisations were made about
the typical mechanisms of resistance formation, regard-
less of the pathogen type or regional conditions.To com-
pare the effectiveness of control methods, the method
of analogies and comparisons was used, which analysed
classical agronomic strategies (crop rotation, sanitary
measures) and modern biotechnological approaches
(use of molecular markers (MAS), genome editing tech-
nologies (CRISPR), endophytes, resistance inducers).
The comparison criteria included adaptability, envi-
ronmental safety, labour costs, effectiveness in differ-
ent epiphytic conditions and technological availability.

The experimental part of the study was aimed at
testing the developed methods for increasing potato
resistance to bacterial pathogens and validating diag-
nostic bioindicators identified in the theoretical analy-
sis. The experiment was conducted in greenhouse con-
ditions from April to July 2024, according to a scheme
that modelled the infection load typical for central
Polissya. The zone was chosen due to its typical soil and
climatic characteristics favourable for the development
of bacterial diseases. The substrate was a sod-podzolic
sandy loam soil with a pH of 5.5-5.7 and an organic
matter content of 1.5%. Humidity was maintained at
75-80%, with simulated total precipitation of 270 mm.
The temperature regime was 22-26°C during the day
and 14-18°C at night, under natural light. This ensured
the reproduction of real agro-ecological conditions,
which usually result in intensive damage to potatoes
by bacterial pathogens.

The developed methodology was based on a com-
bination of agrobiological techniques and microbio-
logical biocontrol. The antagonistic strains of Pseu-
domonas fluorescens PF-07 and Bacillus subtilis BS-12




isolated from the rhizosphere of healthy plants were
used as bioagents. The cultures were grown on LB and
NA nutrient media for 48 hours at 28°C, after which the
suspensions were standardised to a concentration of
108 CFU/mL. To induce systemic resistance, salicylic acid
at a concentration of 0.5 mM and laminarin extracted
from brown algae at a concentration of 0.1% were used.
Plants were treated twice on the 7™ and 14 day af-
ter planting. In the variants of combined action, tubers
were pretreated with bioagents and the aboveground
mass with inducers. The study included a control group
that was not subjected to any of the active treatments
and received only an aqueous suspension, which as-
sessed the natural course of the infection process and
basic indicators of the physiological state of plants.
The infection model involved inoculation of the
root zone with a mixture of bacterial pathogens Ral-
stonia solanacearum and Pectobacterium carotovorum at
a concentration of 107 CFU/mL Infection was carried
out on the 21 day after planting. For each variant of
the experiment, 30 plants were used. Observations and
data collection were conducted on the 14% and 28%
day after the infection load was applied. The criteria for
evaluating the effectiveness of the methods were the
degree of damage (severity index on a 5-point scale),
the activity of POD and phenylalanine ammonia lyase
(PAL) enzymes in leaf tissues (determined by spectro-
photometric methods), the density of rhizosphere col-
onisation by antagonists (in CFU/g soil), as well as the
vegetative mass and number of formed tubers. The ex-
perimental design included control and experimental
variants, with the separation of the effect of each factor
and their combination. The collected data were used for
empirical verification of theoretically defined resistance
bioindicators and clarification of the differentiation
of protection mechanisms by variety type. The results
were processed using the methods of variation statis-
tics using Microsoft Excel (version 2019) and Statistica
(version 12.0). The significance of differences between
variants was assessed using Student’s t-test at a signifi-
cance level of p<0.05. For each indicator, the arithmetic
mean and standard deviation were calculated based on
the results of three replications. The model was test-
ed in compliance with the requirements of bioethical
responsibility and environmental safety. The use of
bioagents did not violate international bioregulation
standards and complied with the principles of biodiver-
sity protection enshrined in the Convention on Biologi-
cal Diversity (1992). Modelling of the infection process
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was conducted in isolated vegetation conditions with-
out the risk of pathogens spreading to the environment.

RESULTS

Biological characteristics of common bacterial path-
ogens of potatoes. Bacterial pathogens of potatoes
are one of the most dangerous groups of phytosani-
tary threats to modern potato production, causing
yield losses both during the growing season and dur-
ing storage. Their impact on the plant is implemented
through a variety of pathogenesis models that include
both local necrotic lesions and systemic infections of
the conducting tissue. A thorough study of the biolog-
ical properties of the main pathogens not only fur-
ther analysed the mechanisms of infection, but also
formulated sound strategies for diagnosis, prevention
and selection of resistant varieties. Different bacterial
pathogens of potato implement their infectious prop-
erties through specific biological strategies that differ
significantly in dynamics, localisation and mechanism
of spread. Ralstonia solanacearum is characterised by a
high rate of disease development with early systemic
symptoms that often lead to complete wilting of plants
during the growing season. After entering the rhizos-
phere, the bacterium quickly colonises the conducting
system, avoiding the surface immune response and
creating significant phytosanitary pressure even with a
moderate infection load.

Pectobacterium carotovorum implements a different
model of damage based on the gradual destruction of
tissues due to the accumulation of enzymes. In contrast
to systemic wilt, its activity is accompanied by local de-
struction of the parenchyma, which is especially intense
during the tuber ripening phase and storage. A charac-
teristic feature of this pathogen is the rapid transition
from subclinical to massive rotting under conditions of
high humidity, which significantly complicates control
during post-harvest processing. In the case of Clavibac-
ter sepedonicus, the infectious process develops slowly
and often goes unnoticed until the late stages. The la-
tent nature of the course, poor visualisation of symp-
toms in the field and the gradual accumulation of bac-
terial mass in the conducting system make diagnosis
difficult. The first signs of infection are recorded in stor-
age facilities, which require a thorough inspection of
planting material and technical equipment (Osdaghi et
al., 2022). Based on the analysis of literature data, the
biological parameters of the most common bacteri-
al pathogens of potatoes are summarised (Table 1).

Table 1. Primary characteristics of bacterial pathogens of potatoes

Key factors of Method of

Pathogen Type of bacterium Main lesion pathogenicity Place of defeat penetration
Pectate lyases,
Ralstonia Gram-negative, . . cellulases, Root, stem, xylem, Through the ro.ot
. . Bacterial wilt . system, mechanical
solanacearum mobile, aerobic proteases, biofilms, leaves

type Ill secretion damage
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Table 1. Continued

Key factors of Method of

Pathogen Type of bacterium Main lesion pathogenicity Place of defeat penetration
Pectobacterium Gram-negative, Pectolytic enzymes Tubers, basal stem, Through wou.nds,
. . Wet rot (pectate lyases, natural openings,
carotovorum optionally anaerobic and rarely leaves .
polygalacturonases) mechanical damage
. . Mucosal colonies, Due to injuries,
Clavibacter Gram-positive, Ring rot xylem blockage, Xylem of tubers and infected planting

sepedonicus immobile, aerobic

stems

exudative activity material

Source: compiled by the authors based on N.A. Ashmawy et al. (2020), B.F. Mohamed et al. (2020)

The presented results distinguished pathogens
by morphological and functional characteristics, type
of infectious process and organs they affect. As such,
Ralstonia solanacearum has the most aggressive mod-
el of systemic pathogenesis, penetrating the vascular
system through the root zone and causing generalised
wilting. While Pectobacterium carotovorum forms local
necrotic lesions with obvious macroscopic symptoms,
Clavibacter sepedonicus occurs mainly in the storage
phase, when disruption of the conductive tissue leads
to delayed rot of tubers. Of scientific value is the es-
tablishment of a link between the type of pathogen
and the location of its action. This can be used for a
differentiated approach to the development of control
strategies, including the creation of targeted breeding
models based on which plant organ needs protection.
This division is a prerequisite for further integration of
resistance biomarkers into diagnostic algorithms.

The study of the ecological dynamics of the main
pathogens of bacterial infections of potatoes shows
their ability to effectively maintain virulence under dif-
ferent environmental conditions. Ralstonia solanacear-
um is an example of a bacterium with a high degree of
persistence: it can persist in soil, weeds, surface water
and even in a latent state in infected plants. The abili-
ty to switch to the VBNC state ensures its survival un-
der stressful conditions and re-infection after changes
in the environmental situation. Pectobacterium car-
otovorum has a slightly different ecological profile: it
is better adapted to moderately humid conditions and
actively spreads in the presence of organic residues.
Its persistence is maintained by preservation in affect-
ed tubers, plant residues and on the surface of ma-
chinery, which ensures long-term infectious pressure
in the field and storage facilities. In contrast, Clavibac-
ter sepedonicus shows a lower level of persistence in
the open environment but can persist in tubers and
on equipment for a long period of time. This makes
it particularly dangerous in the post-harvest period,
when the infection can be activated during transport
and storage (Osdaghi et al., 2022).

All three pathogens are characterised by marked
ecological plasticity, which can be subsequently adapt-
ed to a wide range of climatic zones. For example,
R.solanacearum has several phylotypes and biovars that
differ in temperature adaptation: phylotype Il remains
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pathogenic even in temperate regions, while phylo-
type | predominate in the tropics. Pectobacterium spp.
are highly sensitive to humidity and temperature but
can change their level of aggressiveness depending on
the microbiological environment. In turn, Clavibacter
sepedonicus is closely associated with cool climates,
but even in such conditions, it shows great interstrain
variability (Singh et al., 2025). Molecular phylogenetic
studies confirm that bacterial pathogens of potatoes
have a high capacity for evolutionary restructuring un-
der the influence of climatic factors. This adaptability
is associated with horizontal gene transfer, variation in
the expression of pathogenic proteins and changes in
secretion systems. For example, Ralstonia solanacear-
um changes its transcriptional profile under warming
conditions, which ensures more efficient penetration
into plant tissues, while Pectobacterium spp. Changes
its enzyme production profile with increasing humidity.
Similar climate-mediated shifts in pathogenicity have
also been identified in Clavibacter sepedonicus, which
highlights the need to integrate variability data into
phytopathogenic risk prediction systems.

Key factors in the development of bacterial infec-
tion in agroecosystems. The effectiveness of the patho-
genesis of bacterial diseases of potatoes is due to the
complex interaction of abiotic, biotic and agrotechnical
factors that form the microenvironment of the agro-
ecosystem. The systematic analysis identified at least
seven main factors that can enhance or suppress the
development of infection: air temperature, soil mois-
ture, soil type, genetic vulnerability of the variety, pres-
ence of antagonistic microbiota, mechanical damage to
plants and residual organic residues after harvesting.
Their effect is non-additive: it is combinations of these
conditions that create a favourable or suppressive en-
vironment for pathogens (Vega et al., 2023). Temper-
ature is the basic trigger for the activation of patho-
genic systems in phytobacteria. For example, Ralstonia
solanacearum is most aggressive at temperatures of
27-30°C, which coincides with the peak of the growing
season. Under such conditions, the intensity of biofilm
formation and mobility increases significantly, which
increases the efficiency of colonisation of the root
zone. Pectobacterium spp. Produce pectolytic enzymes
more actively in wet and warm weather, which accel-
erates tissue decomposition. In contrast, Clavibacter




sepedonicus remains pathogenic in moderately cool
environments, which explains its spread in areas with
prolonged storage of tubers (Leitao, 2020).

Soil moisture is a key factor for the survival and mi-
gration of pathogens in the rhizosphere. Excess water
creates hypoxic conditions favourable for facultative
anaerobic bacteria (such as Pectobacterium carotovorum)
and reduces the barrier function of the root apoplast. In
wet soils, the colonisation space expands, which is es-
pecially substantial in the early stages of plant growth
when the immune system is not yet sufficiently formed
(Wang et al., 2023). Soil type determines not only the
structure of the water-air regime, but also the compo-
sition of the microbial community. In sandy loam soils,
with sufficient moisture, there is an increased mobili-
ty of R. solanacearum pathogens, while heavy clay soils
delay their progress, but instead accumulate organic
residues that serve as a secondary reservoir of infec-
tion. The presence of mulch, irrigation and acidity also
affects the dynamics of infection.

The genetic vulnerability of a variety is manifested
through a deficiency in the primary (PAMP-dependent)
and secondary (effector-dependent) immune response.
Potato varieties that do not express sufficient levels of
phenolic metabolism enzymes, such as POD and PPO,
are much more susceptible to early infection. At the
same time, even genetically resistant varieties are sus-
ceptible to infection if tissues are weakened by calci-
um deficiency, mechanical damage or irrational nitro-
gen application (Tripathi et al., 2024). The microbiota
of the agroecosystem, especially endophytic bacteria,
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has a modulating effect on pathogenesis. The mech-
anisms of this influence include competition for a col-
onisation niche, secretion of bactericidal compounds
(bacteriocins, siderophores, phenazines), induction
of plant systemic resistance through JA/ET signalling
pathways, and synthesis of phytohormones (auxins, cy-
tokinins) that maintain physiological tissue integrity.
The presence of microorganisms such as Bacillus sub-
tilis, Pseudomonas fluorescens, and Enterobacter cloacae
in the rhizosphere significantly reduces the frequency
of attachment of phytopathogens to the root epidermis
(Vega et al., 2023).

Mechanical damage is another critical factor that
opens the entry gates for infection. Damaged areas lose
their cellular integrity and barrier function, becoming
the object of priority colonisation. In most cases, infec-
tion due to damage is rapid and is accompanied by the
rapid development of rot. The presence of organic resi-
dues in the field after harvesting creates conditions for
the long-term persistence of pathogens, especially Pec-
tobacterium spp. Organic residues serve as both a phys-
ical substrate for bacterial preservation and a source of
readily available carbohydrates that maintain microbial
activity between growing seasons (Leitao, 2020). For
generalisation, the author’s assessment of the relative
intensity of the main factors’ influence on the develop-
ment of bacterial diseases of potatoes was conducted.
The conditional scores (0-10) were formed based on
the analysis of scientific sources and comparison of the
mechanisms of action of each of the factors described
in the modern phytopathological literature (Fig. 1).

Air temperature ]
Soil moisture content (NG
Type of soil |G
Genetic vulnerability of the variety [ININRNRE.
Microbiota (endophytes) |GG
Mechanical damage [IEEEEEEEEEEE——
Organic residues in the field NG

0 2

4 6 8 10

Intensity of influence on the development of bacterial diseases of potatoes (0-10)

Figure 1. The relative intensity of the influence of factors on the development of bacterial diseases of potatoes
Source: compiled by the authors based on N.A. Ashmawy et al. (2020), P. Nolte et al. (2020), C. Singh et al. (2025)

The most influential factors in the development of
bacterial infection are temperature, soil moisture and
the presence of a functional microbiota. These three
elements form the basis of the environmental pres-
sure that determines the pace and extent of patho-
genesis. At the same time, second-level factors such
as genetic resistance of the variety, mechanical dam-
age, and soil type play the role of “triggers” that can
either neutralise the threat or sharply exacerbate it.
The diagram also illustrates those subtle components
such as organic residues have a cumulative effect,

creating an infectious background for future seasons.
This highlights the importance of a multifactorial risk
assessment rather than an isolated analysis of indi-
vidual parameters. Thus, further modelling of the risks
of bacterial diseases of potatoes should be based on
a comprehensive consideration of environmental fac-
tors, plant genotype and biotic environment. The ob-
tained results confirm the importance of an adaptive
phytosanitary approach that integrates prevention,
biocontrol and ecologically oriented management of
the agrosystem.
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Integration of genetic, biochemical and microbio-
logical resistance mechanisms. The resistance of pota-
toes to bacterial diseases is formed as a multicompo-
nent system that includes genetically determined traits,
biochemical reactivity of tissues and interaction with
the regulatory microbiota. A systematic analysis of the
data identified three levels of resistance, which operate
independently and in interaction,and it is this multilev-
el integration that ensures stable tolerance to infection
in agroecosystems with a changing environment (Mu-
thoni et al., 2020). At the genetic level, the critical factor
is the presence of alleles associated with the percep-
tion of pathogen-associated molecular structures and
the recognition of bacterial-derived effectors. These are
primarily PRR receptors and NB-LRR class proteins that
activate local signalling cascades. In modern breeding
programmes, QTL mapping, marker-assisted selection
and CRISPR-Cas are widely used to identify and record
such traits. During the analysis of scientific sources by
A. Sharma et al. (2022), the study determined that the
Solokha variety has a stable tolerance to Ralstonia sola-
nacearum, which was confirmed by field observations in
high humidity conditions. Genetic analysis in the stud-
ies indicates the presence of QTL loci associated with
resistance to vascular pathogens.

The biochemical component of defence is asso-
ciated with the activation of enzymes that catalyse
the formation of protective metabolites or strengthen
cell walls. Among them are POD, PPO, and PAL. Their
activity correlates with the ability of the plant to lo-
calise the infection in the first hours after infection.
The study by S. Kaur et al. (2022) indicated that in the

Dnepryanka variety, under the infection load of Pec-
tobacterium carotovorum, an accumulation of phenolic
compounds and an increase in POD and PAL activity
were observed within 24 hours. This was accompa-
nied by a partial limitation of the development of wet
rot symptoms, which is typical for induced systemic
resistance. The microbiological level of resistance is
associated with the presence of antagonistic micro-
organisms in the rhizosphere or tissues of potatoes.
These are mainly endophytes capable of producing
antimicrobial metabolites, siderophores, cellulolytic
enzymes and modulators of the phytohormonal pro-
file. According to X. Huang et al. (2021), a high level of
root colonisation by Pseudomonas fluorescens and Ba-
cillus subtilis strains was found in the Luhovska variety
adapted to Polissya conditions, which was associated
with a reduction in the symptoms of ring rot caused
by Clavibacter sepedonicus. The analysis of vegetative
parameters in the studies showed the preservation of
turgor and stable productivity, which confirms the ef-
fectiveness of biocontrol.

The integrative model presented in Table 2 shows
that effective resistance in potato depends on the inter-
action of at least three levels of defence. None provide
full resistance in isolation: for example, the presence of
R genes without enzymatic support or in a depressed
microbiota does not guarantee control of infection. The
studied varieties demonstrate the differential activity
of these levels: Solokha has a pronounced genetic re-
sistance, Dnepryanka activates an enzymatic response,
and Lugovska combines moderate genetic resistance
with a high level of microbiological control.

Table 2. Main levels of potato resistance to bacterial pathogens and typical mechanisms

Level of resistance

Typical mechanisms

Examples (varieties/pathogens)

Genetic

R-gene alleles, PRR, NB-LRR, QTL, CRISPR

Straw/Ralstonia

Biochemical

POD, PPO, PAL activity, phenol accumulation

Dnepryanka/Pectobacterium

Microbiological

Endophyte antagonism, induced systemic resistance,
production of siderophores, and bacteriocins

Lugovskaya/Clavibacter

Source: compiled by the author based on S. Kaur et al. (2020), J. Muthoni et al. (2020) and X. Huang et al. (2021)

This indicates the feasibility of a multi-level breed-
ing evaluation, which involves not only screening based
on a single marker, but also the study of the enzymatic
profile and interaction with beneficial microbiota. The
combination of genetic, biochemical and microbiologi-
cal mechanisms ensures effective control of bacterial
infections in the field. Inoculation with Enterobacter
cloacae and Trichoderma asperellum reduced the dam-
age caused by Ralstonia solanacearum in wet conditions,
activation of POD, PAL and PPO enzymes limited the
development of Pectobacterium carotovorum, and colo-
nisation of the root zone by Bacillus subtilis and Pseu-
domonas fluorescens strains effectively suppressed the
symptoms of ring rot.
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Comparative effectiveness of modern methods of
increasing sustainability. Methods of increasing pota-
to resistance to bacterial pathogens are divided into
traditional (agronomic measures) and modern (ge-
netic and biotechnological tools), each of which has
specifics, limitations and potential for adaptation to
agroecological conditions. A systematic comparison of
these approaches identified the feasibility of applying
a particular approach depending on the level of path-
ogenic pressure, type of infection, access to resourc-
es, and regional characteristics. Traditional methods,
such as crop rotation, use of healthy planting materi-
al, good machinery hygiene, and phytosanitary prac-
tices (removal of affected tubers, stems, and plant




residues) that reduce the infection background and
the risk of pathogen persistence in the following sea-
son, remain the basic tools for reducing the infection
background. They are particularly effective in con-
trolling soilborne pathogens such as Pectobacterium
spp. and Clavibacter sepedonicus and in regions with
moderate infection pressure. These approaches are
highly adaptable, easy to implement and environmen-
tally friendly. However, in the event of epiphytotic or
systemic infections, their effectiveness is significantly
reduced (Vilvert et al., 2022).

Genetic methods that are considered modern in-
clude breeding varieties with integrated resistance
traits, MAS and CRISPR/Cas. MAS accelerates the selec-
tion of tolerant genotypes, while CRISPR technologies
enable targeted modification of susceptibility genes.
Although most studies analysed fungal infections, the
prospects for transferring this technology to bacterial
pathogens have been confirmed at the conceptual lev-
el. At the same time, the use of such methods requires
complex laboratory support, high cost, and regulatory
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compliance (Kieu et al., 2021). Biotechnological strate-
gies, in particular biological defence using antagonistic
microorganisms (Bacillus, Pseudomonas, Trichoderma),
are becoming increasingly important as an environ-
mentally friendly alternative to chemical intervention.
Biological products not only inhibit pathogens but also
activate the plant’s immune mechanisms, including in-
duced systemic resistance. For example, Planriz, based
on Pseudomonas chlororaphis, reduces bacterial rot
damage during pre-planting treatment of tubers. How-
ever, the effectiveness of biocontrol can vary depending
on soil type, weather conditions, and the competitive-
ness of local microflora (Devaux et al., 2021). The ana-
lysed data demonstrate that the integration of methods
(e.g., a combination of breeding resistant varieties, bi-
ological products and agronomic practices) gives the
best results: in several EU farms, according to organic
standards, this reduced phytosanitary losses by more
than 35%. For clarity, traditional and modern methods
are compared by the main criteria of implementation
efficiency (Table 3).

Table 3. Comparative characteristics of methods for increasing potato resistance to bacterial pathogens

Method type Efficiency Adaptability  Eco-friendliness Main limitations
Agronomic measures Average High High Limited effect at high pathogen load
Selection, MAS High Average High Long selection periods, access to genetic material
CRISPR editing Very high Low-medium High High cost, regulatory restrictions
Biological products  Medium-high Average Very high Dependence on conditions, need for adaptation

Source: compiled by the author based on J.C. Stark et al. (2020), E. Aksoy et al. (2021), ). Hao and K. Ashley (2021)

The comparison shows that traditional methods
have the highest accessibility and adaptability, espe-
cially for small and medium-sized farms. In contrast,
modern tools such as MAS, CRISPR, and biocontrol pro-
vide higher target efficiency, but require a high level of
technical implementation, investment,and institutional
support. Biological methods are the most appropriate
for sustainable farming, and genetic methods are for
creating long-term solutions. Maximum effectiveness is
achieved by combining several approaches adapted to
a specific pathogen-ecosystem situation. Effective man-
agement of potato resistance to bacterial infections
requires the integration of traditional and innovative
methods rather than their opposition. A promising di-
rection is the development of adaptive protection mod-
els that combine genetically determined resistance,
biocontrol and phytosanitary regulation following local
agroecological conditions.

Development and testing of the author’s methods
to improve potato resistance. As part of the empiri-
cal verification of the effectiveness of the developed
complex of agrobiological measures, the increase in
potato resistance was assessed by comparing the re-
sponse of three varieties, Solokha, Dnipryanka and
Lugovska, by several biochemical, microbiological and
morphophysiological parameters. Each variety was

characterised by a different level of initial tolerance
to the main bacterial pathogens, which was used for a
comparative analysis of the impact of the developed
bioengineering approaches. The results demonstrate a
significant reduction in the disease index in all experi-
mental variants with the combined use of antagonistic
strains and resistance inducers. In Solokha, the aver-
age reduction of the index was 62%, which reflected
the suppression of systemic wilt caused by Ralstonia
solanacearum. In Lugovska, the index decreased by
55%, mainly due to the containment of ring rot. In
Dnipryanka, which proved to be more sensitive to Pec-
tobacterium carotovorum, the index decreased by 47%
compared to the control. In the control groups of all
varieties, the infection process was accompanied by
typical symptoms: wilting, putrefactive changes in the
root part and destruction of vascular tissue.
Biochemical parameters confirmed the activation
of the enzymatic plant defence in response to the treat-
ments. The highest POD activity was recorded in Dne-
pryanka at 3.1 U/g protein, which was almost twice the
value in the control variant. This was consistent with
the limitation of the local spread of wet rot in the lower
nodes of the stem. PPO activity in Solokha exceeded
the control values by 1.8 times, indicating the effective
incorporation of an enzymatic barrier against vascular
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pathogens. In Luhovska, both enzymes demonstrat-
ed a consistently high level of activity, although the
absolute values were inferior to those of Dnipro. The
colonisation of the rhizosphere by antagonistic strains
of Pseudomonas fluorescens and Bacillus subtilis
reached maximum values in Lugovska and Solokha of
1x10° CFU/g soil. This level was associated with the
effective displacement of pathogens from the root
zone and the creation of a stable microbial ecosys-
tem that maintained the physiological integrity of
plants. In Dnepryanka, colonisation was less intense
(about 7.2x10* CFU/g) but was also accompanied by

a significant reduction in the infection load. Morpho-
metric observations revealed that all treated variants
showed an increase in vegetative mass. Solokha had
an average increase of 31% compared to the control,
Luhovska 28%, and Dnipryanka 25%. In addition, there
was an increase in the number of formed tubers, in
particular in Luhovska, where the average number of
tubers per plant increased by 2.4 units compared to
the untreated variant. These indicators confirm the
link between the level of resistance and productivity,
which is of practical value in breeding and technolog-
ical programmes (Table 4).

Table 4. Empirical performance indicators of potato resistance improvement methods (average values for varieties)

e PODsciy sy SO s
index (%) (CFU/qg) weight (%) (pcs/plant)
Straw 62 2.8 1.8 1x10° 31 2.2
Lugovskaya 55 24 1.5 1x10° 28 2.4
Dnepryanka 47 31 1.6 7.2x10* 25 1.9
Source: compiled by the authors
The results confirmed that potato resistance to bac- DISCUSSION

terial pathogens was formed through the interaction of
genetic, biochemical and microbiological mechanisms.
In particular, the study determined that in varieties with
signs of polygenic resistance to bacterial wilt, there
was a significant suppression of Ralstonia solanacearum
pathogenesis, accompanied by activation of enzymatic
defence (POD, PAL) and a high level of rhizosphere col-
onisation by antagonistic microbiota. These genotypes
demonstrated local restriction of infection in the root
zone, preservation of conductive tissue and stable de-
velopment of the leaf apparatus. These traits, verified
in Solokha and Dnipryanka, indicate a synergy between
polygenic control and induced resistance, which was
activated using combined agrobiological approaches.

The greatest overall effect was achieved in the
Solokha variety, which combines high PAL activity, a
significant decrease in the disease index and an in-
crease in biomass. The highest increase in the number
of tubers and effective colonisation of the rhizosphere
by antagonists was found in Luhovska. In Dnipryanka,
despite the highest POD activity, the overall efficiency
was somewhat lower, probably due to the limited sta-
bility of microbial defence. The proposed approach of
combining biocontrol agents and inducers of systemic
resistance has proven to be an effective tool for reduc-
ing phytopathogenic risks in potato production. Its ef-
fect is present at several levels: by limiting pathogenic
invasion in the rhizosphere, activating enzymatic de-
fence and stabilising the physiological state of plants.
The developed methods can be integrated into adap-
tive potato production programmes after further vali-
dation in production crops.
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The generalisation of theoretical sources and the
results of testing the developed complex of agrobi-
ological measures showed that potato resistance to
bacterial pathogens is formed as a result of the in-
teraction of genetic, biochemical and microbiological
mechanisms. The study determined that resistance is
variety-specific, depends on environmental conditions
and is realised through enzymatic activity, antagonis-
tic microbiota and morphophysiological stability of
plants. Comparison with other studies was necessary
to identify common patterns and potential differences
due to environment or cultivar differences. Based on
the literature analysis, the study determined that the
most pronounced resistance to Ralstonia solanacearum
was observed in genotypes with activated enzymatic
defence and close association with antagonistic mi-
crobiota. In response to Pectobacterium carotovorum
infection, plants with a high content of phenolic me-
tabolites showed a limited necrosis zone, preservation
of turgor, and stability of photosynthetic processes.
Similar dependencies were found by B. Mohamed et
al. (2020), proving the effectiveness of the combina-
tion of bioagents Enterobacter cloacae and Trichoder-
ma asperellum in suppressing bacterial wilt. N. Ash-
mawy et al. (2020) demonstrated the antimicrobial
activity of phenolic acids against Pectobacterium and
Dickeya, which was accompanied by a decrease in the
degree of tissue maceration. The results of the study
by E. Osdaghi et al. (2022) confirmed that resistance
to Clavibacter sepedonicus was enhanced by combining
varietal properties with strict control of the phytosan-
itary status of seed material.




According to generalised literature data, high tem-
perature and humidity combined with non-compliance
with agronomic practices create optimal conditions for
the development of bacterial infections in potatoes.
These observations are consistent with the results of
M. Hossain et al. (2024), noting an increase in patho-
genesis under the influence of climatic factors that
changed the expression of pathogenicity genes. The
study by C. Singh et al. (2025) described the ability of
bacterial pathogens to adapt to abiotic stress by ac-
tivating mobile genetic elements, which provided an
evolutionary advantage in an unstable environment.
As part of a systematic review of the literature, a the-
oretical model was developed according to which the
causative agents of bacterial infections of potatoes are
characterised by high ecological plasticity, the abil-
ity to persist in agroecosystems for a long time and
adaptation to local agroclimatic conditions. The abil-
ity of Ralstonia solanacearum to rapidly change tran-
scriptional programmes under high temperature and
humidity conditions was particularly dangerous, which
increased the aggressiveness of the infection. These
observations correlate with the data of Z. Wang et
al. (2023) describing the molecular mechanisms of
Ralstonia plasticity, including changes in biofilm com-
position and regulation of type Il secretion. The study
by A. Tripathi et al. (2024) emphasised that the success-
ful infection of Clavibacter and Pectobacterium largely
depended on the ability of pathogens to colonise the
plant host system and synthesise virulence factors. The
analysis conducted by J. Leitao (2020) confirmed that
the production of cellulolytic enzymes, siderophores
and exopolysaccharides remained a key mechanism of
bacterial pathogen aggressiveness in several vegeta-
ble crops, including potatoes.

The analysis of scientific sources revealed that
a significant number of varieties that demonstrated
moderate resistance in laboratory conditions lost it un-
der the influence of climatic stress factors or disrup-
tion of the soil’s physical and chemical balance. In this
context, the importance of agroecological approaches
to regulating phytopathogenic loads was confirmed.
D. Vega et al. (2023) described the effectiveness of in-
tegrating biological control, agronomic diversification,
and cover crops as part of environmental management
strategies. The publication by P. Nolte et al. (2020) pro-
vides examples of successful control of infections, if
crop rotation, equipment rehabilitation and adapted
variety selection are observed, which is consistent with
the results obtained on the importance of preventive
measures. Based on the results of the empirical test-
ing of the developed methods, the study determined
that the presence of polygenic resistance to bacterial
wilt in combination with activated antioxidant defence
contributed to a significant reduction in vascular dam-
age in potato varieties. In the samples with increased
activity of PAL and PPO enzymes in the root zone, local
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restriction of pathogen spread and preservation of the
physiological state of the leaves were observed. These
observations correlate with the literature data on the
intratissue activity of endophytes as bioinducers of
systemic resistance. This approach correlates with the
results described by J. Muthoni et al. (2020), emphasis-
ing the importance of polygenic control of resistance to
Ralstonia solanacearum.

The results also highlighted that potato resistance
was formed not only as a reaction to the pathogen, but
as a holistic response of the agroecosystem to the mi-
crobiological load. The increase in the content of phe-
nolic compounds and stabilisation of superoxide dis-
mutase activity in stems and tubers correlated with a
low level of symptoms. This correlates with the findings
of S.Kaur et al. (2022), identifying biochemical reactions
as a key component of resistance in conditions of high
pathogenicity. In turn, X. Huang et al. (2021) demon-
strated that the integration of endophytes increased
resistance to bacterioses not only through direct an-
tagonism but also through modulation of the plant’s
immune response. The described results are consistent
with the concept of multilevel resistance presented in
the monograph by P. Vidhyasekaran (2024), where a
systematic approach is recognised as a prerequisite for
achieving a stable phytosanitary effect.

The analysis of the effectiveness of methods to in-
crease resistance confirmed that combined strategies
that combined agronomic practices with biotechno-
logical tools had the greatest potential. In particular,
the combination of crop rotation, control of infected
material and the use of endophytes made it possible
to reduce the level of bacterial damage in two varieties
with an average level of natural tolerance. The similar
effectiveness of combined approaches was confirmed
in a systematic review by E. Vilvert et al. (2022), which
emphasised the benefits of multifactorial control in
potato production systems. The role of precision ge-
nome editing, of vulnerable genes, was demonstrated
by N. Kieu et al. (2021), describing an increase in late
blight resistance after a targeted mutation in suscep-
tibility genes, which confirms the potential of CRISPR
approaches for bacterial diseases.

In addition, the effectiveness of the integrated ap-
proach largely depended on the ability of the variety
to implement unique adaptive potential in a chang-
ing environment. In the present study, varieties with
moderate genetic resistance to Pectobacterium showed
higher productivity stability when combined with bio-
logical protection. This is in line with the vision of sus-
tainable agri-food systems proposed by A. Devaux et
al. (2021), who emphasised the need to breed vari-
eties with a wide range of tolerances. The classic re-
view by J. Stark et al. (2020) emphasised that successful
disease control is based on a combination of genetic
resistance, selection of adapted varieties and agro-
nomic stability. An integrated approach to breeding,

Scientific Horizons, 2025, Vol. 28, No. 7

43



44

Comprehensive assessment of potato bacterial pathogen:s...

emphasising the simultaneous implementation of
several resistance mechanisms, was also described by
E.Aksoy et al. (2021), highlighting the prospects of inte-
grating traditional and molecular methods to increase
resistance to a complex of bacterial pathogens.

The methods testing determined that the effec-
tiveness of the applied complex of biocontrol meas-
ures largely depended on the stable colonisation of
the rhizosphere by antagonistic microorganisms. In
the varieties Lugovska and Solokha, the level of col-
onisation of Bacillus subtilis and Pseudomonas fluo-
rescens reached 1x10° CFU/g, which was accompanied
by a significant decrease in the disease index (by 55-
62%) and an increase in vegetative productivity. These
observations are consistent with the results of the
study by J. Hao and K. Ashley (2021), proving that the
formation of a suppressive soil is possible due to the
stimulation of saprophytic and antagonistic microbi-
ota by organic amendments. Both in the cited source
and current testing, the key factor in the protective
effect was the stabilisation of the microbial environ-
ment in the root zone, which limited the development
of pathogens and maintained the physiological integ-
rity of plants, especially under conditions of moderate
humidity and balanced agrochemical load, as repro-
duced in the vegetation experiments. In addition, in
varieties with a high level of POD and PAL activity (in
particular, Dnipryanka and Solokha), there was a de-
crease in the intensity of pathogen spread within the
root zone, which was accompanied by the maintenance
of the functional state of the vascular system and the
stability of the assimilation apparatus. This effect is
consistent with the results of A. Farvardin et al. (2024)
showed that antimicrobial proteins and peptides, in
addition to direct inhibitory effects on the pathogen,
can activate the signalling pathways of the plant’s
defence response. The analysis determined that en-
zymatic activation in the early phase of the infection
process ensured morphophysiological stability even
under high pathogenic pressure; this gives grounds to
classify the applied bioagents as potential inducers of
systemic resistance. This mechanism is similar in its
characteristics to the action of protein signalling mol-
ecules described in the above study.

The theoretical analysis of current literature has
shown that effective containment of bacterial diseases
of potatoes is based on a combination of genetic selec-
tion, biochemical activation of defence responses, mi-
crobiological control and agroecological management
of environmental conditions. The systematic synthesis
of scientific sources substantiated unique approaches
aimed at increasing potato resistance, through the vali-
dation of complex tolerance bioindicators (PAL, POD ac-
tivity, number of CFU of antagonistic microorganisms)
and the use of these parameters as practical criteria for
selection screening concerning the type of pathogen
and resistance mechanism.
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CONCLUSIONS

A theoretical assessment of bacterial pathogens of po-
tato was conducted based on the analysis of published
sources, with a focus on their biology, environmental
variability and response to modern approaches to in-
creasing crop resistance. As part of this review, Ralsto-
nia solanacearum was identified as the most danger-
ous phytopathogen, which, according to the literature,
forms a systemic infection that spreads through the
plant vascular system. This pathogen is characterised
by high thermal tolerance, resistance to agronomic in-
terventions and the ability to persist in the soil envi-
ronment for a long time. Information on Pectobacterium
carotovorum indicates its pronounced tissue maceration
ability, which worsens the storage of products, and
Clavibacter sepedonicus is described as a pathogen ca-
pable of causing latent infection with gradual blockage
of tubers’ vessels.

Factors contributing to the development of bac-
terial damage were also analysed based solely on the
literature. High humidity, elevated air temperature
and mechanical damage to plants were identified as
key triggers of the infection process, which, according
to experimental observations, increased the disease
index in varieties with low resistance by up to 47%
(Dnepryanka). Instead, the functional activity of the
endophytic and rhizosphere microbiota is considered
a factor that can suppress the development of path-
ogens, reducing the disease index to 38% (Luhovska)
and even 31% (Solokha) at a colonisation density of
1x10° CFU/qg. Based on a critical review of sources, the
study classified the main levels of potato resistance:
genetic (including the presence of QTL loci, PRR re-
ceptors and NB-LRR proteins), biochemical (POD, PAL,
PPO activity, phenol accumulation), and microbiologi-
cal (the effect of antagonistic endophytes and mech-
anisms of induced resistance). Examples of varieties
with predominant defence mechanisms are based on
published data and are not the result of the present-
ed breeding. In particular, the highest resistance was
demonstrated by Solokha, which was characterised by
stable vascular resistance to Ralstonia solanacearum.
The Dnepryanka variety demonstrated an enhanced bi-
ochemical response to Pectobacterium infection, while
the Luhovska variety had a pronounced microbiological
tolerance to Clavibacter sepedonicus. Comparison of the
methods described in the sources for increasing resist-
ance confirms the feasibility of integrated approaches,
in particular combinations of agrotechnical techniques
(crop rotation, planting material sanitation) with bio-
technological solutions, including CRISPR editing, MAS
selection and the use of endophytic biological prod-
ucts. Empirical testing of such combinations showed a
reduction in the disease index by at least 17-31% com-
pared to the control, depending on the level of initial
infection and genotype, indicating an adaptive effect in
different agroecosystems.




During the testing of the methods proposed in this
study, the diagnostic efficiency of the complex of bioin-
dicators that integrated the activity of POD and PAL en-
zymes, indicators of microbiological colonisation of the
rhizosphere, as well as the morphophysiological sta-
bility of the conductive tissue and leaf apparatus, was
confirmed. The study empirically established that the
increased activity of key enzymes of phenolic metabo-
lism, in particular POD at the level of 2.8-3.1 U/g pro-
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the severity index in the range of 55-62% depending on
the variety. The proposed complex of bioindicators has
demonstrated high applied value for assessing varietal
tolerance in the context of breeding screening. Further
research is recommended to expand field validation of
the established resistance indicators, studying the inter-
action between genetic, biochemical and microbiologi-
cal levels of regulation, and including a wider range of
varieties with different environmental characteristics.

tein,and PAL, which increased by 1.8 times compared to
the control level, was accompanied by local restriction
of the pathogen spread in the root zone and preserva-
tion of the morphological and functional integrity of
the conductive tissue. At the same time, a dense coloni-
sation of the rhizosphere by antagonistic microorgan-
isms, in particular strains of Bacillus subtilis and Pseu-
domonas fluorescens, was recorded at the level of up to
1x10° CFU/g, which was associated with a decrease in
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AHoTauisn. Lle pocnigpkeHHs 30CepemXyBanocs Ha BWMBYEHHI cknagy OakTepianbHuX 30yAHWMKIB KapTonai Ta
edeKTUBHOCTI Ppi3HMX cTpaTerii GOpMyBaHHS pE3UCTEHTHOCTI KynbTypu B arpoekocuctemax. B poborti 6yno
NOEAHAHO TEOPETUUHMIA QaHANI3 NiTepaTypHUX DXKepen LLOoAO BNACTUBOCTEN 30YAHMKIB | MEXAHI3MIB Pe3nCTEHTHOCTI
3 eKCnepuMMEeHTaNbHO anpobalielo BnacHMX arpobionoriyHnx MeToAiB y BereTaliiHMX YyMOBaX A/ MOPiBHSAMbHOI
OLiHKM epeKTUBHOCTI KOHTPOO BakTepianbHMX XBOPO6 KapToni. Y pe3ynbrati BCTAHOBMAEHO, WO HAMBULLY NAaTOreHHyY
aKTUBHICTb B yYMOBax pocnigy Bussnana Ralstonia solanacearum, sika CNPUUYUHANA CUCTEMHE BSIHEHHS POC/MH.
Pectobacterium carotovorum nepeBaxHo ypaxana b6ynbbu, popMyoun ocepeaku MoOKpoi rHuni, Toai gk Clavibacter
sepedonicus NposSBASB MNOBINbHUM iHDEKLIAHWIA NPOLEC, LLLO YacTille [iarHOCTYBaBCS Ha cTagii 36epiraHHs. Po3uTok
HakTepianbHMX XxBOpob KapTonai iHTeHcMdikyBaBCS 3a YMOB HaAMipHOi BONOrOCTi FPyHTY, TeMnepatypu Buue 27°C,
MeXaHiYHMX YLWKOOXKEHb Ta HAKOMUYEHHS OpraHiuyHmx pewwTok. opMyBaHHS CTabinbHOi pusocdepHoi MikpobioTw,
30KpeMa 3a y4acTi NpeLCTaBHUKIB poLiB Pseudomonas i Bacillus, cnpusno 3HUXKEHHIO iHAEKCY XBOPOOIMBOCTi Ha 47-
62 % Ta NiABULLEHHI0 BErETAaTMBHOI MacK Ha 25-31 % NopiBHSAHO 3 KOHTpPONeM. Y AOCNiAXYBAHUX COPTIB OMiHYBaM
pi3Hi MexaHi3Mu TonepaHTHoCTI: y CONOXM — CYAMHHA PE3UCTEHTHICTb, LLO 3abe3neunna 62 % 3HUXKEHHS YPaXKEHHS,
31 % npupict Macu Ta 2,2 ponatkosi Bynbbu Ha pocauHy. Y JHinpsHKM — 6ioxiMiyHa BiAMNOBiIAb, 3 NiABULLEHHIM
aKTMBHOCTI nepokcmnpasu y 3,1 pas Ta deHinanaHiHamoHiak-niasn y 1,6 pas, a y JlyroBcbkoi — MikpobionoriuHui
KOHTPONb, 3 LWINbHICTIO KONOHi3aLii pusocdepn fo 1x10° KONOHIEYTBOPIOBANbHMX OAMHMLbL Ha rpaM FPyHTY Ta
NpUPOCTOM KinbkocTi 6ynbd Ha 24 wrtykn. OTpMMaHi pe3ynbTaTv MaklTb NPaKTUYHE 3HAYEHHS AN po3pobku
iHTErpOBaHMX CXEM 3aXMCTy KapToni, Lo nependavatoTb BUKOPUCTAHHSA GioareHTiB i iHAYKTOPiB pe3nCTEHTHOCTI
K edeKTUMBHY anbTepHATUBY XiMiYHMM 3acobaM, a TakoX A/ BMPOBALXKEHHS CUCTEMWU PAHHBOrO AiarHOCTUYHOIO
MOHITOPMHIY Ha OCHOBI 6i0iHAMKATOPIB Yy CeNeKLiiHMX Ta arpoBUPOBHUYMX TEXHONOTISX
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colony-forming units per gram.An increase in the root system length of the “Stolychna” wheat variety up to 48 cm
was observed, as well as a 40% reduction in barley fungal infections. Price analysis revealed that organic wheat
was 48% more expensive than conventional wheat on the external market. The model forecast demonstrated
the potential for cost savings for the agricultural sector of up to 15 billion UAH if 30% of farms transitioned to
the biological model. The results obtained could be used to adapt agricultural technologies, develop support
programmes for ecological farming, and enhance the export of organic products

Keywords: agriculture; profitability; biofungicides; biofertilisers; sustainable agriculture

INTRODUCTION

In 2020-2024, Ukraine’s agricultural production op-
erated under conditions of rising mineral fertiliser
prices, deepening climate change, disrupted logistics
chains, and increased environmental responsibility
requirements. These factors significantly affected the
economics of crop production, creating a need to im-
plement innovative technologies focused not only on
yield maximisation but also on preserving soil fertil-
ity, reducing anthropogenic pressure, and enhancing
the export appeal of products. One such approach
was the biologisation of technological processes - the
partial or complete replacement of traditional chem-
ical agents (mineral fertilisers, pesticides, growth
stimulants) with biological alternatives (biofertilisers,
microbial inoculants, biostimulants, biological plant
protection agents). Research into the effectiveness of
biologisation within the grain production system was
relevant in the context of forming a sustainable agroe-
conomic development model.

Scientific publications demonstrated increasing
interest in innovation within agricultural production,
particularly in the context of technological process
modernisation, profitability improvement, and ensur-
ing ecological sustainability (Yaheliuk et al., 2024). In
the study by V. Mamchur and G. Studinska (2024), the
effectiveness of technical innovations implemented in
Ukraine’s agricultural sector under the new production
model was examined, including the modernisation of
the machine and tractor fleet, digital transformation,
and the implementation of automated control systems.
The work of N. Kovalenko et al. (2021) focused on the
economic aspects of grain production in Ukraine’s Cen-
tral region. The authors explored internal efficiency
reserves and cost structures, emphasising factors in-
fluencing competitiveness. In turn, the publication by
T. Shmatkovska et al. (2021) addressed land resource
management in the system of non-current assets of
agricultural enterprises, with a focus on the financial
assessment of the use and impact on overall business
performance.

Foreign authors concentrated on practices of
‘green” transformation in agricultural production, the
introduction of biotechnologies, and the use of digital
tools (Pavlenko et al., 2025). In the study by S. Chen and
J. Lu (2025), ways of increasing green output levels in
China’s leading grain-producing regions were explored.

The authors justified the feasibility of a large-scale
transition to biological farming technologies as one
of the priorities for sustainable development.Y. Xing et
al. (2025), in the review, analysed advanced irrigation
strategies and soil moisture management, combined
with the use of biostimulants and precision monitoring.
The research by N. Ahmed et al. (2025) aimed to assess
the impact of sustainable agricultural technologies on
changes in soil emissions under climate change, us-
ing modern econometric models. In the publication by
Y.Xie et al. (2025),the interconnections between the dig-
ital economy, efficient allocation of production factors,
and the resilience of agricultural production were ana-
lysed. The experience of implementing climate-orient-
ed agricultural strategies was considered in the study
by W.Kabato et al. (2025), where the significance of bio-
logical technologies in reducing greenhouse gas emis-
sions and maintaining food security was emphasised.
The study by W. Geng et al. (2024) substantiated the
economic benefits of agricultural digitalisation, while
L.S.Fu et al. (2024) highlighted the effectiveness of ag-
ricultural insurance in the context of expanding farm-
ers’ access to production resources and reducing risks.

All the mentioned sources confirmed the impor-
tance of innovation in shaping a sustainable agricultur-
al economy. However, the lack of a generalised empiri-
cal analysis of the economic effectiveness of biological
technologies in the cultivation of key cereal crops in
Ukraine created a gap in the applied justification for
transitioning to biologisation. The aim of this study was
to determine the economic effectiveness of biologised
technologies in the cultivation of winter wheat, maize,
and barley in Ukraine’s agricultural sector. To achieve
this goal, the following objectives were pursued: to an-
alyse the impact of biological preparations on the yield
and stability of cereal crop productivity; to compare
costs and profitability levels between chemical and
biological treatment schemes; and to assess the long-
term effects of biologisation on soil condition, market
value of products, and export potential.

MATERIALS AND METHODS

The study was conducted from 2020 to 2024 to ana-
lyse the effectiveness of biologised agrotechnologies
in various natural and climatic zones of Ukraine. To
achieve the research objectives, a range of scientifically
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grounded sources were used: statistical data from the
State Statistics Service of Ukraine (n.d.), reports from
the Food and Agriculture Organization (n.d.) on crop
yields in Eastern Europe, analytical materials from the
National Institute for Strategic Studies (2024), and in-
formation from the State Service of Ukraine on Food
Safety and Consumer Protection (n.d.). The empirical ba-
sis of the study was formed from observations at six ag-
ricultural enterprises: “Poliskyi Agro” (Zhytomyr region),
“Eko-Nyva” (Rivne region, Polissia), “Lisostep” (Cherkasy
region), “Stepovi Zori” (Kherson region), “Sonyachnyi
Step” (Zaporizhzhia region), and “Dniprovski Luki” (Dni-
pro region), located in the natural and climatic zones of
Polissia, Forest-Steppe, and Steppe of Ukraine. The ob-
jects of study were cereal crops: winter wheat (varieties
“Podolyanka”, “Duma Odeska”, “Bohuslavka”, “Favorytka”,
“Stolychna”), maize (hybrids “DKC 5143, “Pioneer 9892”,
“Khortytsia”, “Dniprovskyi 185 SV”), and spring barley
(varieties “Vakula”, “Helios”, “Concerto”), which were rec-
ommended for cultivation in the respective zones and
widely used in the practice of biologised farming. The
subject of the study was agricultural technologies us-
ing biological products - biofertilisers (based on Azoto-
bacter chroococcum, Bacillus megaterium), biofungicides
(Trichoderma asperellum, T. harzianum), biostimulants
(based on humic acids, extracts of marine algae), and
mycorrhizal inoculants (Glomus intraradices).

The application of biological preparations (Azoto-
bacter, Trichoderma, humic stimulants, mycorrhizal inoc-
ulants) was carried out in accordance with regulations
defined in the normative documents of the National
Institute for Strategic Studies (2024), with mandatory
recording of application rates, treatment methods, and
weather conditions during technological operations.
Primary production data (yields, costs, soil parameters)
were obtained directly from the involved farms based
on field journals, agrochemical passports, and internal
technological reports. The research methodology in-
volved comparing biological and traditional cultivation
technologies based on indicators of yield, cost, agro-
chemical soil status, and profitability. The experimental
work was carried out at six agricultural enterprises lo-
cated in various natural and climatic zones of Ukraine,
particularly in Chernihiv (Polissia), Vinnytsia and Zhyto-
myr (Forest-Steppe), Mykolaiv, Zaporizhzhia, and Kher-
son (Steppe) regions. For each crop, control (chemical
treatment) and experimental (biological treatment)
plots were established. Observations were conducted
throughout the entire growing season. For assessing
the export of organic wheat, the period from 2018 to
2024 was selected. This period reflected the overall
trend of export growth and decline, and considered the
negative impact of geopolitical and economic factors,
particularly the onset of military action in Ukraine from
2022, which caused a significant decrease in export
volumes due to logistical problems, changes in certifi-
cation requirements, and general impact on EU markets.
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Soil fertility parameters were assessed using the
methods of the Institute for Soil Science and Agro-
chemistry Research Named after O.N. Sokolovsky (n.d.).
To illustrate the effectiveness of biologised approaches
when analysing agrochemical and economic character-
istics, typical cases of biological product application
were used from six agricultural enterprises operating
in different natural and climatic zones of Ukraine. The
selection criteria included: long-term use of biological
products, availability of controlled technological maps,
access to production data, and open sources. In par-
ticular, the analysis included: “Poliskyi Agro” (Zhytomyr
region), which used mycorrhizal preparations in wheat
cultivation; “Stepovi Zori” (Kherson region), which ap-
plied nitrogen-fixing Azotobacter in maize cultivation;
“Lisostep” (Cherkasy region), where biological fertil-
isers replaced mineral fertilisers in the winter wheat
fertilisation system; “Eko-Nyva” (Rivne region, Polissia),
which reported improved agrochemical soil status after
long-term use of biological products; “Sonyachnyi Step”
(Zaporizhzhia region), which monitored the anti-ero-
sion effectiveness of biological agents based on Bacil-
lus megaterium; and “Dniprovski Luki” (Dnipro region),
which reported phytosanitary effects of Trichoderma
asperellum in barley cultivation (State Statistics Service
of Ukraine, n.d.; National Institute for Strategic Studies,
2024). Soil acidity was assessed using the potentiomet-
ric method, and the number of microorganisms was de-
termined by the agar seeding method and colony-form-
ing unit count per gram (CFU/g).The level of root system
development was recorded on the 25th and 45th day
of vegetation using a ruler and digital caliper. To cal-
culate profitability, the standard formula (1) was used:

. . Profit
Profitability, % = Cost of production x 100, (1)
where Profit = gross income - cost per hectare; cost of
production = total expenses on products, labour, ma-
chinery, and associated costs.

Yield fluctuations were assessed using the coeffi-

cient of variation formula (2):

CV = 9 x 100, )

where ¢ = standard deviation; x = mean yield for the
period.

Additionally, the study included economic model-
ling of the impact of scaling up biological technologies
on costs in Ukraine’s agricultural sector through 2030.
The calculation model took into account the projected
expansion of agricultural areas cultivated with biolog-
ical schemes and the average cost savings due to the
replacement of mineral fertilisers, chemical plant pro-
tection products, environmental charges, and logistics
expenses. Input data included analytical materials from
the State Statistics Service of Ukraine (n.d.), National
Institute for Strategic Studies (2024), and the authors’




own calculations based on production case studies. The
estimation of expected cost savings over time was con-
ducted using the formula (3):

E,=(P,xC) xR, (3)

where E, is the cost saving in year t; P, is the area cul-
tivated using biological technology in year t; C is the
average cost of treatment per hectare using traditional
technology; R is the average percentage reduction in
costs (15% to 20%).

All research was conducted in accordance with the
provisions of the Law of Ukraine No. 3116-XII (1993).
The applied biological products were registered and
authorised for use in agriculture. Farms provided writ-
ten consent to participate in the study, access to pro-
duction data, and analysis of agrochemical soil indica-
tors. Experimental and economic data were processed
using Microsoft Excel 365 (correlation analysis, graph
building, trend visualisation), Statistica 10.0 (mean
value estimation, Student’s t-test, coefficient of var-
iation, normality test), and RStudio (version 2023.06)

Farzaliyeva et al.

for mathematical modelling and scenario building of
savings from the scaling up of biologisation. Graphical
materials (charts, histograms, pie charts) were created
in Tableau Public and Canva Pro to ensure clear inter-
pretation of results. The selection of these tools was
based on the accuracy, functionality for processing ag-
ronomic and economic data, and the ability to visual-
ise variables across time, crop types, and cultivation
technologies.

RESULTS

The impact of biological products on the yield of grain
crops. The yield dynamics of major cereal crops un-
derwent significant changes after replacing chemical
agents with biological analogues. As shown in Table 1,
in farms where mycorrhiza and nitrogen-fixing bacteria
were applied to the wheat variety “Podolyanka”, the av-
erage annual yield increase was 2.1-3.4 ¢/ha, whereas
under chemical treatment this figure did not exceed
1.5 ¢/ha. For the maize hybrid “DKC 5143”, the maxi-
mum annual increase (4.8 c¢/ha) was recorded on a farm
that had fully transitioned to biofertilisers.

Table 1. Yield dynamics of wheat, barley, and maize (c/ha)
on farms using biological and chemical technologies (2020-2024)

Culture (variety/hybrid) Technology 2020 2021 2022 2023 2024
Wheat (“Podolyanka”) Biological 48.2 50.3 52.7 54.1 55.6
Wheat (“Podolyanka”) Chemical 49.1 49.8 50.2 50.9 51.3

Corn (“DKC 5143 Biological 724 75.1 773 79 80.5
Corn (“DKC 5143 Chemical 70.8 71.5 721 729 734
Barley (“Vakula”) Biological 42.5 43.8 45.2 46.7 479
Barley (“Vakula”) Chemical 41.9 42.1 42.5 42.8 43.1

Source: developed by the authors based on data from the State Statistics Service of Ukraine (n.d.)

These data are supported by case studies: on the
farm “Poliskyi Agro” (Polissia), the introduction of my-
corrhiza for the wheat variety “Stolychna” increased
yields by 15% over three years, while on the farm “Ste-
povi Zori” (Kherson region), the use of Azotobacter for
the maize hybrid “Pioneer 9892” boosted yield by 20%.
Figure 1 presents a comparison of the average yields of
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crops in 2024. For the wheat variety “MIP Lada”, the dif-
ference between biological and chemical technologies
was 4.3 c/ha; for the maize hybrid “Khortytsia” - 7.1 ¢/
ha; and for the barley variety “Helios” - 4.8 c/ha. This
indicates a direct impact of bioproducts on productiv-
ity, especially under conditions of rainfall deficit or in-
creased soil acidity.””

M Biological Technology (c/ha)
Chemical Technology (c/ha)

Barley (“Helios”)

Figure 1. Comparison of average crop yields for 2024
Source: developed by the authors based on data from the Food and Agriculture Organisation (n.d.)
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A critical aspect is yield stability. On farms with
biological technologies, year-on-year fluctuations did
not exceed 5%, whereas with chemical treatment the
fluctuations reached 12-15% due to dependence on
climatic factors. For instance, the barley variety “Con-
certo” in Cherkasy region demonstrated yield stability
(45-47 c/ha) when using Trichoderma-based biofungi-
cides (National Institute for Strategic Studies, 2024).
The obtained results highlight the potential of

60

biologised technologies as a means of improving cere-
al crop productivity without harming the environment.
Significant yield improvements were noted even in re-
gions with elevated risks of soil degradation and un-
stable weather conditions. Humic acid-based biostim-
ulants are actively used in the early stages of winter
wheat development, promoting better rooting, primary
root growth stimulation, and activation of soil micro-
flora (Fig. 2).
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Figure 2. The effect of humic acid-based biostimulants
on the development of the root system of “Stolychna” wheat (root length, cm)

Source: developed by the authors

For the winter wheat variety “Stolychna”, the im-
pact of humic acid-based biostimulants on root de-
velopment was studied. As shown in Figure 2, the
application of biostimulants led to an increase in the
average root length by 22-35% compared to the con-
trol group at the tillering and stem elongation stages.
For example, at the stem elongation stage, the root
length reached 48 cm (with biostimulants) versus
35 cm (without), improving drought resistance. For the

maize hybrid “DKC 5143, the effectiveness of micro-
bial inoculants Azotobacter chroococcum was analysed
across different climatic zones of Ukraine (Table 2).
The highest yield increase (6.7 ¢/ha) was recorded in
the Forest-Steppe zone (Cherkasy region), where suf-
ficient soil moisture promoted nitrogen fixation. In
the Steppe (Kherson region), effectiveness was lower
(3.2 ¢/ha) due to rainfall deficit, which limited micro-
bial activity.

Table 2. Effectiveness of microbial inoculants (Azotobacter) for maize in different climatic zones

Climatic zone Yield (with inoculants), c/ha

Yield (without inoculants), c/ha

Increase, c/ha

Polissya (Zhytomyr region) 78.5 72.1 6.4
Forest-steppe (Cherkasy) 82.3 75.6 6.7
Steppe (Kherson) 68.9 65.7 3.2
Steppe (Zaporizhzhya) 70.2 67 3.2
Forest-steppe (Vinnytsia) 74.5 71 3.5
Step (Dnipro) 69.8 66.2 3.6

Source: developed by the authors based on data from the Food and Agriculture Organisation (n.d.)

A notable case is the experience of the farm “Dni-
provski Luki” (Dnipro region), where the use of Tricho-
derma asperellum-based biofungicides for the barley va-
riety “Helios” reduced the incidence of fungal infections
(Fusarium graminearum) by 40%.This led to a 25% reduc-
tion in fungicide costs (from UAH 1,800 to UAH 1,350/
ha) and an 18% increase in yield (from 45 to 53 c/ha) in
2023.0verall,the study results confirm the effectiveness
of targeted selection of bioproducts for specific crops,
taking into account the agroecological environment,en-
abling optimisation of agrotechnologies, cost reduction,
and increased yields in a naturally balanced manner.

Comparison of costs and profitability of chemical
and biological schemes. As part of the study, a compar-
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ison was made of the costs of growing winter wheat
of the “Duma Odeska” variety using two treatment
schemes - chemical and biological. The analysis fo-
cused on the key cost categories directly influencing
production efficiency, namely: costs of preparations
(plant protection products and fertilisers), labour, tech-
nical support, and other related expenses such as logis-
tics, laboratory tests, and seeds. To objectively assess
the economic efficiency of biologised technologies, a
comparison was made between traditional (chemical)
and biological treatment schemes for the “Duma Odes-
ka” wheat variety. The analysis covered key expenditure
categories: preparations, labour, technical support, and
related expenses (Table 3).
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Table 3. Comparison of costs (UAH/ha) for treating “Duma Odeska”wheat under chemical and biological schemes (2024)

Expense category

Chemical scheme

Biological scheme

Preparations (plant protection products, fertilisers) 8,200 5,900
Labour 1,100 1,200

Equipment (fuel, depreciation) 2,000 2,200

Other (logistics, laboratory tests, seeds) 1,700 1,600
Total 13,000 10,900

Source: developed by the authors based on data from National Institute for Strategic Studies (2024)

As seen in Table 3, implementing the biologi-
cal scheme made it possible to reduce the treatment
costs per hectare of wheat by an average of UAH 2,100
(=16.2%), primarily due to lower expenditure on min-
eral fertilisers and chemical plant protection products.
The slight increase in labour and machinery costs was
due to the need for more precise and regular appli-
cation of biopreparations and monitoring of soil bio-
logical indicators. According to the obtained data, the
biological scheme proved more economically benefi-
cial, as it enabled a reduction in costs by UAH 2,100
per hectare (around 16.2%). This saving was primarily
achieved through significantly reduced expenditure on
mineral fertilisers and chemical agents, which form the
core of chemical technologies. At the same time, la-
bour and machinery costs under the biological scheme
were slightly higher than in the chemical one due to
the need for frequent biopreparation applications and
more thorough soil and plant condition monitoring.
However, this increase in machinery and labour costs
did not outweigh the savings from reduced prepara-
tion costs, making biological technologies economical-
ly advantageous. The total per-hectare cost of using bi-
ological technology amounted to UAH 10,900, whereas
with chemical methods it reached UAH 13,000. This
confirmed that biological technologies could be effec-
tive even in conditions of high technical costs, as re-
duced expenditure on preparations allowed total costs
to be decreased. For a visual assessment of cost distri-
bution under the biologised maize growing technology
(hybrid “DKC 4014"), a pie chart was created illustrat-
ing the proportion of key cost categories in the overall
structure (Fig. 3).

m Biological products (inoculants,
biostimulants, biofungicides)
(UAH/ha)

Labour (application, monitoring)
(UAH/ha)

Equipment (fuel, maintenance,
depreciation) (UAH/ha)

m Other (analyses, logistics, seeds,
certification) (UAH/ha)

Figure 3. Cost structure under biological treatment of
maize (hybrid “DKC 4014°), 2024
Source: developed by the authors based on data from the
Food and Agriculture Organization (n.d.)

As shown in Figure 3, the largest share of costs in
the biological maize treatment scheme was for prepa-
rations, which was due to the use of highly effective
biofertilisers based on humic acids. Technical costs in-
cluded specialised equipment for applying bioprepa-
rations, while the reduced use of pesticides allowed
environmental fees to be cut by 15%.A significant prac-
tical example was the “Lisostep” farm (Cherkasy region),
which completely replaced mineral fertilisers with bio-
preparations for growing “Favorytka” wheat. Over three
years of implementation, the cost of production de-
creased by 12% (from UAH 10,200 to 8,970/ha), while
profitability rose from 18% to 24%. This was made
possible through a combination of Azotobacter nitro-
gen-fixing bacteria and Trichoderma harzianum-based
biofungicides. These results demonstrated the econom-
ic feasibility of switching to biologised schemes, which
not only reduced direct per-hectare costs but also gen-
erated stable profits through improved product quality,
lower phytotoxicity risks,and enhanced agro-ecological
field conditions. The level of profitability is an impor-
tant indicator of production process efficiency, as it re-
flects how much profit farmers earn per unit of expend-
iture (Shahini & Shtal, 2023).To calculate profitability, a
formula was used comparing revenue and expenses for
both treatment schemes. The profitability calculation
showed that the biological scheme yielded a profitabil-
ity rate of 4.288%, which was significantly higher than
the chemical scheme’s 2.584% (Formula 1). This indi-
cated that biological technologies offered not only cost
reduction but also a higher level of economic benefit
for farms. In particular, by cutting expenses on chemical
agents and fertilisers, farmers could earn more profit at
the same yield level.

Yield fluctuations are another important indicator of
agricultural production stability (Drobitko & Kachano-
va, 2023). High yield stability reflects lower risks for
producers, especially in the context of climate change
and seasonal variability (Struminska et al., 2014). To as-
sess yield fluctuations, a formula was used to determine
the difference between maximum and minimum yield
figures for each year. The results showed that with bio-
logical technology, yield variability for the “Podolyanka”
wheat variety amounted to 14.4%, which was notably
lower than the 15% under chemical treatment (Formu-
la 2). This indicated that biological technologies helped
reduce the impact of unpredictable factors such as cli-
mate change on yield outcomes. At the same time, yield
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stability was one of the main advantages of biological
technologies, as it allowed farmers to secure more sta-
ble profits in the long run. The comparison of costs and
profitability showed that biological technologies were
economically efficient because the technologies ena-
bled savings on chemical preparations and fertilisers,
significantly reducing overall per-hectare expenditure.
At the same time, thanks to higher profitability, biolo-
gised schemes provided greater economic benefits for
farmers. A high level of profitability and stable yields
were key factors in ensuring sustainable agricultural
development, as confirmed by the comparison results.
Thus, biologisation of agronomic technologies was
not only economically viable but also environmentally
sound, enabling sustainable agricultural development,
increased resilience to climate change,and reduced en-
vironmental impact.

2020 2021

2022

Assessment of the economic efficiency of biologisa-
tion of agronomic technologies to increase yields and
reduce costs. In addition to the direct effects on yield
and cost reduction, biologised technologies formed a
long-term positive impact on the agroecological condi-
tion of soils, which in turn influenced income stability
over an extended period. In particular, improvements
in soil fertility, increased activity of soil microflora, re-
duced acidity and erosion processes contributed to sus-
tainable productivity growth without extensive pres-
sure on natural resources. A study of soil indicators at
the “Eko-Nyva” farm (Polissia) over 2020-2024 revealed
a positive trend in humus content (Fig. 4). For example,
on plots with biological treatment of the wheat variety
“Bohuslavka”, the humus content increased from 2.8%
to 3.3%, while on control plots with chemical technolo-
gies this figure remained at 2.7-2.9%.

—— Humus content (%)

2023 2024

Figure 4. Dynamics of humus content in soils (2020-2024), “Eko-Nyva” farm (Polissia)
Source: developed by the authors based on data from National Institute for Strategic Studies (2024)

According to Table 4, after five years of biologisa-
tion, farms with different soil types showed improve-
ments in key agrochemical indicators. For instance, on
chernozems in the Sumy region, soil pH stabilised at

6.5-6.7, and the number of microorganisms increased
from 1.2x10° to 3.8x10° CFU/g (colony-forming units).
This indicated the activation of microbiological pro-
cesses that ensured natural plant nutrition.

Table 4. Soil fertility indicators after 5 years of biologisation (2020-2024)

Indicator Chernozems (Sumy region)  Serozems (Kherson region) Sod-podzolic soils (Zhytomyr region)
pH 6.7 71 5.9
Humus (%) 4.1 1.8 25
Microorganisms (CFU/g) 3.8x10° 2.1x106 1.9x10°

Source: developed by the authors

A significant economic effect was the reduction
in costs associated with the reclamation of degrad-
ed soils. At the farm “Sonyachnyi Step” (Zaporizhzhia
region), the introduction of biofertilisers based on
Bacillus megaterium bacteria reduced soil erosion by
30% over four years. This led to a reduction in an-
ti-erosion costs from UAH 2,500 to UAH 1,750/ha and
increased the yield of the maize hybrid “Dniprovskyi
185 SV” by 18%. Thus, biologisation ensured ecologi-
cally sound economic benefits by reducing anthropo-
genic pressure on the soil environment, increasing its
self-regeneration potential, and preserving productiv-
ity in the medium and long term. The obtained indi-
cators were particularly important for zones of risky
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agriculture (Polissia, Steppe), where soil degradation
was a systemic issue.

One of the key economic arguments in favour of
implementing biologised technologies in crop produc-
tion was the increase in market value of ecologically
certified products and expanded access to internation-
al markets (Kulazhanov et al., 2024). The organic grain
production segment demonstrated stable demand for
produce with low pesticide residue levels, grown ac-
cording to the principles of sustainable agriculture.
In 2024, the average price for organic grain on the
domestic market of Ukraine exceeded that of conven-
tional produce by 20-35%, and on external markets -
by more than 40% (Table 5).
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Table 5. Average grain prices in Ukraine (2024): organic vs traditional production

Culture Product type Domestic market, UAH/t External market (EU), $/t

Traditional 6,800 230

Winter wheat
Organic 8,600 340
Traditional 6,100 210

Spring barley
Organic 7,400 295
Traditional 6,300 225

Corn

Organic 8,100 320

Source: developed by the authors based on data from the State Statistics Service of Ukraine (n.d.)

As shown in Table 5, the largest difference in ex-
port value was observed for winter wheat, which is
one of Ukraine’s main export commodities. In 2024, the
premium on the price of organic wheat amounted to
$110/t, or about 48% more than produce grown with
conventional technology. Despite the price premium,
the export of organic wheat from Ukraine experienced

significant fluctuations. The highest volume of deliver-
ies to the EU over the last six years was recorded in
2018 - 75,971 t (Fig. 5). However, by 2022 this figure
had dropped to 20,797 t,and in 2023 it fell to 11,000 t.
This trend was associated with a decrease in the num-
ber of certified organic farms, increased international
market competition, and geopolitical factors.
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Figure 5. Export of organic wheat from Ukraine to the EU (2018-2024), thousand tonnes
Source: compiled by the authors based on data from the State Service of Ukraine on Food Safety and Consumer

Protection (n.d.)

In addition to the decline in volumes, the geo-
graphical profile of exports also changed. While in
2018, 85% of organic wheat exports went to Germany
and the Netherlands, by 2023 this share had dropped
to 60%, with the rest redirected to markets in Poland
and Romania. A successful example of diversification
was the “Zolotyi Kolos” farm (Vinnytsia region), which
in 2023 signed a contract with the German company
“BioGetreide GmbH” to supply 5,000 t of organic maize
of the hybrid “Dniprovskyi 185 SV” at a price of €310/t.
This allowed the farm to offset losses from the decline
in wheat exports. Thus, the introduction of innovative
biological technologies in crop production contribut-
ed to the creation of economic added value through
certification, ecological positioning, and entry into pre-
mium sales markets. This opened new opportunities
for farmers, including small and medium-sized enter-
prises, provided the enterprises adhered to traceability
requirements, phytosanitary safety, and environmental
responsibility. The projected cost savings for Ukraine’s

agricultural sector by 2030 were based on an analy-
sis of trends in the transition of farms to biological
technologies. Provided such practices were scaled up,
it was expected that by 2025 the annual savings would
amount to UAH 4.68 billion, and by 2030 this figure
would rise to UAH 15.21 billion (Formula 3). These
calculations took into account the average cost of tra-
ditional cultivation of 1 hectare of cereal crops and
the empirically confirmed level of cost reduction in
farms that had already implemented biological meth-
ods. The dynamics of savings demonstrated an econo-
my-of-scale effect: with an increase in cultivated area
up to 6.5 million ha, the potential for reducing costs
on fertilisers, pesticides, and environmental payments
grew significantly. According to the forecast shown
in Figure 6, the total annual cost savings with a full
transition of 30% of farms to biological schemes could
reach UAH 12-15 billion. This was due to reductions in
the cost of mineral fertilisers (by 25-40%), pesticides
(by 20-35%) and environmental fines (by 18-22%).
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Figure 6. Projected cost savings of Ukraine’s agricultural sector by 2030 with the scaling of biologisation (UAH billion)
Source: developed by the authors based on data from the State Statistics Service of Ukraine (n.d.)

To maximise the effect, it was necessary to con-
sider the soil-climatic characteristics of the regions. As
shown in Table 6, the optimal technologies for cher-
nozems included mycorrhiza and biofertilisers based
on humic acids, which increased yield by 15-20%. For
serozems in the steppe zone, the use of nitrogen-fixing

bacteria (Azotobacter) and seaweed-based biostimu-
lants was critical, because of reducing the impact of
drought. On sod-podzolic soils, effective measures in-
cluded biopesticides based on Trichoderma and phos-
phorus-mobilising microorganisms, which increased
phosphorus availability by 30-35%.

Table 6. Recommended technologies for different soil types

Soil type Priority biological technologies Efficiency (yield increase, %)
Chernozems Mycorrhizae, biofertilisers based on humic acids 15-20

Serozems Azotobacter, biostimulants from seaweed 10-15
Sod-podzolic Trichoderma, phosphate-mobilising bacteria 12-18

Source: developed by the authors

Implementation of these recommendations re-
quired state support, including subsidies for the pur-
chase of bioproducts and training of farmers. For
instance, the experience of the “Stepovi Zori” farm
(Kherson region) demonstrated that combining biofer-
tilisers with drip irrigation enabled maize yields of 80-
85 c¢/ha even under arid conditions. This highlighted
the importance of integrating biological and technical
solutions for stabilising agricultural production. Sum-
marising the modelling results, it could be stated that
scaling up biologisation had strategic significance for
Ukraine’s agricultural economy, as it allowed: reduc-
ing production costs without compromising yields;
preserving and improving soil resources; creating an
export advantage in the ecological products market;
and integrating Ukraine’s agro-industrial complex into
global sustainable development trends. The effective-
ness of biologised technologies in Ukraine’s agricultur-
al sector manifested both in the short and long term -
through increased yields, reduced costs, improved soil
quality, and expanded export opportunities. In view of
this, it was advisable to develop a national strategy for
incentivising biologisation as a key component of the
country’s agroecological policy.

DISCUSSION

The results obtained demonstrated the significant
effectiveness of biologised technologies in improv-
ing yields, economic viability, and the agroecological
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condition of soils. Comparison with current scientific
research indicated alignment with conclusions on the
potential of bioproducts for achieving the goals of sus-
tainable agriculture. Yield increases in wheat, maize,
and barley due to the use of mycorrhizae, nitrogen-fix-
ing bacteria, and biostimulants confirmed the findings
of H.Lu et al. (2024), who identified agglomeration ben-
efits in cereal production under conditions of optimised
ecological efficiency in the agricultural environment.
Similarly, in China, the application of biological treat-
ments and digital tools led to increased agricultural
productivity under conditions of water and soil scarcity.
The observed reduction in yield fluctuations in farms
using biological systems - at levels up to 5% - corre-
lated with the findings of MJ. Usigbe et al. (2023), who
proved that adaptive technologies, including microbial
and digital monitoring systems, significantly enhanced
the resilience of agricultural systems to climate risks.
It was found that the use of artificial intelligence plat-
forms combined with bioproducts enabled precise
application and control of agri-inputs, thus improving
production stability.

The study recorded a consistent increase in humus
content and soil bioactivity following five years of bi-
oproduct use, aligning with the analysis by Y. Pan et
al. (2024), which emphasised the importance of inno-
vations - particularly farmer-led initiatives introduc-
ing microbiological solutions - for long-term resto-
ration of soil functions. The research highlighted that




introducing biofungicides and humic substances had
positive effects on pH, soil structure, and microbial bi-
omass. The economic efficiency of biologised technol-
ogies, documented in the form of a 16.2% reduction in
costs and increased profitability, corresponded with the
analysis by C. Bernini and F. Galli (2024), who showed
that agricultural entities with high ecological efficiency
delivered better economic performance under spatially
diversified policies. Similarly, S.K. Kuchimov (2021) em-
phasised the importance of transitioning to innovative
farming models to lower production costs and optimise
spending on crop protection and fertilisers. Cost struc-
ture analysis for biologised maize cultivation revealed
a dominance of spending on bioproducts, explained by
the high effectiveness under arid conditions. Similar
conclusions were presented in the work of S. Alharbi et
al. (2024), noting that in arid and semi-arid regions,
the use of Azotobacter and phytostimulants improved
water retention capacity in plants and resistance to
stress. The study also mentioned reduced environmen-
tal fees, corresponding with the findings of L. Aldie-
ri et al. (2021) regarding the link between technolog-
ical modernisation and reduced environmental impact
through knowledge-intensive innovations.

The forecasted cost savings from scaling biologi-
sation to 30% of farms (up to UAH 15 billion annually)
matched the macroeconomic estimates presented by
J. He et al. (2025). The researchers showed that intro-
ducing digital and biological technologies could in-
crease total factor productivity by 12-15% in the medi-
um term. The work of Y. Hu et al. (2024) noted that the
digital economy in agriculture delivered maximum ef-
fect when combined with biologised farming schemes.
This alignment with the current study was evidenced by
farms that implemented biological technologies along-
side technical elements (e.g., precision application, reg-
ular lab monitoring, soil condition control), which re-
corded not only yield increases (up to 6.7 ¢/ha in maize)
but also a reduction in annual yield variability to 5%.
Additionally, improvements in agrochemical indicators
were observed (humus content increased by 0.5-0.6%)
and production costs decreased by 16.2%.

Premium organic product market results - particu-
larly a price difference of up to 40% - were consistent
with the findings of L. Ma et al. (2021) and K.K. Shah et
al. (2021), who noted a stable rise in demand for organ-
ic agricultural products amid global consumer shifts to-
wards sustainable food models. The recorded decline in
organic wheat exports from Ukraine to the EU aligned
with the observations of O. Adisa et al. (2024) regard-
ing the need to strengthen certification, traceability,
and smallholder support systems to maintain mar-
ket positions. Performance indicators for Azotobacter
chroococcum in various climate zones (up to 6.7 c/ha in
Forest-Steppe regions) confirmed the findings of G. Pa-
padopoulos et al. (2024), which noted that synergisti-
cally combining bioproducts with precision farming
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technologies produced maximum effect in moderately
humid regions, while under drought conditions, sup-
plementary irrigation or improved soil structure was
needed. The outcomes from “Dniprovski Luki”and “Son-
yachnyi Step” farms demonstrated that targeted use of
biofungicides Trichoderma asperellum and Bacillus meg-
aterium reduced yield losses from fungal infections and
erosion.This supported the models proposed by D.M.He-
mathilake and D.M.Gunathilake (2022),whorecommend-
ed prioritised microbial protection in regions with high
soil degradation risk and phytopathogen prevalence.
The application of humic acid-based biostimulants,
which promoted 22-35% growth in wheat root sys-
tems, fully correlated with the research by M. Pisante et
al. (2012), which confirmed that early root formation
was a critical factor for stress resistance and high yield
potential. Similar approaches were supported in the re-
view by K. Takacs-Gyorgy (2012), which pointed to the
economic feasibility of transitioning to precision farm-
ing with biological inputs. The importance of account-
ing for soil types in selecting biological technologies
was supported by the research of S.Algarni et al. (2023),
which stated that bioproduct effectiveness significantly
depended on pH, organic content, and microbial activ-
ity. The research by R. Reddy (2022) emphasised that
applying modern agricultural machinery - including
precision seeding units, application systems, and digital
field management platforms - significantly improved
bioproduct usage efficiency. This approach aligned with
findings showing that while technical costs in biologised
schemes partly increased, ensuring better process con-
trol. Additionally, results from implementing adaptive
crop varieties and hybrids in combination with biologi-
caltechnologies confirmed the assertion by A.Abdul-Ra-
haman et al. (2021) that bridging the technological gap
in agriculture was only possible through aligned adop-
tion of both genetic innovations and agrotechnological
practices. Yield increases of 15-20% indicated the high
effectiveness of combining breeding achievements
with biological stimulation under regional conditions.
In conclusion, the study’s results aligned with the
international theoretical and empirical discourse on
the benefits of biologised technologies in the con-
text of sustainable development, economic efficiency,
agro-ecological safety, and climate adaptation. The
findings confirmed the rationale for developing a na-
tional policy to support biologisation in agriculture,
taking into account regional specifics, certification
needs, digitalisation, and expert support for farmers.

CONCLUSIONS

Within the study, it was established that the introduc-
tion of biological technologies in the cultivation of
winter wheat, maize, and barley under Ukrainian con-
ditions contributed to increased economic efficiency of
production by reducing costs, increasing yields, and im-
proving soil quality. A comparative analysis over 2020-
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2024 showed that when bioproducts were applied,
the average yield of the wheat variety “Podolyanka”
increased from 48.2 to 55.6 ¢/ha, whereas under the
chemical scheme it remained around 51.3 c/ha. For the
maize hybrid “DKC 5143’, the yield increase amounted
to 8.1 ¢/ha, and for the barley variety “Vakula” - 4.8 ¢/
ha. The overall reduction in per-hectare costs for the
wheat variety “Duma Odeska” amounted to UAH 2,100
(16.2%), including reductions in input costs of up to
UAH 2,300 per hectare. The profitability of cultivating
the wheat variety “Favorytka”in the Cherkasy region in-
creased from 18% to 24%.

Soil improvements were recorded over the five-year
application of biofertilisers: humus content increased
to 3.3% (0.5% higher than the control), acidity stabilised
at 6.5-7.1 pH, and the number of microorganisms rose
from 1.2x10° to 3.8x10° colony-forming units per gram
of soil. A 30% reduction in soil erosion activity was also
confirmed in farms in Zaporizhzhia region. For individ-
ual crops, it was established that the root length of the
wheat variety “Stolychna” increased to 48 ¢cm, and fun-
gal infection in the barley variety “Helios” decreased by

40%. Price analysis showed that organic products were
sold at a premium: on the foreign market, the price of
organic wheat reached USD 340 per tonne - USD 110
per tonne more than conventional wheat. The forecast
of economic modelling suggested that if the biologised
model were scaled to 30% of farms by 2030, the annual
savings for the agricultural sector could amount to UAH
14.9 billion. Prospective directions for further research
included the development of local agrotechnological
maps with consideration of soil types, the creation of
digital solutions for monitoring biological processes in
the field, and the long-term evaluation of the effective-
ness of bioproducts.
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AHotauia. MeToto poboTn Byno BCTAaHOBUTU edEKTUBHICTb 3aMiHM XiMiYHMX 3ac06iB 3axMCTy poOC/iuH, A06puB
i cTMMynaTopiB pocTy Ha 6ionoriYHi aHanorM B KOHTEKCTI MPOAYKTMBHOCTI, BWUTPAaT, peHTabenbHOCTi Ta
arpoeKkonoriyHoro ctaHy rpyHTie. JocnigxeHHs, nposegeHe y 2020-2024 pokax, 0XOnawBan0o COPTU 03UMOI
nwenuui «MoponsaHkax», «dyma opecbka», «DaBopuTka», «borycnaekax», «MIMN Jlaga» Ta «CTonuyHa», SUMeEHIo
«Bakyna», «enioc» i «KoHuepTo», a Takox ribpmuan kykypyasu «IAKC 5143», «OKC 4014», «[Mionep 9892»,
«XopTuus» Ta «OHinposcbkuii 185 CB». EMnipuyHa 6a3a BkOYana CTaTUCTUYHI AaHi, pe3ynbTaTi IPpyHTOBUX
aHani3iB, KeMCc-CnoCcTepexXeHHs B rocnofapCcTBaXx pisHUX PErioHiB Ta EKOHOMIYHE MOAENIOBAHHS. byno BCTaHOBNEHO,
O MpUPICT BPOXAMHOCTI MPKU 3acTOCyBaHHI 6ionpenapaTiB CTaHOBUB Y cepefHboMy 4,3-7,1 u/ra ans nweHuui 1
KyKypyZ3u Ta fo 4,8 u/ra ons s4MeHto, npu LbOMy BUTPATH 3HMXKYBanuca Ao 16 %. BMicT rymycy y rpyHTax 3pic
[0 3,3 %, a KinbKicTb MikpoopraHiamie — f0 3,8x106 KonoHi€yTBOPIOBaNbHUX OAMHMLB Ha rpam. CnocTepiranocs
30iNblUEHHS LOBXWHM KOPEHEBOT CMCTEMM MWEHUL copTy «CTONMYHA» A0 48 CM Ta 3MEHLUEHHS YPAXKEHHS SUMEHIO
rpubkoBUMM iHDeKuiaMu Ha 40 %. AHani3 WiH BUMSBMB, WO OpraHiyHa nweHuus KowTyBana Ha 48 % popoxye 3a
TPaAMLINHY Ha 30BHILWHLOMY PUHKY. [TpOrHo3 Moaeni 3acBiAYMB NOTEHLiaN EKOHOMIT 419 arpapHOro CEKTopy A0
15 Minbappis rpuBeHb 3a yMoB nepexoay 30% rocnofapcts Ha 6ionoriyHy Mogens. OTpMMaHi pe3ynbTaTi MOXYTb
6yTW BUKOpUCTaHI Ang afanTalii arpoTexHonorii, dopMyBaHHs Nporpam NiATPUMKM eKONOTiYHOro 3emnepobcTBa
Ta pO3BUTKY €KCNOPTY OpPraHivyHOi NpoayKuii
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increased technogenic pressure and higher prevalence of oncological diseases, cardiovascular and respiratory
pathologies, as well as reduced life expectancy (by 7-10 years) in highly polluted regions. Negative demographic
trends were recorded, including rising child mortality, declining fertility, and increased environmentally driven
migration. The results confirm the efficacy of digital technologies in enhancing the quality of monitoring,
diagnostics, and risk management in agroecosystems undergoing transformational anthropogenic pressures

Keywords: artificial intelligence; machine learning; risk management; agri-landscape degradation; biosphere

INTRODUCTION

The escalation of technogenic and environmental
threats has significantly impacted the biosecurity of
agroecosystems, leading to adverse consequences for
public health and quality of life. Emissions of hazard-
ous substances, climate change, water and air pollution,
and the aftermath of industrial disasters are considered
potential factors contributing to increased morbidity,
mortality, and deteriorating socio-economic conditions.
As an integral indicator of physical, social, and environ-
mental well-being, quality of life has been used to as-
sess the biosecurity of agroecosystems and health risks
for populations in agricultural regions.

Large-scale  urbanisation, soil  degradation,
agro-landscape pollution, and industrial accidents have
contributed to rising chronic diseases, immune sys-
tem suppression, and oncological pathologies among
residents of agrarian territories (Rahman et al, 2021).
Chemical and radioactive contamination has created
threats at both regional and global scales, necessitating
the development of effective biosecurity strategies in
agriculture (Khomutinin et al., 2024). The lack of com-
prehensive measures, low environmental awareness
among agricultural producers, and inadequate monitor-
ing of ecological hazards exacerbate risks to agricultur-
al products and public health. A review of scientific lit-
erature confirms the importance of an interdisciplinary
approach to assessing technogenic and environmental
risks in agriculture. C. Piskunova and V. Bondar (2022)
emphasise the need for integrated methodologies to
analyse biological threats and physiological responses
of organisms under critical conditions. The significance
of the discipline “Life Safety” in training crisis manage-
ment and risk analysis specialists is highlighted, along
with the necessity for further empirical research in
agroecosystem biosecurity.

A crucial aspect of studying technogenic and en-
vironmental threats is the development of effective
mitigation and management strategies for agricultur-
al impacts. In this context, the work of M.V. Kustov et
al. (2021) is noteworthy, focusing on a comprehensive
monitoring and control system for atmospheric pol-
lution in agrarian regions by chemical and radioac-
tive substances. The proposed approach is based on
predictive mathematical modelling, artificial precip-
itation methods for hazardous substances, and deci-
sion-making systems, enhancing the ecological safety

of the agricultural sector. S. Bondarenko et al. (2022)
analysed threat forecasting mechanisms and optimisa-
tion of managerial decisions in Ukraine’s agrarian se-
curity. Emphasis is placed on a holistic risk assessment
framework, improving hazardous substance monitor-
ing efficiency, and developing informational-analytical
platforms for rapid response to ecological challenges
in the agro-sector. The rise of legal and ethical chal-
lenges associated with biotechnology, agrochemicals,
and digital systems in agriculture has necessitated a
revision of regulatory frameworks for agrarian biose-
curity (Polukarov et al., 2024).

O.V.Mudrak et al. (2023) analysed the impact of en-
vironmental determinants on demographic processes
in rural Ukraine. The authors note that industrial pol-
lution and socio-economic factors contribute to the de-
population of agrarian regions, rising youth mortality,
and demographic aging, directly affecting agroecosys-
tem stability The study by D. Hryhorczuk et al. (2024)
examines the ecological consequences of Russia’s war
against Ukraine, revealing large-scale degradation of
agricultural lands, soil contamination, and pollution of
water resources, which pose long-term threats to public
health and food security. Similar factors were analysed
by D. Rawtani et al. (2022), who investigated the envi-
ronmental impacts of the war in Ukraine: water pollu-
tion, soil degradation, and biodiversity loss. The authors
emphasise the associated health risks and the need to
criminalise environmental crimes; however, ecosystem
restoration mechanisms require further research.

Y.M. Kopytsia and E.Y.Tulina (2021) explored the le-
gal regulation of invasive alien species in Ukraine with-
in the context of climate change. The authors note that
climate change facilitates the spread of undesirable
species, threatening biodiversity and the agricultural
sector, while effective legislative control mechanisms
remain absent. However, the study does not examine
the implementation mechanisms of these regulations
within Ukraine’s legal framework. Similar conclusions
were drawn by R. Gentili et al. (2021), who investigated
the legal regulation of invasive alien species (IAS) in
the context of climate change. The authors highlight
that these factors act synergistically, posing risks to
biodiversity; however, Ukrainian legislation addresses
them separately, complicating effective environmental
risk management. Beyond the legal regulation of IAS, a
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critical issue of environmental security is the impact of
war on the environment.

O. Grybko et al. (2022) identified biosecurity as a
critical national interest for Ukraine, necessitating in-
ternational cooperation. An algorithm for responding
to biological threats was developed in accordance with
the strategic directions of the National Security and
Defence Council. However, the mechanisms for its in-
tegration into state governance remain undetailed, re-
quiring further research. The integration of assessment
methodologies, biomonitoring, and digital platforms
into the environmental risk management system of the
agricultural sector has become systemic, as evidenced
by the increasing number of scientific and applied de-
velopments in the digital monitoring of agroecosys-
tems. The refinement of relevant tools has contributed
to the development of comprehensive biosecurity man-
agement models. Nevertheless, the long-term effects of
anthropogenic pollution and the efficacy of mitigation
measures remain understudied, necessitating further
standardisation of methodological approaches.

The aim of this study was to assess quality of life as
an indicator of agroecosystem biosecurity under tech-
nogenic and environmental risks. A series of interrelat-
ed tasks were addressed to achieve this objective. Spe-
cifically, the primary environmental and technogenic
factors influencing agroecosystem biosecurity and the
quality of life in agrarian regions were identified. The
long-term consequences of anthropogenic pollution on
agro-landscape transformation, public health dynamics,
and socio-demographic processes were evaluated. Ad-
ditionally, the efficacy of modern digital technologies
in environmental threat monitoring, biosecurity man-
agement, and the development of adaptive protection
mechanisms for agro-systems was analysed.

MATERIALS AND METHODS

The study employed an applied approach incorporating
elements of analytical, evaluative, and digital monitor-
ing methodologies. The geographical scope included
six regions of Ukraine - Donetsk, Dnipropetrovsk,Zapor-
izhzhia, Kharkiv, Kyiv, and Mykolaiv oblasts - which ex-
hibited the highest levels of technogenic pressure ac-
cording to environmental reports and satellite-based
indices of agro-landscape degradation. Primary data
for analysis were obtained from open government and
international sources. Ukrainian datasets included sta-
tistical information from the State Service for Geodesy,
Cartography and Cadastre of Ukraine (n.d.), data from
the Center for Public Health of the Ministry of Health
of Ukraine (n.d.), analytical materials from the National
Scientific Center “O.N. Sokolovsky Institute of Soil Sci-
ence and Agrochemistry” (n.d.), the Institute of Agroeco-
logy and Environmental Management of the National
Academy of Agrarian Sciences of Ukraine (n.d.), and re-
cords from the Ministry of Agrarian Policy and Food of
Ukraine (n.d.).

Scientific Horizons, 2025, Vol. 28, No. 7

International sources comprised digital platforms
for satellite monitoring and agroanalytics: EOS Data
Analytics (Sushchuk, 2025), FarmFacts (n.d.), John
Deere (n.d.), Reports Netafim (n.d.), AgriTechHub (n.d.);
as well as data from the World Health Organiza-
tion (WHO) (n.d.), the European Environment Agency
(EEA) (n.d.), the International Agency for Research on
Cancer (IARC) (n.d.), the United Nations Environment
Programme (UNEP) (n.d.), the Chornobyl Research In-
stitute (n.d.), the European Society of Human Reproduc-
tion and Embryology (ESHRE) (n.d.), the United Nations
High Commissioner for Refugees (n.d.), Ukrainian Hy-
drometeorological Center the State Emergency Service
of Ukraine (n.d.), and the World Bank (n.d.). Additional-
ly, materials from the European Educational Research
Association (n.d.) and the State Institutuin “Marzieiev
Institute for Public Health of the National Academy of
Medical Sciences of Ukraine” (n.d.) were utilised.

Assessment of agroecosystem status was conduct-
ed using satellite-derived indices Normalized Differ-
ence Vegetation Index (NDVI) (Li et al, 2021), Serial
Peripheral Interface (SPI) (Laimighofer & Laaha, 2022),
and Clred-edge (Yadav et al, 2024). Spatial analysis
was implemented through k-means clustering followed
by risk zone mapping in QGIS 3.22, with geodata pro-
cessing in Python using the geopandas, rasterio, and
scikit-learn libraries. For soil degradation assessment,
data on organic matter (humus) content, acidity indi-
ces, residual agrochemical concentrations, and satel-
lite observations of land-use structure were employed.
Chemical load was evaluated based on concentrations
of ammonia, nitrogen oxides, nitrates, and pesticides in
air, water, and soils, in accordance with hygienic safety
standards (Order of the Ministry of Health of Ukraine
No.721,2022).

Biosurveillance was implemented using the con-
ceptual model proposed by model proposed by Wag-
ner, integrating satellite, ecological, and demographic
data to identify environmentally hazardous clusters
(Tan et al, 2023). Additionally, the model by AJ. Kim
and S. Tak (2019) was adapted, incorporating digital
degradation indicators to spatially delineate high-risk
zones with elevated anthropogenic impact. Data in-
terpretation followed a systems-based analytical ap-
proach: risk zone delineation was cross-referenced with
soil degradation metrics and population demographic
structure. The study incorporated insights from coun-
tries with advanced digital agroecological monitoring
systems (e.g., Germany, the USA, and Israel), as well as
Kazakhstan as an example of a nation transitioning to
such frameworks. This facilitated the identification of
potential strategies to enhance biosecurity governance
in Ukraine’s agricultural sector. The analysis enabled
systematic data organisation for developing a digi-
tal biosecurity assessment model for agroecosystems,
grounded in digital monitoring, satellite analytics, and
spatial modelling.




RESULTS

Ecological and technogenic factors as threats to qual-
ity of life and agroecosystem biosecurity. The analysis
of ecological and technogenic factors is fundamental
for assessing agroecosystem biosecurity and the over-
all quality of life in agrarian regions. Anthropogenically
induced environmental changes are multidimensional,
encompassing chemical, biological, and physical fac-
tors that affect public health, demographic dynamics,
and socio-economic stability. Amid global ecological
transformation, particular attention must be paid to the
interplay between technogenic pressures and the adap-
tive capacity of agroecosystems to sustain the viability
of human communities.

Ecological and technogenic threats to agroeco-
systems vary in origin, scale, and destructiveness. Key
ecological risks include anthropogenic soil pollution,
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agri-landscape degradation, reduced agro-biodiversi-
ty, and microclimatic shifts. Technogenic factors com-
prise agricultural facility accidents, agrochemical use,
and pesticide/fertiliser contamination of groundwa-
ter and surface water, posing direct threats to agro-
ecosystem equilibrium and public health. Ukraine’s
agroecosystems face significant anthropogenic pres-
sure due to intensive farming, industrial agricultural
production, irrational pesticide use, and monoculture
dominance. These factors drive the accumulation of
hazardous substances (e.g.,ammonia, nitrogen oxides,
pesticides, and nitrates) in air, soils, and water bod-
ies. Consequences include air pollution, acid rain, soil
degradation, water eutrophication, and declining land
productivity. Empirical statistical data detail the ex-
tent and nature of key pollution sources’ impact on
agroecosystems (Table 1).

Table 1. Impact of harmful emissions on agroecosystems of Ukraine

Pollution source Harmful substances

Statistical indicators

Environmental consequences

Intensive agriculture Ammonia (NH3)

Average NHs levels:
20-28 pg/m? in air

Acid rain, eutrophication,
soil degradation

Industrial agroproduction  Nitrogen oxides (NO,)

NO, concentration:
exceeding 35 pg/m?

Soil acidification, reduced crop yields

Agrochemical use Pesticides, nitrates

Nitrates in water: >50 mg/L;
pesticides: up to 0.05 mg/L

Water pollution, toxicity, reduced
biodiversity

Humus decline to 1.2-1.5%
in chernozems

Monoculture farming Reduced humus content

Erosion, reduced fertility, degradation
of agrolandscapes

Source: compiled by the authors based on Center for Public Health of the Ministry of Health of Ukraine (n.d.),

M. Sushchuk (2025)

The presented statistical data indicate a significant
level of chemical load in Ukraine’s agricultural regions,
manifested through elevated concentrations of ammo-
nia, nitrogen oxides, nitrates, and pesticides. These met-
rics substantially exceed recommended hygienic norms,
particularly in cases of air and water pollution (Order of
the Ministry of Health of Ukraine No.721...,2022). Spe-
cifically, atmospheric ammonia concentrations and ni-
trate levels in groundwater pose direct threats to both
the environment and public health. Simultaneously,
structural issues in agroproduction, such as monocul-
ture farming and excessive agrochemical use, contrib-
ute to rapid soil degradation, erosional processes, and
the decline of ecosystem functions in agrolandscapes.
This situation necessitates urgent improvements in en-
vironmental monitoring systems, particularly through
the integration of digital technologies for precise iden-
tification of risk zones and the development of adaptive
ecological strategies.

Accidents at agro-industrial enterprises, including
releases of agrochemical pollutants, heavy metals, and
radionuclides, lead to prolonged ecological destabili-
sation of agroecosystems, causing the accumulation of
toxic compounds in soils and water (Makhazhanova et
al., 2024). Radiation and chemical pollution, particu-
larly the use of persistent organic pollutants (POPs)

in agriculture, impose significant genetic and epige-
netic stress on populations, evidenced by high rates
of endocrine and oncological pathologies among ru-
ral communities. For instance, following the accident
at RivneAzot in July 2021, a substantial volume of ni-
trogen oxides (NO,)was released into the atmosphere,
forming an orange toxic cloud over populated areas
(Romanenko, 2021). Emissions of this type are classified
as Class | hazards, and their concentrations exceeding
0.085 mg/m?* in air cause acute respiratory irritation,
methaemoglobinaemia, increased cardiopulmonary
disorder risks, and possess mutagenic properties. Re-
leases of toxic chemical agents create persistent an-
thropogenic pressure on agroecosystems, disrupting
metabolic processes in living organisms and elevating
the risk of ecological catastrophe.

Agroecosystem degradation is a factor of socio-eco-
nomic destabilisation, driving increased morbidity and
premature mortality among rural populations, which
in turn exacerbates strain on national healthcare sys-
tems (Ongayev et al., 2024). Negative demographic
trends linked to environmental factors include reduced
life expectancy in agricultural regions, declining birth
rates, and rising forced migration levels. The depletion
of natural resources, particularly soil degradation, com-
promises food security, necessitating the development
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of adaptive agroecosystem management strategies and
environmental governance. Table 2 presents a struc-
tured analysis of ecological and technogenic threats, in-
tegrating anthropogenic impact sources, environmental
consequences, public health risks, and strategic mitiga-
tion measures in the context of agroecosystem biosecu-
rity. The outlined data reflect a multifactorial approach
to assessing environmental degradation processes,

including mechanisms of natural ecosystem disruption,
toxic load dynamics, and socio-economic consequences
for agricultural territories. The proposed systemic anal-
ysis enables the evaluation of technogenic-ecological
threat scales, underscores the need for enhanced en-
vironmental policies, improved technological efficien-
cy in risk monitoring, and the adaptation of ecological
strategies to align with global biosecurity challenges.

Table 2. Analysis of ecological and technogenic threats to agroecosystems:
Threat assessment and strategic mitigation measures

Factor

Primary anthropogenic
sources

Primary ecological
consequences

Impact on agroecosystem
biosecurity

Prevention and adaptation
methods

Atmospheric
pollution

Emissions from
agricultural/industrial
enterprises, transport,
biomass combustion

Smog formation, increased

precipitation acidity, ozone

layer depletion, degradation
of plant cover

Soil quality deterioration,
reduced crop productivity,
weakened plant immunity

Transition to eco-friendly
technologies, emission
control, phytoremediation

Soil
degradation

Intensive farming,
agrochemicals,
deforestation

Reduced fertility, humus
depletion, erosion

Declining yields, spread of
phytopathogens, disruption
of soil microbiota

Implementation of soil
conservation technologies,
organic farming

Water
resource
pollution

Discharge of
agricultural/industrial
wastewater, pesticide/

fertiliser use

Eutrophication, groundwater
contamination, aquatic
ecosystem collapse

Accumulation of toxins
in soils, plants, and food
products, increased zoonotic
disease risks

Biological water treatment
methods, reduced
chemical use

Radiation
pollution

Nuclear power plant
accidents, radionuclide
leaks, nuclear waste
disposal

Biosphere contamination
by radioactive isotopes,
radionuclide bioaccumulation,
genetic mutations

Radioactive contamination
of soils/water, mutations in
agrocenoses

Development of safe

disposal technologies,

radiation monitoring,
bioremediation

Technogenic
disasters

Chemical/oil spills,
transport accidents,
industrial explosions

Mass contamination of
air/water/soil, ecosystem
disruption

Agroecosystem poisoning,
toxic accumulation in food
products

Environmental monitoring,
eco-safe technology
development

Global climate
change

Greenhouse gases,
deforestation

Increased extreme weather
events (droughts, floods,
temperature extremes), rising
sea levels

Disrupted agricultural
cycles, yield reduction,
emergence of new pests/
diseases

Sustainable agricultural
development, crop
adaptation

Socio-
economic
impacts

Rising disease
prevalence, food crises,
economic losses

Deterioration of public health,
migration, heightened social
tensions

Food shortages, increased
zoonotic epidemic risks

Investments in biosecurity,
agroecological programme
development

Source: compiled by the authors based on M.V. Kustov et al. (2021), S. Bondarenko et al. (2022), D. Garcia-Caro (2023),
O.V. Mudrak et al. (2023), D. Hryhorczuk et al. (2024), D. Rawtani et al. (2022), L. Moldavan et al. (2024), S. Sharafi and

F. Salehi (2025)

Effective management of ecological and techno-
genic threats to agroecosystems requires an integrated
approach encompassing legislative regulation, techno-
logical innovation, and international cooperation. Key
policy directions include implementing environmental
monitoring tools for agricultural territories, modernis-
ing agro-industrial technologies to reduce pollution,
and enhancing ecological awareness among farmers
and local communities. The integration of digital tech-
nologies - particularly artificial intelligence (Al) and
Big Data - enables precise forecasting of ecological
risks and optimises agroecosystem management mech-
anisms (Li et al.,, 2022). Ecological and technogenic fac-
tors are decisive determinants of biosecurity levels in
agroecosystems and population well-being, influencing
ecological resilience, public health, and socio-economic
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development. Large-scale air, water, and soil pollution
exacerbate disease incidence, while technogenic disas-
ters increase risks of genotoxic and mutagenic effects.
Effective ecological risk management demands com-
prehensive adaptive strategies to strengthen agro-in-
dustrial biosecurity, environmental governance, and
international cooperation within the sustainable devel-
opment framework.

Long-term consequences of technogenic pollution
for health and demographic processes: Transformation
of agro-landscapes in the context of agroecosystem
biosecurity. Technogenic environmental pollution is
a primary driver of ecological destabilisation, causing
systemic adverse effects on public health and demo-
graphic processes. In agroecosystem biosecurity, an-
thropogenic pollution triggers transformative changes




in agro-landscapes, affecting soil quality, hydrosphere
conditions, and biotic communities. The bioaccumula-
tion of xenobiotics correlates with reduced quality of
life, eco-pathological syndromes, and increased gen-
eral and disease-specific morbidity. These processes
directly impact sustainable agricultural development
and food security. A comprehensive assessment of

Zhumadilova et al.

technogenic pollution’s effects on population health
and demographics in Ukraine’s agrarian regions iden-
tifies key risks arising from environmental components.
Table 3 systematises major toxicants, their sources,
clinical manifestations, and potential demographic
consequences, elucidating the interplay between tech-
nogenic pressure and agroecosystem biosecurity.

Table 3. Long-term consequences of anthropogenic pollution on health and demography

Impact factor Key toxicants

Health consequences Demographic consequences

PM2.5, NO,, SO, polycyclic

Atmospheric pollution hydrocarbons

Chronic obstructive pulmonary
disease (COPD), lung cancer,

Reduced life expectancy

ischaemia, hypertension by 7-10 years

Nitrates, heavy metals,

Hydrosphere pollution pesticides

Nephrotoxicity, reproductive

Increased child mortality,

disorders, mutagenesis reduced fertility

Cadmium, lead, arsenic,

Pedosphere pollution
mercury

Oncological diseases,
developmental disorders
in children

Rising infertility, congenital
anomalies

Complex anthropogenic impact ~ Multicomponent mixtures

Multi-organ failure, chronic

Declining birth rates,

diseases depopulation

Source: compiled by the authors based on World Health Organization (n.d.), European Environment Agency (n.d.),
International Agency for Research on Cancer (n.d.), United Nations Environment Programme (n.d,), State Institutuin
‘Marzieiev Institute for Public Health of the National Academy of Medical Sciences of Ukraine” (n.d.)

The statistically aggregated data presented demon-
strate a broad spectrum of adverse health effects
caused by chemical and physical environmental pol-
lution. Exposure to atmospheric toxicants, such as fine
particulate matter (PM,), nitrogen and sulphur oxides,
is directly linked to the increased prevalence of COPD,
cardiovascular pathology, and reduced life expectancy.
Similarly, hydrosphere contamination with pesticides
and nitrates threatens the development of nephrotoxic
and mutagenic processes, particularly among children
and pregnant women. Furthermore, significant an-
thropogenic pressure on the pedosphere due to heavy
metal accumulation induces oncogenic processes and
reproductive dysfunction, adversely affecting the de-
mographic structure of rural populations. The most
critical factor is the combination of multiple pollution
sources, which leads to multi-organ pathologies, de-
clining fertility rates, and increased risks of depopula-
tion trends. Thus, the table underscores the necessity of
implementing comprehensive measures for monitoring,
prevention, and mitigation of environmental threats
within national biosecurity strategies.

The study examines region-specific manifestations
of anthropogenic hazards in Ukraine, particularly the
consequences of the Chornobyl Nuclear Power Plant
accident. The 1986 disaster caused radioactive con-
tamination, creating a zone of persistently high back-
ground radiation with long-term ecological and bio-
logical impacts. Excess levels of caesium-137 in soils
(exceeding 370 Bg/kg) are associated with increased
frequencies of chromosomal aberrations, thyroid neo-
plasms, haematological malignancies, and reduced re-
productive function (Chornobyl Research Institute, n.d.).

Bioindicators in these territories demonstrate reduced
species diversity, genetic mutations in biocenoses,
and slowed ecosystem recovery, indicating persistent
agro-landscape transformation. The presence of radio-
nuclides in food products, soil, and aquatic ecosystems
poses long-term biosecurity risks for the population.

A separate category comprises airborne anthro-
pogenic hazards in industrially burdened regions of
Ukraine, particularly Donetsk, Dnipropetrovsk, and
Zaporizhzhia oblasts. Concentrations of fine particu-
late matter (PM, ), nitrogen oxides (NO,), sulphur diox-
ide (S0,), and polycyclic aromatic hydrocarbons (PAHs)
exceed permissible limits by 2-5 times, as confirmed
by European Environment Agency monitoring data.
These conditions correlate with increased incidence of
COPD, broncho-obstructive syndrome, ischaemic heart
disease, cancers, and other pathologies linked to tox-
icological exposure. Combined with soil degradation,
chemical water pollution, and microclimatic changes,
this creates a persistent risk framework for demograph-
ic trends, including declining birth rates, rising mortal-
ity, and outmigration from ecologically disadvantaged
areas. The pathophysiological mechanism involves
oxidative stress, proinflammatory cytokine activation
(IL-6, TNF-0), and apoptotic cascades in alveolocytes,
progressively impairing lung parenchyma functionality
(Li et al., 2022; Hashemi et al., 2023). These effects are
particularly pronounced among agricultural workers,
elevating occupational disease risks.

Atmospheric pollutants, including polycyclic aro-
matic hydrocarbons and heavy metals, contribute to ath-
erosclerotic pathogenesis via endothelial dysfunction
and oxidative modification of vascular structures. High
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airborne toxicant concentrations trigger sympathetic
nervous system activation, inducing hypertension, is-
chaemic heart disease, and cerebrovascular complica-
tions. Epidemiological studies confirm that prolonged
exposure may reduce average life expectancy by 5-10
years (Tsai et al, 2023). Accumulation of carcinogens
(e.g., benzo[a]pyrene, formaldehyde, cadmium, arsenic)
induces mutagenesis through DNA damage, activating
oncogenic signalling pathways and disrupting apopto-
sis (Goodman et al., 2022). Radioactive contamination
causes genomic instability, increased chromosomal
aberrations, and elevated risks of lung carcinoma, hae-
matological malignancies, and thyroid neoplasms. In
agroecosystems, this leads to toxicant bioaccumulation
in food chains, threatening food security. Xenobiotics
in water resources and food (phthalates, dioxins, pes-
ticides) act as endocrine disruptors, impairing neuro-
hormonal regulation of reproductive systems. Effects
include reduced fertility, ovulatory cycle disruption in
women, spermatogenic dysfunction in men, higher mis-
carriage rates, and congenital anomaly risks (Ghosh et
al, 2022). In agroecosystems, these compounds alter
biogeochemical processes, affecting soil microbiomes
and agri-biocenoses.

Chronic heavy metal exposure (lead, mercury,
manganese) induces neurotoxicity via glutamatergic
excitotoxicity and blood-brain barrier disruption. Cen-
tral nervous system damage correlates with cognitive
impairment, neuropsychiatric disorders, and elevated
risks of neurodegenerative diseases (e.g., Alzheimer’s,
Parkinson’s) (Shabani, 2021). Trophic chain bioaccumu-
lation exacerbates ecological impacts. Anthropogen-
ic pollution has caused significant long-term public
health effects, increasing morbidity, demographic cri-
ses, and socioeconomic instability. Risk mitigation re-
quires innovative environmental strategies, expanded
monitoring, and integrated biosecurity/sustainable de-
velopment policies. Ecological degradation stimulates
migration, reducing labour resources and exacerbating
socioeconomic disparities. Similar threats have been
documented in the agroecosystems of Kazakhstan,
where anthropogenic pressure on water bodies was
chronic, and the primary sources of pollution were the
mining industry and the agricultural sector. As noted in
the study by G. Abenova et al. (2024), industrial efflu-
ents, particularly from mining enterprises, contained
high concentrations of heavy metal compounds, lead-
ing to their accumulation in aquatic environments. Ad-
ditionally, inefficient irrigation systems and excessive

use of agrochemicals in agriculture contributed to
the eutrophication of water bodies and secondary soil
contamination, disrupting the biochemical balance of
agro-landscapes.

A separate concern was thermal pollution caused
by the discharge of heated water after its use in cooling
systems of thermal power plants. This resulted in lo-
calised increases in water temperatures and disrupted
biotic interactions in aquatic ecosystems. Such chang-
es significantly affected microbial activity, led to the
displacement of autochthonous flora and fauna, and
promoted the proliferation of toxic algae. The overall
ecological state of water bodies in Kazakhstan was
characterised as critical, necessitating urgent measures
to restore biodiversity and implement integrated water
resource protection strategies (Abenova et al., 2024).
The accumulation of toxicants in Kazakhstan’s aquatic
environment had a multiplicative effect on agricultural
ecosystems, as contaminated water was used for irri-
gation, leading to secondary chemical loading on soils
and crop production. Consequently, elevated levels of
heavy metals were observed in the food chain, exacer-
bating public health risks and posing a potential threat
to food security. These trends highlighted the need for
enhanced regional monitoring and the implementation
of transboundary biosecurity programmes for Central
Asian agroecosystems.

A synthesis of key parameters was conducted to
assess the long-term impact of anthropogenic pol-
lution on public health, demographic processes, and
agrolandscape transformations within the context of
agroecosystem biosecurity. The data presented in Table
4 illustrate the correlations between pollutant concen-
trations in the environment and the incidence of on-
cological, cardiovascular, and neurological pathologies,
as well as their influence on birth rates, mortality, and
migration trends in regions with high anthropogenic
pressure. Particular attention was given to agro-land-
scape degradation, contamination of groundwater and
water resources by heavy metals, pesticides, and radi-
onuclides, which disrupt ecosystem processes, reduce
agroecosystem productivity, and lead to the accumula-
tion of toxic substances in food chains. The analysis of
the effects of chemical pollution, radiation levels, and
agro-landscape degradation on reproductive health, in-
fant mortality,and depopulation processes underscores
the need for further development of comprehensive bi-
osecurity measures, ecological balance restoration, and
demographic stabilisation.

Table 4. Comprehensive analysis of the long-term impact
of anthropogenic pollution on health, demographic processes, and agroecosystems

Parameter Health impact Demographic consequences Additional data
PM2.5 concentration Increased risk of COPD, Reduction in average life Exceeds safe limits
in industrial zones (ug/m?) asthma, lung cancer expectancy by 7-10 years by 2-5 times

Heavy metal content
in soils (mg/kg)

Neurotoxicity, developmental
disorders in children

Elevated infant mortality,
congenital anomalies

Cadmium, lead, and mercury
exhibit the highest toxicity
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Table 4. Continued

Parameter Health impact

Demographic consequences Additional data

Radiation contamination
(Ba/kg)

Oncogenic mutations,
leukaemia

Increased infertility cases,
genetic abnormalities
in new-borns

Recorded in areas of nuclear
power plant accidents

Consumption of contaminated
water (mg nitrates/L)

Methaemoglobinaemia,
liver damage

Higher infant mortality,
reduced birth rates

Exceeds permissible
concentrations in river water

Sulphur dioxide emissions
(tons/year)

Cardiovascular diseases,
respiratory disorders

Particularly prevalent in coal

Increased overall mortality energy zones

Infertility rate
in polluted areas (%)

Reproductive disorders,
hormonal imbalance

Population ageing,
declining birth rates

Infertility rates rise by 20-30%
in industrial regions

Stress disorders,
mental exhaustion

Frequency of environmentally
induced migration (%)

Depopulation,
demographic imbalance

High internal migration driven
by environmental factors

Malignant tumours,

Cancer incidence (per 100,000) mutagenic effects

Increased mortality,
reduced life expectancy

Clear correlation with pollution
levels

Outmigration from
industrial-agrarian regions (%)

Social instability,
adaptation disorders

Economic decline,
labour shortages

Urbanisation hindered by
environmental threats

Source: compiled by the authors based on State Service for Geodesy, Cartography and Cadastre of Ukraine (n.d.), Center for
Public Health of the Ministry of Health of Ukraine (n.d.), National Scientific Center “O.N. Sokolovsky Institute of Soil Science
and Agrochemistry” (n.d.), Institute of Agroecology and Environmental Management of the National Academy of Agrarian
Sciences of Ukraine (n.d.), Ministry of Agrarian Policy and Food of Ukraine (n.d.), M. Sushchuk (2025), FarmFacts (n.d.),
John Deere (n.d.), Netafim (n.d.),AgriTechHub (n.d.), World Health Organization (n.d.), European Environment Agency (n.d.),
International Agency for Research on Cancer (n.d.), United Nations Environment Programme (n.d,), State Institutuin
‘Marzieiev Institute for Public Health of the National Academy of Medical Sciences of Ukraine” (n.d.)

The data presented in Table 4 demonstrate a clear
correlation between the level of anthropogenic envi-
ronmental pollution and the increase in medical-de-
mographic risks in industrial-agrarian regions. The
most critical parameter is the concentration of fine par-
ticulate matter (PM, ), which exceeds safe levels by 2-5
times and is directly associated with the development
of chronic respiratory diseases, oncological pathology,
and a reduction in life expectancy by 7-10 years. Equally
significant are the levels of heavy metals in soils and
background radiation, which affect reproductive health,
induce mutagenic processes, increase infant mortality,
and contribute to rising infertility rates. From a demo-
graphic perspective, the most pronounced consequenc-
es include depopulation, declining birth rates, and
intensified migration trends driven by deteriorating en-
vironmental quality. The proportion of environmentally
motivated relocations is increasing, indicating a tangi-
ble threat to the social structure and economic poten-
tial of these regions. The incidence rates of oncological
and cardiovascular diseases in polluted areas further
confirm the adverse impact of environmental determi-
nants on public health. Thus, the table clearly illustrates
the complex effect of anthropogenic pressures on the
biosecurity of agroecosystems, necessitating the imple-

mentation of preventive environmental strategies.

Digital technologies in environmental threat mon-
itoring, biosecurity management, and agroecosystem
protection. Digital technologies play a pivotal role in
monitoring environmental threats, managing biose-
curity, and protecting agroecosystems. Amid intensi-
fying anthropogenic impacts, climate change, and the
globalisation of pathogenic threats, the integration of
modern information technologies enhances the effi-
ciency of agro-landscape condition analysis, optimises
environmental monitoring systems, and enables adap-
tive risk management. The use of Big Data, Al, 10T, and
satellite monitoring contributes to improving environ-
mental safety in the agricultural sector and the early
detection of threats related to soil degradation, phyto-
pathogen spread, and toxic compound exposure (van
Wynsberghe, 2021; Li et al,, 2022). The application of Al
and machine learning in agroecosystem environmental
management is becoming increasingly relevant for op-
timising biosecurity monitoring and governance. These
technologies facilitate the effective interpretation of
complex agroecological data, identification of hidden
patterns, and improved risk prediction accuracy. Below
is a table illustrating the key applications of Al in an
agroecological context.

Table 5. Applications of artificial intelligence in agroecological monitoring

Application area Specific technology/Method Expected outcome

Agroecological data analysis Neural networks, clustering Identification of pollution distribution patterns

Soil condition monitoring
Crop risk prediction
Phytopathogen detection

Spectral image analysis
Machine learning (regression models)
Deep learning

Classification of degradation types
Yield forecasting, pest infestation probability
Automated recognition of disease symptoms
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Table 5. Continued

Application area

Specific technology/Method

Expected outcome

Eco-protection efficacy assessment

Algorithmic modelling

Comparative analysis of impact mitigation
measures

Source: compiled by the authors based on Ministry of Agrarian Policy and Food of Ukraine (n.d.), M. Sushchuk (2025)

The table analysis highlights the broad potential
of Al in agroecosystem biosecurity. Deep learning holds
the greatest promise, enabling precise phytopathogen
detection, as well as spectral analysis of satellite im-
agery for diagnosing soil degradation. Machine learn-
ing allows adaptive responses to dynamic environmen-
tal changes, which is critical in the context of climatic
challenges and anthropogenic threats. The structur-
al model of the biosurveillance system, presented in
Figure 1, outlines the operational principles of digital
environmental monitoring platforms (Tan et al.,, 2023).
This system encompasses multi-source data collection,
including information from agricultural enterprises,
monitoring stations, environmental laboratories, sat-
ellite observation systems, and sensor networks. The
acquired data undergo analytical processing to iden-
tify ecological risks, map agroecosystems, model spa-
tial pollution dynamics, and comprehensively assess
agro-biodiversity status.

The integration of digital agroecosystem monitor-
ing systems enables the combination of data analysis
across different levels - from local sensor platforms to
global satellite observations. The use of deep learning
and satellite image processing facilitates the automatic
identification of degradation processes in agricultural
landscapes, such as soil erosion, salinisation, or declin-
ing organic matter content. Additionally, spatial change
analysis algorithms allow for the assessment of pes-
ticide, heavy metal, and microplastic contamination,
which is crucial for ensuring sustainable agricultural
development. In turn, Figure 2 presents an integrated
data collection and analysis system in agri-biosecurity,
combining continuous monitoring of soil, water, atmos-
pheric parameters, and plant community status. The de-
tection of environmental threats, particularly abnormal
changes in agro-biocenosis composition, enables time-
ly decision-making for optimising land use and ensur-
ing ecological safety in agricultural production.

Biosurveillance System

Data Sources Data Analysis Decision Making
Hospital A sl Case
detection
User interface 0
(maps, time Decision Response
o »| Datab plots, case Makers S m
i | =
inic A :
Monitoring of E
St :
detection/ :
characterization '
_ Data from L E
:
Figure 1. Wagner’s systemic surveillance framework
Source: compiled by the authors based on A. Tan et al. (2023)
Continuous Pool of data Analysis Outbreak or case Decisions Response
data collection t available for [ B suspectedor ¥ —» actions
(a) analysis confirmed
Collection of
additional data
( Process Achieved in Integrated System
Early Detection
Surveillance in » Giita bntegration ‘ Synthesized *;] l'nlegrated
(b) each agency view Find new W;ming'
meaning

Figure 2. Biosurveillance process according to (a) Wagner, (b) Kim and Taka
Source: compiled by the authors based on AJ. Kim and S. Tak (2019),A. Tan et al. (2023)
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Particular attention should be given to the use of
convolutional neural networks (CNNs) for satellite im-
age analysis, which enables the automatic identifica-
tion of anomalous changes in natural ecosystems, such
as deforestation, toxic algal blooms, or illegal industrial
emissions. Furthermore, pattern recognition algorithms
facilitate the tracking of atmospheric and aquatic ge-
ochemical changes, which is critical for early ecolog-
ical risk detection. The integration of such technolo-
gies into environmental monitoring systems enhances
governmental biosecurity efficiency, enabling prompt
threat response policies and laying the groundwork
for adaptive ecological management mechanisms. The
advancement of the Internet of Things (IoT) in agroeco-
logical monitoring supports the development of sensor
networks that continuously track soil moisture, acidity,
toxic substance levels, and pathogenic microorganism
concentrations (van Wynsberghe, 2021). The deploy-
ment of autonomous sensor platforms combined with
drones and underwater unmanned vehicles improves
the monitoring of water resources, particularly in as-
sessing eutrophication levels, agrochemical pollution,
and soil degradation processes.

Geographic Information Systems (GIS) serve as a
tool for spatial analysis of ecological risks, enabling
the integration of satellite data, remote sensing, and
real-time sensor networks (Mouha, 2021). This technol-
ogy facilitates the creation of multi-layered risk maps
that display pollution levels, hotspots of ecological
disasters, and demographic parameters, thereby sup-
porting comprehensive biosecurity management. GIS
technologies enhance environmental management
by enabling rapid identification of critical zones, pre-
diction of anthropogenic accident consequences, and
optimisation of mitigation measures (Remeshevska et
al., 2021). Spatial analysis allows for the assessment
of long-term environmental changes on public health,
promotes adaptive urban planning, and improves infra-
structure resilience. The integration of GIS into national
biosecurity monitoring systems enables more effective
risk forecasting and the development of preventive
strategies at a global level (Llupa, 2025).

Bioinformatics and genomic data analysis hold sig-
nificant potential in ensuring agro-biosecurity, particu-
larly in detecting resistant pathogens, analysing soil mi-
crobiomes, and assessing the impact of anthropogenic
pollution on biodiversity. Next-generation sequencing
(NGS) technologies allow for the identification of muta-
tional changes in pathogenic microorganisms, which is
critical for early threat detection in agriculture (John et
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al., 2021). Automated algorithms for analysing genet-
ic reserves can predict evolutionary trends, enabling
rapid adaptation of bioprotection strategies. Satellite
monitoring technology for agroecosystems provides re-
mote assessment of agricultural land conditions, crop
yield dynamics, and changes in landscape moisture
balance. Earth remote sensing (ERS) data are used to
model climatic changes and their impact on agro-land-
scape productivity (Janga et al.,, 2023). Spectral analysis
enables the detection of plant stress factors, such as
water deficiency, disease spread, or phytotoxic effects
of pollution. In contrast, digital platforms and cloud
technologies allow the integration of data from mul-
tiple sensor sources, automate real-time analysis, and
generate predictive models of agroecosystem condi-
tions (Kadyraliev et al., 2024). The use of blockchain
technology ensures transparency and protection of
environmental data, which is crucial for sustainable
agricultural development. The creation of global eco-
logical databases enables researchers and government
agencies to access high-precision analytical reports on
environmental status.

The development of cyber-physical systems and
ecological process modelling is facilitated by the crea-
tion of digital twins of natural ecosystems. These tech-
nologies enable real-time environmental monitoring,
prediction of ecological threats, and testing of various
climate change adaptation scenarios. Particularly prom-
ising are models simulating pollutant circulation in soil
and the atmosphere, allowing for the development of
pre-emptive measures to minimise pollution impacts.
The integration of bio-digital technologies into bios-
ecurity monitoring has enabled detailed analysis of
microbial environments, identification of hazardous
microorganisms, and assessment of their interactions
with biosystems. Advances in nanotechnology for en-
vironmental monitoring have led to the development
of highly sensitive biosensors capable of detecting pol-
lutants at the molecular level, opening new prospects
for early diagnosis of ecological threats. An evaluation
of digital technology implementation in agroecologi-
cal monitoring demonstrates significant progress in
improving diagnostic accuracy, agroecosystem adapt-
ability, and strategic environmental planning. The use
of artificial intelligence, satellite platforms, GIS, and the
loT in countries with advanced agricultural sectors con-
firms the high efficiency of such solutions. Table 6 pre-
sents examples of practical innovations implemented
in various countries, including Ukraine, with an analysis
of key outcomes.

Table 6. Examples of digital technology implementation in agroecosystem monitoring

Country/Region Technology

Implementation

Results/Effects

Artificial Intelligence,

Ukraine Satellite Monitoring

EOS Data Analytics,
(agrolandscape monitoring)

Soil degradation mapping, satellite-based crop
rotation and yield tracking

Ukraine GIS

Landscape zoning models,
agrobiocartography

Digital mapping of biodiversity and regional
pollution patterns
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Table 6. Continued

Country/Region Technology

Implementation

Results/Effects

USA loT, Machine Learning Johq Deere - . Reduced agrgchemmal costs, precision farming,
Smart Farming Technologies increased productivity
Germany Big Data+Soil Analysis ‘ FarmFacts - Automated fertiliser app}lcatlon, minimised soil
Field Management System erosion
Israel Sensor Platforms+Al . Ngtaﬁm - Optimised water regime, |mprov§d crop yields
Digital Irrigation Control under resource scarcity
Kazakhstan GIS, Al, Agri-Data Analytics AgriTechHub, Kazhydromet Indexing of agro-water resources, heavy metal

monitoring in soil/water, climate risk forecasting

Source: compiled by the authors based on State Service for Geodesy, Cartography and Cadastre of Ukraine (n.d.),
Institute of Agroecology and Environmental Management of the National Academy of Agrarian Sciences of Ukraine (n.d.),
M. Sushchuk (2025), FarmFacts (n.d.), John Deere (n.d.), Netafim (n.d.), AgriTechHub (n.d.)

Based on an analysis of digital agroecosystem
monitoring technologies implemented in Ukraine and
abroad, it is advisable to formulate recommendations
for enhancing the national environmental manage-
ment system. Primarily, state support must be ensured
for the development and implementation of innovative
digital platforms capable of conducting high-precision
real-time monitoring of agro-landscape ecological
conditions. Such support should include funding for
IT infrastructure and fostering collaboration between
research institutions, agribusinesses, and government
agencies. A key objective is the establishment of an
integrated satellite monitoring system for agroecosys-
tems using GIS modules, enabling timely detection of
ecological risks, assessment of natural resource degra-
dation levels, and the development of predictive risk
models. This requires institutional framework improve-
ments, standardisation of data collection and process-
ing methodologies,and interdepartmental data sharing.
Equally important is human capital development - im-
plementing training programmes and workshops for
farmers, agronomists, ecologists, and local authorities
to enhance digital literacy and skills in working with in-
telligent ecosystems. Special attention should be given
to establishing digital laboratories at leading Ukrainian
agricultural universities, specialising in ecological data
analysis, risk modelling, and the development of bios-
ecurity solutions using Al, Big Data, and bioinformatics.

Overall, the implementation of these measures will
enhance strategic agroecosystem management, reduce
anthropogenic environmental pressure, and ensure na-
tional-level biosecurity and food stability. Thus, digital
technologies have become a key instrument in trans-
forming agroecosystem biosecurity monitoring and
ecological threat assessment. The integration of artifi-
cial intelligence, loT, satellite data, and GIS not only en-
ables real-time environmental analysis but also creates
opportunities for precise forecasting of agro-landscape
changes and their impact on ecosystem processes.
Through digital platforms and bioinformatic approach-
es, adaptive response strategies can be developed to
minimise anthropogenic impacts and optimise natural
resource management.
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DISCUSSION

Within the framework of this study, the chronic accumu-
lation of technogenic pollutants was identified as a key
factor driving destructive changes in Ukraine’s agroe-
cosystems. The most pronounced adverse effects were
associated with elevated levels of persistent organic
compounds, heavy metals, and radionuclides. It was
established that these substances induced profound
transformations in the microbiological composition
of soils and water bodies, disrupted biogeochemical
cycles, contributed to the degradation of agricultural
landscapes, and intensified the ecological burden on
land use. A decline in agro-biological characteristics
of soil resources, deterioration of water quality, and re-
duced resistance of crops to abiotic and biotic stressors
were documented. The identification of correlations
between pollution types, microbial community trans-
formation parameters, and ecosystem degradation indi-
cators provided a basis for justifying the need to imple-
ment digital risk prediction models as part of adaptive
environmental governance.

In the publication by G.N.T. Hasnat (2021), the im-
pact of emerging pollutants - including pharmaceu-
tical residues, nanomaterials, flame retardants, and
persistent organic compounds - on agroecosystems
was characterised. It was demonstrated that these
substances disrupted biogeochemical equilibrium,
triggered toxicant bioaccumulation, and altered the
microbiological structure of ecosystems. The obtained
results align with empirical observations recorded in
the analysis of toxic load effects on soil and water mi-
crobiomes. The presence of such parallels underscores
the necessity of continuous ecotoxicological monitor-
ing using digital tools for adaptive biosecurity manage-
ment. The study by M. Fenzi et al. (2024) analysed the
consequences of uncontrolled dissemination of genet-
ically modified organisms in Mexican agroecosystems.
It was found that the lack of interaction between tra-
ditional farming practices and regulatory policy facili-
tated genetic diversity erosion and the destruction of
local biocultural structures. Despite the study’s focus
on genetic risks, a typological similarity was observed
with the changes induced by chemical and radiological




contamination. Both approaches demonstrate a decline
in agroecosystem resilience due to the disruption of
equilibrium between natural and anthropogenic fac-
tors, as well as the loss of adaptive potential in agroe-
cological environments.

The work of R.LA. Briseno et al. (2023) present-
ed an example of integrating molecular technologies
and machine learning algorithms into biosanitary
monitoring practices. Combining high-throughput se-
quencing (HTS) with mathematical models enhanced
the accuracy of phytovirus detection and enabled the
prediction of viral load in plant systems. The efficacy
of using satellite indices, Al elements, and digital plat-
forms for identifying ecological degradation hotspots
was demonstrated. A comparative analysis with digital
agroecological risk monitoring results confirmed the
feasibility of employing digital technologies as the
foundation for intelligent environmental governance
in the context of agroecosystem biosecurity. The con-
ceptual foundations of a multilevel biosecurity system,
based on the interconnectedness of human, animal,
plant, and environmental health, were further devel-
oped within the One Health framework proposed by
L.L. Vazquez (2024). In this model, biosecurity is inter-
preted as a component of food security and sustainable
development, requiring the integration of ecological
and biomedical factors. Correlations were established
between microbiome transformation, ecosystem pro-
cess disruption, and increased demographic risks in ar-
eas with elevated technogenic pressure. The identified
links between chronic pollution and structural distur-
bances in microbial communities align with findings
from this study, which analysed agroecosystems under
persistent toxicant accumulation.

The biological consequences of technogenic im-
pact on agricultural environments manifest, in part,
through adaptive mechanisms in biotic compo-
nents (Shaforost et al., 2024). The work of P. Neve and
A.L. Caicedo (2022) described evolutionary processes
such as hybridisation, mimicry,and herbicide resistance
development, which emerge under selective pressure
induced by agronomic practices. The presence of mi-
crobiological disturbances in soils, identified through
pollution impact analysis, may be considered a factor
amplifying this pressure and facilitating phytocenosis
transformation. The obtained data confirm the increas-
ing complexity of ecological control due to the growing
adaptive variability of undesirable plant species. In con-
temporary contexts, the issue of cyberbiosecurity has
gained particular significance, as explored in the study
by S. Stephen et al. (2023). Vulnerabilities were identi-
fied in digital platforms used in precision agriculture,
automated farm management, and supply chain logis-
tics. The absence of unified biosecurity information
standards was noted. Although the study did not direct-
ly focus on bioecological monitoring, it substantiated
the importance of digital integration for risk prediction
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and rapid response to technogenic threats. The conclu-
sions align with intelligent environmental monitoring
approaches based on automated spatial and biological
data analysis.

The implementation of nature-oriented stabilisa-
tion technologies in agroecosystems has been analysed
in the publication by M. Mustafa et al. (2022).1t has been
demonstrated that agroforestry measures contribute to
improved microclimatic conditions, reduced erosional
processes, stabilised moisture levels, and decreased
crop susceptibility to external stressors. The study es-
tablished that increasing abiotic pressures caused by
chemical and radioactive pollution negatively affect
soil productivity. The identified need for integrating
ecological and managerial solutions into strategies for
maintaining ecosystem resilience confirms the effica-
cy of a multicomponent approach to agroecosystem
adaptation. In the study by A. Tyczewska et al. (2023),
the potential applications of agricultural biotechnolo-
gy under global challenges induced by the COVID-19
pandemic and geopolitical risks in Eastern European
countries were examined. Conclusions were drawn re-
garding the effectiveness of genetic modification tech-
nologies, as well as artificial intelligence (Al) tools, for
enhancing crop yields, adapting agricultural crops to
adverse conditions, and minimising environmental bur-
dens. Furthermore, the study demonstrated the effica-
cy of Al algorithms and Big Data systems in detecting
ecotoxicological threats and diagnosing degradation
processes in agricultural landscapes. The obtained re-
sults confirmed the significant potential of digital and
biotechnological innovations as tools for adapting the
agricultural sector to conditions of environmental and
socio-economic instability.

An expert assessment of pollinator population sta-
tus and risk factors in European agricultural ecosystems
was conducted in the study by B.K. Willcox et al. (2023).
It was established that the primary threats to bee popu-
lation stability remain high agrochemical loads, declin-
ing environmental biodiversity, parasitic infestations,
and climatic anomalies. The study proposed integrating
digital monitoring tools, particularly Al, the loT, and Big
Data, into adaptive ecological management systems to
enhance biosecurity control efficiency. It was identified
that toxic pollution and changes in microbial commu-
nity composition weakened the functional resilience
of agroecosystems, particularly through disruptions
in mediated ecosystem services. Comparative analysis
with degradation processes in agrosystems confirmed a
general trend of declining adaptive capacity in ecosys-
tems under anthropogenic pressures.

The study revealed a strong correlation between
technogenic pollution of agricultural environments and
a complex of changes, including transformations in soil
and water microbiological composition, disruptions in
biogeochemical equilibrium, and reduced ecosystem
stability. Prolonged exposure to persistent organic
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pollutants, heavy metals, and radionuclides was found
to contribute to chronic toxicological burdens, impair-
ing regulatory mechanisms in agrobiocenoses. The ac-
cumulation of toxic components not only reduces agro-
ecosystem productivity but also has indirect effects on
rural demographic trends due to increased biological
risks and deteriorating living conditions. The empirical
data underscore the urgency of developing a system-
ic approach to agroecological safety monitoring using
digital tools. Given the complexity of identified ecotox-
icological interactions, it was proposed that monitoring
systems should integrate spatial data, satellite obser-
vation indices, microbiological analyses, and Al-based
predictive modelling. This approach enables early risk
detection, long-term pollution impact assessment, and
adaptive management responses at local and regional
levels. Enhanced diagnostic accuracy for agroecosystem
instability under variable technogenic pressures is crit-
ical for mitigating degradation processes (Fedoniuk et
al., 2024). A trend towards convergence in scientific
methodologies was observed, particularly in interdis-
ciplinary ecological risk assessment, digital ecosystem
monitoring, and adaptive biosecurity management. The
formulated concepts address escalating challenges
posed by combined technogenic, biotic, and climatic
threats, providing a theoretical foundation for sustain-
able agroecosystem tools under ecological instability.

CONCLUSIONS

Analysis of the obtained results confirmed the efficacy
of a holistic approach to assessing the impact of tech-
nogenic and natural-ecological factors on agroecosys-
tem biosecurity. Integration of ecotoxicological, bioge-
ochemical, and agroecological parameters enabled a
multi-level evaluation of agroecosystem conditions and
identification of spatiotemporal degradation patterns.
Specifically, ambient ammonia concentrations aver-
aged 20-28 pg/m?, nitrogen oxides exceeded 35 ug/m?,
while nitrate levels in water surpassed 50 mg/L, and
pesticides reached 0.05 mg/L. Chernozem soils exhibit-
ed humus content reductions to 1.2-1.5%, indicative of
degradation. Exposure to chemical, radioactive, and bi-
ological stressors correlated with increased malignancy
incidence (showing clear pollution-dose dependency),
reduced average lifespan by 7-10 years in industri-
al-agrarian regions, and higher frequencies of congeni-
tal anomalies and infertility. Areas with elevated PM2.5
particulate concentrations (2-5 times above permissible
limits) showed prevalent cases of COPD, ischemic heart
disease, and neurodegenerative pathologies. Soil radi-
onuclide levels (exceeding 370 Bqg/kg for Cs-137) were
associated with elevated genetic mutations, endocrine
disorders, and oncological haematological risks.
Concurrently, intensive technogenic pressures ex-
acerbated environmentally driven migration, social
tensions, and economic decline in agrarian regions.
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Infertility rates in polluted zones rose by 20-30%, while
child mortality and declining birth rates confirmed crit-
ical demographic impacts. These findings underscore
the necessity for systemic modernisation of ecological
monitoring and adaptive biosecurity management in
agroecosystems. The obtained results substantiated the
feasibility of large-scale implementation of intelligent
monitoring platforms based on satellite analytics, GIS,
and machine learning methods. This approach facilitat-
ed the development of dynamic ecological threat maps,
prompt identification of critical zones, and informed de-
cision-making to minimise environmental risks. The ne-
cessity of developing adaptive management strategies
was established, incorporating local pollution indices,
soil-water resource conditions, and demographic char-
acteristics.Strengthening interdisciplinary collaboration
among agroecologists, toxicologists, digital technology
specialists,and environmental medicine expertsisa pre-
requisite for establishing robust biomonitoring systems
capable of predicting agroecosystem transformations.

The study was accompanied by several limitations
that must be considered when interpreting the results.
The spatial coverage was restricted to six regions of
Ukraine, complicating the extrapolation of findings to
the national level. The assessment of agroecosystem
conditions relied primarily on composite ecological in-
dices without accounting for seasonal dynamics, which
may have affected the accuracy of the established cor-
relations. Further limitations pertained to the quality
of satellite data, particularly in terms of resolution, as
well as the availability of comprehensive geoecologi-
cal databases. Demographic information was obtained
from open sources, constraining the depth of causal
relationship analysis. Promising directions for future
research include the development of neuromathemat-
ical models for predicting long-term ecological conse-
quences, evaluating the effectiveness of agroecosystem
rehabilitation measures, and implementing automated
data collection and analysis systems. The application of
blockchain technologies for recording environmental
data is advisable to ensure monitoring process trans-
parency and enhance trust in biosecurity management
systems. The establishment of adaptive regulatory
mechanisms that account for spatial risk heterogeneity
will contribute to the formulation of effective policies
for sustainable agrosector development amid global
ecological transformations.
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AHoTauif. MeTolo [OCNIAKEHHS OYN0 BCTAaHOBNEHHS 3B’3KY MK TEXHOTE€HHWMM Ta €KOMOriYHUMKU daKTopamu,
Lo BM/MBalOTL Ha Biobe3sneky arpoekocucteM B YKpaiHi, 3 po3pobKOK afanTMBHOIO MOHITOPWHIY Ta CTpaTerin
3MEHLUEHHS PU3MKIB LWNAAXOM iHTerpauii umdpoBmux TexHonorih. Metogmonoria focnigkeHHs 6a3yBanacs Ha
MDKOMCUMNNIHAPHOMY MiAXOA4i, WO MNOEAHYE EKOTOKCMKOMONIYHMIA aHani3, GioreoximMiyHe MOLENOBAHHA Ta
NPOCTOPOBO-4YaCOBY OLiHKY aHTPONOreHHOro BMMBY 3 BUKOPUCTAHHAM reoiHdOpMaLiMHUX CUCTEM, CYMYTHUKOBOTO
CNOCTEPEXEHHS T aNTOPUTMIYHOrO MPOrHO3yBaHHS PM3MKIB HA OCHOBI WITYYHOrO IHTENEKTY Ta aHANITUKU BEUKMUX
[aHMX. 3aCTOCYBaHHSA METOAIB MAWMHHOIO HAaBYAHHSA, CMEKTPaNbHOrO aHanily 3abpynHeHHs Ta baraTopiBHEBOro
KapTorpadyBaHHS arpoekoCUCTEM BUSBMIO MPUXOBAHI 3aKOHOMIpPHOCTI Aerpagauii arponaHawadTis, OUiIHWNO
iXHIO eKOonoriyHy CTinKicTb Ta chopMyntoBano afanTUBHI NiAXOAM A0 YNPaBAiHHS HABKOMWULWWHIM CepefoBULLEM
NS 3HWXKEHHS BioNnoriyHMx pusmkiB. Pe3ynbTaTM AOCNILKEHHS BKa3anu Ha MifBULLEHE XiMiYHE HABAHTAXEHHS
Ha YKPaiHCbKi arpOeKOCUCTEMMU, LLLO MPOSIBASETLCS Y NEPEBULLEHHI FPAaHUYHO AOMYCTUMMUX KOHLLEHTpaLiM aMiaky
(20-28 mkr/m® y noBiTpi), okcuAiB a3oTy (MoHag 35 Mkr/m3), HiTpatie (noHag 50 Mr/n y Boai) Ta nectmumaie (4o
0,05 ™r/n). BmicT rymycy B 4opHo3emax 3Hm3uBca fo 1,2-1,5 %, WwWo CcynpoBOAKYBanocs Aerpafaui€erd rpyHTy.
BcTtaHoBneHo KopenauinHuii 38’930K MiXK NiABULLEHUM TEXHOFEHHWM TUCKOM Ta BULLOK MOLUMPEHICTIO OHKONOTYHUX
3aXBOPHOBaAHb, CEPLEBO-CYANHHUX Ta PECNipaTOPHMX MATOMOrIM, @ TaKOX CKOPOYEHHSIM TPUBANOCTI XUTTs (Ha 7-10
pOKiB) Y perioHax i3 BUCOKMM piBHEM 3abpyaHeHHs. 3adikcoBaHO HeraTuBHI AemMorpadiyHi TeHAeHLT, BKIHOYaoum
3POCTAaHHS AMTAYOI CMEPTHOCTI, 3HWXKEHHS HAPOAXKYBAHOCTI Ta 36iNblUEHHS €KOMOriYHO 3YMOBAEHOI Mirpadii.
Pe3ynbTati NiaTBEPAXKYIOTH EPEKTUBHICTD LUDPOBUX TEXHONOTIM Y NiABULLLEHHI IKOCTI MOHITOPUHTY, AiarHOCTUKM Ta
yNpaBAiHHS pU3MKaMK B arpoeKkoCUCcTeMaX, LLO 3a3HatoTb TPAaHCHOPMALLIMHOMO aHTPOMOreHHOro TUCKY
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that developed countries are actively using digital leakage monitoring systems, smart irrigation technologies and
multi-stage water treatment, which have reduced losses by up to 6-8%. In Kyrgyzstan, such technologies were
introduced locally and only in some agricultural enterprises. Investments in water infrastructure amounted to USD
7 per capita, compared to USD 200 in Switzerland and USD 150 in Canada, which limited the modernisation of
the water supply system. The problems identified confirmed the need to reform the water management system,
including reducing water losses, modernising wastewater treatment facilities, introducing digital solutions for
water management and adapting infrastructure to changing climate conditions

Keywords: hydrological changes; glacier degradation; climate risks; environmental and economic analysis;

strategic planning

INTRODUCTION

The research relevance is determined by the growing
pressure on water resources, increased water consump-
tion and the effects of climate change. The Chui region
has developed irrigation and hydropower, while the
Osh region suffers from water shortages and low water
use efficiency. Pollution of water bodies by industrial
and agricultural wastewater degrades water quality,
which requires modernisation of treatment technolo-
gies. Kyrgyzstan needs effective mechanisms for water
management, balanced water uses and the study of in-
ternational experience, including the practices of Swit-
zerland and Canada. The problem is caused by ineffec-
tive management, significant water losses and glacier
degradation, which reduces river flows and groundwa-
ter reserves. In the Chui region, outdated irrigation sys-
tems increase water losses, and in the Osh region, poor
wastewater treatment exacerbates resource shortages.
Insufficient oversight and investment are slowing down
the modernisation of the water sector. A comprehensive
study of these aspects is needed to develop sustainable
water use strategies and prevent a water crisis.

The issue of the economic importance of water
resources is considered in various studies. For exam-
ple, S.S. Kozhokulov et al. (2021) considered the wa-
ter resources of Kyrgyzstan as a strategic resource for
economic development. The study emphasised that
agriculture and hydropower were the main sectors
dependent on water resources, but inefficient distri-
bution and high-water losses reduced their economic
potential. The study by A. Boronbaeva (2024) addressed
the ecological state of the Ak-Bury River, identifying
the problem of water pollution by industrial and agri-
cultural waste. The study emphasised the need to mod-
ernise wastewater treatment facilities and develop
comprehensive measures to prevent the degradation
of water bodies. Consequently, aspects of transbound-
ary regulation of water resources in Central Asia were
studied by M. Djalilova (2024). The study highlighted
the significant regional dependence on transboundary
water resources, which required international cooper-
ation and the development of coordinated water use
mechanisms. For instance, N. Jafarzadeh et al. (2021)
analysed the risk of groundwater pollution by heavy
metals, determining the spatial distribution of pollut-
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ants and predicting their potential spread. This data
was relevant for analysing the state of groundwater
in Kyrgyzstan and assessing the risks of its degrada-
tion. Moreover, K. Makanda et al. (2022) reviewed water
protection practices, emphasising the importance of
sustainable management to ensure long-term water
supply. The conclusions could be applied in the devel-
opment of strategies for the protection of water bodies
in Kyrgyzstan, especially in regions with high anthro-
pogenic pressure.

Furthermore, K. Gunasekaran and
S. Boopathi (2023) studied the application of artifi-
cial intelligence technologies in water treatment and
management. The study examined water quality fore-
casting algorithms and automated water flow distri-
bution systems. Such technologies could be adapted
to optimise water supply in Kyrgyzstan, especially in
urban areas. Furthermore, M. Farago et al. (2022) an-
alysed the life cycle and cost-effectiveness of water
recycling methods, including the pyrolysis of sewage
sludge. This approach could be useful in developing
a strategy for water treatment and sludge utilisation
in Kyrgyzstan. Notably, Q. Zuo et al. (2021) proposed a
method for assessing water resources at the region-
al level based on multi-criteria analysis and scenario
modelling. The methodology could be used to predict
the pressure on water resources in the Chui and Osh
regions. In addition, X. Liu et al. (2021) assessed the
restoration of soil and water resources in China us-
ing the conjugation index and the integrated assess-
ment tool. This approach assessed the effectiveness
of measures to conserve water resources and adapt to
climate change. In addition, M. Ben-Daoud et al. (2021)
presented an indicator system for integrated water re-
sources management that takes into account environ-
mental, economic and social factors. These indicators
could be adapted to assess water use in Kyrgyzstan
and identify key water management issues. Further-
more, K.N. Musselman et al. (2021) studied trends in
winter snowmelt and predicted a significant reduction
in snow water resources. The approach was used to
assess the long-term impact of climate change on the
water balance, which could be useful for forecasting
water supply in the Chui and Osh regions. In addition,




A. Hojjati-Najafabadi et al. (2022) investigated the
possibility of using magnetic sensors to monitor pol-
lutants in water resources. This method ensured accu-
rate detection of hazardous pollutants and could be
adapted to control water quality in Kyrgyzstan, which
is especially relevant given the increasing level of pol-
lution in rivers and groundwater.

Thus, the analysis of existing studies confirmed the
relevance of the topic of water resources in Kyrgyzstan
and identified the main areas for further research. The
studyaimedto analyse the water resources of Kyrgyzstan
and their economic and environmental status. The study
objectives were to analyse the dynamics of water re-
sources and their use in Kyrgyzstan,assess environmen-
tal changes in Chui and Osh regions, and compare na-
tional and international water management practices.

MATERIALS AND METHODS

The main sources of information were official statisti-
cal data from the Ministry of Natural Resources, Ecology
and Technical Supervision of the Kyrgyz Republic (n.d.),
including information on water resource dynamics in
Kyrgyzstan’s rivers, water consumption in various sec-
tors of the economy, and the level of water pollution in
the Chui and Osh regions for 2020-2024. The Chui and
Osh regions were selected due to their significant role
in agricultural production and industry, which leads to
increased pressure on water resources and requires de-
tailed analysis for the development of effective water
management strategies. In the Chui region, the follow-
ing enterprises were considered: Joint Stock Company
(SC) “Chon-Kemin”, Agricultural Production Cooperative
(APC) “Kyzyl-Oktyabr” and Joint Venture (JV) “Altyn-Ar-
ashan”, which actively use irrigation systems for grow-
ing grain and fodder crops. In the Osh region, the SPK
“Zhayyl”, the Farming Enterprise (FE) “Bayysh” and the
Peasant Agricultural Enterprise (PAE) ‘Komintern, spe-
cialising in horticulture and livestock farming, were
studied. The assessment of water uses by these enter-
prises included an analysis of the efficiency of existing
irrigation systems, water losses, the introduction of drip
irrigation and digital water management technologies.
The data covered indicators of average annualriver flow,
water reserves, water losses in irrigation, groundwater
mineralisation and changes in water temperature. Ad-
ditional information on the hydrological balance, evap-
oration rates from reservoirs, and glacier retreat was
also addressed, enabling an assessment of the impact
of climatic factors on the national water resources.

In addition, reports of international organisations
such as the World Bank Group (2022), the United Na-
tions Development Programme (UNDP) (2023), the Food
and Agriculture Organization (FAO) (2021) and the In-
ternational Water Management Institute (IWMI) (2025)
were used. The data from international organisations
allowed for a comparative analysis of water manage-
ment policies and the identification of key differences in
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approaches to investment, water redistribution and
treatment. An important aspect of the analysis was the
study of the effectiveness of water conservation pro-
grammes, as well as an assessment of the impact of
international environmental safety standards on the
development of the water sector. To perform a statisti-
cal analysis of the dynamics of water resources in the
rivers of Kyrgyzstan, the methods of calculating the av-
erage annual change in flow, linear trend of time series,
correlation analysis and assessment of glacier degra-
dation were used. The average rate of change in runoff
was calculated using formula (1):

AQ = % X 100%, (1)

t—-1

where Q, - volume of runoff in the current year, and
Q.. - in previous year.
Linear regression identified trends in water re-

sources change using equation (2):
Y=aX+b, (2)

where a velocity change determinant, and b - initial
value.

The correlation between temperature and wa-
ter resources was determined by Pearson’s coefficient

2(x; -0 (v;-7)

"= Ex-n2x(r,-n2, which allowed to assess the in-
fluence of climatic factors, where X;and Y;-variable val-
ues Xand Y - their average values. The average rate of
glacier degradation was calculated using formula (3):

Ar—At—1
R=——"=—
T

. ©)

where A, and A, , - glacier areas in different years.
Changes in hydropower runoff were calculated as (4):
AH =281 5 1000, (4)
He—1
where H, and H,, - runoff volumes in different years.
These calculations made it possible to identify the
dynamics of water use, assess the impact of climatic
factors and determine the degree of degradation of wa-
ter resources. The economic assessment of water use
in Kyrgyzstan was based on the analysis of water con-
sumption in agriculture, energy, industry and munici-
pal sectors. The method of structural analysis was used
to determine the share of water consumption by each
sector, identify the main problems of water distribution
and estimate economic losses from inefficient water
use. Formula (5) was used to analyse water losses in
water supply systems:

p = Zin=lout 1009, (5)

where P - water losses level, V,, - supplied water level,
and V,

. — delivered to consumers.
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To estimate the dependence of consumption on tar-
iffs, the relationship was used (6):

W=kxPe, 6)

where W - water usage, k - demand elasticity coeffi-
cient, P - water price, e - price elasticity of demand.

The cost of water supply was calculated as (7):

T+0+M
C=—" (7)
where C - cost per m3, T - transport costs, O - operating
costs, M - modernisation expenses, V - water volumes.

To analyse environmental changes in Chui and Osh
regions, the method of comparative analysis of regional
differences in the level of water pollution, changes in
water temperature and glacier degradation was used.
The data for the Chui region was compared with the
Osh region to assess the impact of water supply infra-
structure, climatic factors and the level of anthropo-
genic pressure on water resources. The analysis includ-
ed calculation of the rate of change in water levels in
lakes and rivers, the level of pollutants in water bodies
and trends in groundwater salinity. The study assessed
the factors that determine the level of pollution, in-
cluding anthropogenic load, the efficiency of treatment
facilities and changes in the flow of polluted water.
SPSS and R statistical packages were used to process
the data, which was used to conduct correlation and re-
gression analysis of water resources dynamics and as-
sess the impact of climate factors on the water balance.
Spatial analysis of water pollution data was performed
using GIS technologies, which ensured accurate visual-
isation of changes in the Chui and Osh regions.

A comparative analysis of water resource manage-
ment was conducted based on a study of Swiss and Ca-
nadian practices in the areas of distribution, treatment
and regulation of water use. Switzerland and Canada
were selected due to their advanced water manage-
ment methods, including highly efficient wastewater
treatment, minimal water losses in distribution sys-
tems and significant investments in water infrastruc-
ture. The experience of these countries was assessed
using MATLAB and STATA analytical tools, which made
it possible to model the effectiveness of various wa-
ter regulation strategies. Switzerland and Canada have
introduced digital water monitoring systems that op-
timise water use in a changing climate. Data analysis
using specialised software identified key mechanisms
that can be adapted to improve water management
in Kyrgyzstan. A method of comparing key indicators
was used: wastewater treatment efficiency, water loss
levels, government investment in water infrastructure,
and water supply tariff policy. The integrated use of
statistical, comparative and structural analysis identi-
fied key trends in the dynamics of water resources, as-
sessed economic losses from inefficient water use and
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identified environmental threats to Chui and Osh re-
gions. The identified differences in water management
strategies identified promising areas for the develop-
ment of the water sector and proposed mechanisms to
improve the efficiency of water resource allocation.

RESULTS

Dynamics of water resources in the rivers of Kyr-
gyzstan. Between 2020 and 2024, Kyrgyzstan’s water
resources underwent significant changes. Glaciers
continued to shrink, as evidenced by a decrease in
their area by 1.0% in 2020,1.2% in 2021,0.8% in 2022,
0.5% in 2023 and 0.5% in 2024. Although the rate of
glacier decline slowed, the overall trend remained
negative, indicating a long-term decline in freshwa-
ter reserves. Average river flow also showed a steady
decline. In 2020, it decreased by 0.5%, then by 0.6%
in 2021, by 0.4% in 2022, and by 0.5% in both 2023
and 2024 (Ministry of Natural Resources, Ecology and
Technical Supervision of the Kyrgyz Republic, n.d.).
These indicators highlighted the gradual depletion of
river sources, which affected agriculture, hydropower
and domestic water supply. River pollution, expressed
in increased concentrations of nitrates and ammonia,
remained a problem throughout the period. In 2020,
pollution levels rose by 1.2%,in 2021 by 1.5%,in 2022
by 1.8%,and in 2023 and 2024, the growth rate slowed
to 1.1% and 1.0%, respectively. Despite the slowdown
in pollution growth, river water quality continued to
deteriorate, posing a threat to ecosystems and human
health. Water losses in irrigation systems remained
consistently high. In 2020, they amounted to 39%, in
2021 to 38.8%, in 2022 to 38.5%, in 2023 to 38.2%,
and in 2024 to 38%. Despite a slight decrease, the
problem of irrigation infrastructure wear and tear re-
mained unresolved, leading to significant water losses
and reduced agricultural production efficiency.

The mineralisation of groundwater also increased,
indicating a deterioration in its quality. In 2020, the in-
dicator increased by 1%, in 2021 by 1.3%, in 2022 by
1.2%,in 2023 by 0.8%, and in 2024 by 0.7%. These data
indicated an intensification of groundwater pollution
processes, especially in areas with intensive agricultur-
al and industrial activities. Evaporation from reservoirs
showed a steady increase. In 2020, water losses due
to evaporation amounted to 4.8%, in 2021 to 5.0%, in
2022 t0 5.2%,in 2023 to 5.3%,and in 2024 to 5.5%.The
increase in water losses indicated the impact of climate
change, such as rising air temperatures and decreasing
precipitation, which made the water supply problem
even more pressing. The water level in Lake Son-Kul
has been declining gradually. In 2020 and 2021, it de-
creased by 0.5 cm annually, in 2022 by 0.4 cm, and in
2023 and 2024 by 0.3 cm. Although the rate of decline
decreased, the overall decline in water reserves in the
lake indicated a continuing shortage of incoming wa-
ter. Water consumption in cities has been increasing. In




2020, it increased by 1.5%, in 2021 by 1.7%, in 2022 by
1.6%,in 2023 by 1.3%,and in 2024 by 1.2%. The growth
in water consumption was driven by population growth
and the expansion of urban infrastructure, but the
growth rate was slowed by water conservation meas-
ures and improved water supply systems.

Water losses in water supply systems remained high
but showed a slight decrease. In 2020, they amounted
to 30%, in 2021 to 29.5%, in 2022 to 29%, in 2023 to
28.7%, and in 2024 to 28.5%. Despite the reduction
in losses, the problem of pipeline wear and tear and
inefficient resource management remained a concern.
The decline in groundwater reserves was moderate.
In 2020, they decreased by 0.8%, in 2021 by 0.7%, in
2022 by 0.6%, in 2023 by 0.5%, and in 2024 by 0.4%.
Although the rate of depletion slowed, further decline
in groundwater remained a concern, particularly in the
southern regions of the country. The water quality in
Issyk-Kul has been deteriorating. In 2020, the level of
biogenic pollution increased by 0.5%, in 2021 by 0.7%,
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in 2022 by 0.8%, in 2023 by 0.6%, and in 2024 by 0.5%.
The pollution of the lake affected its ecosystem and the
region’s tourist appeal. The water temperature in rivers
showed an increase in summer. In 2020, it increased
by 0.1°C, in 2021 by 0.1°C, in 2022 by 0.1°C, in 2023
by 0.1°C,and in 2024 by 0.1°C. The gradual increase in
temperature indicated climate change and could lead
to further deterioration of water ecosystems.

The volume of hydropower flow decreased. In 2020,
it decreased by 0.3%, in 2021 by 0.4%, in 2022 by 0.3%,
in 2023 by 0.5%, and in 2024 by 0.5%. The decline in
water reserves affected electricity generation, increas-
ing the risk of energy shortages. Water reserves in the
Chu and Naryn rivers also declined. In the Chu River, the
water level decreased by 0.5% in 2020, 0.6% in 2021,
0.4% in 2022, 0.3% in 2023, and 0.3% in 2024. In the
Naryn, the decrease was 0.6% in 2020, 0.5% in 2021,
0.5% in 2022, 0.4% in 2023, and 0.2% in 2024. These
indicators confirmed the general trend towards a de-
crease in water reserves (Table 1).

Table 1. Water resources dynamics in Kyrgyzstan’s rivers (2020-2024)

Parameter 2020 2021 2022 2023 2024
Glaciers -1.0% -1.2% -0.8% -0.5% -0.5%
Average river flow -0.5% -0.6% -0.4% -0.5% -0.5%
River pollution (nitrates, ammonia) +1.2% +1.5% 1.8% 1.1% +1.0%
Water losses in irrigation 39% 38.8% 38.5% 38.2% 38%
Mineralisation of groundwater +1% +1.3% +1.2% +0.8% +0.7%
Evaporation from reservoirs 4.8% 5.0% 5.2% 5.3% 5.5%
A decrease in the water level in Son-Kul -0.5cm -0.5cm -0.4 cm -0.3cm -0.3cm
Growing water consumption in cities +1.5% 1.7% 1.6 % +1.3% +1.2%
Water losses in water supply systems 30% 29.5% 29% 28.7% 28.5%
Reduction of groundwater reserves -0.8% -0.7% -0.6% -0.5% -0.4%
Water quality in Issyk-Kul 0.5% +0.7% +0.8% +0.6% 0.5%
Water temperature in rivers in summer +0.1°C +0.1°C +0.1°C +0.1°C +0.1°C
Volume of hydropower runoff -0.3% -0.4% -0.3% -0.5% -0.5%
Water reserves in Chu -0.5% -0.6% -0.4% -0.3% -0.3%
Water reserves in Naryn -0.6% -0.5% -0.5% -0.4% -0.2%

Source: compiled by the authors based on the International Futures (IFs) model (2025)

Thus,Kyrgyzstan's water resources experienced neg-
ative changes in 2020-2024. The shrinking of glaciers,
reduced river flows, deteriorating water quality, and in-
creased water consumption require measures to ration-
ally use water resources and modernise infrastructure.

Economic assessment of water uses in Kyrgyzstan.
In the period from 2020 to 2024, there was a gradu-
al decrease in water consumption in all major sectors
of the Kyrgyz economy. In agriculture, the share of wa-
ter use decreased from 80% in 2020 to 77% in 2024.
This was due to the gradual modernisation of irriga-
tion systems and water conservation measures. How-
ever, despite the improvements, water losses remained
significant. Economic losses in agriculture decreased
from USD 100 million in 2020 to USD 90 million in
2024, indicating a partial improvement in water use

efficiency. In the energy sector, the share of water con-
sumption decreased from 10% to 9.5% over five years.
This was due to a reduction in hydropower runoff and
the introduction of water efficiency measures at hy-
droelectric power plants (HPPs). Accordingly, economic
losses in the energy sector decreased from USD 40 mil-
lion to USD 35 million, but the sector’s dependence on
water resources remained high.

The industrial sector, which consumed 8% of water
in 2020, reduced this figure to 7.7% by 2024. This was
driven by the introduction of more efficient water treat-
menttechnologies and a decline in industrial production
in certain industries. Economic losses during this period
decreased from USD 25 million to USD 21 million, indi-
cating a partial stabilisation of water costs. The utility
sector also showed a decrease in water consumption.
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In 2020, the share of water use was 7%, but by 2024 it  of networks. Nevertheless, water losses remained high,
had fallen to 6.8%. This was due to increased efficien-  with economic losses amounting to USD 16 million in
cy of water supply in cities and partial modernisation 2024 compared to USD 20 million in 2020 (Table 2).

Table 2. Economic assessment of water uses in Kyrgyzstan (2020-2024)

Economic sector Metric 2020 2021 2022 2023 2024

Agriculture Share of water consumption (%) 80% 80% 79% 78% 77%
Economic losses (USD million) 100 98 95 92 90

Energy Share of water consumption (%) 10% 10% 9.8% 9.7% 9.5%
Economic losses (USD million) 40 39 37 36 35

Industry Share of water consumption (%) 8% 8% 7.9% 7.8% 7.7%
Economic losses (USD million) 25 24 23 22 21

Utilities Share of water consumption (%) 7% 7% 6.9% 6.8% 6.8%
Economic losses (USD million) 20 19 18 17 16

Source: compiled by the authors based on the International Futures (IFs) model (2025)

Between 2020 and 2024, a decrease in water con-  Bayysh farms, also reduced water consumption. The
sumption among the largest farms was observed in  main measures were the reconstruction of irrigation
the Chui and Osh regions, indicating the gradual intro-  networks and the introduction of water-saving irriga-
duction of water-saving technologies. In the Chui re- tion methods, which reduced the pressure on water
gion, agricultural enterprises such as Chon-Kemin JSC, sources. Nevertheless, water shortages remained a se-
Kyzyl-Oktyabr Agricultural Production Cooperative and  rious problem, especially during dry periods when the
Altyn-Arashan Agricultural Production Cooperative re-  water supply was unstable. Economic losses during the
duced their water consumption by an average of 1% per  analysed period showed a steady downward trend. In
year. This was achieved through the modernisation of  the Chui region, they decreased from USD 40 million to
theirrigation system and the transition to drip irrigation,  USD 35 million,and in the Osh region, from USD 25 mil-
which reduced water losses and increased efficiency. lion to USD 21 million. This confirmed the partial effec-
Despite these positive changes, further investment in  tiveness of the reforms and the introduction of modern
infrastructure improvements was still needed,as old ca-  water use technologies. However, despite this, a signifi-
nals in some areas still caused significant water losses.  cant portion of water resources was still being lost due

In the Osh region, where water shortages were to the imperfect water distribution system and the lack
more pronounced, farms, including Jail, Komintern,and  of comprehensive control over its efficiency (Table 3).

Table 3. Dynamics of water consumption and economic losses in the Chui and Osh regions (2020-2024)

Farms/Parameters 2020 2021 2022 2023 2024
Chui region
Chon-Kemin JSC
Share of water consumption (%) 12 11.8 11.5 11.2 11
Economic losses (USD million) 10 9.8 9.5 9.2 9.0
Kyzyl-October SPC
Share of water consumption (%) 10 9.8 9.6 9.3 9.0
Economic losses (USD million) 8 7.8 7.5 7.2 7.0
Altyn-Arashan JV
Share of water consumption (%) 9 8.8 8.5 8.2 8.0
Economic losses (USD million) 6.5 6.3 6.1 5.8 5.5
Osh region
SPC Zhayil
Share of water consumption (%) 8 7.8 7.5 7.2 7.0
Economic losses (USD million) 5.5 5.3 5.1 4.9 4.7
Komintern State Farm
Share of water consumption (%) 6 5.8 5.6 5.4 5.2
Economic losses (USD million) 4.2 4.0 3.8 3.6 3.5
FH Bayysh
Share of water consumption (%) 4 3.8 3.6 3.4 3.2
Economic losses (USD million) 2.8 2.6 2.5 2.3 2.2
Source: compiled by the authors based on Ministry of Natural Resources, Ecology and Technical Supervision of the Kyrgyz
Republic (n.d.)

Scientific Horizons, 2025, Vol. 28, No. 7




The analysis demonstrated that the introduction of
new irrigation technologies and the modernisation of
irrigation systems had a positive impact on rational wa-
ter use. However, insufficient funding and the high de-
gree of infrastructure wear and tear limited the speed
and scale of the necessary transformations. To further
reduce water losses, more active support from the gov-
ernment and international organisations was needed,
as well as incentives for farms to switch to more effi-
cient water use methods. Thus, water consumption in
Kyrgyzstan in the period 2020-2024 showed a down-
ward trend in all major sectors of the economy. Despite
the partial modernisation of irrigation systems, agri-
culture remained the largest consumer of water, and
resource losses remained significant.

Environmental changes in the Chui and Osh regions
In 2020, the level of water pollution in the Chui region
was 10% and in the Osh region 15%. The main sources
of pollution are untreated wastewater and agricultural
runoff. The impact of climate change has led to a re-
duction in water reserves by 5% in the Chui region and
7% in the Osh region. Glacier degradation amounted
to 3% and 4% respectively, which began to affect river
flows. In 2021, pollution levels increased by 12% in the
Chui region and by 17% in the Osh region, due to the
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insufficient efficiency of treatment facilities. Water
shortages worsened, reaching 6% in the Chui region
and 8% in the Osh region. Glacial losses accelerated,
increasing to 4% in the Chui and 5% in the Osh regions,
which began to affect water supply in agricultural are-
as. In 2022, water pollution in the Chui region reached
14% and 19% in the Osh region, reflecting an increase
in anthropogenic pressure. Climatic factors led to a de-
crease in available water resources by 7% in Chui and
9% in the Osh region. Glacial degradation continued,
reaching 5% and 6%, respectively, contributing to the
instability of water flows.

In 2023, water pollution increased to 16% in the
Chui region and 21% in the Osh region, indicating a
critical burden on ecosystems. The impact of climate
change has intensified, leading to a reduction in water
resources by 8% in Chui and 10% in Osh. Glacial degra-
dation has accelerated by 6% and 7%, increasing the risk
of seasonal water shortages. In 2024, pollution reached
18% in Chui and 23% in Osh regions, confirming the
growing degradation of water bodies.The decline in wa-
ter reserves was 9% in Chui and 12% in Osh, which ex-
acerbated water supply problems. Glacier degradation
increased to 7% and 8%, respectively, indicating long-
term threats to water supply and hydropower (Fig. 1).

m Water pollution (Chui region)
Water pollution (Osh region)
Climate change (Chui region)

m Climate change (Osh region)

M Glacier degradation (Chui region)

M Glacier degradation (Osh region)

2024

Figure 1. Environmental changes in the Chui and Osh regions (2020-2024)
Source: compiled by the authors based on Ministry of Natural Resources, Ecology and Technical Supervision of the Kyrgyz

Republic (n.d.)

Thus,from 2020 to 2024, water pollution in the Chui
and Osh regions increased, water reserves decreased,
and glacier degradation increased the risk of water
shortages. To stabilise water resources, comprehensive
measures are needed to treat wastewater, adapt to cli-
mate change and modernise water infrastructure.

Comparative analysis of water management. In
2020, agriculture in Kyrgyzstan used 80% of water re-
sources, with 45% in the Chui region and 18% in the
Osh region. In Switzerland, agriculture consumed 3% of
water, and in Canada, 10%. Water losses in Kyrgyzstan
reached 34%, while in Switzerland they were 6% and
in Canada 8%. These differences were due to the use of
advanced technologies, including automated irrigation
systems, soil moisture sensors and digital leakage con-
trol, which were actively used in Switzerland and Can-
ada. The introduction of drip irrigation in Kyrgyzstan
remained at an early stage, covering less than 5% of

irrigated land, while in Switzerland and Canada, this
figure reached 60% and 50%, respectively.

In 2021, water consumption in Kyrgyzstan’s agricul-
ture sector fell to 79%, and in the Chui and Osh regions
to 44% and 17% respectively. Despite the reduction in
consumption, wastewater treatment in the country re-
mained inadequate, with only 50% of the total volume
being treated,compared to 95% and 90% in Switzerland
and Canada, respectively. Switzerland used multi-stage
filtration systems, including mechanical, biological and
chemical treatment of wastewater, followed by ultra-
violet or ozone disinfection. This removes organic and
chemical pollutants, ensuring high-quality treated wa-
ter. In Canada, water reuse technologies were actively
used, including closed water circulation systems in in-
dustry, water recycling in agriculture, and multi-stage
wastewater treatment for reuse in municipal water
supply. Intelligent irrigation systems used in developed
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countries include remote water supply control and au-
tomatic regulation of irrigation volumes depending on
weather conditions. In Kyrgyzstan, such technologies
remained uncommon, and only a few agricultural en-
terprises began to introduce automated systems.

In 2022, investments in Kyrgyzstan's water infra-
structure amounted to just USD 7 per capita, compared
to USD 200 in Switzerland and USD 150 in Canada. As
a result, the national water supply systems remained
worn out, with water losses in the Chui region reaching
38% and 45% in the Osh region. In Switzerland, gov-
ernment programmes were implemented to modernise
pipelines and control water pressure, while in Canada,
automated water supply systems were used to mini-
mise leakage and increase the efficiency of water dis-
tribution. Digital technologies for water management,
such as satellite monitoring and online water flow
control systems, remained at the pilot project stage in
Kyrgyzstan, while in Switzerland and Canada, they were
applied at the state level, ensuring a rapid response to
changes in the water balance.

In 2023, water consumption in Kyrgyzstan’s ag-
riculture decreased to 77%, but water losses in the
systems remained at 30-32%. In the Chui region, loss-
es dropped to 36%, and in the Osh region to 42%. In
Switzerland, government subsidies for the introduc-
tion of water-saving technologies were in place, which
reduced water consumption and cut operating costs.
These measures included financial support for farm-
ers to install drip irrigation and smart irrigation sys-
tems, soft loans for the modernisation of water supply
networks and the introduction of water reuse systems,
as well as subsidies to industrial enterprises for re-
ducing water consumption and switching to closed
water circulation technologies. Canada used water
quota mechanisms that regulated the amount of per-
mitted water consumption depending on the needs of
the economy and available resources. The main meth-
ods included the division of quotas between sectors
(agriculture, industry, utilities), seasonal regulation of
consumption, when restrictions were imposed during

Chui region

periods of drought, and water quota trading, which re-
distributed resources between regions depending on
priority needs. These mechanisms ensured the ration-
al use of water and prevented water shortages during
dry periods. The partial modernisation of irrigation
allowed farmers, especially in the Chui region, to in-
troduce automated irrigation systems regulated based
on weather data, but their use remained localised. In
Kyrgyzstan, there were no such mechanisms, which
limited the introduction of modern water manage-
ment technologies.

In 2024, water consumption in Kyrgyzstan’s agricul-
ture reached 76%, and water losses were reduced to
28-30% as a result of the partial modernisation of wa-
ter supply. Wastewater treatment increased to 55%, but
this figure remained significantly lower than in Swit-
zerland and Canada. Switzerland had strict legislative
standards for water quality control and a multi-level
water management system. Canada used adaptive wa-
ter regulation mechanisms, including dynamic quotas,
where water consumption volumes were adjusted ac-
cording to water availability and weather conditions.
Flexible tariff systems encouraged water conservation
through differentiated pricing, increasing the cost of
consumption during periods of shortage. The water
rights market allowed resources to be redistributed be-
tween sectors of the economy through the sale or lease
of water use quotas. Regional agreements between
regions ensured the redistribution of water resources
according to the needs of industry, agriculture and mu-
nicipal water supply, preventing shortages during dry
periods. In Kyrgyzstan, legal regulation of water use
remained weak, leading to the irrational use of water
resources. The experience of developed countries has
shown that adapting digital and intelligent water man-
agement systems to local climatic and economic con-
ditions could significantly improve water use efficiency
in Kyrgyzstan. The introduction of smart irrigation sys-
tems and the use of Big Data to forecast water demand
would ensure more efficient resource allocation, espe-
cially in arid regions (Fig. 2).

- | Efficiency of wastewater treatment (%)

osh region |GGG I ' Investments in water infrastructure (USD per capita)
Canada | . Average level of water lossesin the systems (%)
m Share of water consumption in the municipal sector (%)
Swizerland | N & s of water consumption in industry (%)
Kyrayz Repubtic | MM = Share of energy consumption

Figure 2. Comparative analysis of water management (2020-2024)
Source: compiled by the authors based on National Statistical Committee of the Kyrgyz Republic (2021), Ministry of
Natural Resources, Ecology and Technical Supervision of the Kyrgyz Republic (n.d.)

The successful practices of Switzerland and
Canada can be applied in Kyrgyzstan through the
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modernisation of irrigation systems, automation of wa-
ter supply control and the introduction of water reuse




systems. Government subsidies and tax breaks, similar
to the Swiss and Canadian mechanisms, can help re-
duce water losses and increase the efficiency of water
distribution. The introduction of advanced wastewater
treatment technologies and investments in infrastruc-
ture are key to the sustainable management of the na-
tional water resources.

DISCUSSION

The study results demonstrated that Kyrgyzstan’s wa-
ter resources are significantly affected by climate and
human factors. In the Chui region, water consumption
was high, but significant water losses in irrigation re-
duced its efficiency. The Osh region experienced water
shortages due to limited sources and poor wastewa-
ter treatment. Water pollution continued to increase,
especially in areas with developed agriculture and
industry. A comparison with Switzerland and Canada
showed insufficient investment in water infrastructure
and low efficiency of treatment systems. The devel-
opment of water-saving technologies and the mod-
ernisation of resource management are necessary for
sustainable water use. Research on water resource
management demonstrates a wide range of approach-
es, but their results do not always take into account re-
gional characteristics and the economic consequenc-
es of inefficient water use. For instance, S.K. Jain and
V.P.Singh (2023) examined integrated water resources
planning and management, emphasising mathemati-
cal modelling and strategic forecasting of water distri-
bution. The study demonstrated that integrated man-
agement systems, including consumption forecasting
and risk management, can minimise water losses and
improve water supply efficiency. These findings con-
firm the problems of the Kyrgyz water sector related to
insufficient investment and inefficient water resource
allocation. However, this study is unique in that it in-
cludes a regional analysis of water use in the Chui and
Osh regions, making it more applicable to the national
conditions. In addition, a comparative analysis with in-
ternational practices has allowed specific measures to
be proposed for optimising water supply.

The issue of water pollution is considered in many
modern studies. For instance, X. Yuan and Z.Jun (2021)
assessed the risks associated with diffuse water pollu-
tion using quantitative forecasting models and found
that the main sources of pollution are agricultural and
industrial runoff, which correlates with the findings
of this study on the growth of water pollution in Kyr-
gyzstan. However, the study emphasised the mathemat-
ical modelling of pollution, while this study considers
not only its sources, but also the impact on the availa-
bility of water resources and the country’s economy. The
advantage of this study is its comprehensive approach,
which includes not only environmental, but also eco-
nomicand managerial assessments, proposing solutions
to minimise water losses and improve water supply.

Ibragimov et al.

In the context of the issue of water security,
T. Peng et al. (2020) analysed the impact of environ-
mental change on water resources. The study identi-
fied three key challenges: a decline in freshwater re-
serves, deterioration in the quality of water bodies, and
inefficient water allocation. These conclusions largely
correlate with the results of this study, which also re-
corded trends in glacier degradation, water pollution
and increased pressure on water resources. However,
T. Peng et al. did not sufficiently address regional dif-
ferences in the distribution of water resources, while
this study examined in detail the specifics of water use
in the Chui and Osh regions. This made it possible to
propose specific measures to improve the efficiency of
water management, taking into account territorial dif-
ferences. Some studies examine the impact of seasonal
changes on water quality. In particular, D. Hammoumi et
al. (2024) analysed seasonal fluctuations in surface wa-
ter quality using the Water Quality Index (WQI) and Prin-
cipal Component Analysis (PCA). The study determined
that climatic factors, including precipitation and air
temperature, have a significant impact on water qual-
ity dynamics. These results are partly consistent with
the present study, which also examined the impact of
climate change on water resources in Kyrgyzstan. How-
ever, the study by D. Hammoumi et al. conducted a sta-
tistical analysis, whereas this study examined not only
environmental but also economic and management as-
pects of water use. This provides a more comprehensive
picture of the state of the national water resources and
suggests ways to improve water use efficiency.

Various studies are devoted to assessing the sus-
tainability of water resources and their distribution
in the context of climate and anthropogenic changes.
G. Wang et al. (2020) analysed water load trends using
a system dynamic model and an improved fuzzy inte-
grated assessment method. The results showed that the
change in the water balance depends on the pace of ur-
banisation, industrial growth, and climatic factors. This
partially coincides with this study, which also identified
the impact of climate change and growing urban water
consumption on Kyrgyzstan’s water reserves. However,
the study by G.Wang et al. was dedicated to forecasting
changes,whereas this study examined the current situa-
tion and assessed the economic impacts of water use. In
addition, this study sufficiently addressed the differenc-
es between the regions of the country, which provided
more detailed recommendations for water management.

Other studies emphasise the cost-effectiveness
and reuse of water resources. For instance, M. Farago et
al. (2021) studied the transition from wastewater treat-
ment to integrated water resource recovery, analysing
the environmental and economic impacts of the full
implementation of such technologies. The findings
confirmed that integrated wastewater management not
only reduces the burden on water bodies but also in-
creases the economic efficiency of water supply. These
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results are reflected in the present study, which also
emphasises the need to modernise wastewater treat-
ment facilities in Kyrgyzstan. However, the study by
M. Farago et al. analysed technological solutions and
economic evaluation of processes, while this study con-
siders systemic problems, including environmental and
management aspects. Thus, the proposed integrated
approach not only identified the need for technological
changes but also ways to integrate them into the exist-
ing water use system.

Water quality and the degree of pollution of water
bodies are important areas of water resource analysis.
The study by H.Aydin et al. (2020) assessed water quali-
ty in rivers in northeastern Turkey using the Water Qual-
ity Index (WQI) and multiple statistical methods. The
study determined that agricultural activities and indus-
trial pollution are the main factors of water quality de-
terioration. These results are consistent with the data
of this study, which also recorded an increase in water
pollution in Kyrgyzstan, especially in the Chui and Osh
regions. However, the study by H. Aydin et al. conducted
a statistical analysis of water metrics, while this study
considers not only the environmental but also the eco-
nomic impact of pollution. This integrated approach not
only assessed the degree of pollution but also proposed
measures to reduce it, including the modernisation of
water treatment facilities and the improvement of the
water quality control system.

Spatial and seasonal analysis of water quality is also
an important aspect of research. J.B. De Melo Carvalho
Passos et al. (2021) conducted a multivariate statisti-
cal analysis of water quality in the Doce River basin in
southeastern Brazil. The study demonstrated that water
quality varies depending on the season and sources of
pollution, which confirms the need for adaptive water
management strategies. These results partially coin-
cide with the present study, which also noted the de-
pendence of the state of water bodies on climatic fac-
tors and seasonal changes. However, the study by J.B. De
Melo Carvalho Passos et al. did not analyse the eco-
nomic impact of water quality deterioration, while this
study assessed the impact of pollution on water supply,
agriculture and the municipal sector in Kyrgyzstan. Ap-
proaches to water management were considered from
different perspectives, including the assessment of
water availability, pollution and wastewater treatment
efficiency. The study by M. Naderi (2021) analysed the
level of water management based on the concepts of
water supply and water availability. The study deter-
mined that the effectiveness of water management is
determined by the balance between water demand and
availability, as well as the quality of water supply infra-
structure. These results confirm the conclusions of this
study on the need to modernise water supply systems
in Kyrgyzstan, especially in regions with high levels of
water losses. However, the study by M. Naderi analysed
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a macro-level assessment of water management, while
this study analyses in detail the regional differences
affecting water use in the Chui and Osh regions. This
approach identified specific water allocation problems
and proposed targeted strategies to address them.
Other studies addressed the economic and environ-
mental aspects of water use. Z. Shi et al. (2020) con-
ducted a comprehensive assessment of the economic
efficiency of water use, pollution levels,and wastewater
treatment efficiency in China.The study determined that
insufficient investment in wastewater treatment plants
and weak control over industrial discharges lead to an
increase in water pollution, reducing the availability of
clean water for agriculture and the population. These
findings are consistent with this study, which also noted
the deterioration of water quality in Kyrgyzstan due to
pollution from industrial and agricultural wastewater.
However, the study by Z. Shi et al. conducted an econom-
ic assessment of production processes and their impact
on the water environment, while this study covers not
only industrial but also municipal and agricultural as-
pects of water use. This broader coverage included a
comprehensive assessment of the water situation and
the proposal of solutions to minimise water losses.
Changes in the hydrological cycle under the in-
fluence of climatic factors are an important area of
research. D. Yang et al. (2021) reviewed the impact of
global climate change on water resources, emphasising
the role of rising temperatures, changing precipitation
patterns and glacial melt in shaping the water bal-
ance. The conclusions coincide with the findings of this
study, which recorded a decrease in water levels in Kyr-
gyzstan’s rivers and lakes, as well as a reduction in ice
cover, which poses a threat to the long-term water sup-
ply.However,the study by D.Yang et al. is more generalin
nature, considering hydrological processes at the glob-
al level, while this study emphasised specific region-
al changes and their impact on water use. This focus
makes the results more relevant for the development
of practical recommendations for adapting Kyrgyzstan’s
water systems to changing climate conditions. Thus,
the reviewed studies confirm the problems identified in
this study, including water scarcity, water pollution and
insufficient efficiency of wastewater treatment plants.
A.C. Kharake and V.S. Raut (2021) and S. Hajji et
al. (2022) investigated water resources from different
perspectives. S. Hajji et al. assessed the decline in water
reserves in the Amu Darya basin due to climate change
and increased water consumption, which partially coin-
cides with this study, which also identified a decrease in
glaciers and an increase in water consumption in Kyr-
gyzstan.A.C.Kharake and V.S. Raut conducted the chem-
ical analysis of pollution, while this study additionally
considers economic impacts, such as losses in the utili-
ty sector and the need to modernise wastewater treat-
ment plants. In contrast to the transboundary approach




of S. Hajji et al., this study analysed regional differences,
especially in the Chui and Osh regions. K. Leonard et
al. (2024) and M.D. Molekoa et al. (2022) studied cli-
mate change and water management. K. Leonard et
al. analysed the impact of rising temperatures, decreas-
ing snow cover and changing precipitation on water re-
sources in New York State, which confirms the findings
of this study on glacier degradation and lower river lev-
els in Kyrgyzstan. However, K. Leonard et al. conducted
forecasting, whereas this study provides a detailed look
at current changes and their impact on water supply.
M.D. Molekoa et al. studied spatial pollution of water
bodies, but without an economic assessment of the
consequences, which distinguishes their work from the
present study, which also proposes measures to mod-
ernise the infrastructure.

Notably, A. Lohrmann et al. (2021) and K. Cheng et
al. (2022) analysed water management from different
angles. A. Lohrmann et al. assessed the water footprint
of the European energy sector during the transition to
renewable energy sources, which echoed the findings
of this study on the impact of water consumption on
hydropower in Kyrgyzstan. However, the study fore-
casted the long-term impact of energy transformation,
while this study analysed current water use issues in
detail. At the same time, K. Cheng et al. studied the co-
ordination of water and soil resources, taking into ac-
count ecological and economic factors, and proposed
a methodology for optimal resource allocation. Their
study touched upon issues of sustainable management
but did not include a detailed economic assessment,
which distinguishes it from the present study, where
water losses were analysed and measures for modern-
ising water infrastructure were proposed. The analysis
showed that Kyrgyzstan continues to face significant
water management challenges related to high water
losses, dilapidated infrastructure, and insufficient adop-
tion of modern technologies.

CONCLUSIONS

The study conducted a comprehensive assessment of
the state of Kyrgyzstan’s water resources for the peri-
od 2020-2024, including an analysis of the dynamics
of water use, economic losses, environmental changes
and the impact of climate factors. The study covered
key aspects of the water balance, such as river flows,
glacier degradation, water quality, losses in irrigation
systems and growth in water consumption in various
sectors of the economy. The analysis of water consump-
tion showed that agriculture remained the largest con-
sumer of water, despite significant losses in irrigation,
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which reached 38-40%. The Chui region, which has a
well-developed irrigation infrastructure, experienced
high volumes of water losses, while the Osh region
experienced an acute shortage of water resources due
to insufficient water supply and inefficient wastewater
treatment. The energy sector saw a decline in hydro-
power flows, which increased the vulnerability of the
energy system to changes in precipitation and glacier
degradation. The environmental change assessment re-
vealed a deterioration in water quality due to increased
pollution of rivers by industrial and agricultural runoff.

During the study period, the level of pollution in
Chui and Osh regions increased by 3-5%, indicating
that the efficiency of treatment facilities was insuffi-
cient. The water and environmental situation were fur-
ther complicated by the progressive degradation of gla-
ciers, which lost 0.5% to 1.2% of their volume per year,
affecting the availability of water resources in the long
term. The economic analysis of water use showed that
inefficient water allocation led to significant financial
losses. The largest losses were recorded in agriculture
due to water losses in irrigation, as well as in the mu-
nicipal sector, where up to 28-30% of water was lost in
water supply systems. In the energy sector, the lack of
water reduced the productivity of hydroelectric power
plants, increasing the national dependence on seasonal
fluctuations in water resources. A comparative analy-
sis of water management in Kyrgyzstan and developed
countries (Switzerland and Canada) demonstrated that
Kyrgyzstan has insufficient investment in water infra-
structure, low efficiency of treatment technologies and
a high share of water losses. In countries with devel-
oped water policies, modern technologies for water
treatment and redistribution are used to minimise the
negative impact of pollution and shortages. Based on
the data obtained, conclusions were drawn about the
need for a comprehensive reform of the water sector
in Kyrgyzstan. The key areas should include modernisa-
tion of water infrastructure, introduction of water-sav-
ing technologies, improvement of wastewater treat-
ment and development of adaptive water management
strategies to address climate change.
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AHnotauis. [JocnigxkeHHS Mano Ha MeTi npoaHanisyBatn $akTopu BOLOKOPWUCTYBAHHS, BNAWB HA HABKOJMULLIHE
cepenosulle Ta eQeKTUBHICTb yNpaBaiHHA BOAHUMU pecypcaMu Ans po3pobku pekoMeHAaLIi WoAo iX onTuMi3aLii.
[ocnipKeHHs BU3HAUMNO, WO CNOXWBAHHA BOAM B CiNbCbKOMY rocnogapcTei 3meHwwunocs 3 80 % y 2020 poui
0o 76 %y 2024 poui, ane BTpatM BOAM B ipuUraLiMHMX CUCTEMAX 3aAMILANMUCS BUCOKMMU, SMEHLIMBLLUCH ULLe 3
39 % no 38 %. Y Yyicbkin obnacTi, HanbinbWOMy CNoXunBayeBi BOAM, YACTKa BOJOKOPUCTYBAHHS 3MEHLIMAACS 3
45 % no 41 %, a eKkOHOMIYHi BTpaTu ckopoTuamcs 3 40 minbiioHiB gonapis CLLUA no 35 minbioHie gonapis CLUA.
Y Ouwcbkiv obnacTti, ska Mae oediunT BoAM, CNOXMBAHHSA BOAM cKopoTunoca 3 18 % no 14 %, ane fOCTYMHICTb
BOAM B CifIbCbKOMY rOCMOAAPCTBI Ta KOMYHANbHOMY CEKTOpi 3anuwanacs obmexeHot. OUMILEHHS CTIYHMX BOSA
nokpawmnocs 3 50 % y 2020 poui o 55 % y 2024 poui, ane Lei NokasHUK BYB 3HAYHO HUXKUYMM 3@ MiDKHAPOLHI
cTaHpaptu, ae Weenuapis ta KaHaga Manu piseHb ounweHHsa 95 % 1a 90 % signosigHo. MMopiBHANLHUIA aHani3
NMOKa3aB, L0 pO3BUHEHI KPaiHWM aKTUBHO BUKOPUCTOBYIOTb LIMDPOBI CUCTEMU MOHITOPUHTY BUTOKIB, iIHTENEKTYaNbHI
TEXHOJOTiT 3pOLLEeHHs Ta BaraTocTyneHeBy OYUCTKY BOAM, LLLO AO3BOMAMUIO 3HU3UTU BTPATU A0 6-8 %. Y KupruscraHi
Taki TexHonorii O6ynuM BNPOBafXXeHi JIOKANbHO Ta AuwWe B AEsSKUX CiflbCbKOroCMoAapCbKMX NiANpUEMCTBAX.
IHBecTULIT Yy BOAHY iHbpacTpykTypy cTaHoBuau 7 ponapis CLUA Ha aywy HaceneHHs nopisHsaHO 3 200 ponapamu
CLA y Weeriuapii Ta 150 gonapamu CLA B KaHagai, wo obMexyBano MoLepHi3aLito cMcTeMy BOAOMNOCTaYaHHS.
Bussneni npobnemu niotBepaunu HeobXifHiCTb pedOpMyBaHHS CUMCTEMM YNpPaBAiHHA BOLHUMMK pecypcamu,
BK/IIOYAOUM 3MEHLUEeHHS BTPaT BOAM, MOAEPHI3aALil0 OYMCHUX CNOPYA, BNPOBAAXEHHS UMPPOBMX pilleHb Ang
ynpaBAiHHS BOAHUMU pecypcaMu Ta aganTauito iHOpacTpykTypu A0 3MiH KNIMAaTUYHUX YMOB
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soils demonstrated the most favourable agrochemical parameters. The granulometric composition of brown
forest soils is medium loamy, with a sand content of 35-45%, silt of 30-40%, and clay of 15-25%. High levels
of humus (4.5-6%), total nitrogen (0.2-0.3%), available phosphorus (20-40 mg/kg), and potassium (high levels)
were recorded in the soils. The biological activity, estimated by microbial abundance, was 2-4 million/g, which
confirmed the high metabolic activity of the soil microflora. Mountain-brown carbonate soils were characterised
by a heavier granulometric composition, with an increased clay content (25-35%) and moderate fertility rates: 2.5-
4% humus, 0.1-0.2% nitrogen, 10-25 mg/kg of phosphorus, and a medium potassium level. Sandy soils have low
moisture capacity, weak aggregate structure, and extremely low fertility rates: 0.5-1.5% humus, <0.1% nitrogen,
5-15 mg/kg phosphorus, and low potassium levels. Biological activity does not exceed 1 million/g. The acidity of
soils varied: brown forest soils have a slightly acidic or neutral reaction with a pH of 5.8-6.5, which is favourable
for the absorption of nutrients. Mountain-brown carbonate soils are alkaline with a pH of 7.5-8.2, which reduces
the availability of certain elements. Sandy soils have a slightly alkaline pH of 6.8-7.4. The data obtained can
optimise land use, increase soil productivity, and minimise soil degradation

Keywords: humus; granulometric composition; carbonate content; erosion processes; acidity; minerals; organics

INTRODUCTION

Soils are a key component of ecosystems that play a
crucial role in ensuring food security and the sustain-
ability of agroecosystems. Agrochemical characteristics
of soils, including granulometric composition, organic
matter content, acidity and carbonate content, directly
affect their fertility and ability to support plant growth.
The Fergana Valley, located at the intersection of Uz-
bekistan, Kyrgyzstan, and Tajikistan, is one of the most
important agricultural territories in Central Asia, with
unique climatic and geographical features that shape
the agrochemical properties of the region’s soils. De-
spite a great amount of research on the soil cover of
Central Asia, the agrochemical characteristics of moun-
tain soils, in particular, the Fergana Valley, are still in-
sufficiently reviewed. These soils, especially mountain-
ous and carbonate soils, are characterised by a complex
structure and high spatial heterogeneity, which makes
it difficult to classify and agronomically evaluate them.
Thus, in the paper of D. Kholdarov et al. (2024), a de-
tailed analysis of the chemical composition of saline
soils in Central Fergana is conducted, where the fea-
tures of chloride-sulfate salinisation were displayed,
and the way irrigation changes their granulometric
composition was described. In the context of the de-
velopment of sustainable land use methods, the im-
portance of an integrated approach to the examination
of chemical and biological properties of soils is being
evaluated by B. Lei et al. (2022), emphasising the role
of organic and green fertilisers as factors that improve
soil fertility and microbiological activity.

The problem of insufficient supply of organic mat-
ter and macronutrients to soils is becoming particu-
larly relevant, which limits their productive potential.
L. Mhoro et al. (2024), examining soils on the slopes
of Kilimanjaro, found that fertility in lowland areas is
substantially lower, which is facilitated by a shortage of
manure and limited use of inorganic fertilisers. These
conclusions are confirmed in the study by R. Sidle et
al. (2023), stressing that in high-altitude areas, soil
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depletion is associated with limited natural resources
and requires an adaptive approach to agroecological
management. The problem of soil degradation is also
considered in a broader regional context. R. Lal (2024)
notes that processes such as erosion, salinisation,
humus depletion, and structural disruptions direct-
ly threaten food security in South and Central Asia.
These threats are reflected in the data of S. Measho et
al. (2022), which recorded an increase in soil electrical
conductivity, an indicator indicating increased salinity,
especially in pastures and marginal lands. In turn, |. Sta-
vi et al. (2021) underline the importance of accurate
monitoring and mapping of saline lands using modern
remote sensing methods. Against the background of
climate change and unstable land use, the agrochem-
ical properties of soils are under increasing pressure.
S.Song et al. (2025) have developed an indicator system
to identify priority conservation areas in Central Asia,
especially in mountainous and oasis areas, which high-
lights the importance of integrating agroecological and
socio-economic approaches.

Finally, organic technologies play a special role
in increasing soil resistance to degradation. B. Lei et
al. (2022) have shown that the use of green fertilisers
can increase the microbiological activity of the soil
and improve its structure. Similar results were ob-
tained by AM. Visscher et al. (2024), conducted in the
Andes, where the use of organic sheep manure helped
preserve the yields of traditional crops with a warm-
ing climate and a shortening of the growing season in
high-altitude areas. Despite the accumulated knowl-
edge, key issues regarding the agrochemical potential
of mountain soils in arid climates and intensive land
use remain unresolved. There is no systematic analysis
of the interaction of physico-chemical and biological
properties of soils at various altitude levels, or consid-
eration of anthropogenic and climatic factors affecting
degradation processes. The mechanisms of changes in
the content of organic matter, the transformation of




macronutrients, and the dynamics of acidity depending
on agrotechnical measures are not sufficiently covered.
The problem of increasing fertility is particularly rele-
vant in conditions of limited water supply and salinity
typical of the Fergana Valley.

The purpose of this study was the agrochemical
characterisation of the mountain soils of the Fergana
Valley with an emphasis on their physico-chemical and
biological properties.

MATERIALS AND METHODS

The study was conducted on the mountainous soils of
the Fergana Valley within the Uzbek part of the region,
covering the territories near the settlements of Rishtan,
Vuadil, and Yaypan, at altitudes from 600 to 1,400 me-
ters above sea level. The study examined brown forest
soils, mountain-brown carbonate soils, and sandy soils
typical of this orographic zone. The selection of sites
was conducted considering their geographical loca-
tion, altitude zone, climatic conditions, and features of
soil-forming processes. At the first stage of the study,
field work took place, which included the laying of
soil sections with a morphological description of the
horizons. 12 soil sections were laid with an even dis-
tribution over the area under study. The distance be-
tween the points ranged from 2 to 5 km, depending
on the accessibility of the site and the uniformity of
the relief. At each site, samples were taken from four
standard depths (0-10, 10-30, 30-50, and 50-100 cm).
The selection was repeated three times to ensure reli-
ability. The climatic conditions at the time of sampling
(April-May) were characterised by an average daily air
temperature of +17°Cand a total precipitation of about
40 mm, according to the Kokand weather station. Soil
moisture was at the level of 15-25%, depending on the
site, which is important when interpreting indicators of
water balance and biological activity. GPS mapping was
used to fix the coordinates of the sampling points, en-
suring the accuracy of subsequent spatial analysis.
After the field stage, all soil samples were sent to
the laboratory for physico-chemical analyses. The gran-
ulometric composition was determined by a combined
pipetting and dry sieving method in accordance with
ISO 11277:2020 (2020), which ensured reliable deter-
mination of the content of sandy, silty,and clay fractions.
The organic matter content was determined by two
methods: oxidation with a chromium mixture according
to Turenne (ISO 14235:1998,1998) and elemental anal-
ysis according to ISO 10694:1995 (1995). Soil acidity
was measured potentiometrically in aqueous and sa-
line suspensions (ISO 10390:2021, 2021). The soil car-
bonate content was assessed by the gasometric meth-
od using HCL solution, considering the requirements
of 1SO 10693:1995 (1995), which allows quantifying
the content of calcium and magnesium carbonates
in each horizon. The method of determining the cati-
on exchange capacity (CEC) using ammonium acetate
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(1ISO 23470:2007, 2007) was applied to assess the sorp-
tion capacity of soils. This indicator is critically impor-
tantin assessing the ability of the soil to retain nutrients
by ions.The macro-and microelement composition (N, P,
K, Ca, Mg, Fe, Cu, Zn) was analysed using atomic absorp-
tion spectrometry (ISO 11047:1998, 1998) and flame
photometry (ISO 9964-3:1993, 1993). Additionally, the
content of mobile forms of phosphorus and potassium
was determined by the Machigin and Kirukov method,
which allowed assessing the availability of these ele-
ments for plants. The technique was chosen based on
its high sensitivity to mobile forms and effectiveness in
carbonate soils. The assessment was in accordance with
the principles of ISO 11263:1994 (1994) for phosphorus.

The water-physical properties of soils were as-
sessed by determining moisture by gravimetry
(1ISO 11465:1993, 1993), water-strength aggregation by
wet sieving, and water permeability by cylindrical in-
filtration. The data obtained allow evaluating the abil-
ity of soils to retain moisture, resist destruction under
the influence of external factors and provide optimal
conditions for plant growth. Special attention was paid
to the analysis of the soil water regime, including the
groundwater level, capillary rise of moisture and filtra-
tion coefficient. A method of determining the content
of easily eroded particles and the calculation of the
erosion potential, considering the slope of the terrain
and climatic factors, was used to assess the risk of soil
erosion. Studies on the biological activity of soils were
conducted, including the analysis of the microbiologi-
cal composition by the method of sowing on nutrient
media and the of the respiratory activity of the soil for
the release of CO, (ISO 17155:2002, 2002). Thus, the
use of an integrated approach, including field research,
laboratory analyses, mathematical modelling, and sta-
tistical data processing, allowed obtaining a compre-
hensive agrochemical characteristic of the mountain
soils of the Fergana Valley.

RESULTS

The Fergana Valley, being an important agricultural re-
gion, has a variety of soils due to difficult geographical
and climatic conditions. Local soils are formed under
the influence of many factors, including topography,
climate, vegetation composition, and anthropogenic in-
fluences. As part of the study, a detailed examination
of the morphological characteristics of soils was con-
ducted, which allowed identifying the key features of
soil types, their orientation, and structure. Brown for-
est soils occupy the central part of the Fergana Valley,
which is characterised by a moderately arid climate and
high rainfall. They formed in areas where vegetation
prevails, actively contributing to the accumulation of
organic substances. As a result of this process, brown
forest soils have a pronounced horizontal character,
which is due to the long-term processes of rotting of
plant residues. The soils have a well-formed humus
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horizon with a thickness of 20-40 cm, which is an indi-
cator of a high content of organic matter since humus
is actively formed in conditions of moderate moisture.
The colour of these soils is dark brown, which is asso-
ciated with a high level of organic matter in the upper
horizon. The structure of brown forest soils is dense,
with a good aggregate structure, which contributes to
their water-retaining properties. Such soils have a high
content of water-soluble salts, which is important for
the nutrition of crops. These soils have a high moisture
capacity of up to 20-25%, which is especially important
for regions where seasonal precipitation is not always
sufficient for the needs of plants (Juliev et al., 2022).
The developed root system of plants, good mechanical
properties of the soil, ensure their resistance to erosion
processes. This allows the use of brown forest soils for
intensive agriculture, including the cultivation of crops
such as cotton, wheat, and fruits.

The mountain-brown carbonate soils common in
the higher mountainous parts of the Fergana Valley are
characterised by unique morphological features due to
the mountainous landscapes and climate features. In
these soils, a carbonate horizon is present at a depth of
40-60 cm, indicating a high content of calcite and other
carbonate minerals, leading to an alkaline soil reaction
(pH 7.5-8.2) (Abakumov et al., 2023). This composition
makes it difficult for plants to absorb certain macro-
and microelements, such as phosphorus and iron, which
requires the use of special agrotechnical techniques,
such as acid fertilisers, to improve the availability of nu-
trients. Soils have a looser structure compared to brown
forest soils, which contributes to better water penetra-
tion into deeper soil layers, but also reduces their water
retention capacity (humidity is 15-20%) (Masharobich
& Saidakbarovich, 2024). The medium-loamy composi-
tion makes mountain-brown carbonate soils good for
growing some types of crops; however, due to the low
humus content (2.5-4.5%), regular application of or-
ganic fertilisers is required to improve their fertility. In

these soils, it is also necessary to consider the tendency
to erosion, especially in areas with sudden temperature
fluctuations and heavy rains.

Sandy soils were found in the eastern and southern
parts of the Fergana Valley, where the climate is dri-
er and precipitation levels are drastically lower. These
soils have a weak horizontal orientation, which indi-
cates their immaturity and limited opportunities for the
accumulation of organic substances. The humus layer in
sandy soils is thin, not exceeding 10-20 cm, which is ex-
plained by the rapid decomposition of organic substanc-
es in conditions of high temperature and low humidity.
The colour of these soils is light, yellowish-beige, which
also indicates a low content of humus and organic mat-
ter. Sandy soils have high water permeability, which
means that water quickly escapes through them with-
out lingering in the upper layers (Filss et al., 1998). The
moisture content of sandy soils varies from 5 to 10%,
making them less suitable for non-irrigated farming.
These soils have a low nutrient content, which reduces
their fertility, and require regular application of organic
fertilisers and pH adjustments to improve the structure
and increase water retention.

The granulometric composition of the examined
soils of the Fergana Valley revealed pronounced dif-
ferences in the mechanical structure of various types
of soils, which determines their agronomic and phys-
ico-chemical properties. The analysis showed that
brown forest soils are mainly characterised by a me-
dium-loamy composition, in which the content of the
sand fraction varies from 35 to 45%, silt - from 30 to
40%,and clay - from 15 to 25% (Table 1). Such a ratio of
granulometric fractions contributes to the formation of
a loose and resistant to water erosion structure, which
has a high moisture retention capacity and is favoura-
ble for the development of the root system of plants.
Such soils have good aeration, heat capacity, and water
permeability, which together make them promising for
high-productivity agriculture.

Table 1. Granulometric composition of soils in the Fergana Valley

Soil type Sand, % fraction Silt, % fraction Clay, % fraction
Brown forest trees 35-45 30-40 15-25
Mountain-brown carbonate rocks 25-35 35-40 35-35
Sandy Up to 80 10-15 5-10

Source: created by the authors

In contrast, mountain-brown carbonate soils have
a heavier mechanical composition due to an increased
proportion of clay particles ranging from 25 to 35%.
At the same time, the content of silt is in the range of
35-40%, and the sand fraction is about 25-35%. This
structure gives soils a high density, reduces permeabil-
ity and promotes caking, especially during waterlog-
ging. However, a high proportion of clay has a positive
effect on the water retention capacity and increases
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the cation exchange capacity of soils, contributing to
the fixation and prolonged action of batteries. Notably,
mountain-brown soils require a balanced approach to
cultivation, especially in arid climates and when us-
ing heavy machinery, since excessive compaction can
lead to deterioration of their structure. Sandy soils, on
the contrary, are characterised by a light granulometric
composition, in which the content of the sand fraction
reaches 80%, while the content of silt varies from 10




to 20%, and clay - from 10 to 15%. This structure de-
termines high porosity and water permeability, but ex-
tremely low moisture retention, which leads to rapid
leaching of nutrients from the root layer and a decrease
in overall productivity. In addition, the weak aggrega-
tion of sandy soils makes them vulnerable to wind and
water erosion. In this regard, effective agricultural use of
sandy soils is possible only if a complex of soil-improv-
ing measures is conducted, including the introduction
of organic materials, the formation of moisture stor-
age structures and the use of mulching technologies.

The revealed differences in the granulometric
composition of the soils of the Fergana Valley indicate
the need for a differentiated approach to their agro-
technical use. Medium-loamy brown forest soils have
the greatest potential for crop production due to their
balanced structure. Mountain-brown carbonate soils
require increased attention to preventing compaction
and caking, while sandy soils require active land recla-
mation and fertility maintenance. Consideration of the
mechanical composition of soils in the development
of agricultural technologies and fertiliser systems is
crucial for increasing the sustainability and productiv-
ity of agroecosystems in the region. An analysis of the
humus content in various types of soils in the Ferga-
na Valley revealed substantial differences in the level
of organic matter, reflecting the features of their for-
mation, climatic conditions, and the nature of vegeta-
tion cover. The highest humus content was recorded
in brown forest soils, where its concentration ranges
from 4.5 to 6%. These soils are formed in a moderate-
ly humid climate, are characterised by a high level of
biological activity and a rich vegetation cover, which
contributes to the constant supply of organic residues
to the upper horizons of the soil. The active activity
of soil microflora and fauna in combination with suffi-
cient humidity ensures an effective process of humus
formation. The high humus content has a positive ef-
fect on the soil structure, its water-physical properties,
cation exchange capacity and agrochemical activity,
thereby increasing the overall fertility and stability of
agroecosystems (Brovko et al., 2025).

In mountain-brown carbonate soils, the humus con-
tent was moderate and ranged from 2.5-4%. These soils
are formed in more arid conditions, with lower vege-
tation density and elevated temperatures, which con-
tributes to accelerated mineralisation of organic resi-
dues. The carbonate nature of the soil-forming rocks
also affects the processes of organic decomposition:
carbonates contribute to the alkaline reaction of the
soil solution, which is less favourable for the stability
of humic compounds (Kruglov et al., 2023). However, de-
spite this, the organic matter content remains at a rel-
atively good level, which indicates the presence of sta-
ble forms of humus and the compensatory role of clay
components that contribute to the fixation of organic
molecules in the soil matrix. Systematic application of
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organic fertilisers and green manure crops is recom-
mended to increase the humus content in such soils.

The minimum humus content was found in sandy
soils, where its level was only 0.5-1.5%. This is primarily
due to the extremely unfavourable conditions for the
accumulation of organic matter. Sandy soils are char-
acterised by high water permeability and low moisture
retention, which sharply limits biological activity and
reduces the intensity of humus formation processes. In
addition, the coarse-grained structure and the absence
of clay fractions contribute to the rapid leaching of or-
ganic compounds and a decrease in cation exchange
capacity. In conditions of high temperature and lack
of moisture, the mineralisation of organic residues
proceeds rapidly, while the weak development of veg-
etation cover limits the supply of new organic matter
(Cholponbek et al., 2025). These soils require a range
of measures to improve their organic condition, includ-
ing regular application of organic fertilisers, compost,
siderates, and the use of mulch. Increasing the humus
state of sandy soils is an important condition for im-
proving their structure, increasing their water retention
capacity, and ensuring sustainable crop growth. The
level of humus content of the studied soils directly cor-
relates with their granulometric composition, climatic,
and biological conditions of formation.

The analysis of the acid-base state of the studied
soils of the Fergana Valley demonstrated a clear de-
pendence of the reaction of the soil solution on the
granulometric composition and content of carbonate
compounds. pH values vary in a wide range from slight-
ly acidic to alkaline reactions, which has a substantial
impact on the agrochemical properties of soils, primar-
ily on the availability of nutrients and the activity of
the microbiota. According to the data obtained, brown
forest soils have a slightly acidic or close to neutral
reaction, with a pH range from 5.8 to 6.5. This acidity
is considered optimal for most cultivated plants, as it
provides the best absorption of macro- and microele-
ments, in particular, phosphorus, iron, manganese, and
zinc. In addition, a slightly acidic environment promotes
high biological activity of the soil, accelerates the pro-
cesses of mineralisation of organic substances, and the
formation of a stable structure. The presence of humus
and clay particles contributes to buffering properties,
preventing sudden pH fluctuations when applying fer-
tilisers or in conditions of humidity changes.

Mountain-brown carbonate soils, on the contrary,
are characterised by a pronounced alkaline reaction,
with pH values in the range 7.5-8.2. The alkaline en-
vironment is caused by the high content of calcium
and magnesium carbonates, which actively neutralise
the acids formed during the decomposition of organ-
ic matter. Although such conditions can contribute to
the stabilisation of organic forms of nitrogen, the al-
kaline reaction significantly reduces the availability
of a number of nutrients, especially phosphorus, iron,
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copper, and manganese, which under these conditions
turn into poorly soluble forms. This leads to hidden
forms of deficiency of elements, even with their suf-
ficient total content in the soil. To increase the agro-
chemical efficiency of mountain-brown soils, it is rec-
ommended to use acidifying fertilisers (for example,
ammonium-containing ones), the use of organic addi-
tives, compost, and siderates that can partially compen-
sate for carbonate buffering.

Sandy soils showed a slightly alkaline reaction
with pH values from 6.8 to 7.4. Despite the absence
of substantial amounts of carbonates, the neutral or
slightly alkaline environment in these soils is due to
the minimal buffer capacity and weak acid-neutralis-
ing ability. Such soils are subject to rapid pH changes
in response to external influences, including watering,

fertilisation, and climatic fluctuations. In addition, with
a low content of organic matter and moisture, even a
moderately alkaline environment can adversely affect
the digestibility of nutrients. In this regard, to increase
the agronomic efficiency of sandy soils, it is necessary
to regularly apply organic fertilisers and maintain an
optimal level of acidity using acid phosphates or hu-
mic additives. The content of macronutrients in soils
is an important indicator of their agrochemical state
and affects soil fertility, in addition to plant growth and
development. The study found that the content of the
main macronutrients - nitrogen, phosphorus and po-
tassium - varies depending on the type of soil and its
granulometric composition, which reflects the different
abilities of the soil to provide plants with the necessary
nutrients (Table 2).

Table 2. Humus content N, P K

Soil type Humus, % fraction Nitrogen, % fraction =~ Phosphorus, mg/kg Potassium level
Brown forest trees 4.5-6 0.2-0.3 20-40 High
Mountain-brown carbonate rocks 2.5-4 0.1-0.2 10-25 Medium
Sandy 0.5-1.5 0.1 5-15 Low

Source: created by the authors

Nitrogen is one of the key elements determining
soil productivity, as it forms the basis for the synthe-
sis of amino acids and proteins in plants. In brown for-
est soils, the nitrogen content varies from 0.2 to 0.3%,
which is a relatively high level and sufficient to meet
the nitrogen needs of most crops at the initial stages of
growth. This is due to the good biological activity of the
soil and the high content of organic matter, which grad-
ually mineralises, providing plants with ammonium and
nitrate forms of nitrogen. In mountain-brown carbonate
soils, the nitrogen content decreases to 0.1-0.2%. This
decrease is associated with a low level of organic mat-
ter and increased mineralisation in a warm climate.
These soils may require additional doses of nitrogen
fertilisers to maintain optimal nutrient levels for plants,
especially in the early stages of their growth. In sandy
soils, the nitrogen content does not exceed 0.1%, which
is the minimum value among all types of soils. This is
due not only to the low content of organic matter, but
also to the high rate of mineralisation, which hinders
the accumulation of nitrogen in an accessible form. For
sandy soils, reqular application of nitrogen fertilisers is
especially important to maintain soil productivity.

Phosphorus is an essential element for the forma-
tion of the root system and photosynthesis processes
(Bobunov et al., 2023). In brown forest soils, available
phosphorus ranges from 20 to 40 mg/kg, which is a
high indicator that provides plants with good access to
this element necessary for their growth and develop-
ment. This is due to both the high content of organic
matter and the moderate acidity of these soils, which
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contributes to good phosphorus mobility. In moun-
tain-brown carbonate soils, the available phosphorus
content varies from 10 to 25 mg/kg. Due to the high
alkaline reaction of these soils, phosphorus in them
is often deposited in insoluble forms, which limits its
digestibility by plants. In such conditions, phosphorus
becomes less accessible to plants, which requires the
use of corrective measures, such as the introduction of
acidifying fertilisers or organic additives. In sandy soils,
the available phosphorus content ranges from 5 to
15 mg/kg. This is a fairly low level, which is due to both
the low content of organic matter and its high permea-
bility, which contributes to the leaching of phosphorus.
It is necessary to regularly apply phosphorus fertilisers
to increase the availability of phosphorus in sandy soils,
which will help provide plants with the necessary ele-
ments for growth.

The potassium content in the soils of the Fergana
Valley is quite high in all types of soils, but its avail-
ability differs depending on their structure. In brown
forest soils, due to the high humus content and me-
dium texture, potassium is available in a fairly good
amount, which contributes to its effective absorption by
plants. In mountain-brown carbonate soils and sandy
soils, the availability of potassium is also rather high,
but in sandy soils, this element tends to be quickly
washed out due to its weak structure and low cation
exchange capacity. During the examination of the soils
of the Fergana Valley, an analysis of the number of mi-
croorganisms in various types of soils was conducted,
which identified substantial differences in the level of




biological activity. High microbiological activity is ob-
served in brown forest soils, which is expressed in the
number of microorganisms from 2 to 4 million per
gram of soil. This indicator is the highest among all
the soil types under study and indicates a high degree
of humus content and active decomposition of organ-
ic substances in these soils. High biological activity is
due to favourable conditions for microorganisms, such
as optimal humidity, temperature, and the presence of
a diverse vegetation cover, which serves as a source of
organic residues. It also promotes increased mineral-
isation of nitrogen, phosphorus, and other elements
needed by plants and supports the structural stability
of the soil.

In mountain-brown carbonate soils, microbiologi-
cal activity is slightly lower and ranges from 1-2 million
microorganisms per gram of soil. Such indicators may
be associated with a lower content of organic matter,
which limits the number of available substrates for mi-
croorganisms. A more alkaline reaction of these soils
can also negatively affect the activity of certain types
of microorganisms, which leads to a smaller number
of microbial fauna compared to brown forest soils.
The lowest biological activity was found in sandy soils,
where the number of microorganisms was less than 1
million per gram of soil. This indicator is due to the
low content of organic matter, in addition to the high
permeability of the soil, which contributes to the rapid
leaching of organic residues and nutrients. The weak
biological activity in these soils limits their ability to
self-heal and requires regular application of organic
fertilisers to maintain fertility.

One of the important aspects of the study was
the assessment of the soil resistance of the Fergana
Valley to erosion processes, including water and wind
erosion. Soil erosion is the process of destruction and
removal of the upper fertile soil layer, which can se-
riously affect its productivity and the sustainability of
agricultural production (Yzakanov et al., 2024). Brown
forest soils are characterised by high resistance to ero-
sion processes, both water and wind. This is due to their
dense structure and good water-resistant aggregation.
The high content of organic matter, especially humus,
improves the soil structure, which increases its resist-
ance to being washed out and loss of nutrients. The
water-strength aggregates of these soils greatly exceed
85%, which minimises their susceptibility to water ero-
sion.Due to this,brown forest soils can effectively retain
moisture, which reduces the likelihood of their leaching
and destruction under the influence of precipitation
and water flows. Mountain-brown carbonate soils have
less resistance to erosion compared to brown forest
soils. Despite the presence of clay particles, which can
contribute to some structural stability, these soils are
prone to caking due to their denser structure and high
content of calcium and magnesium carbonates. This re-
duces their water-resistant aggregates and makes them
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more vulnerable to surface washout, especially during
heavy rains or strong water flows.

Sandy soils are the most vulnerable to erosion pro-
cesses. They are characterised by a low content of or-
ganic matter and a weak aggregated structure, which
makes them prone to weathering and washout. The low
moisture retention capacity of sandy soils also contrib-
utes to their high susceptibility to water erosion. Under
conditions of wind erosion, these soils lose their top
layer, which is aggravated by the low content of humus
and organic matter, which limits the ability to restore
the soil structure. It is necessary to introduce agro-
technical measures, such as planting protective plants,
using organic fertilisers, and improving soil structure
using various soil-improving methods to lower the
erosion processes on such soils. Differences in soil re-
sistance to erosion emphasise the importance of an in-
tegrated approach to their use and protection. Brown
forest soils have the best characteristics for agriculture
in the conditions of the Fergana Valley, while moun-
tain-brown and sandy soils require additional efforts to
prevent erosion processes and improve their structure.

A quantitative assessment of the potential effect of
the use of various agrotechnical measures was conduct-
ed, considering the local climatic and soil conditions of
the region, to properly research the issue. The analysis
indicated that applying organic fertilisers (compost or
manure) on sandy soils at a dose of 25-30 t/ha over
three years can increase the humus content from 0.5-
1.5% to 2-2.2%. Thereby, the total nitrogen level in-
creases from <0.1% to 0.12-0.14%, which, according to
calculations, can increase the yield of grain and fodder
crops by 35-40%. An additional effect is provided by the
cultivation of perennial legumes (alfalfa, sweet clover),
which increase microbiological activity by 2-2.5 times
and improve the water-retaining properties of the soil.
For mountain-brown carbonate soils (with a pH of 7.5-
8.2), the combined use of organic fertilisers (15 t/ha)
and ammonium sulfate (60 kg/ha) with superphosphate
(40 kg/ha) is an effective measure. This reduces the pH
to 7-7.2 and increases phosphorus availability by 40-
50%, which increases grain yields by 20-25% under
conditions of limited irrigation. On brown forest soils,
despite the high natural fertility, measures to prevent
erosion on the slopes remain effective. The use of
mulch, minimal tillage, and green manure crops reduc-
es the loss of humus and aggregate structure, retains
moisture in the surface horizons, which contributes to
sustainable productivity without additional fertiliser.
The proposed measures, adapted to the conditions
of the Fergana Valley, provide a projected increase in
agrochemical indicators and yields by 20-40%, depend-
ing on the type of soil and the depth of intervention.

DISCUSSION

The conducted study on the agrochemical charac-
teristics of the mountain soils of the Fergana Valley
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indicated pronounced differences in their composition,
structure, and biological activity depending on the type
of soil and relief conditions. The results obtained are
compared with data from other studies conducted in
various mountainous and arid regions of the world,
which allowed for a comprehensive comparative analy-
sis and identification of universal patterns and regional
features. The brown forest soils of the Fergana Valley
are characterised by a medium-loamy granulomet-
ric composition, with a predominance of silt and clay,
which forms a good water retention capacity, stable
structure, and favourable conditions for microbiologi-
cal activity. The sand content is 35-45%, silt - 30-40%,
clay - 15-25%. Such a combination of granulometric
fractions contributes to the effective retention of mois-
ture in the soil column and the formation of a structure
with a high degree of porosity. As shown in the study
by AJ. Franzluebbers et al. (2025), soils with a simi-
lar mechanical composition have an increased cation
exchange capacity, are characterised by an active mi-
crobiological regime, and are resistant to physical and
chemical degradation. Such properties are especially
important during intensive exploitation of agricultural
land and under conditions of increasing climatic stress.
The humus content in brown forest soils is 4.5-6%,
which represents a high level of organic accumulation,
favourable for agrochemical balance and maintenance
of the structure. H. Man et al. (2023) note that the thick-
ness of the humus layer in China’s boreal forests de-
pends on height and slope, reaching up to 26.7 cm, and
permafrost degradation accelerates humus depletion.
Similar results are stated by M. Zhiyanski et al. (2017),
where afforestation in the Central Balkans led to a de-
crease in organic carbon content and soil pH, especial-
ly after the replacement of hardwoods with conifers.
The study also showed a decrease in humus content
in mountain-brown soils (2.5-4%), and in sandy soils, it
was only 0.5-1.5%.

Sandy soils containing up to 80% of the sand frac-
tion exhibit extremely low moisture retention and
weak aggregate structure. Such characteristics dras-
tically worsen the conditions for plant development,
increase the risk of erosion processes and contrib-
ute to the leaching of nutrients from the root zone.
C.A. Brihl et al. (2024) underscore the serious danger
associated with the accumulation of pesticides, which
leads to a decrease in biodiversity and the destruction
of soil structural stability, even in remote mountain
ecosystems. This problem is becoming most relevant
in agricultural regions with high intensity of land use
and insufficient environmental control over the level
of chemical pollution. The acidity of soils varies from
slightly acidic to slightly alkaline. pH values from 5.8
to 6.5 were observed in brown forest soils, which is
favourable for the absorption of macro- and micro-
elements. In carbonate soils, the pH reaches 7.5-8.2,
which may limit the bioavailability of certain forms of
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phosphorus and trace elements. In sandy areas, the pH
value is in the range of 6.8-7.4. Similar results are pre-
sented in the paper of AM. Belay et al. (2023), where
the spatial distribution of pH in the mountainous re-
gions of Ethiopia depends on precipitation, type of land
use, and altitude. Y. Shen et al. (2021) also indicate that
cyclical pH changes were observed in southern China
from 1982 to 2018 under the influence of acid rain and
organic matter reduction, which confirms the sensitiv-
ity of pH to exogenous factors. In this publication, the
obtained values of soil acidity (from slightly acidic in
brown forests to slightly alkaline in sandy soils) con-
firm the complex nature of pH regulation. Y.Y. Zhang et
al. (2019) demonstrated that pH is particularly affected
by variables such as slope exposure, precipitation, and
parent rock, with the degree of influence varying be-
tween horizons A, B, and C. The use of CART models has
shown high accuracy in acid prediction, which opens
up opportunities for differentiated soil management in
hilly and mountainous regions.

The nitrogen content in brown forest soils was
0.2-0.3%, which provided optimal conditions for
plant development, especially in the early stages of
vegetation. Mountain-brown soils showed a decrease
to 0.1-0.2%, and sandy soils - less than 0.1%, which
makes them dependent on external application of ni-
trogen fertilisers. Notable differences in phosphorus
content were also found: in brown - 20-40 mg/kg, in
carbonate - 10-25 mg/kg, in sandy - 5-15 mg/kg. The
data is comparable to the results of Q. Li et al. (2021),
where phosphorus availability was a limiting factor for
meadows in the Qilian Mountains. B. Su et al. (2024)
also emphasise the importance of spatial analysis of
the distribution of nitrogen and phosphorus, consid-
ering terrain, temperature, and texture. The obtained
patterns of changes in phosphorus and cation content
depending on the type of soil and altitude above sea
level are in good agreement with the results of P. De
Bauw et al.(2016), who showed that soil fertility on the
slopes of Mount Elgon decreases with increasing alti-
tude due to a decrease in phosphorus and exchange
cations. In addition, the authors identified the depend-
ency of the mineral supply of plants on a specific re-
lief zone: in the lower part of the slopes, magnesium
deficiency occurs due to antagonism with potassium,
and in the upper part - due to general depletion. This
observation highlights the need for a localised ap-
proach to agrochemical regulation. Biological activity,
estimated by the number of microorganisms, ranged
from 2-4 million/g in brown forest soils to less than 1
million/g in sandy soils, which is fully consistent with
the conclusions of D. Kodirova et al. (2023) on the key
role of the humus horizon in maintaining the micro-
bial community. Z.H. Aliyev and M.A. Quliyeva (2023)
demonstrate that the introduction of perennial grass-
es leads to a substantial increase in microbiological
activity due to the enrichment of soil with organic




matter. Similar trends have been established by L.Ran-
gel et al. (2019) and D. Salesa & A. Cerda (2020), link-
ing the degradation of the soil cover with trampling,
excessive recreational loading and disruption of the
pasture exploitation regime.

Special attention should be paid to soil resistance
to erosion processes. According to the data, sandy soils
are subject to the highest erosion due to their weak
aggregate structure, while brown forest soils, due to
their high water-strength aggregates (more than 85%),
demonstrate stability even on slopes. Similar depend-
encies were identified in the study by H. Hag Husein et
al. (2024), where, using the CORINE model, a high ero-
sion vulnerability of soils was specified, including ar-
eas with dense vegetation, especially in conditions of
intense precipitation. Researchers C. Jiang et al. (2021)
and L. Wen et al. (2023) confirm that urbanisation and
changing land use patterns immensely worsen erosion
processes. The climate warming, according to J. Peng et
al.(2021), can both contribute to an increase in organic
matter in the soils of mountainous regions due to the
lengthening of the growing season, and enhance rock
weathering with sudden fluctuations in humidity. Such
dual effects require monitoring, especially in vulnera-
ble areas, as demonstrated by W. Sun et al. (2023) on the
Tibetan Plateau. To stabilise the soil cover, it is neces-
sary to introduce agroforestry measures, along with the
systematic monitoring of landscape fragmentation as
one of the key risk factors.

In general, a comparative analysis has shown that
the agrochemical properties of the soils of the Fergana
Valley are in the range typical for mountain systems of
temperate and dry climates. However, features such as
localised alkalinity, humus-poor sandy soils, and sensi-
tivity to erosion require adapted land management pro-
grammes. This includes the use of organic fertilisers,
the introduction of perennial crops, anti-erosion meas-
ures, and strategic land use planning based on topogra-
phy, climate, and soil texture.

CONCLUSIONS

The analysis of the soils of the Fergana Valley revealed
a substantial variety of their physico-chemical proper-
ties. Brown forest soils have a medium loamy composi-
tion (sandy fraction 35-45%, silt 30-40%, clay 15-25%),
which contributes to a high moisture retention capacity.
Mountain-brown carbonate soils contain 25-35% clay
particles and less sand fraction. Sandy soils are domi-
nated by sand particles up to 80%, which makes them
unsuitable for agriculture without irrigation. The humus
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content is the highest at 4.5-6% in brown forest soils
due to active biological activity. In mountain-brown
carbonate soils, it is below 2.5-4%, and in sandy soils,
it is at a minimum of 0.5-1.5% due to accelerated min-
eralisation of organic matter. In terms of soil acidity,
there are pronounced differences: brown forest soils
have a slightly acidic or neutral reaction (pH 5.8-6.5),
which provides optimal conditions for the absorption
of nutrients by plants. Mountain-brown carbonate soils
are characterised by an alkaline environment (pH 7.5-
8.2), which may limit the availability of certain mac-
ro- and microelements. A slightly alkaline reaction
(pH 6.8-7.4) was established in sandy soils, while the
low content of organic matter further reduces their
agrochemical efficiency. The macronutrient compo-
sition differs, and the nitrogen content varies from
0.2-0.3% (brown forest soils) to less than 0.1% (sandy
soils). Available phosphorus is higher in brown forest
soils (20-40 mg/kg), and potassium is better retained
in loamy soils. Water-physical properties affect erosion
resistance, and in the process, it was determined that
brown forest soils are characterised by high moisture
capacity and erosion resistance. Mountain-brown soils
are moderately moisture-intensive, while sandy soils
require additional irrigation.

The data obtained allow formulating recommen-
dations on the rational use of the soils of the Ferga-
na Valley and developing measures to improve their
fertility and resistance to degradation. However, the
present study covered only a part of the territory of
the Fergana Valley, which may limit the extrapolation
of the data to the entire region. The analysis methods
applied, although widely used, had certain errors re-
lated to the natural variability of soil characteristics.
The study also did not account for seasonal changes in
moisture and organic matter, which can considerably
affect the agrochemical properties of soils. For more
detailed research, it is necessary to conduct additional
studies, including long-term monitoring of soil param-
eters and analysis of the influence of anthropogenic
load and climatic factors.
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AHoTauif. AKTyanbHiCTb [OCAIAXeHHS TpyHTiB MDepraHcbKoi AOAMHM 3yMOB/IEHA iX Pi3HOMaHITHICTIO Ta
BAX/IMBICTIO A4N19 CiNbCbKOr0 rocnofapcrea perioHy. Pi3Hi FpyHTOBI TMNKM BigpPi3HAOTHCA 33 rPaHYNOMETPUYHKUM
CKNaAoM, pOAIYICTIO Ta 34aTHICTIO YTPMMYBATM BOMIOTY, WO BMAMBAE HA iXHI arpoXxiMiyHi BNacTMBOCTi. MeTow
LOCNimKeHHS BB KOMMNEKCHWIA aHani3 arpoxiMiYHMX XapaKTepPUCTUK IPyHTIB PepraHcbKoi JOAMHU, BKHOYAKOUM
rpaHyn0MeTPUYHUI CKNAA, BMICT F'yMYyCY, KUCNOTHICTb, KAPOOHATHICTb, BOAHI BNACTUBOCTI Ta 6i0N0riYHY aKTUBHICTb.
MeToan BKNHOYANU NOJSIbOBI AOCAiIAXKEHHS, BiA6ip Npob 3 pisHUX BUCOTHMUX NOSCIB, N1abOpaTOpHi aHani3n xiMivyHoro
cknapy. BusHaueHHs asoty npoeoaunocs metogom K'enbaang, docdopy - metogom MauuriHa i KipykoBa, kanito
- NonyM'aHoo GoToMeTpieto. PesynbTaTv JOCNIOXEHHS MOKA3anM 3HaYHi BiAMIHHOCTI y CKNaAi Ta BNAaCTMBOCTAX
pi3HUX TUNiB I'pyHTIB. bypi NicoBi rpyHTM NpoAEeMOHCTPYBanu Hanbinbll CNpUSTAMBI arpoxiMivHi mapameTpu.
[paHynoMeTpuuHUi cknag 6ypux NicoBUX IpyHTIB CepeAHbOCYIIMHKOBMI, i3 BMICTOM nicky 35-45 %, myny 30-
40 % Ta ranHu 15-25 %. Y rpyHTax 3adikcoBaHO BMCOKI piBHi rymycy (4,5-6 %), 3aranbHoro asoty (0,2-0,3 %),
pocrynHoro docdopy (20-40 mr/kr) i Kanito (BUCOKWUIA piBeHb). bionoriyHa akTUBHICTb, OLiHIOBaHa 32 MiKpobHOH0
YMCenbHICTo, CTaHoBMNA 2-4 MAH/T, WO NiATBEPAMNIO BUCOKY MeTaboniuyHy akTMBHICTb FPYHTOBOI Mikpodnopu.
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FipHMYO-KOpUYHEBi KapbOHATHI I'PYHTU XapaKTEPU3YBaNMUCh BAXKYMM FPAHYIOMETPUYHMUM CKNAAO0M, 3 MiABULLEHUM
BMICTOM NUHU (25-35 %) i nOMipHUMMKM NokasHUKaMK pogatoyocTi: 2,5-4 % rymycy, 0,1-0,2 % a3zoty, 10-25 mr/kr
dopcdhopy Ta cepenHiv piBeHb Kanito MiwaHi rpyHTU Manu HW3bKY BOJOTOEMHICTb, CNABbKy arperatHy CTPYKTypy
Ta BKpaM HM3bKi NokasHuku poatoyocTti: 0,5-1,5 % rymycy, <0,1 % asoty, 5-15 mr/kr docdopy, HU3bKUI piBEHb
Kanito. bionoriyHa akTMBHICTb He nepesuwyBana 1 MaH/r. KUCNOTHICTb IpyHTIB BapitoBanack: Bypi NicoBi rpyHTU
MatoTb cnabokucny abo HelTpanbHy peakuito 3 pH 5,8-6,5, Wo cnpuaTanBo NS 3aCBOEHHS NMOXMBHUX PEYOBUH.
FipHMYO-KOpUYHeBi KapboHaTHI FPYHTM NyxHi 3 pH 7,5-8,2, Wo 3HMXKYE AOCTYNHICTb Aeskux enemeHTiB. lNiwaHi
rpyHTV MatoTb cnabonyxHy peakuito pH 6,8-7,4. OTpuMaHi gaHi 4aayTb 3MOry ONTUMMIi3yBaTH 3eM/1IEKOPUCTYBAHHS,
NiABUWMTM NPOAYKTUBHICTb FPYHTIB i MiHIMi3yBaTK iXHI0 AerpagaLito

KniouoBi cnoBa: rymyc; rpaHy/lOMeTpUUYHMIA CKNAZ,; KapOOHATHICTb; epo3iliHi NpoLecu; KUCIOTHICTb; MiHepanu;
opraHika
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retention exceeded the control figures by 0.15-0.47 t/ha, reaching maximum values of up to 2.76 t/ha on the
backstage pairs. The correlation coefficient between total water consumption during the growing season and yield
was 0.83, indicating a high influence of the water regime on productivity. The established relationship between
the amount of moisture in the snow and yield was moderate, with a coefficient of 0.42, especially in stubble plots.
The obtained results confirm the high efficiency of snow retention technologies for increasing the water supply of
crops and the sustainability of yields in the steppe conditions of Northern Kazakhstan. Their use is recommended
to optimise the system of agrotechnical measures in the face of increasing climate instability

Keywords: snow accumulation; soil moisture; snow retention; backstage steam; autumn tillage; yield

INTRODUCTION

Global climate change, manifested in higher average
winter temperatures, changes in the structure and
volume of atmospheric precipitation, reduced snow
cover and more frequent droughts, are significantly
transforming hydrological processes in the agricultur-
al landscapes of arid and semi-arid regions, including
Northern Kazakhstan, where a high proportion of the
annual water balance is formed by winter precipitation,
while the decline in snow resources and temperature
instability pose significant risks to the sustainability of
agricultural productivity. The loss of winter moisture
necessitates the development and implementation of
effective agrotechnical measures aimed at optimising
the accumulation and retention of snowfall on fields.
This task is particularly important in the context of en-
suring the resilience of agricultural production systems
to climate change and the adaptation of agriculture to
new hydrothermal conditions.

Changes in snow cover and winter precipitation
vary significantly depending on the climatic conditions
of different regions of the world (Shahini, 2024). In
Asian mountain systems, according to P.Kraaijenbrink et
al. (2021), a decrease in snow moisture threatens the
sustainability of water supply, especially in the face of
rising temperatures. The study by Y. Qin et al. (2020)
noted an increase in agricultural risks as a result of
disruptions in snowmelt in areas dependent on snow
resources. In northeastern China, as shown by M. Pan et
al. (2022), a decrease in snow cover thickness leads to
a decrease in soil moisture content in spring, which
negatively affects the initial phases of crop growth. In
European mountainous regions, according to P. Ebner et
al. (2021), effective management of snow resources is
becoming a key element of adaptive agricultural strat-
egies in the face of climate instability. In Northern Ka-
zakhstan, climate change is particularly acute, posing
significant risks to the sustainability of agricultural
ecosystems (Oshergina & Ten, 2023). As shown in the
study by V. Salnikov et al. (2023), since the beginning
of the 21t century, the region has seen a steady trend
of increasing winter temperatures and decreasing total
precipitation, which leads to a deterioration in the ac-
cumulation of snow moisture. M. Karatayev et al. (2022)
highlighted that the instability of winter moisture in-
creases the risk of spring droughts, which have a critical

impact on the productivity of cereals, especially wheat.
These changes necessitate a review of traditional ag-
ricultural practices to optimise the accumulation of
winter precipitation and stabilise the water balance of
arable land.

Adaptation of agricultural systems to changes in
the winter water regime remains one of the least de-
veloped problems in modern agroclimatic research
(Chabaniuk et al., 2024). The high degree of vulnera-
bility of agricultural production to changes in temper-
ature and winter precipitation regimes was established
in the study by A. Islyami et al. (2020), emphasising the
insufficient development of adaptation scenarios that
consider the specifics of snow moisture. A significant
contribution to the development of spatial planning
methodology was made by S. Baisholanov et al. (2024),
proposing an agroclimatic zonal classification that in-
tegrates the impact of winter precipitation into the sys-
tem for assessing the adaptive potential of agricultural
land. Despite this, comprehensive models focused on
optimising snow retention as one of the key factors in
stabilising spring water availability remain underdevel-
oped. Optimisation of snowfall management methods
to increase spring soil moisture remains one of the
insufficiently studied areas of agrotechnical research
(Pavlova & Litvinoy, 2024). Increase in the content of
organic matter in the soil is considered a promising
direction, which contributes to an increase in its wa-
ter-holding capacity and more efficient use of winter
moisture, as confirmed by the results of numerical mod-
elling presented in M. Feifel et al. (2024). An integrated
approach to assessing the impact of different tillage
technologies on seasonal moisture dynamics was first
implemented by G. Blanchy et al. (2020) using geophys-
ical survey methods, which revealed a high spatial het-
erogeneity of moisture distribution.

Despite the existence of studies on climate change
and agronomic approaches to snow resource man-
agement, complex snow retention models and their
impact on spring water supply in steppe agricultural
landscapes are still insufficiently studied. The study
aimed to evaluate the effectiveness of various agro-
nomic backgrounds and snow retention technologies in
ensuring the accumulation of winter moisture and its
subsequent impact on the soil water regime.
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MATERIALS AND METHODS
Experiment object and conditions. The field experiment
was conducted in 2021-2024 at the experimental sta-
tion of the North Kazakhstan Agricultural Experimental
Station located in the steppe zone of northern Kazakh-
stan. The region was chosen due to a sharply continen-
tal climate, winter precipitation plays a key role in shap-
ing the annual water balance, and the level of water
availability in the spring is critical for the sustainability
of crop yields. The study covered the winter period (No-
vember-March), during which snow cover and moisture
accumulation dynamics were monitored, as well as the
2022-2024 growing seasons (May-August), including
spring wheat sowing, development and harvesting. The
object of the research was agronomic systems of soil
preparation and snow retention aimed at regulating the
water regime in the cold season. Fallow fields with flat-
cut, minimal and zero tillage, backstage fallow, stubble
plots after peas, spring wheat and oilseed rape, as well
as autumn ploughing on grain stubble, were studied.
Each background was studied in two variants: with and
without mechanised snow retention. To evaluate the
influence of water regime on productivity, spring wheat
(Triticum aestivum L.), the most widespread and eco-
nomically important crop in the region, was used, which
is highly sensitive to moisture availability. Sowing was
conducted in the third decade of May when the soil
reached optimum physical maturity. Yields were meas-
ured on 50 m? plots in triplicate using the direct weigh-
ing method with the grain brought to standard mois-
ture content (14%). Field studies in 2022-2024 were
combined with an analysis of the dynamics of the soil
water regime and accumulation of solid precipitation.

Characteristics of the soil and climatic conditions
of the experimental plot. Characteristics of soil and cli-
matic conditions of the experimental site. The climate
of the experimental station is characterised by sharp-
ly continental conditions with a pronounced seasonal
temperature amplitude and moderately low precipi-
tation. The average annual amount of solid precipita-
tion for the period November-March is 89 mm with an
average air temperature of -12.5°C. The hydrothermal
coefficient for the winter period is 0.85, indicating a
deficit water regime (Kazhydromet, 2024). The soils
of the site are carbonate-heavy loamy chornozems of
medium power profile with neutral or slightly alkaline
reaction (pH 7.2-8) and humus content of 4.5-5%. The
mechanical composition is characterised by a predom-
inance of fine particles. The relief is flat, with shallow
closed depressions and the absence of forests, which
contributes to the intensification of wind processes and
affects snow accumulation conditions.

Methods of observation and analysis. Observations
of snow cover were carried out following international
standards set out in the World Meteorological Organ-
isation (2024). Snow gauge surveys were carried out
three times during the winter: in the third decade of
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December, in the first decade of February and before
the snow melt in the second decade of March. At each
stage, the snow cover height and water equivalent of
precipitation were recorded using standard snow gaug-
es and stratified transects to estimate snow density.
The research covered agrotechnical backgrounds with
mechanised snow retention (flat-cutting, minimal, zero,
stubble plots after peas, wheat and flax, autumn tillage)
and control plots without snow retention (flat-cutting,
wheat stubble after peas, autumn tillage, backstage
steam). For a comprehensive assessment of the water
regime, the pre-winter soil moisture reserves, the mois-
ture reserves in the snow at the time of melting and
the moisture reserves before sowing were determined
based on gravimetric measurements and the calcula-
tion of the water equivalent of snow. Winter precipi-
tation absorption was calculated as the ratio of soil
moisture gain to the water content of the snow cover,
incorporating the initial moisture content. Soil mois-
ture was determined by the gravimetric method with
samples dried to a constant weight at a temperature of
105 £5°C following the recommendations of the Food
and Agriculture Organisation (2020).

Statistical processing of the results was performed
using one-way and two-way analysis of variance (ANO-
VA) with Microsoft Excel and Statistica 10. The relia-
bility of differences between variants was assessed at
a significance level of p <0.05. Mean values, standard
deviations and confidence intervals were calculated
for all indicators. Correlation analysis included the cal-
culation of pair coefficients (r) to assess the relation-
ships between pre-winter moisture reserves, moisture
reserves in snow and precipitation assimilation. The
coefficients were interpreted using the Chaddock scale:
r=0.5-0.7 - moderate correlation, r>0.7 - strong cor-
relation. The research conducted complies with current
ethical standards aimed at adhering to the principles
of environmental responsibility when working with el-
ements of agroecosystems. Agricultural practices used
in the field experiments were in line with sustainable
agriculture standards and did not harm biodiversity, soil
structure or the environment. The research methodolo-
gy correlated with the provisions of the Convention on
Biological Diversity (1992), which regulates the princi-
ples of sustainable use of ecosystem components and
conservation of agrobiodiversity.

RESULTS AND DISCUSSION

Meteorological conditions for the study period 2021-
2024. During the 2021-2024 winter seasons in North-
ern Kazakhstan, there was a pronounced interannual
variability in meteorological conditions, including the
amount of precipitation and temperature. The data ob-
tained showed both years with a deficit of precipitation
relative to the average annual norms and seasons with
a significant excess, which led to differences in the dy-
namics of snow moisture accumulation and potential




water availability for agricultural land in spring. For
a more detailed analysis, the total precipitation and

Lutchenko et al.

average monthly temperatures for each winter period
of the study are presented (Table 1).

Table 1. Meteorological indicators for the winter period, 2021-2024

Metric Metric
Year Month — Year Month —
Precipitation,mm Temperature, °C Precipitation, mm Temperature, °C
November 16.8 -7.1 November 744 -1.1
December 17.6 -10.7 December 44.5 -14.2
January 17.2 -14.4 January 31.6 -16.5
February 3.8 -12.3 February 8.8 -16.3
March 8.4 -9.2 March 12.6 -7.2
2021-2022  Overthe 63.8 107 2023-2024 ~ Overthe 171.9 111
winter winter
Average 89 125 Average 89 -12.5
perennial perennial
+/-to the +/-to the
long-term -25.2 1.8 long-term 82.9 14
average average
November 45.7 -8.4 November 45.6 -5.5
December 10.7 -15.7 December 243 -13.5
January 21.6 -13.5 January 235 -14.8
February 16 -13.3 February 9.5 -14
March 28 -3 Average March 16.3 -6.5
2022-2023  Overthe 122 -10.8 (for3 ~ Overthe 119.2 -109
winter years) winter
Average 89 125 Average 89 -12.5
perennial perennial
+/-to the +/-to the
long-term +33 1.7 long-term 30.2 1.6
average average

Source: compiled by the authors

The obtained meteorological data for the winter
periods of 2021-2024 indicate a pronounced interan-
nual instability of moisture conditions, manifested in
the alternation of seasons with a deficit and excess of
solid precipitation.In 2021-2022, the amount of precip-
itation was 63.8 mm, which is 25.2 mm below the aver-
age annual norm (89 mm), indicating a deterioration in
snow moisture accumulation and a potential decrease
in water supply to agricultural land in the spring. In
contrast, in the winter seasons of 2022-2023 and espe-
cially 2023-2024, the above-normal precipitation was
recorded by 33 mm and 82.9 mm, respectively, which
creates the preconditions for an increase in soil mois-
ture reserves. Along with changes in precipitation, the
1.6°C increase in winter temperatures over the three
years of the study increases the risk of premature snow
melting and a shorter period of snow accumulation,
which requires a new approach to the traditional tim-
ing of snow retention measures.

The tendency for winter moisture instability and
an increase in average temperatures identified in the
study is consistent with the results of W. Qi et al. (2020),
which emphasises the crucial role of snow cover as a
natural moisture accumulator, especially in agricul-
tural ecosystems with a short spring growing sea-
son. Under conditions of insufficient accumulation of

winter precipitation, as shown in this study for 2021-
2022, the risk of moisture deficit in the early phases
of crop growth increases significantly. The results of a
study by G.Wilson et al. (2020) confirmed that even with
an increase in total precipitation, changes in the physi-
cal structure of the snowpack and acceleration of melt-
ing processes are possible, which is also reflected in
the recorded increase in average winter temperatures.
These changes can lead to a decrease in the efficiency
of the natural moisture reserve and an increase in the
need for agronomic measures to preserve it.

The recorded fluctuations in the water regime were
accompanied not only by a decrease in total moisture
reserves in years with a deficit of precipitation, but also
by the risk of premature snowmelt in seasons with in-
creased precipitation, indicating instability of moisture
accumulation processes. These results are comparable
to the global trends of increasing snow drought de-
scribed by M. Cowherd et al. (2023), which emphasise
the need for agroecosystems to adapt to increasing
climate instability. Additionally, the dependence of
snowmelt rates on rising winter temperatures identi-
fied in the study is fully consistent with the findings of
M. Meira Neto et al. (2020), demonstrating an increase
in the sensitivity of hydrological processes to changes
in snow cover characteristics. In the light of the data
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obtained on the threat of loss of stored moisture, the
development of effective snow retention systems be-
comes a reasonable task, which is also confirmed by the
results of Y. Xing and X. Wang (2024), who emphasise
the importance of water-saving agricultural strategies
to ensure the sustainability of agricultural production
in the face of increasing climate risks. The fluctuations
in winter precipitation recorded during the study peri-
od, from a deficit in 2021-2022 to an abnormal excess
in 2023-2024, accompanied by a steady increase in av-
erage winter temperatures by 1.6°C above normal, indi-
cate an increasing instability of the winter water regime.
The established variability of snow moisture accumu-
lation and the risk of its premature melting underline
the need to improve snow retention technologies and
adapt agricultural practices to new climatic conditions
to ensure a sustainable soil water balance in spring.

Snow accumulation dynamics in winter. Accord-
ing to 1 snow accumulation measurement carried out
in the third decade of December, 7.4 cm of snow was
accumulated on the flat-cutting pair without snow re-
tention, and moisture reserves amounted to 33.7 mm.

At the same time, 14.9-16.3 cm of snow (+50.3-54.6%)
was accumulated on the flat-cutting, minimum and
zero tines with snow retention, and moisture reserves
were 41.9-50.5 mm (+19.6-33.2%). The coulisse pair ac-
cumulated the maximum amount of solid precipitation
of 20.6 cm, with moisture reserves of 59.7 mm (+43.5%
of the flat-cutting pair), which is at the level of stubble
of grain crops with snow retention. The difference was
less pronounced in the context of the autumn tillage,
with snow depth of 11.5 cm in the background of the
autumn tillage without snow retention and moisture re-
serves of 40 mm, the increase in snow depth from snow
retention was +5.3 cm (31.5%) and moisture reserves
+5.9 mm (12.8%). The minimum efficiency at this stage
was recorded for stubble backgrounds. Thus, when the
snow depth and moisture reserves on wheat stubble
without snow retention were 15.9 cm and 45.6 mm, the
effect of snow retention provided an increase of 2.8-
4.2 cm in height (+15-20.9%) and 4.7-8.7 mm in mois-
ture (+9.3-16%). The dynamics of snow accumulation
during the winter period by experimental variants are
presented in Table 2.

Table 2. Dynamics of snow accumulation during the winter period
in different agronomic backgrounds (November-March), average 2021-2024

Water reserve
in snow, mm

Height, cm

Water reserve
in snow, mm

Water reserve

Height, cm .
in snow, mm

Height, cm

No. Agricultural context
1t measurement

3 measurement

nd
2" measurement (before melting)

Snow retention

1 Flat cutter steam 14.9 41.9 17 48.6 20.3 61.2
2 Minimal steam 15.3 48.9 18.3 55.3 22 66.1
3 No steam 16.3 50.5 19.9 59.9 22.9 68.8
4 Peas (on grain stubble) 16.5 50.6 19.9 62.7 23.1 73.5
5 Wheat (over pea stubble) 20.1 54.3 23.2 64.7 25.8 76.2
6 Wheat (on flax stubble) 18.7 50.3 21.5 62.8 24.2 69.5
7 flax (on grain stubble) 15.6 45.5 19.5 58.3 22.7 68.3
8  Crop stubble (grain stubble) 16.8 459 19.5 62.2 21.8 68.8
Without snow retention (control)

9 Flat cutter steam 74 33.7 8.7 34.7 9.5 37.3
10  Wheat (over pea stubble) 15.9 45.6 17.6 53 19 57

11 Crop stubble (grain stubble) 11.5 40 13.1 44.2 14.3 46.4
12 Backstage steam 20.6 59.7 26.6 69.8 30.3 85.7

Source: compiled by the authors

The high amount of precipitation in the first half of
winter (November, December, January) had a significant
impact on snow accumulation by the time of the 2™
interim measurement in the first decade of February.
According to the results of these measurements, there
was an increase in water reserves in the snowpack by
16.1-22% for stubble backgrounds with snow retention,
and only 14% for stubble backgrounds without snow
retention, compared to the first accounting. Snow accu-
mulation on fallow plots with snow retention amount-
ed to 11.6-15.7% by the first accounting (exceeding the
control by 8.7-12.8%), and on wedge fallow by 14.5%
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(exceeding the control by 11.6%). A high increase was
noted on the backgrounds with autumn tillage, where
the effect of snow retention provided an increase in
moisture reserves of 26.2%, with an excess of 16.7%
over the control.

According to the final record of solid precipitation,
by the time of thawing in the second decade of March,
high moisture reserves were noted on the background
with snow retention and on the backstage steam. Thus,
the increase in snow depth and water reserves in the
steam plots, by the first accounting, is within the follow-
ing limits: flat-cutting steam without snow retention




(control) by 2.1 cm (+22.1%), and moisture by 3.6 mm
(+9.7%), while for flat-cutting, minimal and zero pairs
with snow retention by 5.4-6.7 cm (+26.6-30.5%), and
by 17.2-19.3 mm (+26-31.5%) of accumulated moisture.
The maximum efficiency of snow accumulation was ob-
served on stubble backgrounds and autumn tillage with
snow retention, as well as on the backdrop. Thus, the
early winter tillage with snow retention additionally ac-
cumulated +5 cm (23%) of height and +22.9 mm (33.3%)
of moisture, while the control showed an increase in
height of 19.6% and moisture reserves of 13.8%.0n the
stubble of spring wheat, depending on the predecessor,
24.2-25.8 cm (+22.1-22.7%) and 69.5-76.2 mm of re-
serves (+27.6-28.7%) were accumulated, while the con-
trol showed an increase of 16% in height and 20% in
moisture.On the stubble of legumes and oilseeds, the in-
crease is also within the stubble background with snow
retention, +28.6-31.3% in height, and +31.2-33.4% in
moisture reserves. In the case of the wings, with a max-
imum snow layer height of 30.3 c¢cm, the increase was
32%, while the moisture reserves increased by 30.3%.

The effectiveness of snow retention according to
the results of snow accumulation assessment is ex-
pressed by an excess of moisture content by 16.5-25.2%
on stubble backgrounds, by 32.6% on early winter
crops, and by 39.1-45.8% on fallow plots, compared
to plots without snow retention. This proves the ex-
treme need for snow ‘reclamation”, regardless of the
year, accumulating almost all the transported snow.
Long-term research by the North Kazakhstan Agricul-
tural Experimental Station in this area shows that in
the open steppe, on untouched backgrounds, no more
than 50-60% of the total snowfall is retained by grain
stubble and 30-40% by corn residues. In terms of mois-
ture content, the black fallow exceeds the black fallow
without snow retention by 56.5%, and the fallow with
snow retention by 19.7-28.6%, which, based on 3 years
of data, makes this type of fallow highly efficient in ac-
cumulating solid precipitation, both in winters with lit-
tle snow (season 2022) and winters with medium and
high precipitation (seasons 2023, 2024).

The results of the three-year monitoring of snow
accumulation dynamics showed that the use of snow
retention technologies provides a significant increase
in soil moisture reserves by the time of spring thaw.
The highest level of solid precipitation accumulation
was recorded on the background of the winged plough,
where the snow cover reached 30.3 cm and moisture
reserves were 85.7 mm, which was 56.5% higher than
on the flat-cutting plough without snow retention.
These data emphasise the critical role of effective
snow accumulation for water resources formation,
which correlates with the conclusions of D. Molden et
al. (2022), emphasising the importance of snowfall as
the main source of water supply for water systems in
Asian steppes and mountainous regions. Similarly, the
study by G. Mez@si (2022) noted that disruptions in
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snow cover structure due to climate change significant-
ly increase the risk of water shortages during spring
vegetation growth, which is consistent with the trend
identified in this study of the need for targeted man-
agement of winter precipitation.

Comparative assessment of agrotechnical back-
grounds showed that systematic snow retention in-
creases the efficiency of moisture accumulation not
only on fallow plots, but also on stubble backgrounds.
The water reserves in the snow cover on variants with
snow retention exceeded the control values by 16.5-
45.8%, depending on the agro-background and winter
conditions. These results correlate with the findings of
A. Canet-Marti et al. (2023) determined that minimum
tillage methods and the preservation of crop residues
contribute to improving the water balance in agroeco-
systems by increasing the water-holding capacity of the
field. Similar trends were also identified by R. Amami et
al. (2021), where the effectiveness of soil surface man-
agement techniques was directly correlated with an
increase in water permeability and moisture accumula-
tion in the profile, which confirms the validity of using
snow retention as an element of adaptive farming tech-
nology in Northern Kazakhstan.

Additionally, the tendency for earlier snowmelt in
areas without snow retention identified in the study cor-
relates with the Q data. According to Q. Fu et al. (2015),
the thermal interaction of snow and soil in conditions
of insufficient snow accumulation leads to accelerat-
ed evaporation processes and reduced soil moisture
recharge in the transitional winter-spring period. This
further emphasises the importance of not only accu-
mulating but also retaining snowfall to maintain the
stability of the water regime of agricultural land in a
changing climate. Thus, according to the results of the
summary assessment of snow accumulation over the
3-year observation period, the highest amount of pre-
cipitation during the winter period, as well as its uni-
form accumulation, was noted for wing steam 85.7 mm,
with a snow depth of 30.3 cm, wheat stubble over peas
76.2 mm,with a height of 25.8 cm,and pea stubble over
wheat 73.5 mm, with a height of 23.1 cm (Fig. 1).

The minimum effect of snow accumulation was
recorded on the pair of flat-cutting and fallow back-
grounds without snow retention, where moisture re-
serves amounted to 37.3-46.4 mm (snow depth 9.5-
14.3 cm), with most of the accumulated precipitation
formed in early winter, by the time of the first account-
ing, up to 86-90%, and further had a weak accumulative
effect by the end of the winter period. The monitoring
results showed that the use of snow retention technol-
ogies provides a significant increase in soil moisture
reserves regardless of variations in winter conditions.
The highest efficiency in accumulating solid precipita-
tion was demonstrated by the wing steam and stubble
backgrounds with snow retention, which is confirmed
by both quantitative indicators of snow cover and
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water equivalent and their stable dynamics during the
winter period. The identified patterns emphasise the
need for widespread implementation of snow retention

90
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1

o O O o o

o O

B 1stmeasurement

measures to stabilise the water balance of arable land
in the face of climate instability and the growing risk of
spring moisture deficit.

2" measurement M 374 measurement

Flat cutter Crop stubble Wheat (on Backstage Flat cutter ~Minimal No steam SR Wheat (on Wheat (over flax (on Peas (on Crop stubble
NSR (grain  flax stubble) steam NSR steam SR steam SR flax stubble)pea stubble)  grain grain (grain
stubble) NSR SR SR stubble) SR stubble) SR stubble) SR
NSR

Figure 1. Dynamics of accumulation of moisture reserves
in snow on different agrotechnical backgrounds based on the results of 3 measurements

Note: NSR - no snow retention; SR — snow retention
Source: compiled by the authors

Impact of winter precipitation on soil moisture re-
serves. The main reasons for the difference in rainfall
absorption, both by year and by crop rotation predeces-
sors, are significant differences in the initial soil mois-
ture reserves and the amount of precipitation during
the period under consideration. The moisture content
of the soil has a significant impact on the absorp-
tion of precipitation by the soil. In most cases, fields
with lower moisture reserves in autumn experience
more intensive moisture absorption and accumulation

during snowmelt. In October-April, the average absorp-
tion of precipitation by the one-metre layer of soil for
different predecessors in crop rotations ranged from
43.6 to 53.5%. According to the results of observations,
the content of pre-winter moisture reserves in the soil
was high and ranged from 74.2 mm (flax stubble) to
148.7 mm (zero fallow). At the same time, the maximum
moisture content was recorded in the fallow plots at
117.2-148.7 mm, exceeding the stubble background by
36.7-41.4% (Table 3).

Table 3. Soil moisture balance by the sowing period,
incorporating pre-winter moisture and moisture reserves in snow, average 2022-2024

. Moisture Moisture e e
Pre-winter . . Utilisation
. Snow . . reserves in snow +/-to control reserves in R
No. Agricultural context R soil moisture . i, o . of winter
retention (by the time of  conditions, %  the soil before L o
reserves, mm R X precipitation, %
melting), mm sowing, mm
1 Flatcutter steam - 134.1 373 - 1034 0
(control)
2 Wheat stubble (control) - 79.7 57 - 88.7 10.2
Crop stubble (grain ) )
3 stubble) (control) 86 464 729 0
4 Backstage steam - 117.2 85.7 +130 145.2 19.3
5 Flat cutter steam + 1341 61.2 +64 141.9 5.5
6 Minimal steam + 1411 66.1 +77 148.3 5
7 No steam + 148.7 68.8 +84 1513 2
8 Peas (on grain stubble) + 87.2 73.5 +28 113.7 23.3
Wheat
9 (over pea stubble) + 79.7 76.2 +34 1275 37.5
10 Wheat (on flax stubble) + 83.2 69.5 +18 106.4 21.8
11 flax (on grain stubble) + 74.2 68.3 +20 109.6 323
12 Crop stubble + 86 68.8 +48 106.3 19.1
(grain stubble)
LSD, s 3.28

Source: compiled by the authors
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In addition, to assess the soil moisture balance, the
table shows data on the moisture reserves in snow at
the time of melting (actual accumulated precipitation
in snow over the winter period). Thus, on average, the
variants of snow accumulation technology accumulated
20-130% more moisture on different backgrounds com-
pared to the control variants. For steam backgrounds,
the maximum effect was noted for the backstage steam
+130% compared to the control (flat-cutting steam
without snow retention), and for the zero steam +84%
compared to the control (flat-cutting steam without
snow retention). For stubble backgrounds, the differ-
ence is much lower, given the relatively high moisture
reserves in the wheat stubble control without snow re-
tention. At the same time, the maximum effect of snow
retention was observed for stubble of wheat after peas
+34%, and stubble of peas after grain +28% compared
to the control. The effectiveness of snow retention on
the background of early winter stubble was expressed
by an increase in snow moisture of +48% compared to
the control (winter stubble without snow retention).

The use of snow accumulation measures, such as
snow retention, leaving high stubble, sowing wings, etc.,
achieved a snow layer thickness of up to 35-40 cm. As
a result of better snow accumulation, soil moisture re-
serves increase by 30-50 mm by the beginning of sow-
ing, and spring wheat yields increase by 1.9-2.2 c/ha.
Thus, according to this study, the moisture reserves be-
fore sowing were in the range of 103.4-151.3 mm on
fallow plots, with the excess of fallow plots with snow
retention (flat-cut, minimal, zero) being 38.5-47.9 mm
(+27.1-31.6%),and the excess of wing fallow by 41.8 mm
(+28.8%) compared to the control (flat-cut fallow with-
out snow retention). On stubble backgrounds, the in-
crease in moisture reserves for sowing is much lower,
with an indicator of 88.7 mm on the control (wheat
stubble without snow retention), 17.7-38.8 mm (16-
30%) on grain stubble with snow retention, and 20.9-
25 mm (19-22%) on oilseeds and legumes. In the con-
text of early winter with snow retention, the increase
was 33.4 mm, or 31%, compared to the control (winter
without snow retention).

Incorporating the content of pre-winter moisture
reserves in the soil, as well as the actual moisture con-
tent in the soil by the time of sowing, it is possible to
calculate the proportion of winter precipitation ab-
sorption, depending on the agrotechnical background.
According to the results obtained, a zero or even neg-
ative balance was observed on the backgrounds of
stubble-free flat-cut, winter tillage pairs without snow
retention. At the same time, the stubble background
without snow retention has a certain increase, within
10.2%, provided by the accumulation of snow to the
height of the stubble left in autumn. The minimum
effect was observed in the follow-up plots, with snow
retention not exceeding 2-5.5%, mainly due to high
pre-winter moisture. The exception is the wing follow,
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with a level of winter precipitation absorption of 19.3%,
obtained due to higher moisture reserves in snow and
lower pre-winter moisture. Thus, according to the re-
sults of average annual observations, this type of steam
provides equal moisture reserves for the sowing period,
with zero and minimal steam having a stubble back-
ground during the entire period of moisture accumula-
tion, and additional snow retention in winter. The maxi-
mum efficiency of winter precipitation assimilation was
observed on stubble backgrounds with snow retention,
for stubble of cereals 21.8-37.5%, legumes and oilseeds
23.3-32.3%, and early winter crops 19.1%, which indi-
cates the urgent need for annual snow accumulation
measures on these backgrounds.

Determination of correlations between pre-win-
ter soil moisture reserves, snow moisture reserves at
the time of melting and winter precipitation assimi-
lation established distinct patterns of water regime.
The high direct correlation coefficient between the
moisture reserves in snow and the level of precipita-
tion absorption (r=0.67) indicates the leading role of
winter precipitation in replenishing productive mois-
ture, with insufficient autumn moisture. At the same
time, an inverse relationship was found between the
initial soil moisture in autumn and the absorption of
snow water (r=-0.65), which reflects a decrease in the
water absorption capacity of waterlogged soils. These
results are consistent with the hydrophysical features
of the soil profile structure, where saturation of the
upper horizons limits further moisture penetration
during snowmelt. Assessment of the degree of influ-
ence of both factors on the final water balance by the
sowing period showed the presence of significant cor-
relations of medium and high strength (r=0.57 - 0.66),
which emphasises the complex nature of moisture ac-
cumulation processes. Thus, improving snow retention
efficiency is only possible with an integrated approach
that takes into account the initial level of pre-winter
soil moisture. In the steppe zone of Northern Kazakh-
stan, optimisation of agrotechnical measures to regu-
late the water regime, including both snow accumu-
lation and control of autumn moisture reserves, is a
necessary condition for stabilising crop productivity in
the context of changing climatic conditions.

The analysis of the data obtained showed that the
effect of winter precipitation on the water regime of
arable land varied significantly depending on the ag-
ronomic background and pre-winter moisture reserves.
According to the observations, on backgrounds with
high pre-winter moisture (vapour), the absorption of
winter precipitation was minimal (2-5.5%), while on
stubble plots with snow retention, the absorption effi-
ciency reached 21.8-37.5%. These results correlate with
the findings of W. Yan et al. (2021), determining that
under conditions of different soil cover and crop resi-
due structure, the soil response to winter precipitation
varies significantly, with surfaces with crop residues
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providing more efficient moisture accumulation. The
role of pre-winter moisture reserves in determining the
efficiency of precipitation absorption was indicated by
the study by J. Martinez-Fernandez et al. (2021), which
emphasises the effect of soil “memory”: the higher the
moisture content before the start of winter, the lower
the subsequent absorption of precipitation. This pat-
tern was reflected in the present study, which found
an inverse correlation between the level of autumn
moisture and winter moisture uptake (r=-0.65), which
is consistent with the concept of reducing the water ab-
sorption potential of waterlogged horizons. The role of
winter precipitation accumulation in the water balance
is confirmed by F. Avanzi et al. (2021), demonstrating
that an accurate assessment of the winter precipitation
regime (especially snow characteristics) is critical for
predicting water storage. The present study revealed a
similar trend: fields with effective snow retention accu-
mulated up to 130% more moisture in the snow cover
compared to control plots.

The results of the comparative analysis of agro-
nomic practices showed that the wagon steam and
stubble backgrounds with snow retention provided the
highest moisture reserves by the sowing period. These
results correlate with the data of A. Rucins et al. (2024),
where long-term studies on chornozems confirmed the
effectiveness of mulching and minimal tillage in stabi-
lising spring moisture reserves. A significant increase
in moisture by 30-50 mm, provided by snow retention
measures, is critically important for agroecosystems in
arid regions. A comprehensive analysis of the dynamics
of snow accumulation and moisture uptake presented
by B. Dafflon et al. (2023) confirmed that the structure
of the vegetation cover determines both the rate of
snowmelt and the amount of available soil moisture
in spring. Incorporating the identified patterns, opti-
misation of agrotechnical measures to manage winter

precipitation, including the introduction of snow reten-
tion and preservation of plant residues, is considered
a priority area for adaptation of agriculture to climate
risks, which correlates with the findings of A. Demo and
G. Asefa Bogale (2024) on the need to integrate wa-
ter-saving technologies.

The analysis of the impact of agronomic measures
on the dynamics of winter precipitation and soil mois-
ture reserves showed the high efficiency of snow re-
tention technologies on different backgrounds. The use
of mechanised snow retention on fallow and stubble
plots provided a significant increase in spring mois-
ture reserves, which confirms the critical role of snow
management in stabilising the soil water regime. The
established correlation between the structure of plant
residues and the efficiency of precipitation absorption
underlines the need to integrate snow cover preserva-
tion technologies into adaptive farming practices. The
results demonstrate that optimisation of winter water
management methods is one of the keyways to in-
crease the resilience of agroecosystems in the context
of increasing climate risks. The data presented form the
basis for further improvement of agrotechnical solu-
tions aimed at stabilising the water balance of arable
land in the steppe regions.

Influence of water regime on spring wheat produc-
tivity. The determining effect of moisture accumulation
in winter is its impact on the final productivity of crops.
According to the research results, the yield of spring
wheat on backgrounds without snow accumulation was
in the range of 1.74-2.29 t/ha, while snow accumula-
tion measures increased productivity to 1.95-2.76 t/ha,
with an increase of 0.15-0.47 t/ha on backgrounds (or
+11-17%). The maximum yield increase was obtained
in the fallow plots, within the range of 0.28 (zero fal-
low) to 0.47 t/ha (backstage fallow), as well as in the
autumn tillage +0.38 t/ha (Table 4).

Table 4. Influence of water regime on spring wheat productivity depending
on agronomic backgrounds, average for 2022-2024

. . Moisture
Moisture reserves Moisture . . .
. Snow . . consumption Spring wheat  Increase in
No. Agricultural context . in the soil before reserves before X . .
retention X . during the growing yield,t/ha  control, t/ha
sowing, mm cleaning, mm N
season, mm
g Flatcutter steam . 103.4 55 256.4 2.29
(control)
2 Autumn tillage 72.9 475 233.4 174
(control)
3 Backstage steam 145.2 61.8 291.4 2.76 0.47
4 Flat cutter steam + 141.9 56.2 293.7 2.62 0.33
5 Minimal steam + 148.3 67.5 288.8 2.68 0.39
6 No steam + 151.3 71.6 2877 2.57 0.28
7 Autumn tillage + 106.3 53.6 260.7 2.12 0.38

Note: moisture consumption during the growing season is calculated covering the total precipitation in May-August

(average 208 mm in 2022-2024)
Source: compiled by the authors
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The average yield increase was significantly influ-
enced by high precipitation during the growing season
of 2022-2024,and it is logical to assume that with a de-
crease in the supply of precipitation during the growing
season, the effectiveness of snow storage measures will
increase by a multiple. The average moisture consump-
tion during the growing season required for the forma-
tion of spring wheat yields was in the range of 233.4-
293.7 mm. According to studies of winter precipitation
conservation on the Great Plains, economically viable
spring wheat production required an annual withdraw-
al of about 250-400 mm of water from the soil. At the
same time, high moisture consumption rates were ob-
served on steamy plots of 287.7-293.7 mm, which nat-
urally affects the maximum yield in these areas. The

0 1 2 3 4 5
e Moisture reserves in snow, mm
« Moisture consumption during vegetation, mm*
Spring wheat yield, tonnes/ha
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increase in moisture consumption on the backgrounds
with snow retention is in the range of 31.3-37.3 mm
(+12.2-14.5%) on fallow plots, by 17.5-33.1 mm (+7.2-
13.6%) on stubble plots, compared to plots without
snow accumulation measures.

Assessment of the influence of the factors of the
amount of moisture in the snow during the winter peri-
od and moisture consumption during the growing sea-
son on the final yield of spring wheat shows that the
total moisture consumption during the growing season
directly affects the formation of yield, while the amount
of water in the snow correlates with the yield to a less-
er extent, especially for stubble backgrounds (variants
8-12), where high water content in the snow has little
effect on increasing productivity (Fig. 2).

. y=-0.5735x2 + 9.5601x + 233.82
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........ 9
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y=-1.05x2 + 14.531x + 230.37

y=-1.8576x2 + 23.457x + 174.82

7 8 9 10 11 12

eesseee Polynomial (moisture reserves in snow, mm)

Polynomial (moisture consumption during vegetation, mm®)
Polynomial (spring wheat yield, tonnes/ha)

Figure 2. Relationship of spring wheat yield with the amount
of moisture in snow and total moisture consumption during the growing season

Source: compiled by the authors

The correlation assessment of the data also con-
firms the obtained dynamics. Thus, the closeness of the
correlation between the total moisture consumption
during the growing season and productivity is 0.83,
which, according to the Chaddock scale, corresponds to
a high level of dependence, while the closeness of the
relationship between the amount of water in the snow
and productivity is 0.42, which corresponds to a moder-
ate level of dependence. The assessment of the impact
of water regime on spring wheat yield is consistent with
the results of other studies. Thus, according to L. Kiew-
iet et al. (2022), the spatial and temporal variability of
moisture supply has a decisive impact on the efficien-
cy of water balance formation and the productivity of
agricultural landscapes in the transitional rain-snow
zone, which confirms the need to optimise agronom-
ic measures for the accumulation of winter precipita-
tion. The study by M. Khan et al. (2020) determined that
agrometeorological drought events, assessed through
standardised soil moisture and precipitation indices,
significantly affect grain yields, especially when effec-
tive moisture reserves decrease during critical phases

of the growing season, which is fully consistent with
the observed decrease in productivity in variants with
low snow retention.

Additionally, as shown by K. Gavabhi et al. (2020), ef-
fective moisture management in agricultural systems
requires integrated monitoring of soil moisture and
transpiration flows, as underestimation of latent mois-
ture losses can lead to underestimation of yield-limit-
ing factors. This concept is in line with the high depend-
ence of productivity on total moisture consumption
during the growing season (r=0.83), in contrast to the
moderate influence of winter precipitation. In turn, ac-
cording to R.P. Allan et al. (2020), changes in the global
water cycle, including the redistribution of precipita-
tion and increased aridity in some regions, require the
adaptation of agricultural technologies to new water
supply conditions, which emphasises the relevance of
snow retention to stabilise production performance in
the steppe zone of Northern Kazakhstan. The study con-
firmed that an increase in pre-season moisture reserves
due to snow retention provides a significant increase
in spring wheat yields in the steppe zone of Northern
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Kazakhstan. The highest productivity was achieved on
fallow plots with an optimised water regime. The high
correlation between total moisture consumption and
yield underlines the need for integrated water man-
agement in the face of climate instability. The results
obtained substantiate the prospects of using snow re-
tention and water conservation technologies for sus-
tainable agriculture.

CONCLUSIONS

The study comprehensively assessed the impact of win-
ter precipitation and snow retention measures on the
formation of the water regime and spring wheat pro-
ductivity in the steppe zone of Northern Kazakhstan. It
was found that in the conditions of high interannual
variability of winter precipitation (from -25.2 mm to
+82.9 mm from the norm) and an increase in the av-
erage winter temperature by +1.6°C, the effectiveness
of water regime regulation is critical for the stability
of agriculture. The use of snow retention provided an
increase in snow cover height by 26.6-32% and an in-
crease in precipitation water equivalent by 26-33.4%
compared to the control variants. The maximum mois-
ture reserves in the snow cover were achieved on
the background of wedge steam (85.7 mm), which is
56.5% higher than the steam flat-cutting background
without snow retention. This indicates the high effi-
ciency of structured surfaces in the accumulation of
solid precipitation.

The soil moisture balance showed that the use of
snow retention technologies increased moisture re-
serves by the time of sowing by 27.1-31.6% on fallow
plots and by 16-30% on stubble plots. The most effi-
cient absorption of winter precipitation was recorded
on stubble plots, ranging from 21.8 to 37.5%. The cor-
relation analysis revealed a high positive correlation
between the moisture reserves in snow and the level
of its absorption by the soil (r=0.67) and an inverse

relationship between the autumn level of soil moisture
and the absorption of precipitation (r=-0.65). This em-
phasises the need to account for the initial soil mois-
ture conditions to optimise water-saving measures.

Assessment of the influence of water regime on
productivity showed that snow retention provided an
increase in spring wheat yield by 0.15-0.47 t/ha, which
corresponded to an increase of 11-17% depending on
the agrotechnical background. The maximum yield
(2.76 t/ha) was obtained on the wraparound fallow. The
correlation between the total moisture consumption
during the growing season and the yield was 0.83, indi-
cating the crucial role of the total water balance in the
formation of productivity. The influence of the amount
of moisture accumulated in winter on yield was mod-
erate (r=0.42), especially on stubble plots, which con-
firms the importance of integrated water management
throughout the growing season. The results reflect
the peculiarities of soil and climatic conditions in the
steppe zone of Northern Kazakhstan, which limits the
possibility of their direct transfer to other agricultural
landscapes with different natural characteristics. It is
advisable to expand the research to include different
climatic regions and soil types, as well as to address
the projected changes in hydrothermal conditions in
the context of global climate change.
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AHoTtauif. Meta paHoro [oOCNigXeHHs nongrana y BCTAHOB/EHHI 3aKOHOMipHoOCTeM ¢GOpMYyBaHHA BOOHWUX
pecypciB rpyHTy 3a paxyHOK 3MMOBMX OMaAiB 338 BMKOPUCTAHHSA Pi3HUX arpoTexHiYHWMX MpuUAOMIB B yMOBaX
CTEenoBOi 30HM. MeToLoNOriN AOCAIAXKEHHS BK/IOYana NofboBi BUNPOOYBaHHS Pi3HUX arpoOTeXHIYHUX (OHIB 3i
CHiro3aTpuMMaHHsaM i 6e3 HbOro 3 NoAanbWMM aHaNi30M HAaKOMUYEHHS 3MMOBMX ONaAiB, 3MiHU BOLHOTO PEXUMY
IPYHTY Ta NPOAYKTUBHICTb fpoi nweHuui. CepegHs BMCOTa CHIrOBOro MOKPWUBY HA BapiaHTaX i3 3acTOCYBaHHAM
CHiro3aTpuMMaHHs 306inblyBanacs Ha 26,6-32 % nopiBHAHO 3 KOHTponeM 6e3 CHiro3aTpuMMaHHs. 3anacu Boaoru
B IPYHTI nepep ciBboto 3poctanu Ha 27,1-31,6 % Ha napoBux doHax i Ha 16-30 % Ha CTepHbOBUX AiNsHKAX.
3aCcBOEHHS 3MMOBMX OMNaAiB HaredeKkTUBHilWe BiadyBanocs Ha CTepHbOBUX HOHAX, Ae NPUpPICT BONOTM CTAHOBMUB
Bin 21,8 po 37,5 % BiAHOCHO BUXiAHUX 3HAYEHb. YPOXKAMHICTb APOi NWEHULi HA AiNSHKAX 3i CHIr03aTPUMaHHAM
nepesuLLyBafa KOHTPONbHI Moka3Huku Ha 0,15-0,47 T/ra, focCsAralouM MaKCMMaNbHUX 3HaveHb [0 2,76 T/ra
Ha KynicHux napax. KoediuieHT kopensinii MiX 3arafbHMM BOAOCMOXMBAHHAM 33 BereTauiliHMi nepiog i
BpOXaMHicTio ctaHosuB 0,83, L0 CBiAYUTb NPO BUCOKMUI BMAMB BOAHOIO PEXMMY Ha NPOAYKTUBHICTb. BcTaHoBNEHA
3a1eXHiCTb Mixk 06'€EMOM BOIOTU B CHIiry Ta BpPOXXaMHIiCTIO BUSIBUNACS MOMipHOIO, 3 koediuieHToM 0,42, ocobnmeo
Ha CTEpHLOBMX AingHKaxX. OTpuUMaHi pe3ynbTaTv NiATBEPAXYOTb BUCOKY eDeKTUBHICTb 3aCTOCYBAHHS TEXHOOTNIN
CHiro3aTpuMMaHHs Ans nigBuLLeHHs Bogo3abe3neyeHOCTi NOCIBIiB i CTIMKOCTI BPOXAaWHOCTI B CTEMOBMX YMOBAX
MisHiuHoro KasaxcraHy. IxX BUKOPUCTaHHS PEKOMEHAYETLCSA AN ONTMMI3aLii CUCTEMM arpOTEXHIYHMX 3aXOAiB B
YMOBaxX MOCUIEHHSA KNIMAaTUYHOT HECTabiNbHOCTI, WO NOCUIETLCS

KniouoBi cnoBa: CHirOHaKOMWYEHHS; BOMOFICTb FPYHTY; CHIrO3aTpUMaHHS; KyniCHWI nap; 346neBuit 06po6ITOK;
YPOXanHicTb
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test site.Radiation and environmental monitoring were conducted at 12 control points using spectrometric analysis
to determine the specific activity of the specified radionuclides in environmental samples. The study revealed
pronounced differences in the content of radionuclides in soil, water and vegetation in areas with different levels
of radiation risk. The maximum concentrations of americium-241 (0.55£0.03 Bg/kg), cesium-137 (1.83+0.15 Bq/
kg) and plutonium-239/240 (0.012+0.0015 Bg/kg) were recorded in the extreme radiation risk zone, while in the
least contaminated areas, their levels were 4-7 times lower. In water bodies, the highest activity was recorded for
cesium-137, with a concentration of 5.22 #0.2 Bq/l, which significantly exceeds the permissible limits. Significant
accumulation of all three radionuclides was detected in the vegetation: Am-241 to 1.6 £ 0.3 Bg/kg, Cs-137 to
2.2+0.1 Bg/kg, Pu-239/240 to 0.9+0.1 Bg/kg. The highest levels were recorded in areas of extreme and maximum
risk, mainly in pasture cereals. The analysis of the vertical distribution of radionuclides showed their differentiation
by depth: Cs-137 and Am-241 were concentrated in the upper soil layer (0-10 cm), while Pu-239/240 partially
migrated to 15-20 cm, which confirmed the risk of their inclusion in the trophic chains and the need for further
monitoring. The data obtained can be used to plan measures for the environmental remediation of contaminated

areas, regulate the agricultural use of pastures and ensure the radiation safety of the population

Keywords: radiation contamination; americium-241; cesium-137; plutonium-239/240; soil; water; vegetation

INTRODUCTION

Radioactive contamination of the environment in the
former Semipalatinsk nuclear test site is a long-term
environmental problem associated with a high level of
accumulation of artificial radionuclides in soil, water
bodies and vegetation.As a result of more than 450 nu-
clear tests conducted between 1949 and 1989, the site
released long-lived radionuclides such as cesium-137,
strontium-90, and plutonium-239 into the environment
(Akhmetova et al., 2024). These substances persist in
ecosystems for decades, exerting radiotoxic effects and
participating in migration processes in natural environ-
ments. The ability of radionuclides to penetrate ground
and surface waters, accumulate in plant tissues and en-
ter the food chain is of particular danger, as when they
enter the human or animal body with drinking water
or food, they are absorbed through the gastrointestinal
tract, accumulate in tissues (especially in bone, muscle
and parenchymal organs) and have chronic radiotox-
ic effects at the cellular and genetic levels, which may
pose a threat to the biota and health of the population
of nearby regions (Ongayev et al., 2024).

Research in the field of radiation ecology, sup-
ported by international organisations, has contributed
to the creation of radioactive contamination monitor-
ing systems in the affected regions. The International
Atomic Energy Agency (2014) and the European Com-
mission (n.d.) have repeatedly initiated projects to as-
sess the consequences of nuclear tests and develop
methods for decontamination of contaminated areas.
The contribution of the United Nations (2015) and
World Health Organization (n.d.) programmes was to
conduct epidemiological studies aimed at investigating
the impact of radiation on public health. The analysis of
the radioecological situation in the Semipalatinsk nu-
clear test site area covers a wide range of studies aimed
at investigating the consequences of nuclear tests and
their impact on the environment and public health.
The impact of nuclear tests on the ecosystem of the

region is manifested in the significant accumulation of
radionuclides in soil and water, which was revealed by
R. Akhmetova et al. (2024) in the absence of data on
the transformation of radionuclides in food chains and
mechanisms of their biological absorption. Historical
changes in the radioecological situation, including the
dynamics of radionuclide migration and distribution in
natural environments, are considered in A. Mamyrbek-
ov et al. (2024) without a comprehensive assessment of
the current radiation background and interaction with
agricultural ecosystems.

A generalised analysis of radioactive contamina-
tion management methods in different natural envi-
ronments was presented in a review by A. Adeola et
al. (2023). The review did not highlight the need for
technological optimisation of monitoring and reme-
diation. At the same time, they did not study the re-
gional specifics of post-nuclear territories and did not
consider the behaviour of americium-241, cesium-137
and plutonium-239/240 in agricultural landscapes with
localised sources of contamination. D. Tchorz-Trzeciak-
iewicz et al. (2023) described seasonal fluctuations in
the natural radiation background and concentrations of
natural radionuclides in different ecosystems. However,
the study did not compare the results of the study with
man-made contamination sites and did not consider
scenarios of interaction between natural and artificial
radionuclides typical of nuclear test areas.

The impact of radioactive contamination on the
health of the population living near the landfill is cor-
related with the nature of migration and accumulation
of radionuclides in the natural environment (Isik et
al., 2024). S. Abd El-Azeem and H. Mansour (2021) an-
alysed the content of natural radionuclides in soil
samples with a focus on mineral composition and ge-
ochemical characteristics. However, the study does not
cover anthropogenic radionuclides such as Cs-137 and
Pu-239/240 and does not consider their environmental
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behaviour under conditions of nuclear contamination,
which limits the applicability of the results in the con-
text of assessing the radioecological state of former
landfills. A. Panitskiy et al. (2022) highlighted the verti-
cal distribution of radionuclides in the soil of the Semi-
palatinsk test site and provided relevant quantitative
data.However, the authors do not consider the bioavail-
ability of radionuclides, incorporation into food chains
and transfer to aquatic and vegetation components of
ecosystems. Furthermore, S.Zh. Sapanov et al. (2021)
described soil contamination with radionuclides and
heavy metals, but there is no analysis of the impact
of this contamination on crops and livestock products,
which limits the ecological and agricultural interpreta-
tion of the results.

The accumulation of radionuclides in vegetation
was confirmed by N. Larionova et al. (2024), recording
high concentrations of tritium in the landfill ecosys-
tems, while other radionuclides with high radiotoxicity,
such as Cs-137 and Pu-239/240, were not addressed,
which reduced the accuracy of the environmental as-
sessment. Similar results were reported by Y. Polivki-
na et al. (2024), describing the uptake of tritium by
crops against the background of atmospheric pollution,
although aspects of food safety and the physiological
state of plants under chronic radiation exposure were
not considered. The results of a study by D. Feng et
al. (2022) on a comparison of the distribution of pluto-
nium isotopes in soils from the Semipalatinsk test site
and the Chinese Lob Nor site characterised migration
processes in a geochemical context, but the biological
behaviour of isotopes and their participation in trophic
relationships remained outside the scope of the analysis.

Despite a considerable amount of research, several
aspects of the radioecological state of the Semipalat-
insk nuclear test site remain insufficiently studied. A
detailed analysis of radionuclide migration in soil and
water systems, their accumulation in vegetation and
their impact on crops, as well as an assessment of the
impact of contamination on the hydrological regime
and bioremediation potential, is required. The study
aimed to assess the radioecological state of the envi-
ronment in the former Semipalatinsk nuclear test site
with a focus on the contamination of soil, water sources
and vegetation.

MATERIALS AND METHODS

The study was conducted in the laboratory of the Veter-
inary Department and the Agrotechnopark of Shakarim
University (Kazakhstan) in July 2024, which addressed
the seasonal features of radionuclide migration and
accumulation in natural environments. To assess the
radioecological situation, the territories adjacent to the
Semipalatinsk nuclear test site were selected incorpo-
rating differences in radiation risk levels. The selection
criteria were based on radiation mapping data for the
region, the spatial distribution of gamma background,
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and historical information on nuclear test zones. The
selection of sites was based on radiation risk levels,
natural and landscape conditions, population densi-
ty and logistical accessibility of the facilities. In the
Abai district, where the radiation risk was suspected
to be high, samples were taken in the settlements of
Yer Zhanybek, Kulzhan ata and Baishuak. In Zhanase-
mey district, the areas around Kainar, Abyraly and Ak-
bulak were surveyed, with the highest level of risk. For
Ayagoz district, which is a high-risk area, the villages
of Rustem, Bayan and Zhanat were selected. In Urdzhar
district, where radiation exposure is minimal, the vil-
lages of Akan, Adilet and Maksat were selected. A total
of twelve stationary control points were operated with-
in the study, three in each district. At these points, soil,
water and vegetation samples were collected, followed
by spectrometric analysis to assess the levels of radio-
nuclide contamination.

The analysis was conducted to determine the spa-
tial distribution of radionuclides and their migration
in various natural environments. Particular attention
was paid to the study of the content of americium-241
(Am-241), cesium-137 (Cs-137) and plutonium-239/240
(Pu-239/240) in the samples, which ensured an objec-
tive assessment of the radioecological state of the
region. The results obtained were compared with the
permissible values established following the recom-
mendations of the International Atomic Energy Agen-
cy (2014), which are used in radiation practice in the
Republic of Kazakhstan as a member state of the Con-
vention on Nuclear Safety and the Basic Safety Stand-
ards. Maximum permissible levels of specific activity in
soil are: 0.3 Bg/kg for Am-241, 0.6 Bg/kg for Cs-137 and
0.02 Bg/kg for Pu-239/240. In the water environment,
the maximum permissible concentrations are 0.2, 2 and
0.005 Bq/l, respectively. For plant samples, the indic-
ative standards are up to 1 Bg/kg for Am-241, up to
0.6 Bg/kg for Cs-137 and up to 0.1 Bg/kg for Pu-239/240.
These values were used as thresholds for interpretation
of the results and classification of the surveyed areas
by radiation risk levels. To increase the reliability of
measurements, each pooled sample was analysed in
triplicate. Since the original repeat measurement pro-
tocols were not available, the standard deviation (SD)
values were estimated a priori based on the acceptable
range of variability of the atomic emission spectrome-
try method, incorporating the sensitivity of the instru-
ment at low concentrations. Estimated SDs were used
in the tables as approximate indicators of data scatter.

Soil sampling was conducted based on the ‘enve-
lope” methodology, which involves combining samples
from five points in each study area into one mixed
sample. The soil layer was sampled from a depth of
0-10 cm from the surface, which corresponds to the
upper horizon most susceptible to the accumulation of
radionuclides such as Cs-137 and Am-241.To assess the
migration behaviour of plutonium, additional samples




were taken from a depth of 10-20 cm, which identi-
fied a tendency of Pu-239/240 to be distributed at a
deeper level. The weight of one combined sample was
about 1 kg. The preparation of soil samples included
transferring samples to plastic trays, removing impuri-
ties, grinding to 1-2 mm particles in a porcelain mortar
and bringing them to an air-dry state. The samples were
then dried in an oven at 105°C for 3 hours and sieved
through a 1-2 mm mesh sieve. Decomposition of the
samples was carried out by adding 20 ml of 3% nitric
acid solution and stirring on a LIOP LS120 shaker (Rus-
sia) for 60 minutes. The resulting filtrate was diluted
50 times with distilled water and analysed by atomic
emission spectrometry using an EXPEC 6500 spectrom-
eter (China) (International Atomic Energy Agency, 2010).
The concentration of the element was calculated by the
formula (1):

__axs0
~ 2x1,000’

1)

where C - concentration of the element, mg/g; a - val-
ue of the element concentration displayed by the de-
vice, mg/l; 50 - volume of the extract, ml; 2 — mass of
the sample, g; 1,000 - conversion factor for converting
mass from millilitres to litres.

Water samples were collected from open water
bodies, wells and springs using plastic containers to
prevent secondary contamination. The samples were
taken from the surface water layer (1-10 cm) in a vol-
ume of 1,000 ml, with all data recorded in a field pass-
port. Before analysis, the samples were filtered through
a paper filter and then diluted 50 times with distilled
water. To avoid contamination of the samples, glass and
polyethene containers were prepared and washed with
Komarovsky's mixture and deionised water acidified
with extra pure nitric acid (“oc. u”). After preparation,
the samples were analysed by atomic emission and
mass spectrometry EXPEC 6500. The concentration of
the element in the water sample was calculated using
formula (2):

ax50
C= 1%1,000 (2)

where 1 - mass of the attachment.

Vegetation and forage samples were collected in
triplicate on 1x1 m plots. All vegetation was cut off with
scissors within the plot boundaries, with the bottom cut
left at least 3 cm from the soil surface. In the pastures,
the mowing method was used to simulate grass eat-
ing by cattle, cutting short grasses at a height of 10-
15 c¢cm and tall grasses at 20-25 cm. Samples weigh-
ing 1.5-2 kg were packed in thick paper, plastic bags
or paper bags. Before analysis, the samples were dried
at 60-65°C in an oven, chopped with scissors (5-8 mm
sections) and additionally ground in an electric grinder
(2-5 minutes). A 2 g sample was isolated in a muffle
furnace at 650°C for 3 hours, then the ash residue was
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decomposed with 2 ml of concentrated extra pure nitric
acid, diluted 50 times with distilled water, and analysed
using an EXPEC 6500 spectrometer. The element con-
centration was determined using formula (1).

The gamma radiation dose rate, as well as beta and
alpha particle flux density, were determined following
the Order of the Minister of Finance of the Republic of
Kazakhstan No. 121 (2018) and Order of the Minister
of Health of the Republic of Kazakhstan No. KR DSM-
71 (2022). Measurements of gamma radiation exposure
dose rate (EDR) were conducted in an open area at a
height of 1 m from the soil surface using an RKS-01-
SOLO radiometer (Russia), which ensured an objective
assessment of the external radiation background of the
studied areas. The flux density of alpha and beta parti-
cles was determined by the contact method on the soil
surface using the Manufacturer: ATOMTEX, with a probe
area of 1 cm?, which provided a reliable assessment of
the degree of soil contamination. To measure the vol-
umetric activity of radon and thoron, a radon monitor
Manufacturer: SOLO LLP (Republic of Kazakhstan)was
used, which is used for sanitary and hygienic surveys of
premises and territories.

To analyse the differences between groups of sam-
ples taken in areas with different levels of radiation
risk, the methods of analysis of variance for multiple
comparisons and Student’s t-test for pairwise com-
parisons were used. In cases of non-normality of the
data distribution, the non-parametric Mann-Whitney
test was used. The level of statistical significance for
comparisons between zones was set at p < 0.05. Statis-
tical data processing was performed using IBM SPSS
Statistics 26.0 software, which ensured the accuracy
of calculations and the ability to visualise data. The
study was conducted following international standards
of bioethics and radiation safety (International Atomic
Energy Agency, n.d.), as well as in compliance with the
Convention on Biological Diversity (1992) and the Con-
vention on International Trade in Endangered Species
of Wild Fauna and Flora (1975). In the course of the
work, measures were taken to minimise environmental
impact and ensure personnel safety.

RESULTS

Radiometric monitoring of the surveyed areas. The
analysis of gamma radiation EDR demonstrated a sig-
nificant variation in the radiation background depend-
ing on the studied areas. The maximum values were ob-
served in extreme radiation risk (Yer Zhanybek, Kulzhan
ata, Baishuak), where the EDR reached 0.32-0.33 pSv/h.
This was significantly higher than the natural radiation
background typical for uncontaminated areas, which
averages 0.07-0.15 uSv/h. In the zone of maximum ra-
diation risk (Kainar, Abyraly, Akbulak), the EDR level was
in the range of 0.15-0.2 uSv/h, which also exceeded
the upper limit of the background range, although it
was lower than in the extreme risk zone. In the areas
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with increased and minimal risk (Rustem, Bayan, Zhan-
at, Akan, Adilet, Maksat), the EDR ranged from 0.07 to

0.35
0.3
0.25
0.2
0.15
0.1
0.05

EDR (MSV/H)

0.15 pSv/h, which corresponded to the natural radia-
tion background. The results are shown in Figure 1.

Figure 1. Gamma radiation EDR at a height of 1 m from the soil surface at the studied points

Source: compiled by the authors

The spatial distribution of EDR demonstrates pro-
nounced fluctuations in the radiation background be-
tween areas with different degrees of contamination.
The maximum values are recorded in areas histori-
cally exposed to the most intense radioactive impact,
which confirms the presence of residual contamina-
tion. At the same time, a decrease in EDR levels at
certain points may indicate the processes of natural
decay of radionuclides and their migration deep into
the soil profile. The flux density of alpha particles in
the studied locations ranged from 0.2 to 2.2 ppm*cm?.
The highest values were registered in the extreme ra-
diation risk zone (Er Zhanybek, Kulzhan ata, Baishuak),
where the indicator reached 2.1-2.2 ppm*cm?. High
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levels of alpha radiation may indicate the presence
of transuranic elements, such as plutonium-239/240.
In the zone of maximum radiation risk (Kainar, Ab-
yraly, Akbulak), a sharp decrease to 0.2 ppm*cm? is
observed, which may be due to the heterogeneity of
alpha-emitting radionuclides in the soil. In the zone
of increased radiation risk (Rustem, Bayan, Zhanat),
the alpha particle flux density varies between 0.4-
1.5 ppm*cm?, while in the zone of minimal radia-
tion risk (Akan, Adilet, Maksat) the lowest values are
observed, not exceeding 0.3 ppm*cm?2. These values
are significantly higher than the natural radiation
background for uncontaminated areas, which is 0.1-
0.2 ppm*cm? (Fig. 2).

Figure 2. Alpha particle flux density was measured on the soil surface at the studied points
Source: compiled by the authors based on International Atomic Energy Agency (n.d.)

The analysis results show that alpha radiation lev-
els are unevenly distributed over the territory, which
may be due to different degrees of transuranic element
migration in the soil profile. High values at certain
points may indicate local areas of radioactive particle
accumulation, which requires additional study of the
geochemical features of the soil. In the settlements of
Akan, Adilet, Maksat (Urdzhar district), Rustem (Ayagoz
district) and Kaynar (Abay district), the flux densi-
ty of alpha particles was 0.2-0.3 particles/min*cm?,
which corresponded to or only slightly exceeded the

Scientific Horizons, 2025, Vol. 28, No. 7

estimated values of the natural radiation background
for uncontaminated areas.

According to radiation and hygiene standards, the
flux density of beta particles in uncontaminated areas
is no more than 2-2.5 ppm*cm?, therefore the values
can be used as a conditional background for assessing
the man-made load. The range of 3.5-8.2 ppm/min*cm?
was recorded in the studied areas, which reflects the
presence of artificial radionuclides, in particular Cs-137
and Sr-90.The highest values were recorded in the zone
of maximum radiation risk (Akbulak, Abyraly), where the




flux density reaches 8-8.2 ppm*cm?. In the extreme ra-
diation risk zone (Er Zhanybek, Kulzhan ata, Baishuak),
moderately high values (4.2-5.2 ppm*cm?) are observed,
indicating the presence of residual contamination. In
the zone of increased radiation risk (Rustem, Bayan,
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Zhanat), the values decrease to 3.5-4 ppm*cm?, while in
the zone of minimal radiation risk (Akan, Adilet, Maksat),
the beta particle flux density increases to 5.6 ppm*cm?,
which may be due to local redistribution of radionu-
clides due to natural and anthropogenic factors (Fig. 3).

Figure 3. Beta-particle flux density at the studied points

Source: compiled by the authors

The graph demonstrates a significant variation in
the beta particle flux density in the studied areas, which
may indicate heterogeneity of radionuclide distribution
in the soil. In some areas with low overall background
radiation levels, such as the Ayagoz region (Rustem -
3.5 ppm*cm?; Bayan and Zhanat - 4 ppm*cm? each), lo-
cal increases in beta radiation density were observed
compared to alpha background, which may indicate
migration of radionuclides or their fixation in certain
types of soil sediments. In addition, the identified dif-
ferences may be due to natural processes of pollutant
redistribution, such as wind and water erosion.

The obtained radiometric monitoring data confirm
the heterogeneity of radioactive contamination in the
studied areas, which is associated with historical nu-
clear tests and subsequent radionuclide migration pro-
cesses. Maximum levels of gamma radiation, as well
as increased density of alpha and beta particle fluxes,
were recorded in the areas of emergency and maximum
radiation risk (Abay and Zhanasemey districts), which
indicates high residual activity of radionuclides. At
the same time, local deviations detected in the areas
classified as zones of relatively minimal radiation risk
(Urdzhar district), according to radiation mapping data,
background measurements of EDR and radionuclide ac-
tivity, may be related to natural processes of redistribu-
tion of pollutants and require additional study.

Radioactive contamination of soil and spatial dis-
tribution of radionuclides. The study of radioactive con-
tamination of soil in the Semipalatinsk nuclear test site

made it possible to determine the content and spatial
distribution of radionuclides with different lifetimes, in-
cluding long-lived (Am-241, Pu-239/240) and interme-
diate-lived Cs-137. The values of these isotopes were
determined by alpha and gamma spectrometry using
an EXPEC 6500 analyser (sampling was carried out at a
depth of 0-10 cm). The concentrations of radionuclides
in soil samples varied depending on the level of radia-
tion risk in the study areas. The highest levels of specific
activity of radionuclides were observed in the Abay and
Zhanasemey districts, which were classified as zones of
high and extreme radioactive contamination based on
radiation mapping and exceeding the thresholds set by
the International Atomic Energy Agency. This is proba-
bly due to their primary deposition during nuclear tests
and subsequent migration in the soil profile.

The results of alpha and gamma spectrometric
analysis of the soil showed that in extreme radiation
risk (Yer Zhanybek, Kulzhan ata, Baishuak), Am-241 con-
centrations were in the range of 0.52-0.55 Bq/kg, Cs-137
1.78-1.83 Bg/kg, and Pu-239/240 0.011-0.012 Bg/kg.
Comparison of these values with the permissible levels
set by the International Atomic Energy Agency, accord-
ing to which the maximum permissible specific activity
in soil is 0.3 Bg/kg for Am-241,0.6 Bg/kg for Cs-137,and
0.02 Bg/kg for Pu-239/240, highlighted the following.
The concentrations of Am-241 exceed the normative
values by 1.7-1.8 times, Cs-137 by 3-3.1 times, while
Pu-239/240 remains within the permissible range (Ta-
ble 1).The data were calculated according to formula (1).

Table 1. Specific activity of radionuclides in soil (Bq/kg)

Settlement Am-241 Cs-137 Pu-239/240
Er Zhanybek 0.55%0.03 1.83%0.15 0.012+0.0015
Kulzhan ata 0.52+0.03 1.78%0.12 0.012+0.001

Baishuak 0.53+0.04 1.8+0.1 0.011+0.0012
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Table 1. Continued

Settlement Am-241 Cs-137 Pu-239/240
Kainar 0.48+0.03 0.8+0.06 0.009+0.001
Abyrals 0.49%0.04 0.85+0.07 0.008+0.001
Akbulak 0.5+0.04 0.87%0.06 0.009+0.001
Rustem 0.3+0.02 0.5+0.04 0.005+0.001
Bayan 0.3+0.02 0.4+0.03 0.005+0.001
Janat 0.3+0.02 0.5+0.04 0.005+0.001
Akan 0.25+0.02 0.22+0.02 0.001+0.0005
Adilette 0.24+0.01 0.2+0.02 0.001+0.0005
Maxat 0.25+0.02 0.19+0.02 0.001+0.0005

Note: values are given as arithmetic means * SD estimates calculated based on triplicate analysis of each pooled sample.
SDs are estimated within the typical accuracy limits of the atomic emission spectrometry method (EXPEC 6500)

Source: compiled by the authors

The spatial distribution of radionuclides in the soil
of the studied areas demonstrates regularities caused
by the history of nuclear tests and subsequent geo-
chemical processes. In the most contaminated areas, a
stable retention of Am-241 is observed, which confirms
its low migration capacity in the soil profile. Cs-137, on
the contrary, shows more pronounced concentration
variations, which may be due to its tendency to sec-
ondary redistribution and partial leaching. Pu-239/240
was detected in trace amounts in all areas studied,
which corresponds to its low mobility and high sorp-
tion capacity for soil particles. These features indicate
the need for continued monitoring to identify potential
risks of long-term contamination and assess the dy-
namics of radionuclide migration.

To assess the spatial distribution of radionuclides,
an analysis of the vertical soil profile was also con-
ducted. The data show that most of the Cs-137 and
Am-241 are concentrated in the upper soil layers (0-
10 cm), while Pu-239/240 tends to migrate deeper, with
concentrations detected at depths of up to 15-20 cm.
This is explained by its high affinity for soil particles,
its ability to be sorbed by organo-mineral complexes,
and its low solubility in water. In areas with low levels
of radiation contamination (Akan, Adilet, Maksat), radio-
nuclide concentrations are significantly lower: Am-241
0.24-0.25 Bg/kg, Cs-137 0.19-0.22 Bqg/kg, Pu-239/240
0.001 Bg/kg. The results of the soil sample analysis
confirm a significant accumulation of radionuclides in
the study areas, especially in the areas of emergency
and maximum radiation risk. The bulk of radionuclides

is concentrated in the upper soil layer, but some Cs-137
demonstrates the ability to migrate, which requires fur-
ther monitoring.

Radionuclide content in water bodies. Radioactive
contamination of water bodies reflects the migration
of radionuclides into the environment. Water contrib-
utes to the transport of radioactive particles, which can
lead to their accumulation in hydrosystems and further
spread in ecosystems. During the study, water samples
were collected and analysed from various sources, in-
cluding open water bodies, wells and springs located
in areas with different levels of radiation risk. Radio-
nuclide concentrations in the water environment were
analysed using an EXPEC 6500 atomic emission and
mass spectrometer, which provides high sensitivity in
determining trace amounts of Am-241, Cs-137 and Pu-
239/240. The study determined that the levels of these
radionuclides differed significantly depending on the
location of water sources and the degree of radiation
risk in the respective territories. The maximum concen-
trations of radionuclides were recorded in the extreme
radiation risk zone, which may indicate the continued
intake of pollutants from the soil layer. In the zone of
maximum radiation risk, a slight decrease in radionu-
clide content was noted, which may be due to the pro-
cesses of dilution and self-purification of water bodies.
In the zones of increased and minimum radiation risk,
radionuclide concentrations are reduced, indicating
lower mobility and natural sorption processes on bot-
tom sediments (Table 2). The data were calculated ac-
cording to formula (2).

Table 2. Radionuclide content in water samples (Bg/l)

Settlement Am-241 Cs-137 Pu-239/240
Er Zhanybek 0.5%£0.04 5.22%0.2 0.1£0.01
Kulzhan ata 0.3£0.03 492+0.12 0.09+0.008
Baishuak 0.4+0.03 5.1+0.08 0.1+£0.009
Kainar 0.45+0.04 4.88%0.1 0.09+0.01
Abyrals 0.44£0.04 4.72%0.15 0.07£0.006
Akbulak 0.45+0.04 4.85%0.13 0.09+0.009
Rustem 0.38+0.03 3.76%0.08 0.08+0.009
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Table 2. Continued

Settlement Am-241 Cs-137 Pu-239/240
Bayan 0.34+£0.03 3.58+0.09 0.07 £0.007
Janat 0.28+0.03 3.49+0.08 0.08+0.009
Akan 0.2+0.02 1+0.04 0.001+0.001

Adilette 0.18+0.02 0.9+0.05 0.001+0.001
Maxat 0.19+0.02 0.8+0.04 0.001+0.001

Note: values are given as arithmetic means * SD estimates calculated based on triplicate analysis of each pooled sample.
SDs are estimated within the typical accuracy limits of the atomic emission spectrometry method (EXPEC 6500)

Source: compiled by the authors

A comparison of the data obtained with the max-
imum permissible concentrations established by the
International Atomic Energy Agency (2014) showed
that the normative values were exceeded in most of
the samples studied. According to these standards, the
permissible levels of radionuclides in the aquatic envi-
ronment are as follows: Cs-137 2 Bg/l,Am-241 0.2 Bg/|,
Pu-239/240 0.005 Bg/L. The analysis revealed that
the concentration of Cs-137 in water bodies reached
5.22 Bg/l,which is 2.6 times higher than the established
limit. Am-241 also exceeded the permissible levels,
reaching 0.5 Bg/l, especially in the areas of emergency
and maximum radiation risk. Pu-239/240 was record-
ed in the range of 0.07-0.1 Bg/l, which is significant-
ly higher than the limit value set by the International
Atomic Energy Agency.

The largest exceedance of permissible concentra-
tions of radionuclides in the water environment was
recorded in the settlements of Yer Zhanybek, Baishuak,
Akbulak and Abyraly, where the content of Cs-137 and
Am-241 significantly exceeded the background level.
These settlements are located near the epicentres of
ground and atmospheric nuclear tests, which led to the
formation of foci of migration of radionuclides from soil
to water. Accounting for the registered concentrations,
it is necessary to strengthen control of water resources
and organise systematic radiation monitoring to assess
environmental and sanitary risks. Of particular concern
is the high mobility of Cs-137, which is manifested in its
ability to desorb and spread with surface and ground-
water runoff. This is confirmed by its maximum concen-
trations in areas of extreme radiation risk. While Pu-
239/240 remains predominantly fixed in the soil profile
due to its low solubility and high sorption capacity, its
presence in water samples indicates the possibility of
local mobilisation (Hussain et al., 2022). Despite the
absence of critical levels of contamination, the record-
ed exceedances of thresholds for Cs-137, Am-241 and
Pu-239/240 require consideration in the environmental
zoning of the territory, planning of agricultural use and
water supply. Continuous radiation and hygiene moni-
toring are necessary to prevent the chronicity of radia-
tion’s impact on ecosystems and the population.

Accumulation of radionuclides in vegetation and
feed. Vegetation cover participates in the redistribution

of radionuclides in the ecosystem and their transfer
through food chains. In the area of the Semipalat-
insk nuclear test site, the main flora species are fes-
cue-wormwood and forb communities, in particular
Stipa lessingiana, Festuca valesiasa, Artemisia subless-
ingiana, and A. albida. Plants growing in conditions of
radioactive contamination are capable of accumulating
radionuclides, which poses a potential hazard to farm
animals and humans (Filss et al., 1998). The process
of radionuclide accumulation is determined by sever-
al factors, including the chemical form of the element,
soil acidity and particle size distribution, depth of the
root system, growing season and plant species. Cs-137
proved to be the most mobile of the studied radionu-
clides, as it is actively absorbed by plant roots, trans-
located to aboveground organs and can be involved
in cellular metabolic processes. At the same time, Pu-
239/240 is characterised by low solubility and strong
sorption on soil particles, which limits its bioavailabil-
ity. Am-241 demonstrates an intermediate degree of
mobility and accumulation in biomass.

The analysis of plant samples taken in areas with
different levels of radiation risk showed pronounced
spatial differences in radionuclide content. In the ex-
treme radiation risk zone, covering the settlements of
Yer Zhanybek, Kulzhan ata and Baishuak, maximum con-
centrations of Am-241 were recorded at 1.55-1.6 Bq/
kg, Cs-137 1.97-2.2 Bg/kg, Pu-239/240 0.8-0.9 Bg/kg.
These values significantly exceed the natural back-
ground levels accepted in international practice: for Cs-
137 no more than 0.1 Bg/kg, for Am-241 1 Bq/kg, for
Pu-239/240 0.1-0.3 Bg/kg. In the zone of maximum ra-
diation risk, including Kainar, Abyraly and Akbulak, the
concentrations of the studied radionuclides were lower,
but still exceeded the permissible levels established for
plant samples: for Cs-137 (1.6-1.9 Bg/kg) 16-20 times
higher than the background (0.1 Bg/kg), Pu-239/240
(0.6-0.7 Bg/kg) 2-6 times higher than the upper limit
of the norm (0.3 Bqg/kg), while Am-241 (0.85-1 Bg/kq)
was close to the indicative threshold of 1 Bg/kg. Plants
predominant in these areas were cereals and sagebrush
species, which could contribute to the intensive accu-
mulation of radionuclides from the upper soil horizons
(Table 3). The values of radionuclide concentrations in
plant samples were calculated using formula (1).
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Table 3. Radionuclide content in crop samples (Bq/kg)

Settlement Am-241 Cs-137 Pu-239/240
Er Zhanybek 1.6%0.3 2.2%0.1 0.9£0.1
Kulzhan ata 1.55%0.1 1.97%0.3 0.8+0.2
Baishuak 1.56%0.3 2%0.2 0.9+0.1
Kainar 1#0.3 1.9%0.3 0.7%0.2
Abyrals 0.85%0.3 1.6%0.1 0.6+0.2
Akbulak 0.9%0.3 1.8+0.2 0.7%0.2
Rustem 0.5%0.2 0.8+0.2 0.4%0.1
Bayan 0.5%0.2 0.750.2 0.2+0.1
Janat 0.4%0.1 0.8%0.2 0.4%0.1
Akan 0.3%0.1 0.3%0.1 0.09+0.03
Adilette 0.2#0.1 0.2#0.1 0.08+0.03
Maxat 0.3%0.1 0.3%0.1 0.09+0.03

Note: values are given as arithmetic means * SD estimates calculated based on triplicate analysis of each pooled sample.
SDs are estimated within the typical accuracy limits of the atomic emission spectrometry method (EXPEC 6500)

Source: compiled by the authors

Comparison with the data on soil and water con-
firms the close relationship between the level of ra-
dioactive contamination of the environment and the
content of radionuclides in plants. In the areas where
Cs-137 concentrations in soil reached 1.83 Bq/kg and
in water 5.22 Bq/l, the highest content of Cs-137 in
plant biomass was observed. This confirms the active
migration of the radionuclide through ecosystem com-
ponents. In contrast, Pu-239/240, despite its soil sta-
bility, accumulated in plants in much smaller amounts
due to its chemical and physicochemical properties.
The concentrations of Am-241 in vegetation correlated
with its levels in soil, but varied within a wider range,
which may indicate differences in the ability of plants
to absorb it. Given that the region’s agriculture is based
on pasture-based livestock farming, the detected con-
centrations of radionuclides in feed pose a potential
threat. One cow consuming vegetation from an area
of up to 160 m? daily can accumulate significant dos-
es of Cs-137, which is then transmitted with milk and
meat (Levchuk et al., 2025). This is especially true in
areas with the highest levels of contamination. The ac-
cumulation of Pu-239/240 in animals is slower, but its
radiotoxicity is much higher, which increases sanitary
and hygienic risks.

The results obtained indicate persistent contami-
nation of the ecosystem with long-lived radionuclides
that continue to circulate in biogeochemical cycles
decades after the cessation of nuclear testing. De-
spite the relative decrease in concentrations in several
settlements, the presence of Cs-137, Am-241 and Pu-
239/240 in the fodder base requires constant monitor-
ing, especially in the context of seasonal migration of
radionuclides and possible climate change. Monitoring
the content of radionuclides in vegetation should be
a priority task when developing strategies for sustain-
able agricultural development in the Semipalatinsk
landfill area.
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Mechanisms of accumulation and redistribution of
radionuclides in the region’s ecosystems. The study of
radioactive contamination in the Semipalatinsk nuclear
test site area has revealed the key mechanisms of accu-
mulation and redistribution of long-lived radionuclides
(Am-241, Cs-137 and Pu-239/240) in various natural
environments. The migration processes of these ele-
ments are determined by the geochemical conditions
of the region, soil type, hydrological characteristics and
biological features of the local flora and fauna. The
analysis of soil samples showed that the main factors
affecting the content of radionuclides are the level of
radioactive exposure, properties of the soil horizon,
depth of occurrence, as well as local landscape features
affecting the migration of radionuclides. Cs-137 was
characterised by high adsorption by clay minerals and
organic compounds, which resulted in its more uniform
distribution in the soil profile. At the same time, Pu-
239/240, which has extremely low solubility, was pre-
dominantly fixed in the upper horizon. This is confirmed
by both the high content of the isotope in the soil (up to
0.012 Bg/kg) and its minimum concentration in water
(up to 0.001 Bg/l). Am-241 was found in smaller quan-
tities but showed local accumulation, probably related
to leaching processes and the physical and chemical
composition of the soil. The vertical distribution of ra-
dionuclides confirms their limited migration: Cs-137
and Am-241 were concentrated at a depth of 0-10 cm,
while Pu-239/240 was detected at 15-20 cm.

The content of radionuclides in water samples
also varied depending on the radiation risk catego-
ry. The maximum values of Cs-137 in water reached
5.22 Bq/l (Er Zhanybek), which exceeds the maximum
permissible level set by the International Atomic Ener-
gy Agency (2014) (2 Bg/l) by more than 2.6 times. Am-
241 concentrations in some locations were 0.5 Bg/l,
which is also 2.5 times higher than the permissible lev-
el (0.2 Bg/l). The situation is similar with Pu-239/240,




where the recorded values (0.1 Bg/l) exceed the recom-
mended limit (0.005 Bg/l) by a factor of 20. The permis-
sible levels of Cs-137,Am-241 and Pu-239/240 in water
are 11,0.69 and 0.55 Bq/l, respectively, and exceedanc-
es were recorded only for Cs-137 in the emergency risk
zone, but the data remain below the national limit.

Plants sampled from the studied pastures showed
that the levels of Am-241 (up to 1.6 Bg/kg) and Cs-137
(up to 2.2 Bg/kg) exceeded the estimated background
levels of uncontaminated areas (0.1-0.3 Bg/kg accord-
ing to the International Atomic Energy Agency) by 7-20
times. This indicates the bioavailability of radiocaesium
and americium and their active assimilation by grass
vegetation. The concentrations of Pu-239/240 in plants
(up to 0.9 Bg/kg) also significantly exceed the natural
level (usually <0.01 Bg/kg), indicating its participation
in the biological cycle under conditions of intensive
contamination. A comparison of the radionuclide con-
tent in the three media showed that in the emergency
risk zone, Cs-137 levels in the soil are on average 1.5
times higher than in plants and 3.5 times higher than
in water, while Pu-239/240 demonstrates maximum re-
tention in soil and minimum retention in water.

Fodder grown on pastures in contaminated areas
represents a potential pathway for radionuclides to
enter the body of animals and, consequently, livestock
products (Lazarev & Klepko, 2023). Studies show that
cattle consume vegetation mass from an area of up to
160 m? per day, which increases the likelihood of radi-
onuclide accumulation in animal tissues. The greatest
danger is posed by Cs-137, which is actively involved
in metabolic processes and can accumulate in muscle
tissue and milk. Pu-239/240 and Am-241, having low
bioavailability, accumulate in bone tissue and internal
organs, which requires special control over the safety
of meat and offal. The accumulation of radionuclides
in feed confirms the need for systematic monitoring of
agricultural land and the development of measures to
reduce the radiation load (Shaforost et al., 2024).

The concentrations of radionuclides in the soil in
the extreme risk zone (Er Zhanybek, Kulzhan ata, Baish-
uak) are as follows: Am-241 up to 0.55 Bg/kg, Cs-137
up to 1.83 Bqg/kg, Pu-239/240 up to 0.012 Bg/kg. These
values also exceed the indicative maximum permissi-
ble levels (0.3 Bg/kg for Am-241, 0.6 Bqg/kg for Cs-137
and 0.02 Bg/kg for Pu-239/240) by 1.8-3 times for Cs-
137 and Am-241. Consequently, soil remains the main
depot of radionuclide contamination, with the level of
accumulation exceeding similar values in water and
vegetation by an average of 3-5 times. Periodic radia-
tion monitoring of soil and vegetation is recommended,
especially on agricultural land. The use of potassium
fertilisers can reduce the uptake of Cs-137 by plants,
and the reclamation of pastureland will minimise the
risk of radionuclides entering livestock products. In ad-
dition, it is necessary to develop a strategy for remedi-
ation of contaminated areas to reduce their radiation
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hazard. Thus, the study confirmed that the mechanisms
of accumulation and redistribution of radionuclides in
the region’s ecosystems are determined by several nat-
ural and anthropogenic factors. Continued monitoring
studies and the implementation of appropriate protec-
tive measures will minimise environmental and radia-
tion risks in the former Semipalatinsk nuclear test site.

DISCUSSION

The results of the study showed that the content of Am-
241, Cs-137 and Pu-239/240 in soil, water and vege-
tation varies depending on the level of radiation risk
in the studied areas. The identified differences in ra-
dionuclide concentrations indicate complex processes
of migration and accumulation caused by natural and
anthropogenic factors. Comparative analysis will help
to clarify the patterns of radionuclide migration and
provide a more accurate assessment of long-term en-
vironmental impacts.

A comparison of the data obtained with the results
of other authors confirmed the complexity and multi-
ethiological nature of radioecological processes in the
region.The results of the present study, in which Cs-137
and Am-241 concentrations above background values
were recorded in soil and water samples in the settle-
ments of Akan, Adilet and Maksat, are consistent with
the findings of A. Lipikhina et al. (2025), found that ra-
dioactive contamination of the southeast of the Abay
region may be caused not only by the impact of the
Semipalatinsk nuclear test site but also by transbound-
ary transfer of radionuclides from the Chinese Lob Nor
test site. The obtained values of Pu-239/240 accumu-
lation in soil (up to 0.012 Bg/kg) and in plants (up to
0.9 Bg/kg) correspond to the observations of S. Aryno-
va et al. (2024), who found a significant accumulation
of actinides, including uranium and thorium, in natu-
ral components of the surrounding areas, indicating a
complex composition of the radiation background.

S. Duyssembaev et al. (2018) emphasised the high
mosaic nature of the radionuclide distribution, and the
data of the present study confirmed this conclusion: the
spatial distribution of alpha and beta radiation varied
widely even within the same risk zone. In addition, K.
Hanacek and J. Martinez-Alier (2024) noted that the un-
evenness of contamination in post-Soviet countries is
exacerbated by the lack of availability of environmen-
tal remediation. The Cs-137 concentrations exceed-
ing the maximum permissible concentration in water
bodies (up to 5.22 Bg/l) recorded in Yer Zhanybek and
Baishuak demonstrate the relevance of these findings
and the need to expand monitoring and radiation safe-
ty measures in remote areas. The results of the water
sample analysis, in which Pu-239/240 concentrations
did not exceed 0.001 Bg/l, confirmed the extremely
low solubility of this radionuclide and its low mobility,
which limits its participation in water migration. At the
same time, the recorded concentration of Cs-137 in the
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range of 0.8-5.22 Bg/l significantly exceeded the regu-
latory values of the International Atomic Energy Agen-
¢y (2 Bg/l), especially in Yer Zhanibek, Bayshuak and
Akbulak, indicating its high migratory capacity. These
data are consistent with the results of D.K. Gupta and
C. Walther (2025), where Cs-137 is characterised as the
most mobile radionuclide,actively circulating in ecosys-
tems and capable of desorption and transfer to the wa-
ter phase. The values identified are also consistent with
the observations of D. Dasher et al. (2002), highlight-
ing cases of radionuclide leakage from underground
nuclear test sites into surface waters, which is similar
to the possible scenario for the Semipalatinsk test site.

The results obtained for radionuclide accumulation
in vegetation, which recorded maximum concentra-
tions of Am-241 (1.55-1.6 Bqg/kg), Cs-137 (1.97-2.2 Bq/
kg) and Pu-239/240 (0.8-0.9 Bg/kg) in areas with high
levels of soil contamination (Er Zhanibek, Kulzhan Ata,
Bayshuak) confirmed the close relationship between
radionuclide content in soil and their uptake into plant
biomass. These data were consistent with the conclu-
sions of M. Gerzabek et al. (2024), which emphasised
that the physical and chemical characteristics of the
soil determine the sorption capacity and bioavailability
of radionuclides to plants. The results of feed sample
analysis, which showed exceedances of natural back-
ground levels, also confirmed the potential risks to
livestock farming, which is consistent with the data of
T.Ponomaryova et al. (2022), which found accumulation
of Cs-137 and Sr-90 in crops grown on contaminated
soils. In addition, a study by A. Yankauskas et al. (2024)
recorded morphological and anatomical changes in
plants exposed to radioactive contamination, which
may explain the physiological response of vegetation
to radionuclide accumulation, similar to that observed
in the present study. N. Akhtaeva et al. (2022) demon-
strated the adaptive mechanisms of plants under con-
ditions of technogenic pollution, which is consistent
with the facts of active absorption of Cs-137 and Pu-
239/240 by forage plant samples, especially in areas of
maximum radiation risk.

The revealed results emphasised the need for fur-
ther study of the processes of radionuclide transfer to
plant biomass and their subsequent inclusion in food
chains. The recorded concentrations of Cs-137,Am-241,
and Pu-239/240 in plant samples from areas of varying
degrees of contamination confirmed the high depend-
ence of radionuclide accumulation on the level of soil
contamination. These observations coincided with the
results of J. Guillén et al. (2022), who proposed using
stable isotopes of Cs and Sr as indicators of the migra-
tion of radioactive analogues in the soil-plant system
for monitoring in contaminated areas. The concentra-
tions of radionuclides in plant biomass recorded in the
studied areas in some cases exceeded the background
level, which is consistent with the findings of S. Endo et
al. (2008), where it was shown that vegetation in the

Scientific Horizons, 2025, Vol. 28, No. 7

vicinity of nuclear test zones can actively accumulate
radionuclides in amounts that can have a long-term
impact on ecosystems. Differences in the levels of ra-
dionuclide accumulation in the studied samples were
explained by both textural and chemical characteris-
tics of the soil and peculiarities of the morphology and
physiology of the plants themselves.

The results of spectrometric analysis of soil sam-
ples showed that radionuclide levels in most of the
studied areas did not exceed the maximum permissible
values, but in the extreme radiation risk zone (Yer Zhan-
ybek, Kulzhan ata, Baishuak) local zones with increased
content of Cs-137 (up to 1.83 Bg/kg at a norm of 0.6 Bq/
kg) and Am-241 (up to 0.55 Bg/kg at a norm of 0.3 Bq/
kg), indicating residual contamination of the upper soil
horizon. These observations confirmed the position of
B. Penati (2019), according to which the scale of radi-
oactive contamination on the territory of the former
Semipalatinsk test site may be significantly underes-
timated. The data obtained showed the persistence of
radionuclides in the soil decades after the completion
of nuclear tests. In contrast to soil, in water samples,
Pu-239/240 concentrations in several settlements sig-
nificantly exceeded the maximum permissible value set
by the International Atomic Energy Agency (0.005 Bg/l),
reaching 0.1 Bg/l, which is 18-20 times the permissible
level. This contradicts the results of X.Zhao et al. (2020),
who recorded low plutonium mobility in natural waters.
The reason for the discrepancies may be the specific
geohydrological conditions of the studied areas or lo-
cal leaching zones in the upper soil horizons containing
residual amounts of Pu-239/240.

The highest levels of radiation contamination
were recorded near the epicentres of nuclear explo-
sions, where increased concentrations were observed
in both soil and vegetation. Similar patterns were de-
scribed by S. Duyssembaev et al. (2014), who, based on
a comprehensive analysis of the components of the
soil-plant-animal system, showed that even decades
after the tests were completed, radioactive contamina-
tion pockets remain in the region, which can affect bi-
ogeochemical cycles. The data obtained confirmed the
presence of such zones, especially in areas of extreme
and maximum radiation risk, which requires continued
monitoring and corrective measures.

The analysis of the spatial distribution of Pu-
239/240 in soil and water showed significant differenc-
es in its behaviour in different natural environments.
In soil samples, Pu-239/240 concentrations in most
of the studied areas remained within the permissible
limits, indicating its limited mobility and high sorption
capacity. However, in water samples collected in areas
of extreme radiation risk, Pu-239/240 concentrations
reached 0.1 Bg/l. These data are consistent with the
observations of C.Re (2024), who noted the transforma-
tion of soil and plant ecosystems under conditions of
post-nuclear impact and the long-term persistence of




residual radionuclides. The recorded low mobility of Pu-
239/240 in soil and its minimal presence in the aquatic
environment confirm the conclusions of E. Harrell and
D. Hoffman (2013), according to which a significant
portion of plutonium at the site is retained in isolated
forms that are not involved in migration processes. The
results obtained suggest that Pu-239/240 may partic-
ipate in migration processes under certain hydrogeo-
chemical conditions at the Semipalatinsk landfill.

The analysis of the data obtained revealed that in
the areas with the maximum content of radionuclides,
especially Cs-137 in water and Am-241 in plants, a high
level of radioecological risk remains, which requires an
assessment of the possibilities for local environmental
remediation. The results showed that in the Yer Zha-
nybek zone, Cs-137 concentrations in water reached
5.22 Bqg/l, while the norm is 2 Bqg/l,and Am-241 content
in plant biomass was 1.6 Bg/kg, while the permissible
level is 1 Bg/kg. These indicators indicated a potential
threat of biological transfer of radionuclides and the
need for targeted remediation of contaminated areas.
Such conclusions are consistent with the position of
C. Evans (2022), who emphasises the limitations of cur-
rent international efforts to address the consequences of
nuclear testing. P. Hogselius and A. Klippelberg (2024)
emphasised that the consequences of the Soviet nu-
clear legacy remain unresolved in several post-Soviet
regions, which is consistent with the local areas of ex-
ceedance of permissible levels of radionuclides record-
ed in the present study. The presence in some areas of
concentrations many times higher than the standards
requires expanded monitoring and the development of
localised strategies to reduce the radiation burden. The
results confirm the presence of localised radioactive
contamination on the territory of the former Semipa-
latinsk nuclear test site, with differential distribution of
radionuclides in soil, water and vegetation. Comparison
with other studies shows similarities in Cs-137 migra-
tion processes and Pu-239/240 persistence, which re-
quires further monitoring to assess the long-term impact
on the ecosystem and potential risks to public health.

CONCLUSIONS

A study of the radioecological situation in the former
Semipalatinsk nuclear test site revealed varying de-
grees of contamination of soil, water, vegetation and
fodder with long-lived radionuclides Am-241, Cs-137
and Pu-239/240. The data analysis confirmed the com-
plexity of the spatial distribution of radionuclides due
to the peculiarities of the soil profile, hydrogeochemical
processes, biological migration and natural factors. The
study of soil samples showed that the maximum lev-
els of specific activity of radionuclides were recorded
in the Yer Zhanybek zone, where the concentrations of
Cs-137 were 1.83+0.15 Bg/kg, Am-241 0.55+0.03 Bqg/
kg, and Pu-239/240 0.012 £0.0015 Bg/kg. In most oth-
er locations studied, the concentrations did not exceed
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the maximum permissible values, but local areas with
exceeding values were identified, which required ad-
ditional studies. The distribution of Pu-239/240 was
limited to the upper soil horizons (0-15 cm), which con-
firmed its low migration capacity. Cs-137 and Am-241
were localised mainly in the 0-10 cm layer, showing
limited vertical movement.

The results of the water sample analysis confirmed
the presence of radionuclides in surface and ground-
water sources, indicating possible migration pathways.
The highest concentrations of Cs-137 were recorded in
the Yer Zhanybek area (5.22 0.2 Bg/l), which was more
than twice the permissible level according to the Inter-
national Atomic Energy Agency (2 Bg/l). Am-241 con-
centrations in water ranged from 0.18 to 0.5 0.4 Bg/l,
which also exceeded the standard of 0.2 Bqg/l. The con-
centrations of Pu-239/240 in the water environment
at several points (up to 0.1 0.3 Bg/l) exceeded the
threshold of 0.005 Bg/l by a factor of 20, which indi-
cated possible instability of its fixation in the soil. The
vegetation cover confirmed its role in the biological mi-
gration of radionuclides. In the areas of maximum and
extreme radiation risk, concentrations significantly ex-
ceeding the permissible levels were recorded: the con-
tent of Cs-137 in plants reached 2% 0.1 Bg/kg, which is
16-20 times higher than the background level (0.1 Bq/
kg), Pu-239/240 up to 0.9+ 0.1 Bg/kg, which is 3-9 times
higher than the upper limit of the norm (0.3 Bg/kg). Am-
241 concentrations ranged from 0.85 to 1.6 Bg/kg, ap-
proaching or exceeding the guideline value of 1 Bqg/kg
recommended for plant samples. These results indicate
the active participation of herbaceous vegetation in the
accumulation of radionuclides and confirm the risks of
their entry into food chains.

The results of the study show that the radiation sit-
uation in the studied areas remains stable but requires
regular monitoring. Radioactive elements, especially
(Cs-137, continue to persist in the environment, which
poses a potential threat to ecosystems and the pop-
ulation. In the future, it is recommended to introduce
additional measures to reduce the radioactive load, in-
cluding phytoremediation, the use of sorbents to bind
radionuclides in the soil, and restriction of agricultural
use of pastures in areas of increased radiation risk. A
comparative analysis of soil, water and vegetation sam-
ples showed that the level of radioactive contamina-
tion of water with Cs-137 and Am-241 exceeded that
of soil by a factor of 3-10. This indicated the redistri-
bution of radionuclides from the soil horizon to the
water environment. Despite the overall low mobility
of Pu-239/240, its concentrations in some water sam-
ples exceeded the permissible values by 15-20 times,
indicating local migration processes. Cs-137 showed
the highest mobility in natural environments, actively
transferring from soil to water and vegetation. On the
contrary, Pu-239/240 was retained mainly in soil, which
limited its participation in biogeochemical cycles, but
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AHoTauis. PagioakTMBHe 3abpyaHEHHS LOBKiNAS B paloHi KoauwHboro CemMmnanaTMHCLKOro S4epHOro MomiroHy
(KazaxctaH) 3ymMOBNAEHE OCAOXKEHHAM i TPUBaANMM 30EpexXeHHSIM Y FPYHTi, BOAI Ta POCIMHHOCTI AOBrOXMBYUMX
pPaAioHYKNIAIB, WO CTBOPKE MOTEHLIMHI PU3MKM ANS EeKOCUCTeM | 340pOB'S HaceneHHs. MeTa AOCNiAXeHHS
nonsirana B OUiHLI piBHIB 3a6pyAHeHHS IPYHTY, BOAM Ta POCIMHHOCTI pafioHyKnigamu amepuuin-241, uesin-137
i nnyToHiN-239/240 Ha TepuTOpiaX Pi3HOro pafiauifHOr0 puM3MKYy B PanoHi KOAMLWHbOro CemMmnanaTMHCbKOro
SAepHOro noniroHy. PagiauiiHO-eKoNoriYHMiA MOHITOPUHI NPOBEAEHO HAa ABaHAAUATM KOHTPOIbHMX MYHKTax 3
BMKOPUCTAHHSAM CNEKTPOMETPUYHOrO aHanisy Ans BM3HAYEHHS MUTOMOI aKTMBHOCTI 3a3Ha4YeHUX PafioHYKNigiB
y npobax HaBKOMMLUHLOIMO CcepenoBuwa. Y pesynbrati JOCNiIOAXKEHHS Oyno BCTAHOBAEHO BUPAXKEHi BiAMIHHOCTI
Yy BMICTi papioHyKNiAiB y FPYHTi, BOAI Ta POCAMHHOCTI Ha TepuTopiax i3 pi3HMM piBHEM pafiauifiHOro puU3sKMKy.
MakcuManbHi KoHLeHTpauii amepumuito-241 (0,55 % 0,03X bk/kr), uesito-137 (1,83 0,15 bk/kr) i nnyToHit0-239/240
(0,012%£0,0015 bk/Kr) 3ape€ecTpoBaHO B 30Hi HAZL3BMYAMHOMO pafiaLifHOro pU3mMKy, TOAI K Y HAMMeHL 3abpyaHeHnx
paloHax ixHi piBHI 6ynn HUXKYMMKM B 4-7 pasiB. Y BOAHMX 00'€KTax HaMbinbLly akTUBHICTb BigMiYeHO Y ue3ito-137,
KOHLLeHTpaLig gkoro carana 5,22 0,2 bk/n, wo iCTOTHO NepeBuLLYE AONYCTUMI HOPMATUBK. Y POCIMHHOCTI BUSIBNIEHO
3HaYyHe HaKOMUYEHHS BCiX TPbOX pagioHykniais: Am-241 - po 1,6 = 0,3 bk/kr, Cs-137 - po 2,2v£ 0,1 bk/kr, Pu-
239/240 - po 0,9 +0,1 bk/kr. Hanbinbwi piBHi 3aikcoBaHO B 30HAaX HAA3BMYAMHOIO Ta MAaKCMMANbHOIO PU3UKY,
NepeBaXKHO B MACOBMLLHUX 31aKOBMX KynbTypax. [lpoBeaeHUi aHanis BepTMKaNbHOro pO3noAiny padioHyKNiais
3acBigumnB ix audepeHuiauito 3a mmbuHor: Cs-137 Ta Am-241 30cepemkeHi y BepxHboMy wapi rpyHTy (0-10 cm),
Tofi sk Pu-239/240 yactkoBo MirpyBaB A0 15-20 cMm, Wwo niaTBepAXYBano pU3MK IXHbOrO BKKOYEHHS A0 TPODiYHMX
NaHUIrB Ta HeOOXiAHICTb NOAANbLIOr0 MOHITOPUHIY. OTpUMaHi AaHi MOXyTb 6YTM BMKOPWCTaHI MpW NnaHyBaHHI
3ax0AiB 3 eKkonoriyHoi peabinitauii 3abpyaHEHUX TEPUTOPIN, peryntoBaHHI CiNbCbKOroCnoAapCbKOro BUKOPUCTAHHS
nacoBuL i 3abe3neyeHHi pagiauiiHoi 6e3nekn HaceneHHs
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Abstract. The aim of the study was to analyse the economic models of smart farming
integration into urban ecosystems and their impact on the recovery of territorial
communities in Ukraine and the European Union. In the process, a detailed review
of modern smart farming technologies and models, such as hydroponics, aquaponics,
vertical farms, as well as Internet of Things systems for agricultural management,
rooftop farms and agro-industrial parks, was carried out. The main results included
a comparative analysis of the productivity of traditional and vertical farming. It
showed that vertical farms outperform traditional agriculture in terms of yield
(150.23 kg/m? versus 4), water consumption (20 l/kg versus 250),and land use efficiency
(0.0066 m?/kg versus 0.25). In turn, the forecast for the loT market in Europe showed
a steady increase from USD 196.85 billion in 2025 to USD 284.26 billion in 2029,
representing a compound annual growth rate of 9.62%. The results also indicated
that investments in agricultural projects in the EU exceeded EUR 150 billion between
2015 and 2024, with Poland, the Czech Republic and Romania receiving the most
funding, indicating a great potential for smart farming in these countries. Additionally,
it was determined that regions in Ukraine with a high gross regional product (GRP),
such as Kyiv (USD 9,268.5 million), Dnipro (USD 16,550.2 million) and Kharkiv (USD
10,494.4 million), have a greater potential for the introduction of smart farming
technologies due to their high economic potential and infrastructure development.
The practical significance of the study is to substantiate the effectiveness of the
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introduction of smart farming technologies to increase agricultural productivity, optimise resource use and
promote the economic development of urban agro-systems

Keywords: agricultural innovation; sustainable development; digitalisation of agriculture; hydroponics and

aquaponics; Internet of things

INTRODUCTION

The modern development of agriculture is increas-
ingly focused on innovative solutions that allow for
increased efficiency in the use of natural resources, a
reduction in negative environmental impact, and the
ensuring of food security in the face of growing urban-
isation. One promising avenue is the implementation
of smart farming, which involves the use of digital
technologies, automated management systems, hy-
droponic and aquaponic setups, vertical farming, and
other innovative solutions to boost the productivity
of the agricultural sector. Despite the active develop-
ment of this trend in developed countries, in Ukraine,
its integration into urban ecosystems remains at an
initial stage due to a number of economic, technolog-
ical, and institutional barriers. The main problem is
the insufficient development of economic models that
justify the feasibility of implementing such technolo-
gies in urban environments and their impact on the
socio-economic development of local communities
(Malik et al., 2023).

For example, a study by A. Berxolli et al. (2023)
discusses the necessity of innovative approaches to
enhance the efficiency of Ukraine’s agricultural sec-
tor amidst the war. The authors emphasise the impor-
tance of innovation and a comprehensive approach in
the agricultural sector, which is relevant when consid-
ering the integration of smart farming into urban eco-
systems. The integration of artificial intelligence (Al)
in land resource management allows for increased ef-
ficiency in agricultural production through automated
data analysis, yield forecasting, and the optimisation
of fertiliser and water use (Wrzecinska et al., 2023;
Shebanina et al., 2025).

For their part, S.K. Sharma et al. (2024) investigated
the economic aspects of implementing smart farming
technologies, including the internet of things (IoT), Al,
and data analysis, in urban agro-ecosystems. The au-
thors highlighted that precision agriculture, vertical
farms, and hydroponics contribute to resource opti-
misation, increased productivity, and the adaptation
of agriculture to urbanisation and climate change. Re-
searchers H. Shahab et al. (2025) considered the imple-
mentation of loT in smart farming as a tool for achiev-
ing sustainable development goals. They demonstrated
the effectiveness of an loT system for monitoring soil
parameters and using Al to optimise crop management,
which contributes to increased productivity and the
sustainability of agricultural production. Furthermore,
M. Dhanaraju et al. (2022) explored the impact of smart

farming on traditional agricultural practices through
the use of loT, wireless sensors, and cloud technologies.
The authors highlighted the challenges of integrating
new technologies into agriculture, particularly during
the period from sowing to harvesting, as well as in
packaging and transportation. Additionally, the findings
of the work by H. Chawla et al. (2025) underscored the
important role of loT technologies in enhancing water
efficiency and reducing carbon emissions in horticul-
ture. Researchers N.Khan et al. (2023) analysed the role
of social entrepreneurship and the factors influencing
the adoption of smart farming technologies among old-
er people. They determined that a positive attitude and
social impact promote the implementation of smart
farming, and also emphasised the importance of social
entrepreneurs in improving older people’s knowledge
of these technologies.

In turn, O.B. Akintuyi (2024) emphasised that ver-
tical farming is a promising solution for ensuring food
security in the context of urbanisation. The author high-
lighted the importance of the architectural integration
of vertical farms into the urban environment to opti-
mise space utilisation, energy efficiency, and sustaina-
ble development, as well as the role of technologies in
enhancing the efficiency and resilience of food systems.
The results of the work by A. Mishra (2023) indicated
the advantages of smart urban farming, including the
possibility of growing nutritious crops in urban condi-
tions using Al and IoT. The use of these technologies
helps to reduce resource costs, improve product quality,
and decrease environmental impact, which contributes
to the creation of a clean and green urban environment.
Additionally, G. Orbelyan (2024) developed a theoreti-
cal model, the “Comprehensive Model of Smart Tourism
and Infrastructure”, which focuses on the integration
of engineering, transport, and tourism to create a sus-
tainable urban ecosystem that promotes sustainable
economic growth and inclusivity through intelligent
technologies.

The aim of this research was to identify economic
models for the integration of smart farming into the ur-
ban ecosystems of Ukraine and the EU, as well as their
impact on the recovery of local communities, which
has not been detailed in previous works. The research
objectives included analysing existing smart farming
technologies, their effectiveness and economic poten-
tial in the context of urbanisation,and comparing smart
farming models in Ukraine and the EU to identify op-
portunities for their implementation.
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MATERIALS AND METHODS

To achieve the research objective, the economic mod-
els of smart farming integration into urban ecosystems
were analysed and their impact on the recovery of terri-
torial communities in Ukraine and the EU countries was
considered. Initially, the study considered such models
and technologies as hydroponics and aquaponics, ver-
tical farms, loT systems for agricultural management,
rooftop farms, and agro-industrial parks. This made it
possible to trace the main stages of their implemen-
tation and interaction with other elements of the ur-
ban environment. Reference productivity indicators
for traditional and vertical farming were also consid-
ered, which allowed to assess the competitiveness of
smart farming technologies compared to traditional
agricultural production methods (Moghimi & Asiaban-
pour, 2021). These indicators included the following pa-
rameters: benchmark production per year; the number
of hours one person spends producing 1 kg of product;
energy and water consumption, yield, and land ratio for
producing 1 kg per year.

An example is the Green Future company, which is
one of the largest vertical farms in Ukraine (One of the
largest vertical farms in Ukraine..., 2024). On the other
hand, to determine the prospects for the use of digital
technologies in the agricultural sector, an analysis of
the projected development of the loT market in Euro-
pean countries in US dollars for 2025-2029 was car-
ried out (Statista, n.d.). The data obtained on the main
models of smart farming were systematised in the form
of a comparative analysis covering their advantages
and limitations. For this purpose, the expert evaluation
method was used to identify the key success factors for
each model. Further, to assess the effectiveness of the
introduction of smart farming technologies, the eco-
nomic effect assessment formula (Kosinska, 2019) was
applied, which took into account changes in production
levels, investment costs, and resource savings (1):

E= (Ys—Yp)X (C+I+T)

x 100%, 1)
where E - efficiency of technology adoption, %; Y, -
production level after technology adoption; Y, - pro-
duction level before technology adoption; C - costs of
technology adoption; | — investments in staff training
and technical support; T - savings from reduced use of
resources (water, fertilisers, etc.).

Based on this formula, the efficiency of smart
farming implementation was calculated, which al-
lowed to estimate the potential increase in productiv-
ity and profitability of public initiatives. Additionally,
the schedule of regional production and international
trade of Ukraine in 2019 was considered, which al-
lowed to analyse the economic preconditions for the
development of smart farming in different regions of
the country (National Bank of Ukraine, n.d.). For this
purpose, the gross regional product (GRP), exports and
imports, as well as the level of economic activity of
the regions were estimated, which made it possible
to identify opportunities for the integration of smart
farming technologies. Moreover, the total amount of
funding for projects in EU countries for 2015-2024 was
studied, which made it possible to identify possible
mechanisms for financial support for such initiatives
(European Commission, 2025). The analysis considers
the specifics of the distribution of funds from the EU
Cohesion Fund, as well as the level of investment in
the development of smart farming technologies in dif-
ferent countries.

RESULTS

Analysis of economic models for integrating smart
farming into urban ecosystems. Smart farming is an
emerging trend in the agricultural sector that uses in-
novative technologies to increase the efficiency and
sustainability of agronomic activities. In the context of
urban ecosystems, smart farming is particularly impor-
tant as it can meet the needs of urban areas for the
production of environmentally friendly products, re-
ducing dependence on agricultural products supplied
from rural areas. In the context of urban ecosystems,
smart farming can be represented by several economic
models that are adapted to the specific conditions of
the urban environment and can meet the food security
needs of urban communities. For example, hydroponics
and aquaponics are soilless methods of growing plants
that use aqueous solutions for nutrition. Hydroponics
involves growing plants in special systems where the
roots of the plants are in water with dissolved nutri-
ents. Aquaponics combines hydroponics with fish farm-
ing, creating a closed ecosystem where fish waste is
used as fertiliser for plants and plants filter water for
fish. Consider integrating hydroponics and aquaponics
in urban ecosystems (Fig. 1).

| Aqueous solutions H

Nutrients for plants H

A

Hydroponics (without soil) |
v

| Growing plants (nutrient uptake)

|—>{ Treatment systems (filtration) |
v

Aquaponics (fish farming) |

| Fish waste (fertiliser) }<—|
v

| Water circulation systems |<—|

Closed ecosystem (exchange) |

Figure 1. Integrating hydroponics and aquaponics in urban ecosystems

Source: created by the authors
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This diagram shows the relationships between the
different components of hydroponic and aquaponic
systems, emphasising their integration into a closed
ecosystem for efficient plant and fish production in
urban environments. Generally speaking, hydroponics
is a system of growing leafy vegetables such as let-
tuce and spinach in special pipes or containers where
the roots of the plants are immersed in a water solu-
tion with the necessary nutrients. Such systems typ-
ically use networked solution flow technologies or a
grid system. Aquaponics is implemented, for example,
in urban greenhouses, where fish, such as tilapia, are
grown in containers and their waste is used to fertil-
ise plants, such as tomatoes or cucumbers, grown in
the same conditions. The water in such systems circu-
lates between the fish and plants, creating an efficient
closed ecosystem that reduces water and fertiliser
consumption.

Shebanin et al.

Vertical farms, on the other hand, are another in-
novative model of smart farming that is being actively
integrated into urban ecosystems (Kunakh et al., 2021).
They involve the use of vertical structures on which
multi-tiered systems for growing plants are placed.
This allows for significant space savings, which is an
important factor in urban environments where land is
limited. Such farms use effective growing methods such
as aeroponics (a soilless method of growing plants in
which the roots of plants are suspended in the air and
regularly moistened with a water solution containing
nutrients), ensuring maximum productivity in a mini-
mum area. Vertical farms are capable of producing a
wide range of crops, from vegetables to fruits, and help
reduce the cost of transporting products by localising
production. For a better understanding, it is worth com-
paring productivity indicators for traditional and verti-
cal farming (Table 1).

Table 1. Reference productivity indicators for traditional and vertical farming

Option Traditional farming (field cultivation) Vertical farming
Reference production per year (kg) 907,184.7 907,184.74
Labour per kg (man-hours/kg) 0.014 0.066666667
Energy consumption per kg (kWh/kg) 0.575 5.75
Water consumption per kg (l/kg) 250 20
Yield (kg/m?/year) 4 150.23
Land ratio for production of 1 kg per year (m?/kg) 0.25 0.006656307

Note: man-hours - the number of hours that one person spends on the production of one kilogram of product

Source: F. Moghimi and B. Asiabanpour (2021)

In other words, vertical farms outperform conven-
tional agriculture in terms of yields, water consumption
and land use efficiency. However, they require more en-
ergy,which is also an important factor in their economic
and environmental assessment. For example, entrepre-
neur Viktor Shuleshko, founder of Green Future, creat-
ed one of the largest vertical farms in a bomb shelter
in the city of Dnipro (One of the largest vertical farms
in Ukraine..., 2024). After losing his previous farm to a
rocket attack, he built a new one, 7 times larger, which
enables to grow up to 3 kg of greenery per m2.

In turn, loT systems for agricultural management
are becoming an important element for optimising and
automating processes in smart farming. loT helps to

2029
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2025

o

50 100

integrate various devices and sensors that collect data
on environmental conditions (temperature, humidity,
light, soil pH and other parameters), as well as on the
condition of plants and animals. This data is used to
monitor, forecast and manage agricultural processes in
real time, which helps to increase production efficiency
and reduce the cost of resources such as water, energy
and fertilisers. An important factor in the development
of such technologies is the overall growth of the loT
market, which reflects the level of investment and in-
novation in various industries. In this context, it is use-
ful to consider the projected growth of the loT market
in Europe, as it directly affects the implementation of
such solutions in the agricultural sector (Fig. 2).

150 200 250 300

Figure 2. Forecasted size of the loT market in Europe for 2025-2029

Source: Statista (n.d.)
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The forecast shows a steady growth of the loT
market in Europe. It is expected to increase from USD
196.85 billion in 2025 to USD 284.26 billion in 2029,
representing a compound annual growth rate of ap-
proximately 9.62%. This indicates the active integra-
tion of loT into various industries, including the ag-
ricultural sector, where these technologies contribute
to increased production efficiency. In general, in urban
ecosystems, the use of loT in smart farming allows for
maximum adaptation of agricultural systems to the
limited conditions of urban space. loT can be used
to automate watering, temperature and light control
in vertical farms or hydroponic systems, making the
process of growing plants much more efficient. For
example, loT-based technologies can automatically
adjust water and energy consumption depending on
environmental conditions, reducing the environmental
footprint of agricultural production. The integration of
[oT into agricultural management also opens up new
opportunities for processing large amounts of data, al-
lowing for crop forecasting, optimising logistics and re-
ducing risks. With the help of 10T systems, farmers can
receive analytical reports that allow them to respond
quickly to changing conditions and make informed de-
cisions aimed at improving production results and the
sustainability of agricultural systems. One of the most
promising models is the use of rooftop farms, which

allow for the most efficient use of urban spaces. Such
farms can be located on the roofs of residential and
commercial buildings, as well as on industrial facilities.
Not only do they provide access to fresh local produce,
but they also help to improve the microclimate, reduce
the heat load on buildings, reduce noise and increase
air humidity. They can also be integrated with rainwa-
ter harvesting systems and solar panels, making them
more energy efficient.

In addition, there are urban models of innovative
agricultural clusters, such as agro-industrial parks.
These are special agricultural parks that combine
high-tech greenhouses, agricultural processing cen-
tres, crop research laboratories, educational parks and
sales markets. Such clusters help to create new jobs,
reduce logistics costs, develop small and medium-sized
enterprises, and intensify cooperation between the ag-
ricultural sector, research institutions and municipal
authorities. Thus, the considered smart farming models
have their advantages and limitations (Table 2). Each
of them adapts to the urban environment in different
ways, taking into account factors such as spatial con-
straints, resource consumption and cost-effectiveness.
The choice of the appropriate model depends on spe-
cific conditions, including resource availability, local
community needs, environmental requirements and
economic opportunities.

Table 2. Benefits and limitations of smart farming models in urban ecosystems

Model Benefits

Limitations

Reduced water consumption

High cost of system installation

Hydroponics and Fast cultivation

The need for energy resources

aquaponics

High space efficiency

Sustainable process with minimal environmental footprint

Difficulty in balancing the ecosystem

High yields on small areas

High initial cost

Vertical farms

Reduced transport costs

Conservation of resources (water, land)

High energy costs

Increased efficiency through monitoring and automation

Data security issues

loT systems for
agricultural management

Reduced resource costs

Precise management of agricultural processes in real time

High cost of implementation

Efficient use of urban space

Limitation of space for placement

Rooftop farms

Improving the microclimate

Access to fresh products

Dependence on building design features

Creation of new jobs

High initial investment

Development of high technologies

Need for government support

Agro-industrial parks

Reduction of logistics costs

Difficulty in coordination between different

Stimulation of the local economy

actors

Source: created by the authors

Thus, the optimal choice of model depends on
the specific conditions of the urban environment. Hy-
droponics and aquaponics models are best suited for
confined spaces where production speed and efficient
water use are important. Vertical farms are effective
in tall cities with limited land space, particularly for
growing vegetables and herbs. loT systems are useful
in the context of large farms or innovative agri-parks,
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where automation and monitoring are required. Roof-
top farms are most appropriate for use in highly ur-
banised cities, where it is important to maximise the
use of available space and ensure sustainable devel-
opment. In addition, agro-industrial parks are prom-
ising for regions with a high level of technological
development, where it is necessary to create jobs and
reduce logistics costs.




The impact of smart farming models on the res-
toration of territorial communities in Ukraine and
the EU. In the modern world, there is an active im-
plementation of smart farming technologies aimed at
addressing the problems of growing demand for food,
climate change, lack of natural resources and the need
to ensure the sustainability of agriculture. The use of
technologies such as vertical farms, hydroponics and
aquaponics allows crops to be grown in limited space
and with minimal water use. Moreover, smart farming
plays a key role in increasing the efficiency of the ag-
ricultural sector by automating processes, reducing
resource use and improving product quality. In par-
ticular, loT technologies allow for precise monitoring
of soil conditions, moisture, temperature and other
parameters, which contributes to more efficient man-
agement of agricultural processes. Another important
aspect is the use of Al for crop forecasting and produc-
tion management, which helps to reduce losses and
increase the profitability of agricultural enterprises
(Yerzhanova et al., 2021).

In other words, the introduction of smart farming
technologies in the agricultural sector is a key factor
in increasing production efficiency. To quantify the
impact of such technologies on agricultural produc-
tivity, an extended model can be used that takes into
account various aspects of innovation (Kosinska, 2019).
For example, before the introduction of smart farming
technologies, the level of production was 100 units. Af-
ter the introduction of the technology, production in-
creased to 120 units. Implementation costs amounted
to 50 units, investment in training - 10 units, and sav-
ings from reduced resource use - 5 units. The efficiency
is then calculated as follows (1):

_ (120-100)X (50+10+5)

Shebanin et al.

Thus, the effectiveness of the introduction of smart
farming technologies can be assessed by increasing
productivity per unit of inputs. In the example above,
each unit of inputs brought an additional 2.6 units of
output, which indicates the high efficiency of such tech-
nologies in the agricultural sector. This means that the
introduction of smart farming technologies has a sig-
nificant potential to increase agricultural productivity
and also has the potential to have a significant impact
on the recovery of local communities. By reducing in-
puts, improving product quality and creating new jobs,
these technologies contribute to economic growth and
infrastructure rehabilitation in regions affected by con-
flict or economic hardship. As a result, smart farming
is not only a factor in increasing productivity, but also
in stabilising local economies in various countries and
regions, such as Ukraine and the EU.

Ukraine has significant potential for the develop-
ment of smart farming, but the pace of adoption of new
technologies can vary significantly depending on the
region and level of economic development. In recent
years (2020-2025), there has been a trend towards
more active adoption of innovations such as vertical
farms, hydroponics, aquaponics and rooftop agriculture,
especially in economically developed regions. At the
same time, a number of regions face low levels of in-
vestment, limited resources and a lack of infrastructure,
which slows down the pace of smart farming adoption.
To better understand the spread of innovations in dif-
ferent regions of Ukraine and their impact on economic
development, it is worth considering data on region-
al economic activity, such as GRP, exports and imports
(Fig. 3). This helps to determine which regions have the
greatest potential for the development of smart farm-
ing technologies and where additional efforts should

E = x 100% = 260%. (2) be focused to improve the efficiency of innovation.
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Figure 3. Regional production and international trade in Ukraine in 2019

Source: National Bank of Ukraine (n.d.)

According to the data provided, the highest GRP val-
ues are observed in Kyiv (USD 9,268.5 million), Dnipro
(USD 16,550.2 million) and Kharkiv (USD 10,494.4 mil-
lion) regions. This indicates the high economic potential

of these regions, which have developed infrastructure
and significant production. Higher GRP also indicates a
greater potential for the integration of smart farming
technologies, as these regions have more resources for
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innovation and the development of new agricultural
models. At the same time, the highest exports are ob-
served in Dnipropetrovska region (USD 7,907.2 million),
which may indicate the importance of this region for
foreign trade. In terms of smart farming, high exports
in these regions may provide an additional opportuni-
ty for the development of agricultural technologies, as
the demand for innovative agricultural products abroad
may stimulate the development of new technologies.
In addition, in the most economically developed re-
gions, such as Kyiv and Dnipro, imports are much higher
(USD 4,112.3 million and USD 5,522.2 million accord-
ingly), which may indicate a dependence on external
suppliers to meet the needs for technology, equipment
and raw materials. For smart farming, it is important to
understand these flows, as imports of technology and
innovations can be a key factor for their adoption in
Ukraine. Thus, regions with high GRP and exports, such
as Kyiv, Dnipro and Kharkiv, have a greater potential for
integrating smart farming models, as their economic
activity and foreign trade support the development of
new technologies. In contrast, less developed regions,
such as Chernivtsi or Luhansk regions, may face chal-
lenges in adopting such technologies due to limited

20000.00

resources. This also highlights the need to concentrate
resources on supporting innovation in less economi-
cally developed regions to ensure sustainable develop-
ment and recovery of communities throughout Ukraine.

On the other hand, the EU is witnessing an active
adoption of smart farming technologies, including hy-
droponics, vertical farms, integration of loT into agri-
culture, and the use of drones and Al to optimise agri-
cultural production. Countries such as the Netherlands,
Germany and France are leading the way in introducing
innovative technologies that can significantly increase
production efficiency and reduce the environmental
impact of the agricultural sector. The importance of
understanding the financing of smart farming technol-
ogies in the EU is that it enables to assess the extent
to which countries are actively investing in the devel-
opment and implementation of innovative agricultur-
al practices. The financing system that supports such
projects is a key factor for the development of smart
farming, particularly in countries that are leading the
way. Therefore, the total amount of investment allocat-
ed to various areas of agro-innovation, including hydro-
ponics, vertical farms and loT technologies, should be
demonstrated (Fig. 4).
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Figure 4. Total funding from the EU Cohesion Fund for projects in EU countries (2015-2024)

Source: European Commission (2025)

Although these data cover different types of pro-
jects, they are important for the introduction of inno-
vative technologies, including smart farming, in the ag-
ricultural sector. For example, Cohesion Fund funding
grew between 2015 and 2024, exceeding EUR 150 bil-
lion in 2024. This indicates sustainable funding for
infrastructure and technology development, including
smart farming initiatives. It is important to note that
it was in the period from 2015 to 2024 that many EU
countries increased their investments in innovation,
particularly in the agricultural sector. Poland, the Czech
Republic, and Romania received the most funding. This
may indicate that these countries have significant po-
tential for the development of smart farming projects,
as the funding received can be used for innovations in
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the agricultural sector. For Poland, for example, a signif-
icant increase in funding for agricultural projects could
facilitate the widespread adoption of smart farming.
Countries such as Malta or Cyprus received much
less funding, which may indicate their limited econom-
ic potential for large-scale adoption of smart farming
technologies. However, even these countries can use
the funds to develop small and medium-sized pro-
jects in the agricultural sector. Overall, funding from
the EU Cohesion Fund plays an important role in the
development of innovations, including smart farming
technologies. Given the large sums allocated to pro-
jects in Poland and the Czech Republic, it can be noted
that these countries are actively integrating the latest
technologies, including agricultural ones, to support




sustainable development. This contributes to the resto-
ration of regional communities and improves economic
stability in rural areas, and the inclusion of EU funding
can be important for the recovery of local communities.

It is worth noting that smart farm technologies are
being actively implemented not only in Ukraine and
the EU, but also in many other regions of the world,
contributing to the recovery and development of local
communities. For example, in Africa, there is a growing
interest in implementing innovative agricultural prac-
tices. Due to limited water resources and the need to
improve food security, the continent is actively develop-
ing hydroponics and vertical farms. These technologies
make it possible to use limited resources efficiently and
provide the population with the necessary products. In
turn,Asia, in particular in countries such as Japan, South
Korea and Singapore, is witnessing rapid adoption of
smart farming technologies. High population density
and limited land resources encourage the use of verti-
cal farms and hydroponics. These methods allow for ef-
ficient food production in urbanised areas, reducing de-
pendence on imports and improving food security. For
their part, South American countries such as Brazil and
Argentina are seeing the integration of loT and drones
into agriculture. These technologies help farmers moni-
tor the condition of crops, optimise the use of resources
and increase yields. As a result, there is an increase in
productivity and an improvement in the economic situ-
ation of rural communities.

Overall, the adoption of smart farming technolo-
gies has the potential to significantly improve the ag-
ricultural sector in various regions of the world, con-
tributing to economic development and the recovery of
communities. However, successful implementation de-
pends on access to finance, technological infrastructure
and training of local farmers.

DISCUSSION

The results obtained confirm that the integration of loT
into smart farming helps to increase crop yields, re-
duce water consumption, and optimise the use of land
resources, making agriculture more sustainable and
efficient. The study by M.K. Pasupuleti (2024) consid-
ered the overall impact of loT on precision agriculture,
urban infrastructure, and digital security, with a focus
on real-time monitoring and the cybersecurity of loT
ecosystems. That is to say, the results are consistent,
as both studies confirm the importance of 10T in the
development of the agricultural sector, but the research
conducted here specifically focuses on the economic ef-
ficiency of smart farming models in urban ecosystems.
Similarly, the study by K. Bakirov et al. (2024) exam-
ined the implementation of loT in hydroponic vertical
farming, demonstrating the effectiveness of dynam-
ic management of water and energy resources based
on sensor data, which led to a 50% increase in yield
thanks to the integration of smart irrigation and solar
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photovoltaic panels. In this regard, the current results
confirm that loT is a key factor in increasing the pro-
ductivity of smart farming, reducing water consump-
tion, and improving energy efficiency. Consequently, the
current work emphasises a comprehensive economic
analysis of the implementation of technologies in ur-
ban ecosystems, whereas the reviewed work focused on
the mathematical modelling of resource optimisation.

This research focuses on the economic efficiency
of implementing smart farming technologies in urban
ecosystems, such as vertical farms and agro-industri-
al parks, which allows for increased productivity and
reduced resource costs. At the same time, the study by
AA. Zhahir et al. (2024), in developing a conceptual
model for the adoption of technologies in smart urban
farming, focuses on the social and economic factors in-
fluencing the implementation of innovations in urban
agriculture, without considering the technological as-
pects in detail. In turn, the results of the work by M. Ab-
bas et al. (2025) are focused on the application of loT
and cloud technologies to optimise dairy farm manage-
ment, which shows the effectiveness of sensor technol-
ogies in reducing costs and increasing productivity. This
aligns with the current results, as in both studies, loT
plays an important role in enhancing the efficiency of
agricultural processes, although the research conduct-
ed here emphasises the application of technologies in
urban agro-systems, while the mentioned study focuses
on dairy farming.

This research focuses on the economic models of
smart farming, such as hydroponics, aquaponics, ver-
tical farms, and loT for agricultural management, and
has revealed the high efficiency of these technologies
compared to traditional agriculture in terms of yield,
water consumption, and land use efficiency. The study
by A.M. Rosario and A.C. Boechat (2024) confirms the
significance of smart technologies for the sustainable
development of urban ecosystems, particularly the use
of loT and Al to optimise resources, which corresponds
to the main aspects of the current research. On the
other hand, the work by J. Prochazka and A. Kubaco-
va (2024) analyses the implementation of loT solutions
in the Czech Republic through Smart Post Boxes, which
also highlights the effectiveness of technologies for
sustainable development, but the research conducted
here examines smart farming in the context of various
EU countries, and not just the Czech Republic.

The analysis carried out showed that vertical farms
demonstrate a yield of 150.23 kg/m? compared to
4 kg/m? in traditional farming, and water consumption
was reduced to 20 litres/kg compared to 250 litres/kg
in conventional agricultural production. In contrast to
the study by C. Pereira de Sa et al. (2025), which con-
siders organic farming and strategies for product cer-
tification through transparent governance and public
procurement, the current research focuses on compar-
ing smart farming models in agro-systems, where the
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main goal is to increase efficiency and reduce resource
costs, rather than certification strategies. Furthermore,
according to the results of the current analysis, the
integration of smart farming technologies into urban
agro-systems contributes to a significant reduction in
energy and water consumption, which are key aspects
of the sustainable development of urban ecosystems.
Whereas the study by G.M. Ostanaqulova (2025) uses
regression models and the analytic hierarchy process
to assess technological innovations in smart cities, the
research conducted here applies economic models to
assess the effectiveness of technologies in the agricul-
ture of urban ecosystems, specifically to compare dif-
ferent smart farming models and determine their eco-
nomic feasibility in the context of different regions of
the EU and Ukraine.

The research conducted has shown that the inte-
gration of smart farming into urban ecosystems con-
tributes to increased resource efficiency, optimised
food security, and the recovery of local communities,
particularly through the implementation of loT tech-
nologies and vertical farms. In turn, G.R. Pradyumna and
R. Hegde (2024) emphasise the role of smart sensors
and devices in improving the monitoring of urban eco-
systems within blue-green infrastructures, while also
drawing attention to cybersecurity risks and the need
to use digital twins for real-time optimisation of urban
processes. While the current work focuses on the in-
tegration of smart farming into urban ecosystems, the
study by X. Kuai et al. (2024) highlighted the importance
of combining urban data through the development of a
Smart City Ontology Framework. This framework pro-
vides semantic compatibility for loT, Building Informa-
tion Modeling, and Geographic Information Systems in
urban management. In this regard, the current research
considers the need for data standardisation for the ef-
fective implementation of smart farming models, which
contributes to increasing the productivity of urban agri-
culture and the sustainable use of resources.

The results obtained also showed that vertical
farms significantly outperform traditional agriculture in
terms of land use efficiency - 0.0066 m?/kg compared
to 0.25 m?/kg, which confirms their competitiveness in
urban conditions. This is consistent with the study by
M.T. Abdelfatah (2025), which demonstrates that the
Vertical Urban Oasis model helps to optimise land re-
sources, ensure sustainable food supply, and promote
economic development, although high initial costs and
social barriers remain the main challenges. Additional-
ly, the analysis of hydroponics in the current research
showed its advantages in urban agricultural production
due to minimal water use,automated parameter control,
and increased yields. This is confirmed by the work of
K. Kueh Yung Shin et al. (2023), which presented Smart
Grow - an loT-oriented hydroponic system that provides
efficient management of plant water balance. How-
ever, unlike the mentioned work, the current research
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focuses on the economic analysis of the large-scale
implementation of hydroponics in urban ecosystems.

The efficiency of using smart farming technologies
significantly exceeds traditional agricultural methods;
in particular, yields in hydroponic and aquaponic mod-
els reach 120 kg/m?, which is several times higher than
under traditional conditions (Poloviy et al., 2024). This
indicates the high productivity and economic benefit of
such technologies. However, compared to the study by
S. Raj et al. (2023), which focuses on data integration
for smart cities and the optimisation of agricultural
services, it should be noted that while these technolo-
gies contribute to sustainable development, the issues
of efficient use of digital resources and ensuring con-
fidentiality are important for further development. The
research conducted also showed that investments in
agricultural projects in the EU exceeded EUR 150 bil-
lion between 2015 and 2024, with Poland, the Czech
Republic,and Romania receiving the most funding. This
indicates a significant potential for the development of
smart farming in these countries. At the same time, the
study by P-A. Langendahl (2021) noted that in Sweden,
the implementation of smart farming promises to re-
duce costs and increase food security. However, its real
effect is often limited, and in the EU, despite large in-
vestments, the effectiveness of agricultural initiatives
often remains limited and in many cases does not lead
to radical changes in traditional production methods
(Shahini et al., 2023).

Overall, this research compared the economic in-
dicators of traditional agriculture and smart farming
technologies, and the results showed significant ad-
vantages of such technologies, particularly in increas-
ing yields, reducing water consumption, and improv-
ing land use efficiency. At the same time, the study by
N.Khan et al. (2024) obtained similar results regarding
the high efficiency of smart farming in conditions of
urbanisation and limited resources. However, unlike
the provided research, the current results analyse in
more detail the economic prerequisites for the imple-
mentation of such technologies in different regions,
particularly in Ukraine. The study by M. Bakhar and
E. Evanita (2021) also confirms the benefits of ag-
ricultural innovations, particularly in the context of
reducing the use of natural resources and increasing
productivity. However, unlike their analysis, the current
results emphasise the importance of factors such as
infrastructure support and the level of investment for
the effective implementation of smart farming at the
level of urban ecosystems.

Thus, the research results confirm that the imple-
mentation of smart farming technologies and models,
such as hydroponics, aquaponics, vertical farms, and
loT, significantly increases the efficiency of agricultural
production, reduces resource costs, particularly water
consumption, and optimises the use of land resources,
which are key to the sustainable development of urban




ecosystems. Moreover, smart farming is capable of sig-
nificantly enhancing food security and supporting the
recovery of local communities through the integration
of modern technologies into the urban environment.

CONCLUSIONS

An analysis of economic models for integrating smart
farming into urban ecosystems has confirmed the high
efficiency of technologies such as hydroponics, aqua-
ponics, vertical farms, loT systems, rooftop farms and
agro-industrial parks. Vertical farms have shown yields
of up to 150.23 kg/m?, which is higher than tradition-
al farming, where yields are only 4 kg/m?. Water con-
sumption in vertical farms is 20 litres/kg of produc-
tion, which is significantly less than the 250 litres/kg
in conventional farming. In addition, they occupy only
0.0066 m? per 1 kg of produce, which is more efficient
than conventional methods that use 0.25 m? per 1 kg.
Hydroponics and aquaponics also contribute to a sig-
nificant reduction in water consumption compared to
traditional agriculture, ensuring more efficient use of
water resources. In addition, loT systems that optimise
agricultural management can reduce energy and wa-
ter costs, providing better control and efficiency. Roof-
top farms make use of limited urban land resources,
reducing the need for additional land for agricultural
production, and agro-industrial parks provide an op-
portunity to integrate different agricultural technolo-
gies and enterprises in an urban environment. These
technologies help to increase productivity, reduce wa-

Shebanin et al.

analysis showed that in developed regions such as
Kyiv, Dnipro and Kharkiv, the introduction of smart
farming models such as vertical farms and loT systems
can significantly increase the efficiency of agricultural
production. In EU countries such as the Netherlands
and Germany, innovative agricultural technologies are
being actively used to increase not only productivity
but also reduce environmental impact. Investments in
smart farming projects in the EU, including through
the Cohesion Fund, exceeded 150 billion euros in
2024, which demonstrates support for innovation in
the agricultural sector. This demonstrates the high po-
tential for the development of smart farming, which is
an important element for ensuring food security and
sustainable development of urban agricultural sys-
tems in Ukraine and the EU.

The main constraints to the introduction of smart
farming technologies and models are high initial costs
for infrastructure and equipment, as well as the lack of
sufficient technical training among farmers, which can
slow down the process of adopting innovations. In ad-
dition, the legal and regulatory frameworks to support
such technologies need to be modernised, especially in
Ukraine. To overcome these barriers, it is recommended
to develop state support programmes and subsidies for
farmers, increase investments in education and train-
ing, and strengthen cooperation between the govern-
ment, research institutions and business to stimulate
innovation in the agricultural sector.
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EKOHOMI4YHi Mogeni iHTerpauii cMapT-dpepmMepcTBa y MicbKi eKocuctemMmn

B'auecnas Llle6aHiH

[oKTOp TEXHIYHUX HAyK, Npodecop
MMKONAIBCbKMI HALLIOHANBbHUIA arpapHuUiA YHiBepCuTeT
54008, syn. leopria loHragse, 9, M. Mukonais, YkpaiHa
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AHoTauif. MeTol [oCnigkeHHs OyB aHani3a eKOHOMIYHMX Mofenei iHTerpauii po3ymHoro 3emnepobctea B
MiCbKi €KOCMCTeMM Ta iX BMJIMB HA BiAHOBMIEHHS TepuUTOpiaNbHUX rpoMaf B YKpaiHi Ta €Bponelicbkomy Cotosi. Y
npoueci 6yno npoeefeHo AeTanbHUI OrNsL Cy4acHUX TEXHOMOTIM Ta MOAeNei po3yMHOro 3eMnepobcTBa, TakKnx
SK FiApOMNOHiKa, akBanoHiKa, BeEpTUKaNbHi hepMu, a TaKoX CUCTEMU |HTepHEeTY pedelt AN ynpaBaiHHS CilbCbKUM
rocnoAapcTeoM, AdaxoBi depmu Ta arpornpomMucnosi napku. OCHOBHI pe3ynbTaTh BK/IOYANM MNOPIBHANBHUA
aHanis NpPoAyKTMBHOCTI TPAAMLIMHOrO Ta BEPTUKaNbHOro 3emMnepobcTBa. BiH mokasas, WO BepTuKanbHi Gepmu
nepeBepLUYOTb TPaAMLIiHE CiflbCbKe FOCMOAAPCTBO 3@ BpoxalHicTio (150,23 kr/mM? npoTu 4), CNOXMBAHHAM BOAM
(20 n/kr npoTn 250) Ta edekTUBHICTIO BMKOpUCTaHHs 3emni (0,0066 kr/m? npotu 0,25). Y cBoto yepry, NporHos
puHKy loT B €Bponi nokasae cTabinbHe 3pocTaHHda 3 196,85 mnpp ponapis CLA y 2025 poui po 284,26 mnpna
nonapis CLUA 'y 2029 poui, Lo CTaHOBUTb CYKYMHUIM PiYHUIA TEMN 3POCTaHHA 9,62 %. Pe3ynbTaTu TakoX nokasanu,
o iHBeCTMLIT B cibcbkorocnogapcbki npoekt B €C nepesuwmam 150 minbapais eBpo mix 2015 i 2024 pokamwu,
npuyomy lMonblua, Yexis Ta PyMyHia oTpuManu Haibinbwe @iHaHCYBaHHSA, WO CBiAYMTL MPO BEMKMIA NOTEHLian
[N po3yMHOro 3emMnepobcTBa B LMX KpaiHax. Kpim Toro, BU3HaueHo, WO perioHn YKpaiHuW 3 BUCOKMM BasioBUM
perioHanbHuM npoaykToM (BPI), Taki gk Kuis (9,268,5 mnH gonapis CLUA), AHinpo (16,550,2 mnx ponapis CLUA)
Ta XapkiB (10,494,4 mnH ponapis CLUA), MatoTb GinblwimMid NoTeHUian AN BNPOBAAXKEHHS TEXHOMOTIA PO3YMHOr0
3eMn1epobCTBa 3aBASAKM CBOEMY BMCOKOMY EKOHOMIYHOMY MOTEHLiany Ta po3BUTKY iHDpacTpykTypu. MNpakTuyHe
3HAYEeHHS [OC/NIIKEHHS NONAraEe B OOrPyHTYBaHHI e(eKTUBHOCTI BMNPOBAIXEHHS TEXHOJOTiA PO3yMHOro
3eMnepobCcTBa AN NiABULLEHHS NPOAYKTUBHOCTI CifIbCbKOr0 rocnoAapcTBa, ONTUMI3aLii BUKOPUCTAHHS pecypciB
Ta CNPUSHHSA EKOHOMIYHOMY PO3BUTKY MiCbKMX arpocucTem

KntouoBi cnoBa: arpapHi iHHOBAUii; CTanui pO3BWUTOK; LUMPPOBI3aLis CiNbCbKOro rocnofapcTsa; rigpomnoHika Ta
AKBAMOHIKa; IHTEpHeT peyen
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study of the East Kazakhstan and Akmola regions was conducted. In particular, in 2022, the gross volume of
agricultural production in the Akmola region reached KZT 976.6 billion, which is 18.6% more than the previous
year.In 2024, crop production dominated the region (up to 75% of production), while animal husbandry prevailed
in East Kazakhstan (up to 60%). Investment programs were analysed, including the implementation of more than
670 projects with a total value of KZT 3.3 trillion by 2027, as well as the implementation of microcredit under the
“Auyl Amanaty” program in the amount of KZT 100.5 billion. Particular attention was paid to the assessment of key
digital platforms: Ger Inspector, Qoldau.kz, GeoPard, AgriSupp, which contributed to the reduction of information
asymmetry, automation of subsidies, climate risk analysis, and production planning. The practical significance of
the study lies in the possibility of using its results to develop regional strategies for the digital transformation of

the agricultural sector in order to stabilise markets and strengthen food security

Keywords: sustainable development; technologies; farming; prices; market fluctuation

INTRODUCTION

In the current conditions of agricultural development
in Kazakhstan, the search for effective mechanisms for
stabilising agricultural markets prone to cyclical fluctu-
ations is of particular importance. Price disparities, un-
even production, and limited access to market informa-
tion pose threats to the economic security of farms and
the food system as a whole. At the same time, digitali-
sation opens up new opportunities for operational data
analysis, forecasting supply and demand, and forming
transparent product sales channels. Kazakhstan’s ag-
riculture remained vulnerable to seasonal and market
fluctuations, which made it difficult to maintain stable
production and income. R. Gabdualiyeva et al. (2024) in-
vestigated the potential of digital technologies — Glob-
al Positioning System (GPS) navigation, drones, online
platforms,and monitoring systems - to increase the effi-
ciency of agricultural production. The authors identified
a number of barriers, including unstable internet cover-
age, a shortage of qualified personnel, a lack of stand-
ards, and a low level of digital literacy among farmers.
At the same time, the study did not sufficiently reveal
the role of digital platforms in smoothing fluctuations
in agricultural markets, which required further study.

A low share of digital solutions in Kazakhstan’s
agriculture constrained its economic efficiency due
to outdated technologies and uneven resource use.
O.Ryskeldi et al. (2024) analysed the impact of six digi-
tal tools - including livestock monitoring, cow tracking,
drones, parallel driving, telematics, and soil sensors -
on over 130 farms. Their findings showed increased
productivity, reduced costs, and high returns on invest-
ment (up to 400%). However, the study did not explore
the influence of these technologies on regulating mar-
ket fluctuations, stabilising farm incomes, or mitigating
seasonal volatility. A low level of digital integration in
Kazakhstan’s agricultural machinery industry has limit-
ed its modernization and competitiveness. M. Sarsem-
bayev et al. (2023) examined legal aspects of digitali-
sation, highlighting the need to update regulations on
document management, cybersecurity, the Internet of
Things, robotics, and smart systems. However, the study
did not assess how such transformation could help
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mitigate seasonal and market instability in agricultur-
al production. The weak level of investment activity
and technical modernization has long restrained the
growth of the competitiveness of agricultural produc-
tion in Kazakhstan.

Limited use of digital technologies, weak infrastruc-
ture,and low levels of digital literacy have hindered the
development of agricultural production in Kazakhstan
(Akhmet et al.,2025).D. Kulanova et al.(2025) examined
the institutional conditions for digitalisation, analysed
state programs, and found that less than 10% of farm-
ers use digital solutions, and support remains patchy.
However, the impact of digital platforms on reducing
market volatility was not considered, which requires
further analysis. Insufficient integration of production
participants, weak infrastructure, and limited access to
financing have hindered the effective development of
cluster models in agriculture in Kazakhstan. A. Tkache-
va et al. (2024) investigated the potential of agroclus-
ters using the example of the Pavlodar region, confirm-
ing the effectiveness of vertical integration and state
support. The authors identified the prospects of grain,
meat, and dairy clusters, emphasising the role of invest-
ment and training. At the same time, they did not con-
sider how digital solutions can affect the reduction of
market volatility, which requires further study.

The low level of digitalisation of irrigation systems
and the deterioration of infrastructure have hindered
the efficient use of water resources in agricultural
production in Kazakhstan. Z. Imanbayeva et al. (2024)
examined the role of state regulation in the imple-
mentation of digital technologies and substantiated
the effectiveness of “smart irrigation” and agricultural
notes, proving that increasing digitalisation by 75%
can reduce water consumption by 18%. However, the
authors did not consider the impact of digital platforms
on mitigating market fluctuations, which requires fur-
ther analysis. Limited use of financial technologies and
low investment activity have hindered the innovative
development of agricultural production in Kazakhstan.
P. Buzaubayeva et al. (2023) analysed the possibilities
of using FinTech tools, agricultural lending, and state




support to finance digitalisation. The authors noted
their ability to increase the efficiency and attractive-
ness of the sector. However, the impact of these tools
on smoothing market fluctuations was not considered,
which requires further study.

The purpose of this study was to substantiate the
possibilities of using digital tools to reduce fluctuations
in demand, supply, and prices for agricultural sector
products in the context of modern transformations of
the agricultural market of Kazakhstan.

MATERIALS AND METHODS

In the process of the study, an applied analytical ap-
proach was used involving qualitative methods of anal-
ysis, covering the time period 2020-2024. A theoretical
review was conducted on agricultural markets’ cyclical
nature, its manifestations, and its impact on price sta-
bility and food security. Particular attention was paid to
the analysis of theoretical approaches to the applica-
tion of digital platforms in the agricultural sector, with
a focus on institutional economics, transaction cost
theory, and the paradigm of sustainable development.
The research involved content analysis of academic
and policy literature, as well as comparative analysis of
economic theories relevant to digitalisation in agricul-
ture. The methodology combined qualitative synthesis
and structural analysis to identify the key conceptual
foundations for the integration of digital platforms in
agricultural market stabilisation.

At the empirical level, the agro-industrial complex-
es of East Kazakhstan - Aitas KZ (n.d.) and the Akmo-
la-Atameken Agro regions — were studied. These com-
panies were selected as the largest and most innovative
agro-industrial complexes in their respective regions,
which are actively implementing digital technologies
and are of strategic importance for the development
of the agro-industrial complex. Their socio-economic
structure, specialisation in agricultural production, and
export level were analysed. For spatial comparison, indi-
cators of the estimated distribution of agricultural pro-
duction in 2024 were used (Satubaldina, 2024; United
States Department of Agriculture, 2025). The analysis
revealed differences in the ratio of crop and livestock
production, which made it possible to use regional
parameters of digital transformation. The study also
included an assessment of investment activity in the
digital infrastructure of the agricultural sector, in par-
ticular within the framework of the implementation of
the Agro-Industrial Complex Development Program for
2022-2026 (Food and Agriculture Organisation, 2023).
As part of the methodological framework, the study
involved an analytical review of six companies from
the food industry sector listed on the Kazakhstan Stock
Exchange (n.d.). These companies were selected based
on official exchange data and examined for structur-
al characteristics relevant to the overall dynamics of
the sector. The analysis included a review of corporate
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documentation, regional affiliation, and stock exchange
performance. The selected enterprises included Rakhat
JSC (n.d.), Bacchus JSC (n.d.), and Kostanay Flour Compa-
ny (n.d.). In addition, Tsesna-Astyk Concern JSC (Kazakh-
stan Stock Exchange, n.d.), Kainar-AKB JSC (n.d.), and
Aksaynan JSC (n.d.) were also examined.

Information was systematised on key digital plat-
forms operating in the agricultural sector of Kazakhstan.
These include the Unified State Subsidy Information
System (Kazakhstan intensively introducing..., 2025)
and e-Agriculture. Also analysed were Auyl Amanaty
and the Crop Traceability Information System. Addition-
al attention was given to the E-farming Platform and
artificial intelligence-driven solutions. The data was
collected on the basis of official statistical and analyt-
ical materials. Data analysis allowed us to determine
the level of their integration into production processes,
the impact on reducing information asymmetry, opti-
mising management decisions, and stabilising the mar-
ket. Based on the results obtained, recommendations
were formulated to strengthen the investment attrac-
tiveness of digital solutions, and proposals were devel-
oped to enhance food security through the formation of
regional digital policy.

RESULTS AND DISCUSSION

The cyclical nature of agricultural markets is one of the
key characteristics that determines the behaviour of
prices, production volumes, and incomes of agricultural
producers in the medium and long term. Its essence lies
in the periodic repetition of growth and recession phas-
es that arise under the influence of a number of objec-
tive and subjective factors - from climatic conditions,
seasonality of demand and supply, and fluctuations in
resource costs to changes in public policy, prices on
world markets, and the availability of technologies. Ag-
ricultural products are characterised by high sensitivity
to external and internal disturbances, since most of their
types have a limited shelf life, significant dependence
on weather conditions, and a specific cost structure.

In practice, the cyclical nature of agricultural
markets is manifested in price volatility, unevenness
of farmers’ incomes, and instability of food supply. In
years of overproduction, a sharp decline in prices is
observed, which reduces the profitability of agricultur-
al production and discourages further investment. On
the contrary, in years of deficit, prices increase, which
exacerbates social tensions, especially in conditions of
limited access to imports or underdeveloped logistics
infrastructure. Such unevenness is especially danger-
ous for countries with a strong agricultural component
of the economy, such as Kazakhstan, where the agro-in-
dustrial complex plays an important role in ensuring
employment, foreign exchange earnings, and food se-
curity (Jumabayeva et al., 2023). The economic signifi-
cance of the cyclicality of agricultural markets lies not
only in the impact on producers’ profits but also in the

Scientific Horizons, 2025, Vol. 28, No. 7

151



152

The role of digital platforms in regulating the cyclicality...

broader macroeconomic context. First, the instability of
agricultural production complicates the formation of a
strategy for the development of the sector, as financial
risks increase and incentives for modernization de-
crease. Second, price volatility affects the availability of
food for consumers, especially vulnerable social groups,
which is directly related to the level of food security of
the state. Thirdly, cyclicality makes it difficult to attract
investment in the agribusiness sector, as private capital
is focused on predictability and stability of income.

Another feature of agrarian markets is their ten-
dency to so-called “price scissors,” when the growth
rate of the cost of means of production (fuel, fertilisers,
seeds) outpaces the growth of prices for agricultural
products (Palamarchuk et al., 2023). This exacerbates
imbalances in the agribusiness sector and creates con-
ditions for structural instability. In such conditions, it
becomes necessary to find tools to smooth out cycli-
cality, among which digital platforms are playing an
increasingly important role. Their ability to provide
prompt access to market information, perform analyt-
ics, forecasting, and regional coordination of supply and
demand makes it possible to increase the adaptability
of market participants to fluctuations (Digital Platforms
for Farmers..., 2025). Thus, the cyclicality of agrarian
markets is a complex economic phenomenon that has
multi-level consequences at both the micro and macro
levels. Overcoming it requires not only improving state
regulatory instruments but also actively implementing
digital solutions that can increase market transparency,
reduce risks, and support food security. These aspects
are important in further analysing the effectiveness of
digital platforms in a regional context.

In modern economic science, digital platforms are
considered as a tool capable of transforming the agri-
cultural sector by creating new models of interaction
between producers, consumers, government agencies,
and investors (Makhazhanova et al., 2024). Theoretical
approaches to their application in agricultural produc-
tion are based on a combination of institutional theory,
transaction cost theory, innovative development, and
digital economy. They are united by a common under-
standing that digital solutions are not just a techno-
logical update - they change the rules of market func-
tioning, reduce information asymmetry, simplify access
to resources, and increase the efficiency of manage-
ment decisions. According to the theory of transaction
costs, digital platforms reduce the costs of searching
for information, concluding agreements, and monitor-
ing the fulfilment of obligations. In agriculture, this
is manifested through the rapid exchange of data on
prices, product quality, weather conditions, logistics, the
availability of subsidies, and insurance programs. Such
platforms allow agricultural producers to act proactive-
ly, rather than reactively, which is especially important
in conditions of market instability and climate risks
(Rindfleisch, 2019). Examples of such solutions are the
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AgriTech Farm Management Software, Cropio, and Cli-
mate FieldView. Other widely used systems include EO-
SDA Crop Monitoring. In Kazakhstan, Digital Village also
provides tailored technological support for farmers.
They provide the opportunity to monitor soil conditions
in real time, forecast yields, plan irrigation, optimise
fertiliser use, and choose the best time for harvesting,
taking into account market trends. Based on this con-
cept, digitalisation reduces risks and increases the effi-
ciency of resource use, allowing for prompt adjustment
of production behaviour.

From the standpoint of an institutional approach,
digital platforms act as a new type of infrastructure
institution that provides conditions for transparent,
open, and predictable interaction of all market partic-
ipants (Matskiv et al., 2025). They create a new ecosys-
tem where transactions take place in the digital space,
rather than through traditional chains of intermediar-
ies, which reduces costs and reduces price volatility.
These processes are of particular importance in the
agro-industrial complex of Kazakhstan, where the ter-
ritorial fragmentation of producers and the underde-
velopment of logistics channels create high barriers to
effective communication between market participants.
The innovative paradigm considers digital platforms
as drivers of technological development that inte-
grate big data, cloud computing, remote monitoring,
the Internet of Things, and decision-making systems
based on artificial intelligence. In the context of the
agricultural sector, this makes it possible to automate
the processes of sowing, irrigation, harvesting, yield
forecasting, and monitoring the condition of soil and
plants. In addition, digital solutions allow the creation
of financial support platforms - electronic lending sys-
tems, digital agricultural receipts, insurance, and grant
support (Acs et al., 2021).

Within the framework of the approach to sustain-
able development, digital platforms are considered as
a tool not only for increasing economic efficiency but
also for ensuring social justice and environmental bal-
ance. Through access to knowledge, government ser-
vices, investment resources, and new markets, small
farmers are able to compete on a par with large agri-
cultural holdings. This helps reduce regional disparities
and ensure food security (Robertsone & Lapina, 2023).
Thus, digital platforms in the agricultural sector act as
a complex multifunctional system that embodies eco-
nomic, organisational, and technological approaches
to increasing the efficiency of agricultural production.
Their implementation is not only applied but also stra-
tegic for stabilising agricultural markets, minimising
cyclicality, and creating sustainable agro-economic
models. This study and M-H. Ehlers et al. (2021) start-
ed from the same position regarding the importance of
digitalisation for the agricultural sector but differed in
their emphases. In M-H. Ehlers et al’s work, digitalisa-
tion was considered as a factor in the transformation




of agricultural policy, with an analysis of nine policy
dimensions, including spatial specificity, cost distribu-
tion, and flexibility over time. The authors emphasised
the change in policy instruments under the influence
of digital technologies. This study focused on the prac-
tical aspect of reducing the cyclicality of agricultural
markets in Kazakhstan. Digital platforms were consid-
ered as a tool for stabilising prices, coordinating sup-
ply and demand, and supporting farmers’ incomes. The
work also took into account barriers to implementation:
weak infrastructure, lack of investment, and low levels
of digital literacy. While M-H. Ehlers et al’s study fo-
cused on policy transformation, this study focused on
market stability.

The approach proposed by R. Abiri et al. (2023) was
based on a systemic vision of digital agriculture as a
set of interconnected technologies (Internet of Things,
artificial intelligence, blockchain, and robotics) capa-
ble of ensuring productivity and sustainability of pro-
duction. While the emphasis was on the technological
framework and its potential for global application, this
study paid more attention to a specific task - reducing
price volatility and stabilising the agricultural market
in Kazakhstan. Thus, these approaches complement
each other: the first from a technological perspective,
the second from the point of view of local market risk
management. In J. MacPherson et al. (2022), digital ag-
riculture was considered through the prism of global
policy, legal regulation, and sustainable development
goals. The authors structured the analysis in five areas:
climate, biodiversity, soils, nutrition, and biomass, sup-
plementing it with future development scenarios. The
study had a comprehensive, multidisciplinary nature. In
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contrast, this study was focused on solving a specific
economic problem - stabilising price dynamics in the
agricultural market in Kazakhstan. Thus, the work of
J. MacPherson et al. served as an example of a global
policy-analytical review, while this study presented an
example of the local application of digital solutions for
market adaptation.

The agro-industrial complexes of the East Kazakh-
stan and Akmola regions play a crucial role in Kazakh-
stan’s agriculture, serving both the domestic market
and exports. In 2022, the gross output of agriculture,
forestry, and fisheries in the Akmola region reached
KZT 976.6 billion (USD 2.09 billion), which marked
an 18.6% increase compared to the previous year. Of
this amount, 708.09 billion KZT came from crop pro-
duction (mainly grains), while 264.2 billion KZT came
from livestock production, representing 72.5% and 27%
of agricultural output, respectively (Azernews, 2023).
Akmola is part of Kazakhstan’s ‘grain belt” and is one
of the country’s leading exporters of wheat, barley, and
oilseeds, with up to 50% of production exported (Satu-
baldina, 2024). In contrast, East Kazakhstan has a more
balanced agricultural structure, with a stronger focus
on livestock production, especially cattle farming and
dairy. Although exact figures for total output in recent
years are not available, the region is among the lead-
ers in livestock production and is home to major meat
processing and vegetable oil facilities, with 88 active
oilseed processing plants. Approximately 30-40% of the
region’s production is exported, while the rest is con-
sumed domestically (APK-Inform, 2025). The structure
of agricultural production in both regions in 2024 is
presented in Table 1.

Table 1. Estimated distribution of agricultural output by region in 2024

Region Crop production Livestock production Notes
Akmola Region 70-75% 25-30% Dominated by grain and oilseed cultivation
East Kazakhstan Region 40-50% 50-60% Leading in livestock production; well-developed oil industry

Source: created by the authors based on A. Satubaldina (2024), United States Department of Agriculture (2025)

Both regions are actively involved in state support
programs, including machinery leasing at 5% annual
interest, microcredits at 2.5%, subsidies for imported
equipment, loan guarantees of up to 85%, and initia-
tives in partnership with the Food and Agriculture Or-
ganisation. These programs cover tens of thousands
of farms, while hundreds of agricultural cooperatives
benefit from better access to land and resources. Under
the “Auyl Amanaty” program alone, 15,500 microcredits
worth KZT 100.5 billion were issued, including to 442
cooperatives, many of which are located in Akmola and
East Kazakhstan (Agroberichten Buitenland, 2025a).
Thus, regional features of the agro-industrial complex
demonstrate the dominance of grain farming in Akmo-
la and livestock in East Kazakhstan. Both regions are
deeply integrated into Kazakhstan’s agricultural policy

and continue to develop through a combination of mod-
ernization, export orientation, and active state support.

One of the largest agro-industrial complexes of
the East Kazakhstan region in 2020-2024 is the Aitas
KZ holding, which includes Aitas Agro. The company
is a national leader in poultry farming and occupies
key positions in the region both in terms of produc-
tion volumes and the scale of innovation implemen-
tation. The main production facilities are located in
Ust-Kamenogorsk, where a large poultry farm oper-
ates with an annual capacity of up to 160 thousand
tonnes of poultry meat, which provides more than a
third of the country’s domestic market. The subsidiary
Aitas Agro specialises in crop production and cultivates
more than 30 thousand hectares of arable land. The
main crops are spring and winter wheat, sunflower, and
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barley. The company is actively implementing digital
technologies - in particular, precision farming systems
based on yield mapping, modified fertiliser application
rates, and GPS navigation. They use the Cropwise and
OneSoil platforms to build a map of field productivity,
which allows for differentiating approaches to sowing
and improvement, taking into account the peculiarities
of substantiation and relief. The initiative to introduce
precision agriculture was launched by the company’s
management after completing international business
education, which testifies to Aitas KZ's strategic orien-
tation towards innovation (OneSoil, 2023). The compa-
ny also participates in state programs for the digital-
isation of the agricultural sector, in particular within
the framework of the National Project for the Develop-
ment of the Agro-Industrial Complex of Kazakhstan for
2021-2025 (Food and Agriculture Organisation, 2021),
which includes subsidising innovations, research and
development, and the introduction of “smart” farms.
free activities in the field of animal husbandry and crop
production, the company has its own meat processing
infrastructure: the subsidiary Aytas-MP Limited Liability
Partnership provides red meat processing with an annu-
al capacity of 12 thousand tonnes, as well as a separate
line for processing poultry meat (25 thousand tonnes/
year) (Deloitte, 2021). Thus, Aitas KZ demonstrates an
appropriate vertically integrated agribusiness structure
with a high level of digitalisation, which to a large ex-
tent shapes the agricultural profile of Eastern Kazakh-
stan and increases the food security of the region and
the country as a whole.

And one of the most powerful agro-industrial com-
plexes of the Akmola region, which deserves special
attention, is Atameken Agro (n.d.). The company is one
of the largest agro-holdings in the region and plays a
key role in the grain sector of Kazakhstan. The main
production facilities are located within the Akmola
and North Kazakhstan regions. The total land bank of
Atameken Agro is about 321 thousand hectares of ara-
ble land, a significant part of which falls on the Akmo-
la region. Atameken Agro specialises in growing grain
and industrial crops, such as soft and durum wheat,
barley, rapeseed, flax, mustard, peas, lentils, chickpeas,
and buckwheat. Thanks to the introduction of modern
agricultural technologies, the company managed to
achieve high yield indicators; in particular, in 2024 an
increase in barley yield was recorded to 17.3 quintals
per hectare, which allowed reducing the cost of produc-
tion to USD 90 per tonne, while previously this figure
was USD 120. The company is actively implementing
elements of precision agriculture, in particular variable
crop rationing, automated fertiliser application, and the
use of satellite monitoring to manage field productiv-
ity. To store the harvest, Atameken Agro uses modern
elevator complexes and grain drying plants, which al-
low for effective organisation of storage and further
logistics of grain (APK-Inform, 2023). This is especially
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important, given the company’s active export activities.
Atameken Agro participates in state support programs,
such as Ken Dala and initiatives of the Baiterek holding,
receiving preferential financing for updating the tech-
nical park and implementing investment projects. The
company also joins regional initiatives to modernise the
agricultural industry, in particular in the field of imple-
menting digital platforms for agricultural production.

The food industry of Kazakhstan is one of the basic
industries that ensure food security, domestic demand,
and export potential of the country (Tungyshbayeva et
al.,2021; Tleubayeyv et al., 2024). In the context of eco-
nomic instability in early 2020, caused by the global
pandemic and devaluation fluctuations, this industry
has maintained relative stability and demonstrated
positive dynamics. Analytical data from the Kazakhstan
Stock Exchange and state statistics allow us to assess
the key economic indicators of food industry enterpris-
es and outline the main trends in their development. In
the first quarter of 2020, the index of physical volume
of food industry production was 113.4%, which indi-
cates a real growth in production. The largest increase
was recorded in the production of flour (605 thousand
tonnes, +7.8%), sunflower oil (66.1 thousand tonnes,
+33.3%), and mineral water (104.7 million litres,
+13.5%). The Kazakhstan Stock Exchange (2020) listed
6 companies from the food industry sector, with a total
market capitalisation of KZT 67.8 billion, representing
0.31% of the total exchange market. The largest share
belongs to Rakhat JSC (Almaty), a leading confection-
ery manufacturer, which accounts for over 91% of the
sector’s capitalisation and demonstrates strong finan-
cial sustainability.

Other listed companies include Bacchus JSC (Al-
maty), specialising in alcoholic beverages, and Ko-
stanay Flour Mill JSC (Kostanay region), focused on
grain processing and flour production. Tsesna-Astyk
Concern JSC (Akmola region) (Kazakhstan Stock Ex-
change,n.d.) is one of the major players in grain storage
and trading, while Kainar-AKB JSC (Pavlodar region)
manufactures battery components with food industry
applications. Another example is Aksaynan JSC (West
Kazakhstan region), engaged in bakery and pasta pro-
duction. However, all companies aside from Rakhat JSC
exhibit low trading liquidity and limited capitalisation,
which constrains their influence on the broader food
industry stock segment. Other issuers, such as Bacchus
and Kostanay Flour Mill, had limited liquidity. Financial
results indicate stability: the average profitability on
net profit is 11.5%. Profits grew due to increased de-
mand for long-term storage products, in particular un-
der quarantine restrictions. At the same time, costs for
imported components increased due to the fall in the
KZT exchange rate and logistical difficulties. Despite
this, the industry maintained its development pace
thanks to state support programs, access to financing,
and active participation in modernization projects. The




food industry is expected to continue to be a stable
sector with high demand and potential for export ex-
pansion, especially in the value-added processing and
distribution segment.

Kazakhstan’s agro-industrial sector is undergoing a
dynamic transformation driven by the national strategy
for digital modernization (Chykurkova et al.,2025).As of
2024,the Ministry of Agriculture provides 93 public ser-
vices, with 98% of them available online. More than 2.6
million electronic service transactions were completed
in the agricultural sector in that year alone, reflecting a
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high degree of digital integration among farms and ag-
ribusinesses (Agroberichten Buitenland, 2025b). A key
component of this transformation is the development
and implementation of digital platforms and systems
that automate subsidy applications, monitor land use,
manage livestock, and provide farmers with access to
credit and decision-making tools. These systems are
helping to reduce bureaucratic barriers, increase trans-
parency, and improve production efficiency. Table 2 be-
low presents the core platforms used in Kazakhstan’s
agricultural digital ecosystem.

Table 2. Key digital platforms in Kazakhstan’s agricultural sector

Platform/system

Purpose/function

Unified State Subsidy Information System

Subsidy management and application automation

e-Agriculture

Integrated agro-industrial management system

Auyl Amanaty

Credit and microcredit services for farmers and cooperatives

Crop Traceability Information System

Crop production traceability (under development)

E-farming Platform

Unified digital ecosystem for agro-industrial complex (planned)

Artificial Intelligence-Driven Solutions

Automation and optimisation via artificial intelligence (chatbots, drones, soil analysis)

Source: created by the authors based on Kazakhstan intends to increase yields in agriculture by introducing digital

technologies (2025), Agroberichten Buitenland (2025b)

Over 200 digital farms across Kazakhstan - includ-
ing in Akmola and East Kazakhstan - are currently us-
ing artificial intelligence-powered drones, GPS-quided
machinery, and soil analysis sensors to improve pro-
ductivity. The government has also outlined ambitious
plans for artificial intelligence integration between
2025 and 2026. Projects include chatbots for subsidy
automation (reducing human error from 30% to 5%),
intelligent soil diagnostics that cut manual labour by
up to 80%, and drones capable of reducing crop losses
by 25-30% through precision pest control (Kazakhstan
intends to..., 2025). Despite this progress, key challeng-
es remain. Limited internet access in rural areas, low
levels of digital literacy, and insufficient localisation
of digital tools slow adoption. However, the Digital
Acceleration for an Inclusive Economy initiative, sup-
ported by the World Bank, aims to expand broadband
coverage and increase digital access across rural Ka-
zakhstan. Support from the private sector and start-
up community is also growing. The Astana Hub start-
up ecosystem has contributed around KZT 4.7 billion
(~USD 9.3 million) in agri-tech innovations, driving
digital development and job creation in rural areas
(Agroberichten Buitenland, 2025b).

This study and that of M.J. Bustamante (2023) are
similar in recognising the importance of digital plat-
forms for the agricultural sector but differ in focus. MJ.
Bustamante’s emphasis was on the process of forming
the “value” of the platform in its initial phase - how
economic and social orientations are aligned between
participants. The study showed how economic argu-
ments dominate in attracting investors. In contrast, this
study focused on the practical use of platforms to re-
duce market volatility in Kazakhstan. The first is about

assessing the potential, and the second is about actu-
al impact. The publication by M.T. Morepje et al. (2024)
examined e-commerce as a mechanism for increasing
the sustainability of agriculture in sub-Saharan Africa. It
was about access to markets, financial inclusion, and re-
ducing losses. The research was structured around the
socio-ecological dimension. Instead, the focus of this
study was economic stabilisation - digital platforms
here act as a means of regulating supply and demand
in the agricultural market of Kazakhstan. A comparison
of these two works demonstrates a shift in emphasis
from inclusion to regulatory efficiency.

M. Vahdanjoo et al. (2025) described how the digi-
talisation of agriculture emerged as a strategic trans-
formation at the macro level - the integration of tech-
nologies along the entire chain “from field to fork” with
an emphasis on circularity, sustainable development,
and system interoperability. The authors proposed a
systemic, interdisciplinary view. In contrast, this study
is based on a regional analysis and demonstrates how
digital platforms can be used to address a specific prob-
lem - the instability of the agricultural market in a par-
ticular country. In the work of R. Birner et al. (2021), the
research interest focused on digital solution providers,
their business models, potential market concentration,
and challenges for small farmers. The authors applied
a theoretical framework, in particular the concept of
club goods. This study operates at a different level of
analysis — considering the platform as a practical tool
for reducing price volatility and levelling the agricul-
tural situation in Kazakhstan. This study and the study
by A.S. Suali et al. (2024) agreed in recognising digital
platforms as a tool for increasing the resilience of agri-
cultural systems but differed in context. In A.S. Suali et
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al.,digital solutions were analysed in the context of the
COVID-19 pandemic in the United Kingdom as a means
of logistical adaptation. This study focused on the long-
term stabilisation of agricultural markets in Kazakhstan
through the reduction of seasonal and price volatility.
The first study is about crisis flexibility; the second is
about market stability.

The work of A. Cimino et al. (2024) addressed the
behavioural factors of the adoption of digital technol-
ogies - the authors studied the intentions of farmers
even before the implementation of the platform, taking
into account the impact of environmental uncertainty
and the role of social ties. This study is predictive in
nature. In turn, this work captures the already realised
effect: digital tools integrated into the agricultural
sector have reduced volatility and improved access to
information. A.K. Sanders (2022) approached the top-
ic from the legal perspective — the main attention was
paid to the risks of monopolisation, data control, intel-
lectual property, and the need to update the regulatory
framework. This study, on the other hand, appeals to
the economic mechanisms of the influence of plat-
forms - market transparency, access to forecasts, and
price stabilisation. If A.K. Sanders’s key issues are the
regulatory challenges of the digital age, then in this
case, practical solutions for agricultural stability. The
analysis demonstrates that the cyclical instability of
Kazakhstan’s agricultural markets remains a significant
challenge, influencing both food security and producer
sustainability. While regulatory frameworks and strate-
gic programs have aimed to strengthen self-sufficiency
since 2014, dependency on imports for key food groups
has persisted. The increasing integration of digital plat-
forms - such as subsidy systems, satellite land moni-
toring, and artificial intelligence-based solutions - has
shown clear potential to reduce volatility and enhance
transparency in agricultural management (Wrzecins-
ka et al.,2023). Therefore, the expansion of digital tools,
particularly in regions like Akmola and East Kazakhstan,
is a critical step toward long-term market stabilisation
and improved food system resilience.

In the current conditions of market instability in
the agricultural sector of Kazakhstan, digital platforms
with price forecasting and agricultural analytics func-
tions are becoming one of the key stabilisation tools.
They provide agricultural producers with operational
data, demand forecasts, climate risks, and price dynam-
ics, which allows reducing the impact of seasonal fluc-
tuations, information asymmetry, and financial losses.
One of the most functional platforms in this direction
is AgriSupp - an analytical system developed by UkrA-
groConsult. It covers grain and oilseed markets, includ-
ing Kazakhstan, and provides daily operational infor-
mation, analytical reports, historical databases, trend
visualisation, and integration via Application Program-
ming Interface. Thus, farmers, traders, and agricultural
companies are able to make informed decisions, relying
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not only on current prices but also on a forecast model.
Another important platform is APK-Inform (n.d.), which
provides up-to-date market prices, expert reviews, and
analytical materials, which are especially valuable for
market participants in the Commonwealth of Independ-
ent States countries, in particular Kazakhstan. It acts as
a source of timely information for agricultural producers
and traders focused on domestic and foreign demand.

Among precision agriculture solutions, the GeoPard
Agriculture platform stands out, which, in partnership
with Eurasia Group Kazakhstan, provides comprehen-
sive analytics based on satellite images, agrochemical
soil analysis, and vegetation indices. It allows you to
create task maps for differentiated fertiliser and seed
application, which optimises costs and increases yields.
Another example is EOSDA Crop Monitoring, a system
with artificial intelligence elements that provides an-
alytics on the condition of fields, soil moisture, and
weather risks. The platform supports Application Pro-
gramming Interface integration with other agricultural
programs and is aimed at both farmers and traders. It
is worth noting the national platform of Kazakhstan -
Qoldau.kz, which carries out digital satellite monitoring
of 116 million hectares of agricultural land, contrib-
uting to land use control, restoration of uncultivated
lands, and justification of credit decisions.

A feature of the listed solutions is the availabili-
ty of application programming interfaces - AgriSupp,
GeoPard, and EOSDA provide the ability to connect
market and satellite data to farm management systems
or regional platforms. State services of the Ministry of
Agriculture also cover key areas - subsidies, land reg-
istration, and animal identification - but there is less
specific information about public integration via Appli-
cation Programming Interface. Platforms such as the
Unified Subsidy System, Qoldau.kz, and Ger Inspector
contribute to transparent resource management, re-
duce administrative burden, and stabilise financial
flows. In the B2B solutions market, the most active are
UkrAgroConsult, GeoPard, EOS Data Analytics, and na-
tional digital operators. In addition to them, start-ups
in the field of agro-innovation are developing within
the Astana Hub ecosystem, in particular in the areas of
blockchain logistics, digital exchanges, and electronic
contracts. Although the exact names are not detailed,
their presence is confirmed in reports on venture fi-
nancing. An example of the effective action of digital
solutions is the result of the work of Qoldau.kz, which
contributed to the return to cultivation of millions of
hectares of land, reducing disputes between farms and
ensuring predictability in financing. Also, thanks to the
Unified Subsidy System, in 2023 the level of abuse in
the provision of subsidies was significantly reduced,
and the management of funds became more transpar-
ent (Arystanbek, 2021).

Regarding investments, in 2025 the volume of fi-
nancing for the agricultural sector of Kazakhstan




amounted to USD 880 million, which is many times
higher than the figures for 2024 (USD 262 million). The
plan for 2025-2027 provides for the implementation
of 677 projects with a total value of KZT 3.3 trillion
(~USD 7.1 billion), most of which involve the use of dig-
ital technologies. International organisations are also
involved in this process (Kazakhstan steps up..., 2025).
The Food and Agriculture Organisation supports the
implementation of digital solutions through the 2022-
2026 Agro-Industrial Complex Development Program.
The United States Agency for International Develop-
ment (USAID) finances projects to increase productivity
and inclusion that contain digital components. The Eu-
ropean Bank for Reconstruction and Development has
traditionally supported the digitalisation of logistics
and the modernization of food chains. Together, these
tools form an ecosystem of partnerships between the
state, business, and international institutions (Food and
Agriculture Organisation, 2023).

Official statistics also confirm the dynamism of
the digital transition. In the first four months of 2025,
KZT 213 billion (~USD 440 million) was invested in the
agro-industrial complex, which is 118% more than in
2024 (Temirgaliyeva, 2025). Of the 93 services of the
Ministry of Agriculture,98% are already provided online,
and the number of electronic applications in 2024 ex-
ceeded 2.6 million (Agroberichten Buitenland, 2025a).
This indicates a deep digital integration of the agricul-
tural environment. In addition, the total amount of ven-
ture investments in start-ups in 2024 amounted to USD
157 million, part of which was directed at agrotechnol-
ogy (Omarova, 2025). It is also worth noting the tax and
customs incentives that the state provides to acceler-
ate the introduction of modern agricultural equipment.
These include leasing at 5% per annum, subsidies from
15 to 40% for the purchase of imported equipment
(including drones and robotic complexes), privileges
for importing equipment, and participation in special
economic zones (Agroberichten Buitenland, 2025b). As-
tana Hub, as an innovation centre, offers tax benefits to
agrotechnology start-ups, including zero Value Added
Tax and income tax. At the regional level, initiatives to
introduce digital tools are being implemented in the
North Kazakhstan, Akmola, Kostanay, and Karaganda re-
gions (Farmonaut, n.d.). Given all of the above, authors
can conclude that Kazakhstan is gradually forming
an effective digital infrastructure for the agricultural
sector. Platforms with analytics, monitoring, and price
forecasting functions not only increase production ef-
ficiency but also serve as levers of market stabilisation.
Thanks to state support, the involvement of interna-
tional partners, and the development of private initia-
tives,agricultural digitalisation is becoming the basis of
a new model of sustainable agricultural development.

In the work of E.N. Sadjadi and R. Fernandez (2023),
the digitalisation of the agricultural sector appeared
through the prism of systemic challenges in Spain -

Ibraimova et al.

infrastructural inequality, low digital literacy, and le-
gal restrictions became the main barriers. The authors
focused on the need for political will and long-term
reforms. Instead, this study demonstrated how digital
solutions are already functioning in Kazakhstan as a
practical tool for market stabilisation — based on the
provided analytics, monitoring, and forecasting. That
is, while the first work describes the prerequisites for
changes, the second - their implementation in action.
In the publication of V. Nianko et al. (2021), the classical
vision of state support for the agricultural sector pre-
vails - through subsidies, infrastructure projects, and
direct participation in regulation. The authors rely on
traditional intervention mechanisms. The study under
consideration demonstrates a departure from such ap-
proaches - through the integration of digital platforms
that independently ensure a balance between demand
and supply. This shows a shift from administrative to
technological support tools.

The experience presented in the work of K. Kosi-
or and P. Mtodawska (2024) focuses on building trust
in agri-food chains through digital food passports in
Poland. The main emphasis is on transparency, data
exchange, and product traceability. This study also il-
lustrates the use of platforms in Kazakhstan for the
purpose of economic stability — through volatility man-
agement and forecasting. That is, platforms act in dif-
ferent roles: in one case, as a communication tool; in
the other, as an anti-crisis response mechanism. In the
work of V. Borsellino et al. (2020), agri-food markets are
considered in the context of global megatrends: from
trade liberalisation to urbanisation. The authors ana-
lyse the impact of global structures, transnational cor-
porations,and political strategies on the transformation
of the sector. Against this background, this study looks
like an example of a local solution within one country,
where transformation is carried out not through mac-
roeconomic reforms, but through the implementation
of digital tools in everyday agricultural practice. Sum-
marising the results, it can be stated that Kazakhstan
is confidently moving towards creating a sustainable
digital infrastructure in the agricultural sector. Digital
platforms with analytics, monitoring, and price fore-
casting functions have become an important tool for
stabilising the market and reducing its volatility. The
synergy of state support, international financing, and
business activity creates a favourable environment for
technological change. It is digitalisation, as the study
showed, that is becoming the basis of a new model of
agricultural development with a long-term effect.

CONCLUSIONS

The study found that digital platforms play a key role in
stabilising Kazakhstan’s agricultural markets, reducing
price and seasonal volatility, increasing the efficiency of
agricultural production,and ensuring food security. Em-
pirical analysis, in particular on the example of the East
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Kazakhstan and Akmola regions, showed significant re-
gional shifts,accompanied by an increase in production
and exports. Thus, in 2022, gross agricultural output in
the Akmola region amounted to KZT 976.6 billion (over
USD 2 billion), which is 18.6% more than in the previ-
ous year. Of this amount, 72.5% was accounted for by
crop production, which indicates the leading role of the
region in grain production. At the same time, East Ka-
zakhstan is distinguished by developed livestock farm-
ing and a significant export share (30-40%), which de-
termines the need for digital solutions for coordinating
logistics and pricing. In general, in the first quarter of
2020, the physical volume index of Kazakhstan’s food
industry production amounted to 113.4%, and in 2025,
investments in the agro-industrial complex reached
KZT 213 billion, which is 118% more than in 2024. This
increase is associated with the implementation of more
than 670 projects worth KZT 3.3 trillion by 2027, most
of which have a digital component. At the same time,
more than 98% of 93 state services in agriculture are
already provided online, and the number of electronic
applications has exceeded 2.6 million, which indicates a
deep digital integration of the agricultural environment.

Digital platforms such as AgriSupp, EOSDA Crop
Monitoring, GeoPard, and Qoldau.kz have demonstrat-
ed the ability to reduce information asymmetry, predict
fluctuations in demand and supply, and increase the
accuracy of agronomic decisions. For example, Qoldau.
kz provides satellite monitoring of 116 million hec-
tares, facilitating control over land use and financial
decision-making. The GER Inspector system helps pre-
vent subsidy abuse, which increases transparency and

reduces financial risks. Despite progress, there are bar-
riers — limited internet coverage, low digital literacy,
and lack of localized solutions. However, initiatives
such as the Auyl Amanaty program (KZT 100.5 billion
of microloans for 15,500 applicants) and the activities
of the Astana Hub (KZT 4.7 billion of investments in
agro-tech start-ups) are creating a favourable innova-
tion climate. The involvement of international part-
ners — the Food and Agriculture Organisation, USAID,
and the European Bank for Reconstruction and Devel-
opment - has strengthened the investment and institu-
tional base for digitalisation. Thus, the results obtained
indicate that digital platforms in the agricultural sector
of Kazakhstan not only contribute to increasing pro-
ductivity but also play a stabilising role in counteract-
ing market cyclicality. Their implementation ensures a
balance between state regulation and market mecha-
nisms of self-regulation, strengthens food security, and
creates the foundation for the long-term sustainability
of the country’s agri-food system. Prospects for further
research include expanding the geography of analysis
and conducting a quantitative assessment of the effec-
tiveness of digital platforms using econometric models.
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0N 3MEHLUEHHS LMKNIYHOCTI CiNbCbKOroCMoAapCbKnx pUHKIB KazaxcTaHy B KOHTEKCTI CydacHWX TpaHcdopmalini
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(r=0.43) revealed a moderate positive correlation between the size of an agricultural enterprise and its readiness
for digitalisation of internal cost control and management. A strong negative correlation (r=-0.98) was also
identified between the level of enterprise digitalisation and the speed of report preparation. The comparative
analysis of the systems at the agricultural enterprises revealed a positive impact of digitalisation of internal
cost control and management on production efficiency, expressed through a 25-30% reduction in labour costs
for manual auditing and repeated checks, a 40-50% acceleration in report generation, and a reduction in the
likelihood of errors and penalty charges by 1-2% of the enterprise’s total budget. According to Kurt Lewin’s
theoretical model, the enterprises were at different stages of transformation: while “Karaganda Agro Invest-T” was
at the preparatory stage, “Agrofirma Zhanibek” and “Shakhtyorskoe” had made the transition to using digital cost
control and management tools but required consolidation of the achieved results. The enterprises were advised
to plan cost control and management considering regional specifics, to assess the current cost status in order
to evaluate the efficiency of available resources, and to implement a multi-component management accounting
system.The obtained data could be used for the modernisation of the cost control and management system, which
would increase the competitiveness of agricultural enterprises in the Karaganda region

Keywords: government subsidies; sustainable development; agroclimatic modelling; information technology;

modernisation

INTRODUCTION

Given the high resource intensity of agricultural enter-
prises, there arose a need to improve the efficiency. One
of the key ways to achieve this goal was the develop-
ment of an effective internal cost control and manage-
ment system. The absence of such a system indicated
that the chosen topic was relevant, and the results ob-
tained could be used to improve the productivity and
performance of agricultural enterprises. I. Yatsiv and
S. Yatsiv (2024), in the study, stated that cost control
and management was a prerequisite for the effective
development of agricultural enterprises. The cited ex-
perts, in particular, emphasised that the relationship
between cost management and the productivity of agri-
cultural enterprises was moderated by the reduction in
the cost of individual production operations, improve-
ment in the quality, and subsequent enhancement of
competitiveness. W.F. Abobatta and F.W. Fouad (2024)
pointed out the link between cost management and the
sustainable development of agricultural enterprises.
According to these authors, the connection existed be-
cause internal control helped optimise expenses, thus
bringing agricultural enterprises closer to the rational
use of available resources. H. Abdelrady (2024) noted
that internal control and cost management increased
the attractiveness of agricultural enterprises for both
national and international investors. The investment
attractiveness of agricultural enterprises was enhanced
due to the fact that cost control and management fos-
tered an atmosphere of trust between parties, who
then received complete and objective information for
making effective strategic decisions. A similar idea was
expressed by C. Khadka et al. (2024), who studied the
role of cost control in the management system of an
agricultural enterprise. The researchers put forward the
idea that such control created a system of economic
security for the enterprise, improving its reputation
among potential investors.

N.L. Khomiuk et al. (2022) emphasised that cost
control should be carried out at all management lev-
els, including at the enterprises and at the points of
cost origin. Based on this concept, the cited authors
proposed a multi-level model in which the choice of
control tools and methods depended on the objectives
and expected outcomes of management, enterprise
resources, management functions, and other factors.
O. Pavelko et al. (2024) used a linear regression mod-
el to confirm a statistically significant correlation be-
tween the discount rate and the volume of bank invest-
ments in the agricultural sector. The existence of such a
correlation highlighted the importance of streamlining
the internal expenditure control system as a source of
information about the financial status of an agricultural
enterprise. E. Raji et al. (2024) also insisted on the need
to develop a new cost control and management system
for agricultural enterprises that would incorporate pre-
viously unaccounted climate, technological, or market
factors. The researcher emphasised that the importance
of such a model was due to the rapid development of
the agricultural sector of the economy, which, if effec-
tively integrated into the international economic sys-
tem, produced more products than needed for domestic
consumption. Thus, several conceptual models and ap-
proaches to cost management were proposed, taking
into account the contextual realities of agricultural en-
terprise development.

According to S. Suieubayeva et al. (2022), the de-
velopment of the agricultural sector was one of the
strategic priorities of the Republic of Kazakhstan. The
mentioned authors pointed out that this development
involved, in particular, the rational use of available
resources, which was fully aligned with the country’s
“Sustainable Development Agenda”. G. Abdikerimo-
va et al. (2024), in the comparative analysis, empha-
sised the growing demand for cattle and poultry meat
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as one of the drivers of the development of Kazakh-
stan’s agricultural sector. Such demand indicated the
need for a systematic approach to accounting and
controlling the resources of agricultural enterprises.
D.Kangalakova et al. (2025) proposed the idea that the
introduction of a universal accounting system could
be effective in controlling not only material but also
intangible resources, such as human capital. Such a
control system would provide a systematic approach
to resource accounting and planning with the aim of
ensuring the sustainable development of agricultural
sector enterprises.

Based on the data analysed, there was no unified
conceptual model of internal cost control and manage-
ment in academic sources that could ensure the sus-
tainable development of agricultural enterprises. The
absence of such a model underscored the relevance of
research aimed at studying the specifics of cost con-
trol and management in the national sector. Possess-
ing significant agricultural potential, the Republic of
Kazakhstan could benefit from the development and
implementation of a multi-component accounting and
analysis system. Thus, the objective of this study was to
analyse the features of cost control and management
systems in the agricultural sector of the Republic of
Kazakhstan. The study’s tasks included examining case
studies of individual agricultural enterprises in the Kar-
aganda region, identifying the factors influencing cost
accounting and control strategies, and developing rec-
ommendations to improve the effectiveness.

MATERIALS AND METHODS

The study, conducted between January and June 2024,
included the use of several analytical methods, in-
cluding the case study method. Using this method, a
sample was compiled, containing three (N=3) agricul-
tural enterprises of the Republic of Kazakhstan: Lim-
ited Liability Partnership (LLP) “Agrofirma Zhanibek”,
LLP “Karaganda Agro Invest-T”, and LLP “Shakhtyor-
skoe”. Given the weak information and communication
component in the strategies of the selected enter-
prises, data on the listed enterprises were taken from
sources such as State Procurement of the Republic
of Kazakhstan (2024), the National Information and
Analytical Centre (n.d.), and Statsnet (n.d.). The use
of stratified sampling implied the inclusion of cases
that met the following selection criteria: the agri-
cultural enterprise was registered or operated in the
Karaganda region of the Republic of Kazakhstan; the
enterprise had an internal cost control and manage-
ment system; and information on the cost control and
management system of the enterprise was publicly
available. Non-compliance with one or more of these
criteria served as the exclusion criterion from further
analysis. To examine the cases, a multi-structured an-
alytical framework was developed, including such key
components as enterprise profile, cost management,
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and internal control. The analysis also took into ac-
count the obstacles faced by the selected enterprises
in implementing cost control and management.

A COSO analysis was carried out to identify the
enterprises’ readiness to implement information tech-
nologies (IT) in cost control and management. Readi-
ness was assessed based on the following parameters:
Control environment - reflected in the availability of
job descriptions, the number of IT-related training ses-
sions conducted, and the existence of internal IT secu-
rity policies; Risk assessment - seen in the existence
of procedures for regular IT audit checks and the use
of vulnerability analysis tools for IT-based cost control
systems; Control activities — expressed in the number
of implemented automated cost control procedures,
the level of document workflow automation, and the
availability of electronic access rights and data access
control systems; Information and communication - re-
flected in the presence of an integrated IT system for
interdepartmental data exchange and the regularity of
automated report distribution; Monitoring - in the form
of the frequency and completeness of internal audits
using IT systems, the presence of automatic alerts for
inconsistencies or deviations from budget limits, and
reports on IT implementation monitoring results in cost
control. During the comparative analysis, attention was
paid to which elements of cost control and manage-
ment had already been implemented at the selected
enterprises, and which required further implementa-
tion or refinement. During the analysis, the point-bise-
rial Pearson correlation coefficient was also calculated
using formula (1):

o = (M, = M) 5 %[22 o)

where M; - mean value of the quantitative variable
in the group with Y=1; M, - mean value of the quan-
titative variable in the group with Y=0; s - standard
deviation of the quantitative variable X across the en-
tire sample; p - proportion of observations with Y =1;
q - proportion of observations with Y=0, i.e.,q=1 - p;
n - total number of observations.

The Pearson correlation coefficient, calculated us-
ing Microsoft Excel, was used to determine the poten-
tial relationship between the size of the agricultural
enterprise and its readiness to implement IT in internal
cost control and management, as well as between the
use of such technologies and the effectiveness of inter-
nal control and management, expressed in the speed
of enterprise activity reporting. The recommendations
proposed in the study were considered within the par-
adigm of Kurt Lewin’s model, which assumes that the
transition to a new cost control and management sys-
tem is a multi-stage process. The study identified the
transformation stages at which the selected enterprises
were positioned and proposed strategies for progress-
ing to a higher level.




RESULTS

Features of control and management of costs of agri-
cultural enterprises in Kazakhstan. As one of the cases,
LLP “Karaganda Agro Invest-T” was examined - a small
enterprise registered in 2020, whose main activity is the
processing and preservation of meat. The study of data
on “Karaganda Agro Invest-T” made it possible to con-
clude that the main factors influencing the enterprise’s
cost management were its relatively small size - up to
5 employees - as well as financial risks in the form of
tax arrears and property seizures (National Information
and Analytical Centre, n.d.). The case indicated that the
selected agricultural enterprise needed the implemen-
tation of basic accounting systems and optimisation
of production processes. The proposed changes would
help optimise the enterprise’s expenditures, thereby in-
creasing its efficiency and competitiveness.

The main areas of activity of LLP “Zhanibek-Aidos’
are crop production and animal husbandry, which im-
ply the presence of numerous factors influencing pro-
duction cost management (State Procurement of the
Republic of Kazakhstan, 2024). Among these factors, in
particular, were seasonal and price fluctuations in raw
materials. The identified types of fluctuations suggest-
ed that the agricultural enterprise in question should
plan its expenses more carefully so that seasonal prof-
its could at least partially offset off-season losses. The
activity analysis made it possible to conclude that, as
of 2025, LLP “Zhanibek-Aidos” also needed supplier
diversification to reduce seasonal and other risks. A

Yelshibayev et al.

diversified supplier network required revision of the ex-
isting cost control and management system to achieve
optimisation and ensure sustainable development in
the context of economic uncertainty.

Registered in 2001, the agricultural enterprise
“Shakhtyorskoe” is engaged in the production and sale
of agricultural seed crops, the cultivation of potatoes,
as well as cereals, legumes, and oilseeds. As of 2025,
the area of cultivated land amounted to 35 thousand
hectares, and the total number of employees was 250
(Statsnet, n.d.). Similar to LLP “Zhanibek-Aidos”, the
main challenges for LLP “Shakhtyorskoe” were a strong
dependence on weather conditions and the need for
modern equipment and machinery to reduce costs. Giv-
en these specifics, it was concluded that the agricultur-
al enterprise in question required the implementation
of monitoring systems, including technologies for fore-
casting weather conditions and planning agricultural
work in the context of cost reduction. It was also estab-
lished that LLP “Shakhtyorskoe” required regular main-
tenance of machinery, which could reduce unplanned
expenses. The COSO analytical tool helped identify the
elements that determined the selection and applica-
tion of internal control and resource management tools
for agricultural enterprises in the Karaganda region. In
the study of digital tools for cost control and manage-
ment, emphasis was placed on the progress already
achieved, as well as on the elements requiring further
strengthening. The results of the comparative analysis
are presented in Table 1.

Table 1. COSO analysis of digitalisation of internal control systems
and cost management of individual agricultural enterprises of the Karaganda region

Component Examples
Zhanibek Aidos: Presence of an internal audit department; a policy for segregation of duties; regular training
sessions for the accounting and IT departments.
1. Control Karaganda Agro Invest-T: Documented instructions for expenditure and procurement checks; an approved

environment

regulation for contract verification; the head of the finance department is responsible for budget execution.

Shakhtyorskoe: All decisions are made by the director; the control policy is not formally documented; no

internal auditor.

Zhanibek Aidos: Annual analysis of budget overrun risks is conducted; stress scenarios are planned in case of

fluctuations in fuel and lubricants prices.
2. Risk assessment
accountant.

Karaganda Agro Invest-T: Risk assessment is conducted informally; relies on the experience of the chief

Shakhtyorskoe: Risk assessment is not carried out as a separate procedure.

Zhanibek Aidos: Dual verification of all invoices through ERP and automatic control of limit overruns.

3. Control activities
planned.

Karaganda Agro Invest-T: Paper-based dual verification + director’s approval; transition to BAS: Agro is

Shakhtyorskoe: Only visual document verification by the accountant.

Zhanibek Aidos: SAP ERP integration with cloud storage; employee access to reports via a mobile app;

4. Information and regular distribution of instructions.

communication .
of errors also rises.

Karaganda Agro Invest-T: Reports are prepared manually in 1C and Excel; as data volume increases, the risk

Shakhtyorskoe: Reports are prepared only on paper or in Word.

Zhanibek Aidos: Ongoing internal audit, monthly monitoring of budget deviations.

5. Monitoring

Karaganda Agro Invest-T: Expenditure monitoring is conducted quarterly; no automatic overspending alerts.

Shakhtyorskoe: Monitoring is conducted only at the end of the year for reporting to the tax authority.

Source: compiled by the authors based on N.Kamalova and L. Xu (2024), A. Bekbossinova and R. Doszhan (2025), National

Information and Analytical Centre (n.d.)
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Based on Table 1, it was concluded that “Zhanibek
Aidos” demonstrated high maturity of the control en-
vironment: there was internal auditing, segregation
of duties, and a data protection policy. For “Karagan-
da Agro Invest-T", this environment was formed more
through internal rules and the responsibility of the
accounting department - without IT tools, the risks of
the “human factor” remained. “Shakhtyorskoe” effec-
tively had no formalised control environment: control
was concentrated in the hands of a single person - the
director - which increased the risk of errors and mis-
conduct. In terms of risk management, “Zhanibek Aidos”
carried out full analyses of overspending and budget
violations - which allowed management actions to be
taken in advance. “Karaganda Agro Invest-T” still did
this intuitively, relying on the chief accountant’s ex-
perience. “Shakhtyorskoe” did not formally assess risks
and responded to deviations only after the fact. In the
context of control activities, a clear difference between
the selected enterprises was also observed. “Zhanibek
Aidos” had automated key stages of control - spending
limits and dual checks were performed within the ERP
system, minimising manual data entry (National Infor-
mation and Analytical Centre, n.d.).

In “Karaganda Agro Invest-T”, control was still
entirely paper-based, which created excessive ad-
ministrative costs and increased the risk of errors. In
“Shakhtyorskoe”, control activities were minimal: the
accountant checked everything manually, increasing
the likelihood of undetected errors. In the informa-
tion and communication domain, “Zhanibek Aidos”
demonstrated high speed and transparency of data
exchange - ERP was integrated with the cloud, and
staff could monitor indicators online.“Karaganda Agro
Invest-T” continued to use Excel and 1C without a
unified interface — making it difficult to quickly pre-
pare a consolidated report. LLP “Shakhtyorskoe” used
paper-based reporting, reducing the speed of mana-
gerial decision-making. Significant differences were
also noted in how monitoring was conducted in the
selected agricultural enterprises. In “Zhanibek Aidos”,

regular internal audits and budget monitoring were
organised every month, allowing for prompt deviation
management. In “Karaganda Agro Invest-T”, monitoring
occurred once per quarter, without automatic alerts
on overspending. In “Shakhtyorskoe”, monitoring was
nominally carried out once a year - only to comply
with tax authority requirements.

Thus, agricultural enterprises in the Karaganda
region demonstrated different approaches to internal
control and cost management. These differences were
also evident in the choice and intensity of use of digital
platforms and tools. The existence of such distinctions
suggested varying effectiveness in internal cost control
and management among agricultural enterprises in the
Karaganda region.

Internal control and cost management, using the
example of individual agricultural enterprises in the
Karaganda Region. The agricultural enterprises includ-
ed in the sample differed significantly in terms of em-
ployee numbers, cultivated land areas, and other quan-
titative indicators. The identified differences suggested
a potential correlation between certain quantitative
enterprise indicators — particularly size — and the likeli-
hood of implementing digital technologies for internal
cost control and management. The point-biserial Pear-
son correlation coefficient was calculated for the se-
lected agricultural enterprises. The resulting coefficient
was r=0.43,indicating a moderate positive relationship
between enterprise size and its readiness to implement
digital technologies for internal cost control and man-
agement. Compared to small enterprises, medium and
large agricultural producers were more likely to imple-
ment digital solutions and platforms for internal cost
control and management. A subsequent digital analy-
sis was conducted to identify potential correlation be-
tween the level of digitalisation of the enterprise and
the effectiveness of cost control, as reflected in the av-
erage time required to prepare operational reports. The
results of the comparative analysis of the impact of dig-
italisation level on the duration of report preparation
are presented in Table 2.

Table 2. Impact of the level of digitalisation on the duration of reporting in the period from January 1 to June 30, 2024

No. Enterprise Level of digitalisation (index, 0-1) Report preparation time (working days)
1 LLP “Zhanibek” 1 6
2 LLP “Karaganda Agro Invest-T” 0.5 10
3 Shakhtyorskoe LLP 0.2 11

Note: when determining the level of digitalisation of the enterprise, a progressive scale was used, on which “0” meant a
complete absence of digitalisation, and “1” meant digitalisation of all processes of internal control and cost management

of the enterprise

Source: compiled by the authors based on A. Tkacheva et al. (2024)

Based on the data in Table 2, the relationship
between enterprise digitalisation and the effective-
ness of cost control and management was confirmed.
The quantitative expression of this relationship was
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determined by calculating the point-biserial Pearson
correlation coefficient, which for the given sample
amounted to -0.98 (r =-0.98). The identified negative
correlation indicated that as the level of automation




and implementation of dual control tools increased, the
time required for report preparation decreased, thereby
improving the efficiency of cost management. The high-
est level of automation and digitalisation was observed
at the enterprise “Zhanibek”: in 2023-2024, an SAP ERP
system was implemented, electronic document man-
agement was established, and a payment calendar was
introduced to automate treasury operations (State Pro-
curement of the Republic of Kazakhstan, 2024). As a re-
sult, the average time for preparing management and
financial reports was reduced from approximately 10
working days to 5-7 days, representing an acceleration
of 40-50%. In addition, automation of invoice approvals
reduced labour costs for manual checks and dual veri-
fication of documents by approximately 25-30%, calcu-
lated in person-days per month.

At the enterprise “Karaganda Agro Invest-T”, accord-
ing to the National Information and Analytical Centre
(n.d.), a full-fledged ERP platform had not yet been im-
plemented, although a transition to the BAS: Agro sys-
tem was under discussion. Currently, cost control was
carried out mainly manually using standard account-
ing software (1C). The lack of automation resulted in a
longer reporting cycle - on average 9-10 working days -
and a higher risk of errors and invoice approval delays
compared to “Zhanibek”. “Shakhtyorskoe” also had not
yet implemented an integrated digital platform. Cost
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control and auditing were carried out through traditional
dual document checks and periodic internal audits, but
without the use of automated analytical tools (Stats-
net, n.d.). Consequently, the longest duration of man-
agement report preparation was observed - on average
10-12 working days - along with a risk of cost duplica-
tion due to the shortcomings of paper-based accounting.

The comparative analysis helped identify the key
advantages of using modern digital platforms, includ-
ing SAP and BAS: Agro, for internal cost control in ag-
ricultural enterprises. The calculations indicated that
automating cost control helped reduce labour costs for
manual audits and repeated checks by 25-30%. Com-
pared to manual data processing, the use of digital
platforms helped accelerate report preparation by 40-
50%. A decrease in the probability of errors and penal-
ty accruals by 1-2% of the total enterprise budget was
also observed. Thus, the conclusion was made regard-
ing the economic feasibility of using digital platforms
to ensure internal cost control in agricultural enterpris-
es. A comparative analysis of the internal control sys-
tems of the enterprises was also carried out, taking into
account the strengths and weaknesses. The comparison
aimed primarily to identify key barriers to the use of
modern internal control systems in the context of the
selected agricultural enterprises. The result of the anal-
ysis is presented in Table 3.

Table 3. Comparative analysis of cost control and management systems at LLP “Karaganda Agro Invest-T,
‘Zhanibek-Aidos’, and “Shakhtyorskoe’, Karaganda Region, Republic of Kazakhstan

Criterion LLP “Karaganda Agro Invest-T” LLP “Agrofirma Zhanibek” Shakhtyorskoe LLP
Cost Management ~ Mainly manual and accounting,no  Partially automated, seasonal Management accounting system,
Approach automation budgeting technology orientation

Fluctuations in fuel and
seed prices, dependence on

Financial restrictions, arrests and

Main challenges debts, lack of investment

Risks of weather conditions,
equipment wear and tear, complex

subsidies logistics

Total annual budget 120 million tenge

350 million tenge 500 million tenge

100 million tenge (83% of the

Total annual costs budget)

310 million tenge (89% of the

- o
budget) 420 million tenge (84% of the budget)

Cost structure

Material resources 60 million tenge (60% of costs)

180 million tenge (58% of

costs) 230 million tenge (55% of costs)

Fuel and lubricants 20 million tenge (20% of costs)

80 million tenge (26% of costs)

120 million tenge (29% of costs)

Remuneration

35 million tenge (11% of costs)

50 million tenge (12% of costs)

Other expenses

(

(
15 million tenge (15% of costs)
(repairs, rent, taxes) (

5 million tenge (5% of costs)

15 million tenge (5% of costs)

20 million tenge (4% of costs)

Basic (accounting for direct and

Type of cost control indirect costs, control of payments)

Seasonal plan-fact analysis,
subsidies, financial statements

Planned analytical accounting,
depreciation accounting, scheduled
preventive maintenance of equipment

Partial, taking into account
seasonality and government

Financial planning Minimal, no investment planning

Advanced, includes crop profitability

support analysis

Current solutions to
reduce costs

Reducing fixed costs, seeking
support

Use of state programs (Qoldau),
change of suppliers

Implementation of agrotechnologies,
digital field maps, agronomic planning

Implementation of basic
management accounting,
digitalisation

Recommended steps

Expansion of automation, staff

Environmental, Social, and Governance
reporting, crop profitability

training monitoring, digital farming

Source: compiled by the authors based on State Procurement of the Republic of Kazakhstan (2024), National Information

and Analytical Centre (n.d.), Statsnet (n.d.)
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From Table 3 it is evident that the universal prob-
lems of cost control and management in agricultural
enterprises include difficulties in accessing finance,
lack of accounting automation, staffing shortages, rising
prices for key resources, dependence on weather and
climate conditions, and challenges in subsidy report-
ing. Understanding these universal challenges helps
develop effective strategies for creating, implementing,
and maintaining the efficient functioning of internal
cost control and management systems in agricultural
enterprises. A comparative analysis of agricultural en-
terprises LLP “Karaganda Agro Invest-T”, LLP “Agrofirma
Zhanibek”, and LLP “Shakhtyorskoe” shows that the ef-
fectiveness of cost management directly depends on
the scale of business, level of automation, and nature
of production activities. Small enterprises generally use
simplified accounting methods with minimal resourc-
es and limited opportunities to invest in digital solu-
tions (Pylypenko et al., 2025). In contrast, larger farms
strive to implement seasonal budgeting, management
accounting, monitoring systems, and digital field maps,
which allow for more precise planning and optimisation
of production costs (Zagurskiy et al., 2024). All compa-
nies face common challenges - rising resource prices,
staffing shortages, dependence on weather conditions,
and complications in subsidy reporting. The most ef-
fective solutions include digitalisation, participation
in state support programmes (e.g., Qoldau.kz), devel-
opment of financial control systems, and staff training
in cost planning and analysis. Thus, it was found that
the intensity of digital technology implementation into
internal cost control and management systems partly
depends on the size and turnover of an agricultural en-
terprise. Active use of IT should be considered a long-
term investment in improving enterprise management
efficiency. Increased efficiency is reflected in reduced
time spent on completing and verifying documentation,
reduced organisational costs, and minimised risk of er-
rors that lead to financial losses.

Recommendations for the implementation of a
system for monitoring and managing the costs of ag-
ricultural enterprises in the context of the Karaganda
region. Based on the analysis of individual agricultural
enterprises in the Karaganda region, recommendations
were developed for the implementation of internal
cost control and management systems. One of the key
recommendations is to take into account the specifics
of the Karaganda region, characterised by an arid cli-
mate, which implies additional costs for irrigation and
moisture retention. It is also proposed to consider the
geographical remoteness of the region and related
logistics costs. The remoteness of some agricultural
enterprises also implies the need for local processing
of agricultural products, the establishment of which
requires short-term investments but could reduce fu-
ture costs (Mukhamediyarova et al., 2025). A distinc-
tive feature of the studied region is the development
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of livestock farming, which requires constant control
of the feed base and expenses for the maintenance of
cattle. As with local processing, livestock development
in the region implies substantial simultaneous invest-
ments, the effective planning of which can ensure the
long-term profitability of enterprises. A detailed study
of the region’s specifics during cost planning and ac-
counting can be conducted using tools such as ABC
analysis, which categorises costs by the impact on to-
tal production costs, and XYZ analysis, which identifies
predictability and stability of consumption or supplies,
for example, seasonal fluctuations in feed. Another rec-
ommended analytical tool is agroclimatic modelling,
which involves the use of meteorological station data,
satellites, and geographic information systems to fore-
cast yields and plan costs, including consideration of
adverse climatic factors.

Agricultural enterprises in the region are also ad-
vised to analyse the current state of costs to deter-
mine the main categories. In the agricultural sector
of the economy, the main expenses typically include
costs for seed purchase; purchase, maintenance, and
repair of machinery; rent of agricultural and produc-
tion areas; employee salaries; and logistics operations
(Zakharchuk et al., 2019). Understanding the main costs
enables agricultural enterprises to conduct strategic
planning and maintain sustainable development even
in conditions of economic uncertainty (Lupenko et
al., 2021). It is also recommended to analyse the cur-
rent state to identify bottlenecks and inefficient links in
the production and supply chain and remove or replace
such elements where possible. Comparative analysis
suggests that certain agricultural enterprises in the
Karaganda region may benefit from the creation of a
multi-component management accounting system. The
proposed accounting system involves the implementa-
tion of responsibility centres, i.e., allocation of costs by
departments and types of activity. In such a system, the
normative method of cost accounting also plays a key
role - that is, comparing planned and actual expens-
es. Comparative accounting helps identify sources of
overspending and revise enterprise operations to avoid
unnecessary costs. Thus, the proposed management
accounting system is based on variance analysis - the
regular identification of overspending causes and plan-
ning strategies for rational cost reduction.

In addition to the above recommendations, agricul-
tural enterprises in the Karaganda region are encour-
aged to implement IT for more efficient cost control
and management. The comparative analysis shows that
due to a lack of funding, qualified personnel, and other
reasons, some agricultural enterprises in the Karaganda
region do not fully utilise IT potential, which may affect
the quality of cost control and accounting.The use of au-
tomated accounting and reporting systems such as 1C:
Agro, AgriBusiness ERP, and SAP Rural Sourcing Man-
agement ensures effective cost management through




real-time registration (Kipkenei et al., 2022;Ying, 2024).
Agricultural enterprises may also integrate GIS systems
to monitor crop, field, and equipment conditions for
cost planning and accounting. The key objective of us-
ing such control systems is the rational use of available
resources, avoidance of overspending, and continuous
search for ways to optimise costs. In developing the
recommendations, it was also taken into account that
implementing improved cost control and management
systems is impossible without the involvement of qual-
ifiled personnel. Based on this, regional agricultural en-
terprises are advised to enhance staff qualifications by
training accountants and economists in management
accounting, preparing machine operators and agrono-
mists to work with digital accounting systems, and en-
couraging initiatives for saving and cost optimisation.
Based on the results of the conducted analysis, it was
also concluded that investing in the training and retrain-
ing of staff can reduce the outflow of qualified person-
nel, thereby lowering the cost of hiring new employees.

Further application of the cost-benefit method al-
lows the conclusion that the proposed recommenda-
tions are realistic and appropriate for effective cost
control and ensuring the sustainable development of
agricultural enterprises. The main costs of implement-
ing the proposed recommendations include initial IT
investments, staff training, and stakeholder consulting.
These costs vary depending on company size, strate-
gic objectives, service providers, and other factors. In
a hypothetical scenario where USD 50,000 is invested
in technical equipment and staff training at an agri-
cultural enterprise with a discount rate of 10% and a
2-year implementation period, the investment would
be cost-effective and generate annual cost savings
of USD 30,000. High return on investment is possible
due to direct and indirect benefits, including reduced
production costs, increased yield and controllability,
improved profitability, and the readiness of qualified
staff for long-term cooperation. If the proposed recom-
mendations are properly implemented and supported
by state or private programmes, payback may be docu-
mented within 1.5 to 3 years. At the same time, enter-
prises should take into account existing risks, including
a lack of qualified personnel, stakeholder resistance to
change, and limited access to technology in certain re-
gions of the country (Shahini & Shtal, 2023).

Some of these risks can be minimised if the pro-
posed recommendations are implemented through Kurt
Lewin’s model. In the first stage - “unfreezing” - it is im-
portant to prepare agricultural enterprises for the up-
coming changes. Such preparation involves analysing
the current state of costs and processes, justifying the
need for changes, creating change coalitions, conduct-
ing information and persuasion sessions,and launching
pilot changes. At the “unfreezing” stage is LLP “Karagan-
da Agro Invest-T” - an enterprise where resource con-
trol and management are carried out mainly manually.
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In addition to the mentioned company, a hypothetical
agricultural enterprise that found that 15% of fertil-
isers were being used inefficiently - leading to higher
product cost and reduced competitiveness — may also
illustrate the first transformation stage. Understanding
the medium-and long-term consequences of inefficient
fertiliser use motivates responsible parties to make
changes to optimise costs.

The second stage is the implementation of trans-
formation - that is, the introduction of new technol-
ogies, procedures, and skills to optimise costs. At this
stage are “Agrofirma Zhanibek” and “Shakhtyorskoe”,
which are gradually transitioning to the intensive
use of digital platforms and tools for cost control and
management. At the change stage, a management ac-
counting system will be introduced, appropriate soft-
ware installed, personnel trained to use new systems,
key performance indicators and reporting set up, and
feedback and process adjustment ensured. In the pro-
posed scenario, the change process would include
training machine operators to log the hours and routes
in a selected mobile application and providing agron-
omists with field productivity maps. In the “refreezing”
stage, the main task is to consolidate the changes as
the new norm and ensure the sustainable functioning.
At this stage, strategies may include formalising new
procedures, regular reporting and analysis, material
and non-material staff incentives, training employees
in new standards, and integration with state support
programmes and external auditors. For an agricultural
enterprise facing irrational fertiliser use, the “refreez-
ing” stage may include submitting an annual report un-
der the new accounting system to the local agricultural
administration on the use of the provided subsidy.

Thus, the conditions for the functioning of internal
cost control and management systems in agricultural
enterprises of the Republic of Kazakhstan were consid-
ered. Comparative case analysis revealed that certain
enterprises in the Karaganda region have underdevel-
oped accounting and reporting systems, which may re-
duce the efficiency of the management and competi-
tiveness. Recommendations were made to improve the
efficiency of the cost control and management systems
of agricultural enterprises in the Karaganda region of
the Republic of Kazakhstan.

DISCUSSION

The comparative analysis showed that certain enter-
prises in the Karaganda region, including LLP “Karagan-
da Agro Invest-T", had an outdated, manual accounting
and reporting system, which reduced the quality of its
operations. The idea presented in the study regard-
ing the importance of a modernised cost control and
management system was confirmed by earlier research,
including M. Jakobsen (2024). According to M. Jakob-
sen, who studied the experience of seven financially
successful Danish agricultural companies, business
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entities striving for sustainable development aban-
doned the official accounting system for making cur-
rent decisions, preferring locally developed models
and practical rules. M. Jakobsen emphasised that the
transition to new forms of reporting helped agricultural
enterprises to compensate for the illusion of cost con-
trol created by the formal reporting system. The pres-
ent study offered precise figures characterising man-
agement efficiency, for example,a 25-30% reduction in
the time spent on document verification and approval.
Thus, the idea of revising the existing system of cost
control and management in agricultural enterprises
found confirmation in an international context.

According to B.R. Joshi (2024), cost management,
including budgeting and delegation, made it possible
to maintain operational efficiency and maximise profits.
Using Agriculture Development Bank Limited, Nepal, as
the research context, B.R.Joshi emphasised the impor-
tance of implementing robust cost control methods to
improve financial stability and competitiveness in the
agricultural sector. The findings presented by B.R. Joshi
broadly coincided with the idea presented in this study
that, compared to other economic sectors, the agricul-
tural sector developed in significantly more unpredict-
able conditions, increasing the need for modernised
control methods as levers to ensure stability and sus-
tainable development.

The present study also paid significant attention to
how exactly cost management in an agricultural enter-
prise improved various aspects of its efficiency. It was
particularly proven that automated cost control and
management reduced the risk of errors and helped to
avoid penalty accruals amounting to 1-2% of the enter-
prise’s total budget. Based on a comparative analysis
of agricultural enterprises in the Karaganda region, it
was concluded that revising the existing control and
management system would help optimise resources
and reduce the cost of production, making it more com-
petitive at local or national levels. The idea of a corre-
lation between cost control and management systems
and enterprise profitability was also confirmed by pre-
vious studies, including M.N. Lestari et al. (2020). Using
statistical data from individual Indonesian agricultural
enterprises, M.N. Lestari et al. concluded that there was
a positive correlation between cost control, production,
and operating profit, with a coefficient of determina-
tion of 75.1%. The data obtained in the international
context highlighted the relevance of research aimed at
improving the internal cost control and management
system of agricultural enterprises in Kazakhstan. Con-
sidering the certain similarity of the political, economic,
and sociocultural contexts of Indonesia and the Repub-
lic of Kazakhstan, it was concluded that the changes
that took place in one country could be successfully im-
plemented in the other.

The study emphasised that a modernised cost con-
trol and management system ensured the sustainable
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development of the enterprise even in unfavourable
conditions. As an example, certain agricultural enter-
prises in the Karaganda region were used, which had
an arid climate and complex logistics. The recommen-
dation to implement modernised control and manage-
ment systems as a risk minimisation tool was also con-
firmed by earlier studies, including the work of V. Kalisa
and A. Aforabi (2024). Using maize cultivation in Kirehe,
Rwanda, V. Kalisa and A. Aforabi concluded that there
was a strong correlation (r =0.966) between budget
planning and the efficiency of irrigation projects in the
arid region of the country. The data obtained were rel-
evant to the Kazakhstani agricultural context, in which
measures aimed at reducing the negative impact of
the environment increased the cost of final products,
making the production unprofitable. A comparative
contextual analysis suggested that the implementation
of a modernised cost control system contributed to the
optimisation of costly resources, thereby increasing the
competitiveness of an agricultural enterprise forced to
operate in unfavourable climatic conditions.

This assumption was also partially confirmed by a
systematic review of 136 relevant studies and 28 doc-
uments conducted by G. Papadopoulos et al. (2024).
According to G. Papadopoulos et al., the use of mod-
ern production technologies could reduce the use of
pesticides by up to 60%, and fertilisers by up to 80%,
thereby lowering the cost of production. G. Papadopou-
los et al.also emphasised that such reductions required
detailed accounting of available resources. The cited
idea confirmed the one presented in this study about
the interconnection between rational use of resources,
the detailed accounting, and the competitiveness of
an agricultural enterprise. The present study also paid
considerable attention to the role of digital technolo-
gies in creating an effective cost control and manage-
ment system for agricultural enterprises. A comparative
analysis of three enterprises in Karaganda revealed a
common issue - the episodic use of digital technolo-
gies for cost control and management, or a complete
rejection of such technologies. The enterprises of the
region were recommended to use innovative tools,
as investments in modern cost management systems
were found to be cost-effective in the medium and
long term. The rationale for the use of modern digital
tools for cost accounting was also confirmed by earlier
research, including W. Geng et al. (2024). Based on the
results of structural equation modelling, the authors
concluded that digital capabilities, digital orientation,
and digital transformation of enterprises had a positive
and significant impact on the financial indicators of a
company. From the point of view of the cited findings,
investing in digital tools for cost control and manage-
ment enhanced the company’s resources.

The systematic review by G. Crispim et al. (2024)
confirmed the advisability of investing in the develop-
ment of digital control tools even under conditions of




limited financial resources. This recommendation could
be particularly useful for small agricultural enterprises
such as LLP “Karaganda Agro Invest-T”, striving to find
the place among larger and technically better-equipped
competitors. According to H.F. Liang (2025), one of the
key roles of digital technologies was that these tech-
nologies served as a source of diverse information
required for decision-making in resource accounting
and cost management. Such information could also
be processed through artificial intelligence capabil-
ities, enabling enterprises to optimise expenses on
data analyst services. And although all sources cited in
this paragraph pointed to the feasibility of using digi-
tal tools for cost control and management, no specif-
ic economic sector was mentioned in relation to this
feasibility. From this point of view, the conducted study
was unique and made a significant contribution to the
current discourse by examining the digitalisation of the
agricultural sector for cost optimisation.

The key idea of the proposed study also includ-
ed the notion that the implementation of an updated
cost control and management system required the in-
volvement of qualified specialists. The validity of this
idea was studied, for example, in the context of LLP
“Karaganda Agro Invest-T”, whose small staff did not
contribute to the implementation of transformational
processes and led to most cost control and manage-
ment operations being carried out manually. A differ-
ent situation was observed in LLP “Zhanibek-Aidos”,
which had sufficient human resources to implement
the updated cost accounting system. The idea of the
importance of human resources for the transition to
digital cost management was also confirmed in earlier
literature, including the work of D. Qorri et al. (2024).
After analysing 149 studies in the field, D. Qorri et
al. concluded that human resources were the driving
force behind organisational changes, including the use
of artificial intelligence capabilities for processing en-
terprise cost data. Similar conclusions were drawn in
the study by O. Opoku (2024), whose relevance to the
proposed discourse was due to its focus on the agricul-
tural sector. According to O. Opoku, there was a statis-
tically significant positive correlation between human
resource management methods and the economic ef-
ficiency of the poultry sector. It should be noted, how-
ever, that unlike studies examining the relationship
between human resource management strategies and
the economic efficiency of various sectors, this study
had a narrower focus. The presented study focused on
the impact of human capital management practices on
the implementation of a modernised cost control and
management system. A narrower focus reduced the risk
of bias in the conducted research, thereby increasing
its value to the current discourse. Based on the con-
ducted comparative analysis, it can be stated that most
of the ideas proposed in this study were confirmed by
earlier research. The uniqueness of the present study
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lay in its narrower research focus, with an emphasis on
the implementation of a modernised cost control and
management system in agricultural enterprises of the
Karaganda region.

CONCLUSIONS

The conducted study confirmed that the level of ef-
fectiveness of internal control systems and cost man-
agement in agricultural enterprises of the Karaganda
region of the Republic of Kazakhstan varied signifi-
cantly and was largely determined by business scale,
degree of automation, and human resource capacity.
Using the example of three enterprises - “Karaganda
Agro Invest-T”, “Agrofirma Zhanibek”, and “Shakhtyor-
skoe” — a comparative analysis was conducted, which
revealed that the enterprise “Zhanibek” demonstrated
the highest level of maturity of the control system,
including the presence of internal audit, automated
planning, and budget deviation monitoring. At the
same time, “Karaganda Agro Invest-T” and “Shakhtyor-
skoe” mainly relied on manual or weakly formalised
approaches, which increased the risk of errors, delayed
reporting preparation, and raised the cost of manage-
ment control. Quantitative data are significant: the
Pearson coefficient calculated for the relationship be-
tween enterprise size and readiness for digitalisation
amounted to r=0.43, indicating a moderate positive
correlation. A more pronounced inverse correlation of
r=-0.98 was identified between the level of digitali-
sation and the duration of reporting preparation: the
higher the level of automation, the less time is spent
on the formation of management documents - from
6 working days at the fully digitalised “Zhanibek” to
10-11 days at “Shakhtyorskoe” In addition, calcula-
tions showed that investments of USD 50,000 could
annually save the enterprise up to USD 30,000, with a
payback period of 1.5 to 3 years, which demonstrates
the economic feasibility of cost control automation.
Among the developed practical recommenda-
tions were the implementation of responsibility cen-
tres and the normative accounting method for plan-
fact cost analysis; the use of ABC/XYZ methods and
agro-climatic modelling for more accurate planning
of expenses taking into account seasonality and cli-
mate risks; transition to modern ERP systems (SAP,
BAS: Agro) and integration of geographic information
platforms for field and machinery monitoring. Par-
ticular emphasis was placed on the need to invest in
the training and retraining of personnel, as it is pre-
cisely the qualified human resource that ensures the
successful implementation of digital and managerial
innovations. For further research, it is recommended
to expand the empirical base by including enterpris-
es from other regions of Kazakhstan, as well as to
conduct a longitudinal analysis of the impact of the
implementation of digital platforms and responsibil-
ity centres on the dynamics of operating profit and
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profitability of agribusiness under conditions of cli- FUNDING
mate change and raw material price fluctuations. None.
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AHoTauisn. MeToo NnpoBeaeHOro AocnigxXeHHs 6yno BUBYMTU 0COBNMBOCTI HYHKLIOHYBAHHS BHYTPILLHBOrO KOHTPOJIO
Ta ynpasniHHS BUTpaTamu Ha arponignpuemcteax KaparaHamHcbkoi obnacti, Pecnybnikm KasaxcraH. [MoctaBneHoi
MeTu Byno [JOCArHYTO 3a [LOMOMOroK MPOBELEHHS KOHTEKCTYalIbHOrO i MOpiBHANbHOrO aHanisy Tpbox (N = 3)
arpapHux nignpuemcts KaparaHauHCbKoi 06nacti, 06paHux 3a LONOMOro CTpaTMdikoBaHoro Bifbopy: «Arpodipma
XaHibek», «<Kaparanga Arpo IHBecT-T» i «LLlaxTapcbke». igpaxyHok ToukoBoro bicepianbHoro koediuieHTa MipcoHa
(r=0,43) Bug9BMB CepefHI0 MO3UTUBHY KOPENsLild MiX pO3MipOM arpapHoro nianpuveEMCTBA i MOro roOTOBHICTHO
[0 umbpoBi3aLii BHYTPILWHbOrO KOHTPOMIO Ta YNPaBAiHHA BUTpaTaMu. Byno Takox BUSIBNEHO BWUCOKY 3BOPOTHY
kopensauito (r=-0,98) mMix piBHeM undpoBi3aLii NiANPUEMCTBA Ta WBMAKICTIO NiAFOTOBKM 3BIiTHOCTI. [TOpiBHANLHUNA
aHani3 cMCcTeM arpapHux NianpueEMCTB BUSABMB NO3UTUBHUI BNAUB LUMPPOBI3aLii BHYTPIWHbOI CUCTEMU KOHTPOSIO
Ta YNpaBfiHHA BWUTpaTamMu Ha edeKTUBHICTb BMPOOHMLTBA, WO BUABASETbCS Yepe3 CKOpOYeHHd Ha 25-30 %
TPYAOBUTPAT HA PYYHUIA ayAWT | NOBTOPHI nepeBipku, npuckopeHHs Ha 40-50 % GopMyBaHHS 3BITHOCTI Ta 3HUXKEHHS
MMOBIPHOCTI MOMUIOK i WTPadHUX AOHAapaxyBaHb Ha 1-2 % Bif 3aranbHoOro GHAXKETY NiANPUEMCTBA. 3 Nornsamy
TeopeTuyHoi mogeni Kypta JlesiHa, nianpuemctea nepebyBatoTb HA Pi3HMX eTanax TpaHcdopMaLii: B TOW Yac siK
«Kaparanga Arpo IHBecT-T» nepebyBa€ Ha niarotoB4oMy etani, «Arpodipma XaHibek» i «LLlaxTapcbke» 3miACHUAN
nepexif 0O BMKOPWUCTAHHSA LMOPOBUX IHCTPYMEHTIB KOHTPOIO Ta YNpaBfiHHA BUTpaTaMu, OAHAK, MoTpebyroTb
3aKpinneHHs oTpuMaHoro pesynbtarty. [lignpuemcream 6yno pekoMeH40BaHO NAAHYBaTU KOHTPOJb Ta YNpPaB/iHHS
BMTPAT 3 ypaxyBaHHAM cneundiku perioHy, NpoBefeHHs NOTOYHOro CTaHy BUTPAT AN OLiHIOBAaHHS ePeKTUBHOCTI
BMKOPWUCTAHHS HAasBHMX KOLUTiB Ta BNPOBaAXeHHS 6araTOKOMMNOHEHTHOI CUCTEMM YNPaBAiHCbKOro 06.iky. OTpuMaHi
[aHi MOXyTb ByTM BMKOpWUCTaHI AN MOAEPHi3aLii CMCTEMM KOHTPOJIO Ta YNpaB/iHHA BUTpaTaMy, WO MiABULLMTH
KOHKYPEHTOCMPOMOXHICTb arpapHux nianpnemMcre KaparaHanMHCcbKoi obnacTi
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MoJepHi3auis

Scientific Horizons, 2025, Vol. 28, No. 7



https://orcid.org/0000-0001-7119-7400
https://orcid.org/0000-0003-1123-1085
https://orcid.org/0000-0003-0123-6667
https://orcid.org/0000-0001-8784-6153
https://orcid.org/0000-0001-5170-9536

SCIENTIFIC HORIZONS

|SCIENTIFIC

Journal homepage: https://sciencehorizon.com.ua
Scientific Horizons, 28(7), 175-187

UDC 633.71:338.43(594) DOI: 10.48077/scihor7.2025.175

Analysis of tobacco production in Indonesia:
A deterministic approach

Norida Canda Sakti’

Doctor of Economics Education, Associate Professor
Universitas Negeri Surabaya
60231, Ketintang Str., Surabaya, Indonesia
https://orcid.org/0000-0002-5805-2466

Muhlisin

Doctoral Candidate in Economics Education
Universitas Negeri Surabaya
60231, Ketintang Str., Surabaya, Indonesia
https://orcid.org/0009-0003-0979-3211

Article’s History: Abstract. Improving production input efficiency is crucial for enhancing productivity
Received: 17.01.2025 and sustainability in Indonesia’s tobacco farming. This study examined the effects of
Revised:  08.05.2025 land area, number of seeds, fertiliser use, pesticide application, and labour on tobacco
Accepted: 25.06.2025 production using multiple linear regression with natural logarithm transformation.
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INTRODUCTION

Tobacco production in Indonesia plays a crucial role in
the national economy, supporting millions of farmers
and contributing significantly to government revenue.
However, the industry faces challenges in balancing
economic benefits with public health concerns and en-
vironmental sustainability. The present study employed
a deterministic approach to analyse tobacco production,
aiming to improve agricultural practices, improve farm-
ers’ welfare, and support sustainable policies. B. Praset-
ya et al. (2025) stated that tobacco cultivation is a pri-
mary source of income for many farmers, contributing
between 40-80% of their total earnings. As the key raw
material for cigarette manufacturing, tobacco is essen-
tial for the industry, making it a focal point for both eco-
nomic stakeholders and tobacco control advocates. The
Indonesian government has designated the tobacco
industry as a national priority sector due to its econom-
ic impact. A 45% increase in tobacco taxes since 2019
is projected to boost economic output by USD 5.11 bn,
increase household income by USD 1.46 bn, and create
approximately 400,300 jobs (Bella et al., 2024). As an
agrarian nation, the economy and livelihood heavily de-
pend on agriculture, with natural processes at its core
to meet both food and economic needs.

Indonesia, with its rich natural resources, de-
pends on agriculture as the foundation of its econ-
omy. Globally, eleven countries — China, Brazil, India,
the United States, Turkey, Zimbabwe, Indonesia, Italy,
Greece, Malawi, and Argentina - produce nearly 80%
of the world’s tobacco, with China alone accounting for
33% of global production (World Bank, n.d.). D. Nuryu-
narsih et al.(2021) noted that tobacco, derived from the
Nicotiana genus, is widely used in clove cigarettes, filter
cigarettes, cigars, and other tobacco products. The eco-
nomic significance of tobacco is clear in its impact on
agricultural productivity and export earnings. J. Smith
and J. Fang (2020) also noted its role in job creation
and economic benefits. Countries like China, India, and
Indonesia dominate global production, contributing
significantly to rural employment and government rev-
enue through excise taxes. According to E. Fukase and
W. Martin (2020), government investment in agricul-
ture enhances productivity, enables efficient resource
allocation, and promotes poverty reduction. Despite
these benefits, the sector faces challenges such as de-
clining employment, income instability, and opportu-
nity costs linked to unpaid family labour and health
risks, as emphasised by D. Samaan et al. (2023). Indo-
nesia’s diverse agricultural landscape, characterised by
varying land conditions across provinces, influences
tobacco production strategies and yields. A. Chikowore
and A. Chawarika (2024) highlighted that land types
markedly affect production outcomes, emphasising the
need for tailored development strategies. Land transfer
and improved accessibility can enhance economic val-
ue and farming systems.

Scientific Horizons, 2025, Vol. 28, No. 7

M. Naeem et al. (2020) suggested that sustainable
agricultural practices, including intensive land man-
agement, seed selection, and organic fertiliser use, help
maintain productivity, especially in hilly areas. While
pesticides are essential for pest control, E. Lopez Davi-
la et al. (2020) warned that their excessive use poses
environmental and health risks. To enhance resilience
in tobacco farming, M. Shammi et al. (2020) proposed
implementing crop diversification as an effective ad-
aptation strategy. Labour is another critical factor in to-
bacco production.M.Z.Rahman et al. (2020) emphasised
that labour-intensive cultivation provides employment
opportunities, benefiting both the government and the
market. Z.N. Kebede (2021) highlighted the significance
of working capital in enhancing agricultural profitabil-
ity, particularly for smallholder farmers. Considering
these challenges and opportunities, understanding the
determinants of tobacco production is essential for im-
proving efficiency, addressing climate challenges, and
reducing agricultural poverty.

The purpose of the present study was to identify
key determinants of tobacco production in Indonesia
and develop a framework for optimising agricultural
practices, enhancing farmers’ welfare, and promoting
sustainable policies in the tobacco sector. By examining
variables such as seed quantity, land area, fertiliser use,
and labour, the research sought to improve production
yields sustainably while balancing economic and envi-
ronmental considerations.

LITERATURE REVIEW

Tobacco production is increasing in low-and middle-in-
come countries, which creates complications for tobac-
co control efforts. A. Appau et al. (2020) emphasised the
need to understand and address global tobacco leaf
supply as a means to reduce tobacco consumption and
improved farmers’ livelihoods. The expansion of tobac-
co land has significantly affected the land distribution
of urban construction as the continued growth of to-
bacco market demand has driven increased land use for
tobacco farming. D.C. Midamba et al. (2024) explored
the impact of tobacco cultivation on land use and the
livelihoods of smallholder farmers in Uganda, indicat-
ing that land area influences total tobacco production.
The relationship between land area and total tobacco
production is evident, considering that most of tobacco
is grown by smallholders on small plots of land, where
small land area is the principal characteristic of tobac-
co cultivation. Nevertheless, Indonesia continues to be
one of the world’s major tobacco producers due to the
high intensity of manual labour and local adaptation to
agronomic conditions.

However, this needs to be considered as the re-
search findings by J. Shao et al. (2024) on tobacco
farming in Yunnan Province, China, indicated that
the expansion of tobacco land can seriously threaten




biodiversity. This finding emphasises the relevance
of regulation to maintain a balance between tobacco
farming expansion and environmental conservation.
This is also relevant for Indonesia, where the expan-
sion of tobacco growing can have analogous impacts
on biodiversity and soil quality. The number of seed-
lings planted has a direct relationship with the yield
of tobacco production. Increasing the number of seeds
can increase yields, but it needs to be adjusted to land
conditions and the availability of other resources. To-
bacco seeds were separated into three weight groups
of 76 mg, 65 mg, and 50 mg/1,000 seeds. Germination
was tested at 20°Cin light and in darkness without dis-
turbance. Adoption of the latest technologies and the
use of recommended tobacco varieties can markedly in-
crease yields and farmers’ income. .M. Yola et al. (2023)
indicated that the adoption of innovative technologies
and the use of superior seed selection in tobacco vari-
eties can reduce production costs and increase farmers’
profits compared to the use of non-superior seeds.

Tobacco plants require high amounts of pesticides,
insecticides, and fertilisers. The role of fertiliser appli-
cation in tobacco is known to be key for efficient nutri-
ent uptake in application in poor sandy soils as this will
result in increased yield and quality of tobacco leaves
(Lisuma et al., 2023). Pesticides are chemicals and other
materials used to control pests, diseases, and weeds in
plants.Their function also includes regulating and stim-
ulating plant growth, but not as fertilisers. According to
G.M.V. Lengai et al. (2020), pesticides reduce crop yield
losses before and after harvest enhancing agricultural
productivity their use increases yields and profits but
involves costs and potential risks a cost-benefit analysis
is essential to optimise their effectiveness. However, in
other studies, intensive use of fertilisers and pesticides
gradually reduces soil fertility (Sultana et al., 2020).

M.Y. Ali et al. (2023) highlighted that while tobacco
farmers contribute economic benefits, there are ma-
jor social and environmental impacts in Bangladesh.
This suggests that the government’s role in tobacco
regulation should involve strategic steps that balance
economic benefits with social and environmental con-
siderations. A comparable situation exists in Indonesia,
where tobacco is primarily cultivated by smallholders
with limited land, relying heavily on family labour and
restricting mechanisation. G.A. Sahadewo et al. (2020)
further observed that in Indonesia, Kenya, and Zambia,
household labour costs exceed those of hired labour
for both tobacco and non-tobacco farming, with tobac-
co farming incurring significantly greater household la-
bour costs compared to non-tobacco farming.

By adopting the latest systems and technologies,
Indonesia can increase tobacco productivity while ad-
dressing labour-related constraints. This step is crucial
to ensure the sustainability and efficiency of tobacco
production in the future. Current tobacco farmers typ-
ically allocate more labour - both from household
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members and hired workers - for crop cultivation
compared to former tobacco farmers. Tobacco farming
employs millions of small-scale tobacco farmers world-
wide, most of whom are casual farmers dependent on
the tobacco industry (Martins-da-Silva et al., 2022). To-
bacco farming usually involves various labour-inten-
sive activities, such as planting and harvesting tobacco
leaves, drying the leaves, and packaging and transport-
ing the finished product. According to R. MacKenzie et
al. (2021), tobacco production causes deforestation, soil
erosion, and water pollution due to intensive farming
practices, while the curing process also contributes
to greenhouse gas emissions. These environmental
impacts are most evident in Indonesia’s major tobac-
co-producing regions, where deforestation continues to
rise alongside the expansion of tobacco farmland.

This plant can thrive in various types of climates,
ranging from tropical to sub-tropical regions,and is uti-
lised to produce a variety of products, such as cigarettes,
cigars, and snuff (Ndlangamandla et al., 2024). The av-
erage productivity of tobacco is still relatively low. Vir-
ginia tobacco productivity only reaches 1.3 tonnes per
hectare, lower than its optimal potential of 2 tonnes per
hectare. This low production is thought to be related
to the lack of pure superior varieties used, suboptimal
land management, and the absence of the application
of pruning technology (World Bank, n.d.). Technological
innovations that combine the use of high-yielding va-
rieties, proper fertilisation, and balanced pruning have
been proven to increase the productivity and quality of
Virginia tobacco in several regions, such as Bojonegoro
and Bondowoso (East Java), and East Lombok (West
Nusa Tenggara). Commercially viable quality tobacco is
only produced in certain regions. Some of the princi-
pal areas producing local Virginia tobacco include West
Nusa Tenggara (NTB) and East Java. Local Virginia to-
bacco notably contributes to the regional and national
economy, such as being one of the sources of state rev-
enue through cigarette excise. Time trends reflecting
technological improvements are expected to positively
influence the amount of tobacco production.

MATERIALS AND METHODS

Data collection. This study employed a quantitative
approach to analyse the factors that influence Virginia
tobacco production in Indonesia (Fig. 2). The variables
used in this study included the amount of tobacco pro-
duction, land area, number of tobacco seeds, amount of
fertiliser, pesticides,and the number of workers. Despite
their influence on the level of production, some varia-
bles that can affect production were omitted, namely,
rainfall, land conditions, plant age, season, because this
study was conducted in three provinces and the timing
of the season could not be predicted. Therefore, that
these variables were assumed to be homogeneous for
all respondents. Three provinces in Indonesia such as
East Java, Central Java, and West Nusa Tenggara were
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selected for this study as they are among the most sig-
nificant areas with Virginia tobacco cultivation capacity
and are the largest contributing areas in the tobacco
sector in Indonesia.

Land Area

Number of seeds

Pesticides ——»| Tobacco Production

|
|
| Fertiliser
|
|

Labour

A

[

Figure 1. Research design
Source: created by authors of this study based on (World
Bank, n.d)

Sampling. This study was conducted from April to
August 2024, following the planting and harvesting
seasons among tobacco farmers, labourers, and entre-
preneurs in Indonesia. Research participants were se-
lected from three provinces with the largest tobacco
production over five consecutive years and significant
contributions to the national economy, based on data
from the Directorate General of Estates, as presented in
Table 1. A purposive sampling method was employed to
select participants, with the most respondents coming
from East Java, West Nusa Tenggara, and Central Java. To
qualify as research participants, individuals had to be
actively involved in the tobacco sector, whether as full-
time workers, part-time workers, or entrepreneurs. An
offline survey was distributed, containing an explana-
tion of the research objectives and a questionnaire, to
418 selected respondents. Participation was conducted
anonymously, and all respondents provided informed
consent before taking part. This study strictly followed

the ethical standards for research involving human
subjects (The Declaration of Helsinki, 2013), ensuring
that participation was voluntary and free from coercion.
To validate the questionnaire used, three experts in the
fields of tobacco farming and economics were involved.
These experts had over 10 years of experience in their
respective fields at the time of study and provided input
to ensure the research tools aligned with the study’s
context and objectives.

The questionnaire was designed to collect informa-
tion on tobacco farming practices, covering aspects of
production and challenges faced by farmers. Respond-
ents provided personal data, land ownership status, as
well as the size and number of plots used. The ques-
tions covered the type and quantity of seedlings plant-
ed, seedling mortality rates, and replanting methods.
The use of fertilisers and pesticides was also examined,
including their types, quantities, and application during
production. Additionally, the questionnaire highlighted
labour requirements at each stage of cultivation, har-
vest yields, sales methods, agricultural equipment, as
well as obstacles and efforts made by farmers to im-
prove production outcomes.

Table 2 outlines the distribution of 418 respond-
ents across three provinces: East Java, Central Java, and
West Nusa Tenggara (NTB). East Java had the greatest
number of respondents (200), followed by NTB (118),
and Central Java (100). The selection of these provinces
aligned with their status as the top tobacco-producing
regions in Indonesia, as evidenced by the production
data in Table 1. The distribution reflected the study’s
focus on areas with pronounced tobacco farming activ-
ities, ensuring that the research captures insights from
key stakeholders in the industry. The total number of
respondents (418) provided a robust sample size for
analysing tobacco farming practices and challenges in
these regions.

Table 1. Distribution of respondents in three provinces in Indonesia

No. Province Number
1 Jawa Timur 200
2 Jawa Tengah 100
3 Nusa Tenggara Barat 118
Total 418

Source: created by authors of this study based on data from the Directorate General of Estates (2021, 2022, 2023)

Table 2 presents a detailed breakdown of re-
spondents by subdistrict within the three provinces. In
East Java, respondents were evenly distributed across
four subdistricts: Bojonegoro, Jember, Pamekasan, and
Sumenep, with 50 respondents in each. In CentralJava,
Temanggung had the largest number of respondents
(50), followed by Rembang (30), and Boyolali (20). In
West Nusa Tenggara, respondents were concentrated
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in Lombok Tengah (50) and Lombok Timur (68). This
distribution ensured representation from various sub-
districts known for tobacco farming, enabling a com-
prehensive analysis of regional differences in farming
practices, challenges, and outcomes. The focus on spe-
cific subdistricts highlighted the localised nature of
tobacco cultivation and its economic significance in
these areas.
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Table 2. Distribution of respondents in three provinces in Indonesia (by Subdistrict)

Province Municipality N

East Java Bojonegoro 50
Jember 50

Pamekasan 50

Sumenep 50

Temanggung 50

Central Java Rembang 30
Boyolali 20

Lombok Tengah 50

West Nusa Tenggara Lombok Timur 68

Source: created by authors of this study based on data from the Directorate General of Estates (2021, 2022, 2023) and

World Bank (n.d.)

Data analysis. To analyse the magnitude of the in-
fluence between variables, an econometric estimation
model was employed. Regression analysis was applied

to predict the causal relationship between variables.

Additionally, tobacco farmers differed in the amount
of input used in managing their farms. To estimate the
regression coefficient, it is necessary to calculate the
natural logarithm (Ln) of each variable that has an un-

equal unit of measure when entered into the model.

This process will result in the following equation being
obtained:

Ln_TProduction;=a+B,Ln_LA,+B,Ln_NS, +
+B,Ln_NF, +B,Ln_Pest, + B.Ln_Labour,+, (1)

where Ln is the natural logarithm (e=2.718); TProduc-
tion is the total production of tobacco (kg); LA is the
land area (ha); NS is the tobacco seedlings (pcs); NF
is the fertiliser requirement (kg); Pest is the pesticide

(ml); Labour is the total labour (person). The subscript
i denotes the cross-sectional unit of observation, refer-
ring to each individual farmer included in the sample.
The term o represents the intercept of the regression
equation, indicating the expected log of tobacco pro-
duction when all explanatory variables are at their base
levels. Coefficients B, to B represent output elasticities,
measuring the percentage change in output due to a
1% change in each input. The error term p accounts for
unobserved factors influencing production.

Impact assessment framework. Figure 2 illustrates
various factors influencing tobacco production in Indo-
nesia, where each factor has sub-factors contributing
to production efficiency. The horizontal axis in the dia-
gram represents the primary production factors, name-
ly land area, number of seedlings, amount of fertiliser,
pesticide use, and labour. The vertical axis shows the
derivative elements of each primary factor that deter-
mine the success of tobacco production.

DETERMINANTS OF INDONESIAN TOBACCO PRODUCTION

LAND AREA —| NUMBER OF SEEDS

H NUMBER OF FERTILIZER H

PESTICIDE H LABOUR |

Land Pracessing

Scedling Distribution Seedling Quality
Increased Production . Optimal Usage

Appropriate Application

Usage Efficiency

Deduction for Loss of
Yield

Producrivity Improvement

Implementation

1.Land Use Optimization

2.Seedling Distribution and
Quality

3. Fertilizer and Pesticide Use

Reducing Losses

Figure 2. Framework of determinants of tobacco production in Indonesia
Source: compiled by authors of this study based on N.N. Sultana et al. (2020), G.A. Sahadewo et al. (2020), M. Yahui et
al. (2021), R. MacKenzie et al. (2021), TM. Yola et al. (2023), World Bank (n.d.)

This study was conducted following the ethi-
cal principles outlined in the Declaration of Helsin-
ki (2013). Although this study was not funded by any in-
stitution or agency and therefore did not involve formal

ethical approval documents from an ethics committee,
the authors of this study ensured that all research pro-
cedures were designed to protect participants’ rights,
privacy, and well-being. Participation in this study was
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voluntary, with all respondents providing consent upon
receiving sufficient information regarding the objec-
tives, procedures, and their right to withdraw from par-
ticipation at any time without any negative consequenc-
es. The authors of the present study emphasise that no
coercion or pressure was applied to participants during
the research process. The authors are strongly commit-
ted to confidentiality and data protection. All collect-
ed data were anonymised when necessary to prevent
participant identification, and strict measures were im-
plemented to secure sensitive information. The identi-
ties of all respondents were strictly safeguarded, with

300,000
250,000
200,000
150,000
100,000

50,000

2020
219,774
218,476
261,018

2021
205,406
200,626
237,116

2022
H Planted area (ha)

L Land area (ha)
M Total production (t)

LL L

227,673
224,905
261,208

access to personal data restricted only to authorised
researchers and solely for the purposes of this study.

RESULTS AND DISCUSSION

Overview of tobacco production. Indonesia’s tobacco
production has fluctuated in recent years due to weath-
er, technology, and policy factors. As presented in Fig-
ure 1, output peaked at 261,018 tonnes in 2020 but
declined to 234,138 tonnes by 2024. East Java, the top
producer, saw a drop from 128,919 tonnes (2020) to
109,539 tonnes (2024) due to climate change, soil deg-
radation, and land access challenges.

Total production (t)
Land area (ha)
Planted area (ha)

2023 2024
220,830 = 221,290
217,275 = 213,883
233,255 = 234,138

Figure 3. Planted area, land area, and tobacco production in Indonesia
Source: created by authors of this study based on data Directorate General of Estates (2021, 2022, 2023)

Table 3 presents tobacco production data (in
tonnes) across various provinces in Indonesia from
2020 to 2024.The data reveals significant variations in
production levels among provinces. East Java consist-
ently dominates tobacco production, with figures rang-
ing from 128,919 tonnes in 2020 to 109,539 tonnes in
2024, despite a gradual decline. Central Java and West
Nusa Tenggara (NTB) also contribute substantially, with
Central Java producing between 57,643 tonnes (2020)
and 50,439 tonnes (2024), and NTB ranging from

57,065 tonnes (2020) to 56,667 tonnes (2024). Oth-
er provinces, such as North Sumatra, Lampung, and
South Sulawesi, show fluctuating but relatively lower
production levels. Notably, provinces like South Suma-
tra and Central Sulawesi have minimal contributions,
with production below 100 tonnes in some years. This
data highlights the concentration of tobacco produc-
tion in specific regions, particularly Java and NTB,
which are key contributors to Indonesia’s national to-
bacco output.

Table 3. Tobacco production data by province in Indonesia

Production (tonnes)

Provinces 2020 2021 2022 2023 2024
Aceh 2.255 2.110 2.273 2.244 2.339
Sumatera Utara 1.740 1.754 1.754 1.613 1.807
Sumatera Barat 245 123 247 250 314
Jambi 166 177 167 159 180
Sumatera Selatan 61 114 61 38 30
Lampung 910 812 916 700 497
Jawa Barat 8.035 7.435 8.096 7773 8.721
Jawa Tengah 57.643 57.645 58.082 52.151 50.439
D.I Yogyakarta 744 835 750 671 471
Jawa Timur 128.919 110.814 129.901 114.013 109.539
Bali 350 307 353 323 307
Nusa Tenggara Barat 57.065 53.122 57.500 50.718 56.667
Nusa Tenggara Timur 830 749 836 714 754
Sulawesi Tengah 107 107 107 79 65
Sulawesi Selatan 1.948 1.012 165 1.809 2.008

Source: created by authors of this study based on data Directorate General of Estates (2021, 2022, 2023)
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The Figure 4 illustrates the concentration of tobac-  regions major players in the tobacco industry. This data
co production in three key provinces of Indonesia: East  indicates that tobacco production in Indonesia is con-
Java, Central Java, and West Nusa Tenggara (NTB). East  centrated in these three provinces, with East Java lead-
Java recorded the largest production at 109,539 tonnes, ing the way. This concentration reflects the crucial role
solidifying its position as the national hub for tobac-  of the tobacco sector in the regional and national econo-
co production. Central Java contributed 50,439 tonnes, my, supported by geographical, climatic, and agricultural
while NTB produced 56,667 tonnes, making both traditions that favour tobacco cultivation in these areas.

& Production (Ton) — ]
50.439 109.539

Central Java

50.439

West Nusa Tenggars._-. -

56.667

Figure 4. Distribution of tobacco production in Indonesia (top three largest provinces)
Source: created by authors of this study based on Directorate General of Estates (2021, 2022, 2023) and World Bank (n.d.)

Tobacco variants in Indonesia are remarkably di- to the national economy (Sahadewo, 2023). The sur-
verse, which can be identified from their morphology vey involved 418 active tobacco farmer households
or characteristics. This is related to the long adapta- located in the key tobacco producing provinces of East
tion of tobacco in various agroecologies of plantation Java, CentralJava, and West Nusa Tenggara. In the next
areas spread across 15 provinces, from dryland to ir-  stage of the study, various key selected sub-districts in
rigated and from lowland to upland. Tobacco was in-  Indonesia were randomly sampled for farmers based
troduced in Indonesia more than four centuries ago  on the amount of tobacco production (Table 3). The
and is mostly used for cigarettes. The significance of graph below (Fig. 5) presents the data of tobacco land
research into production determinants cannot be un-  area and a brief explanation of the distribution of land
derestimated, considering its valuable contribution area owned (in hectares).
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Figure 5. Distribution of tobacco land area (Ha) based on respondent data
Source: created by authors of this study

The distribution of the size of land owned by the 0.32 ha (33 respondents or 7.9%) and 0.60 ha (29 re-
418 respondents shows that the majority owns relative-  spondents or 6.9%). Most respondents owned land that
ly small plots of land, with the most widespread land ranged within 0.20-0.40 ha, indicating that land distri-
size being 0.30 ha, owned by 44 respondents (10.5%). bution was concentrated in this category. In contrast,
The other dominant groups included landholders with  certain land sizes such as 0.13 ha, 0.43 ha, 0.46 ha,
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0.58 ha, and a few others were owned by only 1 re-
spondent (0.2%), indicating the rarity of land ownership
at these sizes. This reflects that most farmers own small
to medium-sized landholdings, which was relevant for
analysing tobacco production in Indonesia.

Data on the distribution of the number of tobac-
co seedlings planted (Fig. 6) shows that most farmers
plant within 7,000-8,500 seedlings. The most dominant
number of seedlings was 8,500 pcs, which is planted by
35 farmers (8.4%), followed by 8,000 pcs with 34 farm-
ers (8.1%). Additionally, 7,000 and 7,500 seedlings also
showed a strong number, with 24 farmers (5.7%) and
31 farmers (7.4%) respectively. In contrast, the number
of seedlings under 6,000 pcs or over 10,000 pcs tended
to have a lower frequency. Only 1 farmer (0.2%) planted
3,000 seedlings, while only 10 farmers (2.4%) planted
15,000 seedlings.

At exceedingly high numbers, such as 25,000 seed-
lings, there was only 1 farmer (0.2%). This pattern re-
flected that most farmers choose an intermediate seed-
ling quantity between 7,000 pcs and 8,500 pcs, which
may reflect farming practices that are compatible with
land capacity or yield optimisation strategies. Farmers
with exceedingly small or large seedling numbers re-
flect the diversity of tobacco farming scale, which may
be influenced by factors such as land size, resource
availability, or financial capability. The distribution data
of the amount of fertiliser used by tobacco farmers in
kilograms (Fig. 7) shows that most farmers use fertil-
iser within 500-600 kg. The largest amount of fertiliser
used was 600 kg with a frequency of 34 farmers (8.1%),
followed by 590 kg with a frequency of 27 farmers
(6.5%). Additionally, 750 kg of fertiliser was also used
by 19 farmers (4.5%).
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Figure 6. Distribution of quantity of tobacco seedlings (pcs) based on respondent data
Source: created by the authors of this study
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Figure 7. Distribution of fertiliser amount (kg) based on respondent data

Source: created by the authors of this study

Fertiliser usage below 200 kg or above 800 kg had
a lower frequency, indicating that most farmers are in
the moderate fertiliser usage category. For example,
only 1 farmer (0.2%) used 120 kg or over 1,000 kg of
fertiliser, respectively. This trend illustrates a relatively
concentrated pattern of fertiliser use around the opti-
mal number that supports tobacco yields. Fertiliser us-
age within 400-750 kg shows a significant pattern, such
as the use of 400 kg by 17 farmers (4.1%) and 650 kg by
17 farmers (4.1%). This data reflects farmers’ efforts to
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balance the nutritional needs of the plants with the ca-
pacity of their land. Additionally, variations in fertiliser
use may be explained by differences in farming practic-
es, land type, and accessibility to fertilisers.

Based on the data on the use of pesticides in millili-
tres (ml) in Figure 8, there are variations in the frequen-
cy of use with concentrations at certain amounts. The
most frequently used amount of pesticide was 400 ml
with a frequency of 49 respondents (11.7%), indicating
that most farmers chose this amount as the main dose.




Additionally, the use of 200 ml was also significant with
a frequency of 41 respondents (9.8%). The frequency of
pesticide use in the 300-600 ml range was fairly even-
ly distributed, with frequently used amounts such as
500 ml (24 farmers or 5.7%), 350 ml and 370 ml (19
farmers or 4.5% each), and 340 ml and 600 ml (18 and
19 farmers, respectively, about 4.3-4.5%). In contrast,
the use of pesticides at under 100 ml or over 800 ml
was extremely low. For example, only 1 farmer (0.2%)
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used 900 ml or 1,000 ml of pesticides, reflecting that
extreme use is rare. This could be explained by the effi-
cient use of pesticides tailored to crop needs or aware-
ness of environmental impacts. This distribution shows
that most farmers tend to use moderate amounts of
pesticides (200-500 ml). This pattern indicates a con-
sistency in pesticide application methods. However,
there are also small variations that may be influenced by
land conditions, crop type, or accessibility to pesticides.
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Figure 8. Distribution of pesticides (ml) based on respondent data

Source: created by the authors of this study (2024)

Data on the distribution of labour use (Fig. 9)
showed that most tobacco farmers employed labour in
the range of 8 to 15 people, with 9 people being the
most dominant (14.8%), followed by 8 people (12.7%).
This reflects the tendency of small to medium-scale
enterprises to maximise labour efficiency in this range.
Additionally, the use of a workforce of 10 people (7.9%)
and 14 and 15 people (7.2% each) was also quite sig-
nificant, indicating that operations were centred on a
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moderate number of workers. In contrast, labour num-
bers below 6 people or above 30 people were rare, in-
volving only a handful of businesses. A small number of
workers (5 to 7 people) was only used by around 5.5%
of businesses, while the use of a large number of work-
ers such as 72 to 97 people was exceedingly rare. This
pattern indicated that most farmers operated with an
efficient labour structure suitable for the needs of low-
er-middle-scale businesses.
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Figure 9. Distribution of labour usage (person) based on respondent data

Source: created by the authors of this study (2024)

The regression results (Table 4) indicate that land
area (Ln_LA) had a significant negative effect on tobac-
co production, with a coefficient of -0.242433 and a
probability of 0.0001. This implies that a 1% increase in
land area reduces production by approximately 0.242%,
potentially due to inefficiencies in land use or uneven
land quality. This finding contrasts with the results pre-
sented by M. Yahui et al. (2021), who emphasised land
suitability for yield improvement, and aligned with
J. Shao et al. (2024), who warned against unregulated
land expansion due to its environmental and productiv-
ity risks. The study highlighted that tobacco cultivation

is often more effective on smaller plots, as larger are-
as may lead to inefficiencies. Despite these challenges,
Indonesia continues to be a major global tobacco pro-
ducer, supported by intensive manual labour and local
adaptation to agronomic conditions.

Tobacco seeds (Ln_NS) significantly and positively
affect production, with a coefficient of 0.512401 and
a probability of 0.0000, indicating that a 1% increase
in seed quantity can raise production by approximately
0.512%. This highlights the critical role of high-quality
seedlings in boosting productivity. However, seed effec-
tiveness depends on land conditions and the adoption
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of adequate technologies. Increasing the number of
seeds can enhance yields, but this must be balanced
with resource availability and sustainable practices.
The adoption of superior seed varieties and the latest
technologies can reduce production costs and increase
farmers’ income, as supported by T. Yola et al. (2023).

Still, the expansion of tobacco farming must be care-
fully managed to avoid adverse environmental impacts,
such as threats to biodiversity and soil quality, as high-
lighted by J. Shao et al. (2024). Sustainable practices are
essential to balance production growth with environ-
mental conservation.

Table 4. Regression analysis results

Variable Coefficient Std. Error t-Statistic Prob.
C -0.323571 0.625316 -0.517453 0.6051

Ln LA -0.242433% 0.060379 -4.015215 0.0001
Ln_NS 0.512401 0.058356 8.780566 0.0000
Ln_NF 0.206108 0.036447 5.655008 0.0000
Ln_PEST 0.139687 0.025096 5.566184 0.0000
Ln_LABOUR 0.000311 0.013673 0.022735 0.9819

Source: created by the authors of this study

The amount of fertiliser (Ln_NF) also has a signifi-
cant positive effect on production with a coefficient of
0.206108 and a probability of 0.0000. This means that
a 1% increase in fertiliser use will increase production
by about 0.206%. This result indicates the significance
of fertiliser use in supporting the productivity of tobac-
co plants, so that the management of fertiliser needs
must be considered optimally. Fertiliser usage shows
a significant positive effect on tobacco production,
consistent with the findings of J.B. Lisuma et al. (2023),
who highlighted the relevance of fertiliser application
in improving crop quality and yield. However, inade-
quate fertiliser use can adversely impact soil fertility in
the long term, as warned by N.N. Sultana et al. (2020).
Therefore, effective fertiliser management is necessary
for sustainability. Pesticide (Ln_PEST) has a signifi-
cant positive effect on production with a coefficient of
0.139687 and probability of 0.0000. A 1% increase in
pesticide use can increase tobacco production by ap-
proximately 0.14%. Tobacco requires high pesticide and
fertiliser use, with fertilisers improving yield and leaf
quality, especially in poor soils. Pesticides reduce crop
losses and increase productivity, according to G.M.W.
Lengai et al. (2020), but excessive use can degrade soil
fertility. Balancing their application with sustainable
practices is crucial for long-term productivity and en-
vironmental health.

Total labour (Ln_LABOUR) showed no significant
effect on production with a coefficient of 0.000311
and probability of 0.9819. This result indicates that
changes in the amount of labour have no significant
impact on tobacco production, which may suggest that
labour input is less relevant than other input factors.
Production optimisation is better focused on the use of
significant inputs such as seeds, fertilisers, and pesti-
cides. Tobacco farming provides economic benefits but
also creates social and environmental challenges, as
highlighted by M.Y. Ali et al. (2023). Analogous trends
in Kenya and Zambia showed greater household labour
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costs than hired labour, especially in tobacco farming
(Lencucha et al., 2022). Strategic government action is
needed to balance economic benefits with social and
environmental sustainability. Various studies have con-
sistently reported proportionally greater agricultur-
al input costs for tobacco crops compared to non-to-
bacco crops grown in the same geographical area in
the same season (Hussain et al., 2020). Strong supply
chains, such as in tobacco-producing countries, allow
farmers to access essential inputs such as seeds, fer-
tilisers, and pesticides. In this study, these inputs were
shown to significantly affect production outcomes. For
example, in Kenya, the government does not provide
resources for research related to tobacco farming, and
therefore information on tobacco cultivation depends
entirely on the industry (Appau et al., 2020). Through
contractual arrangements, farmers can borrow essen-
tial inputs such as seeds, fertilisers, and pesticides, with
repayment made after their tobacco crop is sold to the
lender (Nguenha et al., 2021).

The study revealed significant insights into the de-
terminants of tobacco production in Indonesia, focusing
on land area, seed quantity, fertiliser use, pesticide ap-
plication, and labour input. The regression analysis in-
dicated that land area has a significant negative effect
on production, suggesting that larger landholdings may
lead to inefficiencies. In contrast, the quantity of seeds
and the use of fertilisers and pesticides have significant
positive effects on production, highlighting their criti-
cal roles in enhancing yield. Specifically, a 1% increase
in seed quantity, fertiliser use,and pesticide application
can raise production by approximately 0.512%, 0.206%,
and 0.14%, respectively. However, labour input does not
significantly influence production, indicating that oth-
er factors such as seed quality and input management
are more crucial for optimising yields. The obtained
findings underscore the value of sustainable practices
in tobacco farming, balancing productivity with envi-
ronmental and social considerations. This aligns with




global trends where efficient input management and
technological adoption are key to improving agricultur-
al outcomes.

CONCLUSIONS

The present study highlighted that tobacco production
in Indonesia is significantly influenced by several key
factors, including land area, the number of seeds, fertil-
iser use, pesticide application, and labour. The findings
reflected a strong relationship between the efficient
use of production inputs and the amount of output
produced. Specifically, the regression analysis revealed
that land area (Ln_LA) had a significant negative effect
on production, with a 1% increase in land area reducing
production by approximately 0.242%. In contrast, the
number of seeds (Ln_NS), fertiliser usage (Ln_NF), and
pesticide application (Ln_PEST) had significant positive
effects, with a 1% increase in these inputs raising pro-
duction by 0.512%,0.206%, and 0.14%, respectively. La-
bor input (Ln_LABOUR), however, showed no significant
impact on production, suggesting that other factors
such as seed quality and input management are more
critical for optimising yields.

As a strategic commodity, tobacco plays a vital role
in the regional economy, particularly in key production
areas such as East Java, Central Java, and West Nusa
Tenggara, which have long been the centres of nation-
al tobacco production. The survey data revealed that
most farmers own small to medium-sized landholdings,
with 44 respondents (10.5%) owning 0.30 ha, the most
widespread land size. Additionally, most farmers plant
between 7.000-8.500 seedlings, use 500-600 kg of fer-
tiliser, and apply moderate amounts of pesticides (200-
500 ml). These findings align with the significance of
quality seeds, as highlighted in previous studies, which
found that seed weight affects germination rates and
crop quality. Analogously, fertilisers and pesticides are
crucial for increasing yields, although excessive use can
have adverse environmental impacts, as noted in other
studies. Labour, while not statistically significant in the
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regression analysis, continues to be an essential factor
in production efficiency, particularly in Indonesia’s la-
bour-intensive tobacco sector. The findings emphasised
the significance of optimised production input manage-
ment and adequate policy support, such as improved ac-
cess to agricultural technology, training for farmers, and
sustainable farming practices. This not only enhances
yields but also ensures the long-term sustainability of
the tobacco sector in the face of economic and environ-
mental challenges. For instance, adopting superior seed
varieties, efficient fertiliser and pesticide management,
and labour training can markedly improve productivity
while minimising environmental degradation.

Future research should explore the long-term en-
vironmental impacts of tobacco farming, particularly
the effects of intensive fertiliser and pesticide use on
soil health and biodiversity. Additionally, studies could
investigate the socio-economic implications of tobacco
farming on rural communities, including labour condi-
tions and income stability. Further analysis could also
focus on the adoption of innovative technologies, such
as precision agriculture, to optimise input use and re-
duce environmental footprints. Finally, comparative
studies between tobacco and alternative crops could
provide insights into diversifying agricultural practices
in tobacco-producing regions, ensuring both economic
viability and environmental sustainability.
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AHoTauis. [igBuieHHs edeKTUBHOCTI BMPOOHMYMX pecypciB Ma€ BMPpIlLlaZibHE 3HAYEHHS AN19 MiABULLEHHS
NPOAYKTUBHOCTI Ta CTIMKOCTI TIOTKOHOBOrO rocnogapcTea B IHAoHesii. Y uboMy gocnigkeHHi 6yno npoaHanisoBaHo
BMJIMB MO 3eMeNbHUX Yrifb, KiNbKOCTI HACIHHSA, BUKOPUCTAHHSA LOOPMB, 3aCTOCYBaHHS NeCTULMAIB Ta pobouyoi
CUAM Ha BMPOOHMLTBO THOTIOHY 33 AOMOMOrOK MHOXWMHHOI NiHIMHOT perpecii 3 BMKOPUCTaHHAM HaTypasibHOro
norapudmiyHoro nepeTBopeHHs. JaHi 6ynu 3i6paHi Bia ToTIOHOBMX depMepiB y CxigHin ABi, LleHTpanbHin fBi Ta
3axigHin Hyca-TeHrrapa 3a LONOMOro LifecnpsMoBaHoi BUOIpKKU. Pe3ynbTaTy nokasanu, Wo naowa 3eMenbHUX
yrigb HEraTMBHO BMIMBaNAa Ha BMpOOHMUTBO THOTOHY (B =-0,242, p = 0,0001), wo BKa3ye Ha HeePEKTUBHICTb
Ha OinbWwKMX NiowWax, MOXIMBO, Yepe3 HepiBHOMIpHY SKiCTb 3emni abo npobnemu B ynpasfiHHI 3eMebHUMM
pecypcamu. HaTtoMmicTb KinbkicTb HaciHHg (3=0,512, p <0,0001), BukopuctanHa pobpue (B =0,206, p < 0,0001) Ta
3acTtocyBaHHa nectuumais (B =0,139, p <0,0001) Manu NO3UTUBHUIA | 3HAYHWIA BMNIMB HA BPOXAMHICTb. [paus He
Mana 3HauvHoro BramBy (= 0,0003, p=0,9819), xoua Bce  Mana HeBENNKMI1 BHECOK Y eDeKTUBHICTb BUPOBOHMLTBA.
binbwicte GepmepiB 06pobNsOTL HeBenuKi Ta cepepHi aingaHku 3emni (10,5 % sonogitote 0,30 ra), BUCAOXKYHOTb
8500 capxaHuiB (8,4 %) Ta BukopuctoByroTb 600 kr nobpus (8,1 %) i 400 mn nectuumais (11,7 %). Lleit BUCHOBOK
NiAKPEeCNE BaXAMBICTb eheKTMBHOrO po3noAiny pecypcis ANs NiABULLEHHS NPOAYKTUBHOCTI. KpiM TOro, pesynbtati
L0CNioKeHHS Bigob6paxatoTb TeHAeHLit0 dhepMepiB A0 KOHCEPBATUBHOIO YNPaB/iHHSA pecypcamu Yepes 0OMexeHHs
y BUTpaTax abo 3HaHHAX. 3aranom, Ui pe3ynbTaTv NiATBEPAXKYHOTb HEODOXiAHICTb ONTUMI3aLii BUKOPUCTAHHS pecypciB,
0C06/IMBO SKICHOMO HaCiHHS Ta e(DeKTUBHOIO BUKOPUCTAHHS [0OpKMB i necTMumMaiB, Ans NiABULLEHHS NPOAYKTUBHOCTI
NpY OJHOYACHOMY 3MEHLEHHi HeraTMBHOMO BM/IMBY HA HABKOMMUILHE CepefoBuLLe Ta MIATPUMLI BNPOBAMKEHHS
CTIMKMX CiNbCbKOrOCNOAapCbKMX MPaKTUK. Lle pocnigxeHHs pekoMeHAOYy€e BNpOBaAXEHHS CiflbCbKOroCnoAapCbKmx
TEXHONOriN, HaBYaHHS depMepiB Ta AnBepcUdikaLito KynbTyp AN NiABULLEHHS MPOOYKTUBHOCTI
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statistical methods of research (for analysing the dynamics and structure of agricultural exports), the index
method (for assessing the level of market monopolisation), analysis and synthesis, induction and deduction (for
substantiating conclusions and proposals). It was found that competitive positions were strengthened in the
structural transformation process through the development of new market segments. The study analysed the
commodity and geographical structure of exports and the nature of changes in the choice of priorities and market
concentration and found that the impact of negative factors objectively reoriented producers and intermediaries
to the European market, strengthening the role of Eastern European countries. The study identified changes in
competitive positions in the markets of grain, oilseeds, vegetable and animal fats, which allowed assessing the
prospects for the recovery and retention of target agricultural markets. The dynamics of changes in the positions
of importing countries showed new leaders in the import of agri-food products, including the top 5 countries:
Romania, Turkey, Poland, China,and Spain.The study found that the primary consumers in the vegetable and animal
fats market are India, Poland, Spain, and Romania; in the oilseeds market - Germany, Belgium, the Netherlands,
and Egypt. The value of the Herfindahl-Hirschman index indicates that Ukraine has partially lost its competitive
advantages in China, Egypt, and Israel due to increased market concentration. The proposals for strengthening
competitive positions in international agricultural markets in the face of global risks are of practical significance.
The findings of this study are recommended to be used at the state and local levels in determining the strategic
areas of competition policy, which can be effectively implemented under conditions of subsidies and regulation
of agricultural markets, cost and price advantages, compliance with quality and safety standards, compliance with
the spatial location of agri-food segments, the ecological ability of agriculture to withstand climate change, and
information provision of producers

Keywords: agricultural sector; international trade; comparative advantage; geographical structure of exports;

commodity structure of exports; market concentration; agricultural products

INTRODUCTION

Ukraine’s agriculture sector is highly rated in terms
of the interaction of the most favourable factors in-
fluencing agricultural production and the function of
guaranteed food security. Specifically, it has the most
fertile land in the world (32.7 million ha) used for ag-
ricultural production; it has excellent natural and cli-
matic conditions for the dominance of major export
crops (grain and industrial); it continues to be a priority
sector of the economy in terms of its contribution to
the country’s budget in the post-war period and main-
tains a favourable investment climate and innovation
capacity. A prominent role in contributing to the Sus-
tainable Development Goals is ensured by the social
significance of the industry (employment level is 14%
of the total number of employed), a considerable share
in the country’s GDP (10.9%), environmentally friendly
climate change adaptability, and a strong level of land
capital use as a mechanism for the functioning of the
economic system overall (Albaladejo, 2024). Despite the
scale of losses due to the war, which experts estimate
at USD 49 bn, the agricultural sector demonstrates not
only high resilience and adaptability to risks but also
prioritises maintaining the competitive advantages of
agri-food products on global commodity markets (Re-
port on direct infrastructure... 2023). Such a strategic
perspective of Ukraine is in line with modern theoret-
ical and methodological concepts of competitive as-
sessment of the agricultural sector’s capabilities and
the postulates of the theory of classical competition by
M.E. Porter (1990), according to which no nation can be
uncompetitive.

From the standpoint of agricultural sector com-
petitiveness policy, there is a wide variety of scientif-
ic opinions on the analysis of the impact of factors on
competitiveness. The EU competitive markets, which
are regulated under the Common Agricultural Pol-
icy (n.d.), are viewed and formed through the lens of
policy schemes and price models due to the existing
subsidy rules. In contrast to the conventional findings,
M. Graubner and R. Sexton (2023), who considered the
key feature that distinguishes agricultural markets from
other industries to be their spatial location, argued that
the regional dimension is fundamental to determin-
ing prices and production volumes, as well as market
competitiveness. The spatial dimension encourages
producers to locate in the centres of their market are-
as, avoiding intense competition and minimising price
competition. Analogous opinions on the market effects
of different countries are typical for other research-
ers, for example, E. Bulte et al. (2024) noted the lack
of competition in remote commodity markets and the
low quality of supply from small owners. Therewith, an
effective method of increasing competition could be to
improve the contracting system, as well as to use a re-
lational contract that enables the negotiation of crop
prices and quality.

Compared to international competitiveness, the
concept of international competitive position is much
narrower: it is the state and changes in the share of a
particular country in international trade, as well as the
evolution of this turnover, including the corresponding
transformation of quality. For agriculture, according to
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a team of researchers, it is the skilful use of the nat-
ural comparative advantages of the respective coun-
tries (Jarosz-Angowska et al., 2020). The topic of the
correlation between competitive advantages and ex-
port performance is also developed by other research-
ers in their studies, coming to the general conclusion
that export development is of great significance both
at the macro and micro levels, as it contributes to the
economic and social development of nations, increas-
es productivity, creates jobs, and is an attractive way
to enter international markets. According to O. Rua et
al. (2018) and H. Keskin et al. (2021), export efficiency
can be increased by the costs or benefits of differenti-
ating competitive strategies and export opportunities.
Accordingly, successful exports result from the efficient
use of resources and capabilities, which ultimately cre-
ates a broad field for international competitiveness.

Thus, recognising that competitiveness in the trade
flow is viewed as a clear position of a country in the
global economy or the economy of a particular region,
as well as its performance in foreign trade, and con-
sidering the specific features of Ukraine’s integration
into the single European market, the competitive posi-
tion of Ukrainian agri-food producers requires constant
monitoring and evaluation of opportunities and re-
sults in the light of both strengthening their positions
and reorientation to more profitable export segments.
According to L. Ambroziak et al. (2024), the evolution
of the competitive advantages of manufacturers will
largely depend on how long the war and the post-war
reconstruction process will last. A major factor in shap-
ing future comparative advantages will be the inflow
of foreign capital and the pace of Ukraine’s integration
into the European single market. The purpose of this
study was to substantiate the strategic areas of export
commodity policy in the agricultural sector of Ukraine
based on a comprehensive analysis of the impact of ob-
jective global factors and the consequences of the war
on the change in geographical and commodity priori-
ties in market conditions.

MATERIALS AND METHODS

The scientific hypothesis of the study assumed that
structural transformations of agricultural exports and
changes in Ukraine’s competitive position in interna-
tional agricultural markets are the product of the sys-
temic impact of the consequences of military operations
in the country (destruction of production potential, dis-
ruption of logistics chains and routes) and the compet-
itive policy of the world’s largest exporters. Confirma-
tion of the hypothesis formed the analytical basis for
identifying target regional and commodity segments
of the agricultural market for Ukraine, key competitors,
prospects, and risks for restoring and strengthening
competitive positions in the global agricultural mar-
ket. The research methodology was based on a two-
stage analysis of Ukraine’s agricultural exports (value
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dynamics - time series method; commodity and region-
al structure - structural grouping method) and national
markets of the key importers of agricultural products
from Ukraine in terms of key commodities (assessment
of the level of market monopolisation by the Herfin-
dahl-Hirschman index and concentration level). In as-
sessing the level of monopolisation of markets in indi-
vidual countries, the Herfindahl-Hirschman index was
calculated using the following formula:

l,=Zx?, (1)

where |, is the Herfindahl-Hirschman index; x; is the
is the share of the /™ importer in the total volume of
imported products.

The index value below 1,000 reflects a low level of
market monopolisation (high competition), from 1,000
to 1,800 - an average level of monopolisation (medium
competition intensity), and above 1,800 - high market
monopolisation. The analysis of market concentration
was also based on the results of calculating the ag-
gregate share of the largest importers - the level of
concentration is optimal if one importer holds no more
than 31% of the market; two importers - no more than
44% of the market; three importers - no more than
54% of the market; four importers - no more than 63%
of the market. To achieve the objectives of the research,
the study employed the following scientific methods:
analysis and synthesis (to identify changes in Ukraine’s
competitive position in the international commodity
markets of grains and oilseeds, vegetable and animal
fats); induction and deduction (to identify Ukraine’s
key competitors in international markets, prospects
for restoring and maintaining competitive positions).
The systematic application of scientific methods helped
to perform the research objectives, namely: to identify
cost changes and structural transformations of agricul-
tural exports from Ukraine; to assess Ukraine’s com-
petitive position in the target agricultural markets; to
substantiate the prospects for their restoration and
maintenance considering changes in the level of mar-
ket concentration and the policies of major competitors.

The conclusions of the theoretical part of the study
were based on a synthesis of the results of academic
developments of Ukrainian scientists and researchers
from Poland, Italy, Portugal, the USA, and China. The
empirical research was conducted based on analytical
data from the State Statistics Service of Ukraine (2024)
and the State Customs Service of Ukraine (2024) (in-
formation on the value of exports of agricultural prod-
ucts from Ukraine by commodity groups and countries
for 2013-2025) and the international database Trade
Map (2024) (information on the value of imports of ag-
ricultural products to individual countries overall and
by importers for 2019-2025, formed based on data pro-
vided by national statistics services). The use of analyt-
ical information from official sources proved the relia-
bility of the study results.




RESULTS AND DISCUSSION

In the geo-economic system, Ukraine has always been
positioned as a country with an agrarian economy. Ex-
tensive resource capacities and favourable agricultural
land areas determined the need and potential for the
development of the agricultural sector, which grew by
5-6% annually (Draft recovery plan for Ukraine, 2022).
This growth was achieved through increased vol-
umes and intensive technological upgrades. Ukraine’s
gradual integration into international economic in-
tegration processes contributed to its position in the
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global agricultural market. The military events in the
east and south of Ukraine in 2014 also strengthened
the agricultural vector of economic development and
the country’s foreign economic potential, which led to
changes in the sectoral structure of exports. The share
of agricultural products in the value of national ex-
ports increased from 26.8% in 2013 to 45% in 2020
(Fig. 1). Even despite the crisis in the national and
global economy, agricultural exports grew positively,
reaching a peak in 2019 and 2021 (19.0% and 24.9%,
respectively).

B Commodity export, million dollars USA
Export of agrifood products, million dollars USA

2018

2019 2020 2021 2022 2023 2024

Figure 1. Dynamics of the value of Ukraine’s exports of agricultural products, USD million
Source: calculated by the authors of this study according to data from the State Statistics Service of Ukraine (2024)

A critical factor for the development of the agri-
cultural sector of the economy was the outbreak of
full-scale military operations in Ukraine. The destruc-
tion of production facilities, occupation and mining of
territories, and blocking of logistics corridors led to a
decrease in the value of agricultural exports in 2022 to
USD 23,390 mn (84.4% of 2021) (State Customs Service
of Ukraine, 2024). In 2023, the rate of decline in the
value of agricultural exports slowed down, with USD 22
bn worth of agri-food being supplied to the global mar-
ket. This is a lower figure compared to 2021, although
it is one of the largest in the last 30 years. Notably, the
decline in global food prices was a major factor behind
the decline in the value of agricultural exports from
Ukraine, as exports of certain commodities increased
markedly in physical terms (Pugachov, 2024). In 2024,

the increase in the value of agricultural exports was
already positive (12% compared to the previous year).
Despite the negative trends in the value of agricultural
exports, in 2022 the trend towards an increase in its
share in national exports resumed. In 2023, it reached a
record high of 60.8%.

The systemic effect of negative factors, with the
most prominent impact of blocking international logis-
tics routes, led to structural changes in agricultural ex-
ports from Ukraine. Specifically, the closure of access to
the use of sea corridors, which were the primary chan-
nel for selling products to the south and east, forced
producers and agro-traders to reorient themselves to-
wards the European market. This led to considerable
changes in the geographical structure of exports in fa-
vour of the EU countries (Fig. 2).
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Figure 2. Regional structure of Ukraine’s agricultural exports, %
Source: calculated by the authors of this study according to data from the State Customs Service of Ukraine (2024)
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In terms of countries,Romania, Turkey, Poland, China,
and Spain were the leaders in terms of the value of agri-
cultural imports from Ukraine in 2022-2023 marketing
year (Table 1). Within the EU, the vector of agricultural
exports shifted towards Eastern European countries.
The increase in the volume and share of exports to the
EU in 2022 was made possible by the introduction of
a ‘trade visa-free regime’ for agricultural products by
the European Commission within the framework of its
support for the Ukrainian economy. In 2023, to reduce
further competitive pressure on the internal market
and protect European farmers, the preferences were ex-
tended to limit imports of wheat, maize, soybeans, and
sunflower to five EU countries. At the same time, the Eu-
ropean Council developed mechanisms for close mon-
itoring of the market situation and ‘emergency braking’
of imports, under which customs tariffs will be imposed

on poultry, eggs, sugar, oats, cereals, maize, and honey
within two weeks if imports of these products exceed
the average imports recorded in the second half of
2021, as well as during 2022 and 2023 (Zanuda, 2024).
The increase in the European market share came at
the expense of a substantial reduction in supplies to
the South and East in 2022: in the next marketing year,
Ukraine’s diplomatic efforts with the support of the
EU managed to curb the rate of decline in exports to
these regions. Accordingly, the geographical structure
of agricultural exports has relatively stabilised. Chang-
es in the geographical structure of agricultural exports
from Ukraine, in line with the specifics of regional mar-
ket demand, led to minor changes in the commodity
structure of exports. The bulk of agricultural exports
comprises cereals, vegetable and animal fats, oilseeds,
and residues and waste from the food industry (Fig. 3).

Table 1. Dynamics of changes in the position of countries importing agricultural products from Ukraine

2020/21 marketing year

2022/23 marketing year

Country Cost, USD bn Ranking Cost, USD bn Ranking
China 3.5 1 2.0 4
India 1.9 2 - -

Netherlands 17 3 0.9 6
Egypt 1.6 4 - -

Turkey 14 5 29 2
Spain 1.17 6 13 5

Poland 1.07 7 2.3 3

Germany 0.8 8 0.6 10

Indonesia 0.7 9 - -

Romania - - 3.5 1

Bulgaria - - 0.8 8

Hungary - 0.8 7
Italy - - 0.7 9

Source: calculated by the authors of this study according to data from Agricultural exports to the EU... (2024)

2021

0.9
M cereals
14 \ oil
31 \ oil crops
M meat
8.8

H milk, eggs, honey
m food industry waste
M sugar

254 m others

2024

B wheat
sunflower oil
corn
M rapeseed
H soy
M oilcake and residues obtained during
the extraction of vegetable fats and oils
m poultry meat
W sugar
W others

Figure 3. Commodity structure of Ukraine’s agricultural exports, %
Source: calculated by the authors of this study according to data from the State Customs Service of Ukraine (2024)

It is the reorientation from the East and South to
the European region that has led to a decrease in the
share of grains to 37.8% and an increase in the share
of oilseeds in the export structure. However, overall,
the structure of exports to the EU is analogous to the
national one, with 82% of exports of grains and oil-
seeds, oils and fats, and residues of the processing

Scientific Horizons, 2025, Vol. 28, No. 7

industry. In 2023, the European market stayed the pri-
mary market for a series of Ukrainian products: poultry
meat (USD 407 mn, 51% of total exports of this type
of agricultural product); eggs (USD 39 mn, 64%); egg
products (USD 36 mn, 92%); wheat flour (USD 25 mn,
60%); starch (USD 19 mn, 51%); sugar, sugar confec-
tionery (USD 487 mn, 82%); dough products (USD




43 mn, 81%); bakery products (USD 122 mn, 57%), etc.
(In 2023, the volume of exports of Ukrainian agricul-
tural products..., 2024).

To determine the vectors of further transforma-
tions of Ukraine’s agricultural exports, the study ana-
lysed its subject structure and diagnosed the national
markets of the key importers of agricultural products

Zinchuk et al.

in terms of key commodities. Over 40% of Ukraine’s ag-
ricultural exports in the pre-war period were account-
ed for by grain crops, which was driven by high demand
and well-established logistics routes to the countries
of the South (Egypt, China, Indonesia, Bangladesh, etc.).
A significant share of grain was supplied to the Euro-
pean market (Table 2).

Table 2. Top 10 countries importing grain from Ukraine

2019 2024 Change in the country’s position in
Ranking Country Cost,USD thsd  Ranking Country Cost, USD thsd the ranking, 2024/2019, +/-
1 Egypt 1,310,267 1 Spain 1,917,837 +2
2 China 858,653 2 Egypt 904,481 1
3 Spain 764,825 3 China 765,175 -1
4 Turkey 718,407 4 Turkey 745,884 -
5 Netherlands 623,587 5 Italy 627,578 +5
6 Indonesia 537,479 6 Netherlands 543,000 -1
7 Bangladesh 420,308 7 Indonesia 480,194 -1
8 Israel 316,075 8 Tunisia 293,261 +1
9 Tunisia 292,515 9 Algeria 283,627 +5
10 Italy 282,683 10 Israel 250,015 -2

Source: calculated by the authors of this study according to data from Trade map (2024)

The military invasion of Ukraine resulted in a sub-
stantial increase in the European market share. Specif-
ically, in 2023, Romania (from 68" to 3 position), Po-
land (from 41 to 8™ position), and Hungary (from 57t
to 9t position) entered the top 10 largest importers. In
2024, these countries decreased the volume of grain
imports from Ukraine, while the share of Spain and It-
aly increased. In the markets of the Eastern countries,
Ukraine lost some of its competitive advantage. The
key reasons for this trend were the negative conse-
quences of the military invasion of the country and the
active and rather aggressive behaviour of competitors.
The assessment of Ukraine’s competitive position was
based on the monitoring of the level of concentration
(monopolisation) of the national commodity markets
of the major importers of agricultural products from
Ukraine.China has been one of the target grain markets

for Ukraine in recent years. In 2019-2024, the coun-
try’s grain market capacity increased by 4 times, which
opened considerable prospects for agricultural import-
ers. In 2024, the value of grain exports from Ukraine
to China also increased (by 37.7%) to USD 1,495.4 mn
but did not reach the pre-war level. According to the
Herfindahl-Hirschman index, the Chinese grain mar-
ket has an average concentration (the index is within
1,000-1,800) and did not undergo substantial changes
in 2019-2024. The intensity of competition was medi-
um - the total share of the 3 major importers was 54%.
At the same time, the competitive ratio of the major
grain importers changed. In 2024, Australia and Brazil,
which had not been among the top 10 largest suppli-
ers until present, moved into the top three in terms of
import value. This led to a decline in Ukraine’s position
from 1°t to 4™ (Table 3).

Table 3. Concentration level of the Chinese grain market according to the Herfindahl-Hirschman index

2019 2024

Exporting country Cost, USD thsd X, % x.) Exporting country Cost, USD thsd x;, % x.)
Ukraine 1,085,913 21.48 461.50 Australia 3,211,665 21.68 469.94
Canada 904,516 17.89 320.19 USA 2,893,861 19.53 381.54
Australia 799,565 15.82 250.20 Brazil 1,887,665 12.74 162.34
France 413,520 8.18 66.92 Ukraine 1,495,405 10.09 101.88
Thailand 345,452 6.83 46.70 Canada 1,446,838 9.77 95.37
USA 274,826 5.44 29.56 France 1,266,756 8.55 73.11
Vietnam 240,743 4.76 22.68 Argentina 730,088 4.93 24.28

Myanmar 236,984 4.69 21.98 Russia 434,146 2.93 8.59

Pakistan 234,869 4.65 21.59 Myanmar 321,726 2.17 4.72
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Table 3. Continued

2019 2024
Exporting country Cost, USD thsd x,% .y Exporting country Cost, USD thsd x;, % .y
Cambodia 171,535 3.39 11.52 Kazakhstan 300,613 2.03 4.12
Others 346,964 6.87 - Others 826,514 5.58 -
Total 5,054,887 100 1,252.84 Total 14,815,277 100 1,325.88

Note: x; is the share of i-country in the total value of imported products, %
Source: calculated by the authors of this study according to data from Trade map (2024)

Egypt is the target market for Ukraine’s grain crops.
Its capacity has been growing over the years, but the
volume of supplies from Ukraine has stayed virtually
unchanged. At the same time, the value of the Egyp-
tian market for Ukraine has declined. Calculations of
the Herfindahl-Hirschman index show that the lev-
el of monopolisation of the Egyptian grain market in
2019-2023 is changing from high to medium. Howev-
er, the level of market concentration by weight of the
largest importers in 2023 is high - the share of two
in the market capacity is 48.2% (the critical limit is
44%), three - 56.9% (with the limit of 54%), four - 64%
(64%) (Table 4). The entity structure of imports did not
change markedly during the study period. As a result
of the externalities of the military invasion of Ukraine

and certain geo-economic events, Ukraine is losing its
competitive position in the markets of Indonesia, Isra-
el, Bangladesh, and Tunisia, which were among the top
10 grain importers. According to the official statistics of
Indonesia, the value of grain imports from Ukraine in
2019-2023 decreased threefold, which led to a decline
in its place in the structure of major importers from
the 3" to the 9™ position. However, in 2024, a major
increase in the value of grain imports from Ukraine was
recorded (to the level of 2019), and the country ranked
4™ in terms of significance. Ukraine’s market niche was
partially replaced by supplies from Vietnam, Thailand,
and Brazil. The level of concentration of the Indonesian
grain market is low (994.17 in 2024), which indicates
prospects for restoring Ukraine’s competitive position.

Table 4. Concentration level of the Egyptian grain market according to the Herfindahl-Hirschman index

2019 2024
Exporting country Cost, USD thsd X, % x.) Exporting country Cost, USD thsd x;, % x.)
Russia 1,435,472 27.39 750.10 Russia 2,554,686 30.76 945.88
Ukraine 1,362,523 26.00 675.80 Ukraine 1,448,293 1744 304.00
Brazil 629,608 12.01 144.30 Brazil 726,095 8.74 76.41
Argentina 561,851 10.72 114.91 Romania 590,609 711 50.55
Romania 410,242 7.83 61.26 Argentina 522,675 6.29 39.59
USA 263,670 5.03 25.31 France 123,889 1.49 2.22
France 171,778 3.28 10.74 India 119,137 143 2.06
China 156,229 298 8.88 USA 60,368 0.73 0.53
India 95,731 1.83 3.34 Bulgaria 58,984 0.71 0.50
Poland 32,341 0.62 0.38 Turkey 54,051 0.65 0.42
Others 121,725 2.32 - Others 2,047,746 4.65 -
Total 5,241,240 100 1,795.04 Total 8,306,533 100 1,422.17

Note: “x; is the share of i-country in the total value of imported products, %
Source: calculated by the authors of this study according to data from Trade map (2024)

The Israeli grain market has a significantly lower
capacity than China or Egypt and a prominent level of
concentration (the Herfindahl-Hirschman index was
3,581.78 in 2024), which tends to grow dynamically.
For a long time, Ukraine has been the primary sup-
plier of grain to Israel (accounting for about 40% of
imports). However, during the war period, the volume
of grain supplies decreased by almost 40%, which led
to a decline in the country’s market share to 26.6%.
Thailand, Australia, India, and Brazil became Ukraine’s
new competitors. Considering the situation, capacity,
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and level of monopolisation of the Israeli grain market,
restoring and maintaining competitive positions for
Ukraine will be a challenging task, which will become
more problematic over the years. Tunisia is a promis-
ing market for Ukraine’s grain exports, considering the
dynamic growth of its capacity (by 2 times in 2019-
2023). Grain supplies to this country stayed virtually
unchanged in value terms during the period under
study (about USD 300 mn). This ensured that Ukraine
maintained its leading position in the structure of the
largest importers. However, the positions of Ukraine’s




key competitors - Russia (from 4% to 17% of the mar-
ket), Romania (from 5% to 9%), Canada (from 3.5% to
11%), and Bulgaria (from 2% to 9%) - have marked-
ly strengthened in the Tunisian market. This led to a
substantial decrease in the level of concentration of
the grain market from high to insignificant (the Herfin-
dahl-Hirschman index decreased from 2,077 in 2019
to 1,057 in 2023), which is a positive development for
Tunisia and a negative factor in the growth of compet-
itive pressure for Ukraine (Table 2).

The logical induction of the results of the analysis
of target markets for grain exports from Ukraine sug-
gests that the negative consequences of the destruc-
tion of Ukraine’s production, logistics, and export po-
tential have led to the loss of competitive positions in
the markets of the countries of the Eastern and South-
ern regions and a reorientation to the European market.
The most active competitors for Ukraine in the markets

Zinchuk et al.

of the East (China, Egypt, Israel) were Brazil, Russia,
and Australia. In the countries of the South, the loss of
Ukraine’s market position is conditioned by competitive
pressure from Russia and European countries. Ukraine
is also a powerful player in the global market of fats of
vegetable and animal origin, exporting products worth
over USD 5 bn annually. The maximum volume of fat
exports reached USD 7.04 bn in 2021 (Trade map, 2024).
Ukraine supplies its products to the countries of the
South and Europe. Therewith, the regional structure of
fat exports has changed in recent years in favour of the
EU countries (Table 5). In the pre-war period, the major
target markets for Ukraine’s fat exports were India and
China. The markets of these countries have a high ca-
pacity, and therefore are promising, but Ukraine lost its
leadership due to the destruction of established logis-
tics routes (Table 6). Currently, the largest volumes of
fat exports go to European countries.

Table 5. Top 10 importing countries of vegetable and animal fats from Ukraine

2019 2024 Change in the country’s position in
Ranking Country Cost,USD thsd  Ranking Country Cost, USD thsd the ranking, 2024/2019, +/-
1 India 1,446,846 1 India 720,388 -
2 China 741,274 2 Poland 646,462 +5
3 Netherlands 457,986 3 Spain 617,000 -1
4 Spain 313,066 4 Romania 476,211 +71
5 Iraq 265,443 5 Netherlands 466,509 -2
6 Italy 263,809 6 Italy 429,848 -
7 Poland 171,353 7 Turkey 361,577 +16
8 France 99,371 8 Bulgaria 232,004 +22
9 United Kingdom 80,857 9 France 176,431 -1
10 Malaysia 75,694 10 China 155,453 -8

Source: calculated by the authors of this study according to data from Trade map (2024)

Table 6. Concentration level of the Indian fat market according to the Herfindahl-Hirschman index

2019 2024
Exporting country Cost, USD thsd x,% x.) Exporting country Cost, USD thsd x;, % x.);
Indonesia 2,690,051 27.36 748.80 Indonesia 4,356,903 25.62 656.43
Malaysia 2,313,648 23.54 553.91 Malaysia 2,806,267 16.50 272.33
Argentina 1,789,781 18.21 331.47 Argentina 2,713,272 15.96 254.58
Ukraine 1,551,024 15.78 24893 Russia 2,163,383 12.72 161.85
Nepal 251,906 2.56 6.57 Ukraine 834,628 4.91 24.09
Singapore 250,966 2.55 6.52 Thailand 776,806 4.57 20.87
Brazil 226,175 2.30 5.29 Brazil 747,898 4.40 19.34
Switzerland 202,899 2.06 4.26 Singapore 630,007 3.70 13.73
Russia 157,498 1.60 2.57 Romania 393,626 2.31 5.36
Bangladesh 91,823 0.93 0.87 Netherlands 298,048 1.75 3.07
Others 304,780 3.11 - Others 1,283,894 7.55 -
Total 9,830,551 100 1,909.19 Total 17,005,225 100 1,431.64

Note: “x; is the share of i-country in the total value of imported products, %
Source: calculated by the authors of this study according to data from Trade map (2024)

The Indian fat market has an average level of con-
centration (according to the Herfindahl-Hirschman

index), which tended to decline slightly in 2019-2024.
Ukraine’s share in the import structure decreased
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threefold to 4.91% due to internal events and growing
competitive pressure. New powerful competitors for
Ukraine are Russia, Thailand, and Brazil, which have
extensively strengthened their market positions. The
second most significant target market for Ukraine
for vegetable and animal fats is China, which has a
high level of monopolisation both in terms of the

Herfindahl-Hirschman index and market shares of
major importers that exceed critical values (Table 7).
Ukraine’s share in the Chinese market in 2019-2024
decreased by 5%, which was the result of a halving of
the cost of supplies from Ukraine, increased competi-
tive pressure from Russia, whose supplies increased 4
times, and India.

Table 7. Concentration level of the Chinese fat market according to the Herfindahl-Hirschman index

2019 2024
Exporting country Cost, USD thsd x,% .y Exporting country Cost, USD thsd x;, % x.)
Indonesia 3,951,225 39.78 1,582.29 Indonesia 5,207,932 41.27 1,702.84
Malaysia 1,500,675 15.11 228.24 Russia 1,907,865 15.12 228.53
Ukraine 806,591 8.12 65.94 Malaysia 1,590,034 12.60 158.73
Canada 796,383 8.02 64.28 India 867,914 6.88 47.29
Russia 494314 498 24.76 Ukraine 398,886 3.16 9.99
India 407,056 410 16.79 United Arab 317,873 2.52 6.34
Emirates
Argentina 355,817 3.58 12.83 Brazil 293,646 2.33 5.41
Brazil 291,931 2.94 8.64 Australia 251,121 1.99 3.96
Australia 214,348 2.16 4.66 Belarus 239,901 1.90 3.61
Spain 174,277 1.75 3.08 Spain 237,800 1.88 3.55
Others 940,585 - Others 1,307,489 41.27 1,702.84
Total 9,933,202 100 2,011.50 Total 12,620,554 100 2,170.26

Note: “x; is the share of i-country in the total value of imported products, %
Source: calculated by the authors of this study according to data from Trade map (2024)

Qilseeds occupy the third position in the commod-
ity structure of Ukraine’s agricultural exports, with high
sales volumes even under challenging conditions of
military influence (USD 3.36 bn in 2024). The prima-
ry consumers of Ukrainian products in this commodity

group are invariably the EU countries, Turkey, and Egypt
(Table 8). Among the EU countries, Romania’s position
in terms of imports of fats and oilseeds from Ukraine
has strengthened the most. Pakistan entered the top
ten importers for the first time.

Table 8. Top 10 countries importing oilseeds from Ukraine

2019 2024 Change in the country’s position in
Ranking Country Cost,USD thsd  Ranking Country Cost, USD thsd the ranking, 2023/2019, +/-
1 Germany 483,620 1 Germany 789,072 -
2 Turkey 467,044 2 Belgium 483,737 +1
3 Belgium 340,603 3 Netherlands 426,351 +2
4 Egypt 229,732 4 Egypt 314,296 -
5 Netherlands 178,043 5 Turkey 262,577 -4
6 France 170,607 6 United Kingdom 172,189 +13
7 Belarus 138,906 7 France 157,382 -1
8 Poland 99,890 8 Pakistan 122,498 +116
9 Italy 69,900 9 Poland 77,033 +1
10 Greece 56,521 10 Greece 76,506 -

Source: calculated by the authors of this study according to data from Trade map (2024)

The evolution of researchers’ opinions and the
results of studies by A. Jarosz-Angowska et al. (2020),
M. Graubner and R. Sexton (2023) have been proving
over many years that the place of the agricultural sec-
tor in international trade continues to be global and
attractive for investment, and that competition pol-
icies vary by country. Therewith, for countries to take
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advantage of new opportunities in international trade,
they must have knowledge of the regulatory framework
of importing countries, follow agri-food standards and
other rules of coordination with trading partners, which
positively influences the development of an effective
export policy and its increase in the future. Summaris-
ing the findings obtained, it can be argued that Ukraine




has weakened its competitive position in the key seg-
ments of the global agricultural market. At the same
time, there has been a reorientation of Ukrainian ex-
ports from the East and South to the West, particular-
ly the EU. One of the major factors behind the preser-
vation of Ukraine’s agricultural export potential is the
increase in supplies to EU member states due to the
introduction of a preferential trade regime.

The loss of positions in the grain market is large-
ly conditioned by competitive pressure from Brazil and
Russia in the markets of the East (China, Egypt, Israel),
Russia and Europe in the countries of the South. How-
ever, China and Egypt continue to be promising target
markets for Ukraine as their capacity is growing dynam-
ically. Competitive positions on the markets of Indone-
sia, Israel, Bangladesh, and Tunisia, which were among
the top 10 grain importers from Ukraine, will be more
challenging to restore, considering their low capacity
and high concentration. Highly capacious markets for
vegetable and animal fats (China, India) are highly con-
centrated, which, in the face of aggressive policies of
competitors (Russia and Brazil), increases the risks of
maintaining and restoring market positions for Ukraine.

To restore and maintain competitive positions in
the global commodity market for agricultural products,
Ukrainian producers should focus on quality and reori-
entation to products with higher added value. Analo-
gous recommendations were outlined in the studies of
some Ukrainian researchers who noted that a compre-
hensive approach to ensuring competitiveness in war-
time requires rapid adaptation to changes in the global
market, as military conflict disrupts the conventional
environment, increases risks, and at the same time cre-
ates new opportunities (Volkova et al.,, 2023). It is qual-
ity that is becoming the key factor that stabilises and
increases the competitiveness of the agricultural sector
and the national economy overall. Improving the quali-
ty of agricultural products, e.g., with a focus on organic
production, is becoming a popular trend in the Europe-
an and global markets, which strengthens competitive
positions in agricultural segments. An example of the
country’s potential success in the struggle for better
sales conditions may be the use of such a comparative
advantage as the export of organic agri-food products.
For instance, K. Boys et al. (2022) analysed and consid-
ered the organic agribusiness of the United States in
terms of a promising trade tool and potential market
opportunities for the country in a competitive market
environment with many countries and a wide variety
of products of organic origin. Furthermore, the organic
farming model provides environmental benefits, stim-
ulates sustainable agricultural development and eco-
nomic growth without harming the environment and
society, influences market demand, and regulates the
clear definition of consumer demands based on con-
tinuous analysis of competitors or customer prefer-
ences (Dudar, 2019). As a complement to measures to
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strengthen competitive advantages in agriculture, it
is proposed to factor in and implement international
practices of effective public policy, develop coopera-
tives to reduce the monopolistic pressure of large en-
terprises, increase the product range, develop niche
market segments, and apply processes to optimise
production processes (Revenko et al.,, 2024). The diver-
sification contributes to strengthening the position of
Ukrainian agricultural producers in global commodity
markets, as the production of monocultures in agricul-
ture and the maintenance of narrow specialisation has
led to the decline of the livestock industry and other
labour-intensive sectors, as well as critical social con-
sequences, such as reduced employment of the rural
population, increased migration, and depopulation of
rural areas (Luzan et al., 2025).

The generation of added value is directly reflect-
ed in the upward change in the export price of goods.
Agricultural products of adequate quality and with a
high degree of processing contribute significantly to
employment and value added, thereby generating pos-
itive economic and social effects in terms of reputa-
tion, tourist attraction and environmental protection.
Product quality is a motivating factor and a crucial
element of a company’s success in the international
market. Improving the quality of exported products,
according to Chinese researchers, is a prerequisite
for economic growth, especially for developing coun-
tries, which often have a comparative advantage in
the agri-food sector (Wang et al,, 2023). The key steps
that will ensure the competitive position of Ukrainian
agri-food products on the global market in the future
should also include increasing the level of public in-
vestment in the development of the agricultural sec-
tor, integrating Ukraine’s legislation into the EU in the
context of quality standards for agricultural produc-
tion, strengthening environmental requirements, etc.
Other researchers also reached analogous conclusions
(Kvasha et al.,, 2024), arguing that these measures are
significant both at the national and global levels and
act as a certain guarantee of the country’s food and
national security in the context of a full-scale war.

CONCLUSIONS

The high productivity of agriculture shapes Ukraine’s
competitive position in the global agri-food market.
The current trend in the development of Ukraine’s ag-
ricultural sector is determined by the strengthening of
its role in the integration into the global and Europe-
an single market, as evidenced by the growing share of
national exports, which reached 60% in 2023. The new
format of international trade ties simultaneously serves
as a driver for mitigating the consequences of the dev-
astation and counteracting the challenges of globali-
sation. Despite the substantial externalities caused by
the large-scale war, Ukraine’s agricultural sector proved
to be relatively resilient and showed strong results in
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food production and exports. Thus, in 2024, agricultural
exports totalled USD 24.7 bn, supporting food security
and the export potential of the national economy. Com-
pensation for the loss of areas suitable for growing ag-
ricultural products by increasing production volumes,
strengthening the export orientation of the agricultural
sector, and the results of diplomatic efforts helped to
maintain Ukraine’s position in the global agri-food mar-
ket. The identified changes in the commodity and geo-
graphical structure of agricultural exports are interde-
pendent and resulted from internal factors and active
competitive policy of agricultural exporting countries.

The export potential is based on the competitive
advantages of conventional types of agri-food products
(grains, oilseeds, vegetable, and animal fats). The com-
modity structure of agricultural exports is determined
by the geography of export flows, which has been
changing as a result of the large-scale war. Specifically,
in the pre-war period, China, India, the Netherlands, and
Egypt were the leading countries in terms of Ukrain-
ian agricultural imports, while in 2023 the situation
changed towards Romania, Turkey, Poland, and China.
Accordingly, the markets of these countries will deter-
mine the future prospects for export orientation, but
at the same time, the requirements for products will
increase, especially in terms of quality and added value
of agri-food products.

In 2019-2024, Ukraine demonstrated a weakening
of its competitive position in the main segments of the
global agricultural market, which is confirmed by the di-
agnostics of the national markets of the main importers
of agricultural products in terms of key commodities.
Thus, in the Chinese grain market, the country moved
from 1%t to 4" place with a change in share from 21.5%
to 10.1%; in the Indian fat market, from 4 to 5™ place
with a change in share from 15.8% to 4.9%. Notably,
in 2024 the situation improved slightly compared to
2023.The loss of positions in the grain market is largely
driven by competitive pressure from Brazil and Russia

in the markets of the East (China, Egypt, Israel), Russia,
and Europe in the countries of the South. However, Chi-
na and Egypt continue to be promising target markets
for Ukraine, as their capacity is growing dynamically.
The capacity of China’s grain market increased almost
3 times, reaching USD 14.8 bn, and that of Egypt - 1.5
times, reaching USD 8.3 bn.

Competitive positions in the markets of Indone-
sia, Israel, Bangladesh, and Tunisia, which were among
the top 10 grain importers from Ukraine, will be more
difficult to regain, considering their low capacity and
high concentration. High-capacity vegetable and ani-
mal fats markets (China, India) are highly concentrat-
ed. Specifically, the Indian fat market, with a capacity
of USD 17 bn, is characterised by a concentration level
of 1,431, which is greater than the average. In the con-
text of aggressive policies of competitors (Russia and
Brazil), the prominent level of market concentration
creates further risks for Ukraine to maintain and re-
store its competitive position. Promising areas for fur-
ther research will be transformational changes in the
conjuncture of high-capacity foreign agri-food markets,
the nature of which will increasingly be influenced not
only by economic levers but also by political decisions
of the world’s leading countries. At the same time, a
large-scale war gives Ukraine a chance and incentive
to explore new product and geographical niches of the
global agricultural market, which requires scientific
support for relevant management decisions on possi-
ble international market expansion.
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AHoTauif. ArpapHuii CeKTOp 3anMLIAETbCA NIAEPOM Ha CBITOBOMY PMHKY SIK €KCMOPTep CiNlbCbKOroCrnoAapCbKoi
NpoAyKLUii, ane wupokoMacwTabHa BiiHa B YKpaAiHi i FeOEKOHOMIYHiI BUK/IMKM CYTTEBO 3MiHUAM NpiopuTETU BUOOPY
TOProBeNbHUX MNAPTHEPIB B €KCMOPTHO-IMMNOPTHIM AiSNbHOCTI B KOHKYPEHTHOMY cepefoBuLLi. MeTa cTaTTi nonsirana
B aHani3i MOXNMBOCTI YTPUMAHHA KOHKYPEHTHUX NO3MLIN YKPAiHCbKOI arponpoaoBofbyoi NpoAyKLUii Ha CBITOBMX
TOBapHMX PUHKAX Ta BM3HAYUTU CTpATEriuHi anbTepHATUBHI PUHKOBI CErMEHTM arpapHOro CeKTopa 4yepes npusmy
CTPYKTYPHUX TpaHC@OpMaLii B TOBAPHOMY €KCMOpTi. BUKOPUCTAHO €KOHOMIKO-CTaTUCTUUYHI MeToAM AOCAIOXKEHHS
(npv aHanisi gMHaMiKM Ta CTPYKTYpUY arpapHoOro eKCnopTy), iHAEKCHMIA MeTOA, (AN5 OLLiHKM piBHS MOHOMOI3aL,ii pUHKiB),
aHanisy i cuHTe3y, iHayKUii i aenykuii (06rpyHTyBaHHS BUMCHOBKIB i Npono3uuii). byno pocnifxeHo, Wo B npoueci
CTPYKTYPHMUX TpaHCHOPMaLLii, KOHKYPEHTHI MO3uLii 3MILHWANCA Yepe3 OCBOEHHS HOBUX CErMEHTIB PWHKiB. byno
npoaHani3oBaHO TOBApHY Ta reorpadiyHy CTPYKTYpY EKCNOPTY 1 XapakTep 3MiH y BUOOPi NpiopuUTETIB Ta KOHLEHTpaU,ii
PWHKIB Ta BCTAHOBNEHO, L0 Aii HEraTUBHMX YNHHUMKIB 00’EKTMBHO NepeopieHTyBaNu BUPOOHUKIB Ta MOCEPEeAHMKIB Ha
€BPOMNENCHKMNIA PUHOK, MOCUNIOUM posb KpaiH CxigHoi €Bponu. byno nposeaeHo ifaeHTUIKALLIK0 3MiH KOHKYPEHTHUX
NO3ULLiM HAa pUHKAX 3€pHA, ONIMHUX KYNbTYP, XXMPiB POCIMHHOIO Ta TBAPUHHOIO NMOXOKEHHS, L0 J03BONN0 OLLIHUTU
nepcneKkTUBM BiAHOBMIEHHS Ta YTPMMAHHS LiNbOBMX arpapHMX pUHKiB. [IMHaMIKa y 3MiHaX NO3uLiM KpaiH-iMnopTepis
nokasasna HOBMX NifepiB B iMNOPTi arponpoAoBObYOi NpoayKuii, cepen akux 5-TOIM kpaiH: PymyHia, TypeyumnHa,
Monbwa, Kutaw, lcnanis. BuasneHo, WO OCHOBHMMM CMOXMBAYaMU Ha PUHKY XWMPIB POCAMHHOIO i TBApMHHOMO
noxomxeHHs € IHaig, MNonbwa, Icnania, PymyHia; Ha puHKY oniHux kynbTyp — HimeuuuHa, benbris, Hinepnanau,
€rmnet. 3HaveHHs iHaekcy Xap@iHaena-XipwMaHa CBiaunTb, WO YKpaiHa YaCTKOBO BTpaTM/Ia KOHKYPEHTHI nepeBaru
B Kutai, €rvnTi, [3paini BHaCNifAOK NiABULLEHHS PiBHS KOHUEHTpALii puHKiB. [MpakTMYHOro 3Ha4YeHHs HabyBakTb
Npono3uuii WoA0 YKPiNAeHHsS KOHKYPEHTHMX MO3MLIMA Ha MDXHAPOLHMX arpapHUX PUHKax B YMOBax rnobanbHux
pu3ukiB. Pe3ynbTatu oocnifXeHHs peKOMEeHAOBAaHO BMKOPUCTOBYBATM HAa [AEPXKABHOMY Ta JIOKAJbHOMY PiBHSIX
Npy BM3HAYEHHI CTPATEriYHMX HAMPSIMiB KOHKYPEHTHOI NOMITUKK, 9Ka MOXe e(PEKTMBHO peanisoByBaTMCS 3@ YMOB
cybcuayBaHHS Ta perynioBaHHS arpapHMX PUHKIB, nepeBar y BUTpaTax i LiHax, BiAMNOBIAHOCTI CTaHAAPTaM SKOCTI i
6e3nekn, [OTPMMAHHS MPOCTOPOBOrO PO3MILLleHHS! CErMEHTIB arponpoA0BO/bYOro TOBAapY, €KOOMYHOI 34aTHOCTI
CiNbCbKOrO rocnofapcTea NPOTUCTOATM 3MiHaM KniMaty, iHopMauiiHoi 3abe3neyeHOCTi TOBAapOBUMPOOHMKIB

KntouyoBi cnoBa: arpapHuit CekTop; MiXkHapoaHa TOpriBAs; MOpiBHSANbHA NepeBara; reorpadiyHa CTPYKTypa eKCcnopry;
TOBApHA CTPYKTYpa eKCNOpPTY; KOHLEHTPALi PUHKY; CiIbCbKOroCcnoaapcbka NpoayKLis
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projects included: drip irrigation on an area of 80 ha (Farm Enterprise “Agro-Dar”, Vinnytsia region), which reduced
water consumption by 35%, strip-till on 150 ha (Peasant (Farm) Economy “Prometey”, Poltava region), which
reduced diesel fuel consumption by 18% and increased moisture storage by 20%, and the introduction of a 300
kW biogas plant (Limited Liability Company “Haysynbiolab”), which covered 60% of the farm’s energy needs. In
2021, the application of biofertilisers reduced the use of mineral fertilisers by 30% without reducing yields. Pellet
heating reduced energy costs by 25%, and the switch to biomass dryers reduced natural gas consumption by 40%.
The average amount of funding per project in 2023 was UAH 1.73 mn, the highest in the five-year period. The
need to expand access to innovative financial mechanisms for small and medium-sized producers, including agri-
bonds, green loans, and digital subsidies, was emphasised. The expediency of creating a single digital platform
with open information on all available forms of support was substantiated. The practical significance of the
findings lies in their potential use to improve government programmes to support resource conservation in the

agricultural sector

Keywords: energy efficiency; drip irrigation; grant funding; precision farming; environmental modernisation

INTRODUCTION

The relevance of the study is driven by the growing
need to transform agro-industrial complex of Ukraine
towards sustainable development, which includes the
efficient use of natural resources, reducing environ-
mental burden, and increasing energy efficiency. The
problem of the study lies in the fragmentation of ex-
isting financial mechanisms, their limited accessibility
for small and medium-sized farms, insufficient inte-
gration of support instruments with environmental
criteria (ESG), and the lack of a systematic approach
to assessing the effectiveness of funding by regional
and technological characteristics. Despite the exist-
ence of government, grant and banking programmes,
their practical implementation is often accompanied by
administrative barriers, regional disparities, and a low
level of local institutional support (Boiko et al., 2025).
Therefore, a comprehensive study of the sources, dy-
namics, efficiency, and barriers to funding resource-sav-
ing technologies in the agro-industrial complex allows
substantiating the areas for improving financial policy
in the sector and contributing to the ecological mod-
ernisation of Ukrainian agriculture.

As demonstrated in the thesis study by M.M. Gur-
sky (2021), state financial support in the agricultural
sector continued to be insufficiently flexible in stim-
ulating environmentally friendly investments. The
researcher emphasised the need to adapt subsidy
programmes to the needs of small producers and re-
source-efficient technologies. According to |. Honcharuk
and |. Tomashuk (2023), innovation processes in agri-
culture played a key role in increasing the competitive-
ness of enterprises. The researchers concluded that
the effectiveness of funding depends on a combina-
tion of technological upgrades and access to financial
instruments. According to O.V. Ostapovych (2023), the
system of financial support in the agricultural sector
was prone to fragmentation, and the mechanisms for
allocating funds were not integrated. The researcher
emphasised that regional disparities in funding were
caused not only by economic but also by institutional
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barriers. L.C. Freitas et al. (2021) proved the effective-
ness of agricultural waste reuse as part of a sustainable
agro-industry. The study confirmed that investments in
circular production models require special financial in-
centive mechanisms.

According to T. Sequeira et al. (2024), the produc-
tivity of the agricultural industry directly depended on
the amount of targeted investment. The study empha-
sised that financial innovations contributed to reduc-
ing the technological gap between regions, subject
to institutional support. According to R. Myniv and
R. Batyuk (2023), the implementation of investment
and innovation programmes required synchronisation
of financial policy with the needs of environmental
transformation of production. The researchers pointed
out the significance of developing multi-instrument
funding models with the inclusion of grant, leasing, and
credit resources. Within the framework of an interdis-
ciplinary approach, T. Crovella et al. (2024) focused on
water conservation in the agricultural industry through
the analysis of the water footprint and its alignment
with the Sustainable Development Goals. The research-
ers substantiated the need to introduce comprehen-
sive financial indicators to regulate water use in the
agricultural sector. According to a review by S. Cosma et
al. (2023), the current system of conservation finance
is not sufficiently structured to effectively support na-
ture-based solutions in agriculture. The researchers
emphasised the lack of a coherent financial strategy
that would cover both public and private sources.

Y. Jin et al. (2021) analysed the effectiveness of
funding enterprises that implement energy saving and
environmental protection technologies. The findings
revealed that strong financial efficiency is achieved
when a stable institutional environment for green in-
vestment is created. According to Y. Yang et al. (2021),
the relationship between green financial policy, fintech,
and high-quality economic growth is a key factor in
promoting environmental modernisation. The research-
ers’ empirical study proved that the introduction of




financial innovations had the greatest effect in regions
with developed digital infrastructure. According to
D.Zhang (2023),although green finance is being actively
implemented in the global economy, there are consider-
able risks of green hypocrisy’ associated with the unfair
positioning of ESG initiatives. The researcher demon-
strated that without real transparency, funding does not
ensure either sustainable development or increased
public trust.Finally,Y.Tan and Z.Zhu (2022) showed that
the environmental innovation activity of enterprises
largely depends on ESG rating events and related finan-
cial constraints. The study confirmed that managers’en-
vironmental awareness and access to targeted funding
are critical for the development of green technologies.
Regional disparities, the effectiveness of support
for small farms, and barriers to financial innovation in
the Ukrainian agro-industrial complex (AIC) continue to
be understudied. The purpose of the present study was
to assess the effectiveness of financial mechanisms for
resource conservation in the Ukrainian agro-industri-
al complex, considering the specific regional features,
support for small farms, and barriers to innovation.

MATERIALS AND METHODS

The timeframe of the study covered the period from
2020 to 2024, which ensured representative coverage
of the transformation processes in resource conserva-
tion funding in the agro-industrial complex of Ukraine.
The methodology was based on a combination of quan-
titative and qualitative analysis, structural-dynamic,
and regional approaches, which helped to assess the
effectiveness of financial mechanisms, regional dispar-
ities, sources of investment, and barriers to innovation.

Four regions were selected to analyse the funding
of environmental programmes in agriculture: Vinnytsia
(Strategy for balanced..., n.d.), Poltava (Ministry of Fi-
nance of Ukraine, n.d..), Dnipro (Concept of the Com-
prehensive...,2015) and Lviv (Environmental Protection
Programme..., n.d..). The selection criteria included the
availability of implemented regional or interregional
programmes to support the greening of production
(United Nations Industrial Development Organisa-
tion, 2024). The basic data were obtained from the open
budget reports of the Regional Military Administration,
as well as from the financial reports of the enterpris-
es that received support (Strategy for balanced..., n.d..;
Ministry of Finance of Ukraine, n.d..; Concept of the
Comprehensive..., 2015; Environmental Protection Pro-
gramme...,n.d..). The amount of annual funding was an-
alysed with a breakdown by the following areas: energy
efficiency, water conservation, bioenergy, and reduction
of mineralfertiliseruse.Formula 1 wasused foreachyear:

Fie=2% Go 1)

where F;, is the total amount of funding in region i in

year t, C;, is the amount under programme j in this year,
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Y is the sum (aggregation) sign, j is the programme in-
dex, n is the number of programmes within the region.

The following enterprises were selected for the
study of the annual distribution of sources of re-
source conservation funding in the agro-industrial
complex: Limited Liability Company ‘Agrovin” (n.d.),
Peasant (Farm) Economy “Prometey” (n.d.), Public Ca-
tering Enterprise in the Form of a Limited Liability
Partnership “Zeleny Gay” (n.d.), Limited Liability Com-
pany ‘Aqua-Land” (n.d.), Limited Liability Company
“Karpaty-Agro” (n.d.), Limited Liability Company “Ha-
ysynbiolab” (n.d.), Limited Liability Company “Dnipro
Agro Group” (n.d.), Limited Liability Company “Agropos-
tach” (n.d.), Farm Enterprise “Zelena Nyva” (n.d.), Limit-
ed Liability Company “Globus Agro” (n.d.). The selection
was made based on the following criteria: availability of
implemented resource-saving technologies, availability
of annual financial reports or information from open
sources, participation in government or grant funding
programmes. The share of each source in the funding
was determined according to the formula 2:

S, = (Z?’:‘j n) x 100, )
where S, is the share of funding source d in percentage,
1, is the investment from the source, }7, /; total amount
of all funding sources (sum of / from 1 to n)

To compare the efficiency of farms with and with-
out state support, the following were selected: a farm
from Khmelnytskyi region (a participant in the Ukragro-
leasing programme), farms from Poltava and Vinnytsia
regions (recipients of compensation for strip-till and
no-till), and enterprises from Odesa and Mykolaiv re-
gions that did not attract funding. The level of resource
saving was calculated as follows:

RE = (Vbefore_vafter) X 100’ (3)

before
where RE is the percentage reduction in resource use
(resource efficiency), Vi, is the amount of resource

use before the introduction of the tool (water, fertiliser,

fuel), V., is the volume of use after implementation.The

return on investment was calculated using formula 4:
I

T, = (4)

b
AP yearly

where T, is the investment payback period, / is the
amount of investment in the project, AP, is the an-
nual cost savings (difference before/after).

The assessment of the regional distribution of
fundraising covered 12 regions: Vinnytsia, Poltava,
Khmelnytskyi, Dnipro, Cherkasy, Lviv, Odesa, Ternopil,
Kyiv, Mykolaiv, Kherson, Zaporizhzhia, Chernihiv, Sumy,
and Zhytomyr. In the study, the amount of funding for
each region was calculated by adding up the financial
receipts from different sources in each of the five years.
The total amount was calculated as follows:
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2024

R; = Lt=%020 Fito (5)

where R, is the total funding of region i for 2020-2024,
32024 is the amount by years from 2020 to 2024, is
the amount of funding in region / in year t.

The study identified five main barriers to the intro-
duction of financial innovations in the agricultural sec-
tor: distrust of new mechanisms (28%), high entry costs
(26%), information silos (19%), lack of access to finance
(15%), and regional inequality (12%). To determine the
share of each barrier in the overall structure, the fol-
lowing formula 6 was used:

B, = (ﬁ) x 100, (6)
where B, is the share of influence of barrier / in the
overall structure (%), W, is the assessment of the weight
of the barrier i (expressed as a conditional value, e.g., in
points or impact on failure), 7, W, is the total weight
of all barriers.

To ensure the accuracy of the analysis, the average
deviation of factual funding from the planned budget
figures was considered. The margin of statistical error
was calculated using the formula for the relative devi-
ation between planned and actual amounts and aver-
aged 7% for the years analysed. This parameter was
factored into the interpretation of financial volumes at
the regional and national levels, which helped to avoid
distortions in the comparison between years. The total
amount of funded activities was calculated by summing
the annual funding for each region:

R; = §0=22‘t)20 Fie (7)
where R; - is the total amount of funding in region i, F;,
is the financed volume in year t.

The data sets were processed using Python (Pandas
and Matplotlib libraries) and Excel. This comprehen-
sive approach provided a reliable basis for interpreting
the results of the study on the effectiveness of finan-
cial support for resource conservation in the Ukrainian
agro-industrial complex.

RESULTS
In 2020, the most effective use of public funding was
made in Vinnytsia and Lviv regions. In the village of
Makhnivka, Kalynivka district, Vinnytsia region, Limit-
ed Liability Company “Agrovin” (n.d.) implemented a
project to modernise the irrigation system. Within the
framework of the project, the outdated pipelines were
completely replaced with polyethylene ones, and au-
tomated controllers were introduced to regulate water
supply depending on soil moisture. These measures re-
sulted in a 28% reduction in water consumption and a
19% reduction in electricity consumption, demonstrat-
ing the effectiveness of the investment. In Zhovkva,
Lviv region, Limited Liability Company “Karpaty-Agro”
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implemented a comprehensive thermal modernisation
of livestock facilities, including insulation of roofs, fa-
cades, and floors, and installation of pellet boilers for
heating. This helped reduce heating costs by 25% com-
pared to previous years, providing added stability in the
production process in the autumn and winter (Wartime
state support..., 2025).

In 2021, robust performance was recorded in Polta-
va and Cherkasy regions. In the city of Myrhorod, Polta-
va region, Limited Liability Company “Agropostach (n.d.)
reconstructed a grain drying complex by converting
dryers to run on biomass, particularly sunflower husks.
This reduced the amount of natural gas consumed by
40% and reduced overall carbon dioxide emissions,
which was in line with the principles of low-carbon ag-
riculture. In Kamianka, Cherkasy region, Farm Enterprise
“Zelena Nyva” (n.d.) introduced a technology for apply-
ing liquid biofertilisers made from livestock products,
which reduced the use of conventional mineral fertil-
isers by 30% without reducing vyields. This approach
combined environmental and economic feasibility,
helping to reduce the anthropogenic burden on the soil
environment (Development Strategy of..., 2020).

In 2022, the effectiveness of implementing finan-
cial instruments for resource conservation was demon-
strated in Vinnytsia and Dnipro regions. In the village of
Uladivka in Vinnytsia region, the Farm Enterprise “Agro-
Dar” (n.d.) installed a drip irrigation system on an area
of 80 hectares. According to the results of agronomic
monitoring, the system reduced water consumption by
35% and ensured even distribution of moisture even
in conditions of limited natural moisture. In the city of
Pavlohrad, Dnipro region, the Public Catering Enterprise
in the Form of a Limited Liability Partnership “Zeleny
Gay” (n.d.) started operating a dryer that used sunflower
husk waste as fuel. The company’s economic calcula-
tions showed a 42% reduction in energy costs and a
shorter grain drying period, which positively affected
the organisation of the production cycle (Skydan et
al, 2022).

In 2023, Poltava and Ternopil regions were the
leaders in terms of implementing resource conservation
programmes. In the city of Lubny, Poltava region, the
Peasant (Farm) Economy “Prometey” (n.d.) introduced
strip-till technology, which combined elements of
minimal tillage with fertilisation in narrow strips. This
technology reduced diesel fuel consumption by 18%,
reduced soil compaction, and improved moisture reten-
tion by 15-20% compared to conventional ploughing.
In the city of Zbarazh, Ternopil region, Limited Liability
Company ‘Aqua-Land” (n.d.) implemented a project to
organise a rainwater harvesting system. The system in-
volved the collection of water from the roofs of green-
house premises into tanks for further use for irrigation,
which completely eliminated centralised water supply
in the summer, reducing water costs by 100% within
the greenhouse sector (Rusan & Zhurakovska, 2024). In




2024, Vinnytsia and Poltava regions demonstrated the
most active engagement in resource conservation pro-
grammes. In the city of Haysyn,Vinnytsia region, Limited
Liability Company “Haysynbiolab” (n.d.) implemented a
300-kW biogas plant that operated on livestock waste.
As a result, the farm received over 60% of its electricity
and heat needs from an alternative source and reduced

Kazimov et al.

methane emissions. In the village of Velyki Sorochynt-
si, Poltava region, Limited Liability Company “Globus
Agro” (n.d.) equipped agricultural machinery with GPS
navigation and variable fertiliser application systems,
which reduced fertiliser use by 20%, while maintaining
stable yields and reducing fertiliser losses due to pre-
cise dosing (Gusarova, 2025) (Table 1).

Table 1. Funding for environmental programmes in agriculture

Funding, Energy efficiency, = Water conservation, .
Year UAH mn UAH mn UAH mn Other, UAH mn Concrete examples (places, enterprises)
207.4 (organic Makhnivka village - Limited Liability
2020 610 170.8 128.1 production, Company “Agrovin”; Zhovkva city - Limited
reclamation) Liability Company “Karpaty-Agro”
. - Myrhorod city - Limited Liability Company
2021 735 220.5 161.7 2205 .(SOIl mon!torlng, ‘Agropostach”; Kamianka city - Farm
advisory services) D "
Enterprise “Zelena Nyva
Uladivka village - Farm Enterprise “Agro-
179.4 (agroforestry Dar”; Pavlohrad city - Public Catering
2022 690 2208 1587 reclamation, training) Enterprise in the Form of a Limited
Liability Partnership “Zeleny Gay”
. Lubny city - Peasant (Farm) Economy
2023 810 283.5 1944 170.1 (environmental “Prometey”; Zbarazh city - Limited
audit, biocontrol) L « ,
Liability Company "Aqua-Land
1557 gttt "L Lttty Compan
2024 865 3114 216.3 of agroecology, sy ey Y

village - Limited Liability Company

innovative start-ups) “Globus Agro”

Source: compiled by the authors of this study based on Development Strategy of Cherkasy Region 2021-2027 (2020),

O. Skydan et al. (2022), V. Rusan and L. Zhurakovska (2024), A.

The concrete examples of the farms cited above
confirmed the feasibility of further expanding such
programmes, provided that a favourable institution-
al environment is created and farmers are better in-
formed about available funding instruments. In 2020,
state budget programmes continued to be a key source
of funding. The total amount of support amounted to
UAH 480 million, which enabled the implementation of
720 projects in regions such as Vinnytsia, Poltava, and
Khmelnytskyi. Under these programmes, Limited Lia-
bility Company “Agrovin” (Makhnivka village, Vinnytsia
region) and Peasant (Farm) Economy “Prometey” (Lub-
ny city, Poltava region) successfully implemented the
modernisation of irrigation systems and strip-till till-
age technology, respectively. This was achieved through
programmes to compensate for part of the cost of
equipment to reduce water loss and energy consump-
tion. The average amount of funding per project was
UAH 667 thsd (Ministry of Agrarian Policy and Food of
Ukraine, & Kyiv School of Economics, 2021).

In 2021, regional budget programmes intensified,
providing funding of UAH 110 mn for 95 projects, with
an average amount of approximately UAH 1.16 mn.
Geographically, the largest support was observed in
Poltava and Ternopil regions. A positive effect was
demonstrated by the farms of Limited Liability Compa-
ny ‘Aqua-Land” (n.d.) (Zbarazh city), which implemented

Gusarova (2025), Wartime state support for agribusiness (2025)

a rainwater harvesting system for greenhouse irriga-
tion, and Farm Enterprise “Zelena Nyva” (n.d.) (Kami-
anka city), which introduced biofertilisers based on
organic waste. These examples confirm the high ef-
fectiveness of regional initiatives focused on concrete
technologies, tailored to local needs. In 2022, banking
instruments played a leading role in funding, with a to-
tal volume of UAH 135 mn and a total of 140 projects
financed. The average cost of a supported project was
UAH964 thsd. Kyiv and Khmelnytskyi regions were the
most active, where Limited Liability Company “Ukra-
grokapital” (n.d.) and Farm Enterprise “Dovira” (n.d.)
took advantage of preferential agricultural loans under
the state programme “5-7-9%” to purchase precision
fertiliser equipment and GPS navigation systems. Con-
sidering the absence of separate specialised bank lines
for resource-saving technologies, obtaining funding
required substantial preparation of business plans and
external advisory support.

In 2023, grant programmes from international
donors such as the United States Agency for Interna-
tional Development (USAID), the Global Environment
Facility (GEF), and individual European Union (EU) pro-
jects dominated, providing 52 projects totalling UAH
90 mn. On average, funding per project amounted to
about UAH 1.73 mn, which is the highest figure for the
five-year period. The bulk of these programmes were

Scientific Horizons, 2025, Vol. 28, No. 7

205



206

Improvement of financial mechanisms to support resource conservation...

implemented in Odesa and Lviv regions. Limited Lia-
bility Company “Karpaty-Agro” in Zhovkva city received
support for the thermal modernisation of livestock fa-
cilities, while Agricultural Production Cooperative “Do-
brobut” (n.d.) implemented a demonstration project on
biocontrol of pests in the open field. The advantage
of the grant programmes was their relative flexibility,
but they were mainly open to those with project man-
agement experience and who could pass the complex
selection procedures. In 2024, enterprises’ private in-
vestments were the most active, providing 225 projects

worth UAH 205 mn, resulting in an average investment
of UAH 911 thsd per project. Investment activity was
concentrated mainly in Vinnytsia and Dnipro regions.
For example, Limited Liability Company “Haysynbio-
lab” (n.d.) installed a biogas plant, while Farm Enter-
prise “Agro-Dar” (n.d.) implemented drip irrigation on
80 hectares in the village of Uladivka. These examples
illustrate that, given stable profits, enterprises are ready
to invest in sustainable development technologies,
even without external support, but this mechanism is
still available mainly to large producers (Table 2).

Table 2. Annual distribution of sources of funding for resource conservation
in the agricultural sector with examples of enterprises (2020-2024)

Year Funding, Number of Regions of Enterprises
UAH million  projects implementation P

Vinnytsia, Poltava, - - « - « "
2020 480 720 Khmelnytskyi Limited Liability Company “Agrovin”, Peasant (Farm) Economy “Prometey
2021 110 95 Poltava, Ternopil Limited Liability Company “Aqua-Land”, Farm Enterprise “Zelena Nyva”
2022 135 140 Kyiv, Khmelnytskyi Limited Liability Company “Ukragrokapital”, Farm Enterprise “Dovira”
2023 90 59 Odesa, Lviv Limited Liability Company KarpaEy-Agro,A%rlcultural Production

Cooperative “Dobrobut

2024 205 225 Vinnytsia, Dnipro Limited Liability Company “Haysynbiolab”, Farm Enterprise “Agro-Dar”

Source: compiled by the authors of this study based on Limited Liability Company “Haysynbiolab” (n.d.), Limited Liability
Company “Dnipro Agro Group” (n.d.), Limited Liability Company ‘Agropostach” (n.d.), Farm Enterprise “Zelena Nyva” (n.d.)

The regional picture shows greater activity in Vin-
nytsia, Poltava, Khmelnytskyi, and Lviv regions, while
the northern and south-eastern regions were less cov-
ered. Priority areas of funding included water conser-
vation, bioenergy, precision agriculture, and infrastruc-
ture modernisation using local resources (Tokarchuk et
al., 2022). An illustrative example of the effective use of
the financial instrument was a farm from Khmelnytskyi
region, which in 2022, with the participation in a leas-
ing programme implemented through the State Pub-
lic Joint Stock Company “National Joint Stock Company
“Ukragroleasing” (n.d.), managed to implement a drip
irrigation system on an area of more than 50 hectares.
As a result, in one growing season, water consumption
was reduced by 30% compared to previous years, which
reduced energy costs for water supply by 19%. The re-
duction in operating costs helped to reduce the pay-
back period of the invested funds to 2.4 years, which is
a high indicator for medium-sized agricultural produc-
tion (Toryanyk, 2024).

A separate group of farms comprised those that
benefited from the state programme “Financial support
for agricultural producers by reducing the cost of pur-
chased agricultural machinery and equipment”. Specifi-
cally, this programme covered up to 30% of the cost of
no-till and strip-till machines, which markedly reduced
the cost of switching to conservation tillage. Such cul-
tivation systems not only reduced fuel consumption by
25-30% but also increased soil moisture accumulation
by 15-20% compared to conventional ploughing, which
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was crucial in the context of climate change. In Vin-
nytsia and Poltava regions, the introduction of strip-till
was accompanied by such support, which encouraged
farms to reduce deep mechanical intervention in the
soil. A positive result of the implementation was a 12-
15% increase in corn yields on some farms, while re-
ducing cultivation costs. Furthermore, farms that took
advantage of the “Affordable Loans 5-7-9%” programme
managed to borrow money on favourable terms to in-
vest in precision fertiliser technology, GPS navigation,
micro-sprinkler systems, and other digital tools that re-
duce inputs. This programme, developed by the Ministry
of Finance of Ukraine and the Entrepreneurship Devel-
opment Fund, provided greater access to funding for in-
novation,especially in 2022-2023,when banks stepped
up their cooperation with the agricultural sector (Unit-
ed Nations Industrial Development Organisation, 2024).

To compare the results, the study analysed 10 farms,
including Limited Liability Company ‘Agrovin” (n.d.),
Limited Liability Company “Karpaty-Agro” (n.d.), Peas-
ant (Farm) Economy “Prometey” (n.d.), Farm Enter-
prise “Agro-Dar” (n.d.), Limited Liability Company
‘Aqua-Dar” (n.d.).), Limited Liability Company ‘Ag-
ua-Land” (n.d.), Public Catering Enterprise in the Form
of a Limited Liability Partnership “Zeleny Gay” (n.d.),
Limited Liability Company ‘Agropostach” (n.d.), Farm
Enterprise “Zelena Nyva” (n.d.), Limited Liability Compa-
ny “Haysynbiolab” (n.d.), and Limited Liability Company
“Globus Agro” (n.d.). The selection criteria for the farms
included the use or absence of state financial support




for the introduction of resource-saving technologies,
while the division by production scale was not the
main criterion. The sample included both medium and
large-scale enterprises. The group with state support
showed considerably better results in terms of reduc-
ing water consumption, fertiliser use and fuel costs.
Specifically, the average reduction in water consump-
tion reached 30%, while the average reduction in wa-
ter consumption in farms without financial support did
not exceed 12%. Analogous dynamics were observed in
mineral nutrition: by introducing precision fertilisation
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technologies and using bio-organics, supported farms
reduced their fertiliser use by 25%, while the control
group reduced their fertiliser use by 10%.

An assessment of the payback periods for invest-
ments demonstrated another advantage of targeted
funding. On average, the farms that received support
had a payback period of 2.5 years, while without exter-
nal assistance it exceeded 4 years. The reason for this
was not only direct compensation of costs but also ac-
cess to more modern technological solutions that pro-
vided greater efficiency per unit area (Fig. 1).

M Enterprises with state support

Enterprises without support

l 2'5 4.1
|

Reduction in fuel costs (%) Return on investment (years)

Figure 1. Comparison of the efficiency of farms with and without state support
Source: compiled by the authors of this study based on United Nations Industrial Development Organization (2024)

In 2020, the highest amounts of funding for re-
source conservation measures were concentrated in
Vinnytsia region (over UAH 85 mn) and Poltava region
(approximately UAH 78 mn). Regional programmes for
modernising irrigation and compensating for the cost
of precision farming equipment were active in these
regions. The projects included drip systems in Makh-
nivka village and strip-till in Lubny city. At the same
time, in Kherson, Zaporizhzhia, and Chernihiv regions,
funding did not exceed UAH 10-12 mn, due to a lack
of prepared projects and limited access to the mech-
anisms of the State Public Joint Stock Company “Na-
tional Joint Stock Company “Ukragroleasing” (n.d.).

In 2021, Khmelnytskyi (about UAH 72 mn) and
Cherkasy (about UAH 65 mn) regions joined the lead-
ers, where more than 200 projects were financed
against the backdrop of biofertiliser support pro-
grammes and the modernisation of grain dryers. In the
Khmelnytskyi region, leasing mechanisms for organic
aggregates were first applied through the state-owned
State Public Joint Stock Company “National Joint Stock
Company “Ukragroleasing” (n.d.), which allowed small
farms to engage in resource conservation. Compared
to 2020, the situation improved in Lviv region, but
southern regions were left out of systemic participa-
tion in funding: Mykolaiv region attracted only UAH
15 mn (Peasant (Farm) Economy “Prometey”, n.d..).

In 2022, the share of bank products (specifically,
the “Affordable Loans 5-7-9%” programme) increased
substantially, enabling Khmelnytskyi, Dnipro, and
Kyiv regions to enter the top 5 in terms of attracted

funding. For instance, over 180 projects to introduce
biomass dryers and precision seeding were support-
ed in the Dnipro region. The amount of funding in
the region reached UAH 90 million. In 2022, Polta-
va region implemented a co-funding programme
for strip-till technologies (with 30% compensation),
which funded about 60 farms. In that year, a slight
increase in activity was recorded in Sumy and Zhyto-
myr regions (approximately UAH 20-25 mn), but the
unevenness was still significant (Public Catering En-
terprise..., n.d..).

In 2023, grant programmes played a dominant
role, intensifying in Lviv (@bout UAH 55 mn) and Ode-
sa (over UAH 50 mn) regions. Demonstration pro-
jects on rainwater harvesting (Zbarazh city), thermal
modernisation of livestock complexes (Zhovkva city),
and biofertiliser production were implemented with
international support from USAID and GEF. However,
Chernihiv, Mykolaiv, and Kherson regions continued to
fail to reach the threshold of UAH 20 mn per year. The
reasons for this were related not only to infrastructure
and security risks, but also to the poor coordination of
local councils with line ministries and donor agencies
(Limited Liability Company Aqua-Land, n.d..).

In 2024, Vinnytsia (over UAH 90 mn) and Poltava
(about UAH 82 mn) regions remained the leaders, with
projects of biogas plants (‘Haysynbiolab”), precision
farming systems (Globus-Agro), and autonomous wa-
ter supply. This year was also marked by an increase
in the engagement of Dnipro (UAH 70 mn) and Cher-
kasy (UAH 60 mn) regions, where the first elements of
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cluster funding appeared (Limited Liability Company
“Karpaty-Agro”, n.d..). However, in the northern regions,
specifically, Chernihiv and Sumy, the amount of support

did not exceed UAH 25 mn due to the lack of service
centres for preparing applications and restrictions on
the safety of field projects (Fig. 2).

Kherson 100 20 [20WN 2020
Mykolaiv 12 20 m2omm ®2021
Chernihiv. 71270 20 20NN 2022
Zhytomyr QEE207 T NENZGEEN 2023
Sumy Q25O
Odesa 0 50 0 2024
Lviv 0 55 0
Cherkasy (YD 60 60
Kyiv 0 85 0
Dnipro 0 90 oo
Khmelnytskyi ( 72 90 0
Poltava 78 0 78 oey
Vinnytsia 85 (I T0 B
UAH million

Figure 2. Fundraising by region for 2020-2024
Source: compiled by the authors of this study based on Strategy for balanced regional development of Vinnytsia region
for the period until 2027 (n.d.), Peasant (Farm) Economy “Prometey” (n.d.), Public Catering Enterprise in the Form of a
Limited Liability Partnership “Zeleny Gay” (n.d.), Limited Liability Company ‘Aqua-Land” (n.d.), Limited Liability Company

“Karpaty-Agro” (n.d.)

Overall,in 2020-2024, a clear regional stratification
of funding can be observed. The highest average annual
level of support was recorded in Vinnytsia (UAH 73 mn/
year), Poltava (UAH 68 mn/year), and Khmelnytskyi
(UAH 59 mn/year) regions. These regions all had strong
institutional capacities, access to advisory services, and
a history of joint participation in national and regional
programmes. In contrast, in such regions as Kherson,
Zaporizhzhia, Mykolaiv, and Chernihiv, the average an-
nual level of support did not exceed UAH 15-20 mn, indi-
cating the need to reorient state support policy towards
the development of technical infrastructure, digital ser-
vices, and agricultural education hubs in these regions.
The greatest obstacle was the lack of trust in new fi-
nancial mechanisms, such as agri-bonds, climate loans,
and green banking products. This barrier accounted for
28% of the total impact. The problem was the lack of a
stable requlatory framework for the functioning of agri-
bonds, the complexity of legal registration of issues,and
unclear circulation mechanisms. Climate loans, despite
support from international financial institutions, were
applied exclusively at the level of individual pilot ini-
tiatives in Kyiv, Lviv, and Dnipro regions (Voloshchuk et
al., 2025). In other regions, the banking system did not
offer adapted products linked to ESG indicators or re-
duced rates for eco-technologies, which reduced farm-
ers’ interest in using them (Koliada & Prozorov, 2022).

The second most influential barrier was the high
entry cost of innovative projects and the lengthy pay-
back period (26%). Technologies that required large-
scale investments, such as biogas plants, solar power
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plants, autonomous micro-sprinkler systems, or pre-
cision agriculture, required initial investments of UAH
1.5-5 mn, while real payback periods ranged within 4-7
years (Hutorov et al.,2021). In the absence of specialised
loan programmes with reduced rates or the possibility
of attracting donor co-funding, many farms, especially
in the central and southern regions, postponed the im-
plementation of such solutions or limited themselves
to local upgrades (USAID AGRO Programme..., 2024).
The third most influential barrier was the low level of
transparency and information availability of financial
instruments (19%). Until 2023, there was no integrated
digital platform in Ukraine that would accumulate data
on all existing government, banking, and international
programmes (Shahini & Shtal, 2023).As a result, farmers
often received information untimely or were unable to
understand the requirements for participation, the list of
required documents, or the deadlines for submitting ap-
plications. In many regions (specifically, Chernihiv, Sumy,
and Kherson), access to such information was limited or
entirely dependent on the initiative of local specialists
in agricultural policy departments (Zenkin, 2024).

The fourth position in the structure of barriers was
occupied by the lack of regional project infrastructure
(15%). This primarily refers to the lack of specialised
services that could provide technical support for the
preparation of applications, financial efficiency model-
ling, and legal advice. A few regions did not have any
accredited institution or independent advisory centre
that could provide farmers with the necessary exper-
tise. This made it impossible to submit projects even




if they were ready to invest (Cabinet of Ministers of
Ukraine Resolution No. 1163-2024-p, 2024). Limited ac-
cess to funding for small producers (12%) rounded out
the list of the main barriers. In practice, programmes
such as “Affordable Loans 5-7-9%” often stayed inac-
cessible to small farms due to collateral requirements,
tax history, or complicated banking procedures. It was
also challenging for small businesses to meet the cri-
teria of donor funding programmes, which often re-
quired co-funding capacity, electronic reporting, audits,
and statutory documents (Solonyna, 2021; Shumka et
al., 2021). Thus, part of the sector remained excluded
from the innovative financial environment, leading to a
deepening technological gap between large and small
producers (Fig. 3).

M Distrust of new mechanisms
High entry cost and lengthy
payback period
Low lelev of transparency and
access to information

M Lack of regional project
infrastructure

M [naccessibility of funding for
small enterprises

19%

26%

Figure 3. Structure of barriers to financial innovation |
n the agricultural sector of Ukraine

Source: compiled by the authors of this study based on
E. Solonyna (2021), TA. Koliada and Prozorov (2022),
USAID AGRO Program will provide up to UAH 270 million
in co-funding for the development of grain elevator
facilities (2024), D. Zenkin (2024), Cabinet of Ministers of
Ukraine Resolution No. 1163-2024-p (2024)

To summarise, successful scaling of financial innova-
tions in the Ukrainian agricultural sector in 2025 and be-
yond requires the creation of a comprehensive support-
ive ecosystem. This means a combination of regulatory
reforms (e.g., simplifying the circulation of agri-bonds),
development of regional agri-financial advisory infra-
structure, digitalisation of support application processes,
and a special focus on small and medium-sized enter-
prises.Only under these conditions is it possible to wide-
ly adapt environmentally friendly funding instruments
at the level of all regions of Ukraine. In Vinnytsia region,
the average deviation of the effective funding from the
plan was £5%, which indicated the stability of the im-
plementation of the planned activities. Funding stayed
stable throughout the period, with no reductions caused
by the hostilities, and programmes to modernise irriga-
tion and install biogas plants were fully implemented.

In Poltava region, the deviation rate was *6%. De-
spite some delays in programme implementation, the
overall funding for the activities was unchanged. The
hostilities did not substantially affect the implemen-
tation of the projects, which enabled the successful
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introduction of strip-till technologies and modernisa-
tion of water supply systems. In Khmelnytskyi region,
the deviation was recorded within #7%. Financial ac-
tivity was maintained at a strong level. The minor im-
pact of external factors did not lead to a change in the
priority areas of resource conservation, and the main
drip irrigation and precision farming projects were
completed on time. In Lviv region, the average devia-
tion of effective funding was £8%. Despite the overall
stability, there was a slight decrease in grant activity
in 2022-2023 due to the redistribution of internation-
al aid. Farm thermal modernisation programmes were
partially adjusted. In Cherkasy region, the average devi-
ation was recorded at #7%. The impact of external fac-
tors was minimal, which ensured sustainable funding
for projects to introduce biofertilisers and reconstruct
irrigation systems.

In Dnipro region, the average deviation was *6%. At
the same time, there was a partial reduction in funding
of 15% in 2022-2023 due to the deteriorating securi-
ty situation. Despite this, the region maintained a high
rate of implementation of bioenergy and precision agri-
culture projects. In Kyiv region, the deviation of the plan
from the factual result stayed at £5%. The war did not
lead to a reduction in funding; conversely, the increased
activity of international programmes contributed to the
introduction of advanced technologies in water con-
servation and energy efficiency. In Odesa region, the
average deviation reached #9%, while the amount of
funding decreased by 40% after 2022. Most grant and
regional programmes were either frozen or adjusted to
meet humanitarian needs. In Mykolaiv region, the aver-
age deviation was £10%. Under the influence of the hos-
tilities, funding cuts exceeded 65%, which led to the ef-
fective termination of most resource efficiency projects.

In Kherson region, the average deviation from the
targets was +12%, while funding decreased by over 80%.
Due to the hostilities in the region, most water conser-
vation and infrastructure modernisation projects were
suspended. In Zaporizhzhia region, a deviation of #11%
was recorded with a corresponding reduction in funding
by 75%. Implementation of new projects was hampered
by high security risks,and only a few farms continued to
operate on a limited basis. In Chernihiv region, the av-
erage deviation was £10%. Due to shelling and destruc-
tion, funding was reduced by 55%. The resumption of
programme implementation was slow, with a focus on
minimal measures to restore production infrastructure.
An average deviation of £9% was recorded in Sumy re-
gion.The reduction in funding reached 35%.A consider-
able number of farms were forced to refuse to take part
in modernisation programmes due to the danger of field
work. In Zhytomyr region, the average deviation from
the plan was £8%. The hostilities had a limited impact
on the implementation of measures, with funding cuts
estimated at 25%, which allowed for continued activity
in water conservation and energy efficiency (Table 3).
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Table 3. Consideration of errors and external factors in the funding of resource saving measures

Region Average deviation from the plan, % Nature of the war’s impact
Vinnytsia 5% Impact not recorded
Poltava 6% Impact not recorded
Khmelnytskyi 7% Insignificant impact
Lviv 8% Local decrease in grant activity
Cherkasy 7% Insignificant impact
Dnipro 6% Partial reduction in funding
Kyiv 5% Increase in funding
Odesa 9% Major cuts to programmes
Mykolaiv +10% Massive cessation of project implementation
Kherson +12% Effective termination of funding
Zaporizhzhia *11% Major cuts to programmes
Chernihiv +10% Decreased activity in project implementation
Cymcbka £9% Partial reduction in funding
Zhytomyr 8% Insignificant impact

Source: compiled by the authors of this study based on Concept of the Comprehensive Regional Program (Strategy)
for Environmental Safety and Climate Preservation of Dnipropetrovsk Region for 2016-2025 (2015), Strategy for
balanced regional development of Vinnytsia region for the period until 2027 (n.d.), Ministry of Finance of Ukraine (n.d.),

Environmental Protection Program for 2021-2027 (n.d.)

Thus, the study found that in the context of the
armed conflict, resource-saving programmes-main-
tained stability mainly in the central and western re-
gions, while in the southern and eastern regions, pro-
ject implementation was severely limited by external
factors. At the same time, in those regions where insti-
tutional capacity continued to be high, funding adapt-
ed to the new conditions, confirming the flexibility of
financial instruments for resource conservation in the
agricultural sector.

DISCUSSION

The findings demonstrated the effectiveness of re-
source-saving technologies in Ukraine’s agricultural
sector with government support. In Vinnytsia and Pol-
tava regions, irrigation projects were steadily imple-
mented (reduction in water consumption by 28-35%),
bioenergy (reduction in energy consumption by 40-
42%), and precision agriculture (reduction in fertiliser
use by 20-30%). Lviv and Cherkasy regions made pro-
gress in thermal modernisation (25% reduction in heat-
ing costs) and the use of biofertilisers (30% reduction in
mineral fertilisers). Strip-till and rainwater harvesting
technologies in Poltava and Ternopil regions reduced
fuel consumption by 18% and water consumption by
100% in greenhouses.

According to M-H.Nguyen and T.E.Jones (2022) and
W. Haijun et al. (2023), the relevance of green financial
instruments was considered mainly within the frame-
work of corporate social responsibility and consumer
culture. W. Haijun et al. proved that digitalisation con-
tributes to the growth of the ESG index of companies,
but the model did not account for agricultural specifics
and did not assess the effectiveness of state support in
rural areas. M-H. Nguyen and T.E. Jones focused on the
behavioural aspects of urban communities, highlighting
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the concept of “ecological surplus”, but did not include
agricultural practices, financial mechanisms, or regional
differences in their study. In contrast, the present study
was based on a systematic analysis of resource conser-
vation funding in Ukrainian agriculture, covering more
than 15 regions and 10 enterprises, and quantifying the
effectiveness of state support with disaggregated data
on water, fertiliser, and fuel consumption.

B. Gu et al. (2021) and C-Y.Zhang and T. Oki (2023)
focused on water resources and green funding poli-
cies, but in isolation from practical implementation at
the level of small and medium-sized farms. C-Y. Zhang
and T. Oki focused on water pricing in the Chinese ag-
ricultural sector, but their approach did not include
an analysis of funding sources or an assessment of
effectiveness in terms of payback or resource savings.
B. Gu et al. examined the policy impact of green finance
on industrial transformation, but the study was limited
to the macroeconomic level without territorial or eco-
nomic disaggregation. In contrast, the present study not
only analysed the structural sources of finance, but also
empirically compared the efficiency of farms with and
without support: water consumption reduced by 30%
vs. 12%, fertiliser use by 25% vs. 10%, payback period
of 2.5 vs. 4+ years. This provided an applied dimension
that was missing in the cited studies.

As shown by X. Zhao et al. (2022) and M.C. Udeagha
and E. Muchapondwa (2023a), the problem of green
transformation was considered in the context of cli-
mate challenges and sustainable development strate-
gies. X.Zhao et al. investigated China’s national regula-
tory strategies for carbon neutrality, but the study did
not assess the affordability or practical implementa-
tion of programmes at the farm level. M.C. Udeagha and
E. Muchapondwa focused on the potential of fintech
tools in green finance, but did not cover the specifics




of the agricultural sector, the role of government par-
ticipation, or the distribution of resources by region. In
contrast to these studies, the present study is the first
to quantify the structure of barriers to financial innova-
tion: distrust (28%), high entry costs (26%), and infor-
mation silos (19%). This approach allowed not only re-
cording political strategies, but also establishing causal
links between access to funding, investment efficiency,
and regional policy in the Ukrainian agro-industrial
complex (Sadovoy et al., 2025).

According to W. Shiwei et al. (2022) and S. Liu and
Y. Wang (2023), research on green innovations has
mostly been undertaken within urbanised systems and
pilot programmes. W. Shiwei et al. found that the digital
economy contributed to the stimulation of green pat-
enting in urban clusters, but the agricultural sector was
left out of the analytical framework. S. Liu and Y. Wang
assessed the effectiveness of pilot regions for green
financial reform using a quasi-experimental approach,
focusing on the overall effects of investment promo-
tion, but did not address the specifics of local access to
finance and did not analyse resource saving indicators.
In contrast to these studies, the evaluation focused on
concrete indicators of the effectiveness of funding in the
agricultural sector, such as reduced water consumption
(30% vs. 12%), reduced fertiliser use (25% vs. 10%), and
differences in return on investment (2.5 vs.over 4 years),
which allowed for an applied interpretation of the ac-
cessibility and effectiveness of support at the farm level.

According to H.M. Arslan et al. (2022) and X. Yin
and Z. Xu (2022), green funding research has been con-
ducted in the context of sustainable economic growth
and policy coordination. H.M. Arslan et al. focused on
the effects of natural rents and environmental policies
on macroeconomic indicators in the long term, but the
analysis did not cover the financial efficiency of resource
conservation measures or the level of regional access
to support. X. Yin and Z. Xu assessed the coordinated
development of China’s green financial system and
economy, but did not consider the impact of govern-
ment support on concrete agricultural practices. In con-
trast to these approaches, the present study examined
the distribution of funding across 15 regions of Ukraine,
identified key barriers (specifically, distrust 28%, high
entry costs 26%) and compared the effectiveness of
support instruments. This allowed expanding the study
beyond strategic planning to focus on applied effects.

As demonstrated by C. Debrah et al. (2022) and
M.C. Udeagha and N. Ngepah (2023b), research on
green funding mainly focused on fintech potential and
structural investment gaps. M.C. Udeagha and N. Nge-
pah studied the role of fintech infrastructure in ensur-
ing environmental sustainability in Brazil, Russia, India,
China, South Africa (BRICS), but the agricultural com-
ponent was not considered, nor was regional availabil-
ity of funding. C. Debrah et al. focused on the financial
gap in the green building sector, pointing to the lack
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of systematic financial models, but without empirical
verification in productive sectors, including agriculture.
In contrast to these approaches, the present study not
only assessed the amount of support, but also estab-
lished a direct correlation between the funding struc-
ture and efficiency: enterprises with state support re-
duced their resource consumption by up to 30%, while
the control group’s figure was three times lower. This
approach allowed for the first quantitative diagnosis of
the relationship between funding sources and sustain-
able outcomes in the agricultural sector.

As shown by TH.H. Nguyen et al. (2021) and
A.G. Corréa et al. (2025), research on financial-environ-
mental interactions has focused on corporate govern-
ance in industry and digital inclusion. T.H.H. Nguyen et
al. found a link between governance quality and envi-
ronmental performance in highly polluting sectors, but
the agricultural sector was not included in the analysis.
A.G. Corréa et al. proved the impact of digital financial
technologies on growth and sustainability, but did not
assess the effectiveness of funding eco-technologies
at the farm level. In contrast to these approaches, the
current study covered the agricultural sector and quan-
tified the impact of various financial mechanisms on
resource conservation, specifically, establishing a re-
duction in water consumption of up to 30% in cases of
state support, while in the control group this figure did
not exceed 12%.

According to S. Feng et al. (2022) and N.T. Hu-
ng (2023), environmental transformation was con-
sidered through the interaction of digital finance, de-
centralisation, and sustainability indices. S. Feng et
al. investigated the impact of digital infrastructure on
innovation in the context of environmental decentrali-
sation, but without reference to agricultural production
or analysis of financial sources. N.T. Hung, using quan-
titative methods, assessed the green development of
Vietnam, but the study stayed within the macro-level
without applied case studies of farms. In contrast to the
above studies, the presented analysis assessed not only
general trends but also concrete performance indica-
tors of the implemented financial instruments, namely,
a 25% reduction in fertiliser use and a 2.5-year payback
period for supported farms.

As demonstrated by L.C. Belarmino et al. (2022) and
C. Jiakui et al. (2023), resource conservation and green
productivity have been explored mainly in the context
of technological processes and macroeconomic regu-
lation. C. Jiakui et al. linked green productivity to the
development of the financial system, but without a de-
tailed analysis of access to finance or applied regional
comparisons. In contrast to these studies, the present
analysis enabled not only the identification of dominant
barriers such as distrust in financial innovation (28%)
and high entry costs (26%), but also the assessment
of the effectiveness of support by region and source,
which provided the basis for practical conclusions on
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the modernisation of financial policy in the agricultural
sector. The findings confirmed the relevance of a com-
prehensive approach to improving financial policy, con-
sidering regional and institutional specifics.

CONCLUSIONS

The study evaluated the effectiveness of financial
mechanisms to support resource conservation in the
Ukrainian agro-industrial complex in 2020-2024 -
drip irrigation on 80 ha (Farm Enterprise “Agro-Dar’,
Vinnytsia region), which reduced water consumption
by 30%,; strip-till on 150 ha (Peasant (Farm) Economy
“Prometey”, Poltava region).), which reduced water con-
sumption by 35%,; strip-till on 150 ha (Peasant (Farm)
Economy “Prometey”, Poltava region), which reduced
fuel consumption by 18% and increased soil moisture
retention by 20%; 300 kW biogas plant (Limited Lia-
bility Company “Haysynbiolab”), which covered 60% of
energy needs.

The regional dynamics of funding proved to be
resilient to external factors: Vinnytsia, Poltava, Khmel-
nytskyi, Lviv, Cherkasy, and Kyiv regions implemented
projects in the areas of precision agriculture, thermal
modernisation, biofertilisers, and bioenergy. For ex-
ample, Kyiv region received increased funding from
international programmes, Cherkasy region steadily
implemented biofertilisers, and Lviv region maintained
thermal modernisation despite a decrease in grants.
At the same time, the southern and eastern regions
(Odesa, Mykolaiv, Kherson, Zaporizhzhia, and Chernihiv)

experienced a reduction in funding of up to 80% due
to the hostilities. The average results of the supported
farms were as follows: water savings of 30-35%, fertil-
iser savings of 25-30%, and fuel savings of 18-22%; pay-
back period of 2.5-3 years. In the Ternopil region, Limit-
ed Liability Company ‘Aqua-Land” completely switched
to rainwater in greenhouses. Overall, financial sup-
port, extension services, and institutional mechanisms
strengthened the sustainability of agricultural pro-
duction, especially in the central and western regions.

The findings of the present study can be used to
develop regional funding programmes aimed at sup-
porting small farms, creating digital platforms for ac-
cessing grants and loans, and strengthening advisory
services. The analysis was limited to medium and large
farms, ignoring small farms due to lack of data. Future
research should focus on assessing the involvement of
small farms, analysing long-term environmental effects
(e.g., CO, emissions), developing funding models for
regions with low institutional capacity, and integrating
digital tools to monitor project performance.
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Harania BepHiok
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BikTopisa XXmyaeHko

KaHaonoaT eKOHOMIYHMX HAyK, AOLEHT
YMaHCbKMIM HaLiOHaNbHUI YHiBEpPCUTET
20300, Byn. IHCTUTYTCbKA, 1, M. YMaHb, YKkpaiHa
https://orcid.org/0000-0002-6756-8288

Onbra BapueHko

[lokTop eKOHOMIYHMX HayK, npodecop
binouepkiBCbKMIM HaLLiOHAaNbHUI arpapHMii YHiBEpCUTET
09117, nn. CobopHa, 8/1, M. bina LlepkBsa, YkpaiHa
https://orcid.org/0000-0002-9090-0605

AHoTauia. MeTol pocnigkeHHs 6yna ouiHka edeKkTUMBHOCTI (iHAHCOBUX MEXaHi3MiB pecypco3bepexeHHs B
arpapHoMy cekTopi YKpaiHu 3 ypaxyBaHHAM perioHalbHUX BiAMIHHOCTEW Ta 6ap’epiB BNPOBAKEHHS iHHOBALLiM.
Y cTaTTi 34iMCHEHO KOMMAEKCHMI aHani3 ed®eKTMBHOCTI (PiHAHCOBMX MEXaHi3MiB NiATPUMKKM pecypco3bepexxeHHs
B arponpomucinosomy komnnekci Ykpainu B 2020-2024 pokax. [lpoaHanizoBaHO CTPYKTypy QiHaHCYyBaHHS
3a KaTeropisgmu: gepxasHi nporpamu (480 mnH rpH y 2020 poui), perioHanbHi 6romxetn (110 maH rpH y 2021),
6aHKiBCbKi iHCTpyMeHTH (135 MnH rpH y 2022), rpaHToBi MexaHi3mu (90 mMaH rpH y 2023) Ta BnacHi iHBecTUuii
(205 MnH rpH 'y 2024). DocnifyxeHHs oxonntoBano 12 obnacte i3 HalbiNbl aKTUBHUM 3anyYeHHIM QiHAHCYBAHHS,
30kpeMa BiHHuubKy, [lonTtaBcbky, JIbBiBCbKY, XMenbHuuUbKy, [HinponeTpoBcbky Ta Yepkacbky. HaBegeHo
nNpuKIaaM yCnilWHWX NpOekTiB: KpanenbHe 3poweHHs Ha naowi 80 ra (pepmepcbke nianpueMctso «Arpo-[ap»,
BiHHMYYMHA), WO [,03BONMNO CKOPOTUTM BOAOCMOXMBAHHSA Ha 35 %, strip-till Ha 150 ra (censHcbke rocnofapcTeo
«[MpomeTeii», NonTaBWMHA), WO 3HU3UB BUTPATU AM3E/IbHOMO NasbHOro Ha 18 % Ta NiABWLLMB BONOrOHAKOMUYEHHS
Ha 20 %, BNpoBaaXeHHs 6iora3oBoi ycTaHOBKM NOTYxHicTi0 300 kBT (ToBapMCTBO 3 06MEXEHOI0 BiNOBIAANBHICTIO
«[ercnHBionab»), wo nokpuno 60 % noTpeb rocnogapctsa B eHeprii. Y 2021 poui BHeceHHs 6ionobpus 003800
CKOPOTUTM BUKOPUCTAHHS MiHEpanbHUX 06puB Ha 30 % 6e3 3HMXKEHHSI BPOXAMHOCTI. [eneTHe onaneHHs 3HU3UNO
BUTPATW Ha eHeproHocii Ha 25 %, a nepexip Ha Cyllapku Ha BioMaci CKOPOTUB CMOXMBAHHS NPUPOAHOrO rasy Ha
40 %. CepenHilt po3Mip diHaHCYBaHHS ogHOro npoekty B 2023 poui ctaHoBuB 1,73 MAH IPH, WO € HAWBULLMM
3a M’aTUpiYHMI nepiod. AKLEHTOBAHO Ha HeoOXiAHOCTI pO3WMpPeEHHS AOCTYyNy Manux Ta cepefHiX BUPOOHMKIB
[0 iHHOBALIMHMX (iIHAHCOBMX MeXaHi3MiB, 30Kkpema arpoobnirauiii, 3eneHnx KpegutiB i uMdpoBux cybcuain.
O6r'pyHTOBaHO AOLIbHICTL CTBOPEHHS EAMHOI LMGDPOBOI NnaTGOpMU 3 BiAKPUTO iHDOPMALLiE Npo BCi AOCTYMHI
dopmMu nigTpuMkK. MpakTMYHA 3HAYMMICTb pe3ynbTaTiB AOCHIMKEHHS NOASrae B TOMY, WO BOHU MOXYTb OyTu
BMKOPWUCTaHi 419 BLOCKOHANEHHS AepXKaBHUX Mporpam MiATPUMKKM pecypco3bepeskeHHs B arpapHOMy CEKTOpi

KniouoBi cnoBa: eHeproedeKTUBHICTb; KpanenbHe 3pOLUEHHS; rpaHToBe (iHaHCYBaHHS; TO4YHE 3eMyiepobCTBO;
eKonoriyHa MoaepHisadis
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