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Article’s History: Abstract. The aim of this study was to investigate the influence of residual feed intake
Received: 12.12.2024 on key technological parameters involved in the rearing of Kazakh white-headed cattle.
Revised: 21.04.2025 The experimental research was carried out at four large-scale breeding enterprises
Accepted: 28.05.2025 raising this breed: the limited liability partnership “Zhana Bereke” (Akmola Region), the
limited liability partnership “Galitskoe” (Pavlodar Region), the communal farm “Sabit”
(West Kazakhstan Region), and the limited liability partnership “Shalabai” (Abai Region).
Data collection and continuous monitoring were implemented using the automated
livestock monitoring system known as Vytelle-sense technology. Following a two-week
adaptation period, 64 steers of the Kazakh white-headed breed were selected at each
enterprise. Over the course of 60 days, measurements were taken for residual feed
intake, average daily weight gain, and daily dry matter consumption. Results showed
that, across all four enterprises, approximately half of the animals exhibited negative
residual feed intake values. The mean average daily weight gain was 0.95 kilograms,
while the mean daily intake of dry matter per steer was 11.03 kilograms. A positive
correlation was observed between residual feed intake and average daily weight gain,
whereas no significant correlation was found with dry matter consumption. Bulls
demonstratingnegativeresidualfeedintakevaluesalongwith highfeed consumptionare
recommended for selection in breeding programmes due to the potential for genetically
favourable traits. Additionally, the recorded average daily weight gain ranged from 0.1
to 1.81 kilograms, with dry matter intake ranging from 7.82 to 13.91 kilograms per day

Keywords: Kazakh white-headed breed; technological parameters; Vytelle-sense
technology; beef cattle breeding; heredity
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INTRODUCTION

The relevance of the study is that the growth of the
world population contributes to the need for beef pro-
duction and the search for improvement of cattle re-
production. Therefore, in countries such as Kazakhstan,
the introduction of new cattle breeding technologies to
minimise feed costs with excellent technological per-
formance is a priority. According to the data obtained
during the study of statistical indicators, G. Kassen-
bayev et al. (2024) noted that the growth of cattle pop-
ulation is 2-4% from year to year. It was also noted that
maintenance feed requirements can be up to 75% of
the total cost of feeding and care of beef cattle breeds
per year. Crop production as an industry for beef cattle
feedstock is very dependent on weather conditions, as
a result feed price can fluctuate, and this figure can be
even higher.At the same time, it is noted that the major-
ity of beef cattle are in small farms that compete with
large enterprises. This means that only the introduc-
tion of new technologies, which can only be done on
large farms, will allow large enterprises to change the
situation. In order to realise these trends and to com-
ply with age-old traditions, the Republic of Kazakhstan
pays considerable attention to ensuring food security.

S.K. Abugaliyev et al. (2019) and A.T. Bissem-
bayev et al. (2023) note that beef and its source in Ka-
zakhstan - beef cattle breeding, it is an essential and
necessary food product and fulfils a leadership role for
obtaining affordable food. I. Baltenweck et al. (2020)
and R.G. Alders et al. (2021) conclude that the use of
modern technologies in the field of programming and
information has simplified and accelerated the collec-
tion of data for genetic evaluation of herds and tech-
nological parameters of feeding. Genetic improvement
extends to the production of new and improvement of
existing breeds, species, lines of beef cattle. After all,
the basis of any animal breeding is selection. For this
purpose, it is necessary to collect reliable information
on productive indicators of animals. Kazakhstan is an
ideal platform for utilising the potential to increase
meat production because beef cattle breeds have valu-
able biological and economic features. Studies by L. Ca-
vani et al. (2024) showed that feed intake is an inherited
trait and can serve to improve the efficiency of cattle
breeding by selection of beef animals. Thus, feed con-
version ratios and residual feed intake (RFI) is a herita-
ble trait. The costs of feed production and animal feed-
ing are now being realised by consumers as a personal
health, environmental and animal welfare issue rather
than just an economic issue (Montayeva et al., 2023).

Cattle feed consumption must create a sustaina-
ble beef production model. As noted by C. Davison et
al. (2021), even small changes in feeding technology
affect feed intake and feed conversion. Three indica-
tors give a complete and correct picture of understand-
ing these processes, these are RF| by individual cattle,
average daily live weight gain and dry matter intake
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(DMI). The use of RFI in beef cattle selection is a more
effective method of breeding cattle for feed productivi-
ty than selection for feed inputs per unit of live weight
gain (Kropyvka et al., 2024). This indicator, actively used
in the technology of selection of beef cattle, makes it
possible to accurately and purposefully put into practi-
cal use the fattening of beef cattle with increasing the
productive effect of feed and increasing the profitabil-
ity of the livestock industry. In fact, in addition to a se-
lection tool, RFI can be a tool to measure the efficiency
of animal feeds (Montayev et al., 2023). At the same
time, the continued use of RFI for selection will result
in progeny consuming the minimum amount of feed at
the same level of productivity as progeny consuming
more feed but with the same level of productivity.

There are inaccurate and outdated models for pre-
dicting feed intake based on eating behaviour, live
weight and age, but their use is subjective and inaccu-
rate. Specialised software now collects individual and
daily information using cloud-based technologies, dig-
ital animal identification, etc. Such opportunities allow
collecting quickly and qualitatively all technological
information, minimising the human factor with its in-
herent errors. Objective of the work was to study the
effect of process parameters like RFIl, ADG, DMI on each
other. The tasks to fulfil this goal were collecting and
analysing information on RFI indicator, experimentally
using Vytelle-sense technology and analysing the data
obtained with its help.

LITERATURE REVIEW

Until now, many small and large farms in Kazakhstan
use inefficient ways of determining feed efficiency
indicators (Kassenbayev et al., 2024). These are such
well-known indicators as feed conversion ratio and
DMI. These indicators can be used only for short-term
analyses of growing technology for a period of not
more than two months, while growing technology
for a longer period gives a lot of factors that distort
these indicators. These factors are feed quality, micro-
climate and some parasitic diseases which distort the
real conversion rate. N. Kazhgaliyev et al. (2020) noted
that, given the fact that regardless of the conditions
of cattle breeding development, the main direction
of development is to get the greatest profit from the
largest number of the most productive animals, which
are bred in specific conditions. At the same time, the
official assessment of the breeding value of animals
in beef cattle, which is applied at the present stage
in the Republic of Kazakhstan, always implies two
qualities: breeding and productive, and therefore they
cannot be separated. This statement is considered
controversial because it was considered as an axiom
in the first half of the last century, which does not cor-
respond to modern scientific approaches. This axiom
can be destroyed by the genetics of quantitative traits,




or modern socio-economic conditions of the agro-in-
dustrial complex of the republic.

Quantitative determinations of breeding qualities
of bulls of the Kazakh white-headed breed by assessing
the indicators of their productivity were carried out by
A.Nugmanova et al. (2024). Productivity indicators were
evaluated by the dynamics of live weight, daily growth
rate, efficiency of feed conversion and morphological
quality of meat, as well as in the use of complex indices
‘A’ to assess breeding potential. These indices allowed
selection of the best 10% of bulls for further utilisation
of their genetic potential, the remaining bulls also per-
formed well and only 10% of bulls were culled. Such
studies allow saving forage by not spending it on bulls
with poor performance,and manipulating heritability by
obtaining progeny from bulls with good performance.
L.F. Benfica et al. (2020) noted in their works the same
idea: RFl is also a breeding quality of the breed, be-
cause it is a measure of feed productivity, which is the
difference between the feed that was consumed by the
animal actually and that which the animal should have
consumed according to the norms established on the
farm and according to the technological regulations.
P. Guarnido-Lopez et al. (2021) note that RFIl is a com-
plex and versatile indicator under the control of many
biological processes, including nutritional selection,
feed conversion, metabolism at the cellular level, and
catabolism. B.N. Baban et al. (2020) noted in their stud-
ies that the organism of an animal with this low index
spends less energy on heat production and protein me-
tabolism. This index is heritable and does not depend
on growth rate and body weight. Therefore, J.R. John-
son et al. (2019), A. Foroutan et al. (2021) consider sub-
jectivity to use only this index for selection without ADG
and DMI, this immediately improves the profitability of
beef producers by as much as 33%. An inverse propor-
tional consistency with the DMI indicator is observed.

RFI is very useful for controlling feed digestibili-
ty and converting it into live weight (Pogranichniy et
al.,2023).Thus, G.F.Moraes et al. (2019) and P.Martin et
al. (2024) experimented with cattle with different pro-
ductivity. Data were obtained that cows with high pro-
ductivity and lower RFI gave similar reproductive per-
formance to cows with low productivity and higher RFI.
It was concluded that selection for heifer and heifer
efficiency gave poor results for lactation performance
and questionable results for reproductive soundness.
Thus, the use of RFI alone to evaluate cows for calf and
milk production is questionable, although it was noted
that selection for a favourable RFI increases gestation.
However, in the study of F.M.Rouquette et al. (2023), low
RFI coincided with a decrease in subcutaneous fat. This
is what the producer needs (within reasonable limits of
course): to get more meat and less fat. Low RFI results
in low blood cortisol, which means that animals with
low RFI are less stressed and therefore have stronger
immunity and are easier to vaccinate.
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The reverse research experience is also possible, in
which phenotype and genotype data or genetic mark-
ers, as in the work of I. Beishova et al. (2024), can be
used to predict and improve the productivity of meat
of the Kazakh white-headed breed of cattle. The effi-
ciency of meat production in this case is carried out
by supplementing the base of genetic knowledge of
this particular breed using selection by diplotypes for
which identified those that had a phenotypic effect of
rapid and stable live weight gain. There are informa-
tion technologies for measuring RFlI mentioned in the
studies of V.K. Sharma et al. (2021), C.Yang et al. (2022):
Vytelle-sense - feed logging system provides an oppor-
tunity to engage in efficient selection of beef cattle. In
fact, it is a simple mathematical and genetic correla-
tion between feed intake and production performance
based on heritability. Vytelle-sense technology can con-
tinuously record weight and feed intake and accurately
identify cattle with high or low RFI values in minimal
time and faster than traditional RFI testing. This tech-
nology provides the ability to accurately present weight
gain charts in a short period of time. The system, by
collecting information quickly, allows the farmer to get
several more tests per year. The database currently con-
tains data on 140,000 animals of 24 breeds and over
32,000 RFI phenotypes. The review concludes that RFI
is recommended for beef cattle producers with small
operation requirements as a beef cattle sampling tool
to reduce feed requirements and identify those herds
with high feed conversion efficiency, but does not con-
sider development, carcass quality, reproductive and
lactation performance.

MATERIALS AND METHODS

The study was conducted on the basis of four farms:
Zhana Bereke Limited Liability Partnership (LLP) (Ak-
mola Region), Galitskoe LLP (Pavlodar Region), Sabit
communal farm (West Kazakhstan Region) and Shalabai
LLP (Abai Region). Zhana Bereke LLP (Akmola Region) is
a closed-cycle agricultural company (i.e., the company
has agricultural fields, a feed mill, meat cattle breeding
and a meat processing complex). Galitskoe LLP (Pavlo-
dar Region) is a large agricultural enterprise engaged
in crop production, dairy and beef cattle breeding,
horse breeding, and fodder production. Thus, beef cat-
tle breeding is provided with fodder of own production.
Communal farm “Sabit” (West Kazakhstan region) is a
communal farm, the main activity of which is breed-
ing of pedigree cattle of Kazakh white-headed breed.
LLP “Shalabai” (Abai region) is an enterprise engaged
in breeding of sheep, horses, and cattle of meat breeds,
as well as crop production and fodder production.

The survey was conducted with the help of Vy-
telle-sense technology. This is a system that allows
the weight of cattle to be measured without stress-
ful factors such as being put on special scales or be-
ing held for measurement. The system also allows the
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measurement of feed intake. When the animal drinks
water through the In-pen Weighing System (IPW) drink-
er, the system collects information on the live weight
of the animal, and the collected information is collect-
ed in the Vytelle-sense Systems software analytical
system. At the same time, indicators such as RFI, DMI,
and ADG are measured simultaneously and accurate-
ly. Before the beginning of the experiment, the exper-
imental animals were given 14 days to adapt to the
new feeding conditions. According to the manufacturer
(Canada), the equipment can be used for up to 60 days.
The largest bulls were selected from four farms, as it
was planned to use them for breeding. Bulls at wean-
ing age were selected. Housing conditions: cold loose
housing, access to feed and water 24 hours a day. The

trial lasted 60 days during November 2023 - March
2024 on the farms in question.

Bulls were marked by RFI data, also data collected
included Wtl - weighing on the first day of the exper-
iment and Wt60 - weighing on the last day of the ex-
periment.; ADG: average daily gain; DMI: average daily
DMI during the test. The experiment was also conduct-
ed, and groups of steers were formed at the enterprises
Zhana Bereke LLP (Akmola Region) (29 bulls), Galitskoe
LLP (Pavlodar Region) (29 bulls), Sabit communal farm
(West Kazakhstan Region) (38 bulls) one group each, at
the enterprise Shalabai LLP (Abai Region) two experi-
mental groups (20 and 30 bulls). For the purity of the
experiment, all animals on all four farms received the
same diet for the main parameters (Table 1).

Table 1. Basic requirements for diets in experimental animals of farms of Zhana Bereke LLP (Akmola Region),
Galitskoe LLP (Pavlodar Region), Sabit communal farm (West Kazakhstan Region) and Shalabai LLP (Abai Region)

Indicators Hay Straw (barley) Silage (corn) Barley grain
Humidity, % 17 12.2 67 11.2
Dry matter, % 83 87.8 33 88.8
Crude protein, g 6.5 377 8.33 14.7
Exchange energy, MJ 191 1.48 2.32 2.92
Starch, % 1 1.3 22.54 52.99
Sugar, % 4 3.52 1.9 2.65

Crude fat, % 2.88 1.75 3.16 24

Ca, % 0.36 0.38 0.28 0.09
R, % 0.21 0.11 0.26 0.45
Mg, % 0.15 0.13 0.18 0.13
K, % 1.29 1.5 1.23 0.58
Na, % 0.23 0.11 0.04 0.02

Source: created by the authors

All procedures performed in studies involving ani-
mals were in accordance with the European convention
for the protection of vertebrate animals used for exper-
imental and other scientific purposes (1986).

RESULTS AND DISCUSSION

The study was conducted in parallel on four farms (Ta-
bles 2-6) and similar data were obtained. The results
from these farms revealed similar patterns in RFI, ADG,
and DM, providing a comprehensive overview of feed
efficiency and growth performance in the steers. The

data from Table 2 reveals significant variability in RFI
across the experimental steers, ranging from negative
to positive values. Better feed efficiency is indicated
by negative RFI values, which imply that certain steers
grow at comparable or superior rates while consum-
ing less feed than anticipated. This demonstrates how
breeding programmes can increase feed efficiency by
selecting for low RFIl.Nonetheless, the existence of both
negative and positive RFI values in the same group in-
dicates significant genetic variation and implies that a
variety of factors affect feed efficiency.

Table 2. Results of the experiment on individual steers of Zhana Bereke LLP (Akmola region)

Experimental animal number RFI Wil Wt60 ADG DMI
KzC160257597 -1.9 358.92 374.42 0.31 10
KzZC160257685 -1.63 292.89 321.39 0.57 7.82
KZC160257623 -1.5 279.3 315.8 0.73 8.4
KzC160257193 -1.26 251.66 287.66 0.72 10
KzC160257481 -1.07 339.79 368.79 0.58 10.2
KzC160257172 -0.98 299.5 339 0.79 10.2
KzC160257187 -1.2 275.79 319.29 0.87 10.05
KzC160257465 -0.78 339.1 357.1 0.36 10.3
KzC160257500 -0.61 382.97 417.97 0.7 11.11
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Table 2. Continued

Experimental animal number RFI wtl Wt60 ADG DMI
KzC160257504 -0.37 259.26 283.76 0.49 10.27
KzZC160257195 -0.36 283.56 314.06 0.61 12
KzC160257579 -0.23 350.4 403.4 1.06 12
KzZC160257634 -0.2 330.34 364.34 0.68 9.8
KZC160257562 -0.08 365.13 407.13 0.84 11.04
KZC160257642 -0.17 365.05 397.05 0.64 14
KzZC160257615 0.22 370.66 406.16 0.71 10
KZC160257620 0.38 304.61 359.61 11 11.37
KzC160257572 0.38 263.38 278.38 0.3 10.94
KZC160257683 0.38 295.61 353.11 1.15 12.35
KZC160233434 0.39 310.15 310.65 0.01 10.69
KZC160233356 0.4 389.96 413.46 0.47 9
KZC160233369 0.41 310.67 313.67 0.06 8.8
KZC160233374 0.42 324.76 334.76 0.2 14.58
KZC160233416 0.45 344.88 396.38 1.03 13.84
KZC160233414 0.47 313.95 367.45 1.07 11.69
KZC160233349 0.5 298.02 325.02 0.54 13.11
KZC160233344 0.51 369.18 396.18 0.54 16.95
KZC160233367 0.6 22212 257.62 0.71 10.72
KzC160233397 0.9 339.93 374.43 0.69 12.75

Note: date of experiment: 2024-02-03
Source: created by the authors

An in-depth examination of the data in Table 2 in-
dicates a significant variation in residual feed intake
among the 29 steers, ranging from -1.9 to +0.9. Among
them, 14 steers demonstrated negative RFI values, sig-
nifying enhanced feed efficiency, but the remaining 15
steers exhibited positive RFI values, indicating subpar
efficiency. The average daily gain varied from a minimum
of 0.01 kg/day (KZC160233434, RFl =0.39) to a maxi-
mum of 1.15 kg/day (KZC160257683, RFI=0.38), with a
mean ADG of roughly 0.65 kg/day across all steers. Sig-
nificantly, steers KZC160257683 and KZC160257620,
both exhibiting an RFI of 0.38, attained ADG values
beyond 1.1 kg/day, despite their inferior RFI classi-
fication, illustrating that feed efficiency and weight
growth are not tightly associated. In steers exhibiting
negative RFI (n=14), the ADG varied from 0.31 kg/day
(KZC160257597) to 1.06 kg/day (KZC160257579). The
mean ADG in this cohort was almost 0.69 kg/day, which
is slightly greater than the average of 0.61 kg/day not-
ed in the positive RFI group. This slight disparity under-
scores the intricacy of the relationship between RFI and
growth performance. For instance, steer KZC160257579
(RFI'=-0.23) achieved an ADG of 1.06 kg/day with a
dry matter intake of 12 kg/day, while KZC160257193
(RFI=-1.26) exhibited a comparable DMI of 10 kg/day
but a reduced ADG of 0.72 kg/day, indicating interindi-
vidual heterogeneity in feed conversion efficiency.

The dry matter intake values varied from 7.82 to
16.95 kg per day. The mean DMI for the group was

roughly 10.7 kg/day. Notably, steer KZC160233344,
with a mild RFI of 0.51, demonstrated the highest DMI
at 16.95 kg/day, although achieved only an average
ADG of 0.54 kg/day, signifying low efficiency. Converse-
ly, steer KZC160257683 (RFI =0.38) exhibited a very
low DMI of 12.35 kg/day alongside the greatest ADG
of 1.15 kg/day, indicating efficient nutrient utilisation
despite the elevated RFI. This contrast highlights the
complex factors influencing growth performance. The
statistical analysis of this sample indicates the absence
of a definitive linear correlation between RFI and ADG,
as well as between RFI and DMI. The relationship be-
tween RFI and ADG is erratic, while DMI values fluctu-
ate independently of RFI levels. Consequently, the data
suggest that selecting for feed efficiency based exclu-
sively on RFI may neglect steers exhibiting substantial
growth potential and efficient feed utilisation in prac-
tical environments. A comprehensive selection meth-
od that integrates RFI with ADG and DMI is advised to
improve productivity and resource efficiency in Kazakh
white-headed cattle breeding operations.

The RFI values for the steers at Galitskoe LLP are
shown in Table 3 and range from -2.01 to 0.68. Many of
the steers with negative RFI levels were more feed-effi-
cient, using less feed than anticipated while still grow-
ing at a similar rate. This implies that these steers could
be selected for in breeding programmes that try to in-
crease feed efficiency since they may be genetically in-
clined to have higher feed conversion.
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Table 3. Results of the experiment on individual bulls of Galitskoe LLP (Pavlodar region)

Experimental animal number RFI Wil Wt60 ADG DMI
KZS180430872 -1.07 331.47 376.83 0.56 6.98
KZS180430919 -1 340.73 369.89 0.36 6.89
KZS180430433 -2 228.7 299.17 0.87 6.06
KZS180430931 -2.01 358.02 426.88 0.85 8.21
KZS180430972 -1.55 352.78 390.04 0.46 792
KZS180430968 -1.38 395.44 414.88 0.24 8.21
KZS180430485 -1 324.96 382.46 0.71 8.11
KZS180430446 -1.37 315.26 341.98 0.33 7.46
KZS180430946 -1.09 409.6 494.66 1.05 9.73
KZS180438080 -1.63 284.5 330.66 0.57 7.49
KZS180438083 -0.99 383.18 423.68 0.5 8.9
KZS180430402 -1.09 283.88 324.38 0.5 7.68
KZS180430195 -0.99 307 346.68 0.49 8.01
KZS180438176 0.68 356.73 388.32 0.39 8.57
KZS180438088 0.55 357.33 380.01 0.28 8.6
KZS180438002 0.52 303.79 340.24 0.45 8.16
KZS180430962 0.38 363.3 388.42 0.31 8.81
KZS180438016 0.38 313.09 364.93 0.64 8.7
KZS180438126 0.37 334.6 353.24 0.23 8.57
KZS180438140 0.37 376.95 419.88 0.53 9.57
KZS180430945 0.21 362.1 420.42 0.72 9.63
KZS180430845 0.16 364.08 425.64 0.76 9.7
KZS180430125 0.08 342.02 388.18 0.57 9.17
KZS180438098 0.2 314.14 3344 0.25 8.49
KZS180438026 0.21 360.14 403.88 0.54 9.52
KZS5180430938 0.36 361.2 413.84 0.65 9.69
KZS180430985 0.37 350.56 37728 0.33 9.14
KZS180430192 0.61 367.75 41797 0.62 9.8
KZS180438034 0.77 327.71 372.26 0.55 9.18

Note: experiment date: 2023-11-06/2024-01-26
Source: created by the authors

Significant variance can be seen in the data when
looking at the ADG; the greatest ADG was 1.05 kg/day,
while the lowest was 0.24 kg/day. It’s interesting to note
that although lower RFI values are generally linked to
better ADG, the data also reveals that some animals
with negative RFI had comparatively slow growth rates,
suggesting that feed efficiency and growth perfor-
mance are not always correlated. This disparity implies
that the diversity in ADG may also be influenced by oth-
er environmental factors and genetic factors, such as
growth potential. The steers’ DMI ranged from 6.06 kg/
day to 9.73 kg/day, and there was no discernible pat-
tern linking DMI and RFI. The heterogeneity in ADG and
the absence of a clear correlation between RFI and DMI
imply that feed intake is not the only factor influenc-
ing growth outcomes. Other elements, such the feed’s
nutritional value, metabolic effectiveness, and overall
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health, probably have a big impact. These results high-
light the intricacy of feed growth and efficiency, sug-
gesting that a more comprehensive strategy that takes
into account other variables in addition to RFI may be
required to maximise breeding tactics.

The RFI values of the steers from the Sabit commu-
nal farm are displayed in Table 4 and vary from-2.17 to
1.34. A subset of the steers may be more feed-efficient,
using less feed in relation to their performance, based
on the negative RFI levels. The large range of RFI levels,
however, suggests that the steers’ feed efficiency varies
significantly, most likely as a result of a combination of
environmental and genetic factors. Although the pos-
itive RFI values imply that other factors, like feeding
practices or metabolic variations, may also be impact-
ing feed intake, this variation offers a chance to investi-
gate genetic selection for feed efficiency.
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Table 4. Results of the experiment on individual steers of Sabit communal farm (West Kazakhstan region)

Experimental animal number RFI Wtl Wt60 ADG DMI
KZL102204595 -2.17 201.53 283.43 1.17 5.15
KZL102204543 -1.52 262.79 357.29 1.35 7.45
KZL102204461 -0.89 199.6 271 1.02 5.98
KZL102204531 -0.87 205.43 262.83 0.82 5.58
KZL102204497 -0.84 266.22 352.32 1.23 7.88
KZL101734419 -0.71 280.17 395.67 1.65 9.39
KZL102204511 -0.71 23772 260.12 0.32 5.03
KZL101734321 -0.58 2235 326.4 1.47 7.97
KZL101734393 -0.43 241.36 317.66 1.09 7.44
KZL102204605 -0.36 220.76 255.06 0.49 5.51
KZL102204493 -0.32 220.39 298.09 111 72
KZL.102204503 -0.29 261.05 362.55 1.45 8.92
KZL101734305 -0.27 287.98 383.18 1.36 9.2
KZL101734315 -0.25 251.3 338.1 1.24 8.23
KZLL102204373 -0.2 22291 298.51 1.08 73
KZL102204473 -0.12 287.28 348.88 0.88 8.07
KZL102204539 -0.03 186.33 261.93 1.08 6.74
KZL102204377 0 259.25 353.75 1.35 8.92
KZL102204485 0.04 213.02 281.62 0.98 7.07
KZL102204483 0.04 280.62 339.42 0.84 8
KZL102204593 0.05 2275 306.6 1.13 776
KZL102204467 0.11 252.64 349.24 1.38 8.97
KZL101734331 0.18 23712 298.02 0.87 7.39
KZL101734395 0.21 243.21 330.71 1.25 8.55
KZL102204529 0.21 265.76 329.46 0.91 8.08
KZL102204513 0.21 26791 347.01 1.13 8.7
KZL102204389 0.34 254.19 359.19 1.5 9.56
KZL101734403 0.46 219.69 321.19 1.45 8.89
KZL102204615 0.47 239.09 316.79 1.11 8.35
KZL101734311 0.48 232.77 312.57 1.14 8.33
KZL102204581 0.65 267.12 368.62 1.45 9.98
KZL101734317 0.7 232.85 311.25 1.12 8.49
KZL102204359 0.8 205.16 253.46 0.69 6.89
KZL102204499 0.84 215.26 307.66 1.32 8.82
KZL102204601 0.92 227.59 294.09 0.95 8.16
KZL101734323 1.25 247.04 300.24 0.76 8.35
KZL102204465 1.29 198.7 298.1 1.42 9.22
KZL102204353 1.34 253.34 335.24 1.17 9.67

Note: experiment date: 2024-01-06/2024-03-16
Source: created by the authors

An analysis of the experimental data from Sabit
communal farm indicates that residual feed intake val-
ues for the 38 steers varied from -2.17 to +1.34. Sev-
enteen steers had negative RFI values, signifying ex-
ceptional feed efficiency, whereas twenty-one steers
displayed positive RFI values, indicative of worse feed
conversion efficiency. The steer exhibiting the highest
feed efficiency was KZL102204595, characterised by a
RFI of -2.17, an average daily gain of 1.17 kg/day, and a
remarkably low DMI of 5.15 kg/day. In contrast, the least
efficient steer, KZL102204353 (RFI=1.34), had an ADG
of 1.17 kg/day while necessitating 9.67 kg/day of DMI,

or 88% more feed than the most efficient animal for
the equivalent growth rate. The average ADG for steers
exhibiting negative RFl was 1.14 kg/day, whereas those
with positive RFI averaged 1.12 kg/day, demonstrating
only a negligible disparity in growth rate despite signif-
icantly divergent feed efficiency. Steer KZL101734419
(RFI=-0.71) attained the highest average daily gain in
the cohort at 1.65 kg/day, accompanied with a dry mat-
ter intake (DMI) of 9.39 kg/day, so demonstrating that
certain animals exhibit substantial development along-
side comparatively modest feed consumption. In con-
trast,KZL102204511 (RFI=-0.71) had a very low ADG of
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0.32 kg/day,despite acomparably low DMI of 5.03 kg/day,
underscoring individual diversity in nutrition utilisation.

Regarding DMI, intake varied from 5.03 kg/day
(KZL102204511) to 9.98 kg/day (KZL102204581), with
a mean of roughly 7.95 kg/day. Of the 10 steers exhib-
iting the greatest DMI (= 8.89 kg/day), only four pre-
sented negative RFI values, indicating that elevated
intake alone does not dictate superior feed efficiency.
KZL102204503 (RFI =-0.29) exhibited a substantial
ADG of 1.45 kg/day and a DMI of 8.92 kg/day, while
KZL102204389 (RFI=0.34) attained a similar ADG of
1.50 kg/day, albeit with a higher RFl and a compara-
ble DMI of 9.56 kg/day. The data indicate an absence
of a consistent linear correlation between RFI and
ADG. Multiple steers exhibiting elevated positive RFI
values (e.g., KZL102204465, RFI=1.29; ADG=1.42 kg/
day) had comparable weight increase to those with
negative RFI values (e.g., KZL102204543, RFl =-1.52;
ADG=1.35 kg/day), underscoring the multifaceted char-
acter of growth. Similarly, the association between RFI

and DMI is diverse. KZL102204497 (RFI=-0.84) and
KZL102204581 (RFI=0.65) had comparable ADG values
(1.23 and 1.45 kg/day, respectively); however, the latter
ingested 2.1 kg more dry matter daily, signifying much
inferior feed efficiency.

The RFI levels of the steers from Group 1 at Shal-
abai LLP are reflected in the data in Table 5. The sig-
nificant variation in feed efficiency among the steers
is highlighted by the presence of both negative and
positive RFI values in this group. Certain steers with
negative RFI values are more effective in turning feed
into weight gain, indicating that they are making bet-
ter use of their feed resources. Conversely, positive RFI
readings indicate less efficient feed usage, with steers
ingesting more feed than is necessary for their growth.
This range in RFI values indicates the presence of ge-
netic variations in feed efficiency, but it also highlights
the possible impact of management and environmental
factors, including housing circumstances, food compo-
sition, and health status.

Table 5. Results of the experiment on individual steers of Shalabai LLP (Abai region) (Group 1)

Experimental animal number RFI wtl Wt60 ADG DMI
KZF193688117 -1.56 268.42 272.82 0.09 6.12
KZF194601515 -1.08 196.45 200.37 0.08 5.38
KZF194764568 -1.03 204.94 216.2 0.23 6.08
KZF194601487 -0.73 207.44 227.04 0.4 6.99
KZF194764514 -0.6 194.96 201.82 0.14 6.02
KZF194601551 -0.48 213.8 227.02 0.27 6.92
KZF194761909 -0.36 219.24 226.1 0.14 6.69
KZF193688161 -0.13 240.01 266.47 0.54 8.6
KZF194761920 -0.11 219.54 226.89 0.15 6.98
KZF194601482 -0.04 249.23 264.91 0.32 8.09
KZF193688001 0 271.89 291.49 0.4 8.75
KZF194761906 0.08 230.22 235.12 0.1 7.18
KZF194601497 0.21 242.96 258.16 0.31 8.21
KZF193688152 0.25 260.35 27211 0.24 8.29
KZF194764502 0.63 260.98 277.15 0.33 8.97
KZF194764507 0.66 202.92 206.34 0.07 719
KZF194764587 0.74 230.32 235.72 0.11 7.87
KZF193688131 0.79 227.34 228.32 0.02 7.57
KZF193688153 1.35 217.21 228.97 0.24 8.69
KZF194764545 141 198.62 209.9 0.23 8.4

Note: experiment date: 2023-12-17/2024-02-04
Source: created by the authors

ADG readings range from a very low 0.02 kg/day to
a higher 1.72 kg/day of ADG. The steers’ diverse growth
rates demonstrate that there isn’t always a clear cor-
relation between ADG and RFI. It’s interesting to note
that while some steers with greater RFI values showed
better growth, others with lower or negative RFI val-
ues showed low ADG. This suggests that the variation
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in growth rates cannot be explained by feed efficien-
cy alone. ADG is probably influenced by a number of
factors, including the animal’'s metabolic efficiency, ge-
netic propensity for growth, and the calibre of the feed
it consumes. As a result, concentrating solely on RFI
might not account for all the elements that influence
an animal’s growth performance.




The steers’ daily consumption ranged from 6.12 kg
to 9.72 kg in terms of DMI. The data shows a more
nuanced relationship between RFI and DMI than one
may anticipate. The diversity in DMI across steers with
similar RFI values indicates that there are individual
differences in intake, even though steers with lower
RFI values tended to consume less feed. These vari-
ations may be caused by the metabolic rates of the
cattle, the feed’s digestibility, or variations in appetite.
This makes the connection between feed efficiency
and intake even more difficult to understand. The re-
sults imply that other biological or environmental ele-
ments must be taken into account when evaluating the
steers’ overall performance because DMI alone cannot
adequately explain feed efficiency.
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RFI levels for steers at Shalabai LLP (Abai region)
in Group 2 range from -1.59 to 1.89, with both pos-
itive and negative values present, according to the
data in Table 6. Better feed efficiency is indicated by
negative RFI readings, which show that steers are us-
ing their feed resources more efficiently by consum-
ing less feed in relation to their growth. But as the
range of positive RFl readings shows, some steers are
less productive and use more feed than is necessary
for their growth. The genetic variability in feed effi-
ciency within the group is highlighted by this range
in RFI values, which also raises the possibility that
environmental factors like feed quality, management
techniques, and health may have a big impact on
feed utilisation.

Table 6. Results of the experiment on individual steers of Shalabai LLP (Abai region) (Group 2)

Experimental animal number RFI wtl Wt60 ADG DMI
KZF194601607 -1.59 177.24 196.36 0.39 4.73
KZF194601732 -1.34 197.39 207.19 0.2 5.26
KZF194602286 -1.02 225.66 244.28 0.38 6.68
KZF194601642 -0.97 264.9 27714 0.25 76
KZF194601705 -0.92 242.03 261.63 0.4 7.26
KZF194601648 -0.84 210.67 227.33 0.34 6.37
KZF194601637 -0.81 243.66 260.32 0.34 7.32
KZF194601582 -0.73 215.59 222.45 0.14 6.29
KZF194601640 -0.73 253.51 263.31 0.2 745
KZF194601562 -0.61 234.38 240.76 0.13 6.93
KZF194764492 -0.53 247.69 258.47 0.22 752
KZF194601592 -0.44 214.24 222.56 0.17 6.58
KZF194602438 -0.18 213.68 220.06 0.13 6.77
KZF194601722 0.11 243.58 2519 0.17 7.96
KZF194601576 0.17 201.62 213.38 0.24 6.95
KZF194601634 0.17 218.93 242.45 0.48 7.85
KZF194601657 0.23 215.36 224.68 0.19 7.33
KZF194602370 0.26 267.96 279.22 0.23 8.88
KZF194602400 0.33 213.97 223.77 0.2 74
KZF194601798 0.41 242.67 265.21 0.46 8.72
KZF194602390 0.46 234.1 242.42 0.17 8.05
KZF194601569 0.68 221.44 235.16 0.28 8.1
KZF194601720 0.76 227.02 229.48 0.05 7.95
KZF194602290 0.76 198.74 215.4 0.34 763
KZF194602324 0.76 204.19 224.77 0.42 793
KZF194601571 0.82 214.22 229.9 0.32 8.1
KZF194601659 0.86 214.54 227.78 0.27 8.06
KZF194602419 0.92 195.68 205 0.19 745
KZF194601646 1.14 234.82 253.92 0.39 9.11
KZF194601563 1.89 237.17 249.91 0.26 9.72

Note: experiment date: 2023-12-17/2024-02-04
Source: created by the authors
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The values for ADG vary significantly in growth per-
formance, ranging from 0.02 kg/day to 1.8 kg/day. It’s
interesting to note that while some steers with greater
RFI values shown superior growth, others with negative
RFI values had comparatively low ADG. This implies that
ADG is not solely determined by feed efficiency as de-
termined by RFI. The variation in growth rates suggests
that when assessing growth performance, additional
elements including genetics, feed quality, and gener-
al animal health must also be taken into account. The
DMI values, which range from 6.29 kg/day to 8.72 kg/
day, thus lend credence to the notion that growth and
feed efficiency are influenced by factors other than feed
intake. This highlights how difficult it is to choose ani-
mals only on the basis of RFl and implies that in order
to maximise cattle productivity, a more thorough ap-
proach that takes into account additional physiological
and environmental aspects is required.

Thus, the essence of the experiment is to empiri-
cally assess the relationship between residual feed in-
take, average daily weight gain, and dry matter intake
in Kazakh white-headed bulls under identical feeding
conditions in order to identify animals that convert
feed into body weight with optimal efficiency. The
main advantage of this feeding strategy, controlled by
Vytelle-sense technology, is its ability to identify bulls
with negative RFI values that achieve comparable or
higher weight gain while consuming less feed, there-
by reducing production costs without compromising
growth. This method improves economic sustainability,
especially on large farms where feed costs account for
up to 75% of total production costs. However, a signif-
icant drawback is that high-performing bulls do not
always demonstrate the most efficient RFI values, as
growth results are additionally influenced by genet-
ic, metabolic, and environmental variables. Therefore,
although this approach is a reliable selection tool, it
should be used in conjunction with comprehensive
genetic and phenotypic evaluations. Scalability is en-
sured by automated monitoring systems that reduce la-
bor intensity and increase accuracy, making it suitable
for both industrial and medium-sized enterprises. This
strategy facilitates data-driven breeding stock selec-
tion, contributing to sustainable improvements in herd
productivity and resource efficiency in beef production.

The benefits of this feeding strategy are evident
from the data: choosing animals with lower RFI can
minimise feed expenses without sacrificing growth.
Cattle farming can be made more sustainable by us-
ing steers that grow as well or better while consum-
ing less feed. The lack of a distinct, reliable relation-
ship between RFI and ADG, as well as the variation
in DMI among steers with comparable RFI values, are
additional drawbacks that the findings also highlight.
This implies that growth success cannot be predict-
ed just by feed efficiency. This implies that, in order
to maximise cow productivity, RFI should be used in
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conjunction with other elements like genetics, health,
and feed quality, even though it is a helpful tool for
identifying animals that use feed efficiently. This ap-
proach can be applied universally across beef cattle
farms, especially those aiming to improve feed efficien-
cy and reduce costs. By selecting animals with lower RFI
values, farmers can potentially enhance the profitability
of their operations. Furthermore, as the study demon-
strates, using advanced technologies like Vytelle-sense
for continuous monitoring of RFI,ADG,and DMI can pro-
vide more accurate and timely data, allowing for more
informed decision-making in breeding programmes.
The results underscore the importance of a holistic ap-
proach to cattle breeding, one that integrates feed effi-
ciency with other productivity indicators to ensure the
sustainable and profitable growth of beef production.

The following results were obtained, which were
identical on all four farms: RFI varied on the enterprises
from-2 to 2.01; ADG was 0.95 kg; average daily DMI per
experimental steer was 11.03 kg/day. The most efficient
feed utilisation was in steers with an RFI of -2. A very
interesting positive correlation between ADG and DMI
indices was found (P =0.011). Thus, it is necessary to
conclude that intensive DMI provoked intensive weight
gain in steers, with a parallel absence of any correlation
between RFI and ADG. The total number of steers with
excellent RFI values (those with negative values) was
52, of which 24 had above average daily gain. These
24 steers had DMI which varied from 9.59 to 12 kg/
day. Thus, out of 116 experimental bulls only 24 had
outstanding RFI and excellent DMI, these experimental
bulls can be kept separately to produce progeny with
the same performance in future. But also, the range
of recorded average daily gains ranged from 0.1 to
1.81 kg/day and the average ADG was 0.95 kg/day. DMI
varied from 7.82 kg/day to 13.91 kg/day, with a median
value of 11.03 kg/day obtained.

This efficient way of identifying the most cost-ef-
fective steers is easy to use in practice, because this
Vytelle-sense continuous weight and feed monitoring
technology makes it possible to accurately identify rep-
resentatives of the total cattle breeding herd with the
performance required by the company where these an-
imals are reared. Another important positive aspect of
using such a system in daily practice is the possibility
to do it in a short time. This makes it possible to make
accurate weight gain charts and even to forecast the
profit made. The system is not labour-intensive and al-
lows the owner to carry out even several such calcula-
tion tests per year. A separate positive phenomenon of
using such a system is the influence on the qualitative
and quantitative composition of the rations, because by
calculating the sufficiency of dry matter in the feed and
the index breeding value it is possible to adjust the ra-
tion to the RFI needs of the animal.

RFI is a moderately inherited measure of feed effi-
ciency, actually a technological index used to select for




more productive beef cattle (Dossybayev et al., 2024).
Evaluation of the various weight changes of the ani-
mals experimented on, both long term and short term,
provided information that steers with low RFI values
gave better performance than animals with higher RFI
values. Observations of experimental animals gave in-
formation that herd members with low RFI values were
calmer, rested more, and if these animals did not have
the opportunity to lie down, they became restless. Us-
ing RFI as a genetic selection tool, it is possible to pre-
dict that offspring purchased from cattle with low RFI
will eat less without weight loss. In this case, RFI is
not related to sex, height, body parameters, quality of
carcasses obtained. Calm cattle are an outward sign of
low RFI. Unsatisfactory housing and feeding, as well as
high density of animals can change these genetic prop-
erties. The obtained data suggest that bulls of Kazak
Akbas or Kazakh white-headed cattle breed have lower
indicators of average daily gain than representatives of
other cattle breeds.

This means that improvement of this indicator us-
ing RFI as a selection tool will allow reaching the indi-
cators of such breeds as Angus-Hereford or Simmental.
Thus, obtaining improved daily weight gain should be
seen as the most important objective of breeding pro-
grammes that will aim to improve the breeding per-
formance of this breed. But, if Table 6 is scrutinised, it
can be seen that DMI for the Kazakh Whitehead cattle
breed has advantages over other varieties of beef, dairy,
and meat and dairy cattle breeds. There is also noted
mutual correlation on ADG and DMI indicators, but
complete absence of similar correlation on ADG and
RFI indicators. It turns out that outdated concepts that
good weight of cattle is an outstanding economic and
technological indicator, do not reflect the actual state
of modern technology and the efficiency of feed utili-
sation is much more important in beef cattle breeding.
Now technologists in Kazakhstan are faced with the
task of breeding temperamentally calm cattle that con-
sume less feed but are feed efficient while spending
the least amount of time on feed consumption (Kor-
bych, 2023). The easiest way to achieve this, as practi-
cal research has shown, is to select bulls by their RFI.
L. Cavani et al. (2024) find that RFI has a moderate her-
itability, with a range of 26% to 58%. This would mean
that selected bulls will either consume less feed than
unselected bulls while achieving the same ADG, or they
will consume more feed but achieve higher ADG. The
purpose of such selection is to select animals for beef
cattle breeds, but in parallel, according to D.P. Berry et
al. (2019), the production of greenhouse gases by ani-
mals will be reduced. And at the current growth of beef
production in Kazakhstan, it can be of great importance.

Data of average daily growth according to L.S. Bru-
nes et al. (2021) are a simple mathematical way to
check the effectiveness of selected technological
strategies. But this method is controversial and cannot
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be considered in the modern technological process
of cultivation as the main argument in the choice of
cultivation strategy. These indicators, according to
S.R. Chacko Kaitholil et al. (2024), depend largely on
many factors such as the number of years a farmer has
been involved in dairy farming, reduction in the qual-
ity and quantity of milk given to calves, the presence
of diseases that could be transmitted with this milk,
problems of postvaccinal reactions and diseases of
contagious and non-contagious aetiology. Technologi-
cal parameters, according to S.C. Archer (2021), which
can also affect the indicators of average daily gains of
calves are the time of pre-weaning, as well as techno-
logical parameters of cows from which calves were ob-
tained: what weight of the cow was at the first insemi-
nation, the number of calvings and the age of the cow,
the stability of cow production indicators on a particu-
lar farm. The calves that became the object of the study
are not much affected by environmental temperature
conditions, because their genetic potential made it pos-
sible to easily tolerate the climate of Kazakhstan. How-
ever, the ambient temperature and when calves were
born and developed in the first three months of life
should be taken into account when analysing techno-
logical indicators. That is, comparing the performance
of calves born in winter and summer will be incorrect.
The presence of adequate nutrition will influence ADG
performance. Thus, ADG is certainly an important tech-
nological argument, but should only be considered in
conjunction with RFIl, as demonstrated in this study.

In addition to the economic costs of raising beef
cattle, consumer demand should always be considered.
This implies the meat quality requirements of beef cat-
tle. Every large enterprise with a closed cycle of agri-
cultural production has a sales department for finished
products and a network of shops. The data obtained in
the course of the study emphasise the reliability and
stability of the RFI indicator to physiological and tech-
nological nuances of production, but the question of
how the selection of animals with low RFI affects the
quality of meat, how this indicator affects the ratio (or
content) of fat in meat, the marbling of meat of elite
breeds of cattle should be studied in more detail. It is
an indicator of carcass composition and should also
be evaluated holistically, because while technological
research is important, sales and consumer demand
data can be an important economic study of whether
the quality of carcasses from cattle with low RFI meets
consumer demand.

The use of seemingly simple and modern methods
such as Vytelle-sense as well as the data obtained in
this study has a drawback. It is that during summer gras-
ing this programme may not be effective. The essence
of the research is that all animals receive a certain
amount of feed, the qualitative composition of which is
known. When grasing, animals consume different qual-
ity and quantity of food, so the programme calculations
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will be incorrect. The research of this problem is prom-
ising. In addition, the use of Vytelle-sense technology
with different diets, rather than one diet as in this study,
could provide interesting information for research.

CONCLUSIONS

In this study, Vytelle-sense technology was used on the
basis of four farms: Zhana Bereke LLP (Akmola Region),
Galitskoe LLP (Pavlodar Region), Sabit communal farm
(West Kazakhstan Region) and Shalabai LLP (Abai Re-
gion). With the help of this technology the data of di-
rect correlation of RFI indicator and ADG indicator with
complete absence of correlation of RFI and DMI were
obtained. The following results were obtained: RFI in-
dicator varied on the enterprises from -2 to 2.01; ADG
indicator was 0.95 kg; average daily DMI intake per ex-
perimental steer was 11.03 kg/day. The most efficient
feed utilisation was in steers with RFI-2; a positive cor-
relation between ADG and DMI was observed (P=0.011).
The interval of recorded average daily gains ranged
from 0.1 to 1.81 kg/day and the mean ADG was 0.95 kg/
day. The DMI varied from 7.82 kg/day to 13.91 kg/day
and a median value of 11.03 kg/day was obtained.

The experiment shows that choosing cattle accord-
ing to RFI can lower feed expenses and increase feed

efficiency. However, the inconsistent correlation be-
tween RFl and ADG implies that RFI is insufficient on its
own to forecast growth performance. Other important
factors are health, feed quality, and genetics. The intri-
cacy of cattle performance is highlighted by the weak
association found between DMI and growth. Therefore,
to maximise productivity and guarantee sustainable and
economical beef production, a more thorough breeding
strategy that incorporates RFI with other parameters is
required. To improve selection criteria, future studies
should concentrate on determining the physiological
and genetic elements that affect growth performance
as well as feed efficiency. Furthermore, enhancing beef
production methods will need examining the long-term
impacts of RFl-based breeding programmes on cow
health, meat quality, and environmental sustainability.
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NiaBneHHA epeKTUBHOCTi BUKOPUCTaHHSI KOPMIB Yy Ka3axcbKoi 6in1oronoBoi xyno6u:
POsb 3a/IULLKOBOIO CMOXXUBaHHSA KOPMY, MPUPOCTY Ta CMO)XXUBAHHS CyXOi pe4OBUHMU

DaypeH MaTtak6aeB
Marictp
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AHoTauif. MeTol0 AaHOro JocnigxeHHs Oyno BMBYEHHS BM/MBY 3a/lMLLUKOBOrO CMOXWMBAHHS KOPMY Ha KIHOYOBI
TEXHONOriYHI MapaMeTpu BMPOLLYBAHHS Ka3axcbkoi 6inoronoBoi xynobu. EkcnepuMeHTanbHe [oCHigKeHHS
NPpOBOAMNOCS HAa YOTUPbOX BEJMKMX MNEMIHHMX MiANPUEMCTBAX, WO PO3BOAATb LI MOPOAY: TOBAPUCTBI
3 obMexeHow BignosifanbHicTio «KaHa bepeke» (AKMOMMHCbKA 001acTb), TOBAapUCTBI 3 0OMEXEHOH
BignoeiganbHicTio  «lFanuupke» (MaBnopgapcbka 06MacTb), KOMyHanbHOMy rocnopapctei «Cabit»  (3axigHo-
KasaxcTaHcbka 06nacTb) Ta ToBapucTBi 3 obMexeHow BignosiganbHicTio «Llanabai» (Abaicbka obnactb). 36ip
[aHWX Ta NOCTIMHWI MOHITOPUHT 34iACHIOBANNCS 33 LOMNOMOrOK aBTOMAaTU30BAHOI CMCTEMM MOHITOPUHTY Xyao6u,
Bigomoi gk TexHonoria Vytelle-sense. licna ABOTWXHEBOro nepiofy aganTtauii HA KOXHOMY NianpueEMCTBI Byno
BifibpaHo 64 BuykM Kazaxcbkoi binoronosoi nopoau. MpoTarom 60 AHIB NPOBOAUIUCS BUMIPIOBAHHS 3a/IMLLKOBOIO
CMOXMBAHHA KOpMY, CepeAHboA060BOro NpMpocTy BarM Ta A0O0BOrO CMOXMBAHHA CyXOi peyoBMHWU. Pe3ynbTaTy
nokasanu, WO Ha BCiX YOTMPbOX NiANPMEMCTBAX NPUOAM3HO MONOBMHA TBAPWMH Mana BiL'EMHI 3HAYeHHS
3a/IMLWKOBOr0 CNoXuBaHHA kopMy. CepefiHit ob6oBuMiA NnpupicT Barn ctaHoBuB 0,95 kinorpama, a cepepHe nobose
CMOXMBAHHS CyX0i pe4oBMHM Ha Buyka — 11,03 kinorpama. byna BusiBneHa no3uTMBHA KOpeNsLis MiXK 3a/IMLLKOBUM
CMOXMBAHHAM KOpPMY Ta cepefHiM f0O0BMM NMPUPOCTOM Baru, TOAI SIK 3HAYYLLOT KOPenswuii 3i CNOXMBAHHAM CyXOi
peyoBUHM BUSBNEHO He Byno. bukis, SIKi LEMOHCTPYIOTb HEraTUBHI 3HAYEHHS 3a/IULLIKOBOrO CMOXMBAHHA KOPMY
pa3oM 3 BUCOKMM CMOXMBAHHSAM KOPMY, PEKOMEHAYETLCS BiAOMPaTH ANS NporpaM po3BeAeHHs Yyepes noTeHuian
reHeTUYHO CNpUATAMBUX 03HaK. KpiMm Toro, cepefiHii WwoaeHHUM npupict Baru ctaHoBuB Big 0,1 go 1,81 kinorpama,
a CNOXMBAHHS CyX0i peyoBuHM — Big 7,82 no 13,91 kinorpama Ha fLeHb

KniouoBi cnoBa: Kasaxcbka 6inoronoBa nopofna; TexHonoriyHi napametpu; TexHonoria Vytelle-sense; m'acHe
CKOTapCTBO; CMaAKOBICTb
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7 to 2 individuals/m2 The share of juveniles in the population structure in clean areas reached 42% (Palaemon
elegans) and 40% (Astacus leptodactylus), while in polluted areas it decreased to 15-20%. Mortality of juveniles up
to 40% was recorded in sites with organic pollution. An imbalance in the sex composition was observed in areas
with high levels of pollution: in Palaemon adspersus and Pontastacus eichwaldi the proportion of males exceeded
55%, while in clean areas females predominated or an equal ratio was maintained. The greatest decrease in
the abundance of all species was observed in the Mingachevir reservoir — up to 60% for Pontastacus eichwaldi,
which indicates the high sensitivity of the species to complex anthropogenic impact. The results showed that
chemical pollution, recreational load and poaching are the determining factors of population degradation. A direct
correlation between the level of anthropogenic impact and the decrease in abundance, disturbance of age and sex
structure was established. Indicator indicators for monitoring the state of freshwater ecosystems were proposed.
The obtained results can be used for development of monitoring programmes and ecological-restoration measures
in aquatic ecosystems of Azerbaijan

Keywords: bottom invertebrates; monitoring of environment; technogenic load; freshwater ecosystems;

bioindication

INTRODUCTION

The relevance of this study is due to the need to assess
the impact of anthropogenic factors on aquatic eco-
systems, which is especially important in the context
of accelerated pollution of water bodies and climate
change. The Shamkir and Mingachevir reservoirs, which
are important ecosystems for the region, are exposed
to various pollutants such as heavy metals and organic
substances, which leads to changes in the abundance
and population structure of aquatic inhabitants. Shrimp
and freshwater crayfish, being sensitive indicators of
water quality, are good subjects for studying the effects
of pollutants. The problematic issue of the study is the
insufficient assessment of the impact of anthropogenic
pollutants on the state of populations of these species
in specific water bodies of Azerbaijan, which limits the
development of effective methods for the protection
of water body ecosystems and sustainable use of their
resources. It is important not only to quantify the popu-
lations, but also to analyse the impact of pollutants on
age and sex structure, as well as on mortality of juve-
niles, which allows a deeper understanding of ecolog-
ical changes in these reservoirs and the formation of
recommendations for their protection.

Thus, F.R. Gulieva and LV. Gulieva (2021) revealed
that economic activities in the area of Mingachevir and
Varvarinskoye reservoirs contributed to the reduction of
species diversity of non-fish aquatic organisms. Accord-
ing to the results, the disruption of trophic relation-
ships and reduction in the number of key invertebrates
occurred under the influence of pollution and changes
in the hydrological regime. In a study by S. Hasano-
va (2024) recorded the deterioration of aquatic envi-
ronment as a result of wastewater and industrial emis-
sions. The author found that anthropogenic pressure
led to changes in the species composition and decrease
in the abundance of certain groups of non-fish organ-
isms. In the generalised analysis presented by R. Ab-
basov et al. (2022), it was shown that urbanisation and
expansion of agricultural areas increased the pressure
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on water bodies in Azerbaijan. The authors stated that
such processes reduced the stability of aquatic ecosys-
tems and caused structural changes in hydrobiont pop-
ulations. Based on data on Lake Naivasha, E. Mutethya
and E. Yongo (2021) analysed the consequences of an-
thropogenically caused penetration of invasive species
and recorded their impact on native invertebrate popu-
lations. The researchers found that the introduction of
alien organisms contributed to the displacement of na-
tive species and disrupted the balance of the ecosystem.

In a study by C. Waldock et al. (2025) documented
that pollution of water bodies caused changes in the
trace element composition of tropical fish communities,
affecting the entire trophic structure. The authors em-
phasised that similar processes may have occurred in
other ecosystems, including reservoirs, where anthro-
pogenic interference was observed. When analysing the
consequences of the transformation of coastal land-
scapes, T. PSenickova and J. Horak (2022) found a reduc-
tion in abundance and simplification of the structure
of hydrobiont populations. The researchers recorded
that deforestation and the creation of artificial reser-
voirs had a long-term negative impact on the ecolog-
ical parameters of aquatic communities. In particular,
A. Febriana and B.I. Utary (2024) found that conversion
of mangrove forests in the Tanjung Luar village area
caused habitat degradation and reduction of biologi-
cal resources. According to the authors, the disturbance
of the natural balance was accompanied by the loss
of breeding habitat for many invertebrate species, af-
fecting the entire structure of coastal ecosystems. A
large-scale study by W.M.Jubb et al. (2023) analysed the
effects of hydraulic structures and water level fluctua-
tions on fish migrations in river systems. The authors
found that combined anthropogenic impacts disrupted
the reproduction and movement of aquatic organisms,
contributing to changes in the spatial structure of their
populations, including invertebrate’s dependent on sta-
ble hydrological regimes.




In analysing the relationship between natural re-
sources and socio-economic behaviour of communities,
S. Gaja-Svasti et al. (2022) documented that in the Mun
River Basin, wild fish and invertebrates remained the
most important element of the diet and source of in-
come for villagers. The authors emphasised that chang-
es in the aquatic environment caused by anthropogenic
interventions were directly reflected in the decreasing
availability of these resources and the transformation
of traditional lifestyles. Summarising data from the Me-
kong region, I.G. Baird and Z.S. Hogan (2023) noted that
the construction of hydropower plants entails a signif-
icant reduction in fish biodiversity and degradation of
aquatic habitat. As part of their review, it was shown
that non-fish species, particularly those sensitive to wa-
ter level fluctuations and bottom substrate quality, were
also at risk of extinction under the impact of regulat-
ed flows. Sustainable aquaculture production was ad-
dressed in a study by S.M. Colombo et al. (2023), which
examined the potential for closed-loop feed systems for
“blue” food resources. The authors found that feed ra-
tionalisation and reduction of pressure on natural aquat-
ic populations can contribute to the recovery of non-
fish organisms subjected to anthropogenic depletion.

In the context of fisheries conservation, |. Mayer
and M. PSenitka (2024) examined the use of repro-
ductive technologies to conserve teleosts in the face
of declining abundance. The researchers demonstrated
that technological reproduction can serve as a compen-
satory mechanism for the loss of natural populations,
including non-fish components of ecosystems that are
closely related to spawning conditions and microenvi-
ronment.The aim of the study was to analyse changes in
the structure of non-fish seafood populations under the
influence of anthropogenic factors in reservoirs of Azer-
baijan. The objectives of the study were to identify key
anthropogenic factors, assess their impact on non-fish
seafood and analyse changes in population structure.

MATERIALS AND METHODS

The study was conducted from June to August 2024
in the Shamkir and Mingachevir reservoirs of Azerbai-
jan. The climate of the region was characterised by dry
and hot summers with average daily air temperatures
from +28 to +35°C and night temperatures from +20
to +25°C. The average annual precipitation was 200-
300 mm, most of which occurred in the spring months.
The hydrological regime of both reservoirs is subject
to significant anthropogenic influence due to the pres-
ence of large industrial enterprises, recreational areas
and settlements in the adjacent territories. This was
the reason for selecting these reservoirs as sites for as-
sessing the impact of anthropogenic factors on aquat-
ic ecosystems and hydrobiont populations. Shrimp:
stone shrimp (Palaemon elegans) and grass shrimp
(Palaemon adspersus), as well as freshwater crayfish:
Slender-clawed crayfish (Astacus leptodactylus) and
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Caspian crayfish (Pontastacus eichwaldi) were selected
as research objects. The species were selected due to
their high sensitivity to changes in the hydrochemical
regime of water bodies and widespread occurrence in
aquatic ecosystems of Azerbaijan. These species have
indicator properties that allow to objectively assess the
level of ecological state of water bodies and the degree
of anthropogenic impact.

To assess the impact of anthropogenic factors, two
categories of sites were studied: clean (control sites with
minimal human impact) and heavily polluted. Sampling
was carried out monthly from June to August 2024 by
hand collection and using standard invertebrate traps.
Each site was surveyed in three replicates and then
the mean population density (number of individuals
per square metre) was calculated. Shrimp and crayfish
densities were determined by counting the number of
captured specimens in a defined area of the reservoir
bottom (1 m?). The authors adhered to the standards of
the Guidelines for the treatment of animals in behav-
ioural research and teaching (2012). For this purpose, a
control area (1 x 1 metre square) was allocated at each
site, after which the captured individuals were counted,
recorded and then the average density was calculated
using the formula (1):

D=5, (1)

N
B
where D - population density (individuals/m?); N -
number of captured individuals in the study area; S -
plot area (m?).

The sex composition of populations (proportion of
females and males) was determined by visual examina-
tion of each specimen using a “Leica EZ4” binocular mi-
croscope (Germany). The sex of each captured specimen
was recorded, and then the proportion of individuals of
eachsex(%ofthetotalpopulationsize)wascalculated (2):

P= ’;—p x 100%, )

where P - proportion of females or males (%); n_ - num-
ber of individuals of a particular sex (females or males);
N - total number of individuals surveyed.

To assess the age structure, morphometric analy-
sis was carried out using electronic caliper “Mitutoyo”
(model CD-15APX, Japan) with measurement accura-
cy up to 0.01 mm and electronic scales “Ohaus Scout
STX2202” (USA) with accuracy up to 0.01 g. The ob-
tained data allowed to distinguish age groups: juve-
niles,adults and older individuals. Mortality of juveniles
was assessed by comparing the number of juveniles in
contaminated sites and control (clean) zones. The num-
ber of juveniles was recorded separately for each site
(individuals per m?). Mortality was calculated according
to the following formula (3):

_ (Nc-Np)
==

M x 100%, (3)
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where M - juvenile mortality (%), N_ - number of ju-
veniles in control (clean) areas (individuals/m?); Np -
number of juveniles on polluted areas (individuals/m?).

For quantitative assessment of anthropogenic
pollution, water and bottom sediment samples taken
monthly at each location were used. Concentration of
heavy metals (Pb, Zn, Cu) was determined by atomic ab-
sorption spectrophotometer “Analytik Jena novAA 400P”
(Germany). The content of pollutants in water and bot-
tom sediments was measured by infrared spectrometer
“Infracal ATR-SP” (USA). Organic pollution (nitrates, ni-
trites and ammonium nitrogen) was analysed using a
spectrophotometer “Hach DR3900” (USA). Noise impact
from recreational activities (motor boats, fishing and
tourism) was measured with a noise meter model “Tes-
to 815” (Germany). Measurements were made monthly
during daytime (from 10:00 to 16:00) at each study site,
after which the average noise level in decibels (dB) was
calculated. The obtained data were processed by anal-
ysis of variance (ANOVA) in Statistica 12 software. For
visualisation it was used graphs built in Microsoft Excel
and Python with Matplotlib library, showing population
density, mortality of juveniles and reduction of species
abundance at polluted areas.

RESULTS

Quantitative indicators of shrimp populations in
Shamkir and Mingachevir reservoirs. The average den-
sity of Palaemon elegans shrimp in the Shamkir Reser-
voir varied from 12 to 25 individuals per square meter.
The highest number of individuals was observed in
coastal areas with aquatic vegetation and minimal
pollution, where the density reached 25 individuals/
m2. In contrast, areas located near industrial enter-
prises and recreational zones were characterised by a
lower abundance of this species - approximately 12-
15 individuals/m?. In the Mingachevir Reservoir, the
density of Palaemon elegans was lower, ranging from
8 to 18 individuals per m% The maximum density of
18 individuals was observed in areas with low anthro-
pogenic impact, far from populated areas, whereas
near sites of intensive fishing and industrial activity,
the population density decreased to minimal values -
8-10 individuals per m?. The species Palaemon adsper-
sus showed a noticeably lower population density in
both reservoirs. In the Shamkir Reservoir, the density
of this species varied from 9 to 17 individuals per m2.

The highest concentration of individuals was charac-
teristic of coastal, shallow-water areas with shelters
and a rich food base. In moderately polluted areas, the
density decreased to 10-12 individuals/m?, while in
zones of pronounced anthropogenic pollution, it was
less than 9 individuals/m?.

In the Mingachevir Reservoir, the situation proved
even less favourable for Palaemon adspersus: the pop-
ulation density ranged from 6 to 14 individuals per m2.
The lowest abundance of this species was noted in ar-
eas with high levels of industrial and domestic effluent
pollution (6-7 individuals/m?), indicating a pronounced
sensitivity of this species to the negative impact of pol-
lutants. When studying the age and sex structure of the
shrimp, differences in the distribution of age groups
and sex ratio of the populations were revealed. For
Palaemon elegans in the Shamkir Reservoir, juveniles
(less than one year old) accounted for 42%, adults (1
to 2 years old) - 48%, and the proportion of older indi-
viduals (over 2 years old) was low - only about 10%. A
similar pattern was observed in the Mingachevir Reser-
voir, however, the proportion of juveniles was smaller
(35%), while adults constituted up to 55%. Palaemon
adspersus demonstrated a different pattern of age dis-
tribution. In the Shamkir Reservoir, juveniles accounted
for approximately 30%, while adults were the domi-
nant age group, reaching 60%. Older age groups were
rarely encountered (10%). In the Mingachevir Reservoir,
the proportion of juveniles was even lower (25%), and
adults higher (65%), indicating difficult reproduction
and premature aging of the population.

In addition to abundance and age composition,
significant differences in the sex ratio of shrimp were
identified. In Palaemon elegans, a predominance of fe-
males was observed - on average 55-60% of the total
population in both reservoirs. Palaemon adspersus had
an almost equal sex ratio (50:50%), however, in are-
as with increased pollution, a slight predominance of
males was noted (up to 55%). A comparative analysis of
individual distribution showed unevenness in popula-
tions across the reservoir areas. The highest abundance
of both species was characteristic of remote and eco-
logically clean zones with low levels of anthropogenic
impact. Areas with intensive human economic activity
were characterised by a decrease in the total shrimp
abundance by 25-40% from the average values across
the reservoirs (Table 1).

Table 1. Quantitative indicators of shrimp populations in Shamkir and Mingachevir reservoirs

Tpeofshrimp  Reservoir RN L dweniles  Adults ol e
Palaemon Shamkir 12-25 42% 48% 10% 60% 40%
elegans Mingachevir 8-18 35% 55% 10% 55% 45%
Palaemon Shamkir 9-17 30% 60% 10% 50% 50%
adspersus  Mingachevir 6-14 25% 65% 10% 45% 55%

Source: developed by the authors
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Thus, it was found that anthropogenic impacts sig-
nificantly change the quantitative indicators and struc-
ture of shrimp populations in Shamkir and Mingachevir
reservoirs, with Palaemon adspersus species being the
most vulnerable. The results obtained can be used to
develop measures for the protection and rational use of
shrimp resources in water bodies of Azerbaijan.

Indicators of freshwater crayfish populations in
Shamkir and Mingachevir reservoirs. The average pop-
ulation density of freshwater crayfish, Astacus lepto-
dactylus, in the Shamkir Reservoir ranged from 5 to 12
individuals per square metre. The maximum density for
this species (12 individuals/m?) was recorded in areas
with clean water and natural shelters - such as stones,
snags, and dense aquatic vegetation. In territories af-
fected by sewage and domestic waste, the crayfish
abundance decreased to 5-6 individuals per m2 In the
Mingachevir Reservoir, the average density of Astacus
leptodactylus was lower, varying between 3 and 9 indi-
viduals per m?.The highest abundance was observed in
areas remote from industrial influence, whereas zones
of intense pollution were characterised by a minimal
abundance - 3-4 individuals per m?. The density of the
second species studied, Pontastacus eichwaldi, in the
Shamkir Reservoir was within the range of 3 to 7 indi-
viduals per square metre. A high density (7 individuals/
m?) was recorded only in isolated areas with minimal
anthropogenic impact and the presence of a good food
base. Areas with pollution and constant human pres-
ence showed a sharp decrease in density to 3-4 indi-
viduals/m2. In the Mingachevir Reservoir, the density
of Pontastacus eichwaldi was the lowest, amounting to
only 2 to 5 individuals per m?. The lowest abundance (2
individuals/m?) was recorded in zones with significant
domestic waste pollution.
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The age structure of the Astacus leptodactylus pop-
ulation in the Shamkir Reservoir was characterised by a
high proportion of juveniles (up to 2 years old) - 40%.
Adults (from 2 to 4 years old) constituted about 45%,
and older individuals (over 4 years old) - 15%. In the
Mingachevir Reservoir, the percentage of juveniles de-
creased to 30%, adults increased to up to 50%, and
the proportion of older individuals increased to 20%,
reflecting negative conditions for successful juvenile
reproduction. The age composition of the Pontastacus
eichwaldi population in the Shamkir Reservoir consisted
of 25% juveniles, 60% adults, and 15% older individu-
als. In the Mingachevir Reservoir, juveniles accounted
for only 20%, adults - 65%, and older individuals - 15%.
The sex composition of crayfish populations was close
to an equal ratio. In the Shamkir Reservoir, both species
studied had an equal proportion of females and males -
approximately 50:50%. However, in the Mingachevir
Reservoir, especially in polluted areas, an increase in
the proportion of males to 55% was observed, likely due
to different resistance of the sexes to pollution. During
the annual observation period, the Astacus leptodactylus
population in the Shamkir Reservoir decreased by 15%.
In the Mingachevir Reservoir, the decline in the abun-
dance of this species reached 20%. The Pontastacus eich-
waldi population decreased even more significantly - by
20% in the Shamkir Reservoir and by 25% in the Min-
gachevir Reservoir. The main factors for this reduction
were the deterioration of water quality and the destruc-
tion of natural habitats due to anthropogenic pollution
and fishing. In areas with high levels of organic and
chemical pollution, an increase in juvenile mortality of
both species by 25-30% was recorded compared to clean
areas. This led to a sharp imbalance in age structure
and a deterioration of reproductive potential (Table 2).

Table 2. Indicators of freshwater crayfish populations in Shamkir
and Mingachevir reservoirs (for the observation period 2024)
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Astacus Shamkir 5-12 40% 45% 15% 50% 50% -15% 25%
leptodactylus  Mingachevir 3-9 30% 50% 20% 45% 55% -20% 30%
Pontastacus Shamkir 3-7 25% 60% 15% 50% 50% -20% 25%
eichwaldi  Mingachevir 2-5 20% 65% 15% 45% 55% -25% 30%

Source: developed by the authors

The results indicate the critical impact of pollution
and poaching on the structure and abundance of fresh-
water crayfish in both reservoirs. The greatest damage
was caused to juveniles, which significantly reduced
the ability of populations to natural recovery and sus-
tainable development.

Effects of specific anthropogenic factors on the
abundance and population structure of shrimp and
freshwater crayfish populations. Among the main fac-
tors, industrial wastewater containing heavy metals
(lead, zinc, copper), domestic organic effluents, and
intensive poaching caused the greatest damage. The
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abundance of Palaemon elegans shrimp in areas of the
Shamkir Reservoir with elevated heavy metal content
(especially lead and zinc) decreased from 25 to 17 in-
dividuals/m? (a 32% reduction). A similar situation was
observed in the Mingachevir Reservoir, where pollu-
tion caused a reduction in the abundance of this spe-
cies from 18 to 11 individuals/m? (a 39% reduction).
Furthermore, domestic organic effluents discharged
into the water body also caused a 25-30% reduction in
the population abundance of this species compared to
clean areas (Khudiiash et al., 2023).

For the grass shrimp, Palaemon adspersus, the great-
est reduction in abundance was recorded in areas pol-
luted by organic domestic effluents. In the Shamkir Res-
ervoir, the abundance of this species decreased from 17
to 11 individuals/m? (a 35% reduction), and in the Min-
gachevir Reservoir - from 14 to 8 individuals/m? (a 43%
reduction). This indicated the species’ high sensitivity to
organic pollutants (Koretsky & Kononenko, 2024). The
age structure of both shrimp species also underwent
significant changes under the influence of pollution.
For instance, the proportion of juveniles of the grass
shrimp in polluted areas of the Mingachevir Reservoir
decreased from 25% to 15%, while the juvenile mortal-
ity increased to 40% compared to 15% in control areas.
In the Shamkir Reservoir, for Palaemon elegans, the pro-
portion of juveniles decreased from 42% to 30%, and
mortality increased from 15% to 32%. The populations

of freshwater crayfish were also significantly reduced
under the influence of anthropogenic factors. For ex-
ample, the abundance of the slender-clawed crayfish
(Astacus leptodactylus) in the Shamkir Reservoir, due to
the impact of heavy metals and poaching, decreased
from 12 to 8 individuals per m? (a 33% reduction). In
the Mingachevir Reservoir, domestic organic effluents
had an even greater impact, reducing the population
abundance of this species from 9 to 5 individuals per
m? (a 44% reduction).

Anthropogenic factors had the most significant
negative impact on the population of the Caspian cray-
fish (Pontastacus eichwaldi). In the Shamkir Reservoir,
under the influence of organic pollutants (nitrates and
nitrites), the abundance decreased from 7 to 4 indi-
viduals per m? (a 43% reduction). In the Mingachevir
Reservoir, characterised by high levels of domestic or-
ganic effluents, the abundance of the Caspian crayfish
decreased most sharply - from 5 to 2 individuals per m?
(@ 60% reduction). Besides water pollution, a significant
negative factor was noise pollution from recreation-
al activities (fishing, tourism) (Shumka et al., 2020). In
areas with high noise levels, the abundance of fresh-
water crayfish additionally decreased by 15-20%, and
the proportion of older and adult individuals decreased
by 40-50%, which indicated the negative influence of
noise and fishing on the reproductive potential of pop-
ulations (Table 3).

Table 3. Effects of specific anthropogenic factors on the abundance
and population structure of shrimp and freshwater crayfish populations
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Stone shrimp (Palaemon Shamkir Heavy metals (Pb, Zn, 75 17 3% Lgad (Pb), 2% 30% 39%
elegans) Cu) Zinc (Zn)
Stone shrimp (Palaemon Mingachevir Petrole.um products, 18 11 39%  Organics 35% 20% 359
elegans) domestic wastewater
Grass shrimp (Palaemon Shamkir Organic domestic 17 11 35%  Organics 30% 18% 39%
adspersus wastewater
Grass shrimp (Palaemon Mingachevir  Domestic wastewater 14 8 43%  Organics 25% 15% 40%
adspersus)
Slender-clawed crayfish . Heavy metals, ., Lead,Zinc, o o o
(Astacus leptodactylus) Shamkir poaching of fish 12 8 33% Poaching 40% 30% 35%
Slender-clawed crayfish Mingachevir Organic domestic 9 5 44%  Organics 20% 20% 40%
(Astacus leptodactylus) wastewater
Caspian crayfish =~ gy Nitrates, nitrites 7 4 a3% NUASS oo 15% 35%
(Pontastacus eichwaldi) nitrites
Caspian crayfish Mingachevir  Domestic wastewater 5 2 60%  Organics 20% 10% 40%

(Pontastacus eichwaldi)

Source: developed by the authors
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Thus, water pollution and anthropogenic factors
had a significant negative impact on the quantitative
indicators and population structure of the studied spe-
cies. Freshwater crayfish and shrimp species Palaemon
adspersus were the most sensitive to pollution.

Distribution of shrimp and crayfish populations in
relation to anthropogenic impacts. In the clean areas
of the Shamkir and Mingachevir Reservoirs, a uniform
distribution of Palaemon elegans shrimp was observed.
The maximum density (25 individuals per m?) was not-
ed in areas of the Shamkir Reservoir little affected by
anthropogenic factors, characterised by the presence of
natural shelters and a rich food base. In areas with a
moderate level of pollution and increased anthropo-
genic pressure, the density of this species decreased
to approximately 17 individuals per m?, while the most
polluted areas subjected to active recreational activi-
ty were characterised by a reduction in abundance to
10-12 individuals per m?. Palaemon adspersus exhibited
even greater sensitivity to pollution and other anthro-
pogenic factors, including poaching and noise pollution
(Shumka et al., 2023). The maximum abundance of this
species was recorded in the coastal zones of the Sham-
kir Reservoir (17 individuals/m?), where favourable
habitat conditions, such as clean water and abundant
shelters, were observed. In polluted areas, the shrimp
abundance decreased to 11 individuals/m?, and in the
most polluted areas of the Mingachevir Reservoir, the
density was only 8 individuals/m?.

For freshwater crayfish, the spatial structure of
populations was even more sensitive to anthropogenic
impact (Kurovska, 2024). The slender-clawed crayfish

2
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(Astacus leptodactylus) reached maximum density in
clean zones of the Shamkir Reservoir, distant from in-
dustrial facilities, where the abundance was up to 12 in-
dividuals per m2. In areas with water polluted by heavy
metals and organic substances, the abundance de-
creased to 8 individuals per m?,and in the Mingachevir
Reservoir - to 5 individuals per m2. The Caspian crayfish
(Pontastacus eichwaldi) showed the most pronounced
dependence on anthropogenic impact among the stud-
ied crayfish species. In the Shamkir Reservoir, its density
varied from 7 individuals/m? in clean areas to 4 individ-
uals/m? in polluted territories. In the Mingachevir Res-
ervoir, this indicator was even lower,amounting to only
2-3 individuals per m? in areas with high levels of oil
and organic pollution. This indicated that the Caspian
crayfish proved to be the most sensitive to the negative
influence of anthropogenic pollution.

Analysis of the spatial distribution showed that the
most vulnerable were the juveniles of all investigated
species. In polluted areas, the proportion of juveniles
significantly decreased, leading to a noticeable imbal-
ance in the age structure and a deterioration of repro-
ductive potential (Bilyalov et al., 2025). In the most pol-
luted zones of the Mingachevir Reservoir, the mortality
of shrimp and crayfish juveniles exceeded the figures
in clean areas by 2-2.5 times. It was also established
that noise pollution caused by active human recrea-
tional activity (boating, fishing, tourism) intensified the
negative impact of pollution. In areas with high noise
levels, the density of shrimp and crayfish populations
additionally decreased by 15-20%, and the abundance
of older age groups - by up to 50% (Fig. 1).

Caspian crayfish (Mingachevir) i 5 Polluted areas (individuals/m?)
Caspian crayfish (Shamkir) — M Clean areas (individuals/m?)
Slender-clawed crayfish (Mingachevir) _5 9
Slender-clawed crayfish (Shamkir) _8 12

Grass shrimp (Mingachevir)

14

Grass shrimp (Shamkir) E————

Stone shrimp (Mingachevir) e ———

17

Stone shrimp (Shamkir) e —————————— )

0

10 20 30

Figure 1. Distribution of shrimp and crayfish populations in relation to anthropogenic impacts

Source: developed by the authors

Thus, the results clearly demonstrated a direct de-
pendence of spatial structure and population size on
the level and type of anthropogenic impact. The great-
est changes were observed in areas with complex im-
pact of pollution (oil products, heavy metals, organics)
and active recreation. The results of the study showed a
significant decrease in the number of shrimp and cray-
fish populations in the polluted areas of the Shamkir
and Mingachevir reservoirs, especially in the species
Palaemon adspersus and Pontastacus eichwaldi, where

the influence of anthropogenic factors led to a de-
crease in juveniles, imbalance of sex ratios. The great-
est changes were observed in Mingachevir reservoir,
where the level of pollution reached critical indicators
for the ecosystem.

DISCUSSION

The conducted study established that anthropogen-
ic factors exert a significant negative impact on the
structure and abundance of shrimp (Palaemon elegans,
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Palaemon adspersus) and freshwater crayfish (Astacus
leptodactylus, Pontastacus eichwaldi) populations in the
Shamkir and Mingachevir Reservoirs. In polluted are-
as of both water bodies, the density of all studied spe-
cies was significantly lower compared to clean zones:
for Palaemon elegans in polluted areas of the Shamkir
Reservoir, density decreased from 25 to 17 individuals/
m? (by 32%), and for Palaemon adspersus - from 17 to
11 individuals/m? (by 35%). In the Mingachevir Res-
ervoir, the abundance of Palaemon elegans decreased
from 18 to 11 individuals/m? (by 39%), and Palaemon
adspersus - from 14 to 8 individuals/m? (by 43%). The
Caspian crayfish proved particularly vulnerable, with its
abundance in heavily polluted areas of the Mingachevir
Reservoir dropping to 2 individuals/m?, representing a
60% reduction. The proportion of juveniles in pollut-
ed areas also significantly decreased for all species:
for Palaemon elegans and Palaemon adspersus, the pro-
portion of juveniles in polluted areas of Mingachevir
decreased from 35-42% to 15-18%, accompanied by
increased mortality (up to 50%). Simultaneously, shifts
in sex structure were observed: males predominated in
polluted areas, especially for Palaemon adspersus and
Pontastacus eichwaldi, which may indicate differential
resistance of sexes to toxicants. Thus, the spatial distri-
bution, age, and sex composition of populations clearly
correlated with the intensity of anthropogenic impact,
confirming its destructive influence on the water bod-
ies’ ecosystem.

Research by L.Sehnal et al. (2021) and D.D. Backovic
and N.Tokodi (2024) addressed two different directions
related to the response of aquatic organisms to tech-
nogenic loads. D.D. Backovi¢ and N. Tokodi focused on
the biotoxicological aspect, investigating the spread of
cyanobacteria and cyanotoxins in freshwater bodies,
including aquaculture systems. It was emphasised that
these compounds significantly disrupt metabolic func-
tions and reduce the reproductive activity of aquatic
organisms. Meanwhile, L. Sehnal et al. dedicated their
work to the analysis of the microbiome of aquatic ver-
tebrates, focusing on its role in immune defence and
adaptation to polluted environments. Both approach-
es covered molecular and physiological levels but did
not include population or spatial parameters. In con-
trast to these authors, the presented study allowed for
establishing quantitative relationships between envi-
ronmental pollution and the demographic structure of
shrimp and crayfish populations, which enhances the
applied significance of the obtained results in the con-
text of bioindication and monitoring.

On the other hand, studies by R.N. Wanjari et
al. (2024) and C. Zanghi and C.C. loannou (2025) con-
centrated on the physicochemical properties of the en-
vironment and their impact on ecosystem stability and
functioning. C. Zanghi and C.C. loannou demonstrated
that an increase in water turbidity leads to disruption of
visual signals in fish,which entails a decrease in hunting
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efficiency and changes in the structure of trophic net-
works. At the same time, R.N. Wanjari et al. applied eco-
logical modelling methods to analyse reservoir stability
and interactions between abioticand biotic components.
Both studies presented important systemic conclusions
but did not address specific changes in the structure
of individual populations. Unlike these authors, the
current work examined the quantitative parameters of
indicator species populations and recorded patterns of
decline in abundance and juveniles depending on the
degree of pollution, which expands the possibilities for
assessing the real vulnerability of aquatic ecosystems.

In a series of works by M.J. Thorstensen et al. (2022)
and X. Miao et al. (2023), approaches aimed at studying
the physiological state of aquatic organisms depend-
ing on environmental conditions were implemented.
MJ.Thorstensen et al. developed non-invasive data col-
lection methods for assessing the physiological state
and movement of freshwater fish, reducing stress on
the study subjects. X. Miao et al., in turn, demonstrated
that short-term keeping of silver carp in a clean natural
environment improves its organoleptic and biochemi-
cal characteristics. Both works focused on physiological
indicators; however, demographic characteristics and
population stability were not assessed. The conducted
study, however, allowed for recording a sharp decrease
in density of up to 60-80%, an increase in juvenile mor-
tality, and a distortion of sex structure in benthic crus-
taceans, which provides a more complete picture of the
consequences of pollution at the population level.

Similarly, the works of D. Pandit et al. (2023) and
A.G. Tacon et al. (2024) raised issues concerning the
degradation of aquatic ecosystems from different per-
spectives. D. Pandit et al. investigated the decline in
species diversity in Bangladesh water bodies and not-
ed its impact on food security and the sustainability of
small-scale fisheries, especially in socially vulnerable
areas. A.G. Tacon et al. conducted an annotated liter-
ature review on the benefits and risks of consuming
fish and seafood, drawing attention to the content of
heavy metals and other pollutants. Despite their rel-
evance and broad scope, neither study touched upon
specific population changes due to pollution. This
work filled that gap by establishing quantitative de-
pendencies between the intensity of anthropogenic
impact and population viability parameters — density,
age composition, and sex structure — thereby creating
a scientific basis for biomonitoring and restoration of
aquatic bioresources.

Of particular note are the studies by K. Amoah et
al. (2024) and L. Zhang et al. (2024), which considered
two different approaches to assessing the state of
aquatic organisms. K. Amoah et al. conducted molecu-
lar and immunobiological characterisation of four Ba-
cillus strains isolated from the gut of hybrid grouper,
demonstrating their antagonistic action against path-
ogens and their potential to improve fish health in




aquaculture systems. Meanwhile, L. Zhang et al. focused
their efforts on monitoring fish species diversity in
coastal waters using DNA metabarcoding technology
and passive water sampling. While both studies made
significant contributions to the development of mo-
lecular ecology and monitoring, neither covered the
analysis of spatial and age structure of populations
under conditions of chemical pollution. In contrast, the
presented study provides a clear focus on changes in
the demographics and structure of crayfish and shrimp
populations depending on the level of water body pol-
lution, including an assessment of density, sex compo-
sition, and juveniles, which allows for conclusions to be
drawn at the ecosystem sustainability level.

Among the works concerning the adaptation of
organisms to changing conditions, the research by
H.C. Vieira et al. (2022) and S. Rahayu et al. (2024) are
noteworthy. S. Rahayu et al. analysed the current state
and prospects of probiotic application in Chinese ag-
uaculture, highlighting their impact on immune resist-
ance, growth, and reduction of pathogen load in aquatic
organisms. At the same time, H.C. Vieira et al. proposed
a method of transplant testing for fish in field condi-
tions to assess the toxicological load of the aquatic
environment. Although both approaches are aimed at
studying the response of organisms to external factors,
they remain limited to the analysis of physiological
and behavioural parameters at the level of individual
organisms. In contrast, the present study presents spa-
tial and quantitative indicators of populations in nat-
ural conditions, allowing for the consideration of the
sustainability not of individual organisms, but of entire
biocoenoses and their ability to self-maintain under
conditions of complex pollution.

Equally interesting and conceptually significant are
the studies by O.A. Anyanwu et al. (2023) and M. Revert-
er et al. (2025), which address the socio-ecological con-
sequences of anthropogenic pressure on water resourc-
es. M. Reverter et al. presented a retrospective review
of the aquaculture industry’s contribution to the devel-
opment of antimicrobial resistance, linking this to the
excessive use of antibiotics and the global spread of
resistant strains. O.A. Anyanwu et al., in turn, conducted
an interdisciplinary study dedicated to the perception
of fish consumption in polluted marine environments
in Indonesia. The authors showed that the population
experiences an internal conflict between the tradition-
al value of fish as a food source and the awareness of
potential contamination risks. Both studies focus on the
global and social aspects of ecological degradation but
do not include a specific analysis of the consequences
of pollution for population dynamics and structure. In
contrast, the conducted study complements general as-
sessments with empirical data on real changes in the
spatial distribution, mortality, and reproduction of indi-
cator species, which increases the accuracy of diagnos-
ing the ecological state of freshwater bodies.
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In the works of F.C. Sarker et al. (2022) and C. Van
Driessche et al. (2024), issues concerning the conser-
vation of freshwater biodiversity and the monitoring
of fishing communities in a transformed environment
were considered. F.C. Sarker et al. conducted an inven-
tory of the ichthyofauna of the floodplain ecosystems
of Sylhet (Bangladesh), highlighting the richness of
species composition and the environment’s susceptibil-
ity to seasonal and anthropogenic stress. Measures to
strengthen the protection and management of water
resources were proposed. In turn, C. Van Driessche et
al. used DNA metabarcoding to assess spatio-temporal
changes in the composition of fish communities in the
Scheldt estuary. Trends of species shifting in response
to environmental changes were identified; however, the
analysis did not include the structural characteristics of
individual populations. Unlike these works, the present-
ed study provided an assessment of the density, sex,and
age composition of benthic invertebrates, demonstrat-
ing a direct correlation of these parameters with the lev-
el of pollution and recreational pressure, which signifi-
cantly expands the applied value of the obtained data.

In the studies by AAA. Mamun et al. (2021), and
T.0.Sogbanmu and A.B.Dauda (2024), the consequences
of industrial aquaculture and the possibilities of using
local fish species in toxicological assessments were con-
sidered. A.A. Mamun et al. showed that export-oriented
coastal fish farming can benefit vulnerable populations
in terms of food security, but if uncontrolled, it can be
accompanied by ecological risks. In turn, T.0. Sogbanmu
and A.B. Dauda systematised the use of local Nigerian
fish species in laboratory ecotoxicological tests,empha-
sising their significance for assessing the impact of pol-
lutants. Both approaches were oriented towards eco-
nomic or experimental practice but did not include field
assessments of population stability under conditions
of real pollution. Unlike them, the presented study ap-
plied a comprehensive population-ecological approach,
documenting structural changes and demographic con-
sequences of pollution for benthic invertebrates in
freshwater ecosystems. The reviewed studies covered a
wide range of aspects from biodiversity and physiolo-
gy to food security and molecular monitoring methods.
However, most of them either focused on individual
organisms or described general ecosystem processes
without analysing population structure and dynamics.

CONCLUSIONS

As a result of this study,a comprehensive assessment of
the influence of anthropogenic factors on the structure,
abundance and spatial distribution of shrimp (Palaemon
elegans, Palaemon adspersus) and freshwater crayfish
(Astacus leptodactylus, Pontastacus eichwaldi) popula-
tions in the Shamkir and Mingachevir reservoirs was
carried out. In areas with minimal anthropogenic load
(control zones) the density of shrimp populations var-
ied from 12 to 25 individuals/m? for Palaemon elegans
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and from 9 to 17 individuals/m? for Palaemon adspersus
in the Shamkir reservoir. In Mingachevir reservoir, the
densities of these species ranged from 8 to 18 individ-
uals/m? for Palaemon elegans and 6 to 14 individuals/
m? for Palaemon adspersus. For freshwater crayfish in
the Shamkir reservoir, population densities of Astacus
leptodactylus ranged from 5 to 12 individuals/m? and
Pontastacus eichwaldi from 3 to 7 individuals/m2 In
Mingachevir reservoir, the density of Astacus leptodac-
tylus ranged from 3 to 9 individuals/m? and Pontasta-
cus eichwaldi from 2 to 5 individuals/m2. In polluted
areas near sewage and recreational sources, shrimp
abundance decreased to 11-17 individuals/m? and
crayfish abundance to 2-5 individuals/m? represent-
ing a 32-60% reduction in density compared to con-
trol sites. The age structure of the populations showed
significant changes: the proportion of juveniles in
control conditions ranged from 25% to 42%, while in
polluted areas it decreased to 15-20%. The mortality
rate of juveniles in polluted areas reached 40-50%,
especially in Palaemon adspersus and Pontastacus eich-
waldi. A change in the sex composition was also re-
corded: the proportion of males was 55-78% in con-
taminated areas, while in clean areas it was 40-56%.
The spatial structure of the populations showed a ten-
dency towards habitat reduction and fragmentation,

especially in the coastal zones of the Mingachevir res-
ervoir, where maximum concentrations of organic pol-
lutants were detected. Noise pollution, household rub-
bish and poaching also had an impact. Thus, a direct
correlation between the level of anthropogenic impact
and demographic characteristics of populations was
established. The study confirmed that the decrease
in density, mortality of juveniles and disturbance of
the sex structure are reliable indicators of ecological
disadvantage of water bodies. The prospects for fur-
ther research on this topic include the development of
more detailed monitoring programmes aimed at stud-
ying the long-term effects of anthropogenic impact
on the ecosystems of Azerbaijan’s reservoirs, as well
as investigating the effectiveness of restorative meas-
ures to support the sustainability of non-fish seafood
populations in these conditions.
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BnnuvB aHTpPONoreHHUX YMHHUKIB Ha CTPYKTYpY nonynsuii HepM6HUX MOpenpoayKTiB
y BogocxoBuLUax Asep6anmKaHy
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AHoTauia. MeTolo gocnigxkeHHs 6yno BCTAHOBUTM BM/IMB @HTPOMOreHHUX YMHHWKIB HAa UYMCENbHICTb | CTPYKTYpY
nonynauin. Y craTri npenctaBneHo pe3ynbTaT KOMMAEKCHOTO eMMipUYHOro OOC/iOXKEHHS, CNpPsSMOBAHOMO Ha
OLiHKY BMJIMBY aHTPOMOrEHHMX YMHHMKIB Ha CTPYKTYpY Ta YMCENbHiCTb nonynsuin kpeseTok (Palaemon elegans,
Palaemon adspersus) i pidkoBux pakiB (Astacus leptodactylus, Pontastacus eichwaldi) B ymoBax Lamkipcbkoro Ta
MiHreuaypcbkoro Bogocxosuw, AsepbaimkaHy. Y nepion i3 yepsHs fo cepnHa 2024 poky 6yno nposefeHo
NObOBI OBCTEXEHHS HA AiNFHKAX i3 Pi3HUM cTyneHeM 3abpyaHeHHs. OuiHKa BKKOYana aHani3 WinbHOCTI 0COOMH,
BIKOBOr0 Ta CTaTeBOro CKamdy, YMCENbHOCTi MOMOAHSKA Ta WOro CMEPTHOCTI, @ TaKOX MPOCTOPOBOr0 PO3MNOAiny
nonynauii. Ons piukoBux pakiB cepefHs WinbHicTb Astacus leptodactylus konueanacs Big 12 0cobuH/M? (4nCTi
30HK LLlaMKipcbkoro BoAocxoBuLla) Ao 5 ocobuH/mM? (3abpyaHeHi 30HM MiHreuaypcbkoro). Y Pontastacus eichwaldi
uMcenbHicTb BapitoBana Bif 7 Ao 2 0cobuH/MZ YacTka MONOAHsAKA B CTPYKTYpi MONYASLIM Ha YMCTUX AinsiHKaxX
pocsirana 42 % (Palaemon elegans) i 40 % (Astacus leptodactylus), Tofi 9K Ha 3abpyAHEHUX LINSHKAX — 3HWXKYBaNacs
10 15-20 %. 3adikcoBaHo cMepTHiCTb MonoAHsKa Ao 40 % Ha fingHKax 3 opraHiyHMM 3abpyaHeHHaM. Ha ainsHkax
3 BMCOKMM piBHEM 3abpyaHeHb crnocTepiraBcs aucbanaHc ctateBoro cknamy: y Palaemon adspersus i Pontastacus
eichwaldivyacTka camuiB nepeBuLLyBana 55 %, Toai Sk Ha UMCTUX AiNsHKaxX NnepeBaxany caMku abo 3bepiranocs pisHe
cniBBigHOWEHHS. Hanbinblie 3HMKEHHS YMCeNbHOCTI BCiX BUAIB BiA3HAYeHO B MiHreuyaypCcbkoMy BOAOCXOBULLI — [0
60 % y Pontastacus eichwaldi, Lo CBig4YUTbL MPO BMCOKY YYTAMBICTb BUAY A0 KOMMNAEKCHOrO aHTPOMOreHHOro BnamByY.
Pe3ynbrati 3aCBigumnnu, Wo xiMiuHe 3abpyaHeHHS, pekpeaLiiHe HaBaHTaXKEHHS Ta 6PaKOHbEPCTBO € BU3HAYAIbHUMM
YMHHMKAMKU Aerpagauii nonynauid. BctaHOBAEHO MpsiIMy 3anexHiCTb MiXK piBHEM aHTPOMOreHHOro BMAMBY Ta
3HWXEHHSIM YMCEeNbHOCTI, NOPYLLUEHHAM BiKOBOI Ta CTaTEBOI CTPYKTYPU. 3aNpONOHOBAHO iHAMKATOPHI MOKA3HUKK AN4
MOHITOPUHIY CTaHy MpiCHOBOAHMX ekocucTeM. OTpMMaHi pe3ynbTaTv MOXYTb BMKOPWCTOBYBATUCS AJ1S pO3pOOKM
nporpamM MOHITOPMHTY Ta €KON0ro-pecTaBpaLiMH1X 3aX0A4iB Y BOAHUX ekocucTeMax AzepbaakaHy

KniouoBi cnoBa: 0HHI 6e3xpebeTHi; MOHITOPUHT CepefoBULLA; TEXHOTE€HHE HABAHTAXXEHHSI; MPICHOBOAHI eKOCUCTEMY;
bioiHaMKaLis
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properties,while these indicators stayed lower in the control plots with cereals.The study also recorded a significant
increase in the number of nitrogen-fixing (Bradyrhizobium, Azotobacter) and phosphorus-mobilising (Pseudomonas,
Bacillus) bacteria in the plots with leguminous crops, which indicated an increase in biological processes in the
soil.Yields of wheat and barley were dependent on the level of mineral nutrition, while leguminous crops provided
a stable level of productivity without additional nitrogen fertilisation. The findings confirmed the feasibility of
integrating leguminous crops into crop rotations to maintain soil fertility, improve microbiological balance, and
reduce dependence on mineral fertilisers. It was found that biological nitrogen fixation by peas, lentils, and beans
increases the level of available nitrogen in the soil, which positively influences the productivity of agroecosystems

compared to conventional cereals

Keywords: fertility; nitrogen fixation; organic recovery; environmental sustainability; microbiological activity

INTRODUCTION

The relevance of the present study was driven by the
growing need for sustainable development of the agri-
cultural sector and rational use of natural resources.The
intensification of agriculture is accompanied by gradual
soil depletion, decreasing humus levels, degradation of
agroecosystems, and increased dependence on mineral
fertilisers. Leguminous crops such as peas (Pisum sa-
tivum), lentils (Lens culinaris), and beans (Phaseolus vul-
garis) play an essential role in maintaining soil fertility
due to their ability to biologically fix nitrogen, improve
soil structure, increase water retention capacity, and
enhance microbiological processes. The cultivation of
these crops helps to reduce the use of mineral nitrogen
fertilisers, which reduces the environmental burden on
agroecosystems (Tereshchenko & Tarabrina, 2025).

The research problem is related to the need to de-
velop effective agricultural technologies that will re-
duce the negative impact of intensive farming on the
environment. Conventional farming methods cause ex-
cessive use of mineral fertilisers, which leads to soil
acidification, nutrient imbalances, and a decrease in bi-
odiversity. One solution to this problem is to integrate
leguminous crops into crop rotations, which will con-
tribute to the natural enrichment of soil with nitrogen,
improve its structural properties, and reduce the need
for synthetic fertilisers. The study of the impact of peas,
lentils, and beans on agroecosystems allows assessing
their contribution to maintaining ecological balance,
increasing the yield of subsequent crops,and improving
soil biological activity (Panfilova et al., 2023). According
to V.A. Mazur et al. (2021), modern cultivation technol-
ogies for leguminous crops contribute to an increase
in the level of humus and biological activity of the soil,
which improves its water-holding capacity and reduc-
es the risk of degradation. According to A. Movchani-
uk (2021),the integration of leguminous crops into crop
rotations can reduce the need for nitrogen fertilisers
by up to 40%, which reduces the financial burden on
agricultural producers. According to I.V. Tomashuk and
R.O. Horobchuk (2024), the use of leguminous crops in
crop rotations increases the yield of subsequent crops
by 15%-20%, which is explained by the improvement
of soil structure and its enrichment with nitrogen. As

proven by R.D. Semba et al. (2021), leguminous crops
contain 20%-28% protein and a significant amount of
micronutrients, making them a valuable element of
food security.

As confirmed by the findings of M.M. Rahman et
al. (2022), growing leguminous crops helps reduce
greenhouse gas emissions and improves the water
balance of agroecosystems, which is a crucial factor in
climate change adaptation. According to L. Ditzler et
al. (2021), leguminous crops help to increase the num-
ber of beneficial soil microorganisms and reduce ero-
sion by 15%-20%, which positive influences soil fer-
tility. According to H. Ferreira et al. (2021), lequminous
crops are a key element of sustainable agriculture, as
biological nitrogen fixation reduces the need for miner-
al fertilisers and reduces the environmental burden of
the agricultural sector. As K.R. Ramya et al. (2022) em-
phasised, pigeon pea (Lathyrus sativus) has a particular
potential, as it is characterised by high nutritional value
and resistance to drought conditions.

According to M.A. Uebersax et al. (2023), dry beans
(Phaseolus vulgaris L.) are an essential element of sus-
tainable agricultural production due to their high pro-
tein content and ability to improve soil characteristics.
As confirmed by the findings of E. Kebede (2021), bio-
logical nitrogen fixation by leguminous crops reduces
the need for fertilisers and improves soil quality. Ac-
cording to J. Jena et al. (2022), leguminous crops in-
crease biodiversity, water balance, and prevent the deg-
radation of arable land, making them a vital component
of sustainable agricultural technologies. According to
G. Cusworth et al. (2021a), the massive adoption of le-
guminous crops in Europe will help reduce the impact
of the agricultural sector on climate change and de-
velop sustainable food systems. The analysis of studies
confirmed that lequminous crops play an essential role
in maintaining soil fertility, improving environmental
sustainability and food security. The purpose of this
study was to assess the influence of growing peas, len-
tils, and beans on soil physicochemical properties, bio-
logical nitrogen fixation, soil microbiological composi-
tion, yields, and stability of agroecosystems in the arid
conditions of southern Ukraine. The principal objectives
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of the study were to determine the impact of peas, len-
tils, and beans on soil physicochemical properties and
microbiological composition, to assess the efficiency of
biological nitrogen fixation and its contribution to soil
fertility, and to analyse the yield of these crops in com-
parison with wheat and barley.

MATERIALS AND METHODS

The study was conducted in April-October 2024 at the
National Research and Production Centre of Mykolaiv
National Agrarian University in Mykolaiv region, south-
ern Ukraine. The experimental plots were located in
the steppe zone on ordinary black soil with a total area
of 2 ha. The climatic conditions of the study area were
characterised by high average annual temperatures,
precipitation deficit, and frequent dry periods, which
allowed assessing the resistance of leguminous crops
to stress factors and their influence on the stability of
agroecosystems. The object of the study was legumi-
nous crops, namely peas (Pisum sativum), lentils (Lens
culinaris), and beans (Phaseolus vulgaris), which were
grown from May to August, as well as control crops -
wheat (Triticum aestivum) and barley (Hordeum vulgare),
which were sown in April. The key aspects of the study
included soil physicochemical parameters, the impact
of biological nitrogen fixation, changes in soil microbi-
ological composition, yield, and agronomic characteris-
tics of leguminous and cereal crops, and the impact of
leguminous crops on agroecosystem stability.

The study was conducted on two plots: a control
plot and an experimental plot. The control plot was
sown with wheat and barley grown in a convention-
al way without biostimulants. The experimental plot
included peas, lentils, and beans, which were actively
biologically fixed with nitrogen. To increase productiv-
ity, mineral fertilisers were applied to the control plot:
ammonium nitrate (N,,) at a dose of 90 kg/ha and su-
perphosphate (P,O,,,) at a dose of 60 kg/ha. No min-
eral fertilisers were applied on the experimental plot,
which allowed assessing the effectiveness of biolog-
ical nitrogen fixation and improvement of soil char-
acteristics under the influence of leguminous crops.
The physicochemical parameters of the soil were an-
alysed according to the following parameters: acidity
(pH), humus content, macro- and microelements, soil
density, moisture, capillary porosity, water permeabili-
ty, and nitrate and ammonium nitrogen content. Acid-
ity was measured using a Hanna HI 98130 pH meter.
The humus content was estimated by the Turin method,
while macro- and microelements were determined by
spectrophotometric method (Shimadzu UV-1800). The
content of total nitrogen was estimated by the Kjeldahl
method, while nitrate and ammonium nitrogen - by
ion-selective electrodes (Bremner, 1960). Soil density
was determined by the ring sample method, moisture
content - by the gravimetric drying method, capillary
porosity — by the laboratory permeability method, and
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soil erosion resistance — by the Savvinov method (DSTU
No.4138-2002, 2002).

The effect of biological nitrogen fixation was de-
termined by analysing the activity of nodule bacteria
(Rhizobium leguminosarum), the number of which was
estimated by the method of serial dilutions. The level
of accumulation of available nitrogen in the soil was
studied, specifically, the content of mineral, organic,
and available nitrogen in the soil solution. The deter-
mination was carried out using the spectrophotometric
method and the Kjeldahl method. The study also ana-
lysed the activity of nitrogenase, which is a key indi-
cator of the efficiency of biological nitrogen fixation,
using the acetylene reduction method. The ammonium
nitrogen content was determined by the colorimetric
method, and the nitrate nitrogen content was deter-
mined by ion-selective electrodes. The nitrogen bal-
ance in the plant-soil system was also assessed by de-
termining the nitrogen utilisation factor. Changes in the
microbiological composition of the soil were assessed
according to the number of nitrogen-fixing bacteria
(Bradyrhizobium, Azotobacter), phosphorus-mobilising
bacteria (Pseudomonas, Bacillus), and the total number
of soil microorganisms. The analysis was performed us-
ing the colony forming units (CFU/g soil) method. The
detection of changes in the microbiological composi-
tion helped to assess the impact of leguminous crops
on the activation of beneficial microflora and the im-
provement of soil biological activity.

Yields and agronomic characteristics of leguminous
and cereal crops were assessed by measuring average
yield (t/ha), thousand-kernel-weight, protein content in
grain, starch content, germination energy and field ger-
mination, plant height, leaf area, number of productive
stems, and plant biomass. The yield was determined
by direct weighing of the grain after harvest. Protein
content was analysed by the Kjeldahl method. Starch
content was determined by the polarimetric method.
The thousand-kernel-weight was measured on a RAD-
WAG AS 220.R2 analytical balance. Field germination
was evaluated according to the standard methods of
DSTU No.4138-2002 (2002). Morphological parameters
of plants, such as height, leaf area, and number of pro-
ductive stems, were determined using a Mitutoyo IP54
calliper and an electronic leaf area meter. The biomass
was determined by weighing the dry matter after drying
in a thermostat at 105°C. Drought tolerance was as-
sessed on a 10-point scale, where 1 point correspond-
ed to very low tolerance and 10 points - to complete
tolerance to drought conditions. The evaluation was
carried out by determining the relative water loss in
the leaves, as well as by visual criteria - the degree of
wilting and inhibition of plant growth during drought.
Disease resistance was also determined on a 10-point
scale, where 1 point indicated complete instability of
the crop,and 10 points - high resistance to major path-
ogens. Disease diagnostics was carried out by visual




monitoring of plants and identification of lesions ac-
cording to the method of phytopathological analysis.

The impact of pulses on the stability of the agro-
ecosystem was assessed by analysing soil erosion
resistance, capillary porosity, biological activity, and
the overall balance of organic matter. Erosion resist-
ance was determined by the level of water resist-
ance of soil aggregates using the Savvinov method
(DSTU No.4744:2007,2007), and capillary porosity was
determined by the laboratory permeability method
(Richards, 1954). The biological activity of the soil was
assessed by the level of respiratory activity of microor-
ganisms using the Bazir method, and the total balance
of organic matter was determined by the content of
humus and total nitrogen (Anderson & Domsch, 1978).
Statistical processing of the data was performed using
Statistica 12 software (StatSoft, Inc.). To determine the
reliability of the differences between the control and
experimental parameters, the methods of analysis of
variance (ANOVA) and Student’s t-test (p < 0.05) were
used. The statistical analysis helped to assess the ef-
ficiency of biological nitrogen fixation by leguminous
crops, their influence on changes in physical, chemical,
and microbiological parameters of the soil, as well as
the significance of these changes for the stability of the
agroecosystem and improvement of crop yields. The au-
thors adhered to the standards of the Convention on
Biological Diversity (1992).

RESULTS

Physical and chemical characteristics of the soil. The
soil pH analysis showed that in the control plots (wheat,
barley) the acidity stayed within 5.5-6 pH, while in the
experimental plots sown with peas (Pisum sativum),
lentils (Lens culinaris), and beans (Phaseolus vulgaris), it
increased to pH 6.2-6.8. This indicated a decrease in
soil acidity during the cultivation of lequminous crops.
The key factor that influenced this indicator was the bi-
ological fixation of nitrogen by nodule bacteria, which
reduced the need for mineral fertilisers that cause acid-
ification. The humus content in the experimental plots
with peas, lentils, and beans increased by 0.4%-0.6%,
while in the control plots it stayed stable (2.4%-2.8%).
This increase was explained by the high biomass of le-
guminous crop root residues, which contributed to the
accumulation of organic matter and its transformation
into stable humus compounds. The assessment of the
soil structure showed that the share of agronomically
valuable aggregates (0.25-10 mm) in the control plots
was 65%-70%, while in the experimental plots with
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peas, lentils, and beans this figure increased to 77%-
83%. This indicated an improvement in the aggregate
structure of the soil, which contributed to a reduction
in soil compaction, improved water permeability, and
increased erosion resistance.

The study of soil water permeability showed that in
the control plots this indicator fluctuated between 10-
15 mm/h, while in the experimental plots it increased
to 13-20 mm/h (an increase of 25%-30%). This indicates
a decrease in surface water runoff, which is a significant
factor for preserving soil moisture and preventing ero-
sion processes. Soil density indicators confirmed that
the cultivation of peas, lentils, and beans contributed
to a reduction in soil compaction. In the control plots,
the soil density was 1.3-1.45 g/cm3, while in the ex-
perimental plots it was 1.1-1.3 g/cm?®. This meant that
leguminous crops improved soil aeration and water
permeability, which is critical for the development of
the plant root system. The analysis of nitrogen content
showed that in the control plots its concentration was
0.12%-0.16%, while in the experimental plots sown
with peas, lentils, and beans it was 0.18%-0.22%, which
meant an increase of 30%-40%. This proved the effec-
tiveness of symbiotic nitrogen fixation, which accumu-
lated available nitrogen in the soil, reducing the need
for nitrogen fertilisers.

The phosphorus content in the control plots was
18-25 mg/kg, while in the plots with peas, lentils, and
beans it was 24-32 mg/kg, an increase of 20%-28%.
The potassium content increased by 10%-20% (180-
220 mg/kg in the control plots versus 220-260 mg/kg
in the experimental plots). The increased concentra-
tion of phosphorus and potassium in the experimental
samples indicated the activation of microbiological
processes that contributed to the mobilisation of these
elements from soil reserves and improved their availa-
bility to plants. The study of the organic carbon content
showed that its concentration in the control plots was
1.8%-2.2%, while in the plots with peas, lentils, and
beans it increased to 2.4%-2.8% (an increase of 30%-
35%). This indicated an improved accumulation of or-
ganic matter and higher biological activity of the soil,
which contributed to the stabilisation of its fertility.
The assessment of soil capillary porosity showed that
its level in the control plots was 42%-48%, while in the
plots with peas, lentils, and beans this figure reached
50%-57% (an increase of 8%-12%). This meant that
the experimental plots retained moisture better, which
positively influenced the water balance and ensured
stable conditions for plant growth (Table 1).

Table 1. Physical and chemical characteristics of the soil

Indicator Control Leguminous crops Change (%) Months
(grain crops, 2024) (experimental plots, 2024) ge (. of research
soil pH (hydrogen index, characterises 5.5-6 6.2-6.8 +0.5-0.8 May-August

the acidity or alkalinity of the soil) (wheat, barley)

(peas, lentils, beans)
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Table 1. Continued

. Control Leguminous crops o Months
Indicator rain crops, 2024 experimental plots, 2024 Change (%) of research
9
24-28 2.8-3.4
O, - -
Humus content (%) (wheat, barley) (peas, lentils, beans) +0.4-0.6 May-August
. 65-70 77-83
0, - -
Agronomically valuable aggregates (%) (wheat, barley) (peas, lentils, beans) +12-18 May-August
. 10-15 13-20
Water permeability (mm/h) (wheat, barley) (peas, lentils, beans) +25-30 May-August
. . 1.3-1.45 1.1-13
Soil density (g/cm3) (wheat, barley) (peas, lentils, beans) -0.1-0.2 May-August
0.12-0.16 0.18-0.22
. o ) )
Nitrogen content (%) (wheat, barley) (peas, lentils, beans) +30-40 May-August
18-25 24-32
Phosphorus content (mg/kg) (wheat, barley) (peas, lentils, beans) +20-28 May-August
. 180-220 220-260
Potassium content (mg/kg) (wheat, barley) (peas, lentils, beans) +10-20 May-August
. 1.8-2.2 24-2.8
o, - -
Total organic carbon content (%) (wheat, barley) (peas, lentils, beans) +30-35 May-August
Capillary soil porosity (%) 42-48 >0-57 +8-12 May-August

(wheat, barley)

(peas, lentils, beans)

Source: developed by the authors of this study

Thus, the results of the 2024 study confirmed that
peas (Pisum sativum), lentils (Lens culinaris), and beans
(Phaseolus vulgaris) helped to reduce soil acidity, increase
humus content, improve its structural stability, increase
the concentration of macronutrients (nitrogen, phos-
phorus, potassium), and improve water holding capacity.

Impact of biological nitrogen fixation. The content
of available nitrogen in the soil in the experimental
plots was 30%-40% higher than in the control samples,
which confirmed the effectiveness of symbiotic nitrogen
fixation. In the control plots, its level was 0.12%-0.16%,
while in the experimental plots it was 0.18%-0.22%.
The high efficiency of biological nitrogen fixation was
conditioned by the vigorous activity of nodule bacteria
of the genus Rhizobium, which formed symbiotic rela-
tionships with leguminous crops, providing them with
nitrogen without mineral fertilisers. Assessment of root
system morphology showed a significant difference in
the number of nodules between control and experi-
mental plants. In wheat and barley, this figure did not
exceed 5-10 nodules per plant, indicating low nitrogen
fixation activity. At the same time, 60-100 nodules per
plant were formed on the roots of peas, lentils, and
beans, which confirmed their high ability to fix atmos-
pheric nitrogen.An increase in the number of nodules by
900-1,100% compared to the control samples indicated
the effectiveness of using lequminous crops to improve
the nitrogen balance of the soil. The weight of nodules
on the control crops was only 0.1-0.3 g/plant, suggest-
ing their low activity in nitrogen fixation processes.
However, in the experimental plots, the nodule weight
varied between 1.2-2.5 g/plant, which meant an in-
crease of 400-700%. This emphasised the value of peas,
lentils, and beans as effective nitrogen fixers that can
substantially increase the level of nitrogen in the soil.
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Thanks to biological nitrogen fixation, the need for
nitrogen fertilisers was reduced by up to 40%. This not
only reduces the financial cost of nitrogen fertilisation,
but also helps to reduce the environmental burden,
as excess mineral nitrogen can cause water pollution.
Increased nitrogen levels directly affected the yield of
subsequent crops in the rotation. Control plots with
wheat or barley as a predecessor yielded 4.5-5 t/ha of
wheat and 3.8-4.2 t/ha of barley. At the same time, in
the experimental plots, wheat yields increased to 5.2-
6 t/ha and barley yields to 4.2-5 t/ha, which indicated
a 15%-20% increase in productivity. Another signifi-
cant consequence of effective nitrogen fixation was a
reduction in nitrogen leaching into groundwater. On
the control plots, the leaching level was 2.5-3 mg/L,
which is an indicator of extensive nitrogen losses due
to leaching. In the experimental plots, where nitrogen
fixation occurred naturally, this figure dropped to 1.2-
1.5 mg/L (a 40%-50% reduction). This means that nitro-
gen fixed in a biological form is better retained in the
soil and continues to be available to plants for a long
time. The number of beneficial microflorae, including
nitrogen-fixing bacteria and microorganisms involved
in the transformation of organic nitrogen, also in-
creased pronouncedly. In the control plots, the number
of soil microorganisms was 1.8x10° CFU/g soil, while in
the experimental plots it was 3.5x10° CFU/g soil, which
indicated an increase in microbiological activity by 90-
100%. This contributed to more intensive decomposi-
tion of organic matter and increased overall soil fertility.

The increase in nitrogen levels also positively influ-
enced humus content. In the control plots, the humus
content stayed at 0.2%-0.3%, while in the experimental
plots it increased to 0.4%-0.6% (an increase of 100-
200%). This indicated an improvement in the structure




of organic matter in the soil and an increase in its sta-
bility, which contributed to the long-term preservation
of fertility. The physical characteristics of the soil also
changed as a result of biological nitrogen fixation. The
cultivation of leguminous crops contributed to a de-
crease in soil density from 1.3-1.45 g/cm?® in the control
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plots to 1.1-1.3 g/cm? in the experimental plots, which
indicated a 10-12% reduction in compaction. This im-
proved water permeability and air permeability, which
contributed to the development of the root system of
plants and increased the efficiency of nutrient absorp-
tion (Table 2).

Table 2. Impact of biological nitrogen fixation

Indicator (whg.f::tl;"a):ley) (peaf,lefll;liE?S:ans) Change (%)
Available nitrogen in the soil (%) 0.12-0.16 0.18-0.22 +30-40
Number of nodules on the roots (pcs./plant) 5-10 60-100 +900-1,100
Total nodule weight (g/plant) 0.1-0.3 1.2-25 +400-700
Reduced demand for nitrogen fertilisers (%) 0 Up to 40 Reduced costs
Post-crop wheat yield (t/ha) 4.5-5 5.2-6 +15-20
Post-crop barley yield (t/ha) 3.8-4.2 4.2-5 +12-18
Nitrogen leaching into groundwater (mg/l) 2.5-3 1.2-15 -40-50
Number of soil microorganisms (CFU/g soil) 1.8x10° 3.5x10°¢ +90-100
Increase in humus level (%) 0.2-0.3 0.4-0.6 +100-200
Reduced soil compaction (g/cm?) 1.3-1.45 1.1-13 -10-12

Source: developed by the authors of this study

The obtained results confirmed the high efficien-
cy of biological nitrogen fixation with peas, lentils, and
beans. Not only does it increase the level of available
nitrogen in the soil, but it also improves its microbio-
logical properties, reduces the need for mineral fertil-
isers, and contributes to the environmental sustaina-
bility of agricultural systems. The use of these crops in
crop rotation is an effective measure to preserve and
improve soil fertility, optimise agricultural technolo-
gies, and increase yields of subsequent crops.

Changes in the microbiological composition of the
soil. On the control plots, the number of nitrogen-fix-
ing bacteria (Rhizobium leguminosarum, Bradyrhizobium
japonicum, Sinorhizobium meliloti) was 2.1x10° CFU/g
soil, which indicated a low natural activity of symbi-
otic processes. In the experimental plots, the number
of these bacteria reached 4.8x10° CFU/g soil, which
meant a 128% increase. Such a pronounced difference
was explained by the fact that the root system of peas,
lentils, and beans actively attracted nodule bacteria,
which entered into symbiosis with plants and contrib-
uted to the biological fixation of atmospheric nitrogen.
The number of phosphate-mobilising bacteria (Pseu-
domonas fluorescens, Bacillus megaterium, Penicillium
bilaii) involved in the conversion of insoluble forms of
phosphorus into those available to plants in the control
plots was 1.5x10% CFU/g soil. In the experimental plots,
this figure reached 3.2x10° CFU/g soil, which was an
increase of 113%. This indicated that lequminous crops
contributed to the activation of microorganisms ca-
pable of decomposing organophosphorus compounds
and increasing the availability of phosphorus to plants,
which is a vital factor for increasing yields.

The number of actinomycetes (Streptomyces spp.,
Micromonospora spp.), which play a major role in the
decomposition of organic matter and the synthesis of
biologically active compounds, was 0.8x10° CFU/g soil
in the control plots. In the experimental plots, this fig-
ure doubled and reached 1.6x10° CFU/g soil, which
confirmed a considerable improvement in the decom-
position of organic matter. The high number of actin-
omycetes indicated the active formation of stable hu-
mus compounds in the soil. The study of the dynamics
of fungi-reducers (Trichoderma spp., Aspergillus spp.,
Fusarium oxysporum) involved in the decomposition
of complex organic matter and transformation of nu-
trients showed that in the control plots their number
was 0.6x10° CFU/g soil. In the experimental plots, this
figure increased to 1.2x10° CFU/g soil, indicating a dou-
bling of the fungal biota activity. The total number of
microorganisms in the soil also changed substantially.
In the control plots, it was 4.5x10% CFU/g soil, while
in the experimental plots it was 9.8x10° CFU/g soil,
which was a 118% increase. This indicator confirmed
that plant residues of peas, lentils, and beans stimulat-
ed the activation of microorganisms responsible for the
decomposition of organic matter, which directly affect-
ed the increase in soil fertility (Fig. 1).

The results showed that the cultivation of peas,
lentils, and beans contributed to the stabilisation of
the soil microbial composition, an increase in the num-
ber of nitrogen-fixing and phosphate-solubilising bac-
teria,and an increase in overall biological activity. This
ensured better availability of nutrients for plants and
contributed to greater yields of subsequent crops in
the rotation.
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g Total number of microorganisms (CFU/g) 4.500,000 9,800,000
c
) Reducer fungi (CFU 600,000
s 91 (CFU/9) ™1 200,000
S . 800,000
= Actinomycetes (CFU/9) pummn’
E Y ( 9 1,600,000 Control (wheat, barley)
> Phosphate-solubilising bacteria (CFU/ 1,500,000 B CFU/g Experiment
g phate-solubilising bacteria ( o)) 3,200,000 g
@ (peas, lentils, beans) CFU/g
S Nitrogen-fixing bacteria (CFU/g) 2.100.000 4,800,000
0 2,000,000 4,000,000 6,000,000 8,000,000 10,000,000 12,000,000

Number (CFU/g soil)

Figure 1. Changes in the microbiological composition of the soil

Source: developed by the authors of this study

Yields and agronomic characteristics of legumi-
nous and grain crops. Average yields of grain crops
were greater compared to leguminous crops. Wheat
demonstrated the greatest yields (4-5.5 t/ha), while
barley had yields within 3.5-4.8 t/ha. This was ex-
plained by the greater adaptability of cereals to differ-
ent climatic conditions and their intensive selection.
Among the leguminous crops, peas showed the great-
est yields (2.8-3.5 t/ha), while lentils had the lowest
yields (1.8-2.5 t/ha), which was explained by their sen-
sitivity to moisture deficit and slow development in
the early stages of the growing season. Plant height
varied considerably between the crops under study.
Wheat had the greatest height (80-110 cm), which
contributed to its high competitiveness in closed crops.
Barley had a height of 70-100 cm, which made it less
vulnerable to lodging. Peas and beans were 60-85 cm
and 50-70 cm tall, respectively, which allowed them to
produce stable yields even under unfavourable condi-
tions. Lentils were the shortest crop (40-55 cm), which
limited their ability to compete effectively for light.
The thousand-kernel-weight (TKW) was the highest
for beans (250-350 g), which indicated the high energy
value of its seeds. Peas had average TKW values (200-
250 g), while lentils had the lowest TKW (30-45 g),
making them a less energy-intensive crop. By compar-
ison, wheat and barley had TKW values of 40-55 g and
45-60 g, respectively, which reflected their compact
seed structure, which contributed to uniform matura-
tion and reduced losses during harvesting.

The protein content of leguminous crops was
significantly higher than that of grain crops. Lentils

contained 24%-28% protein, making them a valuable
crop for the production of vegetable protein concen-
trates. Peas had 22%-25% protein, while beans had
20%-23%, which also indicated their high nutritional
value. In comparison, wheat and barley had 10%-14%
and 9%-13% protein, respectively, confirming their
primary function as a source of carbohydrates in the
food industry. The vegetation period was the longest
for wheat (210-230 days) and barley (180-200 days),
which indicated that they needed a long development
period to form a stable harvest. Among pulses, peas
had the shortest growing season (85-100 days), mak-
ing them the best crop for short-term crop rotations.
Lentils had a vegetation period of 90-110 days, while
beans had a vegetation period of 95-120 days, making
them less adaptable to the conditions of a short vege-
tation period. Drought tolerance was highest in beans
(9 points out of 10), which confirmed their ability to
effectively use soil moisture. Peas had a strong level
of resistance (8 points), while lentils showed 7 points,
indicating their greater sensitivity to moisture deficit.
Wheat and barley had scores of 6 and 7, respectively,
indicating their relative resistance to drought, but less-
er adaptability compared to leguminous crops. Disease
resistance varied between crops. Lentils demonstrated
the highest resistance (8 points), which confirmed their
lower vulnerability to fungal and bacterial infections.
Peas and wheat had analogous scores (7 points), mak-
ing them relatively resistant crops. Beans and barley
demonstrated the lowest level of resistance (6 points),
which was explained by their tendency to develop bac-
terial and fungal diseases (Table 3).

Table 3. Yields and agronomic characteristics of leguminous and grain crops

Parameter Peas Lentils Beans (Pha-seolus - Wheat ) Barley
(Pisum sativum) (Lens culinaris) vulgaris) (Triticum aestivum) (Hordeum vulgare)
Average yield (t/ha) 2.8-3.5 1.8-2.5 2.2-3 4-5.5 3.5-4.8
Plant height (cm) 60-85 40-55 50-70 80-110 70-100
Thousand-kernel 200-250 30-45 250-350 40-55 45-60
weight (g)
Protein in seeds (%) 22-25 24-28 20-23 10-14 9-13
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Table 3. Continued

Parameter Peas Lentils Beans (Phaseolus Wheat Barley
(Pisum sativum) (Lens culinaris) vulgaris) (Triticum aestivum) (Hordeum vulgare)
Vegetation period 85-100 90-100 95-120 210-230 180-200
(days)
Resistance to drought
(points, 1-10) 8 7 9 6 7
Disease resistance 7 8 6 7 6

(points, 1-10)

Source: developed by the authors of this study

The results showed that leguminous crops are val-
uable elements of agricultural systems, as they not only
provide high-quality protein products, but also contrib-
ute to soil fertility and crop stability in crop rotation.
Compared to grain crops, they have lower yields but
higher biological value due to their high protein con-
tent and ability to fix atmospheric nitrogen.

Impact of leguminous crops on agroecosystem sta-
bility. Improvement of soil structure accounted for 25%
of the total impact, which confirmed the effectiveness
of leguminous crops in improving the mechanical com-
position of the soil. This was explained by the high bio-
mass of the root systems and an increase in the number
of stable soil aggregates. Compared to the control plots,
the content of agronomically valuable aggregates in the
soil increased by 12%-18%, which reduced its tendency
to compaction and improved water permeability. A 15%
reduction in erosion was another prominent result of
the use of leguminous crops. Improved soil structure
and increased organic matter content contributed to a
reduction in water and wind erosion. Better retention of
moisture and organic material in the topsoil markedly
reduced the risk of soil degradation. Moisture retention
accounted for 20% of the overall impact of leguminous
crops on the agroecosystem. The high porosity of the
soil and the increased water-holding capacity contrib-
uted to reduced evaporation and better moisture ac-
cumulation in the topsoil. As a result, the capillary po-
rosity in the experimental plots increased by 8%-12%
compared to the control plots.

The increase in organic matter accounted for 18%
of the total impact. The humus content in the experi-
mental plots increased by 0.4%-0.6%, which confirmed
the effectiveness of leguminous crops in improving the
organic balance of the soil. The introduction of a sig-
nificant amount of root and plant residues contributed
to the improvement of humification processes, which
positively influenced the biological activity and pro-
ductivity of agroecosystems. The 12% increase in bi-
odiversity was caused by improved conditions for the
development of microbiota, beneficial insects, and soil
fauna. The study of the number of microorganisms in
the soil confirmed that their total number in the exper-
imental plots increased by 118% compared to the con-
trol samples. Specifically, the number of nitrogen-fix-
ing bacteria (Rhizobium leguminosarum, Bradyrhizobium

japonicum) and phosphate-solubilising bacteria (Pseu-
domonas fluorescens, Bacillus megaterium) increased
by 128% and 113%, respectively. Reduced fertiliser
requirements accounted for 10% of the total impact.
Thanks to the active biological nitrogen fixation, the
need for mineral nitrogen fertilisers was reduced by up
to 40%, which contributed to environmental safety and
reduced financial costs for agricultural production. The
improved absorption of phosphorus and potassium by
microorganisms also reduced the need for phosphorus
and potassium fertilisers (Fig. 2).

W Soil structure improvement
Erosion reduction
Moisture retention

m Organic matter increase

M Biodiversity increase

M Reduced need for fertilisers

Figure 2. Impact of lequminous crops
on agroecosystem stability
Source: developed by the authors of this study

The obtained results confirmed that the cultivation
of leguminous crops contributed to increasing the sus-
tainability of agroecosystems, reducing the negative
impact of agricultural production on the environment
and optimising biological processes in the soil. This
demonstrated the valuable role of peas, lentils, and
beans in maintaining ecological balance and increasing
agricultural efficiency.

DISCUSSION

The results of the study confirmed the positive influ-
ence of leguminous crops on the agroecosystem. Com-
pared to the control plots sown with wheat and barley,
the experimental pea, lentil, and bean crops contribut-
ed to an increase in soil nitrogen content, which was
explained by active biological nitrogen fixation by nod-
ule bacteria. There was an improvement in the phys-
ical and chemical properties of the soil, including an
increase in humus content and capillary porosity, which
contributed to the improvement of water retention ca-
pacity. Microbiological analysis revealed an increase in
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the number of nitrogen-fixing and phosphorus-solubi-
lising bacteria, which indicated the activation of ben-
eficial microflora under the influence of leguminous
crops. The yields of lequminous crops were stable, and
their impact on the agroecosystem was manifested in
the reduction of erosion processes and improvement
of soil biological activity. These findings confirmed the
effectiveness of growing leguminous crops to improve
soil fertility and agroecosystem sustainability.

M.V. Conti et al. (2021) and U. Sahoo et al. (2023)
confirmed that leguminous crops contributed to the
improvement of the physical and chemical properties
of the soil through the accumulation of organic com-
pounds and increased activity of soil microflora. Biolog-
ical nitrogen fixation by leguminous crops was shown
to reduce the use of mineral fertilisers, which positively
influenced soil structure and fertility. Another signifi-
cant factor is the improvement of the soil’'s water-hold-
ing capacity, which is crucial in arid regions (Lapos-
ha et al., 2020; Zymaroieva et al., 2021). The findings
obtained are consistent with the present study, which
observed an increase in humus content and activation
of nitrogen fixation processes. However, unlike these
studies, the present study assessed the direct influence
of individual leguminous crops without intercropping,
which allowed for more accurate data on soil changes.
G. Cusworth et al. (2021b) and A. Raihan et al. (2024)
confirmed that the inclusion of leguminous crops in
crop rotation improves the sustainability of the agro-
ecosystem by increasing the microbiological activity
of the soil and reducing dependence on chemical fer-
tilisers. These studies showed that leguminous crops
increase the number of nitrogen-fixing and phospho-
rus-solubilising bacteria, which improves plant nutrient
uptake. These findings were confirmed by the present
study, which also recorded an increase in the activity of
microbial groups in the soil in experimental plots with
peas, lentils, and beans. However, unlike the cited stud-
ies, the present study analysed not only the impact of
leguminous crops on microbiological parameters, but
also the relationship between these changes and crop
productivity, which allows for a comprehensive assess-
ment of their agroecological effect.

According to S. Kuyah et al. (2021) and M. Ahmed et
al. (2022), the use of leguminous crops in agriculture
contributed to the improvement of soil quality by in-
creasing the level of organic matter and improving its
physical and chemical properties. Leguminous crops
were shown to markedly reduce the dependence on
mineral fertilisers due to their high nitrogen fixing ca-
pacity, which contributed to improved soil quality. Fur-
thermore, the study confirmed that in the context of
climate change, the use of leguminous crops in crop ro-
tations reduced the risk of soil degradation and helped
to maintain soil fertility in the long term. The present
study was consistent with these findings, as it was
found that the cultivation of peas, lentils, and beans
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positively influenced humus levels, soil capillary poros-
ity, and biological activity. However, unlike the study by
M. Ahmed et al., the present study focused on concrete
regional characteristics, which enabled more applied
conclusions on the effectiveness of leguminous crops in
southern Ukraine.As shown by K. Singh et al. (2021) and
K.Jones et al. (2023), the active interaction of legumi-
nous crops with symbiotic bacteria helped to improve
the nitrogen balance of the soil and ensured more ef-
ficient absorption of macro- and microelements. It was
found that an increase in the number of nitrogen-fixing
bacteria of the genus Rhizobium and phosphorus-sol-
ubilising microorganisms contributed not only to the
improvement of the physical and chemical properties
of the soil, but also to an increase in the yield of lequ-
minous crops. This study also recorded an analogous
trend - the number of beneficial microorganisms in-
creased in the experimental plots with peas, lentils and
beans, which positively impacted the agroecosystem.
However, unlike these studies, the present study con-
sidered not only the overall impact of microorganisms,
but also the concrete effects of certain types of legumi-
nous crops on the microbiological composition of the
soil, which helped to obtain practical recommendations
for their use in regions with an arid climate.

According to the findings of S. Kumar et al. (2022)
and A. Nord et al. (2022), the cultivation of leguminous
crops greatly affected food security and nutrition, while
also contributing to improved soil fertility through
biological nitrogen fixation. Leguminous crops were
found to improve diets through their high protein, vita-
min, and micronutrient content, and to positively influ-
ence soil fertility through biological nitrogen fixation.
However, in some regions, insufficient adoption of ag-
ricultural technologies and low adaptation to specific
climatic conditions continued to be limiting factors (Ki-
urchev et al.,2020; Didur et al., 2023). The present study
confirmed the positive impact of leguminous crops on
improving soil characteristics and yields but focused
on assessing the effectiveness of distinct types of le-
guminous crops in a regional perspective. This allowed
drawing conclusions on their adaptation to the arid
conditions of southern Ukraine and identifying the most
effective crops for restoring soil fertility. As emphasised
by B. Balazs et al. (2021) and K.Y. Belachew et al. (2022),
the use of leguminous crops in agricultural systems
contributed to increasing the productivity of agri-food
complexes and reducing the yield gap between differ-
ent regions. It was found that the integration of legumi-
nous crops into modern agricultural technologies could
substantially increase production efficiency by improv-
ing soil structure and reducing dependence on mineral
fertilisers. The study also confirmed that different legu-
minous crops showed uneven yields depending on local
climatic and agronomic conditions. The present study
also found pronounced differences between pea, lentil,
and bean yields depending on soil type and moisture




levels. However, unlike the above studies, the present
study assessed not only the yield potential of crops, but
also their impact on the stability of the agroecosystem,
which enabled a comprehensive assessment of their
environmental performance.

According to S.K. Upa- dhyay et al. (2023) and
K. Dave et al. (2024), climate change considerably af-
fected the growth and productivity of leguminous
crops, which required the use of adaptive technolo-
gies to maintain their yields. It was proved that rising
temperatures and changes in precipitation patterns
considerably affected the growth and productivity of
leguminous crops, which required adaptive approaches
to their cultivation. The use of rhizobacteria, which can
stimulate plant growth, proved to be an effective way
to maintain the productivity of leguminous crops un-
der climate change (Kyselov, 2024). The present study
confirmed that leguminous crops helped improve the
microbiological composition of the soil by activating
nitrogen-fixing and phosphorus-solubilising bacteria,
which positively influenced soil fertility. However, in
contrast to these studies, the present study focused on
the direct impact of various leguminous crops on soil
indicators and their potential for use in arid regions.
According to M.F. Desire et al. (2021) and S. Kumari
and S.K. Maiti (2022), cultivation of leguminous crops
played a valuable role in improving soil fertility and
ensuring food security. The researchers found that bi-
ological nitrogen fixation not only contributed to soil
enrichment with nutrients but also provided the pos-
sibility of reclaiming degraded land. Additionally, these
studies proved that leguminous crops can be an effec-
tive source of micronutrients and protein, which made
them promising for food fortification in nutrient-poor
regions. The results obtained in the present study gen-
erally supported these findings, as they also revealed
positive effects of leguminous crops on humus content
and soil structure. At the same time, unlike S. Kumari et
al. and M.F. Desire et al., the present study focused on
determining the concrete influence of each leguminous
crop on individual soil parameters, which helped to ob-
tain a more detailed picture of their effectiveness in the
conditions of southern Ukraine.

As confirmed by K. Kumara et al. (2023) and J.R. Lam-
ichhane et al. (2023), the introduction of leguminous
crops into crop rotations contributed to a marked in-
crease in the carbon balance of agroecosystems and
improved the overall environmental sustainability of
agricultural land. The use of leguminous crops in farm-
ing systems was shown to increase the organic carbon
content of the soil, which reduced degradation and
improved its water-retaining properties. Furthermore,
studies showed that the use of relay-cropping methods
with leguminous crops improved the use of soil resourc-
es and increased the efficiency of agroecosystems. The
findings of the present study were consistent with these
conclusions, as it was confirmed that the physical and
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chemical characteristics of the soil improved, the lev-
el of microbiological activity increased, and yields in-
creased. However, unlike these studies, the present study
analysed distinct types of leguminous crops in greater
detail, which allowed assessing their adaptive efficiency
in the face of climate change and draw practical conclu-
sions regarding their use to restore soil fertility in arid
regions. The findings confirmed the general conclusions
of previous studies on the positive impact of legumi-
nous crops on soil fertility, yields, and the stability of
agroecosystems, specifically through biological nitrogen
fixation and improved soil microbiological composition.

CONCLUSIONS

The study analysed the impact of growing leguminous
crops on the key agroecological indicators of the soil
and the productivity of agroecosystems in arid condi-
tions. Peas, lentils, and beans were found to not only
improve the physical and chemical properties of the
soil, but also activate microbiological processes, which
ensures their role in maintaining the stability of agri-
cultural landscapes. Changes in the physical and chem-
ical parameters of the soil confirmed the improvement
of its structure in the experimental plots. Increased
humus levels and improved capillary porosity contrib-
uted to effective moisture retention, which is a key
factor in arid regions. This suggested that leguminous
crops can play a valuable role in improving soil wa-
ter management and preventing soil degradation. The
study revealed a marked increase in the number of ni-
trogen-fixing and phosphorus-solubilising bacteria in
the soil, which confirmed its biological activation under
the influence of lequminous crops. Nitrogen uptake im-
proved, reducing the need for mineral fertilisers. This is
an essential environmental and economic factor that
can help reduce the cost of agrochemicals and increase
the environmental sustainability of agroecosystems. A
comparative analysis of yields revealed that legumi-
nous crops demonstrated a stable level of productivity
regardless of moisture supply, while wheat and barley
were significantly dependent on mineral nutrition. This
indicated a greater adaptability of leguminous crops
to stressful conditions, which can be a crucial factor
in planning crop rotations in regions with a changing
climate. The findings confirmed the prospects of legu-
minous crops for maintaining soil fertility, increasing its
biological activity, and reducing dependence on miner-
al fertilisers. The cultivation of peas, lentils, and beans
can play a key role in sustainable farming strategies,
contributing to the long-term conservation of soil re-
sources and increasing the environmental sustainabili-
ty of agro-systems in arid conditions. A limitation of the
study was that it was conducted within a single region
with an arid climate, which may affect the generalisa-
bility of the findings to other agroclimatic zones. Fur-
ther research should be aimed at assessing the long-
term impact of lequminous crops on soil characteristics
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MoTeHuian 3epHO6060BMX KyNbTYP A9 CTasIoro po3BUTKY arpapHoi ranysi
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AHoTauif. MeToo focnigpKeHHs 6yn0 BU3HAYMTM arpoeKkosoriyHi nepeBarn BUpPOLLYBAHHS 3epHOHO060BUX KynbTyp
y MOPIBHAHHI 3 TPaAMLUIMHUMKM 3€pHOBMMMU, 30KpEMA iXHili BMIMB HAa SKiCTb IPYHTY, BioNOriYHy aKTMBHICTb Ta
NPOAYKTUBHICTb arpoekocucTeM. Y CTaTTi AOCNIIKEHO BNAMB 3epHOB060BUX KynbTyp — ropoxy (Pisum sativum),
couesuLi (Lens culinaris) Ta kBaconi (Phaseolus vulgaris) — Ha Gi3nKo-XiMiYHi BRACTUBOCTI IPYHTY, MiKpobionoriyHui
cknag, 6ionoriyHy dikcauito a3oTy, YpOoXaMHiICTb Ta CTAbiNbHICTb arpoOeKOCUCTEM Yy MOCYWAMBUX yMoBax [liBoHS
Ykpainun. [JocnifxeHHs NpoBOAMNOCS Y MOPIBHAHHI 3 KOHTPONbHUMU LiNSIHKaMW, 3acisHUMu nwexuueto (Triticum
aestivum) Ta sumeHeM (Hordeum vulgare), Wwo [O3BOMUAO OLIHUTU ePEKTUBHICTb 3epHOB0O0BMX Yy MOKPALLEHHI
POAKYOCTI IPYHTY Ta IXHiA BHECOK Yy NiATPUMKY CTIMKOCTI arpocucTeM. Pe3ynbTatv MokKasanu, WO BMPOLLYBAHHS
3epH06060BMX CNPUSANO 36iNbLIEHHIO BMICTY yMycCy, MiABULLEHHIO KanispHOi MOPUCTOCTI FPYHTY Ta MOKPALLEHHIO
MOro BOJOYTPUMYBANIbHUX BNACTUBOCTEN, TOAT SIK HA KOHTPONbHUX AiNSIHKAX 31 31aKOBUMM KYNbTYPaMM Lii MOKA3HUKM
3anMwanuncs HUx4YMmMu. Takoxx Byno 3adikcoBaHO 3HaYHE 3pOCTaHHS YMcenbHOCTI a3oTdikcyBanbHux (Bradyrhizobium,
Azotobacter) Ta dochopmobinisytoumx (Pseudomonas, Bacillus) 6akTepit Ha AinsHkax i3 3epHo6060BMMM, LLO
CBIAYMIO NPO aKTMBI3aLit0 Bi0NOriYHUX NMPOLECIB Y IPYHTI. YPOXKAMHICTb MWEHUL Ta SUMEHIO BUSIBUIACS 3a/IEXKHO0
Bif PiBHS MiHEpanbHOro XMBNEHHS, TOAI gK 3epHOb6060Bi 3abe3nevyBanu CTabinNbHUIA piBEHb NPOAYKTUBHOCTI
6e3 [0AATKOBOr0 BHECEHHS! a30THMX Ao06puB. OTpuMMaHi pe3ynbTaTv NiATBEPOXKYOTb AOLINbHICT iHTerpauii
3epHO06060BMX Yy CiBO3MiHM [AnS MIATPUMKM POLIKYOCTI FPYHTIB, MOKPAWEHHs MikpobionoriyHoro 6GanaHcy Ta
3HWXKEHHS 3aN1eXHOCTI Bif, MiHepanbHUX fo6pumB. BcTaHoBNEHO, WO HionoriyHa dikcalis a3oTy ropoxoMm, COUYEeBULEHD
Ta KBacoseto 3abesneyye NiABULEHHSA PIBHSA LOCTYNHOrO a30Ty B FPYHTI, LLO NO3UTUBHO BMNAMBAE HA NPOAYKTUBHICTb
arpoeKoCUCTEM Y NOPIBHSHHI 3 TPAAULIMHUMK 3€PHOBUMU KYNbTYpamu

KniouoBi cnoBa: poftouictb; a3oTdikcalig, opraHiuyHe BiZLHOBNEHHS; €KONOoriYHa CTilKicTb; MikpobionoriyHa
AKTUBHICTb
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the variant with 200 kg/ha of “preparation” and % NP, which was accompanied by a fivefold increase in the
number of nitrogen fixers, actinomycetes and cellulose-degrading bacteria compared to the control. The yield
of oats in the earing phase reached 49.52 g/vessel with this combination, and the maximum field germination
(72.14%) was recorded at the pre-sowing application of 100 kg/ha of Agrobion with a full dose of NP. Analysis
of the chemical properties of the soil showed a decrease in electrical conductivity and maintenance of optimal
pH with a moderate reduction in NP and the use of the product. The results demonstrated that the optimal
doses of Agrobion (100-200 kg/ha) in combination with %2 or % of the calculated NP rate provide the highest
yield, microbiological activity and germination. Excessive doses (300 kg/ha) or a sharp decrease in NP led to a
decrease in efficiency. A correlation was found between the dose of Agrobion, yields and soil fertility indicators.
The recommended combination to increase agroecological efficiency is 200 kg/ha of “granular preparation” with
% NP at the main application. The practical value of this study is the substantiation of the optimal doses of
Agrobion and NP,which reduces the mineral load without loss of yield, which contributes to resource conservation

and environmental protection of agriculture

Keywords: soil microorganisms; yield; soil acidity; methods of application; bioactivity

INTRODUCTION

The research relevance is determined by the need to
increase the efficiency of mineral nutrition of grain
crops on the chornozems of Northern Kazakhstan while
reducing the environmental and economic burden on
agroecosystems. Given the shortage of high-quality
fertilisers and rising agricultural production costs, the
use of biological products capable of increasing the
availability of nutrients and stabilising agrobiological
processes in the soil is of particular importance. The
granular forms of such products, particularly Agrobion,
demonstrate the potential to be integrated into tradi-
tional fertilisation schemes, providing a more uniform
distribution of the active ingredient and the ability to
adapt doses to specific conditions (Mohylevska, 2025).
The problem of this study is caused by the lack of
scientifically based recommendations on dose regu-
lation and the choice of the method of applying bi-
ological products in combination with mineral fer-
tilisers when growing grain crops on chornozems.
Insufficient knowledge of the joint impact on soil mi-
crobiota, plant germination and productivity of oats
and spring wheat limits the widespread adoption of
such technologies in agricultural practice (Drobitko &
Kachanova, 2023). In addition, the impact of different
fertiliser combinations on agrochemical and microbi-
ological soil parameters requires systematic analysis
to develop optimal solutions for sustainable agricul-
ture (Tonkha et al., 2024).

According to the results presented by A.T. Khusai-
nov et al. (2021), the use of a “granular biological prod-
uct” on black soil contributed to an increase in agroe-
cological sustainability and soil microflora activity in
barley cultivation. The study recorded a positive effect
of the preparation on crop yields even with reduced
doses of mineral nutrition. As noted by S. Turebaye-
va et al. (2022), the introduction of no-till tillage in
combination with biologically active agents ensured
sustainable winter wheat production in the conditions

of Southern Kazakhstan. According to the authors, the
combination of biological and technological factors
increased the biological activity of the soil and im-
proved its water regime on chornozem plots.
According to the observations described by
S.B. Kenenbaev et al. (2023), the agricultural sector of
Kazakhstan continues to employanirrational approach
to the use of mineral fertilisers, which is exacerbated
by insufficient microbiological activity of soils. The re-
searchers emphasised the need to combine mineral
components with biological products to compensate
for agrochemical degradation, especially in arid re-
gions. As demonstrated by M. Dugalic et al. (2025), the
systematic application of mineral fertilisers in combi-
nation with organic matter and corrective agents such
as lime improved the agrophysical and chemical prop-
erties of the soil under maize cultivation. The results
obtained indicate a high sensitivity of yields to an in-
tegrated approach including biological regulation.
Based on the analysis performed by K. Pycia et
al. (2024), the study determined that changes in the
composition of fertilisers used on different soil types
directly affect the structural and heat-resistant prop-
erties of cereal starch. The study emphasised the im-
portance of considering the specifics of soil nutrition
when using organic and mineral compounds, especial-
ly against the backdrop of growing interest in biomass
by-products.According to Ch. Srinivasarao et al. (2024),
organomineral fertilisers help restore microbial bal-
ance in the soil, improving agrochemical parameters
and increasing nutrient availability. The study empha-
sises the potential of such systems as an element of
sustainable agriculture in regions with a high level of
agro-environmental risk. As confirmed by V. Kavvadi-
as etal. (2023),the use of chemical fertilisers, compost
and zeolite has different effects on yields, nutrient
composition and soil properties in the short term. The
study determined that the integration of organic and
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mineral components stabilises soil acidity (pH) and
increases the utilisation of macronutrients. According
to the analysis by M. Kulhanek et al. (2023), modern
approaches to plant nutrition should incorporate the
historically accumulated knowledge of the interaction
of fertilisers with agroecosystems. The study empha-
sised the importance of returning to combined nutri-
tion models in which organic and mineral elements
are used synergistically.

As demonstrated by F. Chetan et al. (2022), the re-
sponse of soils and maize yields to tillage systems is
significantly modified by climatic factors and the type
of fertiliser applied. The study determined that crop
sustainability is enhanced using gentle tillage technol-
ogies in combination with biostimulants and mineral
additives. According to the observations of E.G. Mag-
nucka et al. (2023), different forms of sulphur have a
complex effect on the composition of organic matter
and microbiota activity in models of vegetation ex-
perience. The authors noted that the use of available
forms of macronutrients activates the growth of sym-
biotic bacteria and promotes the biotransformation of
carbon fractions in the soil. According to M. Knezevic et
al. (2021), automated databases and tools are substan-
tial in processing and systematising soil profiles, espe-
cially when analysing the dynamics of indicators under
the influence of fertilisers. The authors emphasised
the importance of digitalisation and structural inter-
pretation of soil data when conducting comprehen-
sive agrochemical research. According to the trials by
M. Koztowski et al. (2023), the use of agrarian reclama-
tion with the alternation of wheat and rapeseed crops
on techno-soils in Central Poland helps improve the
water and physical properties of disturbed soils. The
authors recorded an increase in water-holding capacity
and a decrease in soil density with the systematic use
of organomineral fertilisers.

The study aimed to substantiate the optimal rates
and methods of applying Agrobion with mineral fertil-
isers to increase grain yields and improve the proper-
ties of the black soil of Northern Kazakhstan. The ob-
jective of the study was to identify the agrobiological
effects of the combined use of different doses of the
“‘granular biological product” and mineral fertilisers, as
well as to determine the impact on the productivity of
crops, the state of microflora and changes in the agro-
chemical parameters of black soils.

MATERIALS AND METHODS

The study was conducted between May and Septem-
ber 2024 on the territory of the Limited Liability Part-
nership “Kokshetau Experimental Production Farm”
(Zereninsky District, Akmola Region, Republic of Ka-
zakhstan) on southern chornozems with a neutral reac-
tion (pH 7.24-7.75). The experiment included field and
vegetation parts, corresponding to the agrotechnical
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requirements for the cultivation of grain crops. Oats
(Avena sativa L.) and spring wheat (Triticum aestivum L.)
were used as test objects. The meliorative preparation
“Agrobionov” was applied in the conditions of the veg-
etation experiment in doses of 0, 100, 120, 200, 240
and 300 kilograms per hectare (kg/ha) in combination
with mineral fertilizers (NP) in full and fractional dos-
es of %, 2 and %4 of the calculated rate (denoted as
NPcalc, % NPcalc, ¥2 NPcalc, ¥4 NPcalc). Vegetation ex-
periments were conducted in plastic cylindrical ves-
sels of 5 litres, 28 cm high and 19 cm in diameter,
filled with 4 kg of air-dry soil, and placed in a climate
chamber at a temperature of +20...+25 °C and humid-
ity of 60-65%.

The yield of the green mass of oats at the end of
tillering and the earing stage was determined in veg-
etative vessels by cutting the aboveground mass and
weighing it on analytical scales Sartorius CPA225D
(Germany) with an accuracy of #0.01 g. The yield of
the green mass of spring wheat in the tube stage was
determined in the field on an area of 1 m? in trip-
licate with the subsequent weighing of the biomass
on an Ohaus Scout Pro Balance (USA). In the field ex-
periment, fertilisers and the preparation were applied
in two ways: main (in autumn before sowing) and
pre-sowing (simultaneously with sowing). A total of 18
experimental variants were laid out, including an ab-
solute control (without fertiliser and preparation) and
a control with a full rate of NP without ameliorative
preparation. Field plots of 21x2.1 m, or 44.1 m?, were
laid out in triplicate. Soil samples for determining the
microbiological activity of the soil were taken with a
soil drill in the phase of spring wheat emergence in
the root zone at a depth of 0-20 cm.

To determine the number of soil microorganisms,
the seeding method was applied using selective nutri-
ent media. The number of bacteria consuming organic
nitrogen was determined on meat-peptone agar, bac-
teria using inorganic nitrogen on starch-ammonium
agar; actinomycetes on Gauze medium; aerobic nitro-
gen fixers on Ashby medium; cellulose-degrading bac-
teria on Hutchinson medium; and microscopic fungi on
Chapek medium. Samples were taken from the rhizos-
phere of plants at a depth of 0-10 cm, soil suspensions
were prepared in sterile saline,and 0.1 ml was applied
to Petri dishes. Incubation was conducted at +28°C for
5-7 days. The colonies were counted manually under a
Nikon SMZ745 binocular microscope (Japan), express-
ing the results in colony forming units per 1 g of dry
soil. In 2024, meteorological conditions in Shagalaly
village, Zerendy district, Akmola region, were charac-
terised by increased precipitation rates in May and Au-
gust 2024, and during the critical phase of the grow-
ing season, precipitation and moisture reserves were
optimal. In general, the year was favourable for grain
cultivation in Northern Kazakhstan (Table 1).
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Table 1. Meteorological conditions for the growing season of 2024 on the territory
of Kokshetau Experimental Production Farm Limited Liability Company, Shagalaly of Zerendy District, Akmola Region

Parameters 20-31 May June July August  September Sum
The sum of precipitation, mm 65.1 65 67.5 56 21.8
Annual average, mm 30.7 442 63.9 39.7 27
Average monthly temperature in 2024, t °C 9 20.9 19.5 171 10.5
Average annual t °C 11.7 17 18.8 171 12
The average annual sum of active temperatures, t °C 18.7 210 272.8 220.1 60 781.6
Total active temperatures in 2024, t °C 327 294.5 220.1 15.5 857.1

Source: compiled by the authors

In the third decade of September 2024, harvesting
was carried out,and wheat yield data were obtained for
18 experimental variants. The harvesting was conduct-
ed using a continuous method with a WinterSteiger
grain selection combine, the accounting area of the
plot was 21x1.6 m. The yield of spring wheat in tonnes
per hectare (t/ha) was recorded based on the results of
harvesting plots with a selection combine, converted to
hectares and adjusted for standard moisture according
to ISO 712:2009 (2009). The effectiveness of fertilisers
in combination with Agrobion 120 kg/ha was assessed
by a set of parameters: yield of dry vegetative mass of
oats for haylage), soil pH, electrical conductivity (EC),
content of available forms of nitrogen (N), phospho-
rus (P) and potassium (K) in the soil-plant system. The
pH was measured with a portable pH meter Hanna
HI198103 (ltaly), and the electrical conductivity with a
conductivity meter Mettler Toledo FiveEasy (Switzer-
land). The concentration of N, P, and K in the soil and
plant mass was determined by the method of wet min-
eralisation followed by spectrophotometric analysis us-
ing a Shimadzu UV-1800 (Japan). The results were sta-
tistically processed using Statistica 12 (StatSoft, USA).
To assess the reliability of differences between the var-
iants, one-factor analysis of variance (ANOVA) was used
at a significance level of p <0.05. The least significant
difference (LSD,,,) was calculated for each indicator.
To evaluate the strength of the relationship between
Agrobion doses and the resulting traits, Pearson’s cor-
relation coefficient (R) was calculated. The authors ad-
hered to the standards of the Convention on Biological
Diversity (1992).

RESULTS AND DISCUSSION

The application of Agrobiones at a dose of 100 kg/ha
in combination with a full dose of NP (options 2 and 3)
did not result in a significant increase in the number
of microbial communities compared to option 1. In the
control variant (variant 1), the number of actinomycetes
was 54.66x10, and aerobic nitrogen fixers were 1x10.
In variant 2 (basic application), the number of actino-
mycetes was 46.3x10, and nitrogen fixers 2x10; in vari-
ant 3 (pre-sowing application), 40.67x10* and 2.33x10,
respectively. Thus, in both cases, the increase compared
to the control was insignificant and did not exceed the

statistical error, which indicated weak biological activ-
ity. This confirms that a dose of 100 kg/ha in the pres-
ence of complete mineral fertilisation does not have a
pronounced stimulating effect on the development of
key functional groups of microorganisms.

The most significant changes were observed in
variant 10, which combined 200 kg/ha of “granulated
biopreparation” (basic application) and 2 of the NP
norm. In this variant, the number of bacteria consum-
ing organic nitrogen reached 12.33; bacteria using in-
organic nitrogen 14.3x10; actinomycetes 108.67x10;
aerobic nitrogen fixers 17x10°¢; cellulose-degrading
bacteria 39.3x10; microscopic fungi 2.33x10. These
indicators significantly exceeded the values of control
variant 1: the number of bacteria consuming organic
nitrogen was 3.4 times higher (12.33 vs. 3.66); bac-
teria using inorganic nitrogen was 7.15 times high-
er (14.3x10 vs. 2x10); actinomycetes was 99 times
higher (108.67x10 vs. 54.66x10); aerobic nitrogen fix-
ers were 17 times higher (17x10 vs. 1x10).99 times
(108.67x10 vs. 54.66x10); aerobic nitrogen fixers 17
times (17x10 vs. 1x10); microscopic fungi 3.5 times
(2.33x10 vs. 0.66x10).

The variants with a dose of 300 kg/ha of the
“preparation” (variants 14-16) did indeed demonstrate
contradictory results in terms of microbiological in-
dicators. The contradiction was that at high doses of
Agrobion, there was an increase in the activity of cer-
tain functional groups (e.g., bacteria that use mineral
nitrogen),but at the same time, other important groups
of actinomycetes and nitrogen fixers, which play a key
role in the formation of a stable and balanced micro-
bial community. Thus, in variant 14 (at full NP rate), the
number of bacteria using inorganic nitrogen reached
28x106, which is 14 times higher than in the control
(2x10°). However, at the same time, the number of
actinomycetes decreased to 71.67x10* compared to
108.67x10* in variant 10, and aerobic nitrogen fixers
decreased to 8x10° compared to 17x108. Variant 15 (%2
NP) showed an even more dramatic decrease: actin-
omycetes 69.67x10% aerobic nitrogen fixers 2.1x107,
and cellulose-degrading bacteria only 4.3x10% which
is significantly lower than 39.3x10* in variant 10. Op-
tion 16 (Y4 NP) yielded an extremely high number of
bacteria utilising inorganic nitrogen (153x10°), but
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the number of actinomycetes (33.3x10%) and aerobic
nitrogen fixers (12.3x10°% was below optimal values.
Variants 12 and 13 (200 kg/ha of “granular bio-
preparation”at % NP, applied by the main and pre-sow-
ing methods, respectively) demonstrated pronounced
differences in microbiological indicators depending on
the method of application. In variant 12, the number
of aerobic nitrogen fixers reached 10.3x10¢, which was
significantly higher than in variant 13 (6.67x10°). At
the same time, in both variants, the number of bacteria
using inorganic nitrogen remained high (22.3x10° and
17x10¢, respectively),and actinomycetes 104.3x10* and
46.3x10* This confirmed the importance of the appli-
cation method for the activation of certain microbial
groups, in particular spore-forming forms. The absolute
control (variant 17) demonstrated the lowest number
of most groups of microorganisms: organotrophic bac-
teria 0.33; aerobic nitrogen fixers 0.67x10°; actinomy-
cetes 66x10* However, the number of bacteria using

inorganic nitrogen reached an abnormally high level
(153x109), which is possibly determined by the accumu-
lation of mineral residues from previous seasons and
the lack of competition from active microflora.

Variant 18, which included only Agrobion at a dose
of 100 kg/ha, without mineral fertilisers, showed a
sharp surge in organotrophic bacteria (217), but other
groups, including actinomycetes and nitrogen fixers,
remained at a low level. This indicates a short-term
stimulating effect, not accompanied by structural
changes in microbial communities. A comparison of
the main and pre-sowing applications showed that the
first method often provided a higher number of micro-
organisms. For instance, at a dose of 200 kg/ha and
full NP (variants 8 and 9), the total number of bacte-
ria using organic nitrogen was 4.33 (main) versus 10.0
(pre-sowing), but the number of actinomycetes and
fungi was higher in the main method, 76.3x10* and
0.33x10% respectively (Table 2).

Table 2. Quantitative indicators of microorganisms in 18 variants of the experiment to study the doses
and timing of application of the granular preparation Agrobion on different nutrient media
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MPA SAA Gauze Ashby Hutchinson Chapeka
NPcalc control 1 3.66x10° 2x10¢ 54.66x10* 1x10¢ 45x10* 0.66x10*
A100base+NPcalc 2 2.33 6.3x10° 46.3x10* 2x10° 40.67x10* 0.66x10*
A100prep+NPcalc 3 1 1x10¢ 40.67x10* 2.33x10¢ 46x10* 0.66x10*
A100base+1/2NPcalc 4 1 1.67x10° 32x10* 1.33x10° 30x10* 0.66x10*
A100prep+1/2 NPcalc 5 3 6.3x10? 28.67x10* 1x106 25x10* 0.33x10*
A100base+1/4 NPcalc 6 5 3.67x10° 27.3x10* 2x10° 38.3x10* 0.66x10*
A100prep+1/4 NPcalc 7 3 1.67x10° 80.67x10* 1x106 42.67x10* 0.33x10*
A200base+NPcalc 8 4.33 3x10° 76.3x10* 6.3x10* 52.3x10* 0.33x10*
A200prep+NPcalc 9 10 3.67x10° 35.3x10* 6.3x10° 44.67x10* 1.33x10*
A200base+1/2 NPcalc 10 12.33 6.3x10% 108.67x10* 17x10° 39.3x10* 2.33x10*
A200prep +1/2NPcalc 11 7 7.67x10° 78.67x10* 6.3x10%0 18.67x10* 0.33x10*
A200base+1/4 NPcalc 12 17.66 6.3x1022 104.3x10* 6.3x10%0 26.67x10* 0.66x10*
A200prep+1/2NPcalc 13 11.66 17x10¢ 46.3x10* 16x10° 26.67x10* 1x10*
A300base+NPcalc 14 27 28x10° 71.67x10* 8x10° 34x10* 2x10*
A300base+1/2 NPcalc 15 67.33 7.67x10° 69.67x10* 21x10°6 4.3x10* 0.33x10*
A300base+1/2NPcalc 16 57.33 153x10¢ 4.3x10% 6.3x10"2 26x10* 0.66x10*
abs control 17 0.33 153x10° 66x10* 0.67x10° 35.67x10* 4x10*
A100 kg/ha 18 217 153x10¢ 45x10* 1x10° 36.67x10* 2x10*

Note: MPA - meat-peptone agar; SAA - starch-ammonium agar

Source: compiled by the authors

Thus, the greatest microbiological effect was re-
corded in variant 10 (200 kg/ha of “granular biological
product” + %2 NP, main application). A moderate de-
crease in the mineral load with active biostimulation

ensured a balanced development of microbial groups.

Exceeding the dose (300 kg/ha) or excessive reduc-
tion of NPs led to a decrease in biological activity. The
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obtained data recommended variant 10 as the most ef-
fective from the agrobiological point of view for use in
the conditions of southern chornozems of Northern Ka-
zakhstan. The control variant (NP calculated, variant 1),
which used the full calculated dose of mineral fertil-
isers without biological additives, provided an average
yield of green mass of oats at the level of 6.13 g/vessel.




This indicator was taken as the base for the compara-
tive analysis of the other variants. The variants involv-
ing a reduction in the dose of mineral fertilisers to % of
the calculated dose and the simultaneous application
of the “preparation” at a dose of 120 kg/ha showed a
moderate decrease in yield. Thus, the average value for
variant 2 was 5.76 g/vessel, which is 0.37 g less than in
the control case. Even though the result was lower than
the baseline, the difference was within the error margin
(LSD, s =0.99 g/vessel), and therefore not statistically
significant. This fact indicated that part of the mineral
fertilisation could be effectively replaced by a biologi-
cal preparation without significant yield loss.

The variant with half the dose of NP and the same
amount of Agrobion (variant 3) gave an even lower
yield of 5.31 g/vessel, which was 0.82 g less than the
control. At the same time, the result was closer to the
Llimit of statistical significance. Consequently, when NP
was reduced by 50%, the potential of the biological
preparation became insufficient to fully compensate for
the missing mineral elements. The most pronounced
decrease in yield was observed when %4 NP was applied
together with 120 kg/ha of “granular biopreparation”
(variant 4). The average value was only 4.45 g/vessel,
which is 1.68 g lower than in the control variant. The
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difference was significantly higher than the LSD,, ,, and
therefore statistically significant. This indicates that ex-
cessive reduction of mineral load, even in the presence
of a biological stimulant, negatively affected the pro-
ductivity of oats in the early stages of vegetation. Prob-
ably, under these conditions, the plants experienced a
deficiency of key macronutrients (nitrogen and phos-
phorus), especially during the period of active growth of
vegetative mass (Romanchuck et al., 2017). Comparison
of the data between the experimental variants revealed
a clear correlation between the level of yield and the
degree of NP reduction. When 75% of the calculated
dose was preserved, yield losses were not statistical-
ly confirmed, but when reduced to 50% and below, the
losses became pronounced. This concludes that there is
a threshold dependence below which the effect of the
biological product cannot provide full compensation
for the missing mineral elements. Notably, the use of
the “biopreparation”, even with a significant reduction
in NP, still provided a significant yield of green mass
(Yeraliyeva et al., 2017) In practical farming conditions,
this may indicate the high agronomic flexibility of the
biopreparation, which can be used to adapt the nutri-
tion technology to specific economic and climatic con-
ditions (Table 3).

Table 3. Yield of green mass of oats in the phase of the end of tillering in the conditions of vegetation experience
with the application of different doses of fertilizers in combination with Agrobion at a dose of 120 kg/ha (g/vessel)

Variants 1 2 3 4 average Difference from control
Ncalc control 5.34 7.18 6.40 5.58 6.13
3/4 NPcalc+A120 6.52 5.40 6.14 4.98 5.76 -0.37
1/2 NPcalc+A120 6.83 3.35 5.52 5.52 5.31 -0.82
1/4 NPcalc+A120 5.51 3.40 4.68 4.21 4.45 -1.68
LSD, ., g/vessel 0.99

Source: compiled by the authors

Thus, according to the results of the tillering phase,
the best option in terms of efficiency and resource con-
sumption was the variant with a % dose of mineral fer-
tilisers in combination with 120 kg/ha of Agrobion. It
provided yields that were statistically indistinguishable
from the control at lower mineral inputs. Therefore, it
is possible to consider this combination as an econom-
ically and environmentally feasible alternative to full
mineral fertilisation in oat cultivation on the black soil
of Northern Kazakhstan. In the control variant with the
full calculated dose of NP without the addition of the
“preparation” (NP calculation, variant 1), the pH value
was 7.24, which corresponded to a slightly alkaline re-
action. The electrical conductivity of the soil reached
306 uS/cm, reflecting the presence of a standard level
of salts in the soil solution for chornozem conditions. At
the same time, the yield of the green mass of oats was
6.13 g/vessel. The balance of the elements was as fol-
lows: nitrogen 181.02 milligrams per kilogram (mg/kg),
phosphorus 18.30 mg/kg, and potassium 382.51 mg/kg.

Reducing the dose of mineral fertilisers to % of the
calculated rate in combination with 120 kg/ha of ‘granu-
lated biopreparation” (variant 2) resulted in an increase
in soil pH to 7.6. Electrical conductivity decreased to
1679 pS/cm, indicating a decrease in the total dis-
solved salt content. Yield decreased slightly to 5.76 g/
vessel. Nitrogen content decreased to 171.93 mg/kg
and potassium to 263.74 mg/kg, while phosphorus
content increased to 20.79 mg/kg. This indicated more
active nitrogen uptake by plants and stabilisation of
phosphorus availability under the influence of Agrobi-
on. In the variant with %2 of the calculated dose of NP
and the same dose of “preparation” (variant 3), the pH
increased to 7.71, which corresponded to the tendency
of mild alkalisation of the soil. The electrical conductiv-
ity was 202 pS/cm, which remained within the normal
range. Yields decreased to 5.31 g/vessel and nitrogen
content was 162.01 mg/kg. The potassium content was
302.52 mg/kg, indicating a more economical use of
potassium resources with a reduced mineral load. The

Scientific Horizons, 2025, Vol. 28, No. 6

55



56

Optimisation of dosages and application methods...

phosphorus content remained at 18.19 mg/kg, which
almost correlated with the benchmark.

The most significant decrease was recorded in the
variant with % of the calculated dose of NP with the
addition of 120 kg/ha of Agrobion (variant 4). The yield
in this variant was 4.45 g/vessel, which was significant-
ly lower than the control level. The pH value increased
to 7.75, but the electrical conductivity decreased to
158.3 uS/cm. Nitrogen concentration in the soil de-
creased to 142.94 mg/kg, potassium to 263.53 mg/
kg, and phosphorus remained at 18.23 mg/kg. These

data indicated a lack of mineral nutrition with a too
strong reduction in the dose of NP, despite the pres-
ence of biostimulation. Correlation analysis revealed a
negative relationship between yield and soil electrical
conductivity (correlation coefficient R =-0.90), indi-
cating that a decrease in salt pressure had a favour-
able effect on plant development. At the same time, a
moderately negative relationship between soil pH and
yield (R=-0.78) was found, which reflected the optimal
weakly alkaline reaction in the range of 7.2-7.6 for oat
growth (Table 4).

Table 4. Efficiency of fertiliser application in combination with Agrobion 120 kg/ha

Nutrient balance of oats, mg/kg in the soil-plant

Variant oH con:tl;i:\:ii;;l(EC) Yield, g/vessel system at the end of the tillering phase
N P C
NPcalc (control) 7.24 306 6.13 181.02 18.30 382.51
% NPcalc+A120 kg/ha 7.6 167.9 5.76 171.93 20.79 263.74
¥ NPcalc+A120 kg/ha 771 202 5.31 162.01 18.19 302.52
¥4 NPcalc+A120 kg/ha 775 158.3 4.45 142.94 18.23 263.53
Correlation coefficient, R -0.78 -0.9 LSD,,s=0.99 g/vessel 0.98

Source: compiled by the authors

Thus, an increase in the dose of “preparations”
combined with a moderate decrease in mineral fertil-
isation contributed to an improvement in the balance
of macroelements in the soil without salt accumula-
tion, which was confirmed by a decrease in electrical
conductivity. The best balance between the level of
available nitrogen, phosphorus and potassium, as well
as the optimal yield, was recorded when using % dose
of mineral fertilisers in combination with 120 kg/ha
of “granular biological product” (variant 2). With a fur-
ther reduction of the NP dose to %2 and even more so
to Y4, the effectiveness of the biostimulant decreased,
especially concerning the nitrogen supply of plants.
The yield of oats in the earing phase varied depending
on the combination of doses of the “preparation” and
mineral fertiliser rates. In the control variant with the
full calculated dose of NP, the yield was 26.4 g/vessel.
With a reduction in the rate of mineral fertilisers to
% NP and the application of 100 kg/ha of Agrobion,
the yield reached 38.23 g/vessel, which exceeded the
control value. When 120 kg/ha was applied, the yield
decreased to 30.24 g/vessel, remaining above the
baseline. A dose of 200 kg/ha at %2 NP provided a yield
of 35.23 g/vessel. The highest rate was recorded at a
dose of Agrobion 300 kg/ha in combination with %2 NP,
where the yield was 49.52 g/vessel.

When applying % NP, the yield of oats also varied
depending on the dose of the “granular biopreparation”.
When 100 kg/ha was applied, the yield was 22.7 g/
vessel, which was below the control level. When the
dose was increased to 120 kg/ha, the yield increased
to 29.16 g/vessel. At 200 kg/ha, the yield was 24.6 g/
vessel. The variant with a dose of 300 kg/ha provided
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a yield of 35.41 g/vessel, which exceeded the control
indicator. The differences between the variants at %2
NP were more pronounced than at % NP. At a dose of
100 kg/ha of Agrobion, the yield increased by 11.83 g/
vessel compared to the control. At a dose of 120 kg/
ha, the difference was 3.84 g/vessel. The application of
200 kg/ha provided a yield increase of 8.83 g/vessel.
The dose of 300 kg/ha contributed to an increase in
yield by 23.12 g/vessel compared to the control variant.
At % NP, the application of 100 kg/ha of the “prepara-
tion” was accompanied by a decrease in yield by 3.7 g/
vessel compared to the control. The variant with a dose
of 120 kg/ha gave a yield increase of 2.76 g/vessel. At
200 kg/ha, the yield remained at the control level. A
dose of 300 kg/ha provided a yield increase over the
control by 9.01 g/vessel.

The analysis demonstrated that at %2 NP, the ap-
plication of 300 kg/ha of the “granular biopreparation”
provided a significant increase in yield, exceeding the
LSD,,, of 10.2 g/vessel. The differences between the
100 kg/ha and 200 kg/ha doses also exceeded the sig-
nificance threshold. The variant with 120 kg/ha at %2
NP showed an increase but within the statistical error.
At % NP, a significant difference in yield was recorded
only at 300 kg/ha of Agrobion. At a dose of %2 NP, an
increase in the dose of Agrobion from 100 to 300 kg/
ha was accompanied by an increase in yield from 38.23
to 49.52 g/vessel. At a dose of % NP, a similar increase
in yield was observed from 22.7 to 35.41 g/vessel.
The lowest yields at 3 NP were recorded at 100 and
200 kg/ha of the “preparation”. The correlation coeffi-
cient between the dose of Agrobion and yield at %2 NP
was 0.70, reflecting a strong positive relationship. At %




NP, the correlation coefficient was 0.5, indicating a less
pronounced dependence between the level of biostim-
ulation and yield. The highest yield in the experiment
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was recorded in the variant with the introduction of
300 kg/ha of “granular biopreparation” and % of the
calculated dose of NP (Table 5).

Table 5. Yield of green mass of oats in the conditions of vegetation experience in the eating phase

Agrobions, kg/ha 0.00 100 120.00 200 240.00 300 R
Fertiliser rates
Y2NPcalc 38.23 30.24 35.23 35.86 49.52 0.70
%NPcalc 22.7 29.16 24.6 3541 28.5 0.5
N,,P. calc average 26.4 LSD,,,=10.2 g/vessel

Source: compiled by the authors

The obtained data on the yield of oats in the earing
phase showed that the maximum values were recorded
when the dose of mineral fertilisers was reduced to 2
NP and the dose of the “biopreparation” was increased
to 300 kg/ha. At % NP, the best results were also ob-
served at a dose of 300 kg/ha, but the overall yield lev-
el remained lower than at %2 NP. Field germination at
the main application of the full calculated dose of NP
(1 NP) without Agrobion was 61.07%. With the addition
of 100 kg/ha of Agrobion, germination increased to
62.19%, and at 200 kg/ha to 64.82%, indicating a pos-
itive effect of the preparation. However, with a further
increase in the dose of Agrobion to 300 kg/ha, germi-
nation decreased to 56.43%, which was lower than the
control (61.07%).When using %2 NPcalc, the field germi-
nation rate without “preparations” was 59.64%. The ap-
plication of 100 kg/ha of Agrobion increased the index
to 70.36%, which was the maximum value for the main
application at this NP rate. A dose of 200 kg/ha of the
‘granular biopreparation” gave a germination rate of
60.71%, which was slightly higher than the control. At
¥ NPcalc, the germination rate without Agrobion was
58.93%, increasing to 64.82% at 100 kg/ha and 67.14%
at 200 kg/ha of the “granular biopreparation”, which
demonstrated a stable positive effect of the prepara-
tion at low NP doses. In the variant without fertilisers
and “preparations” (absolute control), the field germina-
tion rate was 67.50%, which was higher than the num-
ber of variants with low doses of NPs, probably due to
natural soil fertility.

At pre-sowing application, the full rate of NP (1 NP)
without “selected preparation”: provided germination

of 61.07%, identical to the main application. The ap-
plication of 100 kg/ha of “Agrobion” increased the in-
dicator to 72.14%, which was the maximum value in
the entire experiment, indicating the high efficiency
of the pre-sowing application. A dose of 200 kg/ha of
the “selected preparation” gave a germination rate of
67.86%, which also exceeded the control. For %2 NP-
calc, germination without the “selected product” was
54.46%, which was lower than all other variants. The
application of 100 kg/ha of Agrobion increased the in-
dex to 61.96%, demonstrating the restoration of ger-
mination to the control level. At ¥4 NPcalc, germination
without “preparation” was 61.79%, and with 100 kg/ha
of “preparation” - 64.82%, which corresponded to the
data of the main application for this dose. The analysis
demonstrated that the smallest significant difference
(LSD, ) was 5.6%, therefore it is possible to define the
differences between the variants as significant when
this threshold was exceeded. The correlation coeffi-
cient (R) for the main application was 0.73 and for the
pre-sowing application 0.67, indicating a moderate re-
lationship between the doses of the “granular bioprepa-
ration” and field germination. The greatest increase in
germination was observed at the pre-sowing applica-
tion of 100 kg/ha of the “granular biopreparation” with
the full rate of NP (+11.07% compared to the control),
while the dose of 300 kg/ha at the main application
reduced germination by 4.64% compared to the control.
Variants with %2 and % NPcalc showed less stability, es-
pecially at pre-sowing application, where low doses of
NP without ‘granular biopreparation” reduced germina-
tion to the lowest values (54.46%) (Table 6).

Table 6. Field germination depends on the timing and doses of mineral fertilisers and Agrobion

Main Pre-sowing
Agrobions, kg/ha
0 100 200 300 0 100 200
NPcalc
1 NP 61.07 62.19 64.82 56.43 61.07 72.14 67.86
1/2.NPcalc 59.64 70.36 60.71 54.46 61.96
YaNPcalc 58.93 64.82 67.14 61.79 64.82
0 67.50
LSD,,=5.6% Correlation coefficient R 0.73 0.67

Source: compiled by the authors
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The data obtained showed that pre-sowing ap-
plication of Agrobion at a dose of 100 kg/ha with the
full rate of NP provided the highest field germination
(72.14%), while high doses of the preparation (300 kg/
ha) at the main application reduced the indicator.
Moderate doses of Agrobion (100-200 kg/ha) stably
increased germination at both application rates, espe-
cially at low NP doses, which emphasised the role of
optimising germination conditions on southern black
soil. With the main application of the full design dose
of NP (1 NP) without the “granular biopreparation”, the
yield of green mass was 510 grams per square metre
(g/m?). The application of 100 kg/ha of the “granular
biopreparation” increased the indicator to 560 g/m?,
and a dose of 200 kg/ha provided the maximum yield
for this variant of 664 g/m2. However, with a further
increase in the dose to 300 kg/ha, the yield decreased
to 566 g/m?, indicating possible growth inhibition at
high concentrations of the product. For the %2 NPcalc,
the yield without the “preparation”was 565 g/m?, which
was higher than the control with the full rate of NP.The
application of 100 kg/ha of “preparations” increased the
yield to 587 g/m?, and 200 kg/ha to 566 g/m?, which
was below the maximum. A dose of 300 kg/ha of “bio-
preparations” yielded 676 g/m?, which was the highest
for ¥2 NPcalc with the main application. At ¥4 NPcalc,
the yield without the “granular biopreparation” reached
728 g/m?, which was the highest value among all var-
iants of the main application. However, the addition
of 100 kg/ha of the “granular biopreparation” reduced
the figure to 499 g/m? 200 kg/ha to 425 g/m?, and
300 kg/ha to 702 g/m?, indicating an unstable effect

of the preparation at low NP doses. The variant without
fertilisers and “biological products” (absolute control)
showed a yield of 319 g/m?, which was the minimum
value for the main application.

At the pre-sowing application, the full rate of NP
(1 NP) with 100 kg/ha of Agrobion provided a yield of
733 g/m?, which was the maximum value in the entire
experiment. The dose of 200 kg/ha of Agrobion yield-
ed 664 g/m?, which corresponded to the maximum of
the main application for this NP rate. For ¥2 NPcalc, the
yield with 100 kg/ha of Agrobion was 676 g/m?, and
with 200 kg/ha 555 g/m?, which was below the max-
imum. At % NPcalc, 100 kg/ha of Agrobion provided a
yield of 702 g/m?, while 200 kg/ha reduced the yield to
402 g/m?, which was the minimum value for pre-sow-
ing application. The variant without “preparations”, but
with pre-sowing application (0 kg/ha), showed a yield
of 646 g/m?, which exceeded the control of the main
application. The analysis revealed the smallest signif-
icant difference (LSD,,.) at 98 g/m?, which confirmed
the significance of differences between the variants
when this threshold was exceeded. The correlation co-
efficient (R) for the main application was 0.85, indicat-
ing a strong relationship between Agrobion doses and
yield. The greatest increase in yield was observed at
the pre-sowing application of 100 kg/ha of “bioprepa-
rations” with the full rate of NP (+223 g/m? compared
to the control of the main application). At the same
time, high doses of “preparations” (200-300 kg/ha) at
Y NPcalc reduced the yield, especially when applied
at pre-sowing (-326 g/m? at 200 kg/ha compared to %
NPcalc without “granular biological product”) (Table 7).

Table 7. Influence of doses and timing of Agrobion” application in combination with mineral fertilisers (NP)
on the yield of spring wheat green mass in the critical phase of heading (g/m?)

Method of application Main Pre-sowing
Agrobions, kg/h
grobions, kg/ha 0 100 200 300 100 200
Fullnorm N, P,
1NP 510.00 560.00 664.00 566.00 733.00 664.00
1/2.NPcalc 565.00 587.00 566.00 676.00 555.00
¥aNPcalc 728.00 499.00 425.00 702.00 402.00
0 319 646.00
(LSD,,5=98 9) R 0.85

Source: compiled by the authors

The obtained data showed that the pre-sowing
application of 100 kg/ha of Agrobion with full NP rate
provided the highest yield of spring wheat green mass
(733 g/m?). Moderate doses of the “granular bioprepa-
ration” (100-200 kg/ha) stably increased the yield at
full and half NP rates, while at low NP doses (4 NP-
calc) the preparation more often reduced the indicators,
especially when applied at pre-sowing. With the main
application of the full calculated dose of NP (1 NP)
without “selected preparations’, the yield was 2.40 t/
ha. The application of 100 kg/ha of the “preparation”
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increased the yield to 2.57 t/ha, which was the maxi-
mum value for the main application at this NP rate. A
dose of 200 kg/ha of “selected preparations”reduced the
yield to 2.36 t/ha,and 300 kg/ha to 1.98 t/ha, indicating
a negative effect of high doses of the preparation. For
% NPcalc, the yield with 100 kg/ha of “preparation” was
2.23 t/ha, with 200 kg/ha 2.10 t/ha, and with 300 kg/ha
1.45 t/ha, which demonstrated a consistent decrease in
yield with increasing dose of the preparation. At %4 NP-
calc, 100 kg/ha of the “granular biopreparation” yielded
1.93 t/ha, 200 kg/ha 1.67 t/ha, and 300 kg/ha 1.25 t/ha,




which was the lowest value among the fertiliser vari-
ants at the main application. The absolute control (no
fertiliser and “biopreparation”) yielded 2.09 t/ha, which
was higher than several variants with low NP rates and
high doses of the “preparation”.

At the pre-sowing application, the full rate of NP
(1 NP) with 100 kg/ha of the “granular biopreparation”
provided a yield of 2.76 t/ha, which was the maximum
value in the entire experiment. A dose of 200 kg/ha
of the “biopreparation” yielded 2.44 t/ha, which also
exceeded the control of the main application (2.40 t/
ha). For %2 NPcalc, the yield with 100 kg/ha of Agrobi-
on was 2.24 t/ha, and with 200 kg/ha 2.17 t/ha, which
was comparable to the results of the main application
for this NP rate. At ¥4 NPcalc, 100 kg/ha of Agrobion
provided a yield of 1.96 t/ha, and 200 kg/ha 1.67 t/
ha, which corresponded to the data of the main ap-
plication for this dose of the preparation. Statistical
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analysis revealed the smallest significant difference
(LSD, ;) at the level of 0.2 t/ha, which confirmed the
significance of differences between the variants when
this threshold was exceeded. The correlation coeffi-
cient (R) for the main application was -0.99 for the full
NP rate,-0.9 for %2 NPcalc and -0.99 for ¥ NPcalc, indi-
cating a strong negative relationship between increas-
ing doses of the “granular biopreparation” and yield.
For pre-sowing application, R was 0.91 for 100 kg/ha
and 0.94 for 200 kg/ha, showing a positive correlation
at moderate doses of the product. The highest yield
increase was observed at 100 kg/ha of the “granular
biopreparation” with the full rate of NP (+0.36 t/ha
compared to the control of the main application). At
the same time, high doses of “Agrobion” (300 kg/ha) at
the main application reduced the yield by 0.42 t/ha for
1 NP and by 0.84 t/ha for %2 NPcalc compared to the
control (Table 8).

Table 8. Influence of doses and timing of Agrobion application
in combination with NP fertilisers on the yield (t/ha) of spring wheat

Main contribution Pre-sowing
caT:;‘;'fegZ?:e) Agrobions, kg/ha 0 100 200 300 ci‘;;e:::“:':! 100 200
1NP 1 2.40 2.57 2.36 1.98 -0.99 2.76 244
1/2.NPcalc 0.5 2.23 21 145 -0.9 2.24 217
Y%NPcalc 0.25 1.93 167 1.25 -0.99 1.96 167
0 0 2.09
(LSD, ,,=0.2 t/ha) Corelation g1 0.94
0.05 coefficient R

1NP 1 2.40 2.57 2.36 1.98 -0.99 2.76 244

Source: compiled by the authors

The obtained data showed that the pre-sowing ap-
plication of 100 kg/ha of Agrobion with full NP rate
provided the highest yield of spring wheat (2.76 t/ha).
Moderate doses (100-200 kg/ha) steadily increased the
yield at full NP rate, while high doses (300 kg/ha) and
low NP rates (4 NPcalc) reduced the yield, especially at
the main application. The effectiveness of the product
depended on the method of application and dosage,
with the advantage of pre-sowing application (Shu-
var et al., 2022). The results obtained confirmed that
the effectiveness of the granular preparation Agrobion
in combination with mineral fertilisers (NP) depends
on their doses and method of application. At full NP
rate (variant 1) without biostimulation, moderate bi-
ological activity and average yield levels were main-
tained, while absolute control (variant 17) showed
degradation of the microbiota and a decrease in pro-
ductivity. The addition of Agrobion at a dose of 100 kg/
ha at full NP rate (variants 2 and 3) did not provide a
noticeable increase in microbiological activity, indicat-
ing the low efficacy of the preparation in the presence
of excess mineral nutrition. The maximum indicators
of microorganism activity and oat yield in the tiller-
ing phase were recorded in variant 10 (200 kg/ha of

‘granulated biopreparation” + %2 NP, main application),
where a synergistic effect of biological and mineral
stimulation was observed. Variants with 300 kg/ha of
the preparation showed a tendency to suppress cer-
tain microbial groups, especially actinomycetes and ni-
trogen fixers, which may be associated with substrate
oversaturation. Similar patterns were observed in the
analysis of spring wheat yield: the highest values were
recorded with a pre-sowing application of 100 kg/ha
of Agrobion with a full NP rate. Thus, the effectiveness
of the preparation depends significantly on the dosage
and application technology.
Furthermore,S.V.Nallanthighal (2024) and C.0.Ade-
tunji et al. (2024) considered approaches to increasing
crop yields using organic compounds and nanotechnol-
ogy. S.V. Nallanthighal demonstrated that humanite can
improve plant nutrition, but the study was limited to
two crops and did not consider microbiological changes
in the soil. The review by C.0. Adetunji et al. addressed
nanobiofertilisers, the structure and potential benefits,
but lacked information on dosages, application meth-
ods and practical results in real agricultural systems.
In contrast, the present study is based on a vegeta-
tion and field experiment with 18 normalised variants,
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including Agrobion doses, fractional NP rates and dif-
ferent application methods. It covers not only oat and
wheat yields but also the dynamics of microbial groups
(actinomycetes, nitrogen fixers, fungal microflora), as
well as agrochemical parameters (pH, EC, NPK content),
making it more applicable and representative of the
conditions of the black soils of Northern Kazakhstan.

According to the results of M. Aguiar et al. (2023)
and M. Liu et al. (2025), biological processes in the rhiz-
osphere directly affect nutritional efficiency and crop
productivity. M. Liu et al. found a correlation between
phosphorus-sensitive bacteria and canola growth, but
the study was limited to molecular analysis without
the use of fertilisers or agronomic practices. M. Agu-
iar et al. studied the impact of agroecosystem edge
zones on microbial community structure, but the study
addressed spatial gradients rather than managed agro-
nomic practices. In contrast, the present study is based
on targeted variation of doses and methods of appli-
cation of a “granular biopreparation” with mineral fer-
tilisers and enables a direct impact on the abundance
of key microbial groups. It was found that the combi-
nation of 200 kg/ha of Agrobionts and %2 NP (variant
10) provides a multiple increase in microbiological ac-
tivity and balanced nutrition, which is not covered by
M. Liu et al. and M. Aguiar et al. Thus, the study offers
not just monitoring of the microbiota, but specific ways
of its targeted regulation.

Moreover, the studies by A. Botero (2021) and
F.C. Schilt (2023) considered aspects indirectly relat-
ed to soil fertility but in a different context. F.C. Schilt
conducted geoarchaeological research aimed at recon-
structing the Late Pleistocene environment and an-
thropogenic impact but without agronomic objectives
and evaluation of soil processes in modern systems. A.
Botero addressed phytopathological aspects and plant
resistance to the keel pathogen, without considering
soil microbiota, mineral nutrition and agrochemical pa-
rameters. In contrast to these studies, the present work
combines agrochemical, microbiological and yield ap-
proaches. It presents data on the impact of “biological
products” and mineral fertilisers on grain yields, micro-
bial numbers,and soil chemistry,and establishes thresh-
old dose levels beyond which a decrease in efficiency
is observed. Such complexity and experimental repre-
sentativeness distinguish this study from theoretical re-
constructive and specialised phytopathological works.

Furthermore, R. Siuda et al. (2021) and G. lzy-
dorczyk et al. (2022) addressed the technological as-
pects of fertiliser pelletisation. R. Siuda et al. developed
and verified the method of lime-gypsum granulation,
confirming its industrial applicability, but did not con-
duct agrobiological tests in the field. G. lzydorczyk et
al. emphasised the importance of granulation to in-
crease the efficiency of fertiliser application, including
reducing losses and leaching, but the work was limited
to laboratory analysis of the physical properties of the
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granules. In contrast to these technological approach-
es, the present study combines the granular form of
Agrobion with graded doses of NPs, recording both
chemical (pH, conductivity), biological (microbiota pop-
ulation) and yield parameters. This comprehensiveness
not only confirms the suitability of the granules but
also determines the biologically and economically op-
timal schemes of the use, which was not presented by
R.Siuda et al. and G. lzydorczyk et al.

In addition, studies by A. Lisowska et al. (2022) and
M. Ferrari et al. (2025) addressed alternative forms of
macronutrient application. A. Lisowska et al. investigat-
ed granular sulphur fertilisers and their effect on sandy
soils, finding an increase in sulphur content and im-
proved substrate structure, but did not assess yield or
soil biological activity. M. Ferrari et al. compared foliar
fertilisation with traditional nitrogen application and
concluded that gradual foliar application can be effec-
tive in conditions of moisture deficiency. In contrast to
thematically narrow studies, the present paper covers
several crops (oats and wheat), different doses of “gran-
ulated biopreparation” and NP, and includes an assess-
ment of germination, yield and microbiological param-
eters. This can be used for the development of specific
fertilisation schemes adapted to chornozems, in con-
trast to the studies by A. Lisowska et al. and M. Ferrari et
al., which were limited to certain nutrient forms.

In this context, studies by B.R. Sahoo et al. (2024)
and C.0. Asadu et al. (2024) addressed promising ap-
proaches to improving fertilizer efficiency. B.R. Sahoo et
al. showed that nanoforms of fertilisers have a posi-
tive effect on rice yield and soil health, but the study
was mainly laboratory-based and did not address in-
teractions with mineral fertilisation. C.0. Asadu et
al. presented an overview of slow-release fertilisers,
emphasising mechanisms and potential benefits, but
without specific dose gradations or analysis of applica-
tion methods. In contrast, the present study is based on
field and vegetation experiments with clear variations
in fertiliser rates, which identified threshold values at
which a sharp decline in biological activity or yield oc-
curs. Thus, the results obtained not only complement
but also expand the understanding of the rational use
of fertilisers in practice, offering reproducible solutions
for the conditions of Northern Kazakhstan.

In addition, J. Hou et al. (2025) and A.R.S. Viana et
al. (2025) investigated the effectiveness of alternative
types of organo-mineral fertilisers.). Hou et al. demon-
strated that the application of mixed straw-chemical
fertiliser increases nitrogen nutrition in sweet corn;
however, the study was limited to a single crop and did
not evaluate soil microbiological parameters. A.R.S. Vi-
ana et al. studied the effect of wastewater sludge-based
fertilisers on chickpea yield and soil properties, record-
ing increased yields and higher available phosphorus
content. In contrast to the mentioned study, the pres-
ent paper covered several crops (oats, wheat), uses




combinations of “biopreparations” and mineral fertil-
isers that differ in method and dose, and evaluates not
only productivity but also the state of the microbiota
(actinomycetes, nitrogen fixers, fungi) and agrochemi-
cal indicators. This provides grounds for a comprehen-
sive assessment of the interactions between “prepara-
tion-fertiliser-soil-plant”, which was not conducted in
the studies. The experiment must establish threshold
doses and application methods.

Furthermore, D. Shanmugavel et al. (2023) and
A.Jasinska et al. (2023) addressed promising strategies
for sustainable fertilisation. D. Shanmugavel et al. pre-
sented a synthesis review of smart fertilisers, focusing
on controlled release and new carriers, but practical
data in field crops was minimal. A. Jasifnska et al. ana-
lysed the use of digestate from anaerobic digestion as
a fertiliser, identifying agronomic potential but not con-
sidering microbiological activity and interaction with
mineral components. In contrast to these approaches,
the present study provides experimentally confirmed
data on the combination of a “biological product” and
NPs, quantifying the response of microbial communi-
ties and yields at different doses. This not only theoret-
ically substantiates the effectiveness of the combined
approach but also proposes specific practical solutions
for the chornozems of Northern Kazakhstan, including
in conditions of limited use of mineral components.

In turn, the studies by T. Srisawat et al. (2024) con-
sidered alternative models of agriculture and biowaste
conversion. T. Srisawat et al. demonstrated that natural
(subsistence) agriculture can reduce vegetative mass
but does not affect the yield and quality of rice, while
not studying microbiological processes and agrochem-
ical changes in the soil. K. Chojnacka et al. (2024) pre-
sented the practical aspects of converting biological
waste into fertilisers, emphasising the technological
value of the raw material, but the efficiency in terms
of soil microbiota and agrocenosis productivity was
not assessed. In contrast to the mentioned studies,
the present paper addressed the granular bioprepa-
ration not only in terms of form and source but also
in an agro-functional context: how it affects growth,
nutrition, microbial composition and yield. This makes
it possible to adapt Agrobion doses depending on the
goal (increasing yield, activating microbiota, saving
NPs), which makes the study highly applicable.

CONCLUSIONS

A comprehensive assessment of the effectiveness of the
granular biological product Agrobion in combination
with nitrogen-phosphorus mineral fertilisers (NP) in
different doses and methods of application was made
in a vegetation and field experiment on the southern
black soil of Northern Kazakhstan. The study covered
18 experimental variants, including absolute control
(no fertiliser), control with full NP rate, and combina-
tions of biological products at doses of 100, 200 and
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300 kg/ha with mineral fertilisers applied at doses of
Ya, V5, % and 1.0 of the calculated rates. Based on micro-
biological analyses, the study determined that the most
favourable option for activating the rhizosphere micro-
biota was a combination of 200 kg/ha of the ‘granular
biological product” with a %2 dose of NP at the main
application (variant 10). In this variant, the maximum
values of the number of actinomycetes, aerobic nitro-
gen fixers, and organotrophic and cellulose-degrading
bacteria were recorded. This confirms that a moderate
reduction in the mineral load during biostimulation can
achieve a synergistic effect and activate the soil mi-
crobiota. On the contrary, high doses of the “granular
biological product” (300 kg/ha) at the full dose of NP
caused inhibition of certain microbial groups, probably
due to substrate oversaturation.

The analysis of oat yields in the tillering and ear-
ing phases showed that at a dose of 300 kg/ha and
a reduction of NP to 3, the yield reached maximum
values (49.52 g/vessel), exceeding the control values
by more than 20 g/vessel. At % NP, a similar ratio also
had a positive effect, but the yield level was slight-
ly lower than at %2 NP. When the dose of NP was re-
duced to %, the compensating effect of the “prepara-
tions” became less pronounced, especially at a dose
of 120 kg/ha. The field germination of oats and spring
wheat also responded positively to moderate doses
of the “preparation”. The highest values of germina-
tion (72.14%) and yield (733 g/m?) of wheat green
mass were achieved at the pre-sowing application of
100 kg/ha of the “granular biopreparation”with the full
dose of NP. For the grain productivity of spring wheat
(t/ha), the same variant provided a yield of 2.76 t/ha,
the maximum among all experimental combinations.
At the same time, an increase in the dose of the “se-
lected preparation”to 300 kg/ha at low NP rates led to
a decrease in yield, which indicates a possible stress-
ful effect of excessive biological load. In the future, it
is planned to expand the tests on different soil types
and under-production crops to assess the stability of
the effect of the “preparations”.
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AHoTauia. MeTolo pocnigxeHHs 6yno Bu3HauyeHHs edeKTMBHMX CMiBBiOHOWEHb Gionpenaparty Ta MiHepanbHUX
[O6GpUB 0N NiABUWEHHS BPOXAMHOCTI Ta AKTMBHOCTI TIPYHTY. Y [OCNiOKEHHI nNpeacTaBneHi pesynbTaTu
KOMIMJIEKCHOTO BMBYEHHS BMJIMBY FPaHyNbOBaHOro npenaparty «ArpobioH» Ta pi3HMX [03 MiHepanbHWx [o6pus
(ML) Ha arpobionoriyHi NOKa3HMKK BiBCa Ta ApOi MWEHULi Ha niBaeHHOMY YopHo3eMi liBHiYHOro Kasaxcrany.
Hocnin oxonntoBae 18 BapiaHTiB KOMbGiHaLi [0OPUB, BKIKOYAOUYM aBCONKOTHUI KOHTPONb, CTaHAAPTHY fo3y M/,
a TaKoX pi3Hi fo3un ArpobioHy (100-300 kr/ra) Ta ix kombiHauii 3 %, V2, % Ta noBHo HOpMot M1 3a OCHOBHOTO
Ta nepeanociBHoro cnocobiB BHeceHHs. HavBuwwa 6ionorivHa akTMBHICTb FPYHTY cnocTepiranacs y BapiaHTi 3
200 kr/ra «npenapaTy» Ta ¥2 M[l, o cynpoBOAXYyBanoCs M'STMKPaTHUM 30inbleHHAM KiNbKOCTi a3oTdikcaTopis,
aKTMHOMILLETIB Ta L,e/1t01030p0o3K1afaoymx 6akTepivi NOPiBHSHO 3 KOHTPOeM. YPOXaMHICTb BiBca y Gasi KONOCIHHS
3a Uuiei koMbiHauii gocarna 49,52 r/nocyauHy, a MakcuMManbHa NonboBa CXOXicTb (72,14 %) 3adikcoBaHa npwu
nepeanocisHoMy BHeceHHi 100 kr/ra Arpo6ioHy 3 noBHoto Ao30t0 M. AHani3 XiMiYHMX BNAaCTUBOCTEN FPYHTY NOKA3aB
3HWXEHHS eNeKTPONpOoBIAHOCTI Ta NIATPUMKY ONTUManbHOro pH Npu NOMipHOMY 3HMXEHHI M[ Ta BUKOPUCTAHHI
npenapaty. Pe3ynbTaTv LeMOHCTPYIOTb, WO ONTUMaNbHI 403K ArpobioHy (100-200 kr/ra) y noeaHaHHi 3 Y2 abo
% po3paxyHkoBoi HopMu NP 3abe3neuvyoTb HAMBULLY BPOXaMHICTb, MiKpPOBIONOriYHY aKTMBHICTb Ta CXOXICTb.
HanmipHi no3u (300 kr/ra) abo piske 3HmxeHHS NP npu3senu fo 3HmxeHHs edekTMBHOCTI. BusBneHo kopensuito
MK 003010 ArpobioHy, BpOXaMHICTIO Ta MOKAa3HMKAMWM POAKYOCTI I'pyHTY. PekomeHaoBaHa KoMmbiHauis ans
niaBuULLEHHS arpoekonoriyHoi egekTuBHocTi — 200 Kr/ra «rpaHynboBaHoro npenapaty» 3 %2 Ml npu OCHOBHOMY
BHECEHHI. MPaKTUYHA LiHHICTb LbOro AOCNIAXEHHS NONArae B 0O6rpyHTYBaHHI ONTUManbHKUX 03 ArpobioHy Ta M/,
WO 3MeHLWYE MiHepanbHe HaBaHTAXeHHs 6e3 BTPaTW BPOXAMHOCTI, WO CNPUSE pecypco3bepexxeHHIo Ta 3aXMCTy
HaBKO/IMLWHbLOIO CepenoBuLLA CilbCbKOro rocnoaapcTea
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assessed through weekly monitoring of pest numbers, the degree of leaf damage according to the scale of the
European and Mediterranean Plant Protection Organisations, and analysis of climatic parameters. The integrated
group demonstrated the highest efficiency: the number of larvae decreased by 85+4% (p<0.001), adults by 60£6%,
and the average score of leaf damage was 1.2 £0.1 against 4.1+0.3 in the control. The Bacillus thuringiensis group
showed a 72 £5% reduction in larvae (p <0.001) with stability to temperatures of 15-25°C, but the effectiveness
dropped to 65% after 20 days. The fungi reduced the population by 65 *7% (p75%), but effect was halved in
the drought. The control group recorded a population growth of 25 * 3%. Regression analysis showed that the
integrated approach explained 89% of the variance (R?=0.89) in pest reduction. A comparative analysis with the
Kyrgyzstan Ribes species (Ribes meyeri, Ribes saxatile) indicated the potential of using phytochemical adaptations
for breeding resistant varieties. The results demonstrated that the combination of biological products with
pheromones is the optimal strategy to reduce dependence on chemical insecticides in the forest-steppe zone of
Ukraine, incorporating local climatic conditions (temperature, humidity) and biological characteristics of the pest.

The study has practical implications for the development of sustainable berry crop protection systems

Keywords: pests; larvae; imago; pheromone traps; entomopathogenic fungi

INTRODUCTION

Agriculture is facing growing environmental and eco-
nomic challenges related to the protection of crops
from pests. This problem is especially relevant in the
context of growing black currants (Ribes nigrum) in
the forest-steppe zone of Ukraine, where the massive
spread of Pristiphora rufipes larvae leads to crop losses.
In addition to environmental risks, the traditional use
of chemical insecticides is often ineffective due to the
development of resistance in pest populations and re-
strictions imposed by EU and Ukrainian legislation on
the use of toxic substances in food crops. The growing
public demand for environmentally friendly food and
growing technologies further raises the issue of de-
veloping alternative protection methods (Mushtruk &
Mushtruk, 2023).

In this regard, there is a growing interest in bio-
technological approaches that combine effective pest
control with minimal environmental impact. The for-
est-steppe zone of Ukraine is characterised by signif-
icant seasonal fluctuations in temperature and hu-
midity, which affect the viability of biocontrol agents
(Hradchenko & Pikovskyi, 2023). For the period 2020-
2025, there is limited research on the interaction be-
tween biological control methods and local climatic
factors, including the duration of high-humidity periods
critical for the sporulation of entomopathogenic fungi,
as well as temperature stresses that can reduce the ef-
fectiveness of pheromone traps. In the context of agro-
ecosystems, the contributions of L.G. Honenko (2021)
and M.O. Bilyk (2022), who systematised the principles
of integrated plant protection using biological methods
and environmental technologies. Studies, particularly
the works of M. Alemu (2020), P. Kumari et al. (2022),
highlight the prospects of using biological agents, in
particular entomopathogenic fungi (Beauveria bassiana,
Metarhizium anisopliae) and pheromone technologies,
to control insect pest populations. For example, S. Sin-
gh et al. (2020) proved the effectiveness of protease
inhibitors in suppressing larval development, while
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F. Hernandez-Rosas et al. (2020) analyse the potential
of symbiotic microorganisms as biocontrol agents. The
existing literature, in particular the works of L. Agui-
lar-Marcelino et al. (2020), also indicates the prospects
of combined approaches, such as the synergistic use of
entomopathogenic fungi with pheromone technologies.

International experience also confirms the need to
incorporate regional specifics. For example, the study
by AM. Botha et al. (2020) on integrated pest manage-
ment strategies in tropical Africa demonstrates the high
dependence of the effectiveness of biomethods on the
local microclimate. Similar conclusions were drawn by
H.Askary et al. (2021) in the context of the use of Hypo-
creales fungi in Iran. These data emphasise the need
to develop specific biocontrol schemes for each natural
and climatic zone. The prospects for using the natural
resistance of Ribes species are also an extremely im-
portant area. For instance, in Kyrgyzstan, Ribes meyeri
and Ribes saxatile species demonstrate high natural re-
sistance to pests due to the high content of phenolic
compounds, which limits the development of Pristipho-
ra larvae, according to G.N. Kalykova et al. (2022). This
highlighted opportunity for breeding new blackcurrant
varieties with increased pest resistance. At the same
time, such resistance mechanisms have not yet been
integrated into biocontrol programmes for Ribes nigrum
plantations in Ukraine, which creates prospects for fur-
ther research.

The recommendations of the authors considered
are mainly formulated for cereal crops and need to be
adapted to the specific features of the agrobiocenosis
of blackcurrant plantations. At the same time, most of
these studies were conducted in laboratory conditions
or in regions with stable climatic characteristics, which
limits extrapolation to other conditions. Furthermore,
the practical implementation of such schemes in the
field conditions of the forest-steppe zone requires
empirical verification. In particular, the following is-
sues remain unresolved: the influence of local climatic




factors, especially moisture and temperature stresses,
on the activity and viability of entomopathogenic fun-
gi; the synergy between different biological agents in
the context of natural biodiversity in agroecosystems;
the comparative effectiveness of integrated control
methods for cultivated varieties of Ribes nigrum and
naturally resistant species of Ribes. The study aimed to
evaluate the effectiveness of the integrated use of en-
tomopathogenic fungi (Beauveria bassiana, Metarhizium
anisopliae), a biopreparation based on Bacillus thuring-
iensis, and pheromone traps for controlling Pristiphora
rufipes populations in blackcurrant plantations in the
forest-steppe zone of Ukraine.

MATERIALS AND METHODS

The study was conducted during 2023-2024 on exper-
imental blackcurrant (Ribes nigrum) plantations locat-
ed in the Bila Tserkva Dendropark “Oleksandriia” (Kyiv
region, Ukraine), which is a scientific institution of the
National Academy of Sciences of Ukraine. This location
was chosen because of its typical climatic conditions
for the forest-steppe zone of Ukraine: average annual
temperature of +8°C, annual precipitation of 550 mm,
loamy soils with a pH of 6.2-6.5. The plots are located
100 metres away from forests and other agricultural
land to minimise environmental impacts. The objects
studied were larvae and adults of the sawfly Pristiphora
rufipes, as well as black currant bushes of the Sofiyivs-
ka variety. The sample consisted of 20 plots of 0.1 ha
each, randomly selected from a total plantation area of
5 ha, with a distance of 20 m from the plantation edges
to avoid the ‘edge effect” The inclusion criteria for the
plots covered three main requirements. Firstly, the pop-
ulation density of Pristiphora rufipes had to be at least
10 individuals per bush, as determined by a preliminary
7-day visual monitoring. Secondly, the bushes had to be
4-5 years old, as confirmed by the farm’s documenta-
tion, as this is when peak vegetative mass is reached,
therefore most attractive to the pest. Thirdly, the soils
in the plots had to be loamy with a pH of 6.2-6.5, which
was checked with a portable pH meter HI98128 (Italy).
Plots with signs of disease (e.g. powdery mildew), dam-
age by other pests or soil anomalies were excluded.
The study was based on the division of blackcur-
rant plots into four groups with different treatment
methods to compare effectiveness. The first group (Ba-
cillus thuringiensis) received a biological product based
on Bacillus thuringiensis (strain HD-1 Ukraine) at a con-
centration of 0.2%. This strain was chosen because of
its specific effect on insect larvae and safety for benefi-
cial entomophages. The working solution was prepared
according to the manufacturer’s recommendations and
applied by fine-drop irrigation using an AgroSpray-B
(Israel) sprayer, which ensured uniform distribution of
the product. The second group (fungi) was treated with
suspensions of entomopathogenic fungi Beauveria bas-
siana (strain Bb-15) and Metarhizium anisopliae (strain
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Ma-43). The density of spores in the suspension was
10%/ml, which provided a sufficient infectious load for
Pristiphora rufipes larvae. The third group (integrated)
combined fungal suspensions with pheromone traps
“Pherocon VI” (USA), which contained a synthetic an-
alogue of the secretion of female sawflies to attract
and catch males. Pheromone traps were set at 10 m
intervals (5 units per plot) and replaced every 14 days.
The fourth group served as a control without any treat-
ments, which made it possible to assess the natural dy-
namics of the pest population.

The protocol included two treatments per season:
the first at the budding stage (April), when the larvae
become active, and the second after flowering (June)
to control the second generation. The effectiveness of
the methods was assessed through weekly monitoring
of pest numbers. Weekly monitoring of pest abundance
was conducted by the method of squares (1x1 m), col-
lecting larvae and adults from 10 randomly selected
bushes on the plot. Larvae and adults of Pristiphora
rufipes were manually collected from each bush using
entomological tweezers with soft tips. To identify the
sex of adults, a Micromed-3 microscope (China) with
a digital camera was used. Leaf damage was assessed
on a 5-point scale of the European and Mediterrane-
an Plant Protection Organisation (2021) (EPPO), where
1 point meant no damage, 2 points of damage €10%
of the leaf surface, 3 points 11-30%, 4 points 31-60%,
5 points 261% or destruction. At each site, 100 leaves
were analysed, taken from different tiers of the bush
(Lower, middle, upper) to consider the vertical distri-
bution of pests. Climatic parameters (temperature, hu-
midity) were recorded by EcoClimate Pro sensors (USA)
with an accuracy of £0.5°C, installed at a height of 1 m
above the soil level in the centre of each plot.

To analyse the potential of biocontrol in more depth,
a comparative study was conducted with wild species
of Ribes (in particular, Ribes meyeri and Ribes saxatile)
growing in the mountainous regions of Kyrgyzstan. This
region was chosen because of the presence of suben-
demic forms with natural resistance to pests, as well
as the similarity of some climatic indicators (continen-
tality, seasonal temperature amplitude), which extrap-
olated adaptive mechanisms to the conditions of the
Ukrainian forest-steppe. The use of preparations com-
plies with the requirements of Regulation of the Euro-
pean Parliament and the Council No. 1107/2009 “Con-
cerning the Placing of Plant Protection Products on the
Market and Repealing Council Directives 79/117/EEC
and 91/414/EEC” (2009). The data were processed in
the R software (version 4.2.1). Student’s t-test was used
to compare groups, analysis of variance (ANOVA) was
used to assess the impact of climate factors, and re-
gression analysis was used to identify correlations. The
level of statistical significance was set at p < 0.05. All
treatments were carried out under the same weather
conditions (no precipitation for 24 hours).
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RESULTS AND DISCUSSION

Dynamics of the number of pests in blackcurrant plan-
tations. The use of biotechnological methods has
demonstrated significant efficiency in controlling the
Pristiphora rufipes population. The most pronounced re-
sult was observed in the integrated group, where fun-
gal suspensions and pheromone traps were combined.
Already 14 days after the first treatment, the number of
larvae in this group decreased by 85%4% (p<0.001),and
the number of adults (adults) decreased by 60+ 6% due
to mechanical trapping with pheromone traps “Phero-
con VI”.This is explained by the pronounced synergistic
effect between the two methods: entomopathogenic
fungi directly affected larvae, reducing survival, while
traps reduced the number of fertilised females, thereby
interrupting the life cycle of the population. There was
also a tendency to gradually reduce repeated waves of
pest development, indicating the cumulative effect of
the integrated strategy.

In the group treated with the biological product
based on Bacillus thuringiensis, the number of larvae
decreased by 72+5% (p<0.001) during the same obser-
vation period. The effectiveness of Bacillus thuringiensis
was highest in the early stages of larval development,
once in particularly vulnerable to bacterial toxins. The
effect of the preparation remained stable even under
conditions of air temperature fluctuations within 15-
25°C, which makes it a reliable component of the pro-
tection system in the conditions of climatic variability
of the forest-steppe. However, 20 days after application,
the effectiveness gradually decreased (up to 65%), due
to the natural decomposition of toxic proteins under
the influence of ultraviolet radiation, as well as leach-
ing by precipitation. This fact indicates the need for re-
peated application of the product to maintain a high
level of population control in the later stages of the
crop’s vegetation.

The group using entomopathogenic fungi (Beauver-
ia bassiana and Metarhizium anisopliae) showed a de-
crease in the number of larvae by 65%7% (p <0.01).
The study determined that the maximum effectiveness
of fungi is achieved under conditions of air humidity
above 70%, as moisture stimulates spore germination
and increases the probability of pest infection. Ad-
ditionally, the study noted that the fungi had a pro-
longed effect: 30 days after the initial treatment, larval
mortality increased to 75% due to the development of
secondary infections transmitted through contact be-
tween infected individuals. However, during dry peri-
ods, when the air humidity dropped below 50%, the
effectiveness of biological products dropped to 40%,
indicating that use in conditions of unstable humid-
ity is limited. Thus, the use of fungi requires careful
consideration of weather conditions to achieve opti-
mal results. The control group, which did not use any
control methods, showed the opposite dynamics: the
population of Pristiphora rufipes increased by 25+ 3%
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during the season. This growth confirms the high re-
productive capacity of the pest under favourable con-
ditions and the importance of active biocontrol. It was
found that the peak in the number of adults coincided
with the flowering period of currant, when the plants
provided optimal conditions for feeding and reproduc-
tion of pests. The microclimate of the forest-steppe
(temperature 18-22°C, humidity 60-75%) contributed
to the active generation of new generations of pests,
which made it impossible to regulate numbers natural-
ly without external intervention.

The integrated approach proved to be the most ef-
fective among all tested methods, reducing the total
pest population by 82% (including larvae and adults).
Compared to other biocontrol options, Bacillus thuring-
iensis showed a fast but less long-lasting effect, which
is optimal for “shock” control of the population in the
early stages of larval development. Instead, entomo-
pathogenic fungi provided a gradual but long-lasting
reduction in numbers, especially in conditions of high
humidity. Thus, the combination of methods made it
possible to combine the advantages of each tool and
compensate for disadvantages.The control observations
also showed that in the integrated group, leaf damage
was assessed at only 1.2 points on the EPPO scale,
while in the control group, this indicator reached 4.1
points. These results demonstrate that the combination
of biological methods with pheromone technologies
is a promising and environmentally safe direction for
long-term pest control in industrial currant plantations.

The degree of leaf damage in the experimental
plots. The use of biotechnological methods signif-
icantly affected the level of damage to blackcurrant
leaves,assessed on a 5-point EPPO scale. In the control
group, where no treatments were carried out, the av-
erage damage score was 4.1 +0.3, which corresponds
to the destruction of 31-60% of the leaf surface. These
results indicate the high activity of Pristiphora rufipes
in the natural conditions of the forest-steppe, where
the combination of moderate temperature and suffi-
cient humidity created favourable conditions for the
development of pest populations. The greatest dam-
age was observed in the lower tiers of bushes, where
the leaves were more accessible to larvae due to low-
er shoot density and lower ventilation, which contrib-
uted to the local accumulation of pests. In the group
treated with the biological product based on Bacillus
thuringiensis, the average damage score decreased to
1.8%+0.2 (p<0.001), which corresponded to damage of
€£10%. This result demonstrates the high efficiency of
Bacillus thuringiensis in the early stages of leaf devel-
opment, when young tissues are most vulnerable to
larval attacks. The application of the bacterial prepa-
ration led to rapid pest death, which was especially
evident in the upper tiers of the bushes, where the
average damage indicators varied within only 0.5-1
points. This is due to the uniform application of the




product, due to the open architecture of the upper
parts of the plant, where the leaves were better acces-
sible for processing and irrigation.

The group with entomopathogenic fungi (Beauveria
bassiana and Metarhizium anisopliae) showed an aver-
age damage score of 2.3+0.3 (p <0.01). Although the
fungi were less effective in reducing damage compared
to Bacillus thuringiensis preparation, provided more uni-
form protection of different tiers of the bush. In particu-
lar, the middle tiers showed a significant reduction in
damage: from 45% in the control group to about 15%
after treatment with fungi. It is worth noting that due
to the ability of entomopathogenic fungi to cause sec-
ondary infection through contact between individuals,
the population was gradually suppressed even in those
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areas of plants where the primary application of spores
was insufficient. The best results were recorded in the
integrated group, where the use of fungal biological
products and pheromone traps was combined. The av-
erage damage score was 1.2 0.1 (p <.001), indicating
minimal damage: only 5-10% of the leaves were slight-
ly damaged (£5% of the surface). Most of the damage
was observed on the lower tiers of the bushes, where
the availability of leaves for larvae was the highest, but
even there,damage was limited due to effective control
of adults and larvae (Table 1). The high effectiveness of
the integrated approach is explained by a synergistic
interaction: fungi reduced larval viability while reduc-
ing the number of adults by trapping limited new repro-
duction cycles.

Table 1. Comparison of leaf damage by treatment group

Average score Damage to the

Group

Statistical Note

(EPPO) surface significance (p)

Management 4.1%0.3 31-60% - Most damage on the lower levels
Bacillus thuringiensis 1.8%0.2 <10% <0.001 Maximum protection for the upper tiers
Mushrooms 2303 11-30% <0.01 Uniform distribution of effect
Integrated 1.2%0.1 5% <0.001 Minimal damage on all tiers

Source: compiled by the authors

The analysis of the distribution of damage by plant
tiers revealed a clear dependence of protection effi-
ciency on the spatial arrangement of leaves. Damage to
the upper tiers in all treated groups was minimal (not
exceeding 10%), which is explained by better lighting,
ventilation and higher accessibility for treatment ac-
tivities. In the middle tiers, fungal-based preparations
proved to be more effective, reducing damage by up to
15%, while Bacillus thuringiensis showed a preservation
of damage at around 10-12%. The lower tiers remained
the most vulnerable, but even in these conditions, the
integrated approach demonstrated a significant reduc-
tion in damage: from 60% in the control group to 8%
in the combined protection group. Thus, the results ob-
tained indicate that an integrated strategy of applying
biotechnological methods not only effectively limits the
development of the pest but also provides uniform spa-
tial protection of the entire plant.This,in turn,is a critical
factor for increasing the overall productivity of black-
currants, improving the quality of berries and increas-
ing the resistance of plantations to biotic stress factors.

The impact of climatic factors on the effectiveness
of methods. The study revealed a significant impact
of climatic conditions on the effectiveness of biotech-
nological methods, which emphasises the importance
of considering local meteorological features when
developing plant protection strategies. For entomo-
pathogenic fungi (Beauveria bassiana and Metarhizium
anisopliae), relative humidity was the key factor in
effectiveness. The ANOVA analysis showed a strong
positive correlation between humidity and larval

mortality (r=0.82; p<75%), with fungal efficacy reach-
ing 80+ 4%, as high humidity created optimal condi-
tions for spore germination, active penetration of hy-
phae into the larval body and development of mycosis.
On the contrary, during dry periods (humidity <50%),
the effectiveness dropped to 40 £ 6%, which limits the
use of fungi in regions with unstable or insufficient
moisture. This effect is explained by the fact that low
humidity slows down the metabolic processes of fun-
gi, reducing infectious activity.

For the biological product based on Bacillus thur-
ingiensis, the temperature range of 15-25°C did not af-
fect the results (p>0.05), which confirms the stability of
bacterial toxins (Cry-proteins) to thermal fluctuations
within the forest-steppe zone. However, at tempera-
tures <10°C, the activity of the larvae was significantly
reduced, which slowed down feeding and absorption of
toxins. Despite this, the overall efficacy of Bacillus thur-
ingiensis remained high (72 +5%) due to the prolonged
effect of the preparation, which provided long-term
protection even under conditions of temporary cool-
ing. Pheromone traps showed maximum efficiency at a
temperature of 18-22°C,when the activity of Pristiphora
rufipes adults reached its peak. Under such conditions,
the traps attracted up to 80% of males, which led to
a violation of the sex ratio of the population (1:4 in
favour of females) and a decrease in the number of fer-
tilised eggs by 45 £ 5%. At a temperature of >28°C, the
volatility of pheromones decreased due to the acceler-
ated evaporation of active components, which reduced
the radius of action of the traps by 30% (Table 2).
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Table 2. Dependence of method efficiency on climatic factors

Method Key factor Optimum range Efficiency Note
Mushrooms Humidity >75% 80£4% Spore germination requires moisture
Bacillus thuringiensis Temperature 15-25°C 72%£5% Stability of Cry proteins
Pheromone traps Temperature 18-22°C 60+6% Peak activity of adults

Source: compiled by the authors

The analysis of variance (ANOVA) revealed signifi-
cant differences between the groups for all the param-
eters studied: the number of pests (F=34.7; p<0.001),
the degree of leaf damage (F=28.9; p<0.001) and the
influence of climatic factors (F=19.4; p<0.01). The high-
est level of variance (n2=0.76) was observed for the in-
tegrated group, which confirms the synergy between the
methods.Regression analysis showed that the integrated
approach explained 89% of the variance (R?=0.89) in the
decline of the Pristiphora rufipes population. In compari-
son, the individual methods had a smaller contribution:

Bacillus thuringiensis 67 % (R*=0.67),fungi 58% (R?=0.58).
This indicates that the combination of methods does not
just add effects but multiplies through the interaction
of factors (e.g., reducing the number of adults reduc-
es the pressure on fungal defence). Correlation analysis
revealed a direct relationship between the number of
adults and the degree of leaf damage (r=0.91; p<0.001).
Each increase in the adult population by 10 adults/
bush resulted in a 1.5-point increase in EPPO score
(Table 3). This highlights the importance of controlling
not only larvae but also adults to prevent re-infestation.

Table 3. Statistical indicators of method efficiency

Parameter Integrated group Bacillus thuringiensis group  Group of mushrooms Management
R? (variance) 0.89 0.67 0.58 -
Correlation coefficient (r) 0.91 0.75 0.68 -
p-value <0.001 <0.001 <0.01 -

Source: compiled by the authors

Thus, the integration of methods is a statistically
optimal strategy (p < 0.001). The effectiveness of indi-
vidual methods is limited by biological mechanisms,
which confirms the need for adaptation to climatic
conditions. The high correlation coefficient between
adults and damage indicates the priority of preventive
measures before the start of oviposition. These results
substantiate the feasibility of using biotechnology in
a comprehensive current protection system, incorpo-
rating both biological and climatic features of the for-
est-steppe zone.

Comparative analysis with the Ribes species of
Kyrgyzstan and its implications for research. Based on
the results obtained on the effectiveness of biological
products based on Bacillus thuringiensis, entomopath-
ogenic fungi Beauveria bassiana and the combined use
of fungal suspensions with pheromone traps against
sawflies (Pristiphora spp.) in Ribes nigrum plantations in
Ukraine, the search for additional sources of natural re-
sistance capable of enhancing biocontrol becomes rel-
evant. In this context, wild species of the genus Ribes
growing in the mountainous regions of Kyrgyzstan de-
serve special attention. Endemic and subendemic taxa
of Kyrgyzstan’s mountain ecosystems have evolved
effective mechanisms of resistance to biotic and abi-
otic stressors. This approach further demonstrates the
adaptive potential of the genus and the identification
of genetic resources that can be used to increase pest
resistance in temperate climates.
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The genus Ribes in Kyrgyzstan is represented by
unique species that are evolutionarily adapted to the
extreme conditions of mountain ecosystems, which de-
termines high adaptability and resistance to abiotic and
biotic stresses. In particular, Ribes meyeri (Meyer’s cur-
rant), which is common in all mountainous regions of
the country, demonstrates outstanding tolerance to low
temperatures, drought and ultraviolet radiation. It has
been established that these adaptations may be associ-
ated with the presence of specific alleles of genes that
regulate the synthesis of antioxidant enzymes such as
superoxide dismutase and catalase, as well as second-
ary phenolic and flavonoid metabolites that act as anti-
fidants and limit pest feeding (Bate-Smith, 1976; Sun et
al., 2021). These molecular mechanisms are especially
relevant in the conditions of high insolation and tem-
perature fluctuations typical of the Kyrgyz mountains.
In contrast, the cultivar Ribes nigrum (blackcurrant),
which was studied in Ukraine, and Ribes meyeri in the
Issyk-Kul Basin form dense, shrubby thickets with re-
duced internodes and a more branched shoot struc-
ture. This makes it difficult for insect pests to access
the leaves, reducing the risk of mechanical damage and
infectious processes, which is a morphological adapta-
tion that is absent in most European varieties.

Another example of natural defence is the prop-
erties of Ribes saxatile (stone currant), common in the
Central Tien Shan and Northern Kyrgyzstan. The leaves
of this species contain high concentrations of phenolic




compounds, in particular tannins and flavonols, which
effectively inhibit the development of fungal infections
(Botrytis cinerea, Alternaria spp.) and reduce the attrac-
tiveness to leaf-eating insects (Kalykova et al., 2022).
The high content of these compounds may explain the
low population density of Pristiphora spp. in the nat-
ural habitats of Ribes saxatile compared to introduced
cultivars in Ukraine. The biogeographical context is
also essential in explaining differences in pest densi-
ties (Kushnir et al., 2023). In the Inner Tien Shan and
Alai Valley, where daily temperature fluctuations reach
30°C, Pristiphora spp. Populations are minimal due to
the instability of the environment, which makes it im-
possible for these insects to complete life cycle. This is
in sharp contrast to the forest-steppe zones of Ukraine,
where a favourable temperate climate (average annu-
al temperature +8°C, average annual precipitation of
about 550 mm) creates conditions for the massive de-
velopment of phytophages (Skliar et al., 2024).

Notable is the case of Ribes janczewskii, a sub-en-
demic of the Western Tien Shan, which has evolved
unique mechanisms of resistance to pests. Among
them, the synthesis of volatile organic compounds with
repellent properties, such as monoterpenes and sesqui-
terpenes, which repel adult pests and reduce feeding
intensity, is significant (Meng et al,, 2015). The aromat-
ic profile of these compounds indicates the potential
for biotechnological application in the development
of natural insecticidal products. Practical implications
for the study are as follows. Breeding of resistant vari-
eties: identification and introgression of genes respon-
sible for the synthesis of phenolic compounds in Ribes
saxatile into cultivars of Ribes nigrum can significantly
increase resistance to major pests without the need for
synthetic pesticides. Development of biotechnological
products: extracts from Ribes meyeri leaves, rich in alka-
loids and polyphenols, can develop new biocinsecticides.
The products can be used as enhancers of the effective-
ness of biocontrol agents such as Beauveria bassiana
through combined use. Adaptation of biocontrol meth-
ods: the experience of using the natural soil microbiota
of the Tien Shan, where Metarhizium anisopliae fungi ef-
fectively suppress pest populations, can be adapted to
Ukrainian conditions by introducing strains adapted to
local climatic conditions. In addition, the results of the
analysis indicate the feasibility of multidisciplinary ap-
proaches that combine breeding programmes, the de-
velopment of bioactive products and ecosystem-based
pest management.

Thus, the Ribes species of Kyrgyzstan, especial-
ly the sub-endemic mountainous regions, represent a
valuable source of genetic and ecological adaptations
for improving biocontrol methods in Europe. Natural
resistance, formed under the influence of harsh climat-
ic and biotic factors, can be the basis for the develop-
ment of integrated plant protection strategies (Shahi-
ni et al., 2023; 2024). In particular, the combination of
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entomopathogenic fungi with Ribes saxatile extracts
has the potential to reduce dependence on chemical
insecticides in the forest-steppe zone of Ukraine by
40-50%, which is consistent with the principles of sus-
tainable agriculture, biodiversity and environmental
protection. The results of the study confirm that the
integrated use of entomopathogenic fungi (Beauveria
bassiana, Metarhizium anisopliae) and pheromone traps
is an effective strategy for controlling Pristiphora ru-
fipes in blackcurrant plantations. These findings corre-
late with the study by E. Quesada-Moraga et al. (2020),
who demonstrated that the combination of biological
methods increases efficiency due to synergy between
mechanisms of action. For instance, a 60 * 6% reduc-
tion in adult numbers due to pheromones reduced
pressure on fungal defences, which is consistent with
the “double hit” concept described by A. Chakravarthy
(2020).A. Chakravarthy analysed innovative approaches
to pest control, emphasising the importance of adapt-
ing methods to local conditions, which confirmed the
results obtained on the impact of climate on the effec-
tiveness of biological products.

A study by G. Uma et al. (2025) on biotechnological
innovations in forest ecosystems highlights the role of
entomopathogens in reducing chemical dependency,
which is consistent with the reported 40-50% reduc-
tion in insecticide use. N. Tumenbayeva et al. (2024), in
a study of biological protection of currants in Kazakh-
stan, found similar trends in the effectiveness of fun-
gi, but the results were for other pest species, which
highlights the need for species-specific approaches. S.
Arthurs and L. Lacey (2024) analysed the use of micro-
bial agents in orchards, highlighting the stability of Ba-
cillus thuringiensis toxins, which confirms the findings
of this study on effectiveness at different temperatures.
The results of the study confirm the effectiveness of the
integrated use of entomopathogenic fungi and phero-
mone traps for the control of Pristiphora rufipes. These
findings correlate with the study by E. Quesada-Mora-
ga et al. (2020), who proved the possibility of integrat-
ing biological methods into biocontrol systems. How-
ever, the experiments of these authors were conducted
under controlled conditions, while the data obtained in
this study indicate the criticality of adapting methods
to open ground, where climatic factors such as humidi-
ty and temperature significantly affect efficiency.

M. Gotebiowski et al. (2021), analysing the effect of
fungi on the lipid composition of insect cuticles, con-
firmed the mechanisms of infection described in the
study. However, the study did not address climatic vari-
ations, which were found to reduce the effectiveness of
fungi at humidity below 50%. This fact highlights the
need to consider local conditions when developing bio-
control strategies. Similar limitations were identified in
the study by G. Devi (2020), where entomopathogenic
nematodes showed a dependence of effectiveness on
humidity, which confirms the universality of this factor
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for various biological methods. T. Lampasona (2022),
on the behaviour of pests in orchards, highlights the
importance of environmental factors such as temper-
ature in the development of control strategies. These
results are in line with the optimal temperature range
(18-22°C) for pheromone traps found in this study. In
addition, J. Strand et al. (2025) determined that volatile
compounds released during plant injury can attract par-
asitoids, which complements these observations on the
role of pheromonesindisrupting the sexbalance of pests.

The study by Q. Guignard et al. (2020) on the pher-
omones of the wasp Sirex noctilio and the study by
G. Svensson et al. (2023) on the identification of phero-
mones of Euhyponomeutoides albithoracellus confirmed
the versatility of pheromone methods for different in-
sect species. However, in contrast to these studies, the
present study found that the volatility of synthetic pher-
omones significantly decreases at temperatures above
28°C, indicating the need to optimise formulation for
sustainable use in the face of climate change. Innova-
tive solutions proposed by C. Hellmann et al. (2024),
such as polymeric carriers with controlled pheromone
release, may be a promising way to overcome this limi-
tation. L. Xu et al. (2020) on pheromones of gall midges
and the study by A. Nagy et al. (2022) on the optimi-
sation of baits for Autographa gamma highlighted the
need for a species-specific approach, which confirms
the relevance of the methodology applied in this study,
focused on Pristiphora rufipes. However, in contrast to
these studies, the present study found that the com-
bination of methods (mushrooms + pheromones) pro-
vides a synergy that reduces the pest population by
85 %4%, which exceeds the results obtained using indi-
vidual methods.

M. Knapp et al. (2020), analysing integrated pest
management in greenhouses, demonstrated the po-
tential of integrated approaches, but the recommen-
dations of the authors need to be adapted to open
agroecosystems where environmental factors are less
predictable. The study by S. Pacheco et al. (2023) on the
structural stability of Bacillus thuringiensis toxins con-
firmed effectiveness at different temperatures, which is
consistent with the results obtained. However, in con-
trast to the study by T. Patyka and M.V. Patyka (2020),
where Bacillus thuringiensis was used against mosqui-
toes, the data of this study emphasise its specific ef-
ficacy for leaf-eating pests such as Pristiphora rufipes.
N. Thakur et al. (2021) on the interaction of soil mi-
crobes with bioagents opens prospects for further inte-
gration of entomopathogens into integrated protection
systems. These results complement the findings of this
study, indicating the potential of combining fungi with
soil microbiota to increase the resilience of agroeco-
systems. S. Parajuli et al. (2022) described biopesticides
as a basis for sustainable agriculture, which is consist-
ent with the described recommendations for reducing
chemical burden. T. Achari et al. (2022) studied the
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effect of Bacillus thuringiensis on mosquitoes under
heat stress, which highlights the need for further re-
search to adapt methods to climate change.

The effectiveness of fungi dropped to 40+6% at hu-
midity <50%, which contradicts the study by G. Uma et
al. (2025), where [saria fumosorosea remained active in
arid regions. This difference can be explained by the
species specificity of fungi and the characteristics of
forest-steppe soils. The synergy of methods in this study
(R?=0.89) exceeds the results of T. Lampasona (2022),
where combinations of methods had a lesser effect
due to competition between agents, emphasising the
importance of proper component selection. The results
of the study directly impact agricultural practices: the
integration of biopreparations can reduce insecticide
use by 40-50%, which is in line with sustainable ag-
riculture goals. Recommendations for humidity (>75%)
and temperature (18-22°C) will optimise treatments,
especially in the context of climate change. The results
of the study prove that biotechnological methods can
become an alternative to chemical insecticides in the
forest-steppe zone of Ukraine. Effectiveness depends
on climatic conditions, which highlights the need for
adaptation to local conditions. A comparison with inter-
national experience shows that such approaches can
be scaled up for other crops and regions.

CONCLUSIONS

The study confirmed the high efficiency of biotechno-
logical methods in controlling the number of Pristipho-
ra rufipes on black currant in the forest-steppe zone.
The best results were achieved through an integrated
approach that combined the use of entomopathogenic
fungi (Beauveria bassiana, Metarhizium anisopliae) and
pheromone traps (Pherocon VI), which reduced the total
number of pests by 82% and minimised leaf damage to
the level of 1.2 points on the EPPO scale. A pronounced
synergistic effect was found between the direct ac-
tion of biological products on larvae and mechanical
control of adults, which led to the interruption of the
pest’s life cycle and a gradual decrease in its popula-
tion during the season. The biopreparation based on
Bacillus thuringiensis demonstrated high initial efficacy
(72 %5% reduction in larval numbers), especially in the
early stages of pest development and under moderate
air temperature conditions (15-25°C). However, its ef-
ficacy gradually decreased after 20 days due to natu-
ral abiotic factors (ultraviolet radiation, precipitation),
which requires regular updating of treatments to main-
tain control. Entomopathogenic fungi showed a rela-
tively slower but longer effect: larval mortality reached
75% 30 days after treatment due to the development
of secondary infections. At the same time, a significant
dependence of fungal effectiveness on air humidity was
found at humidity above 75%, the maximum effective-
ness (80%4%) was observed, while in dry periods (<50%
humidity), the effectiveness was halved.




The analysis of the degree of leaf damage con-
firmed the effectiveness of the applied protection
methods: in the integrated group, the damage was only
5-10% of the leaf surface, which is significantly less
compared to the control (31-60%). The uniform distri-
bution of the protective effect by plant tiers was best
with the integrated approach, which ensured the pres-
ervation of the photosynthetic potential of plants and
optimal conditions for fruiting. The study also revealed
the importance of adapting the protection system to
climatic conditions. High air humidity is critical for
entomopathogenic fungi, while Bacillus thuringiensis
preparations showed high stability to temperature fluc-
tuations in the range of 15-25°C, but effect decreased
at temperatures below 10°C due to a decrease in larval
activity. Comparative analysis showed that wild Ribes
species from the mountainous regions of Kyrgyzstan
are characterised by higher natural resistance to pests
compared to cultivars, due to specific morphological
traits, biochemical profiles and ecological adaptabil-
ity to extreme environmental conditions. The obtained
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results confirm that the integrated use of biotechno-
logical means is the most promising direction for en-
vironmentally safe, stable and highly effective pest
control in industrial blackcurrant plantations. The limi-
tation of the study was that the size of the plots (0.1 ha)
did not incorporate the migration of adults from neigh-
bouring areas, which may have underestimated the ef-
fectiveness of the methods. Further research should be
aimed at optimising the modes of application of bio-
logical products, incorporating weather forecasts and
the possibility of increasing the stability of the products
to abiotic factors.
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AHoTauia. MeTolo pgocnigkeHHs Byno NopiBHATM edeKTUBHICTb 6iOTEXHOMOrYHMX METOAIB KOHTPOND nonynsuii
nunbluka Pristiphora rufipes Ha YopHi cMopoauHi (Ribes nigrum) B yMOBax NnicoOCTENOBOi 30HM YKpaiHKU Ta BUSBUTU
€KoNOorivyHi GakTopw, WO BNAMBAKOTb HA IXHIO pe3ynbTaTUBHICTb. [loCNimKeHHS NpoBOAMNOCS 3 BUKOpUCTaHHAM 20
ningHok (0,1 rekTapiB KOXHa), pO3MoAiNeHnMx Ha 4oTMpW rpynu: obpobka GionpenapatoM Bacillus thuringiensis,
eHToMonatoreHHUMuU rpubamu (Beauveria bassiana, Metarhizium anisopliae), kombiHaui€to rpubis i3 GepoMOHHUMM
nacTkaMu Ta KOHTponb 6e3 06pobok. EQeKTUBHICTb OUiHIOBANM 4Yepes LUOTUXKHEBWUIA MOHITOPUHI YMCENbHOCTI
LUKiAHMKIB, CTYMNiHb MOLIKOMXKEHHS NCTA 3a WKanoto €sponeicbkoi Ta Cepea3eMHOMOPCLKOI OpraHi3aLii 3axucTy
POCAMH Ta aHani3 KNiMaTMYHUX nNapaMeTpiB. |HTerpoBaHa rpyna MNpoAEMOHCTPYBana HamBulLy edeKTUBHICTb:
YMCEeNbHICTb IMYMHOK 3HM3MNAca Ha 854 % (p<0,001), imaro — Ha 60£6 %, cepenHilt 6an NOWKOLXKEHb NCTA CKNAB
1,2+0,1 npotn 4,1+0,3 y koHTponi. [pyna Bacillus thuringiensis noka3sana 3HWXeHHS IMYMHOK Ha 72%5 % (p<0,001)
3i cTabinbHicTio go TemMnepatyp 15-25°C, ane edpekTUBHICTb Nagana fo 65 % vepes 20 pi6. [pnbu 3HU3MAM NonynaLito
Ha 65%7 % (p<0,01) i3 MakcuManbHow edekTuBHicTio 80+ 4 % npu Bonorocti >75 %, npoTe ix Ais 3MeHwWwyBanacs
BABIYi 33 nocyxu. KoHTponbHa rpyna 3adikcyBana 3pocTaHHsa nonynauii Ha 253 %. PerpeciiHuii aHani3 BUSBUB,
WO iHTerpoBaHuit niaxin nosicHioe 89 % aucnepcii (R?=0,89) y 3HUKEHHI WKigHWKA. [TOPIBHANBHUIA aHanNi3 3 BUAAMM
Ribes KuprusctaHy (Ribes meyeri, Ribes saxatile) BkazaB Ha NOTEHLiaN BUKOPUCTAHHS TXHIX PITOXIMIYHMX afanTaLin
NS cenekuii cTiMkux copTis. Pe3ynbTaTv LOBOAATD, LLO KOMBGiHaLig 6ionpenapaTis i3 pepoMOHaMM € ONTUMANbHOO
CTpaTerieto AN 3MEHLWEHHs 3aNeXHOCTi Bif, XiMIYHUX iHCEKTUUMAIB Y NiCOCTENoBil 30HI YKpaiHW, BpaxoByOUM
NOKanbHi KNiMaTW4Hi YMOBM (TeMnepaTypa, BOJIONiCTb) Ta GionoriyHi 0co6MMBOCTI WKiAHMKA. [loCcnigKeHHs MaE
NPaKTUYHE 3HAYEHHS AN pO3POOKM CTaNIMX CUCTEM 3aXMUCTY SMiAHUX KYNbTyp

KniouoBi cnoBa: WKiLHUKWU; TMYMHKM; iMAro; GEPOMOHHI MACTKWU; EHTOMONATOreHHI rpubm

Scientific Horizons, 2025, Vol. 28, No. 6



https://orcid.org/0009-0000-5467-7824
https://orcid.org/0000-0001-5525-7629
https://orcid.org/0009-0002-8538-0921
https://orcid.org/0000-0002-1919-6336
https://orcid.org/0009-0006-3933-013X

SCIENTIFIC HORIZONS [es

SCIENTIFIC

nnnnnnnn

Journal homepage: https://sciencehorizon.com.ua
Scientific Horizons, 28(6), 77-88

UDC 615.22:577.15
DOI:10.48077/scihor6.2025.77

Study of antimicrobial properties of Hericium fungal extracts

Kairat Mustafin
PhD in Biology, Leading Researcher
LLP Research and Production Enterprise “Antigen”
040905, 4 Azerbayev Str., Abay, Republic of Kazakhstan
https://orcid.org/0000-0001-9471-7333
Zhanara Suleimenova’
PhD in Biology, Leading Researcher
LLP Research and Production Enterprise “Antigen”
040905, 4 Azerbayev Str., Abay, Republic of Kazakhstan
https://orcid.org/0000-0002-6524-4423
Nurlan Akhmetsadykov
Doctor of Veterinary Sciences, Professor
LLP Research and Production Enterprise “Antigen”
040905, 4 Azerbayev Str., Abay, Republic of Kazakhstan
https://orcid.org/0000-0001-6076-7164
Nina Bisko
Doctor of Biology, Leading Researcher
M.G. Kholodny Institute of Botany of the National Academy of Sciences of Ukraine
01601, 2, Tereshchenkivska Str., Kyiv, Ukraine
https://orcid.org/0000-0003-1894-0896
Aigerim Zhakipbekova
Master of Sciences, Researcher
LLP Research and Production Enterprise “Antigen”
040905, 4 Azerbayev Str., Abay, Republic of Kazakhstan
https.//orcid.org/0000-0002-7927-4738

Article’s History: Abstract. The study aimed to investigate the antimicrobial and antimycotic properties of
Received: 18.11.2024 14 strains of fungi of the genus Hericium sp.To obtain antibiotic substances, the plants
Revised:  05.05.2025 were grown superficially or deeply in a liquid nutrient medium, after which alcohol and
Accepted: 28.05.2025 ethyl acetate extraction was performed from the dried mycelium and culture liquid; for
quantitative evaluation of antibiotic activity, plant extracts were tested by the method
of discs and wells on solid nutrient medium, two test cultures of micro-mycetes, three
test Gram-negative bacteria and three test Gram-positive bacteria; the minimum
inhibitory concentration was determined by the method of dilutions by optical density.

Suggested Citation:
Mustafin, K., Suleimenova, Zh., Akhmetsadykov, N., Bisko, N., & Zhakipbekova, A. (2025). Study of antimicrobial
properties of Hericium fungal extracts. Scientific Horizons, 28(6), 77-88. doi: 10.48077/scihor6.2025.77.

Copyright © The Author(s). This is an open access article distributed under the terms of the
oy Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)

*Corresponding author



https://orcid.org/0000-0001-9471-7333
https://orcid.org/0000-0002-6524-4423
https://orcid.org/0000-0001-6076-7164
https://orcid.org/0000-0003-1894-0896
https://orcid.org/0000-0002-7927-4738
https://sciencehorizon.com.ua

78

Study of antimicrobial properties of Hericium fungal extracts

None of the strains of Hericium sp. showed antimycotic properties of plants. The antimicrobial effect of the culture
liquid was generally stronger than that of the mycelial extracts. In the surface cultivation experiment, strong
growth inhibition of test cultures was observed on days 7 and 14 of Hericium sp. cultivation. The growth inhibition
zones of Escherichia coli were 17.5 cm for H. erinaceus 977 and 19.0 cm for H. erinaceus 2536; sterile zones on the
plate from Micrococcus luteus were determined by diameters of 21.2 cm for the culture fluid of H. erinaceus 2530,
19.2 cm for the mycelial extract of H. erinaceus 977,and 17.8 cm for the biomass homogenate (BH) of H. erinaceus
2536. Long-term deep cultivation for 60 days contributed to the accumulation of antibacterial compounds
effective against Staphylococcus aureus: the diameter of the sterile zone at 60 days was 30 cm for extracts from
the biomass of H. erinaceus 2530, H. cirrhatum 2393, H. coralloides 2332. The strongest antimicrobial effect was
recorded in the culture fluid of H. coralloides 2332 on the 21st day of growth (32.1 cm). The minimum inhibitory
concentrations against S. aureus were determined to be in the range of 50-1,900 ug/ml for H. erinaceus 2530, H.
coralloides 2332, and H. cirrhatum 2393. In general, a higher antibiotic activity was recorded against gram-positive
microorganisms (S. aureus), and insignificant against gram-negative microorganisms (Pseudomonas aeruginosa).
The data obtained can be used in further laboratory experiments on the identification and quantification of new
antibiotics synthesised by fungi of the genus Hericium sp.

Keywords: antibiotics; antimycotics; surface cultivation; deep cultivation; minimum inhibitory concentration

INTRODUCTION

Arelevantissue in medicine and pharmacy is the perma-
nent acquisition of antibiotic resistance by pathogenic
microorganisms. According to M. Huemer et al. (2020)
and E.M. Darby et al. (2023), the pharmaceutical, orga-
nosynthetic and biotechnology industries are constant-
ly working on the development of new and modification
of existing antibacterial agents, but pathogen cells ac-
quire resistance mutations and transmit them via mo-
bile genetic elements. Therefore, the study of producers
and biomolecules active against pathogenic bacteria
and fungi will always be relevant. The genus Hericium
belongs to the family Hericiaceae, order Russulales, class
Agaricomycetes, division Basidiomycota. Under natural
conditions, these saprophytic fungi usually grow on the
bark of dead or decaying trees. The fruiting bodies are
in the form of spines or bulbs hanging from a branched
base or a monolithic plant tissue mass. They form am-
yloid basidiospores. Mycelial growth rates are closely
positively correlated with the activity of synthesised
hydrolytic enzymes amylases, cellulases, and proteases.
The temperature optimum for growth is 21-24°C, and
the substrate pH range is 5.8-6.2 (Kolesnyk, 2023).

Following Y-F. Tan et al. (2024) representatives of
the genus Hericium synthesise about 230 secondary
metabolites, which belong to six classes of compounds
according to their chemical structure, biological action
and synthesis pathway. In vivo and in vitro experiments
on various extracts from this plant have shown that the
biomolecules it produces have anti-cancer, antimicrobi-
al, anti-inflammatory and antioxidant effects, as well as
neuroprotective and alpha-glucosidase inhibitors.About
60 of them have antibiotic activity. Given that in many
regions this genus is endangered, it is grown artificial-
ly for industrial purposes (Fisher & Mobashery, 2020).
According to H. Kawagishi (2021), the main biologically
active substances isolated from mushrooms of the ge-
nus Hericium include gericenones, ericenones, exo- and
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endopolysaccharides, phenols, sterols and some other
compounds. Among the newly discovered compounds
with biological properties are the flavonoids apigenin,
luteolin, acacetin, and diomethine, which have been
shown to have anti-inflammatory and neuroprotective
effects. The spectrum of secondary metabolites strong-
ly depends on the conditions of cultivation or growth
(Pikovskyi et al., 2023). Toxicological studies by E. Ko-
standa et al. (2024) proved that the waste products of
Hericium plants are safe and have no side effects when
used therapeutically. The most studied plant species is
H. erinaceus. At the same time, data on the synthesis
of antibiotics by other representatives of the Hericium
genus are scarce.

Literature sources describe the antimicrobial
properties of numerous species of macromycetes, in-
cluding the genus Hericium (Krychkovska et al., 2025).
R. Mishra et al. (2020) noted that alcohol/organic ex-
tracts from cells and culture fluid (CF) of H. erinaceus
can inhibit the growth of many species of bacteria.
J. Qi et al. (2024) noted the strongest bactericidal ac-
tivity of H. erinaceus extracts against Staphylococcus
aureus. Notably, the antimicrobial properties of H. er-
inaceus fruit bodies were studied more extensively
than the antibiotic potential of the culture medium.
J.Lazur et al. (2024) also recorded the antifungal activ-
ity of metabolites from Hericium sp. mycelial cultures
against the growth of Candida albicans and Cryptococ-
cus neoformans.

Researchers have been studying the properties of
crested blackberry. For instance, N. Makhamrueang et
al. (2021) confirmed that biologically active substance
synthesised by H. erinaceus have an antitumour ef-
fect against gastric, liver and esophageal carcinoma;
regenerate neuronal growth and counteract their ap-
optosis (nerve tissue regeneration stimulants NGSF);
prevent the development of cognitive dysfunction




(beta-amyloid peptides); activate macrophages, the
synthesis of gamma interferon and interleukins 2/10
(beta-D-glucans); have antioxidant characteristics
(polysaccharides); promote wound healing; slow
platelet aggregation (gericenone B). However, the an-
tibiotic potential of Hericium sp. has not been actively
studied in Kazakhstan.

Therefore, the objective of the experiment was to
test the antibacterial and antimycotic properties of
mycelium extracts and secretory compounds from the
Hericium genus.

MATERIALS AND METHODS

Four species and 14 strains of fungi of the genus Herici-
um were used in this study. The specimens were provid-
ed by the IBK Culture Collection of the M.G. Kholodny
Institute of Botany of the National Academy of Sciences
of Ukraine. The list of specimens that were used as test
cultures to verify the antibiotic activity included H. abi-
etis 2376; H. cirrhatum 2393; H. coralloides 1876, 2332,
2333; H. erinaceus 339, 963, 965, 977, 991, 992, 2239,
2530, 2536. Several strains of microfungi Mucor globo-
sus N-O18, Penicillium polonicum URV-F 823, Aspergil-
lus niger VURV-F 822 (Collection of microorganisms of
crops of the Prague Research Institute); gram-negative
aerobes and facultative anaerobes Pseudomonas aerug-
inosa, Klebsiella pneumoniae, Escherichia coli; Gram-pos-
itive rods and cocci Bacillus subtilis, Staphylococcus au-
reus, Micrococcus luteus (Collection of microorganisms
of the Department of Microbial Synthesis Biotechnolo-
gy, National University of Food Technologies).

For surface cultivation, Hericium sp. strains were
cultivated in a liquid nutrient medium (50 ml per
250 ml flask) containing the following components
(Sigma-Aldrich): vegetable peptone 3 g/l; yeast extract
2 g/l; magnesium sulfate heptahydrate 0.25 g/l; mono-
substituted potassium phosphate 1 g/l; and dibasic
potassium phosphate 1 g/l. Agar medium of the same
composition with the addition of 20 g/l of bacterial agar
(Sigma-Aldrich) was poured into Petri dishes. To obtain
mycelium at the stage of active growth, Hericium sp.was
inoculated onto the agar medium. Three mycelial discs
cut from a cup (7-8 mm in diameter) were placed in each
flask with the liquid medium and grown for 20 days
at 25°C. Deep cultivations was carried out in a shaker
incubator (120 rpm) in 500 ml flasks with 100 ml of
similar nutrient medium at 24°C for 7-60 days, depend-
ing on the conditions of the individual experiment. The
bacteria were cultured on Mueller-Hinton agar (MH)
(Sigma-Aldrich) (yeast extract 0.0.5 g/l; vegetable pep-
tone 17 g/l; starch 15 g/l; bacterial agar 20 g/l); Peni-
cillium sp., Mucor sp. and Aspergillus sp. were grown on
malt extract agar (MEA, Pronadisa) at 25°C for 5 days.
To obtain the extracts, 20 mg of dried Hericium sp. my-
celium was placed in 1 ml of ethanol (70%) and soni-
cated for 30 min at 45°C, cooled to 4°C, filtered through
a paper filter and precipitated (20 min, 2,500 rpm). To
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concentrate the antibiotic substances secreted by the
mycelium into the external environment, one volume
of the culture liquid was transferred to a separating
funnel, and two volumes of ethyl acetate were added,
shaken (10 min) and incubated for 1 day at 4°C. Subse-
quently, the organic fraction was removed, and evapo-
rated without residue on a rotary evaporator, and the
dry residue was resuspended in 5 ml of 70% ethanol.

Antibiotic activity was recorded on days 7, 14, 21
and 60 of plant growth. For the antibacterial test, 10 pl
of the extract (0.1 mg dry weight/disc) was applied to
sterile paper discs (BioMerieux, 6 mm), dried (30 min,
40°C), placed on the surface of a dish with a pre-sown
test culture and incubated at 30°C for 24 hours. After
germination of the test strain, the linear dimensions of
the sterile zones around the discs with antibiotics were
compared. The antifungal test, as well as the repetition
of the antibacterial test, was performed using the well
method. A well (5 mm) was cut out in the centre of the
test culture dish, into which 100 pl of ethyl acetate ex-
tract and test culture suspension were added. The sus-
pension was prepared by resuspending micromycete
spores or bacterial colonies in a sterile 0.9% sodium
chloride solution. After germination, the diameters of
the sterile zones were compared similarly to discs. Gen-
tamicin sulphate solution (Kazakhstan,40 mg/ml) served
as K+. Ethanol (70%) was used as a negative control.

The minimal inhibitory concentration (MIC) of the
obtained plant extracts was determined by the method
of serial dilutions (3, 6, 12, 24, 48, 96, 192) in MH me-
dium (with conversion of concentration to dry weight).
The test tubes with MH and extract (ethanol = negative
control) were inoculated with 50 ul of S. aureus test
culture and grown for 24 hours at 37°C, and the op-
tical density of the tube contents was determined at
600 nm (Specord Plus 250 spectrophotometer, Analytik
Jena, Germany; blank nutrient medium). The minimum
inhibitory concentration was determined in the test
tube with the highest dilution, in which the absorbance
of the test solution did not differ from that of the blank
solution (sterile MH with extract). All experiments were
repeated in quadruplicate. The data were processed us-
ing the statistical tools Microsoft Excel and SigmaPlot
9.0 (coefficient of variation, standard deviation, confi-
dence interval). The difference was considered statisti-
cally significant with a confidence level of at least 0.95.

RESULTS

In the surface cultivation experiment, the antibiotic ef-
fect was observed in all the studied representatives of
the plant under study. However, in most cultures, the in-
itial culture liquid did not inhibit the growth of micro-
organisms. The extract of the medium of 5 species, con-
centrated tenfold, inhibited the growth of Escherichia
coli and Staphylococcus aureus. H. abietis and H. cirrha-
tum were found to be new producers of antibiotic sub-
stances. Antimicrobial activity was absent in all strains

Scientific Horizons, 2025, Vol. 28, No. 6

79



Study of antimicrobial properties of Hericium fungal extracts

after the first week of cultivation.Therefore,the informa-
tion on the antibacterial properties of the studied fungi,

which were characterised by relatively high activity af-
ter two weeks of cultivation, is summarised in Table 1.

Table 1. Antimicrobial effect of Hericium species (paper disc method) after 14 days of surface cultivation

Diameter of the sterile zone (cm)

Species, strain

Bacillus subtilis  Bacillus subtilis ~ Bacillus subtilis ~ Bacillus subtilis

. BH 0.96£0.04 1.20%0.06 1.00+0.02 -
. cirrhatum 2593 CF 1.30£0.12 - - 1.00£0.05
1. coralloides 2339 BH 0.88+0.04 1.00£0.05 1.20+0.09 0.90+0.01
CF 1.14%0.06 0.96%0.02 1.20%0.10 0.92+0.08
BH 1.04+0.02 1.16%0.08 0.90£0.01 0.96+0.04
963 CF 0.90%0.02 - 1.00£0.05
977 BH 1.06+0.04 0 - 1.14+0.01
CF 1.24£0.10 0.90£0.01 1.10+0.05 0.90%0.02
991 BH 1.16+0.05 1.00£0.02 1.06+0.04 0.94%0.02
) CF 1.06+£0.04 0.90£0.01 1.20+0.06 0.90+0.03

H. erinaceus

992 BH 1.10%0.05 1.00£0.03 0.96%0.04 1.14£0.08
CF 1.00£0.03 0.90£0.02 1.00+0.05 0.94%0.05

2530 BH 1.10£0.01 - 1.00£0.04 -
CF 1.00+0.03 0 1.24+0.04 0.84%0.02
2536 BH 0.83%0.02 1.06+0.08 - 0.88+0.05
CF 1.20+0.06 1.08+0.02 1.10+0.03 0.90%0.04

Note: “” - no research was conducted
Source: compiled by the authors

Sterile zones on test culture plates were determined
by a range of 8.3-15.0 mm. Staphylococcus growth was
most strongly inhibited by concentrated extract of
H. erinaceus 2239 medium (13.4 £ 1.3 mm); bacilli by
extract of H. cirrhatum 2393 extract 13.2+1.0 mm; Es-
cherichia coli by H. coralloides 2333 medium concen-
trate 13.9 £ 0.8 mm; M. luteus with H. erinaceus 2530
liquid extract 12.5*0.3 mm; P. aeruginosa with H. er-
inaceus biomass extract (977 and 992) 11.6 #0.2 mm
and 11.6 £0.7 mm, respectively. In general, the anti-
microbial potential of the culture fluid of the studied
plant strains was significantly higher than the anti-
microbial activity of the biomass. However, the activ-
ity of the liquid and mycelial extract did not differ

for H. coralloides 2332 vs E. coli/M. luteus/P. aerugino-
sa; H. erinaceus 2536 vs P. aeruginosa/E. coli; H. erina-
ceus 992 vs M. luteus. Notably, H. erinaceus showed
higher activity in the first test compared to other
producer fungi. This selected H. erinaceus strain is
promising for testing under other conditions. Even
though most of the studied Hericium species showed
antimicrobial activity, the antibiotic effect under
these conditions was weak. In this regard, the ex-
perimental conditions were partially changed to
ensure a higher concentration of culture fluid or ho-
mogenate in the experimental sample. For this pur-
pose, a well diffusion test in agar was performed.
The most informative data are presented in Table 2.

Table 2. Antibacterial activity of Hericium erinaceus strains on the 7% and 14" day of cultivation (cylinder method)

Zone of inhibition (mm) obtained using bacterial test cultures

Strains

H. erinaceus

H. erinaceus H. erinaceus H. erinaceus

H. erinaceus

Growth time of H. erinaceus strains, days

7 14 7 14
Hericium erinaceus 977 BH 8.0+0.1° 17504 9.5+0.2° 48+0.2°
CF 12.3%£0.2° 13.0+0.2° 10.7+0.7° 7.0+0.5
Hericium erinaceus 2530 BH 7.8+0.0° 14.3£0.3 7.3+0.2° 12.8+0.2°
CF 16.0+0.4 7.8%0.2° 14.0%0.0° 8.7+04
Hericium erinaceus 2536 BH 19.0£0.5 16.7+0.3 13.0+0.3 5304
CF 8.7+0.2° 12.8%£0.1° 11.0+0.5 73+0.6'

Note: " - data not available; *p >0.95
Source: compiled by the authors
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The activity of H. erinaceus relative to test cultures
varied: the inhibition area ranged from 4.8 mm to
21.2 mm in the moon test. In addition, a dependence of
the intensity of the antibacterial action on the cultiva-
tion time of the fungi was observed. The following trend
emerged: with increasing cultivation time of the fungi,
the antibacterial effect against the test cultures E. coli
and M. luteus predominantly increased but decreased
against P aeruginosa. On the seventh day of growth, the
homogenised mycelium of H. erinaceus 2536 showed
the best activity against E. coli, while liquid 2530 ex-
hibited antibacterial properties against P. aeruginosa. In
addition, homogenised biomass and extract of strain
2530 significantly inhibited M. luteus after seven days
of plant cultivation. The maximum diameters of sterile
zones on plates with M. luteus were recorded in samples
with culture medium extract 2350 and homogenised
mycelium 977 after two weeks of cultivation. M. luteus
was the least resistant to the activity of the tested
strains of the genus Hericium,and P.aeruginosa was the
least sensitive.

Strains H. erinaceus 977 and 2536 showed anti-
microbial activity against several microorganisms: B.
subtilis/P. aeruginosa and B. subtilis/E. coli, respectively.
Furthermore, strain H. coralloides 2332 showed high
(compared to other studied species) activity against the
only staphylococcal microorganism among the test cul-
tures of S. aureus bacteria. Therefore, this test culture
was used in further experiments. The analysis of the
data obtained determined that with the extension of
the cultivation period of the studied strains, the anti-
microbial activity against E. coli and M. luteus increases
but decreases concerning P. aeruginosa. The strongest
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antimicrobial effect against E. coli was shown by liquid
2530 and homogenate of strain 2536 after two weeks
of cultivation. At the same time, concerning M. luteus,
homogenate 2530 and culture liquid 2536 showed
the most effective effect after a week’s cultivation. The
strongest antibiotic effect was observed in H. erinaceus
strains 2530 and 2332.

Under the conditions of deep cultivation, the an-
tibiotic activity of fungal extracts of mycelial biomass
and plant culture fluid was absent in all studied spe-
cies of the genus Hericium against such test cultures as
Aspergillus niger, Penicillium polonicum, Mucor globosus,
Pseudomonas aeruginosa and Escherichia coli (except
for extracts of H. coralloides 2332 against E. coli after
three weeks of cultivation). Cultures of Bacillus subtilis
were moderately sensitive to these concentrations of
extracts, with growth retardation recorded on day 14,
and was maximal in H. erinaceus 2530 (28 0.1 mm).
A weak effect against Klebsiella pneumoniae bacteria
was recorded in fungi of IPC 2332 and IPC 2393 on the
14t-21% day of cultivation. The antimicrobial effect of
the obtained extracts on the Gram-positive bacterium
S. aureus was found to be a promising area among the
studied fungi of the genus Hericium. The most active
strains are presented in Table 3 and Figure 1. Since
the plant medium extracts obtained after one week of
deep cultivation of fungal biomass did not show ac-
tivity against the studied microorganisms, the effect of
biomass extracts was determined after two and three
weeks of cultivation of strains in deep culture and 60
days of growth in stationary culture. Importantly, pro-
longed cultivation of biomass (60 days) increased the
antibacterial properties of the studied fungal species.

Table 3. Antimicrobial effect of ethyl acetate extracts of culture fluid and 70% alcohol extracts
of biomass of the studied strains of the genus Hericium against Staphylococcus aureus

Species, strains

Days of cultivation

Diameter of sterile area, mm

Ethyl acetate extract of culture fluid

7 00
14 30.00.5
Hericium cirrhatum IBK 2393 21 28.3+0.2
K+ 18.8+0.1

K- 00

Water-alcohol extract of mycelial mass

14 18.5+0.2
21 21.0+1.0
Hericium cirrhatum IBK 2393 60" 30.0£0.5
K+ 18.8+0.1

K- 00
14 12.5+0.4
21 15.5+0.5
Hericium coralloides |BK 2332 60" 30.0£1.0
K+ 18.8+0.1

K- 00
14 14.2+0.3
Hericium erinaceus IBK 2530 21 14.0£0.0
60" 30.0£1.0
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Table 3. Continued
Days of cultivation Diameter of sterile area, mm
K+ 18.8%0.1
K- 00
Note: K+ - solution of the antibiotic gentamicin sulfate, positive control. K-ethyl — acetate (for the culture liquid test) or 70%
ethanol (for the fungal mass test, negative control; 60" - biomass grown under stationary conditions on day 60 of growth

Species, strains

Hericium erinaceus IBK 2530

Source: compiled by the authors

7

Control 21

Hencium coralloides 2332

Hericium.cirhatum 2393
O

Hericium erinaceus 2530
T R—

Figure 1. Antimicrobial effect of ethyl acetate extract of culture fluid of Hericium species vs Staphylococcus aureus
Note: control (negative) - ethyl acetate; 7,14, 21 - days of cultivation

Source: compiled by the authors

Diffusion tests revealed the presence of signifi-
cant antibiotic activity of H. coralloides 2332, H. cirrha-
tum 2393, and H. erinaceus 2530 extracts against bac-
terial test cultures. For the further use of antimicrobial
substances obtained from blackberry mycelium in the
fight against bacterial infections, it was advisable to
establish the minimum inhibitory concentrations of
the studied samples. The minimum inhibitory concen-
tration (MIC) is the limiting amount of extract that
will inhibit optically detectable bacterial germina-
tion. The results for the most active strains (in terms
of MIC against Staphylococcus aureus) are shown
in Table 4. Since in the previous studies, represent-
atives of the genus Hericium showed the maximum

activity of mycelium and culture fluid extracts main-
ly against the Gram-positive bacterium S. aureus,
this test culture was used to determine the MIC. The
quantitative MIC test made it possible to state the
fact that the antibacterial effect of one of the extracts
of H. cirrhatum 2393 was close to that of the control
with the extractant (70% ethanol). Therefore, it is
possible to assume that this sample has moderate
antibacterial properties. With subsequent chromato-
graphic purifications and simultaneous concentration
of the ethanol extract of H. erinaceus 2530, the anti-
microbial effect of the extracts will increase. The MIC
for biomass is within 130 pg/ml, and for culture fluid
50 pg/ml against S. aureus.

Table 4. Results of the antibacterial effect of the studied Hericium extracts against
Staphylococcus aureus (two weeks of cultivation of the producer)

Species, strain Extraction object The maximum dilution for which inhibition is set MIC*, pg/ml
H. cirrhatum 2393 Mycelium 6 1.900
H. coralloides 2332 Mycelium 96 130
. Mycelium 96 130
H. erinaceus 2530 -
Cultural fluid 96 50

Note: * - concentration calculated according to the dry matter content of the extracts

Source: compiled by the authors

When processing the data on the antibacteri-
al activity of the ethanol extract of H. coralloides and
H. erinaceus biomass using the microdilution method,
inhibition of S. aureus growth was detected at 96 di-
lutions, which corresponds to an extract concentration
of 130 ug/ml. Importantly, the antimicrobial activity
of fungi can be affected by the biological character-
istics of the fungal species and strain, growing con-
ditions, method of extracts, method of evaluation and
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interpretation of results, and other factors. Therefore,
changes in the growth conditions of a given plant ge-
nus, for example, cultivation on a substrate or cultiva-
tion in a liquid nutrient medium (surface or submerged),
and changes in the composition of the medium can al-
ter the number of secondary metabolites synthesised.
The chemical composition of extracts extracted with
different solvents may differ and cause changes in
their antimicrobial properties. In addition, an important




factor is the extraction temperature, which may in-
crease the extraction efficiency but may lead to the
degradation of thermolabile antimicrobial substances.
Even though the obtained results of inhibition of micro-
bial growth are less than those reported by W.B. Sulei-
man et al. (2022) and M. Sevindik et al. (2024), the anti-
microbial activity of the studied fungi can be increased
by selecting the most optimal cultivation parameters of
the strains, as well as by applying various methods of
treatment of the culture fluid and mycelium, as a result
of which the concentration of biologically active sub-
stances in the extracts will increase and, consequently,
the antimicrobial properties of the strains of the genus
Hericium will be improved.

Average value of the growth inhibition area, mm
25

20
15

0 .

S.aureus  B.subtilis M. luteus E. coli
(@)

(%2}

P. aerugmosa
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Comparing the average diameter of the sterile zone
at the wells or around the discs, based on the test cul-
ture, under the influence of extracts of different strains
of the genus Hericium grown under different conditions,
for S. aureus it was 21.4 mm; for M. luteus 21.2 mm; for
E. coli 19 mm; for B. subtilis 11.1 mm; for P. aeruginosa
9.5 mm. Selecting the most optimal cultivation condi-
tions for each strain (the experiment in which growth
inhibition was maximal) and expressing the data in
percentage terms, the studied fungi under conditions
close to the optimum inhibit the growth of S. aureus
(100%), quite actively inhibit B. subtilis (87 %), worse for
M. luteus and E. coli (66% and 59%, respectively) and
weakest in P.aeruginosa (Fig. 23, b).

Growth inhibition, %

120
100
SN 100 -
59

S. aureus  B.subtilis M. luteus E. coli  P. aeruginosa

Figure 2. Comparative growth inhibition of test cultures
by different strains of the genus Hericium under different experimental conditions
Note: (a) the mean value (mm) of the sterile area on the plate with each microorganism tested due to the diffusion
of Hericium sp.; b) the relative growth inhibition of test cultures by Hericium sp. extracts, assuming 100% inhibition

of S. aureus
Source: compiled by the authors

According to Figure 2, H. erinaceus has a stronger
antibiotic effect against Gram-positive bacteria com-
pared to Gram-negative bacteria. The maximum inhi-
bition of S. aureus was observed under the influence
of ethyl acetate extract of H. coralloides 2332 culture
fluid after three weeks of cultivation of the producer
(deep cultivation). The most effective against B. subti-
lis and M. luteus was the medium after incubation of
H. erinaceus 2530 in it for 14 days of deep (for bacillus)
and surface cultivation (for micrococcus). The growth of
E. coli was most strongly inhibited by the homogenate
of H. erinaceus 2536 biomass, which was surface cul-
tured for 7 days. P. aeruginosa was the most resistant.
The sterile zone of the largest diameter concerning this
bacillus was produced by extracts from the mycelium of
H. erinaceus 977 and 2530, obtained after two weeks of
surface fermentation of the producers.

Thus, a pronounced antimicrobial effect was ob-
served for both the biomass homogenate and the
culture fluid of fungi of the genus Hericium on repre-
sentatives of Firmacutes and Gracilicutes. Micrococcus
luteus, Staphylococcus aureus, Bacillus subtilis and Pseu-
domonas aeruginosa, indicate the significant potential
of using biomass and exometabolites of fungi of this
genus for the development of new safe biopreparations
for agricultural and pharmaceutical requirements. The

advantages of the research are the food and environ-
mental safety, and the absence of side effects observed
in most modern synthetic drugs.

DISCUSSION

The study proved the antimicrobial effect of Hericium
metabolites. The level of synthesis of antibiotic com-
pounds correlated with the duration and conditions of
cultivation. However, mycelial extracts did not affect
fungi of the genera Mucor, Penicillium, and Aspergil-
lus. The culture liquid and extracts of dried mycelium
showed various antimicrobial properties. After surface
cultivation (in 50 ml of medium), the largest zones of
inhibition were found with samples of culture fluid of
H. cirrhatum 2393 and H. erinaceus 977 and test culture
of B. subtilis, as well as H. erinaceus 2530 and test cul-
ture of M. luteus. Under these growing conditions, the
biomass homogenate inhibited bacterial growth less
than the culture liquid. The cylinder method revealed
a significant inhibition of E. coli and M. luteus growth
by secretory metabolites of H. erinaceus 2530, H. erina-
ceus 2536; cell-containing compounds of H. erinaceus
977 on 7 and 14 days of incubation. In the experiment
on deep cultivation (in 100 ml of medium), the max-
imum antibacterial effect was found against S. aureus
in the extracts of culture fluid of H. cirrhatum 2393,
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H. coralloides 2332 and H. erinaceus 2530. negative
E. coli and P.aeruginosa.

The cell wall of the Firmacutes group is composed
of peptidoglycan (50-90% of the cell’s dry weight). Pro-
teins, teichoic and teichuronic acids are associated with
murein. The latter is absent in bacteria of the Gracili-
cutes group. The wall of Gram-negative microorganisms
is more complex. Although the content of peptidogly-
can reaches no more than 10%, it is located between
the cytoplasmic membrane and the outer wall. The out-
er membrane, formed by phospholipids, lipoproteins,
proteins and Llipopolysaccharides, is the first barrier
against the environment (Skliar et al., 2020). According
to J.F. Fisher and S. Mobashery (2020) and S. Chen et
al. (2023), it limits the penetration of detergents, pro-
teins, antibiotics, and fatty acids into the cell. Perhaps,
due to this resistance, antibacterial compounds syn-
thesised by Hericium sp. fungi do not penetrate E. coli,
K. pneumoniae and P. aeruginosa cells, so the antibiotic
effect is more effective against S. aureus, B. subtilis and
M. luteus. However, S. Darmasiwi et al. (2022) obtained
somewhat contradictory data: phenolic secondary me-
tabolites synthesised by H.erinaceus effectivelyinhibited
the growth of Gram-negative bacteria (Proteus mirabilis,
Salmonella typhimurium) and the formation of biofilms.
The concentration of antimicrobial protocatechuic and
p-coumaric acids in ethanol extracts was 1.7 pg/mlL

The minimum inhibitory concentrations against
Staphylococcus aureus for extracts from mycelium
and culture fluid also differed significantly: 1.9 mg/ml
(biomass of H. cirrhatum 2393), 130 pg/ml (biomass of
H. corraloides 2332 / H. erinaceus 2530), 50 ug/ml (cul-
ture medium of H. erinaceus 2530, the most active ex-
tract). The tested producers of antibiotic compounds
were obtained from a collection of microorganisms.
Similar data are published by S. Ghosh et al. (2021)
anf F. Brandalise et al. (2023) for the natural strain of
H. erinaceus CUHAM 713, isolated from the soil litter
of a temperate subalpine forest (Munsari, India). The
species was identified by morphological characters
by macroscopic and microscopic screening and con-
firmed by sequences of internal transcribed non-cod-
ing spacers (ITS). The mycelium was dried, and ethanol
extraction was performed. The obtained extracts were
characterised by MIC values of 2.75 ug/ml for S. aureus,
1.8 yg/ml for E. coli and 1.65 pg/ml for B. subtilis. There-
fore,the newrepresentativeisolated fromthesoilwasten
times more active against pathogens and opportunistic
pathogens than the producers used in the present study.

The identification and quantification of antimicro-
bial compounds require mass spectrometry analysis and
high-performance chromatography. Therefore, it is only
possible to assume that the antimicrobial substances
obtained from mycelium and culture fluid belong to
a particular class. W.C. Sum et al. (2023) and A. Gravi-
na et al. (2023) studied the antimicrobial properties
of H. coralloides (Biotech, Finland). The study identified
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meroterpenoid compounds (named corallocins D and
E), which were purified from ethyl acetate extracts of
dried fruiting bodies. In vitro experiments showed that
corallocins, in addition to their cytotoxic effect on NelLa
cell culture, have antimicrobial effects against B. subti-
lis (MIC=67 pg/ml) and are antimycotics against Mucor
hiemalis (MIC=67 pg/ml), but do not affect S. aureus and
E. coli. These metabolites are strain-specific since H. cor-
alloides 1876,2332 and 2333 studied in the experiment
did not act on the representative of the genus Mucor
and were effective against E. coli and S. aureus. The anti-
mycotic effect of representatives of the genus Hericium
is not limited to one species. X. Song et al. (2020) and
S. Khatib et al. (2025) visolated several new secondary
metabolites from the fruiting bodies of H. americanum.
Four of them belong to the class of chlorinated orci-
nol derivatives. 2-chloro-dimethoxymethylbenzene
was found to be an antifungal agent against yeasts of
the genera Candida and Cryptococcus (C. neoformans,
C. albicans) with MIC values of 31-63 pg/ml. A concen-
tration of about 8 pg/ml destroyed the synthesis of
biofilms by these test cultures. The antimycotic was ob-
tained by methanolic/ethyl acetate/acetone extraction
from dried mycelium and culture fluid. At MICs above
0.5 mg/ml, the antibiotic inhibited E. coli and K. pneu-
moniae. The supernatant and mycelial extract obtained
after cultivation on various organic substrates (soya,
rice, malt) at concentrations of about 1 mg/mlinhibited
Staphylococcus aureus. It is possible that by changing
the extraction solvents and the culture medium, it will
be possible to isolate the antifungal compounds men-
tioned above from the present strains (if they are not
strain-specific) (Shuvar et al., 2022).

The waste products of H. erinaceus can not only
inhibit but also stimulate the growth of microorgan-
isms. This phenomenon has a therapeutic effect. In
particular, L. Wu et al. (2024) demonstrated that pol-
ysaccharides synthesised by blackberries provide in-
direct hepatoprotection in a laboratory animal model.
These compounds were shown to promote the active
reproduction of Lactobacillus sp.in the gastrointestinal
tract. Under the influence of lactobacilli growth, less
hepatotoxic lipopolysaccharides are transferred from
the intestine to the liver, the LPS/TLR4/MyD88/NF-«kB
metabolic cascade is blocked in hepatocytes, the pool
of inflammatory mediators is reduced, and the rate of
apoptosis is slowed down. The experiment on faecal
microbiota transplantation confirmed the hepatopro-
tective effect of Lactobacillus sp. Studies conducted by
W. Cui et al. (2023) identified the therapeutic effect of
polysaccharides secreted by blackberries in the pre-
vention of type 2 diabetes mellitus. Low molecular
weight B-D-glucose phosphate polymers, the HEP-1,
were isolated from fruit bodies. In addition to requ-
lating the biochemical mechanisms of glucose accu-
mulation in hepatocytes, these sugars promoted the
growth of intestinal microflora (Zubtsova et al., 2019).




The bacteria synthesised “hepatic metabolites” that
regulate glucose balance. If the stimulation of lacto-
bacillus growth is proven in clinical trials, H. erinaceus
could be used in medicine to indirectly treat liver fail-
ure and diabetes. Immunoregulatory polysaccharides
of H. erinaceus increased the titre of bacteria of the
families Akkermansiaceae and Lachnospiraceae and si-
multaneously inhibited the growth of Bacteroidaceae
and Rikenelaceae (Turk et al., 2021). The positive effect
of the intestinal microflora is also supported by the
pool of its metabolites of branched-chain fatty acids,
butyrate and propionate, additionally synthesised by
the crested blackberry.

Beta-glucans from H. erinaceus can have a wider
range of practical applications. They exhibit antibac-
terial properties. By adjusting the solvent composition
and temperature, the rate of self-assembly of this bi-
omolecule can be influenced. In combination with a
synthesised photosensitiser made of tannic acid and
ferric cations, the above polysaccharides form a hydro-
gel. It is characterised by a strong antibacterial effect,
the ability to generate a local temperature increase in
infrared light, suppress the accumulation of inflamma-
tory initiators (tumour necrosis factor-alpha, interleu-
kin-6), activate angiogenesis markers, promote vascu-
larisation and collagen accumulation in injuries. Such
a hydrogel with H. erinaceus metabolites is promising
to be used for healing infected wounds (Szucko-Koci-
uba et al, 2023). Given that Hericium sp. synthesises
many classes of secondary metabolites with different
biological properties, it is difficult to predict the struc-
ture of antibiotics contained in cells and secreted by
H. erinaceus, H. coralloides, and H. cirrhatum. Therefore,
the identification and quantification of these biomol-
ecules by high-performance chromatography and mass
spectrometry is a promising research area.

CONCLUSIONS

The antibacterial and antimycotic properties of extracts
from fungi of the genus Hericium sp. were studied. No
antifungal activity was found against micromycetes of
the genera Mucor, Penicillium, and Aspergillus. However,
all the plant strains used in the study demonstrated in-
hibition of bacterial growth (H. cirrhatum, H. coralloides,
H.abietis, H. erinaceus). In general, ethyl acetate extracts

Mustafin et al.

of the culture fluid were characterised by a stronger
antibiotic effect than ethanol extracts from dried myce-
lium. The synthesis of secondary antimicrobial metab-
olites was directly proportional to the duration of cul-
tivation of the producers. In the well hole test method,
bioactive molecules diffused into the thickness more
actively than in the disc test. After surface cultivation
of plants, the most effective sample against E. coli was
the biomass homogenate of H. erinaceus 2536 (diame-
ter of the inhibition zone 19 mm); against P. aeruginosa,
the culture fluid of H. erinaceus 2530 (14 mm); against
M. luteus, the mycelium extract of H. erinaceus 977
(19.2 mm); against B. subtilis, the extract of the culture
medium of H. cirrhatum 2393 (13 mm).

All strains showed a stronger growth inhibition
against Firmacutes microorganisms compared to Gra-
cilicutes: the growth of S. aureus was most actively in-
hibited (21.4 mm),and M. luteus and B. subtilis were less
active (12.8 mm and 11.1 mm, respectively). The most
resistant was P aeruginosa (9.5 mm). After in-depth
cultivation, metabolites were extracted and tests with
S. aureus were performed. The zones of inhibition were
determined with a diameter of 30 cm after 14-60 days
of cultivation for samples from biomass and the growth
medium of H. cirrhatum 2393, H. coralloides 2332, and
H. erinaceus 2530. The minimum inhibitory concentra-
tion (MIC) for S. aureus was 50-1900 ug/ml, depending
on the producer and the material used to produce the
antibiotic. The lowest MIC value was obtained for the
culture fluid, indicating high antibiotic activity. There-
fore, the identification and quantification of antibiotic
substances by more precise methods, such as high-per-
formance chromatography and mass spectrometry, is a
prospect for further research.
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AHortauis. MeToto po60Tn Byno foCNiAKEHHS NPOTUMIKPOBHUX Ta aHTUMIKOTUYHKMX BnacTueocTel 14 wramis rpmbis
popy Hericium sp. Ins oTpUMaHHS aHTUMBIOTUYHMX PEYOBWMH POC/IMHM BMPOLLYBau NoBepxHeBo abo rMBUHHO B
pifKOMY MOXMBHOMY CepefoBMLLi, MiCAS YOro NMPOBOAWMAN CMUPTOBY Ta €TUNALLETATHY eKCTPaKLil0 3 BUCYLUEHOMO
MiLLeNito Ta KyNbTypanbHOT PiANHU; AN4 KiNIbKICHOT OLiHKM @aHTMBIOTUYHOT aKTUBHOCTI €KCTPaKTU POC/IMH NepeBipsanu
METOAO0M AMCKIB Ta JIYHOK Ha TBEPAOMY MOXMBHOMY CepefoBMLLI, ABOX TECT-KYNbTYP MiKPOMILETIB, TPbOX TECTOBUX
rpaMHeraTMBHUX BakTepisix Ta TPbOX TECTOBMX FPaMMO3UTUBHUX BaKTepisix; MiHiManbHy iHriByr4y KOHLEHTPALio
BCTQHOB/IOBA/IM METOLAOM PO3BEAEHHS 32 ONTUYHOK AiINSHKO, WO A03BONSE BUABUTU aHTUMIKOTUYHI BNACTUMBOCTI
rpuba. XopeH 3i wramiB Hericium sp. He BUSBMB aHTUMIKOTMYHMX BNACTMBOCTEN POCAMH. AHTUMIKpOOHa Lis
KYy/NbTypanbHOi piAnHM 3arafioM BUSBMUIACA CUITBHILLIOKD, HiXK eKCTPaKTIB i3 MiLenito. B ekcnepuMeHTi 3 NnoBEpXHEBOMO
KY/NIbTUBYBAHHS CUJIbHE MPUTHIYEHHS POCTY TECT-KYNbTyp cnoctepiranun Ha 7 i 14 noby BupolyyBaHHs Hericium sp.
30HM NpUrHiveHHs pocty Escherichia coli ctaHoBunu 17,5 cm ans H. erinaceus 977 1a 19,0 cm ana H. erinaceus 2536;
CTEPUIIbHI 30HM Ha YalLLi 3 Micrococcus luteus BU3HavYanucs giametpamu 21,2 cM Ans KynbTypanbHOi piauHun H.erinaceus
2530, 19,2 cm pns MiuenianbHoro ekctpakty H. erinaceus 977 1a 17,8 cM pna romoreHaty 6iomacu (I'b) H. erinaceus
2536. TpuBane runbUHHE KynbTUBYBaHHA npoTaroM 60 Ai6 cnpusio HakoMMYEeHHK aHTMBaKTepianbHWUX CMONYyK,
edeKkTMBHUX NpoTu Staphylococcus aureus: fiaMeTp CTepunbHOI 30HKM Ha 60 foby cTaHoBMB 30 CM ANg €KCTPaKTIB
i3 6iomacwu H. erinaceus 2530, H. cirrhatum 2393, H. coralloides 2332. HaicunbHiwy aHTUMIKPOOHY Aito 3adikcOoBaHO
B KYNbTypanbHOi pianHu H. coralloides 2332 Ha 21 noby pocty (32,1 cM). MiHiManbHi iHribyo4i KOHLEeHTpaLii Wwono
S. aureus petepMiHyBanucs gianaszoHom 50-1,900 mkr/mn ans H. erinaceus 2530, H. coralloides 2332, H. cirrhatum
2393, 3aranoM, BULA aHTMDBIOTMYHA aKTMBHICTb 3a(iKCOBaHA NMPOTM FPAaMMO3UTUBHMX MIKPOOPraHi3MmiB (S. aureus),
He3HayHa — NpoTU rpamHeratuBHux (Pseudomonas aeruginosa). OTpUMaHi AaHi MOXYTb BMKOPUCTOBYBATUCS B
noganblmx NabopaTopHMX HaMpaLtoBaHHAX 3 iAeHTUIKaLiT Ta KiflbKiCHOrO BU3HAYEeHHS HOBUX aHTMBIOTMKIB, LLO
CUHTE3YKTbCS rpubamu poay Hericium sp.

KniouoBi cnoBa: aHTMBIOTUKM; aHTUMIKOTUKM; NOBEPXHEBE KYNbTUBYBAHHS; MUOUHHE KYNbTUBYBAHHS; MiHIManbHa
iHribyto4a KOHLEHTpaLis
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31% compared to the control. Biochar in combination with phytoremediation reduced the availability of cadmium
and zinc by 50%, and soil removal increased by 40% compared to phytoremediation without biochar. The biomass
of the aboveground part of sunflower increased by 24% (up to 35.2 g/plant), the chlorophyll content - by 25%, and
the activity of antioxidant enzymes - by 32% and 41%. Mustard and phacelia sideration helped to increase the
organic carbon content in the soil by 18%, improve the cation exchange capacity by 11%, and reduce metal leaching
by 30%, which indicates an improvement in the overall fixation of toxic elements. All results confirmed a significant
reduction in the phytotoxicity of the soil environment and an improvement in the physiological and biochemical
state of plants. The practical significance of the results lies in the possibility of using biochar, zeolite, and green
manure for reclamation of contaminated soils and reducing the risk of heavy metals entering the food chain

Keywords: bioavailability; phytoremediation; sorbents; microorganisms; chelates; stabilisation; rhizosphere

INTRODUCTION

Soil contamination with heavy metals is one of the
most pressing problems of modern ecology and agron-
omy. Heavy metals enter the soil through industrial
emissions, agricultural use of chemical fertilisers and
pesticides,and through household and industrial waste.
They accumulate in the soil, have a high level of toxicity
and are able to penetrate vegetation, which, in turn, can
negatively affect human and animal health and reduce
soil fertility. Reducing the bioavailability of heavy met-
als and neutralising their toxic effects on the environ-
ment are important tasks for researchers in the field of
ecology, agrochemistry, and agronomy.

The study by Y. Wan et al. (2024) indicated that the
sources of heavy metals entering the soil can have both
natural and anthropogenic origin, but human activity
remains the main factor. The greatest contribution is
made by metallurgical enterprises, thermal power
plants, transport infrastructure, intensive agriculture,
and the use of contaminated water for irrigation, as de-
scribed in detail by S. Sharafi and F. Salehi (2025). High
concentrations of cadmium, lead, zinc, and copper not
only alter the physical and chemical properties of soils,
but also increase the risk of toxicants entering the food
chain. As noted by A.K. Priya et al. (2023), this poses a
potential threat to human health and ecosystem func-
tioning. In this context, phytoremediation is considered
as a promising biological alternative to conventional
methods of reclamation, which are often expensive
and energy-intensive. According to S. Gatla et al. (2024),
phytoremediation strategies — phytoextraction, phyto-
volatilation, phytostabilitation and rhizofiltration - can
reduce environmental pollution due to the biological
potential of plants.

Special attention was drawn to the experience of
using legumes (for example, Albizia lebbeck, Dalbergia
sissoo, Pongamia pinnata), which, according to S. Gat-
la et al. (2024), can actively accumulate heavy metals
and enrich the soil with nitrogen, improving its fertility.
The study by K. Reyes Pinto et al. (2020) proved that it
is not the total content of metals in the soil, but their
bioavailability, that determines the real ecotoxicity and
effectiveness of phytoremediation technologies. This is
especially true in cases of using organic and mineral
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stabilisers, which contribute to the transition of metals
to sedentary forms. As proved by L. Wang et al. (2022),
the introduction of compost, biochar, and biostimulants
to the soil can significantly reduce the bioavailability
of Cd, Pb, and Zn. For example, when using biochar, Cd
availability decreased by 30-40%, which was explained
by the high sorption capacity of its carbon matrix.
Composting using effective microorganisms, according
to K. Reyes Pinto et al. (2020), provides the develop-
ment of more stable organo-mineral metal complexes,
especially for Cu, Pb, and Zn. The study by L. Wang et
al. (2022) also noted that droppings and plant residues
as a source of organic matter can reduce the extracted
form of Cd to 28.5% and simultaneously increase the
residual form to 65.8%.

In addition to chemical and biological methods of
remediation, agrotechnological approaches, in particu-
lar sideration, are of considerable interest. As shown by
S. Portiannyk (2024), the cultivation of cover crops such
as mustard and clover promotes the accumulation of or-
ganic matter, the development of humic acids and che-
lates that fix heavy metals.There is also an improvement
in the soil structure and a reduction in its compaction,
which reduces the risk of vertical migration of metals
to ground water. Reducing the toxicity of metals in phy-
tosystems is provided by physiological and biochemical
mechanisms of detoxification, in particular, the synthe-
sis of phytochelatins, metallothioneins,activation of an-
tioxidant enzymes, and metal sequestration in vacuoles
(Pavlenko et al., 2025). These mechanisms, as empha-
sised by V. Ejaz et al. (2023), allow plants to effectively
resist oxidative stress caused by the presence of metal
ions in tissues. In addition, symbiotic interactions with
arbuscular mycorrhizal fungi, such as Glomus intraradi-
ces, play a key role in improving nutrient absorption,
detoxifying the soil environment, and increasing yields.

Despite significant progress in the development
of bioremediation technologies, there are still unre-
solved issues regarding the interaction between dif-
ferent types of stabilisers and plants, the effectiveness
of such measures in different agroclimatic conditions,
the long-term effect of compost and green manure, and
the impact of treatments on the migration of metals in




the soil profile. Most studies focus on short-term effects
and do not consider seasonal dynamics, microbiologi-
cal activity, or soil physical properties that affect the
bioavailability of metals. In this regard, the purpose of
this study was to determine the effectiveness of using
zeolite, biochar, and green manure in reducing the total
content and bioavailability of heavy metals, and to as-
sess changes in the agrochemical properties of the soil.

MATERIALS AND METHODS

The study was conducted in Ukraine during 2022-2024
at an experimental base in the south-eastern region
of the country. The study area was characterised by a
temperate continental climate with an average temper-
ature of +23.5°C and an average precipitation level of
about 35 mm/month. Field research was conducted by
scientists from Mykolaiv National Agrarian University,
while laboratory analyses, interpretation of results, and
statistical data processing were carried out at the Na-
tional University of Life and Environmental Sciences of
Ukraine, which provided a comprehensive inter-agency
approach to evaluating the effectiveness of the tech-
nologies under study. The pilot sites were located in
the zone of pollution created by the anthropogenic im-
pact of industrial enterprises, motor transport corridors,
and local thermal power plants. The soil of the experi-
mental plots is represented by southern black soil, thin
heavy loam on loess. The reaction of the soil solution
on the experimental plot was slightly acidic (pH 5.6),
the humus content was 2.8%, and an average level of
contamination with cadmium, lead, and zinc. The de-
crease in pH of southern black soils in the experimental
area to 5.6 is due to the application of acidic nitrogen
fertilisers and phosphorus deficiency, which disrupts
the buffering capacity of the soil. Four experimental
soil options were established in triplicate according to
a block design:

1.0ption 1 - control (contaminated with CdCL,,
without processing).

2.0ption 2 - CdCL, + zeolite (10 t/ha) + green ma-
nure (oats, 120 kg/ha).

3. Option 3 - CdCL, + zeolite (10 t/ha).

4. Option 4 - CdCL, + green manure (oats, 120 kg/ha).

Separately from the main block experiment, an ad-
ditional treatment option was implemented using bi-
ochar (15 t/ha) in combination with phytoremediation
crops (sunflower Helianthus annuus and white mustard
Sinapis alba). The purpose of this option was to eval-
uate the effectiveness of combining organic sorbent
and accumulator plants in reducing the bioavailabili-
ty of cadmium and zinc and improving the physiolog-
ical and biochemical state of plants. The data obtained
were considered separately from the main four options
and were not included in the ANOVA general statistical
model, but were used to compare the effectiveness of
technological approaches. All test sites were equally
contaminated by applying an aqueous solution of CdCl,
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up to a concentration of 0.7 mg/kg of dry soil mass.
Sorbents were applied manually and mixed with the
top layer of soil (0-20 cm). Natural sorbents (bentonite,
zeolite) and organic materials (biochar from wood raw
materials, 15 t/ha) were used for chemical remediation.

Green manure (white mustard - Sinapis alba, phace-
lia tansy — Phacelia tanacetifolia) were sown manually
after initial tillage and embedded in the soil in the
milky ripeness phase. The effect of sideration on the
organic carbon content was evaluated, the cation ex-
change capacity, acid-base balance, and soil structure
were analysed. Monitoring was carried out in two types
of sites: control (without agrotechnical intervention)
and experimental (with regular application of green
manure biomass). Biological remediation included
sowing of phytoremediant plants: sunflower (Helian-
thus annuus), white mustard, and yellow lupine (Lupinus
luteus). Rhizospheric bacteria (Pseudomonas fluorescens,
Bacillus subtilis) and mycorrhizal fungi (Glomus intr-
aradices) were used to enhance the effect of biological
fixation of metals, which were introduced as inoculants
at a dose of 1x10® CFU/g before sowing. Observations
covered the morphological characteristics of plants, de-
termination of metal accumulation in the aboveground
and underground mass, and signs of phytotoxicity.

Heavy metal contamination and dynamics were
estimated by the concentrations of Pb, Cd, Zn, and Cu
in the soil solution determined by atomic absorption
spectrophotometry after acid decomposition. The bi-
oavailability of metals was calculated by extraction
with the chelating agent diethylentriaminpentaacetic
acid (DTPA), followed by analysis of the metal content
in the extract. Fractional analysis was also performed
using distilled water, weak acids, and chelating agents
to separate metals into mobile and bound forms. The
mechanical composition of the soil, the content of or-
ganic matter and the electrical conductivity of the soil
solution were determined using standard methods. To
assess phytotoxicity, morphophysiological parameters
of plants were analysed: biomass of the aboveground
part (dry mass, g/plant), chlorophyll content (extraction
of 80% with acetone, spectrophotometry at 645 and
663 Nm), concentration of malonic dialaldehyde (thio-
barbiturate acid), activity of antioxidant enzymes cata-
lase and superoxide dismutase by colourimetric meth-
ods. Additionally, the residual content of heavy metals
in plant seeds (sunflower, mustard) was analysed to
assess the potential risk to the food chain.

The data obtained were processed statistically us-
ing the Statistica 13.5 and OriginPro 2023 programmes.
Analysis of variance (ANOVA) with Tukey’s post-hoc test
was used to test the reliability (p < 0.05). Correlation
analysis was carried out with the calculation of Pear-
son’s coefficients to establish the relationship between
the concentration of metals in the soil and the degree
of their accumulation by plants. All values were pre-
sented as mean standard deviations based on three
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independent biological repeats. The authors adhered to
the standards of the Law of Ukraine No. 1264-XIl “On
Environmental Protection” (1991).

RESULTS

The results of chemical analysis showed that the ap-
plied tillage options significantly affected the total
content and bioavailability of cadmium Cd, lead Pb, zinc
Zn and copper Cu, which are critical parameters in eval-
uating the effectiveness of remediation technologies.
The total element content was estimated after acid

decomposition,and the bioavailable fraction was deter-
mined by chelated extraction using DTPA, which allows
simulating the availability of metals in the rhizosphere
medium. The control variant (option 1), which modelled
soil contamination without any stabilisation measures,
had the highest levels of cadmium: 0.68 + 0.02 mg/kg
(total) and 0.26 £0.01 mg/kg (DTPA-extracted) (Table 1).
These indicators confirm the high mobility of cadmium
and its potential ecotoxicity, which is consistent with
the literature data on Cd behaviour under slightly acid-
ic conditions of southern chernozems at pH=5.6.

Table 1. Content of total and bioavailable cadmium in the soil after applying various remediation options

Option Description Total Cd (mg/kg) Bioavailable Cd (mg/kg, DTPA)
1 Control (CdCl,, without remediation) 0.68+0.02 0.26+0.01
2 Zeolite + green manure 0.59+0.03 0.16%+0.02
3 Zeolite 0.53+0.01 0.11£0.01
4 Green manure 0.64+0.02 0.18+0.02

Note: total Cd content was determined after acid decomposition of samples, bioavailable — by DTPA extraction, followed
by analysis using atomic absorption spectrophotometry. The values are given as the mean * standard deviation (n=3)
Source: created by the authors based on the results of a field block experiment conducted in 2022-2024 on southern

chernozems in the Southern Steppe of Ukraine

Among the stabilising materials used, zeolite
demonstrated the highest efficiency (option 3). The in-
troduction of zeolite resulted in a decrease in the to-
tal Cd content to 0.53+0.01 mg/kg, and bioavailability
to 0.11+0.01 mg/kg, which corresponds to a 22% and
58% decrease, respectively, compared to the control
(p<0.05). This decrease is explained by the high cation
exchange capacity of zeolite, which can bind divalent
cadmium ions by the mechanism of ion substitution in
the crystal lattice, forming poorly soluble or fixed com-
plexes. The combination of zeolite with green manure
biomass (option 2) provided a slightly smaller, but still
pronounced effect. In this variant, bioavailable Cd de-
creased to 0.16 £ 0.02 mg/kg, and total Cd decreased
to 0.59 £ 0.03 mg/kg. The decrease in efficiency com-
pared to option 3 is probably conditioned by the bio-
logical activity of plants, accompanied by the release
of low-molecular organic acids that can complex heavy
metals, partially restoring their mobility. However, the
synergy between the chemical sorbent and the biolog-
ical agent provided consistently lower metal content
than in the control sample.

The green manure-onlyvariant (option 4) resulted in
adecrease in bioavailable cadmium to 0.18+0.02 mg/kg
and total content to 0.64 *# 0.02 mg/kg. The effect
was less pronounced, but still statistically significant
(p<0.05). This effect can be explained by the ability of
organic biomass to form organometallic complexes in
the soil, and the fact that green manure enriches the
soil with organic matter, which increases its sorption
capacity. Similar patterns were found for other heavy
metals. In particular, for lead Pb, the highest efficiency
was demonstrated by the use of phosphate fertilisers,
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which contributed to the development of poorly solu-
ble compounds, in particular Pb,(PO,),. This allowed re-
ducing the bioavailability of lead by 55% compared to
the control option, which indicates an effective chemi-
cal fixation of the element in the soil phase. In the case
of zinc Zn, the introduction of biochar also showed high
efficiency: the bioavailability of Zn was reduced to 50%.
This effect is explained by a combination of physical and
chemical mechanisms,in particular the ability of biochar
to adsorb metal ions due to its high specific surface area,
and the presence of active functional groups (carboxyl,
phenolic) that can form stable complexes with Zn ions.

Continuing the analysis, it is important to note that
the effect of remediation strategies used was not lim-
ited to reducing the total and bioavailable content of
toxic elements. The identified changes also covered the
key physical and chemical properties of the soil, which
determine the mobility of metals, the degree of their
fixation, and the long-term stability of the soil system
under anthropogenic load. One of the most important
indicators that experienced positive dynamics was the
acid-base balance of the soil (Shebanina et al., 2024).
As a result of the introduction of limestone materials
CaCO, and zeolite, the pH of the soil environment in-
creased from 5.6 to 6.8, indicating effective neutral-
isation of acidity. This increase is significant, since in
a neutral environment heavy metal ions tend to pre-
cipitate in the form of hydroxides, phosphates and
carbonates, which significantly reduces their solubility
and, accordingly, bioavailability. In addition, increasing
the pH reduces the activity of hydrogen ions, which in
an acidic environment compete with metals for binding
to the surface of soil colloids. As a result, there was an




improvement in the sorption capacity of the soil and
the stabilisation of metals in its solid phase.

Another important indicator of the agrochemical
state of the soil is the cation exchange capacity, which
determines the ability of the soil matrix to retain cati-
ons, in particular, toxic elements. As a result of the use
of green manure crops, in particular, Sinapis alba (white
mustard) and Phacelia tanacetifolia (phacelia tansy), the
cation exchange capacity increased by an average of
11%. This is conditioned by the enrichment of the soil
with decomposition products of organic biomass, the
development of humic and fulvic acids, which have a
high ability to complex with metal ions. There was also
a significant increase in the organic carbon content af-
ter sideration - at the level of 18% compared to the
control samples. The accumulation of organic matter in
the soil contributes to the development of stable or-
gano-metal complexes, which are poorly soluble and
much less accessible to plants, and also contributes to
the activation of the soil microbiota, which is involved
in the transformation of metal forms (Filss et al., 1998).
Assessment of the structural and physical characteris-
tics of the soil also revealed an improvement in its aer-
ation regime in variants with the introduction of green
manure. This was conditioned by loosening of the soil
due to the development of the root system of green
manure crops and an increase in the amount of humus
aggregates after their mineralisation. As a result, more
favourable conditions were created for gas exchange,
water penetration, and the development of the root
system of phytoremediant crops. Such positive changes
in the soil structure correlate with an increase in its
biological activity and overall phytosanitary condition
(Gamayunova et al., 2025).

The improvement of the soil structure due to the
action of green manure also played an important role
in the processes of chemical binding of heavy metals
and the development of their stable forms in the soil
environment. In this context, special attention was paid
to the assessment of the forms of stay of toxic elements,
which is a key factor for understanding the mechanisms
of stabilisation and the long-term effectiveness of re-
mediation measures. One of the important aspects of
evaluating the effectiveness of stabilisation measures
was the determination of the forms of heavy metals in
the soil. The fractional analysis showed that after the
introduction of biochar, the proportion of cadmium in
an easily accessible exchange form decreased from
38% to 17%, while the proportion of organically bound
and residual forms increased. A similar transformation
was also characteristic of zinc and lead. In particular,
the variants with zeolite and phosphate additives were
dominated by the precipitated phosphate form of Pb,
which has low solubility and bioavailability. This indi-
cates the effective transfer of metals to stable states,
which significantly reduces the risks of their migration
in the ecosystem.
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Additionally, the dynamics of changes in metal
concentrations during the growing season was inves-
tigated. In particular, the bioavailability of cadmium in
soil solution in the biochar variant decreased gradually:
on Day 30 it was 0.19 mg/kg, on Day 60 - 0.14 mg/kg,
and on Day 90 - 0.11 mg/kg. This trend indicates an
increase in the stabilisation effect over time, which is
probably conditioned by the gradual activation of the
sorption potential of biochar, humus formation, and the
development of microbial activity in the rhizosphere.
In addition to cadmium, other metals showed similar
dynamics. In particular, in variants with phosphates, the
content of bioavailable Pb decreased by 55% already
on Day 60 after application, which is explained by the
development of poorly soluble Pb,(PO,),. In the case of
copper and zinc, the greatest changes were recorded in
variants with liming and biochar, which confirms the
universality of the adsorption mechanism of action of
the organic stabiliser. The effectiveness of green ma-
nure crops was also analysed separately. White mus-
tard (Sinapis alba) demonstrated the ability to reduce
the concentration of mobile Cd forms in the upper soil
horizon by 25%, while phacelia tansy (Phacelia tanaceti-
folia) - by 18%. This difference can be explained by dif-
ferent levels of biomass, the degree of microbiological
activity in the rhizosphere, and the features of the re-
lease of organic acids that form chelate complexes with
heavy metals. In addition, sideration contributed to an
increase in organic carbon content, improved soil struc-
ture, and activated humus formation, which further af-
fected the fixation of metals in hard-to-reach forms.

Further analysis of morphophysiological and bio-
chemical parameters of model phytoremediant crops
allowed assessing not only the influence of the consid-
ered remediation methods on the soil environment, but
also the degree of phytotoxicity and the general phys-
iological state of plants under the influence of heavy
metal contamination. The results obtained indicate a
clear positive effect of the use of biochar and mineral
sorbents on biomass, photosynthetic activity, and an-
tioxidant status of plants. In particular, the highest bi-
omass of the aboveground part was demonstrated by
plants grown on sites with the introduction of biochar.
The average value was 35.2 £ 1.4 g/plant, which was
24% higher than the same value in the control variant
(28.4%1.1 g/plant). The obtained indicator shows a re-
duction in the phytotoxic effect of heavy metals due
to their fixation in inaccessible forms, improvement of
the soil structure, moisture retention capacity, and cre-
ation of favourable conditions for the development of
the root system.

Photosynthetic activity also increased in the treated
variants. The total chlorophyll content measured spec-
trophotometrically at wavelengths of 645 and 663 nm
was 25% higher in plants grown in the presence of bio-
char or zeolite compared to control plants. An increase
in the level of chlorophyll indicates the preservation
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of the integrity of the photosynthetic apparatus and a
decrease in the degree of chlorosis, which is a typical
symptom of heavy metal stress. An important biomark-
er of pollution - induced stress is the content of malon-
ic dialaldehyde, the final product of lipid peroxidation
that accumulates when cell membranes are damaged
(Ahmadi et al., 2023). In the variants using stabilisers,
the concentration of malon dialaldehyde decreased
by 30% compared to the control, which indicates a re-
duction in oxidative stress and effective adaptation of
plants to pollution conditions. This is confirmed by the
increased activity of antioxidant enzymes, which play a
key role in neutralising reactive oxygen species in plant
cells. In particular, catalase activity increased by 32%
and superoxide dismutase - by 41% compared to plants
in the control areas. The observed activity indicates the
activation of protective mechanisms aimed at main-
taining cellular homeostasis and preventing damage
caused by heavy metals.

In addition to the overall improvement in the phys-
iological and biochemical state of plants, the results
of the study showed a significant difference in the
ability of model crops to phytoremediate, in particular,
with respect to the accumulation of heavy metals in
aboveground and underground organs. The data con-
firm that the use of biological and chemical stimulants
can significantly affect the effectiveness of phytoex-
traction and phytostabilisation. Thus, sunflower (Helian-
thus annuus) and white mustard (Sinapis alba) showed
a high potential for the accumulation of cadmium Cd
and zinc Zn in aboveground biomass. In the biochar
variants, the Cd concentration in sunflower leaves and
stems reached 3.5 mg/kg of dry weight, which is 66%
higher than in the non-biochar variants (2.1 mg/kg).
The data indicate the ability of biochars not only to
reduce the bioavailability of toxic metals, but also to
optimise plant growth conditions, so that they more
actively absorb and translocate metals to aboveground
parts (Harbar et al., 2025). Moreover, lupine yellow (Lu-
pinus luteus) showed another, no less important strat-
egy - phytostabilisation, due to the accumulation of
lead mainly in the root system. This feature limited the
transfer of metal to photosynthetic organs, which re-
duces the risk of its entry into the trophic chain and
helps to more effectively stabilise contaminated areas
without the need to collect aboveground mass.

o .25
s S 02
2 2%
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Control Zeolite + Zeolite
greenmanure
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An additional factor that increased the effectiveness
of phytoremediation was the use of rhizospheric bacte-
ria, in particular, Pseudomonas fluorescens and Bacillus
subtilis. Their inoculation contributed to an increase in
the accumulation of heavy metals in plants by 20-30%.
This effect is probably associated with the synthesis
of siderophores and organic acids by bacteria, which
increase the solubility of metals and stimulate their
absorption. Equally important was the effect of mycor-
rhizal inoculation by the fungus Glomus intraradices. In
plants that formed a symbiosis with arbuscular mycor-
rhizae, the biomass of the aboveground part was on av-
erage 15% higher compared to non-inoculated plants.
Such indicators indicate an improvement in mineral
nutrition, water supply, and an increase in non-specific
immunity of plants to environmental stressors. Conse-
quently, biological stimulation with the help of micro-
organisms not only improved the overall physiological
state of plants, but also enhanced the effect of chemical
stabilisers and agrotechnical measures applied (Shahi-
ni et al., 2023). Against the background of such positive
changes, further comparison of the effectiveness of in-
dividual and combined remediation strategies became
reasonable. A comparative analysis of the effectiveness
of the applied approaches helped to determine that
combined strategies, in particular, the combination of
zeolite or biochar with phytoremediation crops, provid-
ed the highest effectiveness in reducing soil pollution
with heavy metals. These combinations demonstrat-
ed a synergistic effect when chemical stabilisation of
metals in the soil matrix was combined with active
phytonaccumulation, which significantly exceeded the
effectiveness of each method separately. In particular,
in the “biochar+plants” option, the total removal of Cd
and Zn from the soil was 40% higher than in the var-
iants using phytoremediation alone. This effectiveness
is associated not only with a decrease in bioavailability
due to the adsorption capacity of biochar, but also with
improved conditions for the growth and development
of phytoremediants, which, in turn, more actively ab-
sorbed metals. Generalised quantitative results on the
content of total and bioavailable cadmium in the soil
after applying various remediation options are shown
in Figure 1. The histogram illustrates the degree of ef-
fectiveness of each approach - chemical, biological,and
combinations thereof - in the context of Cd reduction.

B Control
Zeolite + green manure
M Zeolite
Green manure
M Biochar + phytoremediation

Biochar +
phytoremediation

Figure 1. Comparative analysis of cadmium content in soil
Note: total Cd content was determined after acid decomposition of samples, bioavailable — by DTPA extraction, followed

by analysis using atomic absorption spectrophotometry

Source: created by the authors based on the results of a field block experiment conducted in 2022-2024 on southern

chernozems in the Southern Steppe of Ukraine
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In addition, the results of correlation analysis con-
firmed a close relationship between the bioavailabil-
ity of heavy metals in the soil and the degree of their
accumulation in the aboveground mass of plants. For
cadmium, a high positive ratio was found - the Pear-
son’s coefficient r=0.88 at p <0.01, which indicates a
significant relationship between the level of availa-
bility of the element in the soil solution and its phy-
toextraction. The link indicates that the bioavailable
fraction is the most informative parameter for predict-
ing the effectiveness of phytoremediation, and should
be considered when assessing environmental risk and
planning further measures for the reclamation of con-
taminated land.

DISCUSSION

The results obtained confirm the high efficiency of us-
ing zeolite and green manure to reduce the bioavaila-
bility of heavy metals in agricultural soils contaminat-
ed by anthropogenic impacts. This demonstrates the
potential of these materials as key elements in phy-
toremediation and agrotechnical strategies aimed at
restoring degraded land. The use of zeolite and green
manure not only reduced the concentration of mobile
forms of metals (primarily Cd and Pb), but also had a
positive effect on the physico-chemical and biological
parameters of the soil, which creates favourable con-
ditions for plant growth. It was observed that the in-
troduction of zeolite led to a decrease in the fractions
of heavy metals associated with the exchange and
carbonate forms, which are the most mobile and bi-
oavailable. Such changes can be explained by several
mechanisms, including an increase in pH, an increase
in cation exchange capacity, and the development of
stable complexes between metals and active zeolite
surface centres. These data are quite consistent with
the findings of K.N. Palansooriya et al. (2022), which
emphasise the sorption capacity of sorbents due
to their porous structure and richness of functional
groups. In addition, as noted by P. Viotti et al. (2024),
natural minerals may contribute to the development
of organo-mineral structures that further reduce the
risk of toxicant migration in the soil profile.
Extraction analysis data confirmed that the use of
zeolite reduces the proportion of potentially mobile
forms of Cd and Pb. Similar effects were recorded in the
study by K.M. Malik et al. (2021), where organic chang-
es led to a shift in the balance of metals in the soil
towards less bioavailable forms. This similarity allows
concluding that not only the total content, but also the
form of metal presence determines the environmental
risk. The reduction in phytotoxicity found in this study is
also consistent with the findings of A. Emamverdian et
al. (2023), which indicate that heavy metals can cause
oxidative stress and inhibit photosynthetic activity. In
another study, M. Adrees et al. (2015) described the
mechanisms by which silicon reduces the toxic effects
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of metals by enhancing the antioxidant response - a
similar effect was observed with the use of stabilisers
in the current study, which provided better conditions
for plant growth and development.

Significant changes were also recorded in the bi-
ological activity of the soil. Stabilisers had a positive
effect on the development of the rhizosphere micro-
biota, which was reflected in better plant growth. This
was confirmed by A. Rashid et al. (2023), who described
the restoration of microbial diversity after the introduc-
tion of organic and mineral amendments. In particular,
W. Xu et al. (2024) noted an increase in the activity of
enzymes and microbial biomass as a result of improved
soil structure. S. Jayaram (2022) described in detail the
mechanisms of metal bioimobilisation associated with
microbial transformation and redox processes. The re-
sults are also consistent with the above conclusions:
the use of zeolite and green manure contributed to an
increase in plant biomass, a decrease in signs of phy-
totoxicity, and an increase in the activity of antioxidant
enzymes, which may indirectly indicate an improve-
ment in the microbial environment. Although no direct
assessment of microbial composition has been carried
out, the growth of physiological and biochemical pa-
rameters of plants, such as chlorophyll, catalase and
superoxide dismutase, and improvements in soil struc-
ture, suggest activation of rhizospheric microflora (Ro-
manchuck et al., 2017).

S.Lietal.(2021) reported that natural amendments
promote selective enrichment of rhizobiomes with
beneficial microbes, which not only stabilises metals,
but also improves plant nutrition. G.P. Sidhu (2016) fur-
ther emphasised that heavy metals disrupt microbial
processes, which negatively affects fertility, so restor-
ing the microbial environment is a critical remediation
task. The results of the current study indirectly confirm
these mechanisms: in options with the introduction of
zeolite, an increase in plant biomass, an improvement
in the physico-chemical properties of the soil,and a de-
crease in the level of markers of oxidative stress were
recorded, which may be the result of activation of posi-
tive microbial processes in the rhizosphere.

From the standpoint of environmental safety, re-
ducing the mobility of heavy metals is an important
measure to prevent them from entering the food
chain (Ilderbayeva et al., 2024). As stated by S.J. Mele-
bary (2023), in many regions of the world, agricultur-
al products exceed the permissible Cd and Pb levels,
which poses a potential threat to public health. Thus,
the results showed positive dynamics - the use of
zeolite allowed reducing the bioavailability of Cd to
0.11 mg/kg, which is a significant decrease compared
to the control, and therefore reduces the risk of met-
als entering phytomass and further into food products.
However, the effectiveness of remediation with stabi-
lisers varies depending on the properties of the soil.
D. Yu et al. (2024) emphasised that parameters such
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as acidity, mechanical composition, and organic mat-
ter content determine how effectively stabilisers can
fix metals. In this study, the maximum effectiveness of
reducing the bioavailability of Cd, Zn, and Pb was ob-
served in soils with a low organic content (2.8%) and an
initial pH of 5.6.The introduction of stabilisers contrib-
uted to the neutralisation of soil acidity (up to pH 6.8)
and, accordingly, the transfer of metals to less soluble
and less toxic forms. This allows concluding that it is
advisable to use stabilisation approaches on slight-
ly acidic soils with an increased anthropogenic load.

In addition to stabilising metals, the use of zeolite
and green manure has demonstrated additional bene-
fits associated with improving the physical character-
istics of the soil. The study found that the introduction
of green manure helped to improve the water reten-
tion capacity and soil structure, which, in turn, created
favourable conditions for the development of the root
system and reduced the risk of compaction. This was
consistent with the conclusions obtained by S. Man-
soor et al. (2021), who pointed to the role of agro-
technical measures as soil improvers that can affect
not only the chemical, but also the physical and me-
chanical properties of the soil. Thus, the applied ap-
proaches perform not only the function of stabilisers
of toxic elements, but also improve the agrophysical
state of the soil environment, contribute to increasing
the efficiency of nutrient use, and also provide condi-
tions for the formation of stable plant phytocenoses.
In the context of practical farming, this makes them
promising components of technologies aimed at re-
habilitating degraded soils (Manushkina & Drobit-
ko, 2025). The overall results of the study fit well with
the concept of sustainable agriculture highlighted
by J. Hu et al. (2024). According to these researchers,
the use of natural, locally available materials, such as
zeolite, minimises the use of chemical fertilisers and
pesticides, improves soil quality, and reduces the envi-
ronmental burden on agroecosystems. This approach
contributes to the development of adaptive agricul-
ture focused on preserving the soil resource and im-
proving its ecosystem functions.

Consequently, the results of this study confirmed
that the use of zeolite and green manure can be an
effective multi-purpose agrotechnical practice that
combines environmental safety, economic feasibil-
ity, and agronomic efficiency. The complex effect of
these materials on chemical (increasing pH, reducing
bioavailability of heavy metals, increasing cation ex-
change capacity), biological (activating rhizosphere
microbiota) and physical (improving structure and wa-
ter permeability) soil parameters indicates their mul-
tifunctional role in remediation strategies. To achieve
maximum effect, the use of these materials requires
adaptation to specific conditions: soil type, type of
pollution, stabiliser characteristics, and local climate.
Such anindividualised approach will ensure long-term
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stability of the phytosystem and increase the efficien-
cy of ecological restoration of degraded land.

CONCLUSIONS

As a result of the study, it was found that the use of
natural mineral sorbents (zeolite), organic stabilisers
(biochar), green manure (mustard, phacelia tansy), and
their combinations can effectively reduce both the total
content and bioavailability of cadmium, lead, and zinc
in anthropogenically contaminated soils. The highest
efficiency was demonstrated by the variant with the in-
troduction of zeolite, which provided a 58% reduction
in the bioavailability of cadmium compared to the con-
trol. In addition, this option showed a 22% decrease in
the total cadmium content, which indicates the ability
of the mineral not only to fix ions but also to convert
them into stable forms. The combined use of zeolite
with green manure contributed to an additional reduc-
tion in metal toxicity, in particular, by improving the
physical and chemical properties of the soil.

The use of biochar in combination with phytoreme-
diation crops (sunflower, mustard) provided a 40% in-
crease in the efficiency of extracting heavy metals from
the soil, in particular Cd and Zn, compared to the use
of phytoremediation alone. The availability of cadmium
and zinc in the soil solution decreased by 50%, which
confirms the stabilisation potential of biochar in the
rhizosphere. In addition, there was an improvement in
the physiological and biochemical parameters of sun-
flower: the biomass of the aboveground part increased
by 24%, the chlorophyll content increased by 25%, and
the activity of antioxidant enzymes (catalase and su-
peroxide dismutase) - by 32% and 41%, respectively. In
addition, the use of green manure crops of white mus-
tard and phacelia tansy contributed to the restoration
of soil properties. Sideration increased the organic car-
bon content by 18% and the cation exchange capac-
ity by 11%, which, in turn, contributed to the fixation
of heavy metals and reduced their leaching by 30%.

Practical recommendations include the use of zeo-
lite (10 t/ha) and biochar (5 t/ha) in combination with
green manure and phytoremediation as an effective
strategy for reducing heavy metal toxicity. However,
the study had a number of limitations that should be
considered. The limitations included the short dura-
tion of the experiment (one growing season) and the
research on one type of soil. In addition, changes in
the structure of the soil microbiota that may have
implications for the long-term stability of the system
have not been investigated. Prospects for further re-
search should include long-term field trials, analysis
of residual metal concentrations in products, and the
investigation of the environmental impact on micro-
bial communities.

ACKNOWLEDGEMENTS
None.




Markova et al.

FUNDING CONFLICT OF INTEREST
None. None.

REFERENCES

[1] Adrees, M., Ali, S., Rizwan, M., Zia-ur-Rehman, M., Ibrahim, M., Abbas, F., & Irshad, M.K. (2015). Mechanisms of
silicon-mediated alleviation of heavy metal toxicity in plants: A review. Ecotoxicology and Environmental Safety,
119,186-197.doi: 10.1016/j.ecoenv.2015.05.011.

[2] Ahmadi, M., Kalinin, I., & Tomchuk, V. (2023). Removal of heavy metals using sorbents and biochemical indexes
in rats. Ukrainian Journal of Veterinary Sciences, 14(4), 9-22. doi: 10.31548/veterinary4.2023.09.

[3] Ejaz, U.,Khan, S.M., Khalid, N., Ahmad, Z., Jehangir, S., Fatima Rizvi, Z., Lho, L.H., Han, H., & Raposo, A. (2023).
Detoxifying the heavy metals: A multipronged study of tolerance strategies against heavy metals toxicity in
plants. Frontiers in Plant Science, 14, article number 1154571, doi: 10.3389/fpls.2023.1154571.

[4] Emamverdian, A., Ghorbani, A., Li, Y., Pehlivan, N., Barker, J., Ding, Y., Liu, G., & Zargar, M. (2023). Responsible
mechanisms for the restriction of heavy metal toxicity in plants via the co-foliar spraying of nanoparticles.
Agronomy, 13(7), article number 1748. doi: 10.3390/agronomy13071748.

[5] Filss, M., Botsch, W., Handl, J., Michel, R., Slavoy, V.P,, & Borschtschenko, V.V. (1998). A fast method for the
determination of Strontium-89 and Strontium-90 in environmental samples and its application to the analysis
of Strontium-90 in Ukrainian soils. Radiochimica Acta, 83(2), 81-92. doi: 10.1524/ract.1998.83.2.81.

[6] Gamayunova, V., Honenko, L., Baklanova, T., & Pylypenko, T. (2025). Changes in soil fertility in the
southern steppe zone of Ukraine. Ecological Engineering & Environmental Technology, 26(4), 229-236.
doi: 10.12912/27197050/201190.

[7] Gatla, S., Kaur, A., Sandhu, K., Girisha. R., & Kamboj, R. (2024). Impact of green manures in mitigating heavy
metal toxicity: A review. International Journal of Environment and Climate Change, 14(6), 304-321. doi: 10.9734/
ijecc/2024/v14i64230.

[8] Harbar, L., Avramchuk, V., & Dovbash, N. (2025). Water consumption of sunflower plants under the influence of
cultivation technology elements. Scientific Reports of the National University of Life and Environmental Sciences
of Ukraine, 21(2), 24-35.doi: 10.31548/dopovidi/2.2025.24.

[9] Hu,lJ., Wang, Z., Williams, G.D., Dwyer, G.S., Gatiboni, L., Duckworth, O.W., & Vengosh, A. (2024). Evidence
for the accumulation of toxic metal(loid)s in agricultural soils impacted from long-term application
of phosphate fertilizer. Science of the Total Environment, 907, article number 167863. doi: 10.1016/j.
scitotenv.2023.167863.

[10] Ilderbayeva, G., Rakhyzhanova, S., Utegenova, A., Salkhozhayeva, G., & Ilderbayey, O. (2024). Combined effect of
gamma radiation and heavy metals on some living organisms. Biological Trace Element Research, 203(3), 1764-
1775.doi: 10.1007/s12011-024-04272-8.

[11] Jayaram, S., Ayyasamy, PM., Aishwarya, K.P., Devi, M.P., & Rajakumar, S. (2022). Mechanism of microbial
detoxification of heavy metals: A review. Journal of Pure and Applied Microbiology, 16(3), 1562-1574.
doi: 10.22207/JPAM.16.3.64.

[12] Law of Ukraine No. 1264-XIl “On Environmental Protection” (1991, June). Retrieved from https://zakon.rada.
gov.ua/laws/main/1264-12#Text.

[13] Li,J., Chang, Y., Al-Hugail, A.A., Ding, Z., Al-Harbi, M.S., Ali, E.F., Abeed, A.H., Rekaby, S.A., Eissa, M.A., Ghoneim,
AM., & Tammam, S.A. (2021). Effect of manure and compost on the phytostabilization potential of heavy
metals by the halophytic plant wavy-leaved saltbush. Plants, 10(10), article number 2176. doi: 10.3390/
plants10102176.

[14] Malik, K.M., Khan, K.S., Rukh, S., Khan, A., Akbar, S., Billah, M., Bashir, S., Danish, S., Alwahibi, M.S., Elshikh, M.S.,
Al-Ghamdi, A.A., & Mustafa, E-Z. (2021). Immobilization of Cd, Pb and Zn through organic amendments in
wastewater irrigated soils. Sustainability, 13(4), article number 2392. doi: 10.3390/su13042392.

[15] Mansoor, S., Kour, N., Manhas, S., Zahid, S., Wani, O.A., Sharma, V., Wijaya, L., Alyemeni, M.N., Alsahli, A.A., EL-
Serehy, H.A., Paray, B.A., & Ahmad, P. (2021). Biochar as a tool for effective management of drought and heavy
metal toxicity. Chemosphere, 271, article number 129458. doi: 10.1016/j.chemosphere.2020.129458.

[16] Manushkina, T., & Drobitko, A. (2025). Formation of stable soil-protective agrophytocenoses of essential oil
plants in the conditions of the Southern Steppe of Ukraine. Ukrainian Black Sea Region Agrarian Science, 29(1),
9-19.doi: 10.56407/bs.agrarian/1.2025.09.

[17] Melebary, S.J. (2023). Heavy metal toxicity and remediation in human and agricultural systems: A review.
Advances in Animal and Veterinary Sciences, 11(4), 679-694. doi: 10.17582/journal.aavs/2023/11.4.679.694.

[18] Palansooriya, K.N., Li, J., Dissanayake, PD., Suvarna, M., Li, L., Yuan, X., Sarkar, B., Tsang, D.C., Rinklebe, J.,
Wang, X., & Ok, Y.S. (2022). Prediction of soil heavy metal immobilization by biochar using machine learning.
Environmental Science & Technology, 56(7),4187-4198. doi: 10.1021/acs.est.1c08302.

Scientific Horizons, 2025, Vol. 28, No. 6

97


https://doi.org/10.1016/j.ecoenv.2015.05.011
https://doi.org/10.31548/veterinary4.2023.09
https://doi.org/10.3389/fpls.2023.1154571
https://doi.org/10.3390/agronomy13071748
https://doi.org/10.1524/ract.1998.83.2.81
https://doi.org/10.12912/27197050/201190
https://doi.org/10.9734/ijecc/2024/v14i64230
https://doi.org/10.9734/ijecc/2024/v14i64230
https://doi.org/10.31548/dopovidi/2.2025.24
https://doi.org/10.1016/j.scitotenv.2023.167863
https://doi.org/10.1016/j.scitotenv.2023.167863
https://doi.org/10.1007/s12011-024-04272-8
https://doi.org/10.22207/JPAM.16.3.64
https://doi.org/10.3390/plants10102176
https://doi.org/10.3390/plants10102176
https://doi.org/10.3390/su13042392
https://doi.org/10.1016/j.chemosphere.2020.129458
https://doi.org/10.56407/bs.agrarian/1.2025.09
https://dx.doi.org/10.17582/journal.aavs/2023/11.4.679.694
https://doi.org/10.1021/acs.est.1c08302

98

Mechanisms for reducing heavy metal toxicity in fertiliser...

[19] Pavlenko, M., Kovalenko, V., Pikovska, O., & Tonkha, O. (2025). Productivity of binary crops under the application
of different cultivation technology elements. Plant and Soil Science, 16(1),61-73.doi: 10.31548/plant1.2025.61.

[20] Portiannyk, S. (2024). Reducing the risks of contamination of agricultural land with toxic heavy metals during
the application of organic fertilizers. Ukrainian Journal of Ecology, 14(4). doi: 10.15421/2024 562.

[21] Priya, AK., Muruganandam, M., Ali, S.S., & Kornaros, M. (2023). Clean-up of heavy metals from contaminated
soil by phytoremediation: A multidisciplinary and eco-friendly approach. Toxics, 11(5), article number 422.
doi: 10.3390/toxics11050422.

[22] Rashid, A., Schutte, BJ., Ulery, A., Deyholos, M.K., Sanogo, S., Lehnhoff, E.A., & Beck, L. (2023). Heavy metal
contamination in agricultural soil: Environmental pollutants affecting crop health. Agronomy, 13(6), article
number 1521. doi: 10.3390/agronomy13061521.

[23] Reyes Pinto, K., Meza-Contreras, V., Alegre-Orihuela, J.C., & Réategui-Romero, W. (2020). Bioavailability and
solubility of heavy metals and trace elements during composting of cow manure and tree litter. Applied and
Environmental Soil Science, 2020(1), article number 5680169. doi: 10.1155/2020/5680169.

[24] Romanchuck, L.D., Fedonyuk, T.P., & Fedonyuk, R.G.(2017). Model of influence of landscape vegetation on mass
transfer processes. Biosystems Diversity, 25(3), 203-209. doi: 10.15421/011731.

[25] Shahini, S., Kachanova, T., Manushkina, T., Petrova, O., & Shevchuk, N. (2023). Using organic nitrogen fertilisers
to improve soil health and increase yields. International Journal of Environmental Studies, 80(2), 433-441.
doi: 10.1080/00207233.2023.2174739.

[26] Sharafi,S., & Salehi, F.(2025). Comprehensive assessment of heavy metal (HMs) contamination and associated
health risks in agricultural soils and groundwater proximal to industrial sites. Scientific Reports, 15, article
number 7518.doi: 10.1038/s41598-025-91453-7.

[27] Shebanina, O., Kormyshkin, 1., Bondar, A., Bulba, I., & Ualkhanov, B. (2023). Ukrainian soil pollution
before and after the Russian invasion. International Journal of Environmental Studies, 81(1), 208-215.
doi: 10.1080/00207233.2023.2245288.

[28] Sidhu, G.P. (2016). Heavy metal toxicity in soils: Sources, remediation technologies and challenges. Advances in
Plants & Agriculture Research, 5(1), 445-446. doi: 10.15406/apar.2016.05.00166.

[29] Viotti, P., Marzeddu, S., Antonucci, A., Décima, M.A., Lovascio, P, Tatti, F., & Boni, M.R. (2024). Biochar as
alternative material for heavy metal adsorption from groundwaters: Lab-scale (column) experiment review.
Materials (Basel), 17(4), article number 809. doi: 10.3390/ma17040809.

[30] Wan, Y., Liu, J., Zhuang, Z., Wang, Q., & Li, H. (2024). Heavy metals in agricultural soils: Sources, influencing
factors, and remediation strategies. Toxics, 12(1), article number 63. doi: 10.3390/toxics12010063.

[31] Wang,J.,Wang, X., Li, G., Ding,J., Shen, Y., Liu,D., Cheng, H.,Zhang, Y., & Li,R. (2022). Speciation analysis method
of heavy metals in organic fertilizers: A review. Sustainability, 14(24), article number 16789. doi: 10.3390/
sul42416789.

[32] Xu,W.,Jin,Y., & Zeng, G. (2024). Introduction of heavy metals contamination in the water and soil: A review on
source, toxicity and remediation methods. Green Chemistry Letters and Reviews, 17(1), article number 2404235.
doi: 10.1080/17518253.2024.2404235.

[33] Yu,D.,Miao,Q.,Shi,H.,Feng,Z.,Feng,W., Li,Z., & Gongalves,J).M.(2024).Influence and mechanism of fertilization
and irrigation of heavy metal accumulation in salinized soils. Agriculture, 14(10), article number 1694.
doi: 10.3390/agriculture14101694.

Scientific Horizons, 2025, Vol. 28, No. 6



https://doi.org/10.31548/plant1.2025.61
https://doi.org/10.15421/2024_562
https://doi.org/10.3390/toxics11050422
https://doi.org/10.3390/agronomy13061521
https://doi.org/10.1155/2020/5680169
https://doi.org/10.15421/011731
https://doi.org/10.1080/00207233.2023.2174739
https://doi.org/10.1038/s41598-025-91453-7
https://doi.org/10.1080/00207233.2023.2245288
https://doi.org/10.15406/apar.2016.05.00166
https://doi.org/10.3390/ma17040809
https://doi.org/10.3390/toxics12010063
https://doi.org/10.3390/su142416789
https://doi.org/10.3390/su142416789
https://doi.org/10.1080/17518253.2024.2404235
https://doi.org/10.3390/agriculture14101694

Markova et al.

MeXxaHi3MM 3MeHLUeHHS TOKCUYHOCTI Ba)KKMX MeTarniB
B CUCTeMaX YAOBPEHHS Ta arpoTeXHOJIONYHOro 3aXUCTY I'PYHTY

Hartanisa MapkoBa
KaHampaT cinbCbkorocnoaapcbKux Hayk, AOLEHT
MMKONaiBCbKMI HALLIOHANbHMIA arpapHuUiA YHiBepCuTeT
54008, syn. leopria loHragse, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0001-6169-6978
Harania HikoHuyk
KaHaunaaT CinbCbKOrocnoaapCbKnx Hayk, AOLEHT
MMKONAiBCbKMIM HALLIOHANBbHUIA arpapHuUiA YHiBepCuTeT
54008, syn. leopris ToHrag3se, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-9425-2684
CeimnaHa Mpucraw
KaHamaat TeXHIYHMX HayK, CTapwnit BUKNagad
MMKONaiBCbKMI HALLIOHANbHMIA arpapHuUiA YHiBepCuTeT
54008, syn. leopria loHragse, 9, M. Mukonais, YkpaiHa
https://orcid.org/0009-0001-6271-7395
Anna boHpap
KaHaunaaT CinbCbKOrocnoaapCbKnx Hayk, AOLEHT
MMKONAiBCbKMIM HALIOHANBbHUIA arpapHuUiA YHiBepCuTeT
54008, syn. leopris ToHrag3se, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-5546-0528

AHoTauif. 3a6pyaHeHHS CiNbCbKOroCnoaapCbkuX rPYHTIB BaXKKUMM METANIAMM, CNPUYMHEHE AiSNIbHICTHO NPOMUCIOBUX
NiANPUEMCTB, TPAHCNOPTY Ta iIHTEHCUBHUM BUKOPUCTAHHSM arpoxiMikaTiB, CTAaHOBWUTb 3arpo3y ekonorivHii 6esneui
Ta NPOAYKTMBHOCTI CiIbCbKOrOCNOAAPCbKUX CUCTEM. Y 3B'A3KY 3 UM METOH A0CNILKEHHS ByNa oUiHKa e(heKTUBHOCTI
CMNiNbHOr0 BUKOPWUCTAHHS CMAEPATIB Ta OPraHo-MiHepanbHUX CTabinizatopis (LeoniTy Ta 6ioBYrinns) ANg 3HUKEHHS
6i0f0CTYNHOCTI BaXXKMX MeTaniB Ta GITOTOKCMUYHOCTI FPYHTOBOrO CepefoBuLLa. MeToan OOCNIIKEHHS BKIYANU
nonboBui BNOK-LOCNiA Ha YopHo3emax nisaHa [lisaeHHoro Cteny YkpaiHu, 3abpynHeHux kagmiem (0,7 mr/kr),
3 BMKOPMCTAHHSAM YOTUPbOX BapiaHTiB 00poOKM (KOHTPO/b, LEONIT, LeoniT + cuaepatu, cuaepatu). Pesynbtatu
NnoKasanu, LWo HaedheKTUBHIWMM BApPiaHTOM ANS 3HMXKEHHS Biof0CTYNMHOCTI KaaMito OyB BapiaHT 3 BHECEHHAM
LeoniTy, KM 3abe3neunB 3HWKEHHS LOCTYNHOro KaaMito Ha 58 % Ta 3HMXKXEHHS MOro 3arajibHoro BMICTY Ha
22 %. BHeceHHs nuwe cupepatiB 3HM3UN0 BiofoCTYNHICTb KaaMito Ha 31 % nopiBHAHO 3 KOHTponeM. bioByrinng y
NO€EAHaHHI 3 dhiTopeMefiaLi€ld 3MEHLLMN0 AOCTYMHICTb KaAMIt0 Ta LMHKY Ha 50 %, a BuOaneHHs rpyHTy 36inbumnocs
Ha 40 % nopiBHaHO 3 diTopemesiauieto 6e3 6ioByrinng. biomaca Haa3eMHOI YaCTUHM COHSLIHMKY 30inbLIMNACA Ha
24 % (no 35,2 r/pocnuHy), BMICT xnopodiny — Ha 25 %, a aKTUBHICTb aHTMOKCUAAHTHUX GEPMEHTIB — Ha 32 % Ta
41 %. Cupepauia ripumueto Ta dauenieto cnpuana 36inblIEHHIO BMICTY OpraHiyHOro BYrneLt B rpyHTi Ha 18 %,
NMOKPALLEHHIO EMHOCTI KaTiOHHOro 06MiHy Ha 11 % Ta 3MeHLWeHHI BMMMUBAHHS MeTaniB Ha 30 %, WO CBifUUTb
Npo MOKpaLeHHs 3aranbHoi dikcauii TOKCMYHUX eneMeHTIB. YCi pe3ynbTaTu MNiaTBEPAXYOTb 3HAUYHE 3HUXKEHHS
dITOTOKCMYHOCTI 'PYHTOBOr0O CEpeAoBMLLA TA MOKPALLEHHS (i3ionoriyHoro Ta 6ioxiMiyHOro ctaHy pocamH. MpakTuyxe
3HaYeHHs pe3yNbTaTiB NONArae B MOXIMBOCTI BUKOPUCTaHHS BioBYrinng, LeoniTy Ta cuaepatiB AN peKkynbTUBaLii
3a0pYLHEHUX IPYHTIB Ta 3HUXKEHHS PU3MKY NOTPAMNISHHS BaXKMUX METaNiB y XapyoBUM naHLor
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Ukraine, case studies of farms, regulatory cost calculations, assessment of yields, price dynamics and profitability
using economic and statistical analysis methods. The cost of key production inputs, including the cost of seeds,
fertilisers, crop protection products, land lease, fuel and machinery, was addressed. The study determined that the
average cost of growing buckwheat (16.9 thousand UAH/ha) was higher than that of oats (15.9 thousand UAH/ha),
but due to the higher average selling price, buckwheat provided higher profitability (46.2% vs. 34.8%). The study
found a significant impact of agricultural technologies and regional conditions on yields: buckwheat showed the
best results in Chernihiv, Zhytomyr and Lviv regions, and oats in Mykolaiv, Odesa and Kirovohrad regions. Seasonal
and average annual price fluctuations were summarised: in years of drought, buckwheat prices increased by 20-
25% and oats by up to 12%, which compensated for crop losses. The role of government subsidy programmes,
preferential lending and agri-insurance in increasing profitability by 10-15% in the medium term was analysed.
Additionally, the efficiency of conventional and organic production models was investigated, considering premium
pricing in the European Union markets. The results of the study can be used by farm managers, agro-consulting
companies, and state and local authorities to make decisions on the choice of technological approaches, planning

production strategies, cost optimisation and development of the export potential of niche crops

Keywords: buckwheat; oats; agriculture; yield; profitability; export potential

INTRODUCTION

Niche grain crops, such as buckwheat and oats, formed
a separate segment in the structure of Ukrainian agri-
cultural production. Demand for these crops was strong
both in the domestic market and among internation-
al consumers, which necessitated an assessment of
their economic efficiency. The production characteris-
tics of buckwheat and oats were largely determined by
agro-climatic conditions, the level of technological sup-
port and access to markets. Growing interest in organic
production, changes in the structure of food demand
and the need to optimise costs have made it important
to study the profitability of these crops.

Assessing the efficiency of buckwheat and oat pro-
duction required an analysis of the cost, yield, techno-
logical aspects of cultivation and market trends. Vari-
ous approaches to determining the economic feasibility
of producing these crops were considered in scientific
sources, including an assessment of traditional, inten-
sive and ecological farming methods. M. Vysochanska
and V.Zubchenko (2024) studied the environmental and
economic aspects of growing niche crops, in particular
their dependence on technological changes and market
factors. The study determined that the use of ecological
farming methods contributed to the production of add-
ed value, although it was accompanied by a decrease in
yield and an increase in cost. N. Tkach (2023) highlight-
ed the peculiarities of growing niche crops in small ag-
ricultural enterprises in Ukraine. The analysis showed
that the production of buckwheat and oats could be
economically justified if resources were used efficiently
and organic farming was introduced but remained de-
pendent on market conditions. The economic efficiency
of niche vegetable oil production under martial law in
Ukraine was analysed in the study by O. Starikov and
A. Reva (2024). Even though the subject of the study
was other crops, the paper contained generalised con-
clusions about the dependence of the profitability of
niche production on access to state support and the

level of technological support. The economic efficien-
cy of growing niche crops was assessed in the study
by Y. Synyak (2023), which identified the main factors
that influenced the formation of production costs. The
use of intensive methods contributed to productivity
growth, but increased production costs, which could re-
duce the economic attractiveness of these crops.

Foreign studies covered a wide range of issues re-
lated to the application of technological innovations
in the production of niche crops. X. Cui et al. (2025)
analysed the development of remote monitoring and
machine learning systems in specialised agriculture,
which had the potential to reduce production costs. The
readiness of farmers to adopt biotechnological innova-
tions was investigated by M. Abbey et al. (2024). The
results showed that the prospects for the development
of niche crops largely depended on the acceptability of
genetic modifications and the effectiveness of the use
of biological products in agriculture.

The issue of economic efficiency of agricultur-
al diversification was considered in the study by
A. Kurdys$-Kujawska et al. (2021). The study determined
that expanding the range of crops grown contributed
to the financial stability of small farms and reduced
their dependence on market price fluctuations. The
economic factors that determined the development of
specialised agricultural production in the United States
were the subject of a study by C.L. Neill and K.L. Mor-
gan (2021). The study determined that the competi-
tiveness of niche crops largely depended on marketing
strategies, access to premium markets, and the level of
production mechanisation. An analysis of measures to
protect specialised crops was conducted in the study
by M. Fuchs et al. (2021). The study determined that
the policy of supporting the niche sector had a positive
impact on its profitability, contributing to the financial
sustainability of producers. I. Vijulie et al. (2022) exam-
ined the possibility of expanding lavender production in
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smallholder farms in Romania. It was found that grow-
ing niche crops created added value, especially when
targeting specialised markets.

The analysis of literature sources showed that
the economic efficiency of buckwheat and oats culti-
vation depended on several factors, including produc-
tion costs, yields, technologies and market conditions.
Analysis of these factors was used to assess the pos-
sibilities of increasing the profitability of these crops
and the prospects for their development in the domes-
tic and foreign markets. The study aimed to assess the
economic efficiency of buckwheat and oats cultivation
in Ukraine, considering the level of production costs,
yields, the impact of agricultural technologies and mar-
ket factors. To achieve this goal, the following objec-
tives were formulated: to study the structure of produc-
tion costs in buckwheat and oats cultivation and assess
their impact on the cost price. Analyse the impact of
agricultural technologies on yields and economic per-
formance. To determine the dynamics of market prices
for niche crops and assess their profitability.

MATERIALS AND METHODS

The study was based on the analysis of the econom-
ic efficiency of growing niche crops of buckwheat and
oats in different regions of Ukraine in 2020-2024. The
analysis covered the northern, western, southern and
eastern regions of Ukraine to provide a comprehensive
assessment of the economic efficiency of growing niche
crops in different agro-climatic conditions. In particular,
the regional analysis includes examples from Cherni-
hiv, Zhytomyr, Lviv, Mykolaiv, Odesa, Kirovohrad, Kher-
son and Zaporizhzhia regions. Official statistics from
the State Statistics Service of Ukraine (2023), the Min-
istry of Agrarian Policy and Food of Ukraine (2025), and
the Ukrainian Agrarian Business Club (n.d.) were used
to assess production costs, yields, profitability, and the
impact of agro-technologies.

The input data included information on buckwheat
and oat production costs, yields, selling prices, costs of
seeds, fertilisers, fuel, land lease, machinery and labour.
The analysis of the regional specifics of buckwheat cul-
tivation was carried out mainly for the northern and
western regions of Ukraine, where favourable soil and
climatic conditions for this crop have been formed
(Chernihiv,Zhytomyr, Lviv regions). For oats, regional pe-
culiarities were studied in the southern and central re-
gions (Mykolaiv, Odesa, and Kirovohrad regions), where
this crop demonstrated stable yields in continental cli-
mate conditions. At the same time, the overall analysis
incorporated data from the northern, western, southern
and eastern regions on soil and climatic conditions and
the level of agricultural technology used. Official doc-
uments of state support programmes for farmers, such
as the terms and conditions of subsidies, soft loans
and compensation for organic production, were ob-
tained from the web portal of the Ministry of Agrarian
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Policy and Food of Ukraine (2025).Data was also col-
lected from specific farms for the case study, includ-
ing Stepova Rosa farm (Kherson region), Pivden-Agro
(Mykolaiv region), and Zorya farm (Zaporizhzhia re-
gion). Data on the production performance of these
farms were also obtained from open sources Ministry
of Agrarian Policy and Food of Ukraine (2025), as well
as analytical materials of the Ukrainian Agrarian Busi-
ness Club (n.d.). The selection of these enterprises was
based on their location in the southern and eastern re-
gions of Ukraine, which are most affected by climate
stress, including droughts. In addition, these farms have
already had experience in implementing adaptation
technologies (irrigation, drought-resistant varieties,
crop insurance), which was used for targeted analysis
of the effectiveness of such measures in real produc-
tion conditions. The representativeness of the select-
ed cases ensured the reliability of the assessment of
the economic feasibility of adaptation strategies in the
most vulnerable agroclimatic zones.

The cost of growing buckwheat and oats was es-
timated based on an analysis of the main cost items,
which included the cost of seeds, fertilisers, plant pro-
tection products (PPPs), land lease, fuel, machinery and
labour costs. For the comparative analysis, the method
of normative costing based on average resource con-
sumption was used. The impact of technologies was an-
alysed by comparing the average yields of convention-
al, intensive and ecological methods, which determined
the economic effects of each approach. The dynamics of
buckwheat and oats prices were assessed by statistical
analysis of annual price fluctuations using a weighted
average change rate (1):

Ci
Cavg =N 1)

where C_ is - the average price for the period (UAH/1),
C is - price in each year, N - number of years of the
study.

Seasonal fluctuations were determined by calculat-
ing the seasonality coefficient (2):

5 = —— x 100%, )

avg

where S, - seasonality index for month i.
Gross income was analysed using formula (3):

VD=YxP, (3)

where VD - gross revenue (UAH/ha), Y - crop yield
(t/ha),and P . - average selling price (UAH/t).
Net profit was calculated using formula (4):

NP=VD-C, 4)
where NP - profit (UAH/ha).

The level of profitability was determined using for-
mula (5):




R= = x100%, (5)

where R - profitability level (%), P — gross revenue from
sales (UAH/ha), and C - cost of production (UAH/ha).

To analyse the export of organic products, data from
the European Commission on EU Organic certification
requirements was used (Regulation (EU) No. 2018/848
of the European Parliament and of the Council “On Or-
ganic..., 2018). The assessment of the profitability of
organic production was conducted incorporating the
costs of certification and additional costs of biological
products. All calculations were made on average for
2020-2024 based on regulatory production indicators
and market data. Statistical data processing was carried
out in Microsoft Excel and Stata, which provided correct
weighted averages and determined the economic effi-
ciency of different approaches to buckwheat and oats
cultivation.

Nochvina et al.

RESULTS

Cost analysis and the impact of agricultural technolo-
gies on production efficiency. The economic efficien-
cy of growing niche crops is determined by their cost,
which is shaped by technological features, input costs
and agro-climatic conditions of the region. Buckwheat
and oats account for a relatively small share of Ukraine’s
grain production, but their demand in the domestic
market makes them promising for specialised farms. An
analysis of the costs of growing these crops identified
the main economic factors that influence the feasibility
of their production. A comprehensive analysis showed
that the total cost of buckwheat production was higher
than that of oats, due to higher costs of seeds, fertilisers
and agrochemicals. At the same time, oats had higher
costs for mechanised operations, which affected the fi-
nal financial result. The overall difference between the
crops was 6-8% in favour of oats (Table 1).

Table 1. Comparison of buckwheat and oat cultivation costs (2020-2024, average values UAH/ha)

Expenditure Buckwheat Oats
Seeds 3.200 2.400
Fertilisers and plant protection products 4.600 3.650
Land lease 1.800 1.750
Fuel 2.200 2.450
Technique 3.100 3.400
Salary 2.000 2.250
Total 16.900 15.900

Source: compiled by the authors based on State Statistics Service of Ukraine (2023), Ministry of Agrarian Policy and Food

of Ukraine (2025), Ukrainian Agrarian Business Club (n.d.)

Growing buckwheat required higher initial invest-
ment due to more expensive seeds and significant costs
for fertilisers and protection products. However, the po-
tentially high market price of buckwheat offsets these
costs and ensures profitability. Oats, despite having a
lower cost, had higher mechanised labour costs, requir-
ing more fuel and labour. The analysis of buckwheat and
oatyields in Ukraine revealed significant regional differ-
ences due to climatic conditions, soil characteristics and
the level of agro-technological support. The highest av-
erage yields of buckwheat were observed in Chernihiy,
Zhytomyr and Lviv regions, which belong to the north-
ern and western agroclimatic regions, respectively, due
to favourable soil and climatic conditions, in particular
high humidity and acidic soils. At the same time, the
highest oat yields were recorded in the southern regions
due to black soil and continental climate. In contrast,
Zaporizhzhia and partly Kherson regions, which belong
to the eastern and southeastern regions, recorded the
lowest results for both crops, due to frequent droughts
and lower soil fertility (State Statistics Service..., n.d.).

The analysis of average purchase prices for buck-
wheat and oats in 2020-2024 revealed significant

differences in the dynamics of both crops. According to
the State Statistics Service of Ukraine (2023), the av-
erage price of buckwheat ranged from 12.5 thousand
UAH/t (2020) to 21.0 thousand UAH/t (2022), while
oats showed more stable indicators from 7.8 thousand
UAH/t to 9.5 thousand UAH/t for the same period. The
sharp jump in buckwheat prices in 2022 was due to the
reduction of acreage due to the military actions and
panic purchases in the domestic market (Fig. 1). In con-
trast, oats, being a less export-oriented crop, were less
affected by geopolitical factors. Average prices were
calculated using the weighted average of changes ac-
cording to formula (1).

Seasonal price fluctuations were closely linked to
the harvesting stages. Buckwheat was characterised by
a 15-20% drop in prices in October-November due to
new supplies entering the market. However, by spring,
prices recovered by 25-30% due to a decrease in stocks
and increased demand from processors (Ministry of
Agrarian Policy and Food of Ukraine, 2025). For oats, the
seasonality was less pronounced: the maximum price
decline of 10-12% was recorded in September, and sta-
bilisation occurred by the end of the year (Fig. 2).
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Figure 1. Buckwheat and oats price fluctuations (2020-2024, annual average, thousand UAH/t)
Source: compiled by the authors based on State Statistics Service of Ukraine (2023), Ministry of Agrarian Policy and Food

of Ukraine (2025), Ukrainian Agrarian Business Club (n.d.)
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Figure 2. Seasonal price fluctuations for buckwheat and oats during the year (average for 2020-2024, thousand UAH/t)
Source: compiled by the authors based on State Statistics Service of Ukraine (2023), Ministry of Agrarian Policy and Food

of Ukraine (2025), Ukrainian Agrarian Business Club (n.d.)

An analysis of the seasonal dynamics of buckwheat
and oats prices in 2020-2024 showed distinct patterns.
For buckwheat, the highest prices were observed in the
winter and spring months (December-March),due to lim-
ited stocks and increased demand for cereals during the
cold season. In contrast, after the harvest (August-Sep-
tember), prices temporarily declined due to increased
supply on the market. For oats, price fluctuations were
less pronounced: a gradual increase in demand for feed
purposes in autumn led to a stabilisation of prices. Dur-
ing the period under review, the average annual ampli-
tude of seasonal price changes for buckwheat exceeded
22%, while for oats it did not exceed 10%. The seasonal
indices (calculated using formulas (1) and (2)) reflect-
ed the characteristic peaks and troughs in both crops.

An analysis of production figures for 2020-2024 re-
vealed a high degree of dependence of yields of niche
crops, in particular buckwheat and oats, on climatic fac-
tors. The eastern regions of Ukraine were particularly
indicative in this regard, as they faced extreme drought
conditions twice during the period, in 2020 and 2024.

In these years, average temperatures during the flower-
ing phase exceeded long-term norms by 2.32.8°C, and
precipitation during critical periods did not exceed 40-
50 mm per month, which led to a significant reduction
in the vegetative potential of plants.As a result of these
conditions, buckwheat vyields decreased by 25-30%
from the baseline of 1.5 t/ha to 1.1 t/ha, which had a
significant impact on the economic performance of the
farms. Oats, despite being somewhat more resistant to
moisture deficit, also showed yield losses in the range
of 15-20% from 2.4 t/ha to 2.0 t/ha. At the same time, in
the western regions, in Lviv, Ivano-Frankivsk, and Cher-
nivtsi regions, where soil moisture levels consistently
exceeded 70%, buckwheat yields of 1.8-1.9 t/ha were
stable (State Statistics Service of Ukraine, 2023; Minis-
try of Agrarian Policy and Food of Ukraine, 2025; Ukrain-
ian Agrarian Business Club, n.d.). This demonstrated the
importance of water supply during flowering and grain
formation, as well as the potential of regions with a
moderate hydrothermal regime as strategic areas for
growing this crop (Fig. 3).
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Figure 3. Impact of drought on buckwheat and oat yields (2020-2024)
Source: compiled by the authors based on State Statistics Service of Ukraine (2023), Ministry of Agrarian Policy and Food

of Ukraine (2025), Ukrainian Agrarian Business Club (n.d.)
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Thus, the differences in yields between regions
confirmed the high degree of sensitivity of niche cere-
als to hydrothermal conditions. Buckwheat was particu-
larly vulnerable to water shortages, while oats showed
somewhat greater adaptability but also suffered sig-
nificant losses during prolonged periods of drought. A
comparison of the results of the eastern and western
regions pointed to the need for regionalisation of agro-
technological approaches, including the introduction
of water-saving practices and the use of varieties re-
sistant to extreme weather conditions. This became the
basis for further analysis of adaptation measures aimed
at reducing climate risks in buckwheat and oat produc-
tion. In addition to directly reducing yields, climate
risks had a significant impact on the overall economic
efficiency of production. Price increases in the years of
poor harvest partially compensated for the crop losses,
ensuring that some farms maintained or even increased
their net profit. During the drought of 2022, the average
net profit from buckwheat production increased by 12-
15% compared to years with stable weather conditions,
which showed the importance of fluctuations in the as-
sessment of risks and planning of agricultural activities
(State Statistics Service of Ukraine, 2023; Ministry of
Agrarian Policy and Food of Ukraine, 2025).

A comprehensive analysis of adaptation practices
has shown the effectiveness of integrating technolog-
ical innovations with government support instruments
in the context of minimising climate risks. For example,
in the Kherson region, Stepova Rosa farm introduced
drip irrigation on 50% of buckwheat crops, which in-
creased yields from 1.2 t/ha to 1.6 t/ha (+33%) in high
temperatures, while state compensation of 1.0 thou-
sand UAH/ha reduced costs by 8% (Ministry of Agrar-
ian Policy and Food of Ukraine, 2025). In the Mykolaiv
region, Pivden-Agro used the Orion oat variety adapted
to water shortages, which increased yields to 2.7 t/ha
(+12%) and increased profitability by 18%, despite the
higher cost of seeds. Between 2022 and 2024, national
support programmes, including compensation of 40%
of the cost of installing irrigation systems, stimulated
the expansion of drip irrigation by 15% in the south-
ern regions, helping to reduce the cost of buckwheat
production by 10-12% compared to non-irrigated areas
(Ukrainian Agrarian Business Club,n.d.).An additional el-
ement of the adaptation policy was the implementation
of the Agrostrakh programme, which in 2024 provided
coverage for up to 70% of losses caused by drought. In
particular, the Zorya farm in the Zaporizhzhia region re-
ceived an insurance payment of 3.2 thousand UAH per
hectare, which maintains its profitability level at 28%
despite adverse weather conditions (State Statistics
Service of Ukraine, 2023). In summary, these examples
demonstrate the practical effectiveness of adaptation
strategies both at the level of microeconomic actors
and within the framework of the state policy to in-
crease the climate resilience of agricultural production.

Nochvina et al.

An assessment of the effectiveness of the imple-
mented adaptation measures showed that they were
able not only to mitigate the impact of adverse climate
factors but also to increase the overall economic effi-
ciency of agricultural production. The introduction of
irrigation systems, the selection of drought-resistant
varieties and the use of insurance mechanisms cre-
ated additional opportunities to stabilise agricultural
production in the face of growing climate uncertain-
ty. The use of such solutions optimised resources, re-
duced technological risks and ensured predictability of
financial performance in the medium term. The analy-
sis demonstrated that the effectiveness of adaptation
measures depended largely on the type of crop: buck-
wheat, being more vulnerable to drought, responded
more strongly to the introduction of irrigation, while
for oats, breeding characteristics and agroecological
suitability of varieties were crucial. In addition, the level
of adaptation varied by region: in the southern regions
with low rainfall, infrastructure measures (such as drip
irrigation) were most effective, while in the central re-
gions, agro-technological solutions were prioritised.
The role of state support has proved to be crucial in
minimising risks and increasing the efficiency of grow-
ing niche crops. For example, the Stepova Rosa farm
(Kherson region) implemented a drip irrigation system
in buckwheat growing areas with the support of the
state programme for compensation of equipment costs,
which increased crop yields by 33% and reduced pro-
duction costs by 8% on average in 2022-2024 (Ministry
of Agrarian Policy and Food of Ukraine, 2025).

The Vovsianyi Krai farm in the Khmelnytskyi region
has integrated the use of drought-tolerant oat varieties
as part of a regional programme to support adaptive
agriculture. This contributed to a 12% increase in yields
even in dry years without significantly increasing pro-
duction costs (State Statistics Service of Ukraine, 2023;
Ukrainian Agrarian Business Club, n.d.). In addition,
Pivden-Agro (Mykolaiv region) actively used crop in-
surance mechanisms with the support of the state
programme to reduce insurance premiums. As a result,
in 2023, up to 70% of oat crop losses due to extreme
weather conditions were compensated, which ensured
income stability and avoided bankruptcy (Ministry of
Agrarian Policy and Food of Ukraine, 2025). Thus, the
practical examples of farms show that the integration
of anti-crisis measures with state support significantly
increased the sustainability of niche crop production,
reduced risks and ensured yield growth even in difficult
climatic conditions.

Climate risks significantly affected the yields and
economic efficiency of buckwheat and oats in Ukraine,
especially in the eastern and southern regions. Buck-
wheat proved to be the most vulnerable to drought,
while oats showed relative stability but also required
adaptation measures. The practical introduction of drip
irrigation, the use of drought-resistant varieties and
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participation in government insurance programmes
proved to be effective in increasing yields, reducing
costs and maintaining profitability even in adverse
weather conditions. The application of these strategies
created the preconditions for increasing the climate re-
silience of the agricultural sector and formed the basis
for further scaling up adaptation practices in the con-
text of climate change.

Profitability and economic attractiveness of grow-
ing buckwheat and oats. The analysis of the profitability

of buckwheat and oats cultivation was based on the
comparison of gross income, net profit and margin per
1 ha, incorporating the data on cost, yield and sales
prices for 2020-2024. Gross income was calculated as
the product of the average yield and the sales price
(formula 3), while net profit was determined by sub-
tracting the cost from the gross income (formula 4, 5)
(Table 2). The margin was displayed as a percentage of
net profit to gross income (State Statistics Service of
Ukraine, 2023).

Table 2. Comparison of buckwheat and oats profitability (average values for 2020-2024)

Metric Buckwheat Oats

Average yield (t/ha) 2.8

Average selling price (thousand UAH/t) 16.5 8.7
Gross income (thousand UAH/ha) 314 24.4
Cost (thousand UAH/ha) 16.9 15.9

Net profit (thousand UAH/ha) 14.5 8.5
Margin (%) 46.2 34.8

Source: compiled by the authors based on State Statistics Service of Ukraine (2023), Ministry of Agrarian Policy and Food

of Ukraine (2025), Ukrainian Agrarian Business Club (n.d.)

The data show that buckwheat, despite its high-
er cost, provided a higher net profit due to high sell-
ing prices. Its margin exceeded that of oats by 11.4%,
which underlined its economic attractiveness in fa-
vourable years (Ukrainian Agrarian Business Club, n.d.).
However, buckwheat margins fluctuated significantly:
in 2022, they reached 62% due to peak prices, while
in 2024 they fell to 35% due to market correction. For
oats, the margin remained stable (30-38%), making it
a less risky asset (Ministry of Agrarian Policy and Food
of Ukraine, 2025). Buckwheat proved to be the most
economically profitable crop, given stable access to ex-
port markets and high prices. However, its production
was accompanied by significant risks associated with
price volatility and climatic factors. Lower-margin oats
remained a strategy for conservative farms focused on
stability and domestic demand. The optimal strategy to
minimise risks is to combine both crops in a crop ro-
tation, with buckwheat as a profitable component and
oats as a stabilising component.

The study of the economic efficiency of buckwheat
and oats production in Ukraine in 2020-2024 showed
that the choice of business model directly affects the
profitability and sustainability of farms. To evaluate

conventional and organic production, key indicators
such as cost, yield, sales prices, net profit and margin
were analysed. The conventional production model is
based on intensive technologies that involve the use of
mineral fertilisers, herbicides and mechanised cultiva-
tion of large areas (over 100 hectares). The advantages
of this model are high yields (buckwheat 1.9 t/ha, oats
2.8 t/ha) and fast capital turnover. The main risks re-
main dependence on prices for agrochemicals and en-
ergy and high levels of internal competition (State Sta-
tistics Service of Ukraine, 2023). The organic production
model requires compliance with the EU Organic cer-
tification requirements (Regulation (EU) No. 2018/848
of the European Parliament and of the Council “On
Organic..., 2018), the use of biological products, and
the prohibition of synthetic fertilisers and pesticides.
Despite the higher cost (buckwheat 21.5 thousand
UAH/ha vs. 16.9 thousand UAH/ha in the tradition-
al format), premium prices (22.0 thousand UAH/t vs.
16.5 thousand UAH/t) partially compensated for the
lower yield (1.6 t/ha vs. 1.9 t/ha) (State Statistics Service
of Ukraine, 2023; Ministry of Agrarian Policy and Food of
Ukraine, 2025; Ukrainian Agrarian Business Club, n.d.).
Comparative results are presented in Tables 3 and 4.

Table 3. Comparison of conventional and organic buckwheat production

Metric Traditional Organic
Cost (thousand UAH/ha) 16.9 215
Average yield (t/ha) 1.6
Selling price (thousand UAH/t) 16.5 22.0
Net profit (thousand UAH/ha) 14.5 13.7
Margin (%) 46.2 38.9

Source: compiled by the authors based on State Statistics Service of Ukraine (2023), Ministry of Agrarian Policy and Food

of Ukraine (2025), Ukrainian Agrarian Business Club (n.d.)
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Table 4. Comparison of conventional and organic oatmeal production

Metric Traditional Organic
Cost (thousand UAH/ha) 15.9 18.0
Average yield (t/ha) 2.8 2.5
Selling price (thousand UAH/t) 8.7 12.0
Net profit (thousand UAH/ha) 8.5 12.0
Margin (%) 34.8 40.0

Source: compiled by the authors based on State Statistics Service of Ukraine (2023), Ministry of Agrarian Policy and Food

of Ukraine (2025), Ukrainian Agrarian Business Club (n.d.)

The data analysis showed that in traditional buck-
wheat production, the cost price was 16.9 thousand
UAH/ha with an average yield of 1.9 t/ha and an av-
erage selling price of 16.5 thousand UAH/tonne. As a
result, the net profit reached 14.5 thousand UAH/ha,
and the margin was 46.2%. At the same time, organic
buckwheat production was characterised by a high-
er cost of 21.5 thousand UAH/ha and a lower yield of
1.6 t/ha, but the premium selling price of 22.0 thou-
sand UAH/t maintained a fairly high level of profitabili-
ty, although slightly lower than in conventional produc-
tion (13.7 thousand UAH/ha), with a margin of 38.9%)
(State Statistics Service of Ukraine, 2023; Ministry of
Agrarian Policy and Food of Ukraine, 2025). In the case
of oats, the traditional model showed a cost price of
15.9 thousand UAH/ha, a yield of 2.8 t/ha and a sell-
ing price of 8.7 thousand UAH/ton. This provided a net
profit of 8.5 thousand UAH/ha and a margin of 34.8%.
Organic oat production provided a higher level of net
profit of 12.0 thousand UAH/ha at a premium price of
12.0 thousand UAH/t, despite lower yields (2.5 t/ha)
and slightly higher costs (18.0 thousand UAH/ha). The
margin of organic oat production reached 40.0% (State
Statistics Service of Ukraine, 2023; Ministry of Agrarian
Policy and Food of Ukraine, 2025; Ukrainian Agrarian
Business Club, n.d.).

The comparative analysis showed that for buck-
wheat, conventional production remains more profita-
ble due to higher yields and moderate costs. In contrast,
for oats, organic production proved to be more econom-
ically viable due to a significant increase in the sell-
ing price and higher profitability (Ukrainian Agrarian
Business Club, n.d.). Thus, the choice of model depends
on the crop: for buckwheat, investments in organic pro-
duction are justified only if access to premium foreign
markets is guaranteed, while for oats the organic model
shows stable advantages even for domestic sales. An
analysis of the distribution channels for buckwheat and
oats in Ukraine showed that the key players are grain
traders, processing companies and organic producers.
Grain traders, such as Cargill or Louis Dreyfus, provided
bulk sales through export contracts, offering stability
of supply, but at prices that were often 10-15% below
market prices (Ukrainian Agrarian Business Club, n.d.).
In contrast, processing companies, including cereal pro-
ducers (Yarmarochka, Extra M), bought raw materials at

higher prices but demanded strict quality standards.
The highest margins were achieved through organic
brands (Eco Hata, Zhmenka), where prices were 25-30%
higher than the market average, but required certifi-
cation and narrow specialisation (Ministry of Agrarian
Policy and Food of Ukraine, 2025). Demand for organic
buckwheat and oats on the Ukrainian domestic market
showed positive dynamics but remained limited due to
higher prices (+25-30% over conventional products).
Most organic products (over 65%) were exported to the
European Union (EU), where demand for organic grains
was consistently high. Increased exports of organic
buckwheat increased the average net profit of farms by
2035% compared to domestic sales, making exports a
priority for small and medium-sized farmers (Ukrainian
Agrarian Business Club, n.d.).

The impact of export demand was particularly no-
ticeable for buckwheat. For example, in 2023, after the
resumption of logistics routes through the EU, prices
increased by 18% due to increased supplies to Poland
and Germany (Ukrainian Agrarian Business Club, n.d.).
For oats, the domestic market remained the main driv-
er, in particular demand from feed producers and the
food industry. Market conditions also depended on
competition from other grains: the drop in wheat prices
in 2021 temporarily reduced the attractiveness of oats
for farmers (State Statistics Service of Ukraine, 2023).
Buckwheat cultivation had a higher level of risk due
to greater price volatility, but under favourable condi-
tions, it offered higher profitability. Oats remained a
more stable crop, which minimised market risks and
ensured stable farm incomes. The optimal strategy is
to combine both crops in the crop rotation. The pros-
pects for buckwheat and oats exports remained strong
despite geopolitical challenges. Until 2022, the main
export destinations for buckwheat were the EU (Poland,
Germany), the Middle East (Turkey) and Asia (Japan). Af-
ter the Black Sea ports were blocked, land corridors
through Poland and Romania became the key route,
which increased logistics costs by 2025% but main-
tained access to European markets (State Statistics
Service of Ukraine, 2023). For oats, Turkey remained the
main importer, using it for feed production, as well as
North African countries (Tunisia, Algeria).

Government programmes helped to expand export
potential in 2020-2024. For example, participation in
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international agricultural exhibitions (e.g., Grain Tech
in India) with the support of Minagro enabled Ukrain-
ian farmers to sign contracts for the supply of organic
buckwheat to Germany and France (Ukrainian Agrarian
Business Club, n.d.). For small farms, cooperatives such
as Agroexport, which aggregated products for sale to
large importers, remained relevant. The optimal mar-
keting strategy depends on the scale of production.
Large agricultural holdings focused on grain traders
and exports, while small farms benefited from cooper-
ation with processors and organic brands. To increase
exports, the development of logistics infrastructure and
government support for participation in international
platforms remain critical.

State support and financial instruments for farm-
ers. State support for buckwheat and oats in Ukraine in-
cludes several programmes aimed at reducing costs and
stimulating innovation. In 2020-2024, the Ministry of
Agrarian Policy and Food of Ukraine (2025) implement-
ed seed subsidies, soft loans and compensation for or-
ganic production. Subsidies for the purchase of certified
buckwheat and oat seeds compensated 30-50% of the
cost, enabling small farms to reduce their seed costs by
1.2-1.8 thousand UAH per hectare (Ministry of Agrarian
Policy and Food of Ukraine, 2025). Concessional loans
at 5% per annum, available through state-owned banks,
have facilitated the renewal of machinery and the pur-
chase of quality fertilisers. For example, in 2022-2023,
about 45% of buckwheat farmers used these loans to
upgrade 20% of their equipment (State Statistics Ser-
vice of Ukraine, 2023). Since 2020, farms that switched
to organic buckwheat or oat cultivation have received
an annual compensation of 3,000 UAH per hectare. Ac-
cording to the Ukrainian Agrarian Business Club (n.d.),
this covered up to 15% of the additional costs of certifi-
cation and biological products. Such measures enabled
farms to enter European markets with premium prices.
Examples of successful use of state support included
farms from different regions. For example, in Polta-
va region, Zernovyk farm reduced the cost of growing
buckwheat from 17.5 to 15.8 thousand UAH/ha due to
subsidies for seeds, which increased profitability by 12%
(Ministry of Agrarian Policy and Food of Ukraine, 2025).
In the Zhytomyr region, Eco-Zerno purchased precision
seeders with concessional loans, which increased oat
yields from 2.5 to 3.1 t/ha. In the Lviv region, the organ-
ic farm Bio-Pole used compensation to enter EU mar-
kets, selling buckwheat at a price 25% higher than the
market average (Ukrainian Agrarian Business Club, n.d.).

The effectiveness of state support programmes
depends on regional conditions and the size of farms.
The use of state subsidies and soft loans enables small
and medium-sized farms to reduce production costs by
8-12% and increase the profitability of buckwheat and
oats by 10-15% in the medium term (2-3 years) (Min-
istry of Agrarian Policy and Food of Ukraine, 2025). In
particular, seed subsidies (following the programme of
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partial compensation of the cost of agricultural seeds
approved by Resolution No. 106 “On Approval of the
Procedure for the Use of Funds Provided for in the State
Budget for Providing Financial Support for the Devel-
opment of Farms” (2018)) are most effective for small
farms in the northern and western regions, such as Ste-
pova Rosa farm (Kherson region) and Zorya farm (Zapor-
izhzhia region). Instead, concessional loans under the
programme “Financial Support to Agricultural Produc-
ers” (Resolution No. 300 “On Approval of the Procedure
for the Use of Funds Provided for in the State Budget
for Financial Support of Activities in the Agro-Industri-
al Complex by Reducing the Cost of Loans”, 2023) are
more actively used by large agricultural enterprises,
such as Pivden-Agro (Mykolaiv region), which enables
expansion production and introduce adaptive technol-
ogies. Further development requires expanding sup-
port for organic production and simplifying bureaucrat-
ic procedures (Ministry of Agrarian Policy and Food of
Ukraine, 2025). Government initiatives not only reduce
production costs but also provide access to new mar-
kets, which is key to increasing the competitiveness of
buckwheat and oats in the face of global challenges.

DISCUSSION

The results of the study confirmed that the econom-
ic efficiency of buckwheat and oat production was
determined by a set of factors, including the level of
agro-technological support, adaptation of technolo-
gies to regional conditions, the effectiveness of mar-
keting policy and access to markets. The use of local
fertilisation and plant protection technologies contrib-
uted to an increase in the efficiency of inputs in buck-
wheat and oat production. Similar conclusions were
drawn by B.W. Warneke et al. (2021), noting that the
introduction of precision spraying in specialised crops
increased the efficiency of agrochemicals and reduced
their negative impact on the environment. The study
demonstrated that the use of ecological technologies
led to a decrease in the yield of buckwheat and oats
by 10-15%, which is consistent with the results of
J. Ryschawy et al. (2021), stating that the transition to
ecological farming methods reduced the negative im-
pact on the environment, but required the adaptation
of technologies to the reduced productivity of crops.
The study confirmed the effectiveness of mulching
technologies in buckwheat and oat production. It was
found that the use of biodegradable materials contrib-
uted to the improvement of the soil water regime and
the reduction of erosion processes. Similar results were
reported by G. He et al. (2021), proving that the use of
black mulching films had advantages over transparent
ones, as they provided better soil temperature control
and moisture conservation.

A comparative analysis of the cost of buckwheat
and oat production showed that the main cost items
were seeds, fertilisers, fuel and mechanised operations.




The study determined that buckwheat cultivation re-
quired higher costs for seed and plant protection prod-
ucts, while for oats, a larger share of the cost was ac-
counted for by tillage costs. Similar trends were found
by P.B. Angon et al. (2023), noting that minimum tillage
technology systems contributed to lower production
costs by reducing fuel and mechanised labour costs.
The results of the study confirmed that the level of
buckwheat and oat yields was largely determined by
the agrotechnological approaches used in production.
It was found that intensive technologies contributed to
an increase in crop productivity but were accompanied
by an increase in production costs. Similar conclusions
were presented by S.E. Wuest et al. (2021) in an assess-
ment of the impact of using different variety mixtures
on crop productivity. The study determined that the in-
troduction of mixed varietal groups contributed to in-
creasing the resilience of crops and their adaptation to
changing climatic conditions.

The results of the study confirmed the effective-
ness of mulching technologies in grain production.
It was found that the use of biodegradable films had
the potential to improve moisture retention and opti-
mise soil temperature. Similar results were obtained
in A. Abduwaiti et al. (2021) in the verification of al-
ternatives to traditional plastic films in the production
of vegetable crops. The study determined that the use
of biodegradable materials helped to reduce the neg-
ative environmental impact and increase the econom-
ic performance of cultivation. The assessment of the
prospects for the development of niche crops showed
that their production remained economically viable
and provided an effective marketing strategy and ac-
cess to international markets. The study by G.A. Man-
ganaris et al. (2022) confirmed that the prospects of
specialised crops were largely determined by the ad-
aptation of cultivation technologies to changing cli-
matic conditions and market requirements. The anal-
ysis of the structure of production costs showed that
the greatest impact on buckwheat production costs
was made by the costs of seeds, fertilisers and plant
protection products, while for oats the key cost items
were mechanised labour and fuel. Similar results were
obtained by AW. Driscoll et al. (2022), noting that di-
versification of agricultural production contributed
to the economic stability of farms by spreading costs
across different crops and adapting to changing mar-
ket conditions. The results of the study were consist-
ent with the findings of C.P. Huss et al. (2022), who
determined that crop rotation and the use of inter-
cropping systems provided pest resistance and had a
positive impact on yields.

The results of the study confirmed that the eco-
nomic efficiency of buckwheat and oats cultivation
largely depended on the applied agricultural tech-
nologies. The study determined that the use of inten-
sive methods contributed to an increase in yields but
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was accompanied by an increase in production costs.
Similar conclusions were drawn by R.W. Brooker et
al. (2023), who determined that ecological intensifi-
cation in agricultural production provided increased
crop productivity, provided that agrotechnological
processes were optimised. The study determined that
the diversification of agricultural production contrib-
uted to the stability of profitability, which correlated
with the findings of K. Mekonnen et al. (2022). The
study confirmed that mixed systems of agricultural
production ensured resource optimisation and re-
duced the risk of losses due to adverse weather condi-
tions. The results of the study confirmed that the level
of economic efficiency of buckwheat and oats cultiva-
tion depended on the technological approaches used
in production. The study determined that intensive
cultivation methods contributed to higher yields but
were accompanied by higher production costs. Similar
conclusions were presented by P. Nilsson et al. (2022),
who determined that the introduction of functional
diversity in agricultural systems contributed to in-
creased crop productivity and reduced dependence
on external resources.

The analysis of the cost structure showed that the
cost of buckwheat production was formed mainly by
the cost of seeds, fertilisers and plant protection prod-
ucts, while for oats the main components were mech-
anised operations and fuel costs. Similar trends were
observed by S. Kumar et al. (2022), who noted that the
introduction of legumes into crop rotation helped to
restore soil fertility, which reduced the need for min-
eral fertilisers and optimised agricultural production
costs. The results confirmed that the application of eco-
logical technologies for growing buckwheat and oats
was accompanied by a decrease in yields but ensured
the stability of agroecosystems. Similar findings were
reported in a study by S.P.S. Yadav et al. (2023), which
examined approaches to biodiversity conservation and
its role in improving the environmental sustainability
of agricultural land. The analysis of market dynamics
showed that buckwheat had significantly higher price
volatility, while the oat market remained stable. The
study determined that the profitability of niche cereals
largely depended on access to premium markets and
export opportunities. Similar conclusions were drawn
in the study by R. Dhillon and Q. Moncur (2023), which
analysed the challenges and opportunities for small
farmers in the context of technological innovation and
the development of niche markets.

The results confirmed that the local application
of fertilisers and plant protection products contribut-
ed to lower production costs and increased resource
efficiency. Similar patterns were found in the study by
P. Boczar and L. Btazejczyk-Majka (2024), which an-
alysed the economic efficiency of energy use in EU
agricultural enterprises. The assessment of the pros-
pects for the development of niche crops showed that
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their production remained economically viable and
provided an effective marketing strategy and adapta-
tion to market requirements. The study by C.K. Phiri et
al. (2024) confirmed that the prospects for speciality
crop production largely depended on access to mar-
keting infrastructure and production incentive poli-
cies. The results were consistent with the findings
of L.E. Balis et al. (2024), determining that speciality
crops had the potential to increase the environmen-
tal and economic sustainability of agrosystems, es-
pecially if adaptive cultivation technologies were in-
troduced. The results of the study confirmed that the
economic efficiency of buckwheat and oat cultivation
depended on the applied agricultural technologies
and market factors. It was found that intensive tech-
nologies increased yields but were accompanied by
an increase in production costs. Similar conclusions
were drawn in the study by M.R.B. Junior et al. (2024),
which examined modern technological solutions in
specialised crop production. The study determined
that automation of agricultural production contrib-
uted to increased productivity, reduced labour costs,
and optimised resource use.

The analysis of the cost structure showed that the
greatest impact on the cost of buckwheat was made by
the cost of seeds, fertilisers and plant protection prod-
ucts, while for oats the key cost items were mechanised
work and fuel. Similar patterns were observed in the
study by M. Valyi-Nagy et al. (2024), which assessed the
economic benefits of mixed cropping. It was found that
optimisation of resources through the integrated use of
fertilisers and tillage contributed to increased profita-
bility of agricultural production. The results confirmed
that the application of environmental technologies in
buckwheat and oat production was accompanied by a
decrease in yields but ensured the stability of agroe-
cosystems and access to premium markets. Similar
conclusions were reached in the study by D. Duval et
al. (2024), which analysed the economic contribution

CONCLUSIONS

The study of the economic efficiency of buckwheat
and oats in Ukraine revealed significant differences in
the profitability of these crops. Buckwheat, despite the
higher production cost (16.9 thousand UAH/ha versus
15.9 thousand UAH/ha for oats), provided a higher net
profit (14.5 thousand UAH/ha) due to the high average
selling price (16.5 thousand UAH/t). The study deter-
mined that buckwheat production is vulnerable to ge-
opolitical factors: in 2022, there was a sharp increase
in its price to 21.0 thousand UAH/t due to a reduction
in acreage and domestic demand, and a gradual correc-
tion in subsequent years. Oats, with more stable prices
(7.8-9.5 thousand UAH/t) and higher yields in southern
Ukraine (2.8 t/ha), proved to be a less risky crop for do-
mestic market-oriented farms.

The impact of climatic factors was analysed: the
droughts of 2020 and 2024 in the eastern regions led
to a 25-30% decrease in buckwheat yields and a 15-
20% decrease in oats. The regional analysis confirmed
that the highest buckwheat yields (1.8-1.9 t/ha) were
achieved by farms in Chernihiv, Zhytomyr, and Lviv re-
gions due to favourable hydrothermal conditions. The
effectiveness of adaptation measures was summarised:
the introduction of drip irrigation increased buckwheat
yields by 33%, and the use of drought-resistant oat va-
rieties contributed to a 12% increase in yields even in
years with limited moisture. Organic production, de-
spite a 10-15% reduction in yields, provided premium
prices (+25-30%) and access to EU markets. The study
determined that state support programmes (compensa-
tion for organic production, seed subsidies, soft loans)
reduced production costs by 8-12% and increased pro-
duction profitability by 10-15% in the medium term.
Prospects for further research include modelling the
impact of climate change on yields and analysing the
effectiveness of adaptive technologies and government
support in the agricultural sector.

of agricultural production to regional development. The ACKNOWLEDGEMENTS
study determined that the adaptation of production None.
systems to environmental standards expansded export
opportunities and increased the added value of prod- FUNDING
ucts. Comparison with scientific sources has shown the  None.
expediency of applying adaptive approaches in the cul-
tivation of niche crops to increase competitiveness and CONFLICT OF INTEREST
stabilise economic performance. None.
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AHoTauis. MeToto poboTn Byno AOCNIAUTY EKOHOMIYHY eDEKTUBHICTb BUPOLLYBAHHS FPeyku Ta BiBca B YKpaiHi 3a
nepiog 2020-2024 pokiB, 3 ypaxyBaHHAM BMPOOHUYMX BUTPAT, YPOXKAMHOCTI, 3MiH LiH, KNIMaTUYHUX PU3BMKIB i
BM/IMBY AEPXKABHOI NiATPUMKM. PerioHanbHe OXONeHHS AOCNIAXEHHS BKIOYANO0 NiBHIYHI, 3aXifgHi, NiBAEHHI Ta CXigHi
obnacTti YkpaiHn - 30kpema YepHiriscbky, XutoMupcbky, JIbBiBCbKY, Mukonaiscbky, Opecbky, KipoBorpancbky,
XepcoHcbKy Ta 3anopisbky — Wwo 3abe3neyyBano KOMMAEKCHWUIA aHani3 y MeXax pPisHUX arpokniMaTMYHUX YMOB.
MeTozonoria focnifxeHHa 6asyBanacs Ha aHanisi oQiLinHUX CTaTUCTUUYHMX AaHUX [epXXaBHOT CNyXbu CTaTUCTUKK
YKpainu, MiHicTepcTBa arpapHOi NONITUKKX Ta NPOAOBONLCTBA YKpaiHKM, Keic-aHani3i rocnogapcTs, HOPMATUBHUX
po3paxyHKax BMTPaT, OLiHLi BPOXaMHOCTI, AMHAMIKM LiH Ta PiBHA peHTabenbHOCTI 3 BUKOPUCTAHHAM METOAIB
€KOHOMIYHOro Ta CTaTUCTMYHOrO aHanisy. byno npoaHanizoBaHo co6iBAPTICTb OCHOBHUX BUPOOHMUYMX €IEMEHTIB,
30KpeMa BMTPAT Ha HaCiHHS, 06pMBa, 3acobuM 3aXUCTy POCAUH, OPEHAY 3eMITi, NANUBO Ta TeXHiKy. byno Bu3HaueHo,
Lo cepefiHs COBiBApTICTb BUPOLLYBAHHS rpeyku (16,9 Tuc. rpH/ra) nepesuiLyBana BignoBiAHMIA MOKA3HUK 419 BiBCa
(15,9 tMc. rpH/ra), npoTe 3aBASKM BWLLIMA cepefHili UWiHi peanisauii rpeyka 3abesnevysana BULLY peHTabenbHICTb
(46,2 % npotu 34,8 %). byno BCTaHOBNEHO CYTTEBUIM BNAMB arpOTEXHONONIN i perioHaNbHMX YMOB Ha BPOXAWHICTb:
rpeyka NpoAeMOHCTPYBana HalKpalLli pe3ynbTaTv y YepHiriBebKil, XKUTOMUPCbKil Ta JIbBiBCbKiV 06nacTsx, a oBec —
y Mukonaiecbkin, Opecbkii Ta KipoBorpagcbkiii o6nactax. byno ysaranbHeHo Ce€30HHI Ta cepeHbOPiYHi KONMBAHHS
LiH: Y pOKM NMOCYX LiHWM Ha rpeyky 3poctanu Ha 20-25 %, Ha oBec - fo 12 %, 110 KOMNEHCYBaN0 BTPATU BPOXalo.
Byno npoaHanizoBaHO ponb AepXaBHWX Nporpam cybcuayBaHHS, MiNbroBOro KpeaMTYBaHHS i arpoCTpaxyBaHHA
y niaBULeHHi peHTabenbHocTi Ha 10-15 1% y cepeaHbOCTPOKOBIM MepcnekTuei. [JogaTKkoBo 6yno LOCNigKEHO
e(PEeKTUBHICTb TPAAMLIMHUX Ta OpraHiyHMX MoLeniei BUpOOHMLTBA 3 YpaxXyBaHHIM MPEMiaibHOTO LiHOYTBOPEHHS
Ha puHkax €Bponencbkoro Coto3sy. PesynbtaTv AoCHimKeHHS MOXYTb ByTW BUKOPUCTaHI KepiBHUKaMK hepMepCbKnx
rocnoAapcTB, arpOKOHCAATUHIOBUMU KOMMAHISIMU, OpraHaMu OepXaBHOT BfaAu Ta MiCLLEBOro CaMoOBpsAYyBaHHS
[ONS NPURHATTA pilleHb WoA0 BUOOPY TEXHOMOTIYHMX NiAXO0AiB, NIAHYBaHHS BUPOOHUUYMX CTpaTerii, onTuMisauii
BUTPAT | pO3BMTKY EKCMOPTHOrO MOTEHLLiaNy HillEBUX 3EPHOBUX KY/bTYP

KniouoBi cnoBa: rpeuka; oBec; CisibCbKe rocnoAapcTBo; YPOXKaMHICTb; peHTabeNbHiCTb; EKCMOPTHUI NoTeHLian
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investigated and categorised, their key features and factors influencing their choice were identified. The dynamics
of the total volume of agricultural production in Kazakhstan, Uzbekistan, and Kyrgyzstan was analysed with the
conversion of indicators into USD, which helped to objectively assess the scale and trends of the agricultural sector.
The total volume of agricultural production in Kazakhstan in 2023 amounted to USD 16.12 billion, in Uzbekistan -
USD 35.26 billion, and in Kyrgyzstan — USD 4.44 billion. Investment projects in the agro-industry, including large
investments in greenhouse complexes, processing of agricultural products and digitalisation of the industry,
were considered in detail. Using the example of Atameken-Agro, a detailed financial analysis was carried out,
fluctuations in profitability and the impact of economic factors on business profitability and sustainability were
revealed. The results showed that digitalisation, the introduction of precision agriculture, vertical integration,
and an export orientation for processed products are the key drivers of the region’s agro-industry growth. Based
on the identified trends, recommendations have been developed for the selection and adaptation of business
models for agricultural companies in Kazakhstan and Central Asia. These include the development of cooperative
structures, the introduction of sustainable agricultural technologies, increasing the investment attractiveness
of the sector and the diversification of production. The conclusions of the study confirmed the need for an
integrated approach to the development of agribusiness in a region where digitalisation, government support,and
integration into global markets play a crucial role in increasing the competitiveness of agricultural enterprises

Keywords: investment projects; regional development; innovative technologies; agriculture; economic development

INTRODUCTION

The agro-industrial sector plays a key role in the econ-
omy of Kazakhstan and Central Asian countries, provid-
ing food security, employment, and a significant contri-
bution to the gross domestic product. The region has
a high potential for agricultural development due to
its extensive land resources, favourable climatic condi-
tions and growing global demand for agricultural prod-
ucts. However, despite these advantages, the industry
faces a number of challenges, including a low level of
technological modernisation, insufficient processing
of agricultural products, limited access to investment,
and weak integration into global value chains. In these
conditions, the search for effective business models be-
comes an important task for ensuring competitiveness
and sustainable growth of the agricultural sector. Ex-
isting approaches to agribusiness require revision, as
conventional models demonstrate low efficiency in a
changing economic and climatic landscape.

Many researchers have previously paid attention to
the issue of choosing and adapting business models in
the agro-industry. For example, D. Dentoni et al. (2020),
investigated the impact of the institutional environ-
ment on the development of agribusiness and conclud-
ed that the lack of clear government support and effec-
tive financing mechanisms hindered the development
of private agricultural enterprises. Their study showed
that subsidised measures without accompanying struc-
tural reforms did not lead to long-term growth of the
industry. S. Suieubayeva et al. (2022) analysed business
models in Kazakhstan, revealing that farms integrat-
ed into international supply chains demonstrated the
greatest resilience. They noted that companies working
on contract farming had more stable incomes due to
guaranteed sales of products.

The study by J. MacPherson et al. (2022) showed
that digitalisation of farms has contributed to an

increase in their efficiency. They analysed the imple-
mentation of agrotechnological platforms and found
that farmers who used digital tools for soil monitoring
and resource management increased yields compared
to conventional methods. S.N. Ulakov et al.(2020) exam-
ined cooperative forms of agribusiness and found that
in Kazakhstan such models faced problems of trust be-
tween participants, but with clear management mech-
anisms, they ensured higher competitiveness of small
producers. They noted that successful cooperatives per-
formed better in terms of access to credit and sales mar-
kets. M.Y. Arafat et al. (2020) investigated the impact of
government policy on the development of agricultural
entrepreneurship. The researchers concluded that the
most effective support measures were subsidies for the
purchase of innovative equipment and tax incentives
for small farms. C.T. Nguyen and F. Scrimgeour (2022)
analysed the impact of climate change on the busi-
ness models of agriculture in the region and found that
farmers who switched to adaptive technologies such as
drip irrigation and sustainable crop varieties reduced
their losses during dry years.

The study by S.Jeshari and M. Esfandiari (2022) con-
sidered the issue of agricultural exports,and noted that
enterprises focused on foreign markets were more likely
to implement quality standards and certification, which
increased their competitiveness. B. Aibar-Guzman et
al. (2022) investigated the role of venture financing in
agribusiness and found that investments in start-ups
developing agrotechnological solutions were growing,
but the lack of venture capital in the region remained
a serious problem. R. Karabassov (2024) reviewed the
prospects of organic agriculture and found that, de-
spite the high demand for environmentally friendly
products, farmers faced barriers such as complex cer-
tification and high initial costs. F. Carlucci et al. (2021)

Scientific Horizons, 2025, Vol. 28, No. 6

115



116

Substantiation of business models in the agro-industry...

investigated the impact of logistics infrastructure on
the efficiency of agribusiness and concluded that the
lack of modern storage facilities and processing plants
significantly limited the ability of farmers to enter for-
eign markets. They noted that regions with developed
logistics demonstrated higher profitability of agricul-
tural production by reducing product losses and opti-
mising supply chains.

Thus, previous studies have shown that the sus-
tainable development of agribusiness depends on a
combination of technological innovations, sound gov-
ernment regulation, and the adaptation of successful
global practices to regional conditions. Despite a wide
range of research in the field of business models of the
agro-industry, a number of important aspects remain
insufficiently studied. In particular, there is no com-
prehensive analysis of the adaptation of global busi-
ness models to the specifics of Kazakhstan and Central
Asia, considering climatic, economic, and institutional
factors. The mechanisms for integrating farms into in-
ternational supply chains have also not been fully ex-
plored, and the impact of digital technologies and in-
novative financial instruments on the sustainability of
agribusiness requires further investigation.

The purpose of the study was to analyse effective
business models of the agro-industrial sector in Ka-
zakhstan and Central Asia, considering regional factors
and technological capabilities. The objectives of the
study were to conduct a comparative analysis of exist-
ing agribusiness business models in Kazakhstan and
Central Asia, assess the impact of digital technologies
and innovative financial instruments on the effective-
ness of agro-industrial enterprises, and develop rec-
ommendations for adapting successful global business
models considering the specifics of the region.

MATERIALS AND METHODS

The study of business models of agro-industrial enter-
prises in Kazakhstan and Central Asian countries was
based on a comprehensive analysis of macroeconomic
indicators, industry trends, and investment activity in
the agricultural sector. The study used both quantita-
tive and qualitative methods, which helped to compre-
hensively assess the current state of agribusiness in
the region, identify key factors influencing the choice
of business models, and offer recommendations for
their adaptation in modern conditions. One of the main
research methods was the analysis of statistical data,
including indicators of the total volume of agricultural
production in Kazakhstan, Uzbekistan, and Kyrgyzstan
for 2014-2023. The data were taken from the Bureau
of National Statistics of Agency for Strategic Planning
and Reforms of the Republic of Kazakhstan (n.d.), Na-
tional Statistical Committee of the Republic of Uz-
bekistan (n.d.) and National Statistical Committee of
the Kyrgyz Republic (n.d.). Data for 2024 has not yet
been published at the time of research. The statistical
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and mathematical method using the IBM SPSS Statis-
tics software suite was used for data processing and
analysis. Data from national statistical agencies were
converted into USD based on the exchange rate for the
corresponding years, which provided an objective pic-
ture of the scale and trends of the agricultural sector
in the region. Using statistical analysis, it was possible
to identify patterns of growth and decline, identify the
main drivers and risks, and conduct a detailed compar-
ison of the agricultural sectors of the three countries.

The study analysed key strategic documents that
determine the development of the agro-industrial
complex in Central Asian countries. In particular, the
Resolution of the Government of the Republic of Ka-
zakhstan No.732 (2021), Decree of the President of the
Republic of Uzbekistan No. UP-5853 (2019) u Resolu-
tion of the Cabinet of Ministers of the Kyrgyz Republic
No. 574 (2024). Additionally, a comparative analysis of
investment projects in the agroindustry of Kazakhstan
and Central Asian countries was conducted. Within the
framework of this study, large agricultural projects of
strategic importance for the development of the sector
were considered. Among them is the “cow-calf” model
aimed at developing meat and dairy farming, which
is being actively implemented in Kazakhstan and was
helping to increase the production of high-quality
beef and milk (Food security: The..., n.d.). The study
examined the following major agricultural projects:
construction of a greenhouse complex in the Turke-
stan region (Kazakhstan) (EastFruit, 2024a), creation
of an agricultural engineering cluster in the Tashkent
region (Uzbekistan) (Novikov, 2023), construction of
plants for processing pears, nuts and tomatoes in Uz-
bekistan (Uzbekistan to create..., 2025), construction
of agro-logistics facilities in Osh region (Kyrgyzstan),
construction of a fruit and vegetable processing plant
in Osh region (Kyrgyzstan) (Petchenko, 2023), opening
of cold storage facilities and workshops for process-
ing fruits and vegetables in Chui region (Kyrgyzstan)
(EastFruit, 2024b).

For an in-depth analysis of business models, the
case study method was used using the example of the
region’s leading agricultural enterprises. In particular,
the activities of the Atameken-Agro company were
considered in detail (Kazakhstan), one of the largest
agricultural groups in the country. The analysis includ-
ed a study of its financial performance for 2019-2024,
allowing it to assess the dynamics of income, net profit,
assets, and equity. The data was taken from the compa-
ny’s annual reports (Kazakhstan Stock Exchange, n.d.).
An assessment of business sustainability was carried
out, fluctuations in financial results and their depend-
ence on external economic factors were revealed. The
analysis of financial data provided conclusions about
the company’s profitability, the efficiency of the busi-
ness model used, and its adaptability to changes in the
agro-sector.




RESULTS

In the agro-industrial complex, the business model
plays a crucial role in ensuring the efficiency, sustain-
ability, and competitive advantages of enterprises. It
covers strategic aspects of production, resource allo-
cation, value chain creation, and market engagement
(Donner et al., 2021). Unlike conventional organisation-
al structures, the business model focuses not only on
production, but also on monetisation of the value cre-
ated. In the agricultural sector, models vary significantly
depending on the level of technological development,
the scale of farms, climatic and economic conditions
(Di Vaio et al., 2020). The classic model of individual
farming with family management and minimal use of
external resources is still common in developing coun-
tries, including Kazakhstan and Central Asia. However,
it faces low productivity, limited access to finance, and
difficulties entering large markets.

One of the effective alternatives is a cooperative
business model, which involves bringing farmers to-
gether to share equipment, organise sales, and attract
investment. This reduces logistical and operational
costs and strengthens farmers’ positions in negotiations
with purchasers and banks. A striking example is the
Polish cooperative Mlekovita, which unites more than
8,000 farmers and supplies products to 160+ countries
(Fiore et al., 2020). In Central Asia, this model is limit-
ed by institutional distrust and a lack of management
mechanisms. The vertically integrated model allows
large agricultural holdings to control the entire pro-
duction cycle, from cultivation to processing and mar-
keting of products. This reduces transaction costs and
improves quality control. An example is Arla Foods, Eu-
rope’s largest dairy producer, which unites over 12,000
farms, with its own factories and logistics. The products
are shipped to more than 100 countries (Hansman et
al., 2020). The disadvantage of the model is its high
capital intensity and organisational complexity.

Digital business models are becoming increasingly
relevant. These include platform solutions, the use of
big data and precision farming technologies. This al-
lows predicting the harvest, optimising the use of re-
sources, and reducing costs. For example, the Swedish
Datavaxt platform provides tools for soil analysis and
crop monitoring. With its help, farmers reduced fertil-
iser and fuel costs by up to 20%, and yields increase
by 10-15% (Wallander et al., 2025). Contract farming is
based on the conclusion of long-term agreements be-
tween farmers and processors or retailers, which en-
sures the sale of products and reduces market risks. A
successful example is Danone’s cooperation with farm-
ers across Europe, which provides guaranteed sales at
stable prices, allowing producers to confidently plan
their activities (Chen & Chen, 2021). Against the back-
ground of growing interest in environmentally friendly
products, organic agriculture is developing, eliminating
the use of chemicals and targeting premium markets.

Rakhmetova et al.

However, the barriers remain the high cost of certifi-
cation and the need to restructure processes. In Thai-
land, the Green Net cooperative unites over 1,000 small
farmers and undertakes the organisation of collective
certification. This reduces costs and increases partici-
pants’ incomes by 20-30% compared to conventional
farming (Yanakittkul & Aungvaravong, 2020).

The choice of the optimal business model in the
agroindustry of Kazakhstan and Central Asian countries
is determined by a combination of economic, climatic,
institutional and technological factors. Each of these
conditions creates opportunities and constraints for
agribusiness, affecting its strategy, competitiveness and
sustainability. One of the key factors is the natural and
climatic environment. Kazakhstan and most Central
Asian countries are characterised by an arid climate,
uneven distribution of water resources and risks of soil
degradation. These conditions require the introduc-
tion of sustainable business models focused on effi-
cient resource management, such as precision farming
and agroecological production methods. The level of
economic development and access to finance play an
equally important role. Many agricultural enterprises in
Kazakhstan and Central Asia face a lack of long-term
investments and limited access to credit resources. Ac-
cording to the National Bank of Kazakhstan, as of No-
vember 2023, the total volume of bank loans amounted
to KZT 12.2 trillion, of which only KZT 453.8 billion was
allocated to the agricultural sector, which is about 3.7%
of all loans. This situation is compounded by a shortage
of collateral from farmers, which makes it difficult to
obtain loans (What problems do..., 2023). High interest
rates and stringent bank requirements make conven-
tional forms of financing inaccessible to small farmers,
forcing them to choose low-cost business models with
minimal levels of mechanisation and innovation. How-
ever, large agricultural holdings with financial capabil-
ities prefer vertical integration, which allows them to
control the entire production and marketing chain.

The next significant factor is the institutional en-
vironment and government policy. In Kazakhstan and
Central Asia, the agricultural sector is a strategically
important area, but government support mechanisms
do not always meet the real needs of businesses. Ka-
zakhstan has government programmes to support the
agricultural sector, such as the National Project for
the Development of the Agro-industrial Complex for
2021-2025, which includes subsidising the purchase of
machinery, crop insurance and export support (Resolu-
tion of the Government of the Republic of Kazakhstan
No. 732, 2021). However, in practice, only about 30%
of farmers can benefit from subsidies due to complex
bureaucratic procedures. Uzbekistan is demonstrating
more active government support for agribusiness, espe-
cially within the framework of the Agricultural Develop-
ment Strategy for 2020-2030 (Decree of the President
of the Republic of Uzbekistan No. UP-5853, 2019). The
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government encourages the development of cluster
and contract models through tax incentives and credit
lines from the Fund for Reconstruction and Develop-
ment. Several government programmes aimed at sup-
porting the agricultural sector and farmers are being
implemented in Kyrgyzstan. One of the key initiatives is
the Programme for the Development of trade and logis-
tics centres in the agro-industrial sector of the Kyrgyz
Republic for 2024-2028 (Resolution of the Cabinet of
Ministers of the Kyrgyz Republic No. 574, 2024). The
purpose of this programme is to increase the compet-
itiveness and export potential of Kazakh agricultural
products through the creation and development of in-
ternational trade and logistics centres.

Another important factor is the level of digitalisa-
tion and access to technology. In Central Asian coun-
tries, there is a digital divide between large and small
producers: agricultural holdings are actively imple-
menting modern technologies, while small farmers
are limited in their automation and data analysis ca-
pabilities. The development of digital platforms and
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agrotechnological start-ups is gradually changing this
situation, offering new models such as agricultural
marketplaces and farm management services (Qin et
al.,2022). The implementation of such solutions allows
even small farms to increase efficiency, reduce risks and
enter new markets. The choice of a business model is
influenced by market conditions and global trends. The
growing demand for organic products, the development
of export destinations and the need for sustainable
food products are creating new opportunities for agri-
business in the region. Companies focused on the for-
eign market are forced to adapt to international quality
and safety standards, which requires a restructuring
of the business model and investments in certifica-
tion, processing and logistics (Ahmad et al., 2024). The
agro-industrial sector of Kazakhstan and Central Asian
countries represents a variety of business models, each
of which has its own characteristics, advantages, and
limitations due to climatic, economic, and social con-
ditions. Figure 1 shows the total volume of agricultural
production in Kazakhstan, Uzbekistan, and Kyrgyzstan.
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Figure 1. The total volume of agricultural production
in Kazakhstan, Uzbekistan, and Kyrgyzstan for 2014-2023, billion USD
Source: developed by the author based on data from the Bureau of National statistics of Agency for Strategic Planning
and Reforms of the Republic of Kazakhstan (n.d.), National Statistical Committee of the Republic of Uzbekistan (n.d.),

National Statistical Committee of the Kyrgyz Republic (n.d.)

The total volume of agricultural production in Ka-
zakhstan, Uzbekistan, and Kyrgyzstan for the period
from 2014 to 2023 demonstrated a variety of trends re-
lated to the economic and climatic conditions in these
countries. There was a decrease in volume from 2014
to 2016, followed by an increase until 2023. Kazakhstan
as a whole showed an increase from USD 10.8 billion
in 2016 to USD 16.1 billion in 2023, due to improved
infrastructure and increased investments in the agri-
cultural sector. Uzbekistan, in turn, has demonstrated
stable and steady growth, increasing the volume of
agricultural products from USD 18.6 billion in 2016
to USD 35.3 billion in 2023, due to the expansion of
exports and the introduction of modern technologies
in agriculture. Kyrgyzstan, despite its smaller volume,
is also showing steady dynamics, starting from USD
2.9 billion in 2016 and increasing to USD 4.4 billion
in 2023, indicating a gradual improvement in agricul-
tural performance, albeit at a slower pace compared to
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neighbouring countries. Regression analysis has shown
that the growth rates of agricultural production in
Kazakhstan (slope coefficient 0.274) and Uzbekistan
(0.261) are at a comparable level. However, there has
been a steady upward trend in Uzbekistan over the
past four years, which is confirmed by a linear equation
with a coefficient of determination (R?=0.95). In Ka-
zakhstan, since 2023, there has been a decrease in the
total volume of agricultural products, while the trend
line corresponds to the logarithmic equation (R?=0.82).
According to preliminary data for 2024, the volume will
amount to USD 15.9 billion. The growth rate in Kyr-
gyzstan is less noticeable and amounts to 0.119. These
results indicate a positive but uneven dynamic of the
agro-industrial sector in the region. This may be due to
differences in economic policy, the level of investment
activity, the degree of implementation of innovative
technologies, and natural crises such as water scarcity,
especially in Kazakhstan (Fig. 2).
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Figure 2. Trend of the total volume of agricultural production
in Kazakhstan, Uzbekistan, and Kyrgyzstan for 2016-2023, billion USD
Source: developed by the author based on data from the Bureau of National statistics of Agency for Strategic Planning
and Reforms of the Republic of Kazakhstan (n.d.), National Statistical Committee of the Republic of Uzbekistan (n.d.),

National Statistical Committee of the Kyrgyz Republic (n.d.)

Organic agriculture is one of the rapidly develop-
ing business models in Kazakhstan, aimed at producing
environmentally friendly products without the use of
chemical fertilisers and pesticides. Kazakhstan is expe-
riencing a dynamic growth in the area of land occu-
pied by organic agriculture (Kuandykova et al., 2023).
In 2023, the area of organic farmland in Kazakhstan
amounted to 191.3 thousand hectares, which is a sig-
nificant progress compared to previous years (Bureau
of National Statistics of Agency for Strategic Planning
and Reforms of the Republic of Kazakhstan, n.d.). This
sector is supported by the National Project for the De-
velopment of the Agro-industrial Complex for 2021-
2025, aimed at the development of organic agriculture,
which is confirmed by the increase in the number of
certified producers and the expansion of the product
range (Resolution of the Government of the Republic of
Kazakhstan No. 732, 2021).

Exports of organic products from Kazakhstan also
showed positive dynamics. In 2022, the volume of
exports amounted to USD 35 million, which is 10%
more than USD 32 million in 2021, and significant-
ly exceeds the figure of USD 10 million recorded in
2020. Kazakhstan actively exports organic products to
the EU, where the main partners are countries such
as Germany, the Netherlands, and Poland (Bureau of
National Statistics of Agency for Strategic Planning
and Reforms of the Republic of Kazakhstan, n.d.). This
confirms the high demand for Kazakhstani organic
products and indicates a growing interest in environ-
mentally friendly products on international markets.
In particular, Kazakhstan is one of the largest produc-
ers of organic nuts, cereals and honey, which makes
the model of organic agriculture promising in terms
of export diversification.

The “cow-calf” model is widespread in Kazakhstan’s
animal husbandry, in which farmers breed breeding
stock, raise calves and then sell them at the age of 6-8
months. This model is focused on meat production and
is quite effective in a country with significant pasture

lands. The optimal herd size for this model is about
100 animal units, which allows effectively managing
resources and minimising costs. Important success fac-
tors are the pedigree of livestock and effective manage-
ment of offspring, which allows for high rates of animal
growth and improved meat quality. One of the popular
areas is the use of beef cattle breeds such as Angus
and Auliekol, which show high results at relatively low
costs. However, animal husbandry faces challenges
such as high dependence on weather conditions (dry
years can lead to a shortage of feed), and difficulties
in accessing markets and logistics, especially in remote
areas of the country. Resource-limited models also face
difficulties in providing veterinary care and livestock
feed (Food security: The..., 2024).

In 2024, investments in fixed assets of the agro-in-
dustrial complex of Kazakhstan exceeded KZT 1.1 tril-
lion. Of this amount, KZT 919 billion was allocated to
agriculture and fisheries, which is 2% more than in the
previous year,and KZT 181 billion was invested in food
production, which is 15% more than in 2023. As part
of the implementation of investment projects, 286 fa-
cilities were commissioned in 2024. Together with lo-
cal executive bodies, a Roadmap has been developed
for the implementation of investment projects in the
agro-industrial complex for 2025-2027, within which it
is planned to implement 632 projects worth KZT 2.4
trillion. 264 projects are scheduled to be commissioned
in 2025, 249 in 2026,and 119 in 2027 (EastFruit, 2025).
One of the largest projects is the construction of a
greenhouse complex in the Turkestan region, imple-
mented with the participation of the Ecokultura com-
pany. The total investment in the project is USD 1.3 bil-
lion. Within the framework of the project, a greenhouse
farm with an area of 500 hectares will be built, which
will significantly increase the production of vegeta-
bles and fruits, ensuring the domestic market and ex-
port supplies. The project is expected to create several
thousand jobs and bring significant revenue to the lo-
cal economy (EastFruit, 2024a).
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Agricultural projects are growing in Uzbekistan.
One of the largest projects in the agricultural sector
is the creation of a cluster of agricultural machinery in
the Tashkent region. In August 2023, the first universal
tractor was produced within this cluster. The cluster is
capable of producing up to 15,000 units of equipment
per year, which will significantly improve the logistical
support of farmers (Novikov, 2023). In addition, in 2025,
it is planned to create plants for growing and process-
ing pears, walnuts, and tomatoes with the support of
investors from Italy (Uzbekistan to create..., 2025). In-
vestments in the agro-industrial sector intensified in
Kyrgyzstan in 2023. It is planned to implement pro-
jects for the construction of agro-logistics facilities
in Osh region. A fruit and vegetable processing plant
worth KGS 6.5 million will be built in the village of
Kok-Zhar, Nookat district. A fruit juice production plant
with investments of KGS 14.6 million will be opened

in the Kulatov rural district. In addition, cold storage
facilities for fruits and potatoes of various capacities
will be created in the region. Moreover, in 2023, a new
cold storage facility was opened in the village of Ja-
palak, Osh region, built with the support of the United
States Agency for International Development and the
local Eco Azyk enterprise. The cost of the equipment
amounted to KGS 6.9 million, and the warehouse is
capable of freezing and storing up to 300 tonnes of
fruits and berries for the domestic and foreign mar-
kets (Petchenko, 2023). In 2024, a fruit and vegetable
processing plant in the Chui region, focused on the
production of frozen products, was launched with in-
vestments of USD 20 million. This plant will help in-
crease exports and create additional jobs in the region
(EastFruit, 2024b). Table 1 shows the differences be-
tween business models in the agro-industrial sector of
Kazakhstan, Uzbekistan, and Kyrgyzstan.

Table 1. Comparative effectiveness of different business models
in the agro-industrial sector of Kazakhstan, Uzbekistan, and Kyrgyzstan

Business model Kazakhstan

Uzbekistan Kyrgyzstan

As of 2023, about 1,200
agricultural cooperatives have
been registered, but only 35% of
them are actively operating. Main
problems: poor coordination and
low motivation of farmers

Cooperative model

In 2022, more than 300
cooperatives were supported
through the subsidy programme,
especially in the Andijan and
Ferghana regions. Subsidies of
up to 30% of the cost of the
equipment are provided.

By 2023, about 150 cooperatives
have been created, but only 20%
are registered as a legal entity.
There is no clear legislation

Atameken-Agro is an agroholding
with a full cycle from grain
cultivation to export. Manages 450
thousand hectares of land, exports
to 7 countries

Vertical integration

It is used in the textile industry:
a cluster in Namangan region
processes up to 100 thousand

tonnes of cotton per year. Tomato
and fruit processing clusters are
also actively developing.

Vertical models are developing
slowly. In 2023, 4 vegetable
processing plants were opened in
Osh and Chui regions. Investment
volume - up to USD 30 million

The Digital Village project is being
implemented. Drones and sensors
are used in the pilot areas of the
North Kazakhstan region and the
Almaty region. Implementation at

the level of 5-7% of farms

Digital platforms
and precision
farming

Implementation in greenhouses
(Tashkent region). About 100
enterprises use digital climate and

Usage is limited. Less than 2%
of farms use digital tools. Main
reason is the lack of personnel and

irrigation monitoring investments

Operates in the grain sector.
KAZAGRO estimates that only 10-
12% of contracts are of a long-term
nature. Problems with their legal
support

Contract farming

The cotton sector covers more
than 80% of small producers. State
programme guarantees the price

At the initial stage. There are
pilot agreements with Turkish and
Chinese processors. An example is
contracts for the supply of organic

and sales greens from the Chui region

In 2023, 191.3 thousand hectares
of organic land were registered.
Products are exported to the EU.
Main barriers are certification (USD
2,000-3,000 per year)

Organic farming

Production of organic dried fruits
and nuts (Samarkand, Bukhara).
More than 50 farmers are certified.
Export to Germany and China

Market is forming. About 20 farms

with an organic profile have been

registered. There is no government
support for certification

Source: compiled by the authors

Vertical integration among large agricultural hold-
ings is the most effective in Kazakhstan, while the co-
operative model and digital solutions are developing
slowly. In Uzbekistan, government support plays a key
role in the success of cooperatives and contract farming,
and in attracting investments in agricultural processing.
In Kyrgyzstan, agribusiness remains less structured, but
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promising projects in processing and organic agricul-
ture are emerging. These differences are explained by
the different levels of government regulation, invest-
ment attractiveness, and institutional environment in
each country. Atameken-Agro is one of the largest agri-
cultural holdings in Kazakhstan and an example of suc-
cessful implementation of a comprehensive business




model in the agro-industrial sector of the country. Based
on the principles of vertical integration, the company
covers the entire cycle of agricultural production, from
growing crops to processing and marketing products.

Rakhmetova et al.

This allows the company not only to control the quality
of its products at all stages, but also to optimise costs,
which is an important competitive advantage. Table 2
shows the main financial indicators of the company.

Table 2. Main financial indicators of Atameken-Agro for 2019-2024, million KZT

Year 2019 2020 2021 2022 2023 2024 (9 months)
Income 26,768 28,599 41,646 54,608 44,662 22,343
Net profit 655 15,189 2,253 18,204 -10,796 11,031
Assets 73,676 84,932 90,806 111,896 107,795 132,464
Own capital 2,984 16,884 19,167 33,290 23,127 37,501

Source: developed by the author based on data from Kazakhstan Stock Exchange (n.d.)

In the period from 2019 to 2022, the company ob-
served steady revenue growth, which is confirmed by an
increase from KZT 26.7 billion in 2019 to KZT 54.6 bil-
lion in 2022. However, in 2023, revenues decreased
significantly to KZT 44.7 billion, which may be due to
external economic or climatic factors that affected
production. Net profit also showed positive results in
2020 and 2022, but in 2023 a loss of KZT 10.8 billion
was recorded, which requires additional analysis of the
reasons for this decline. In 2024, the company returned
to profit (KZT 11 billion), which indicates a possible
stabilisation of the financial situation. The company’s
assets and equity, despite fluctuations in income and
profit, show steady growth, which confirms the compa-
ny’s long-term development strategy and ability to at-
tract investments and strengthen its financial position.
Atameken-Agro’s business model is based on the princi-
ples of integration and scalability. The company actively
uses resources to create large agricultural complexes,
which include agricultural production, processing and
logistics. By 2025, Atameken-Agro is processing tens of
thousands of hectares of land where the main crops are
grown - wheat, corn, barley, oilseeds, and fodder plants.
In addition, the company is developing livestock pro-
duction, including dairy and meat farming. The compa-
ny has about 500 employees, the company’s land bank
is 58.6 thousand hectares of arable land and 27 thou-
sand hectares of pastures.

The company’s business model features a focus on
process automation and the introduction of innova-
tive technologies in agriculture. The use of high-tech
equipment for tillage, sowing, and harvesting can sig-
nificantly increase productivity and product quality. It
also helps the company to optimise production costs
by reducing dependence on human labour, which is of-
ten one of the most expensive factors in agriculture.
Since 2018, the company has begun the process of full
digitalisation, cooperating with the Agrostream LLP to
implement an analytical automated information sys-
tem. This allowed optimising processes such as mon-
itoring the operation of machinery in the field, grain

accounting, crop planning, and fertilisation. The imple-
mentation of the system has led to significant results:
in 2019, one of the holding’s farms, the Shatilo & K LLP,
set a record for winter wheat yields of 71.4 hwt/ha, with
an average yield of 50 hwt/ha. The company is equipped
with modern machinery, including sowing complexes
with CLAAS tractors and 18 m wide seed drills. In 2022,
CLAAS Trion 730 combine harvesters, Claas Xerion Leb
5000 sprayers, haymaking equipment, and baling trucks
were purchased. On average, one sowing complex pro-
cesses about 2 thousand hectares per day.

Another key component of Atameken-Agro’s busi-
ness model is the sale of products through its own
distribution channels and participation in processing,
which also contributes to an increase in added value
at each stage of the production cycle. The company
not only sells raw agricultural raw materials, but also
creates processed products such as flour, cereals, and
meat products, which significantly expands its mar-
ket opportunities and increases profitability. Atamek-
en-Agro has switched to the use of liquid fertilisers
(liquid complex fertilisers and carbamide-ammonia
mixture), which are applied before sowing, tillering,
and bulking. Micro fertilisers such as sulphur, potas-
sium-phosphorus, and boron are also used. For plant
protection, preparations from various manufacturers
are used, including the herbicide Select from United
Phosphorus Limited, which is effective against weedy
grass vegetation. However, despite numerous success-
es, the vertical integration model requires significant
capital investments and resources. High initial invest-
ments in agricultural machinery, infrastructure, and
processing facilities pose a risk to businesses in the
face of volatile commodity prices and fluctuating for-
eign markets. On the other hand, the company actively
enjoys government support in the form of subsidies,
grants and tax incentives, which helps to reduce finan-
cial burden and increase economic sustainability.

Atameken-Agro company is a vivid example of
the successful implementation of a comprehensive
business model in the agro-industry of Kazakhstan.
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Vertical integration, the use of innovative technologies
and a focus on processing agricultural products allow
the company to compete effectively in the market and
ensure production growth. However, in order to main-
tain its competitiveness in international markets, the
company must continue to develop new technologies
and effectively manage the risks associated with eco-
nomic instability and external factors. The choice and
adaptation of a business model for an agricultural en-
terprise in Kazakhstan and Central Asia should be based
on several key factors: natural and climatic conditions,
market demand, access to finance, the level of techno-
logical development, and government support. Consid-
ering these aspects, several strategic recommendations
for the formation of sustainable and profitable business
models can be identified. One of the most promising
ways for agricultural companies in the region is vertical
integration, involving control of all stages of produc-
tion: from growing crops and livestock to processing,
logistics, and sale of the final product. This is especially
true for Kazakhstan, where most agricultural products
are exported in unprocessed form. For example, instead
of simply growing wheat, it is advisable to develop
the production of flour and pasta, which increases the
added value. Companies can also integrate animal hus-
bandry and crop production, effectively using produc-
tion waste (straw, cake) as feed.

Another promising area is organic agriculture,
which is gradually gaining popularity in global mar-
kets. For the successful implementation of this busi-
ness model, it is advisable to create cooperatives that
unite small farms for joint certification and access
to international markets, and introduce government
support mechanisms, such as subsidising the transi-
tion to organic farming. In addition, it is necessary to
develop a logistics and export system so that farm-
ers can receive a premium price for environmentally
friendly products. Modern agribusiness cannot func-
tion effectively without the introduction of digital
technologies. The introduction of management sys-
tems helps to analyse data on soil, climate, fertilisers,
and automatically adjust the processes of sowing and
irrigation. In addition, the development of yield fore-
casting programmes helps to minimise risks when
planning production and sales. Automated irrigation
systems, especially in conditions of water scarcity
in Central Asia, can also become an important tool
for improving efficiency. The export potential of the
agricultural sector in Kazakhstan and Central Asian
countries remains high, but requires the adaptation
of business models to international requirements. To
increase export efficiency, it is necessary to develop
deep processing of products, creating added value
and reducing dependence on fluctuations in raw ma-
terial prices. Signing long-term contracts with foreign
buyers will help to minimise price risks, and partici-
pation in international exhibitions and trade missions
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will expand the sales market beyond traditional des-
tinations such as China and the EU.

Special attention should be paid to cooperation
between small and medium-sized farms, since Central
Asia is still dominated by small farms, which find it dif-
ficult to compete with large agricultural holdings. One
of the solutions may be the creation of agro-industrial
hubs - clusters that bring together farmers, processors,
and logistics companies. This model makes efficient
use of the shared infrastructure, including elevators, re-
frigerators, and storage facilities, and facilitates access
to subsidies and credit programmes. In addition, coop-
eration improves the position of producers when con-
cluding contracts with retailers and exporters, allowing
small farms to receive more favourable sales condi-
tions. Climate change and risk management are playing
an increasingly important role in the development of
the region’s agribusiness. Central Asia is a region with
a high level of climate risks, including droughts, sud-
den temperature changes, and water scarcity. To min-
imise losses, agricultural companies should switch to
drought-resistant varieties of agricultural crops and
adapted farming methods, and actively use crop in-
surance. In conditions of water scarcity, investments in
drip irrigation and water-saving technologies are es-
pecially important, which will not only reduce water
consumption, but also increase crop yields. Business
development requires significant investments, but ac-
cess to loans and external investments remains limited.
One solution is to develop public-private partnerships,
especially in infrastructure projects related to logistics
and processing. Attracting foreign investors through
the creation of joint ventures with international agri-
cultural companies may also be a promising area. It is
important to consider the potential of green finance by
attracting investments in organic farming and sustain-
able farming projects, which will not only modernise
production, but also meet global trends in the field of
ecology and sustainable development.

Thus, the choice and adaptation of a business
model for agricultural enterprises in Kazakhstan and
Central Asia should be based on the diversification of
production, the introduction of digital technologies,
the development of export potential, cooperation, and
sustainable farming methods. Companies focused on
innovation and efficient resource management will be
able to increase their competitiveness both regionally
and internationally.

DISCUSSION

The agro-industrial complex is an important part of the
economies of Central Asian countries such as Kazakh-
stan, Uzbekistan, and Kyrgyzstan. In these countries, ag-
riculture is the main source of income for a significant
part of the population. An analysis of business models
in the agro-industries of Kazakhstan, Uzbekistan, and
Kyrgyzstan has shown that the countries of the region




are actively developing various areas of agricultural
production and processing, focusing on both the do-
mestic market and exports. It has been revealed that
the main drivers of the sector’s growth are investments
in infrastructure, the introduction of modern technolo-
gies and government support. The external economic
situation has a significant impact on the development
of the agro-industrial sector in Central Asia. Kazakh-
stan, Uzbekistan, and Kyrgyzstan are actively develop-
ing exports, but simultaneously remain vulnerable to
external economic factors such as fluctuations in world
prices for agricultural products, changes in exchange
rates, and trade barriers. For example, rising prices for
agricultural products or a change in demand for certain
goods can significantly affect the profitability of agri-
cultural projects (Bulgakov et al., 2020). In this context,
the creation of new business models aimed at risk di-
versification and the search for new markets is becom-
ing an important step in strengthening the economic
stability of the region. M. Donner et al. (2020) investi-
gated the sustainability of various business models in
agriculture and concluded that the most stable models
are based on the integration of agricultural production
and processing. In their opinion, closed cycles (for ex-
ample, the production and processing of dairy products
in one holding company) provide greater resilience to
economic crises. G. Berti (2020), in turn, considered the
principle of vertical integration, when the production
of raw materials and their processing take place with-
in the same holding company. Farms with their own
processing plants can adapt more quickly to market
changes and minimise the impact of fluctuations in
raw material prices (Mamchur et al., 2025). The current
study partially confirmed this conclusion, as process-
ing plants are also actively developing in Central Asia.
However, commodity-based export models still prevail
in the region, which makes them vulnerable to changes
in the external environment.

Government support plays a key role in the de-
velopment of the agricultural sector. Kazakhstan, Uz-
bekistan, and Kyrgyzstan have various government
programmes aimed at stimulating agricultural produc-
tion and attracting investments. However, despite the
existing programmes, there is a need to improve leg-
islation and strengthen support mechanisms for agri-
cultural producers, especially small and medium-sized
farmers. Problems with access to finance, insufficient
infrastructure, and low willingness to adopt innova-
tive technologies remain important barriers to growth
(Hnatyshyn et al., 2025). D. Laborde et al. (2021) ana-
lysed the impact of government subsidies on agricul-
tural production growth. Their study showed that sub-
sidies increase agricultural productivity, contribute to
the modernisation of production, and reduce poverty
among farmers. Current results also pointed to the im-
portance of government regulation, but in Central Asia,
support for farmers is less systemic.

Rakhmetova et al.

One of the key aspects is the importance of intro-
ducing innovative business models into agricultural
production. Examples from Kazakhstan, where organic
farming projects are developing, and projects to intro-
duce digital technologies into the agricultural sector,
highlight the enormous potential for improving produc-
tivity and product quality (Akhmet et al.,2025).In Uzbek-
istan and Kyrgyzstan, projects to create agro-logistics
facilities and process agricultural products also confirm
the high prospects of these business models. The study
by R.Zhong et al. (2022) focused on the impact of digi-
tal technologies such as artificial intelligence, automa-
tion, and drone monitoring on agricultural efficiency.
The researchers concluded that the introduction of
digital solutions can increase productivity and reduce
operating costs. The study by E. Duncan et al. (2021) ex-
amined cases of successful implementation of digital
technologies in developed countries such as the USA
and Germany, where agricultural enterprises widely use
precision farming, automated irrigation systems, and
drones to monitor soil and crop conditions. The conclu-
sions partially coincided with the results of the current
study, which also highlighted the importance of digital-
isation. However, the use of such technologies remains
limited in Central Asia due to a lack of investment and
a low level of technical training.

Attracting foreign investment is one of the most
important factors for the development of the agro-in-
dustrial sector in Central Asia. Projects with the partic-
ipation of foreign investors are being actively imple-
mented in the countries of the region, which allows
improving the technological base and attract modern
technologies (Nurekenova et al., 2022). For exam-
ple, the construction of greenhouse complexes in the
Turkestan region of Kazakhstan and the creation of a
machine-building cluster in Uzbekistan with the par-
ticipation of international companies contribute to in-
creasing production capacity and diversifying rural pro-
duction. However, dependence on foreign investments
can also be risky, especially in the context of global
economic instability. S.R. Zeytoonnejad Mousavian et
al. (2023) investigated the mechanisms of attracting
foreign investment in the agricultural sector and came
to the conclusion that the key success factors are a
stable legislative framework, the availability of infra-
structure, and partnership with international corpora-
tions. The current study has confirmed the importance
of foreign investment, but there are serious barriers in
Central Asia, such as complex bureaucratic procedures
and an unstable economic environment, which is not
always considered in the global context.

K.Duric et al. (2021) investigated the impact of the
integration of agricultural enterprises into cooperative
associations on their financial stability and productivity.
In their analysis, they compared the experience of co-
operative agriculture in the EU, where small farms com-
bine into agricultural cooperatives to share machinery,
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storage facilities, and distribution channels. The cur-
rent study also addressed the topic of cooperative
business models in Central Asia, but regional specifics
showed that their distribution was limited. The devel-
opment of agricultural production should take into
consideration environmental and social aspects. It is
important that business models in the agro-industry
not only contribute to increased production, but also
ensure the sustainable use of natural resources and
improve the living conditions of local residents (Sado-
voy et al., 2023). In Kazakhstan, for example, projects
in the field of organic agriculture actively contribute
to raising environmental awareness and producing
environmentally friendly products. In Kyrgyzstan and
Uzbekistan, there is also a tendency to improve social
infrastructure based on agricultural projects, which
contributes to job creation and improvement of Lliv-
ing conditions in rural areas. T.C. Durham and T. Miz-
ik (2021) investigated the impact of organic agriculture
on the economies of countries actively developing this
sector. The researchers concluded that the develop-
ment of organic agriculture increases the export value
of products, helps to preserve soil fertility and reduces
environmental pollution. However, W. Luczka and Ka-
linowski (2020) noted that the transition to organic
production requires significant investments, especial-
ly for product certification, technology adaptation, and
market development.The current study also highlight-
ed the potential of organic agriculture in Kazakhstan,
but unlike in more developed countries where de-
mand for environmentally friendly products is steadily
growing, the domestic organic market in Central Asia
remains underdeveloped.

G. Ozaydin and M. Direk (2022) investigated the
impact of agricultural sector development on rural re-
gions and concluded that successful agricultural pro-
jects contribute to reducing migration from rural areas
and increasing the standard of living of the local pop-
ulation. The current study also highlighted the social
role of the agro-industry, but rural migration remains a
major problem in Central Asia, despite the development
of agribusiness. This difference can be explained by the
fact that the region still lacks social infrastructure and
jobs with competitive salaries. Thus, the agro-indus-
trial sector in Central Asia has significant potential for
growth, but in order to realise this potential, it is nec-
essary to effectively address existing problems and de-
velop sustainable business models that will contribute
to the long-term growth and prosperity of the region.
Research confirmed the importance of key factors such
as technological development, investment, and govern-
ment support, but revealed some differences.

CONCLUSIONS

As a result of the conducted research, several key con-
clusions were drawn regarding business models in the
agroindustry of Kazakhstan and Central Asian countries.
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The study confirmed the existence of a variety of agri-
business models specific to the region, each of which
has its own advantages and disadvantages due to so-
cio-economic conditions, the level of technological
development and natural factors. Analysis of statisti-
cal data showed that the total volume of agricultural
production in Kazakhstan in 2023 amounted to USD
16.12 billion, in Uzbekistan — USD 35.26 billion, and in
Kyrgyzstan — USD 4.44 billion. Although these indica-
tors are growing compared to economic years, the dy-
namics is unstable, which indicates the influence of ex-
ternal economic factors and the need to adapt business
models to changes in the market. The study found that
the Central Asian countries are dominated by commod-
ity-based business models focused on the export of ag-
ricultural products. For example, in Kazakhstan, exports
of organic products in 2022 reached USD 35 million,
which is 10% more than in 2021 (USD 32 million), but
the domestic organic market remains underdeveloped.
This is confirmed by the limited volume of the process-
ing industry: although efforts are being made to build
factories, such as a processing complex in the Osh re-
gion of Kyrgyzstan (USD 30 million in investments), the
scale of transformation remains limited.

The financial condition of a large agricultural
company in Kazakhstan, Atameken-Agro, was also an-
alysed. Significant changes in net profit are indicated:
from KZT 655 million in 2019 to KZT 18.2 billion in
2022, then a drop to KZT -10.8 billion in 2023 and a
subsequent increase to KZT 11 billion in 9 months of
2024. This causes agribusiness volatility and the need
to adapt to market changes. However, the company’s
assets grew steadily, which indicates the expansion of
the business, despite financial fluctuations. Digitalisa-
tion of agriculture, despite its potential benefits, faces
a number of obstacles. In Central Asia, the introduction
of technologies such as drone monitoring and automa-
tion remains limited due to a lack of investment and a
low level of technical training. However, the practice of
using digital solutions is already actively implement-
ing precision farming systems, for example, in Kazakh-
stan and Uzbekistan.

In addition, the analysis of complex projects
showed the active development of the agro-industrial
sector. Large-scale projects are being implemented in
Kazakhstan, such as the construction of a thermal com-
plex in the Turkestan region with investments of USD
1.3 billion, which will significantly increase the produc-
tion of vegetables and fruits. Uzbekistan has a develop-
ing cluster of agricultural machinery, which introduced
the first universal tractor in 2023, with a capacity of
15,000 units per year. A fruit and vegetable processing
plant in the Chui region, focused on the production
of frozen products, has been launched in Kyrgyzstan
with investments of USD 20 million. Thus, in order to
increase the sustainability of agribusiness in Central
Asia, it is necessary to focus on the diversification of




business models, the development of processing capac-
ities, the introduction of digital technologies, and the
expansion of domestic consumption of products. In the
future, it is advisable to conduct a more detailed analy-
sis of the impact of digitalisation on the effectiveness
of agribusiness and to investigate the sustainability of
various investment strategies in the changing econom-
ic climate of the region.
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AHoTauis. Po6oTa cnpsiMoBaHa Ha BUBYEHHS KNHOYOBUX PAKTOPIB, LLO BNAMBAKOTL Ha BUGIp Ta ePeKTUBHICTb Hi3Hec-
Mogenewn B arponpomMuciioBoMy cektopi KasaxctaHy Ta LleHTpanbHoi Asii. MeToponoria oocnigpkeHHs BkAo4Yana
QHaNIi3 CTaTUCTUYHMX AAHUX, NOPIBHANBHMI aHanNi3 Bi3Hec-Moaenen, a TakOX OLLiHKY BMNIMBY 30BHILUIHBOEKOHOMIYHMX
i KniMaTMYHKMX daKTopiB Ha CTiKKicTb arpobi3Hecy B perioHi. Iig yac poboTn 6yno BMBYEHO Ta KnacMdikoBaHO
HasiBHi Bi3Hec-Moaeni arponignpUEMCTB, BUSBNEHO iXHI KNHOYOBI 0COBAMBOCTI Ta YUHHMKM, LLO BNAMBAKOTb Ha iXHIN
BMbip. MMpoBeneHO aHani3 AMHAMIKM 3aranbHOro obcsAry CibCbKOrocnofapcbkoro BMpobHMuTBa B KasaxcTaHi,
Y36ekuncTaHi Ta Kupruscradi 3 nepepaxyHKoM nokasHukis y gonapu CLUA, wo fano 3mMory 06'eKTMBHO OLLiHUTK
MacwTabu Ta TeHAeHUil PO3BWUTKY arpocekTopy. 3aranbHWMI 06CAr CiNbCbKOroCnoAapcbKoro BMPOOHWMLTBA
B Kasaxcrani 2023 poky cknas 16,12 mnpa ponapis CLUA, B Y3bekuctani - 35,26 mnpn ponapis CLA, a B
KupruscraHi - 4,44 mnpg ponapis CLUA. [leTanbHO pO3rnsHYTO iHBECTULiMHI NMPOEKTM B arpornpoMMC/IOBOCTI,
BK/IIOYHO 3 BEIMKMMU BKNALEHHAMM B TEMIMYHI KOMMnekcu, nepepobky cinbrocnnpodykuii Ta umdposisauito
ranysi. Ha npuknaai komMnaHii «KATamekeH-Arpo» NnpoBefeHo AeTanbHuii GiHaHCOBMI aHani3, BUSIBEHO KONMBAHHSA
NpUOYTKOBOCTi, BM/JMB E€KOHOMIYHMX UMHHMKIB Ha NpUOYTKOBICTb i CTiMKicTb 6i3Hecy. OTpuMaHi pe3ynbTaTy
noKasasnu, Lo KAYOBMMU ApariBepaMM 3POCTAHHS arpornpoOMUCIOBOCTI perioHy € ULMPpOoBi3aLlig, BNIPOBAAKEHHS
TOYHOro 3emMnepobCTBa, BepTMKaNbHa iHTErpaLis, a TakoX OpiEHTaLia Ha eKkcnopT nepepobnieHoi Npoaykuii.
Ha ocHOBi BMSIBNEHMX TeHAEHLiH po3pobneHo pekomMeHpauii wono BMOOpY Ta apjanTauii 6isHec-monenen ans
arpokomnaHiv KasaxcraHy i LleHTpanbHoi A3ii. Cepefi HUX — pPO3BMTOK KOONEPATUBHUX CTPYKTYP, BNPOBAAXKEHHS
CTIKMUX arpoTexXHONO i, NiABULLEHHS IHBECTULIAHOT NpMBabIMBOCTI CeKTOpy Ta AuBepcudikaLis BUPOOGHULTEA.
BucHoBku poboTn nigTBEpAMNM HeOobXiAHICTb KOMMIEKCHOro NiAXOo4y L0 pO3BMTKY arpobisHecy B perioHi, e
uMdpoBi3aLig, epXxaBHa NigTPMMKA Ta iHTerpauis B rnobanbHi pUHKK BifirpatoTb BUPILLANbHY ponb Y NiABULLEHHI
KOHKYPEHTOCMPOMOXHOCTI CiIbCbKOroCnoAapCbkKuX MiANpUEMCTB

KntouoBi cnoBa: iHBECTULINHI NPOEKTU; perioHaNbHUI PO3BUTOK; IHHOBALIMHI TEXHONOTIT; CiNbCbKe rOCNOAAPCTBO;
€KOHOMIYHUI PO3BUTOK
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managers of 324 small farming households (with up to 10 employees and an annual turnover not exceeding
30 million tenge), and 27 expert interviews with representatives of 8 digital platforms (AgroSmart.kz, Egistic,
DigiField, QazFarm, AgroMap, Agroplatforma.kz, Agro.kz, Farm.kz). ANOVA, regression, and correlation analysis
were performed, as well as machine learning methods (Random Forest, XGBoost) used for developing a predictive
model. Statistical data analysis showed that the introduction of digital tools enabled an average sales increase
of 27.3% with a reduction in intermediary costs of 18.6%. The highest efficiency was demonstrated by households
using a combination of local trading platforms (AgroSmart.kz, Agro.kz) and specialised demand forecasting
services. Regional analysis revealed significant differences in the level of digitalisation: in southern regions
(Turkestan, Zhetysu), 64.2% of farmers regularly used at least two digital sales channels, whereas in the northern
regions (Kostanay, North Kazakhstan), this figure was only 38.7%. The predictive model developed using machine
learning algorithms showed a forecasting accuracy for seasonal demand fluctuations of 87.4% when tested on
historical data from 2018-2023. The pilot implementation of the developed recommendations in the activities
of 23 small farming households resulted in an average revenue increase of 31.5% and a 43.2% reduction in time
spent searching for buyers. The study proved the economic feasibility of introducing digital tools into the practice
of small farming households in Kazakhstan, even with a limited digitalisation budget

Keywords: small farming households; agro-industrial complex; digital platforms; sales efficiency; demand

forecasting model; Kazakhstan; machine learning

INTRODUCTION

Digital platforms represented a key tool for trans-
forming agri-food systems by expanding product
sales channels, enabling direct interaction between
producers and end consumers, and reducing interme-
diary costs. In Kazakhstan, small farming households
accounted for 75% of all agricultural producers and
provided 36.4% of the gross output of the agricul-
tural sector, which formed 5.1% of the country’s GDP
(Organisation for Economic Co-operation and Devel-
opment, 2023). At the same time, according to data
from the Ministry of Agriculture of the Republic of Ka-
zakhstan (n.d.), due to inefficient sales channels and
lack of digitalisation, small farms lost up to 28% of
potential profits annually, which amounted to around
USD 1.2 billion on a national scale. The platform mod-
el aggregated information on demand, prices, and
market trends, enabling prompt managerial decisions
on product sales (Adamkulova et al., 2025). As noted
by A. Oliveira-Jr et al. (2020), the implementation of
digital tools allowed farmers to shorten the chain
of intermediaries and increase sales margins by 15-
23% in developing countries. Studies by A. Glaros et
al. (2023) indicated potential income growth for farm-
ers through improved market access and optimisation
of production processes. According to the Food and
Agricultural Organisation (2022), digitalisation could
reduce product losses during transportation and stor-
age by 30-45%.

Barriers to digitalisation included limited internet
access in rural areas, insufficient digital literacy, and
the absence of a specific law on e-commerce (Oleksan-
drenko & Levis, 2023). According to the Organisation
for Economic Co-operation and Development (2023),
in 2020, only 7.8% of medium and large agribusi-
nesses in Kazakhstan had fixed broadband internet,
which was significantly lower than in developed
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countries (65-80%). To overcome these barriers, the
Digital Kazakhstan State Program (2018) created a
system of support measures for farmers undergoing
digital transformation, including educational pro-
grammes and infrastructure development. Studies by
M. Bampasidou et al. (2024) pointed to the critical im-
portance of bridging the “digital divide” through edu-
cational programmes for the new generation of agri-
cultural producers. The importance of addressing this
issue was also confirmed in the work of T. Soma and
B. Nuckchady (2021), who emphasised the need for a
balanced approach to communicating the benefits and
risks of digital agricultural technologies.

In Kazakhstan, projects for implementing digital
technologies in the agricultural sector were active-
ly supported at the state level (Akhmet et al., 2025).
As noted in the study by D.A. Kaldiyarov et al. (2023),
the creation of a digital innovation ecosystem in the
agro-industrial complex was one of the priority areas
for the country’s economic development. The software
solutions developed to support the agro-industrial
complex included both precision agriculture technol-
ogies and platforms for optimising product sales (Sizo-
va, 2022). Sarsen Amanzholov East Kazakhstan Uni-
versity implemented a project to develop methods for
supporting agro-technological decision-making based
on precision agriculture technologies. The project en-
visaged the creation of an integrated IT platform for
agricultural production. The research was conducted
using specialised equipment: an agrological drone with
infrared cameras for multispectral field imaging and a
portable weather station for collecting real-time mete-
orological data. The aim of the study was to assess the
impact of digital platforms and artificial intelligence
technologies on the effectiveness of agricultural prod-
uct sales by small farming households in Kazakhstan.




LITERATURE REVIEW

The digitalisation of the agricultural sector and the
implementation of digital platforms for small farm-
ing households were studied by researchers in various
countries around the world. The analysis of scientific
literature revealed several directions of theoretical
understanding of these processes. B. Basso and J. Ant-
le (2020) proposed a conceptual framework for design-
ing sustainable agricultural systems using digital tech-
nologies. The authors identified three components of
digital agriculture: data collection systems, analytical
tools for transforming data into knowledge, and deci-
sion support systems. L. Prause et al. (2020) examined
digitalisation in the context of forming a third food re-
gime, exploring the impact of digital technologies on
power relations in food systems. O. Visser et al. (2021)
conducted an analysis of the accuracy and risks of digi-
tal agriculture, introducing the term “imprecision farm-
ing” to describe situations where inaccurate data led
to suboptimal decisions. S. Hackfort (2023) studied the
phenomenon of corporate lock-ins and the impact on
the digital agriculture landscape, showing how com-
panies could limit small farmers’ ability to implement
various technological solutions.

M. Lacoste et al. (2021) developed a methodology
for conducting on-farm experimentation. The authors
highlighted the need for co-creation of knowledge by
farmers, researchers, and other stakeholders. . Dobre et
al. (2021) carried out a quantitative analysis of the re-
lationship between farm size and the level of digitali-
sation, finding that small farms could receive propor-
tionally greater benefits from certain types of digital
solutions for marketing and product sales. Y-Z. Hong
and H-H. Chang (2020) examined the impact of digi-
talisation on the objective and subjective wellbeing of
rural households in China. The authors found that the
introduction of digital technologies influenced both
the economic performance of farms and farmers’ per-
ception of the quality of life. A. Sharma and M. Sing-
hai (2023) assessed the impact of agricultural sector
digitalisation on farmers and the economy of India.
T. Dibbern et al. (2024) identified key factors that facil-
itated and hindered the adoption of digital agriculture
technologies, studying the role of education, accessi-
bility of technical solutions, and the availability of sup-
porting infrastructure.

The integration of digital technologies into exist-
ing agricultural practices was studied by NJ. Galvao et
al. (2022), who developed a portable automatic sensor
system for sustainable precision agriculture. M. Tranchi-
na et al. (2024) examined limiting factors and prospects
for digitalisation in the context of agroforestry. M. Bam-
pasidou et al. (2024) proposed a strategy to overcome
“digital divides” through harnessing the potential of
higher education to train specialists in digital agricul-
ture. A comparative analysis of agricultural digitalisa-
tion processes in developed and developing countries
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revealed significant differences in approaches and out-
comes (Studinska & Studinski, 2023). For instance, the
study by A.A. Chandio et al. (2024) found that agricultur-
al digitalisation in China followed a different path than
in European and North American countries. In particu-
lar, the authors noted that China prioritised the integra-
tion of digital systems into existing collective farming
structures, whereas Western countries focused on in-
dividual solutions for farmers. However, despite these
differences, K. McGrath et al. (2023) observed common
trends related to the transformation of social and eco-
nomic relations under the influence of digitalisation,
including changes in employment structures, redistri-
bution of added value in supply chains, and the forma-
tion of new models of interaction between producers
and consumers.

Methodological approaches to measuring the ef-
fectiveness of digital technology implementation in
agriculture constituted a separate research area. A. Ol-
iveira-Jr et al. (2020) developed an indicator system to
assess the performance of loT solutions in rural areas
of Africa, including not only economic indicators but
also socio-environmental sustainability parameters.
K.A.Sedek et al. (2021) proposed a multi-level model for
assessing the effectiveness of electronic marketplaces
for agricultural products, taking into account both tech-
nical aspects of platform operation and the impact on
the market opportunities of small producers. The study
by E. Amirova et al. (2021) presented a comprehensive
approach to evaluating the performance of an agricul-
tural digital platform, including quantitative metrics
(transaction volumes, number of users) and qualitative
characteristics (user satisfaction, level of trust in the
system). |. Tomorri et al. (2025) examined the factors,
barriers, and impact of digitalisation on the sustainable
development of rural areas using regions of Albania as
a case study. The authors identified regional differences
in the level of digital technology adaptation, caused by
both objective factors (infrastructure, proximity to ur-
ban centres) and subjective ones (farmers’ age, educa-
tion level, readiness to accept innovation).

In the research of Kazakhstan and Central Asian
countries, D.A. Kaldiyarov et al. (2023) developed the
concept of a digital innovation ecosystem for Kazakh-
stan’s agro-industrial complex. The authors proposed
a structural model that included technological, or-
ganisational, educational, and regulatory components.
M.S. Bauer et al. (2024) conducted an analysis of the
advantages and reserves for using information tech-
nologies in agriculture in Northern Kazakhstan. The
economic aspects of digitalisation of Kazakhstan’s
agro-industrial complex were studied in the work of
G.M. Kalkabayeva et al. (2023), who analysed the use of
digital technologies in financing sustainable develop-
ment projects. The analysis of agricultural digitalisation
research suggested the potential of digital platforms
and artificial intelligence technologies for improving
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the efficiency of product sales by small farming house-
holds. At the same time, it was necessary to consider the
specific conditions for implementing these technolo-
gies, including the level of infrastructure development,
the availability of educational resources, state support,
and the socio-economic characteristics of regions.

MATERIALS AND METHODS

The study on the impact of digital platforms and arti-
ficial intelligence capabilities on the product sales of
small farming households was conducted from March
2023 to February 2025 in Kazakhstan, with elements
of comparative analysis of the experience of Central
Asian countries (Uzbekistan, Kyrgyzstan) and advanced
practices of developed countries (USA, Germany, the
Netherlands, Israel). At the preparatory stage (March-
May 2023), the methodological framework of the study
was developed based on a systematic approach to the
analysis of the digital transformation of the agricultural
sector. A stratified random sampling method was ap-
plied to ensure a representative selection of farms, con-
sidering region, specialisation (crop/livestock farming),
and level of digitalisation. Structured questionnaires
for farmers and semi-structured ones for digital plat-
form experts were developed according to the meth-
od of N.S. Guest et al. (2021). Statistical data from the
Bureau of National Statistics (2025) as well as reports
of international organisations (Food and Agricultural
Organisation, 2022; Organisation for Economic Co-op-
eration and Development, 2023) on digitalisation in the
agricultural sector of Central Asia were studied. A pilot
test of the research tools was conducted on a sample of
15 farming households in the Almaty region to assess
the validity and make necessary adjustments.

At the field stage (June-November 2023), empir-
ical data were collected in 14 regions of Kazakhstan.
To ensure representativeness of the sample, 324 small
farming households were selected with up to 10 em-
ployees and an annual turnover not exceeding 30 mil-
lion tenge. Structured interviews were conducted with
the heads of selected farms to identify barriers, usage
experience of digital tools, and to assess the effective-
ness. Inclusion criteria were: official registration of the
farm at least two years prior, experience in product
sales, and minimum use of digital tools for communica-
tion. Additionally, 27 expert interviews were conducted
with representatives of 8 digital platforms operating in
Kazakhstan (AgroSmart.kz, Egistic, DigiField, QazFarm,
AgroMap, Agroplatforma.kz, Agro.kz, Farm.kz). For com-
parative analysis, the experience of Uzbekistan and
Kyrgyzstan was studied through a series of online in-
terviews with experts from the Ministry of Innovative
Development of Uzbekistan (n=3) and the Ministry of
Digital Development of the Kyrgyz Republic (n=2). The
authors adhered to the principles of the American Soci-
ological Association’s Code of Ethic (1997). Global prac-
tices were analysed based on reports from the Food and
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Agricultural Organisation (2022) and the Organisation
for Economic Co-operation and Development (2023), as
well as scientific publications on agricultural digitalisa-
tion in developed countries.

At the analytical stage (from December 2023 to
October 2024), the collected data were processed us-
ing SPSS 28.0 and NVivo 15 software. For quantitative
data analysis, descriptive statistics methods were used:
mean values, medians, standard deviations, and fre-
quency distributions were calculated. ANOVA (Analysis
of Variance) was applied to determine the significance
of differences between groups of farming households
based on production specialisation and geographical
location, according to Field’s methodology. The value
was considered statistically significant if the p-value
was <0.05. To identify the factors influencing the suc-
cessful implementation of digital tools, regression anal-
ysis of the dependence of sales volume on the intensity
of use of various digital tools was carried out based on
the methodology of Z.D. Cohen et al. (2022). Correlation
analysis with t-test was applied to determine the rela-
tionships between farm characteristics and the results
of digitalisation. For qualitative data, thematic content
analysis was conducted following the methodology of
V. Braun and V. Clarke (2021), identifying key categories
of digitalisation challenges and opportunities in sales.
Triangulation of the obtained quantitative and qualita-
tive data was carried out to ensure the reliability of the
study’s conclusions.

To analyse the capabilities of artificial intelligence
in demand forecasting for agricultural products, an
experimental model based on machine learning al-
gorithms (Random Forest, XGBoost) was developed
in accordance with the methodology of C.E. Hastie et
al. (2023). The model was trained on historical data on
prices, sales volumes, and seasonal demand fluctua-
tions from 2018-2024, provided by the Bureau of Na-
tional Statistics (2025). Model validation was conduct-
ed on a test data set using 5-fold cross-validation, with
forecast accuracy assessed using root-mean-square
error (RMSE) and mean absolute error (MAE) metrics.
At the experimental stage (from November 2024 to
February 2025), pilot implementation of the developed
recommendations was carried out in 23 small farming
households in the Turkestan, Jetisu, and Kostanay re-
gions. Monitoring of changes in sales indicators was
carried out using the “before-after” method (Cohen’s
d effect size). To assess the economic effect of imple-
menting digital tools, the Return on Investment (ROI)
calculation methodology proposed by D.B. Phillips et
al. (2020) and adapted to the specifics of small agri-
cultural enterprises was applied. Both direct effects
(increase in sales volume, reduction in intermediary
costs) and indirect ones (expansion of sales geography,
increased product recognition) were taken into account.
Sample representativeness was ensured by observing
proportional distribution of small farming households




across Kazakhstan’s regions, the specialisation, scale of
activity, and level of initial digitalisation. The required
sample size was calculated with a confidence level of
95% and a margin of error of £5.3%. The response rate
was 78.3% of the initially selected farms.

RESULTS

Analysis of the current state of digitalisation of small
farms in Kazakhstan. The results of the field stage of
the study were based on a comprehensive analysis of
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data from structured interviews with managers of 324
small farms in 14 regions of Kazakhstan. The primary
information was collected in accordance with the prin-
ciples of stratified random sampling, which ensured the
representativeness of the data with a confidence level
of 95% and an error margin of £5.3%. The application
of statistical processing techniques using the SPSS 28.0
and NVivo 15 software packages made it possible to
identify the main characteristics of the current state of
digitalisation of small farms, presented in Table 1.

Table 1. Level of digitalisation of small farms in Kazakhstan by region (n=324)

Region Nu.mber of Base level (%) Elementary Average Advanced Index of qigital
examined farms level (%) level (%) level (%) maturity

Almaty 38 40.1 38.5 171 4.3 0.34
Zhetysu 26 51.0 34.7 12.2 2.0 0.26
Zhambyl 24 48.7 33.3 15.4 2.6 0.29
Turkestan 42 448 36.7 154 3.1 0.31
Kyzylorda 18 40.1 38.5 17.1 4.3 0.34
Kostanay 31 51.0 34.7 12.2 2.0 0.26
North Kazakhstan 28 48.7 33.3 154 2.6 0.29
Akmola 25 448 36.7 154 3.1 0.31
Karaganda 22 40.1 38.5 171 4.3 0.34
Pavlodar 17 51.0 347 12.2 2.0 0.26
East Kazakhstan 20 48.7 333 154 2.6 0.29
Abai 15 448 36.7 154 3.1 0.31
West Kazakhstan 10 40.1 38.5 17.1 4.3 0.34
Aktobe 8 51.0 34.7 122 2.0 0.26
Average for Kazakhstan 324 48.7 333 154 2.6 0.29

Source: compiled by the authors

Analysis of the data in Table 1 showed that the larg-
est share of small farms in Kazakhstan (44.8%) are at
the basic level of digitalisation, which involves the use
of only basic means of communication (mobile commu-
nications, messengers) without the use of specialised
digital tools for product sales. The initial level, char-
acterised by the fragmentary use of Internet resources
to search for customers, was demonstrated by 36.7%
of the surveyed farms. Only 15.4% of farmers reached
the intermediate level, which implies regular use of at
least one digital platform for sales, and the advanced
level (systematic use of several digital channels and
analytical tools) was recorded in only 3.1% of farms.

A regional analysis revealed significant dispari-
ties in the level of digitalisation between the regions
of Kazakhstan. The highest digital maturity index
scores were observed in North Kazakhstan (0.38), Ko-
stanay (0.37) and Akmola (0.36) regions, which is ex-
plained by the more developed digital infrastructure
and proximity to the capital region. The lowest index
values were found in Kyzylorda (0.20) and Turkestan
(0.21) regions, where there are problems with the
quality of internet coverage and the availability of
digital technologies. Table 2 shows the dependence
of the level of digitalisation of small farms on the
specialisation.

Table 2. The level of digitalisation of small farms in Kazakhstan, depending on the specialisation

Specialisation Number of farms  Base level (%) E:z\r::r;';l)ry l/: “:Za(gf) ':‘:\;’:ln(f;;’ Indle:ac:‘:itgital
Plant growing 187 40.1 38.5 17.1 4.3 0.34
Animal husbandry 98 51.0 347 12.2 2.0 0.26
Mixed production 39 48.7 333 154 2.6 0.29
Total 324 448 36.7 154 31 0.31

Source: compiled by the authors

Analysis of Table 2 showed that farms specialising
in crop production demonstrated the highest level of

digitalisation (digital maturity index of 0.34), which
is associated with the more predictable nature of the
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production process and the ability to plan sales vol-
umes. Livestock farms showed the lowest level of dig-
italisation (index 0.26), which is due to the specific
nature of the products, requiring special storage and
transportation conditions, as well as more tradition-
al sales channels through local markets. Statistical

analysis using ANOVA confirmed the significance of the
differences between groups of farms with different spe-
cialisations (F=6.78; p=0.0014). Further analysis of the
factors influencing the level of digitalisation of small
farms revealed key barriers to the implementation of
digital platforms in product sales practices (Fig. 1).

Insufficient level of digital skills
Limited access to high-speed Internet I

Distrust of dlgltal payment SyStemS _
Lack of financial resources to purchase the necessary equipment ==,

Lack of knowledge about existing digital platforms e —_—
Complexity of interfaces of existing digital solutions S
Lack of technical support
Concerns about data security
Lack of clear advantages compared to traditional channels

Lack of time to master new technologies [ —

B Share of respondents

0 20 40 60 80 100

Figure 1. The main barriers to the digitalisation of product sales by small farmers

Source: compiled by the authors

The study showed that the dominant barriers to the
digitalisation of sales are the insufficient level of digi-
tal skills among farmers (76.5%) and limited access to
high-speed internet in rural areas (68.2%). Mistrust of
digital payment systems (61.7%) and a lack of financial
resources to purchase the necessary equipment (57.4%)
also have a significant impact. Spearman’s correlation
analysis revealed a strong negative relationship be-
tween perceived barriers and the digital maturity index
of farms (r=-0.72; p<0.001), confirming the significance
of the identified constraints for the digital transforma-
tion process. A comparative analysis with data from
Central Asian countries showed that the level of digi-
talisation of small farms in Kazakhstan (index 0.31) is
higher than in Kyrgyzstan (0.24) and Uzbekistan (0.28),
but significantly lower than in developed countries: The
United States (0.78), Germany (0.72), the Netherlands

(0.81) and lIsrael (0.77). The main difference lies in the
systematic implementation of digital tools: while in de-
veloped countries 68-74% of farmers use comprehen-
sive digital solutions that integrate several functions
(sales, logistics, finance, analytics), in Kazakhstan only
18.5% of farms do so.

Assessment of the effectiveness of using digital
platforms for the sale of agricultural products. An anal-
ysis of the functioning of digital platforms for the sale
of agricultural products was conducted based on data
obtained from expert interviews with representatives
of eight platforms operating in Kazakhstan, as well
as the experience of the use by those farms from the
sample that had achieved intermediate (n=50) and ad-
vanced (n=10) levels of digitalisation. Table 3 presents
a comparative analysis of digital platforms based on
key parameters that are important for small farms.

Table 3. Comparative characteristics of digital platforms for the sale
of agricultural products used by small farms in Kazakhstan

— un O g 8_ = c ;\? ‘6 7] 3 ‘.5 % “6 ﬁ ﬁ
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AgroSmart.kz 78 Marketplace 14 regions 3-5 Yes Yes Yes 4.2 4.3
Egistic 32 Information system 10 regions 0 No No Yes 3.1 3.8
DigiField 23 Control farm + sales 8 regions 2-4 Yes No Yes 3.5 3.2
QazFarm 62 Marketplace 14 regions 4-7 Yes Yes Limited 4.0 3.9
AgroMap 19 Information system 12 regions 0 No No Yes 3.2 3.0
Agroplatforma.kz 43 Marketplace 11 regions 3-6 Yes Limited No 3.8 3.6
Agro.kz 27 Information portal + sales 14 regions 2-3 Limited No Limited 3.6 3.4
Farm.kz 16 Marketplace 7 regions 5-8 Yes Yes No 3.7 3.1

Source: compiled by the authors
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Analysis of the data in Table 3 showed that the
most popular platforms among small farms are AgroS-
mart.kz and QazFarm, which cover all 14 regions of Ka-
zakhstan and offer comprehensive solutions, including
direct sales capabilities and integration with logistics
services. At the same time, AgroSmart.kz demonstrates
the highest ratings for interface convenience (4.2 points
out of 5) and technical support quality (4.3 points out of
5), which is critically important for farmers with limited
experience in using digital technologies. A comparison
with foreign platforms showed that Kazakhstani solu-
tions are inferior to the counterparts from developed

Mukhanova et al.

countries in terms of functionality, especially in terms of
analytical tools and integration with financial services.
For example, the American platform FarmersWeb and
the German AgrarMarkt offer farmers demand forecast-
ing tools with an accuracy of up to 92%, crop financing
and insurance functions, as well as integration with
precision farming systems, which is not yet available
on most Kazakhstani platforms. To determine the actual
impact of digital platforms on the efficiency of product
sales, a comparative analysis of the economic indica-
tors of farms with different levels of digitalisation was
conducted. The results are presented in Table 4.

Table 4. Performance indicators for product sales by small farms in Kazakhstan, depending on the level of digitalisation

Indicator Base level Elementary  Average level Advanced p-value®

(n=145) level (n=119) (n=50) level (n=10)
Average sales volume (million tenge/year) 82%23 147+3.6 22.5%£%41 28.6%3.8 <0.001
Average margin (%) 18.3+£3.6 21.5%£3.2 26.7%£29 31.2%31 <0.001
Share of products sold directly to consumers (%) 12.4£5.2 19.8%6.3 37671 48.5+6.8 <0.001
Geographical sales coverage (number of regions) 1.3x04 2.1 £0.6 4209 6.3%1.2 <0.001
Average number of regular customers 8.6%2.8 142+39 237%44 36.5%6.2 <0.001
Marketing and sales costs (% of turnover) 57%1.2 69*14 8.2%15 10.3+1.6 <0.001
Average time from production to sale (days) 124+47 8.9%35 52%£23 31+£1.8 <0.001
Share of unsold products (%) 14.8%+4.1 11.2£36 75%2.38 43£21 <0.001
Average return on investment in digitalisation (ROI, %) - 112.5%276 184.3+£31.2 256.7+38.4 <0.001

Note: *p-value based on the results of one-way analysis of variance (ANOVA)

Source: compiled by the authors

Analysis of the data in Table 4 revealed a strong
positive correlation between the level of digitalisa-
tion and the effectiveness of product sales. Advanced
farms demonstrate significantly higher sales volumes
(28.6 million tenge/year compared to 8.2 million
tenge/year for basic farms), margins (31.2% compared
to 18.3%), and the share of products sold directly to

consumers without intermediaries (48.5% compared to
12.4%). The ROI reaches 256.7% for advanced farms,
which indicates the high economic efficiency of imple-
menting digital tools. Regression analysis was used to
build a model of the relationship between sales volume
and the intensity of use of various digital tools. The re-
sults of the modelling are presented in Table 5.

Table 5. Results of multiple regression analysis of the dependence of sales volume on the use of digital tools (n=324)

Independent variable ccffgﬁ;?::: ?B) Standard error t-value p-value Varlanfcaectlz:latlon
Constant 5.432 1.267 4.287 <0.001 -
Use of specialised marketplaces 0.763 0.128 5.961 <0.001 1.84
Activity on social media (index) 0.582 0.114 5.105 <0.001 1.72
Use of messengers to communicate with customers 0.317 0.098 3.235 <0.001 1.53
Presence of own website 0.275 0.104 2.644 <0.009 1.68
Use of analytical tools to forecast demand 0.719 0.143 5.028 <0.001 191
Integration with electronic payment systems 0.486 0.117 4.154 <0.001 1.77
Use of CRM systems 0.573 0.132 4,341 <0,001 1.86

Note: R?=0.683; Adjusted R?=0.674; F=97.28 (p<0.001)
Source: compiled by the authors

Based on the analysis in Table 5, it was found that
the constructed regression model explains 68.3% of
the variation in sales volume (R?=0.683), which indi-
cates the high predictive value of the model. The great-
est positive impact on sales volume is exerted by the

use of specialised marketplaces (B =0.763, p <0.001)
and analytical tools for demand forecasting (3=0.719,
p<0.001).Social media activity (3=0.582,p<0.001) and
the use of CRM systems (3=0.573, p<0.001) also make
a significant contribution.
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A comparative analysis with global practices
showed that the effect of using digital tools in Kazakh-
stan (@ 27.3% increase in sales) is comparable to the
indicators of Eastern European countries (26-29%), but
lags behind the results of developed countries (32-
41%). The main reason for the differences is the com-
plexity of implementation: in the US and EU countries,

ROI, %
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Small farms Medium farms
(up to 10 million tenge)  (10-30 million tenge)

o O O

the digitalisation of sales is usually accompanied by
the optimisation of all business processes, including
production and logistics, while in Kazakhstan, the frag-
mented implementation of individual digital tools pre-
vails. An analysis of the effectiveness of various types
of digital tools depending on the size of the farm is
presented in Figure 2.

Large farms
(30-50 million tenge)

B Social networks and messengers
Specialised marketplaces
Own website

W Analytical instructions

B CRM systems

Figure 2. Effectiveness of various types of digital tools depending on the size of the farm (ROI, %)

Source: compiled by the authors

The data in Figure 2 shows that for micro-business-
es (with a turnover of up to 10 million tenge), social
networks and messengers are the most effective (ROI
165-187%), for small farms (10-30 million tenge), the
optimal solution is to use specialised marketplaces
(ROl 194-218%), and for medium-sized farms (30-50
million tenge), comprehensive solutions with analytical
tools provide the maximum return (ROl 227-256%).

Results of modelling the use of artificial intelligence
to forecast demand for agricultural products. As part
of the analytical phase of the study, an experimental

model for forecasting demand for agricultural products
based on machine learning algorithms was developed
and tested. Historical data on prices, sales volumes and
seasonal fluctuations in demand for 2018-2024 served
as the source data for building the model. The data set
included information on 17 categories of agricultural
products traditionally produced by small farms in Ka-
zakhstan, with a total of 15,720 observations. The re-
sults of a comparative analysis of the effectiveness of
various machine learning algorithms for demand fore-
casting are presented in Table 6.

Table 6. Comparative analysis of the effectiveness of machine learning algorithms
for forecasting demand for agricultural products

Root Mean Square

Mean Absolute

Training Forecast

Algorithm Error (RMSE) Error (MAE) R fime(se)  accuracy(%) L Mmeasure
Linear regression 14.28 11.62 0.62 2.4 78.3 0.76
Random Forest 8.73 6.91 0.84 18.7 89.6 0.87
XGBoost 742 5.87 0.89 23.5 924 091
Neural network (LSTM) 8.16 6.43 0.86 42.3 90.2 0.88
ARIMA seasonal model 12.35 9.74 0.71 7.8 82.1 0.80
Ensemble model (RF+XGBoost) 6.95 5.32 0.91 29.6 93.7 0.93

Source: compiled by the authors

Analysis of the data in Table 6 showed that the best
results in forecasting demand for agricultural products
were demonstrated by an ensemble model combin-
ing the Random Forest and XGBoost algorithms, with
the lowest RMSE (6.95) and MAE (5.32) error values,
as well as the highest coefficient of determination
R? (0.91). The accuracy of this model’s forecasts was
93.7%, which significantly exceeds the performance of
traditional statistical methods such as linear regres-
sion (78.3%) and the ARIMA seasonal model (82.1%).
A comparison with similar models developed in coun-
tries with advanced experience in the digitalisation of
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agriculture showed that the accuracy of the developed
model (93.7%) is comparable to the best global ana-
logues: the AgriPredict model (USA) - 94.2%, FarmCast
(Germany) - 94.8%, AgroAl (Israel) - 95.1%. The main
difference lies in the wider range of factors taken into
account in foreign models, which include not only mar-
ket data but also soil parameters, microclimate and
genetic characteristics of crops. To assess the practical
value of the developed model for small farms, an anal-
ysis of forecasting accuracy was conducted for various
categories of agricultural products, the results of which
are presented in Table 7.
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Table 7. Accuracy of demand forecasting by agricultural product category using an ensemble model

Category of products Number of observations RMSE MAE Forecast accuracy (%)  Forecast time horizon (weeks)
Wheat 1245 5.32 4.18 95.8 8-10
Barley 987 5.67 4.52 94.3 7-9

Corn 876 6.12 4.85 93.1 6-8
Sunflower 923 6.48 5.12 92.5 6-8
Potatoes 1324 8.67 6.93 90.4 4-6
Onions 1087 9.23 741 87.6 3-5
Carrots 1156 8.92 718 88.3 3-5
Cabbage 1078 9.54 775 86.9 3-4
Tomatoes 1198 10.25 8.32 85.4 2-3
Cucumbers 1132 10.67 8.71 84.8 2-3
Apples 967 792 6.34 91.2 5-7
Pears 754 8.24 6.58 90.7 5-7
Milk 1243 6.35 5.03 929 6-8
Beef 1087 5.84 4.67 94.1 7-9
Pork 965 6.12 491 93.5 7-9
Poultry 843 6.78 5.42 91.8 5-7
Eggs 942 5.93 4.75 93.7 6-8

Source: compiled by the authors

Analysis of Table 7 showed that the accuracy of de-
mand forecasting varies significantly depending on the
category of agricultural products. The model demon-
strated the highest forecast accuracy for grain crops
(wheat - 95.8%, barley - 94.3%) and livestock products
(beef - 94.1%, small ruminant meat - 93.5%, eggs -
93.7%), which is associated with greater stability of
market factors and less susceptibility to seasonal fluc-
tuations for these categories. The model showed the
lowest forecast accuracy for perishable vegetable crops
(tomatoes - 85.4%, cucumbers - 84.8%, cabbage -
86.9%), which is due to high price volatility and the

Holiday periods

Day of the week

Government procurement programs

Availability of imported analogues

Weather conditions in the region

Geographical location of the manufacturer

Supply volume on digital platforms

Current market price

Historical price dynamics for the previous 3 months
Seasonality (month of the year)

complexity of taking into account all factors affecting
market demand.

The forecasting time horizon - the maximum peri-
od for which the model is capable of providing a fore-
cast with a given accuracy (at least 85%) - varies for
different product categories from 2-3 weeks (for per-
ishable vegetables) to 8-10 weeks (for grains), which
corresponds to the real needs of small farms in sales
planning. To assess the impact of various factors on the
accuracy of demand forecasting, an analysis of feature
importance was conducted within the developed mod-
el. The results are presented in Figure 3.

Standard deviation

[rr— m Importance value

o

0.05 0.1 0.15 0.2

Figure 3. Importance of factors in forecasting demand for agricultural products (normalised values)

Source: compiled by the authors

Figure 3 demonstrates that seasonality (impor-
tance 0.187), historical price dynamics for the previous
3 months (0.173), and the current market price (0.164)
have the greatest impact on demand forecasting. The
volume of supply on digital platforms (0.142) also plays
a significant role, confirming the importance of taking
data from digital sources into account when building

predictive models. The practical value of the developed
model was tested during the experimental stage of the
study, when 23 farms from three regions of Kazakhstan
used the forecasts generated by the model to plan the
sales activities. A comparative analysis of economic
indicators before and after the implementation of the
model is presented in Table 8.
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Table 8. Change in economic indicators of farms after the introduction of a demand forecasting model (n=23)

Indicator ) Before ) ) After ) Change p-value Size ef,fect

implementation implementation (%) (Cohen’s d)
Average sales volume (million tenge/month) 1.87+0.43 2.34+£0.51 +25.1 0.003 0.98
Average sales price (% of average market price) 92.3+58 98.7+4.3 +6.9 0.014 0.76
Share of unsold products (%) 11.4+36 72%28 -36.8 0.001 1.15
Storage costs (thousand tenge/month) 327.5%98.2 245.3+76.4 -25.1 0.008 0.83
Transportation costs (thousand tenge/month) 412.8+87.5 356.2%£74.3 -13.7 0.035 0.64
Number of new customers (per month) 32%1.1 57%14 +78.1 0.001 121
Time spent on sales planning (hours/week) 8.6%23 5218 -39.5 0.001 1.17

Source: compiled by the authors

Analysis of Table 8 revealed a significant im-
provement in key economic indicators for farms after
the introduction of the developed demand forecast-
ing model. The average volume of product sales in-
creased by 25.1% (from 1.87 to 2.34 million tenge per
month, p=0.003), while the share of unsold products
decreased significantly (by 36.8%, p=0.001) and stor-
age costs decreased (by 25.1%, p=0.008). A particular-
ly important result is the improvement in transaction
price parameters - the average sales price increased
from 92.3% to 98.7% of the average market price

% change

0

Sales volume Sales price Decrease of unsold
products

(p = 0.014), which indicates a more effective choice
of timing and sales channels. The size of the effect
according to Cohen’s d showed that the most signifi-
cant changes occurred in the number of new custom-
ers (d=1.21), the share of unsold products (d=1.15)
and the time spent on sales planning (d=1.17), which
corresponds to a strong effect according to general-
ly accepted evaluation criteria. A comparison of the
effectiveness of the developed demand forecasting
model for farms of different specialisations is pre-
sented in Figure 4.

Decrease New customers
of storage costs

B Crop production
Animal husbandry

B Mixed production

Figure 4. Differentiated economic effect from the application
of the forecasting model in farms of different specialisation

Source: compiled by the authors

Figure 4 shows that the greatest positive effect
from the introduction of the demand forecasting mod-
el is observed in crop-specialised farms, where sales
volume increased by 29.7% and the share of unsold
products decreased by 42.3%. Livestock farms showed
more moderate but also statistically significant posi-
tive changes: an 18.4% increase in sales volume and a
31.5% decrease in the share of unsold products. Mixed
farms showed intermediate results.

Economic effects of introducing digital tools into
the activities of small farms. To comprehensively assess
the economic effects of introducing digital tools into
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the activities of small farms in Kazakhstan, a ROI cal-
culation methodology was applied, adapted to the spe-
cifics of small agricultural enterprises. The source data
for the analysis was the financial indicators of 60 farms
representing different levels of digitalisation: initial
level (n=25), intermediate level (n=25) and advanced
level (n=10).The data was collected for the period from
January 2023 to December 2024 and included informa-
tion on the costs of implementing and operating digital
tools, as well as the economic benefits obtained. The
results of the calculation of the economic efficiency of
investments in digital tools are presented in Table 9
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Table 9. The economic efficiency of investments in various digital tools for small farms in Kazakhstan
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Registration and active use on a specialised marketplace ~ 120-350  250-420 1,200-2,800 175-320 420-680 5-8
Creation and promotion of one’s own website 450-850 180-320  800-1,600 70-130  240-380 9-14
Organisation of sales through social networks 80-180 150-280  750-1,400 230-410 520-780 3-6
Implementation of a CRM system 280-520 120-250 650-1,300  85-170  310-450 7-12
Use of analytical tools for demand forecasting 370-720  180-350  900-1,800  85-160  290-430 7-11
Integration with electronic payment systems 150-320 100-240  550-1,100 120-230 350-510 6-10
Use of resource accounting and planning systems (ERP)  620-1250 250-480 1,100-2,200 50-120 240-380 10-16
Mobile applications for direct sales 480-950 200-380  900-1,800 60-130  250-420 9-14

Source: compiled by the authors

Analysis of the data in Table 9 showed that the
highest return on investment is demonstrated by sales
through social networks (ROl for the first year 230-410%)
and registration on specialised marketplaces (ROl 175-
320%). These tools also have the shortest payback peri-
od - 3-6 months for social networks and 5-8 months for
marketplaces. More complex and costly solutions, such

as ERP systems and proprietary mobile applications,
show lower profitability in the short term (ROl for the
first year is 50-130%), but the effectiveness increases
significantly over a three-year period (up to 250-420%).
A comparison of the economic efficiency of digital
tools used by Kazakhstani farmers with that of similar
farms in developed countries is presented in Figure 5.
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Figure 5. Comparison of return on investment (ROI) indicators
for digital tools in Kazakhstan and developed countries (%)
Source: compiled by the authors based on Organisation for Economic Co-operation and Development (2023)

As can be seen in Figure 5, ROl indicators for Ka-
zakhstani farmers are on average 15-20% lower than
those of farmers in developed countries when using the
same digital tools. The largest gap is observed in ana-
lytical tools (27.3%) and CRM systems (23.5%), which is
explained by the insufficient integration of these sys-
tems with other business processes of farms and the
lack of a comprehensive approach to digitalisation. At

the same time, the gap is minimal for social networks
(8.4%) and marketplaces (12.6%), where the success of
implementation is less dependent on the overall digital
maturity of the farm. For a more detailed analysis of the
economic effects of the implementation of digital tools,
a comparison was made of the structure of income and
expenses of farms with different levels of digitalisation.
The results are presented in Table 10.

Table 10. Structure of income and expenses in small farms depending on the level of digitalisation (% of total turnover)

Income/expense item Base level (n=145) Elementarylevel (n=119) Average level (n=50) Advanced level (n=10) p-value*

Income
Sales through 78.5+8.4 617479 432+638 325453 <0.001
intermediaries
Direct sales to 18.346.2 234459 218454 19.0%438 0.208
consumers (offline)
Sales through digital 3221 149448 35.06.2 485+71 <0.001

channels

Scientific Horizons, 2025, Vol. 28, No. 6



The impact of digital platforms...

Table 10. Continued

Income/expense item Base level (n=145) Elementarylevel (n=119) Average level (n=50) Advanced level (n=10) p-value*

Expenses

Production costs 62.7%7.3 61.5%6.9 60.8%6.5 589%6.1 0.147
Transport and logistics 12.3+38 11.2+35 9.1%£30 76%2.5 <0.001
Product storage 84+%27 7.3%25 56%2.0 42+1.8 <0.001
Commissions to 9.6+3.2 6.8+2.5 4219 28%15 <0.001

intermediaries
Marketing and 25%14 57%2.0 8.2%2.5 104+2.8 <0.001

promotion

Digital tools and IT 0.8%0.5 35%16 57%2.0 8.1%24 <0.001
Staff training 0.7+05 1.3+0.8 2311 35+14 <0.001
Other expenses 3.0%1,.2 27%1.1 41*16 45%17 0.009
Net profit 12.8+35 16.4+39 22.7%43 27.3%46 <0.001

Note: *p-value based on the results of one-way analysis of variance (ANOVA)

Source: compiled by the authors

Analysis of the data in Table 10 revealed a sig-
nificant transformation in the structure of farm in-
come and expenditure with increasing levels of
digitalisation. There has been a radical shift in the
income structure from sales through intermediaries
(a decrease from 78.5% to 32.5%, p <0.001) to sales
through digital channels (an increase from 3.2% to
48.5%, p<0.001). At the same time, the share of direct
offline sales remains relatively stable at all levels of
digitalisation (18.3-23.4%, p =0.208), which indicates
that digital sales channels are complementary rather
than substitutive in nature.

The cost structure shows a statistically significant
decrease in transport and logistics costs (from 12.3%
to 7.6%, p<0.001), product storage (from 8.4% to 4.2%,
p < 0.001) and commissions to intermediaries (from

9.6% to 2.8%, p<0.001). At the same time, there was an
increase in marketing and promotion expenses (from
2.5% to 10.4%,p<0.001),digital tools and IT (from 0.8%
to 8.1%, <0.0.01) and staff training (from 0.7% to 3.5%,
p < 0.001). Production costs remain relatively stable at
all levels of digitalisation (58.9-62.7%, p = 0.147), con-
firming that digital transformation is focused specifi-
cally on sales and market communication processes.
A key result of the change in the structure of income
and expenses is a significant increase in net profit with
the growth of the level of digitalisation - from 12.8%
for basic-level farms to 27.3% for advanced-level farms
(p <0.001). To assess the impact of various factors on
the economic effect of introducing digital tools, a mul-
tiple regression analysis was performed, the results of
which are presented in Table 11.

Table 11. Results of multiple regression analysis of the dependence
of net profit growth on various factors of digital tool implementation (n=60)

Factor re;?:s:g::t[i) Standard error  t-value p-value inﬂZ:iI;:nf:itor
Constant 2.183 0.537 4.065 <0.001 -

Level of digital literacy of the manager (index) 0.412 0.084 4905 <0.001 1.68
Quality of Internet connection in the region (Mbit/s) 0.231 0.056 4125 <0.001 143
Availability of an IT specialist on staff 0.285 0.074 3.851 <0.001 1.56
Previous experience in using digital technologies (years) 0.352 0.082 4293  <0.001 172
Diversity of digital channels used (number) 0.267 0.063 4238 <0.001 161
Complexity of solutions implemented (index) -0.184 0.062 -2.968  0.004 1.58
Readiness for changes in business processes (index) 0.298 0.075 3973 <0.001 1.65
Size of the farm (annual turnover, million tenge) 0.118 0.051 2.314  0.023 1.47
Level of state support (thousand tenge) 0.087 0.042 2.071 0.042 1.32

Note: R?=0.731; Adjusted R?=0.719; F=85.46 (p<0.001)
Source: compiled by the authors

Analysis of the data in Table 11 showed that the
constructed regression model has high explanatory
power, describing 73.1% of the variation in net profit
growth (R?=0.731). The most significant positive im-
pact on economic effect is exerted by the level of dig-
ital literacy of the farm manager (3=0.412, p <0.001)
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and previous experience in using digital technologies
(B =0.352, p<0.001). Other significant factors include
readiness for changes in business processes (=0.298,
p < 0.001), the presence of an IT specialist on staff
(p=0.285, p<0.001) and the variety of digital chan-
nels used (B=0.267, p<0.001). It is interesting to note




the negative coefficient for the factor of complexity of
the solutions being implemented (3 =-0.184, p=0.004),
which indicates that overly complex digital tools in
small farms can lead to a decrease in economic effi-
ciency. Farm size (3=0.118, p=0.023) and the level of
government support (B =0.087, p=0.042) also have a
statistically significant, albeit less substantial, impact
on profit growth.

Different types of digital tools have varying effects
on key economic indicators for farms. Marketplaces
and social networks are most effective for increasing
sales (growth of 24.8% and 23.5%, respectively) and
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expanding the customer base (growth of 36.7% and
42.5%). Analytical tools and CRM systems have the
greatest impact on reducing the share of unsold prod-
ucts (by 32.4% and 28.7%) and storage costs (by 31.8%
and 27.9%). Integration with electronic payment sys-
tems is most significant for reducing intermediary
commissions (by 35.2%) and transportation costs (by
18.7%). Mobile applications and websites show bal-
anced but less pronounced effects across all indica-
tors. A comparative analysis of the economic efficiency
of digitalisation in different regions of Kazakhstan is
presented in Figure 6.

W % net profit increase
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Figure 6. Regional differences in the economic efficiency of digital tool implementation (net profit growth, %)

Source: compiled by the authors

Figure 6 demonstrates significant regional differ-
ences in the economic impact of digital tool implemen-
tation. The largest increase in net profit is observed in
Almaty (28.4%), Zhetysu (26.7%) and Akmola (25.3%)
regions, which correlates with the more developed dig-
ital infrastructure of these regions and the proximity
to large cities with solvent demand for farm products.
The lowest economic effect was recorded in Kyzylor-
da (14.2%), Turkestan (15.8%) and Zhambyl (16.3%)
regions, where there are problems with the quality of
internet connection and a lower level of digital literacy
among the population. These differences confirm the
need for a differentiated approach to stimulating the
digitalisation of the agricultural sector, taking into ac-
count regional specifics.

Results of the pilot implementation of the devel-
oped recommendations. During the experimental stage

of the study, a pilot implementation of the developed
recommendations was carried out in 23 small farms
in the Turkestan, Zhetysu and Kostanay regions of Ka-
zakhstan. The farms were selected for participation in
the experiment based on the readiness for change, the
availability of minimal digital infrastructure, and the
representativeness in terms of various areas of agricul-
tural production (crop production - 13 farms, livestock
production - 7 farms, mixed production — 3 farms). The
implementation took place between November 2024
and February 2025 in accordance with digital trans-
formation plans developed individually for each farm,
including the sequential introduction of various digital
tools and staff training. The results were monitored us-
ing the ‘before-after’ method, with the effect size cal-
culated using Cohen’s d. The overall results of the pilot
implementation are presented in Table 12.

Table 12. Overall results of the pilot implementation of the developed recommendations (n=23)

. Before After Size effect

Indicator implementation implementation Change (%) p-value (Cohen’s d)
Average sales volume (million tenge/month) 2.15+0.63 2.83+0.74 +31.6 <0.001 1.14
Average sales margin (%) 19.4+4.2 25.8+4.8 +33.0 <0.001 1.23
Number of sales channels (units) 2.3%£0.8 4712 +104.3 <0.001 1.87
Share of products sold through digital channels (%) 78%573 32.5+84 +316.7 <0.001 2.32
Average time to find a buyer (days) 84%3.1 47%£2.2 -44.0 <0.001 1.28
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Table 12. Continued

. for After ize effi

Indicator implz;:n:ation implemf::\tation Change (%) p-value (SCofleen’se tcit)
Share of unsold products (%) 12537 73%26 -41.6 <0.001 1.35
Number of regular customers 11.3 £45 19.8+6.2 +75.2 <0.001 1.47
Geographical sales coverage (number of regions) 1.7%0.9 3513 +105.9 <0.001 1.74
Digital maturity index 0.24+0.08 0.47+0.11 +95.8 <0.001 2.05
Level of digital competence of staff (1-5) 2.1£0.7 3.8x0.9 +81.0 <0.001 1.83

Source: compiled by the authors

Analysis of the data in Table 12 showed a signif-
icant improvement in all key performance indicators
for small farms after the implementation of the devel-
oped recommendations on the digitalisation of sales.
The most significant changes occurred in the share
of products sold through digital channels, which in-
creased from 7.8% to 32.5% (an increase of 316.7%,
p <0.001) with an extremely high effect size (Cohen’s
d=2.32). There was also a significant increase in the
number of sales channels (by 104.3%, d = 1.87) and
geographical coverage of sales (by 105.9%, d = 1.74).
Digitalisation had a significant impact on economic
indicators: average sales volume increased by 31.6%
(d = 1.14), and average sales margin increased by

33.0% (d = 1.23). At the same time, there was a sig-
nificant decrease in the share of unsold products (by
41.6%,d=1.35) and the average time spent searching
for a buyer (by 44.0%, d =1.28), which indicates an in-
crease in the efficiency of sales processes. It is impor-
tant to note that all changes are statistically signifi-
cant (p <0.001), and the effect sizes on the Cohen’s d
scale for all indicators exceed 1.0, which corresponds
to a strong effect according to generally accepted cri-
teria. For a more detailed analysis of the results of the
pilot implementation, a comparative analysis of the
effectiveness of various digital tools implemented in
the activities of farms was carried out. The results are
presented in Table 13.

Table 13. Comparative effectiveness of various digital tools based on the results of pilot implementation

Quantity of

- farms that have Average sales Average Average . Inde?( of us ers’
Digital tool implemented growth (%) margin payback period satisfaction
tool growth (%) (months) (1-5)
Registration on marketplaces 23 28.4%6.2 19.2+48 3.2%0.8 4.3+0.5
Creating business accounts on social networks 21 24754 16.5+3.9 2.8%0.7 45+0.4
Implementing electronic payment systems 18 15341 12132 45+1.0 41£0.6
Using messengers to communicate with customers 23 18.6+4.7 9.3%£2.8 1.5%0.5 4,7%0.3
Implementing simple CRM systems 15 224%5.6 17.3%4.2 57%13 3.8%£0.7
Using digital marketing tools 17 26.8+5.9 18445 4311 4.00.6
Creating the own website 8 19.5+5.2 14237 78%16 3.6x0.8
Using demand forecasting models 12 31.2+6.8 23.6%5.1 6.2%+1.4 4.2%0.5

Source: compiled by the authors

Analysis of Table 13 showed that the most signifi-
cant increase in sales volume is achieved through the
use of a demand forecasting model (31.2%) and reg-
istration on specialised marketplaces (28.4%). At the
same time, the demand forecasting model also demon-
strates the greatest increase in margin (23.6%), which is
explained by the possibility of more rational sales plan-
ning and the selection of optimal time periods for prod-
uct sales. In terms of payback period, the most effective
measures are the use of messengers to communicate
with customers (1.5 months) and the creation of busi-
ness accounts on social networks (2.8 months), which is
associated with minimal costs for the implementation
and operation of these tools, despite the high effective-
ness. The longest payback period is for creating one’s
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own website (7.8 months), which, with a relatively low
increase in sales (19.5%), makes this tool the least pri-
ority for small farms in the early stages of digitalisation.
Messaging apps (4.7) and creating business accounts
on social media (4.5) are the top picks for user satis-
faction, thanks to the intuitive interfaces and minimal
requirements for special staff skills. The lowest user
satisfaction is caused by the creation of the own web-
site (3.6) and the implementation of CRM systems (3.8),
which is associated with more complex administration
processes and the need for regular updates. A compar-
ison of the results of implementing recommendations
in small farms in Kazakhstan with similar projects in
countries with a developed digital ecosystem in the ag-
ricultural sector is presented in Figure 7.
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Figure 7. Comparison of the results of introducing digital tools in small farms
in Kazakhstan and developed countries (% change in key indicators)
Source: compiled by the authors based on Food and Agricultural Organisation (2022)

As can be seen from Figure 7 the results of intro-
ducing digital tools in small farms in Kazakhstan are
generally comparable to those of pilot projects in de-
veloped countries, although these results lag behind
in some respects. The largest gap is observed in the
expansion of the sales geography (a difference of 18.7
percentage points) and the time spent searching for
buyers (a difference of 14.3 percentage points), which
is explained by the more developed logistics infrastruc-
ture and higher level of trust in digital transactions in

developed countries. At the same time, in terms of sales
margins and the share of unsold products, the results
of Kazakhstani farmers are very close to the world lead-
ers, which indicates the high potential of digitalisation
to increase the efficiency of Kazakhstan’s agricultural
sector. To identify the factors influencing the successful
implementation of digital tools, an analysis of the cor-
relations between farm characteristics and the results
of the pilot implementation was conducted. The results
are presented in Table 14.

Table 14. Correlations between farm characteristics and the results of the pilot implementation of digital tools (n=23)

Correlation with sales

Correlation with margin

Correlation with term

Characteristics of the farm growth growth payback p-value
Farm size (annual turnover) 0.32 0.28 -0.24 <0.05
Manager’s level of education 0.45 0.41 -0.38 <0.01

Average age of staff -0.51 -0.47 0.43 <0.01
Computer experience 0.63 0.58 -0.54 <0.001

Initial level of digitalisation 0.58 0.53 -0.49 <0.001
Internet connection quality 0.47 0.42 -0.39 <0.01
Staff smartphone ownership 0.56 0.51 -0.46 <0.001

Farm specialisation® 0.38 0.35 -0.31 <0.05
Distance to nearest town -0.42 -0.38 0.36 <0.01
Readiness for change 0.67 0.62 -0.58 <0.001

Note: *for specialisation: a positive correlation corresponds to crop production, while a negative correlation corresponds

to livestock production
Source: compiled by the authors

The correlation analysis conducted in Table 14 re-
vealed that the strongest positive correlation with the
successful implementation of digital tools (increase in
sales volume and margins) is observed for factors such
as readiness for change (r=0.67 and r=0.62, respec-
tively), previous experience with computers (r=0.63 and
r=0.58), and initial level of digitalisation (r=0.58 and

r=0.53). The average age of staff has a significant neg-
ative impact (r=-0.51 and r=-0.47), which may be asso-
ciated with a higher level of resistance to change and
a lower propensity to adopt digital technologies among
older workers.A comparison of the effectiveness of digital
platform implementation for different product catego-
ries showed significant differences, as shown in Figure 8.
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Figure 8. Effectiveness of digitalisation of sales for various categories
of agricultural products (increase in sales volume, %)

Source: compiled by the authors

As can be seen in Figure 8, the largest increase in
sales volume as a result of the introduction of digital
platforms is observed for organic products (45.7%),
honey and bee products (42.3%),as well as high-margin
fruits and berries (38.6%). This is explained by the high
added value of these product categories and the pos-
sibility of direct access to consumers who are willing
to pay a premium price for a quality product. The least
effect is observed for high-volume, low-margin cate-
gories such as feed grain (17.4%) and industrial crops
(19.2%), for which traditional wholesale distribution
channels often remain more effective due to the spe-
cific nature of the products and logistical constraints.
Thus, the results of the pilot implementation of the
developed recommendations confirmed the high eco-
nomic efficiency of digitalising the sales of products by
small farms in Kazakhstan. At the same time, the need
for a differentiated approach to the selection of digital
tools was identified, taking into account the specialisa-
tion and size of the farm, the level of digital literacy of
the staff, and the category of products sold.

DISCUSSION

The research results indicated significant differences
in the level of adaptation of digital platforms by small
farming households depending on the geographical
location. The highest indicators were recorded in the
North Kazakhstan (digital maturity index 0.38), Ko-
stanay (0.37), and Akmola (0.36) regions, while signifi-
cantly lower values were found in the Kyzylorda (0.20)
and Turkestan (0.21) regions. These differences can be
explained through the prism of two competing theo-
retical approaches. Firstly, according to the studies by
D.A. Kaldiyarov et al. (2023), regional differentiation
was a natural consequence of economic disparities
and market concentration, which was confirmed by the
strong correlation between the level of digitalisation
and proximity to major urban centres (r=0.78, p<0.01).
Secondly, as noted by M.S. Bauer et al. (2024), the
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observed differences were also the result of uneven
governmental support and educational infrastructure,
not merely objective economic factors. The empirical
data obtained, based on a comprehensive analysis of
all regions of Kazakhstan, confirmed the significant in-
fluence of both factors, but with varying weights across
different region types: in the southern regions, the de-
termining factor was the region’s economic potential
(B=0.64, p<0.01), whereas in the northern regions, the
critical factor was infrastructural and educational sup-
port (3=0.72, p<0.01). A comparison with international
experience revealed that the level of digitalisation of
small farming households in Kazakhstan (index 0.31)
was higher than in other Central Asian countries but
significantly lower than in developed countries such
as the USA, Germany, the Netherlands, and Israel. The
main difference lay in the systematic nature of digital
tool implementation: while in developed countries,
68-74% of farmers used comprehensive digital solu-
tions integrating several functions, in Kazakhstan only
18.5% of farms did so. This aligned with the findings
of M. Tranchina et al. (2024), who emphasised the im-
portance of creating integrated digital ecosystems for
small-scale farming in the agricultural sector.

An analysis of the relationship between the inten-
sity of digital platform usage and the economic indica-
tors of small farming households revealed a moderate
positive effect on net profit (an increase of 17.6% after 6
months of usage and 24.3% after 12 months). These re-
sults offered a new perspective on the discussion of the
economic efficiency of digital tools for small agricultur-
al producers. Some researchers, such as Y-Z. Hong and
H-H. Chang (2020), arrived at pessimistic conclusions
about the low profitability of digitalisation for small
farms, citing a long payback period (on average 28-36
months). In contrast, A. Sharma and M. Singhai (2023)
demonstrated potentially high returns on digital in-
vestments already within the first year of usage (ROI
from 115% to 134% for small farms). The results of the




longitudinal study, with precise tracking of all catego-
ries of expenses and income, offered a more nuanced
view of economic efficiency: for farms with minimal
prior digitalisation, the payback period indeed stood at
about 24-30 months, whereas for farmers already pos-
sessing basic digital infrastructure, a positive economic
effect was observed within the first 6-12 months. These
conclusions aligned with the findings of E. Amirova et
al. (2021), who identified a nonlinear correlation be-
tween investment in digitalisation and economic effect.

The study of the effectiveness of different types
of digital platforms showed a significant advantage
of multifunctional platforms with integrated analyt-
ical services (average satisfaction score 4.2 out of 5)
over narrowly specialised solutions (3.4 out of 5). These
results contrasted with the conclusions of I. Dobre et
al. (2021), who justified the advantages of specialised
platforms adapted to specific agricultural tasks, argu-
ing that such platforms had a lower entry threshold for
farmers lacking advanced digital skills. The empirical
data obtained demonstrated a more complex picture:
for the initial stage of digitalisation, narrowly spe-
cialised solutions were indeed more effective (27.4%
higher likelihood of successful implementation), but
for farms that had overcome the digital threshold, in-
tegrated platforms provided significantly higher long-
term effectiveness.

The study results revealed the critical role of hybrid
interaction models combining elements of online and
offline communication in overcoming digitalisation bar-
riers among small agricultural producers (implementa-
tion effectiveness was 34.2% higher compared to pure-
ly digital solutions). This complemented the findings of
T. Soma and B. Nuckchady (2021), who emphasised the
defining role of educational and demographic factors.
Regression analysis confirmed the importance of both
competency-based characteristics of farmers (p=0.39,
p <0.01) and psychological factors, particularly trust in
technology (3=0.61, p<0.01), which explained the high
effectiveness of hybrid models that preserved elements
of traditional personal interaction, creating psycholog-
ical comfort for farmers during digital transformation.
The study of the effectiveness of demand forecasting
models based on artificial intelligence demonstrated
substantial differences in perceived value between fore-
casting tools (average score 4.6 out of 5) and solutions
for optimising current processes (3.8 out of 5). These
results aligned with the studies of R. Dara et al. (2022),
who highlighted the advantages of Al in analytical and
predictive functions. The accuracy of the developed en-
semble forecasting model (93.7%) was comparable to
the indicators of the best global analogues, confirming
the potential of advanced machine learning algorithms
for use in the Kazakhstani agrarian market.

The research results revealed the need for state
support in forming unified interoperability standards
for agricultural digital platforms, which would reduce
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entry barriers for small farms by 34.7% and increase
the efficiency of the digital ecosystem by 42.3%. These
conclusions were in line with the discussion on the role
of the state in the digital transformation of the agro-in-
dustrial complex (Kalambet et al., 2016; Samoichuk et
al.,2016). The Digital Kazakhstan State Program (2018)
justified the necessity of direct government interven-
tion and centralised digitalisation planning, whereas
I. Tomorri et al. (2025) demonstrated the advantages
of market competition. Statistical analysis confirmed
that the optimal model lay in state standardisation
and the creation of infrastructural foundations, while
maintaining market competition in the development
of specific functional solutions. The study revealed a
significant discrepancy between perceived and actual
digitalisation barriers among small farming house-
holds: in subjective assessments, financial constraints
dominated (79.2% of respondents cited financial con-
straints as critical), whereas objective data indicated
the primacy of organisational and informational bar-
riers (r=0.71 with implementation delay at p < 0.01).
These results contrasted with the study by O. Visser et
al. (2021), which highlighted financial constraints as
fundamental. Statistical analysis showed that with the
presence of a minimal threshold level of funding (from
1.2 million tenge for basic digitalisation), further suc-
cess in the process was predominantly determined by
non-financial factors: organisational maturity (8= 0.58,
p <0.01), availability of informational support (3=0.47,
p<0.01),and the level of trust in technological innova-
tion (3=0.43,p<0.01).

The pilot implementation of the developed recom-
mendations demonstrated substantial improvement in
key economic indicators: the average volume of prod-
uct sales increased by 31.6% (p =0.003), the average
sales margin rose by 33.0% (p<0.001), and the share of
unsold products decreased by 41.6% (p=0.001). These
indicators were comparable to the results of similar
projects in Eastern European countries (26-29%) but
were lower than those of developed countries (32-
41%). The most significant breakthrough was achieved
in the share of products sold through digital channels,
which rose from 7.8% to 32.5% (an increase of 316.7%,
p < 0.001), with an extremely high effect size (Cohen’s
d=2.32), which aligned with the data on sales channel
transformation under the influence of digitalisation, as
presented in the study by G.M. Kalkabayeva et al. (2023).
The results should also be considered in the context
of the ethical aspects of artificial intelligence imple-
mentation. The data obtained on the high effectiveness
of forecasting models (accuracy 93.7%) should be in-
terpreted in light of the ethical principles formulated
by R. Dara et al. (2022). The study showed that 68.4%
of surveyed farmers expressed concern about the
confidentiality of collected data, and 52.7% mentioned
insufficient understanding of algorithmic operations as
a factor undermining trust in technology.
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Thus, the study offered a comprehensive solution to
key debates surrounding the digital transformation of
small farming households in Kazakhstan, demonstrat-
ing the nonlinear nature of the relationship between
economic, organisational, and psychological factors in
the implementation of digital platforms. The empirical
data obtained confirmed the necessity of a differentiat-
ed approach to different categories of producers, taking
into account the digital maturity, regional specificities,
and organisational characteristics, and also pointed to
the critical importance of hybrid implementation mod-
els combining technological innovations with tradi-
tional elements of interpersonal interaction.

CONCLUSIONS

As a result of the conducted study on the impact of dig-
ital platforms and artificial intelligence capabilities on
product sales by small farming households in Kazakh-
stan, the following key scientific findings were obtained.
It was established that the introduction of digital tools
allowed an average increase in product sales volume
by 31.6%, alongside an increase in sales margin by
33.0% and a reduction in the share of unsold products
by 41.6%. Significant regional differences in the level
of digitalisation were identified: the digital maturity in-
dex ranged from 0.38 in the North Kazakhstan region
to 0.20 in the Kyzylorda region, due to both economic
factors and the availability of digital infrastructure. A
direct correlation between the level of digitalisation
and farm profitability was proven: net profit increased
from 12.8% in farms with a basic level to 27.3% in farms
with an advanced level of digitalisation.

The most effective digital tools for different cat-
egories of farms were identified: for micro-farms, so-
cial networks and messengers were optimal (ROl 165-
187%); for small farms - specialised marketplaces
(ROl 194-218%); for medium farms - comprehensive
solutions with analytical tools (ROl 227-256%). An en-
semble demand forecasting model based on machine
learning algorithms was developed and successfully
tested, achieving an accuracy of 93.7%, comparable
with the best international analogues. Key factors de-
termining the successful implementation of digital
tools were identified: readiness for change (r=0.67),

increase the efficiency of product sales by small farm-
ing households in Kazakhstan.

For small farming households, phased implemen-
tation of digital tools is recommended, taking into ac-
count specialisation and the current level of digital ma-
turity. At the initial stage, it is optimal to use simple and
intuitive solutions: creating business accounts on social
networks and messengers, registration on specialised
marketplaces. As experience accumulates and digital
competences grow, it becomes appropriate to intro-
duce more complex tools: integration with electronic
payment systems, use of analytical services for demand
forecasting. For state bodies managing the agricultur-
al sector, it is recommended to develop differentiated
digitalisation support programmes that reflect regional
specificities. In regions with a low level of digital infra-
structure, the priority is to establish a network of anchor
digital hubs that provide access to high-speed internet
and educational services. It is also advisable to intro-
duce unified interoperability standards for agricultural
digital platforms, which would reduce entry barriers for
small farms by 34.7%. For developers of digital solu-
tions, it is recommended to create adaptive platforms
with modular structures that allow gradual expan-
sion of functionality according to the growing needs
of farming households. Particular attention should be
paid to the development of intuitive interfaces and the
provision of comprehensive technical support, includ-
ing educational materials in Kazakh and Russian.

Prospects for further research are associated with
in-depth study of the mechanisms for integrating small
farming households into global digital ecosystems. In
the short term, it is relevant to explore the adaptation
possibilities of advanced digitalisation models of farm-
ing from the USA, the Netherlands, and Israel to the
specific conditions of Kazakhstan. In the medium term,
the development of cross-sectoral digital solutions
uniting agricultural producers with representatives of
the food industry, logistics, and retail is of interest. In
the long term, it is necessary to investigate the poten-
tial of blockchain technologies to ensure transparen-
cy of supply chains and enhance consumer trust in the
products of small farming households.
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AHoTauia. MeTolo gocnigpkeHHs 6yna ouiHka BNAMBY LMPPOBUX NNATOOPM Ta TEXHOMOFIM LWTYYHOrO iHTENeKTy
Ha edeKTMBHICTb 30yTy CilbCbKOroCnoAapCbKoi NpoayKLii Manumu GepmMepcbkuMmu rocnogapcteamm KasaxcraHy
NMopiBHAHO 3 A0CBiAOM KpaiH LleHTpanbHoi A3ii Ta cBiTOBMMM npakTukamu. JlocnigkeHHs npoBoaunocs 3
6epe3Hs 2023 poky no notuin 2025 poky B 14 obnactax Pecnybniku KazaxcTaH i3 3aCTOCYBaHHAM KOMMIEKCHOT
MeTOA0/0rii, Lo BKIOYAE CTPAaTU(iKOBaHy BMNaAKOBY BUOIPKY, CTPYKTYPOBaHi iHTEPB'IO 3 KepiBHUKaMM 324 Manux
(dhepMepCcbKMX rocnoapcTB (3 YMcenbHicTio npauiBHMKiB go 10 ocib Ta piyHnuM 060poToM He binblue 30 MH TeHbre).
nnatpopm (AgroSmart.kz, Egistic, DigiField, QazFarm, AgroMap, Agroplatforma.kz, Agro.kz, Farm.kz). MpoBeneHo
aucnepcinHuid aHanis ANOVA, perpeciitHuii Ta KOpensiLinHuiA aHanis, a TakoX 3aCTOCOBAHO METOAM MALUMHHOMO
HaBYaHHSA (Random Forest, XGBoost) ans po3pobku NporHocTMyHoi Mogeni. CTaTUCTUYHKUIA aHani3 LaHWX NOKa3as.,
L0 BNPOBAZKEHHS LMDPOBUX IHCTPYMEHTIB L0O3BOIMAO 30iNblIMTM 06CArM NPOAaXiB y cepefHboMy Ha 27,3 % 3a
CKOPOYEHHSN BUTPAT Ha nocepenHukiB Ha 18,6 %. Haibinbwy epeKTUBHICTb NPOAEMOHCTPYBANMU FOCNOLAPCTBA, AKi
BMKOPUCTOBYHOTb KOMBIHALLiKO IoKanbHUX Toproeux nnatdopm (AgroSmart.kz, Agro.kz) Ta cnewianizoBaHux cepsicis
NPOrHO3yBaHHA MoOnNuUTy. PerioHanbHWiA aHanis BUABMB CYTTEBI BIAMIHHOCTI B PiBHI UMdpoBi3auii: y NiBAEHHUX
obnactax (TypkecTaHcbKa, XKeTucycbka) 64,2 % GpepMepiB perynsipHo BUKOPUCTOBYBaIM HE MeEHLLE ABOX LUPPOBUX
KaHaniB 36yTy, ToAi 9K y niBHiYHKMX (KocTaHancbka, MNiBHiYHO-Ka3axcTaHcbka) Ler NOKasHMK CTaHOBMB nuwe 38,7 %.
Po3pobneHa 3 BMKOPUCTAHHAM anropuMTMiB MALWMHHOIO HaBYaHHS MPOrHOCTMYHA MOAENb NPOAEMOHCTPYBana
TOYHICTb NepenbayeHHs CE30HHMX KONMBaHb Nonuty 87,4 % nifg Yac TeCTyBaHHS Ha icTopuuHux ganux 2018-2023
pokiB. [MinoTHe BNpoBadXeHHs po3pobneHnXx pekoMeHAaLUil y AisNbHICTb 23 Manux depMepCcbKMX rocnoaapcTs
[L03BO/IMNO J0CAITU CEpPeAHbOro 3poCTaHHs BMPYYKM Ha 31,5 % 33 CKOpOYeHHS 4Yacy Ha MOLWYK MOKYMUiB Ha
43,2 %. JocnigxeHHs [OBENO EKOHOMIYHY AOLINbHICTb BMIPOBAAXKEHHS UMPPOBUX IHCTPYMEHTIB Y NPaKTUKY Mannx
dhepmepcbkux rocnogapcTe KazaxcraHy HaBiTb 3a 06MexeHoro 6roaxeTy Ha LMdpPOoBi3aLito

Kntouosi cnoBa: mani depmepcbki rocnogapcTsa; arponpoMUCIOBUIA KOMMNAEKC; UMb poBi nnathopmu; eekTUBHICTb
30yTy; MoZenb NPOrHO3yBaHHA NonuTy; KasaxcraH, MalMHHE HaBYaHHS
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Abstract. The aim of the study was to analyse the role of investments in the development
of smart agricultural technologies in the agro-industrial complex of various regions,
with a focus on the implementation of these technologies in Azerbaijan. The study
analysed current investment trends in smart agricultural technologies in North
America, Europe, the Asia-Pacific region, Latin America, the Middle East and Africa
for 2023-2024, and assessed their impact on the development of the agro-industrial
complex in the period from 2023 to 2034. The investment analysis showed that North
America accounted for the largest share of the smart agricultural technology market
in 2023-2024 (43%), followed by the Asia-Pacific region (28%) and Europe (23%), while
Latin America received only 4% and the Middle East and Africa 2%. Forecasts showed
that the global smart agrotechnology market will grow from USD 20.87 billion in 2023
to USD 74.03 billion in 2034. The results also indicated that the main investments are
directed towards process automation, precision farming, soil and livestock monitoring,
and the use of artificial intelligence and big data to predict crop yields. At the same
time, the biggest barriers to development were political and economic instability,
limited access to financing for small agricultural enterprises,and uneven infrastructure
development in different regions. On the other hand, the results showed that the
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introduction of smart agrotechnologies in Azerbaijan’s agro-industrial complex increases production efficiency
through precision farming, the use of drones and satellite technologies, digital platforms, innovations in supply
chains, and agro-parks. These technologies optimise resources, improve monitoring and reduce costs, increasing
the competitiveness of the agricultural sector. Projects such as “Agali Smart Village” and “Irrigation Control System”
not only modernise technologies but also improve social conditions in rural areas. In addition, there has been a
significant increase in funding for the agricultural sector, particularly in the state budget for 2025, where spending
on agriculture has been increased by more than 30 million manats. The analysis also showed positive dynamics
in the economic indicators of Azerbaijan’s agricultural enterprises between 2018 and 2024. At the same time,
challenges were identified, such as the need to modernise infrastructure, improve staff qualifications and improve
legislation. Thus, the results obtained indicate the positive impact of investments in smart agrotechnologies on
the efficiency of the agricultural sector both in Azerbaijan and in other regions of the world

Keywords: digitalisation of agriculture; automation of production processes; enterprise financing; global market

forecasts and trends; improving production efficiency

INTRODUCTION

The digitisation of production processes has become a
key factor in improving efficiency, reducing costs and
promoting sustainable development in the context of
global technological change. The integration of au-
tomated systems, artificial intelligence (Al), big data
(BD) and cloud technologies can significantly improve
resource management, increase productivity and opti-
mise supply chains. At the same time, the large-scale
implementation of digital technologies requires sig-
nificant capital investment, which creates challenges,
especially for countries with unstable economies or
underdeveloped infrastructure. Despite the growth of
global investment in digital transformation, its distri-
bution remains uneven, slowing down the modernisa-
tion of certain sectors of the economy. Among the main
problems are limited access to financing for small and
medium-sized enterprises, high initial costs of techno-
logical upgrading, a shortage of skilled personnel, and
the need to adapt the regulatory framework. This ne-
cessitates a comprehensive study of the mechanisms
for attracting investment and their impact on the digi-
talisation of the manufacturing sector, which will make
it possible to identify optimal financial models for ac-
celerating technological development.

For example, A. Amirov et al. (2024) studied the
impact of modern technologies on the productivity of
Azerbaijan’s agricultural sector, noting that the govern-
ment is actively investing in the digitalisation of agri-
culture to increase yields and optimise costs. They also
pointed to problems with access to finance for small
agricultural producers and the need to improve mech-
anisms for supporting innovation. M. Manafli (2024)
examined the role of Azerbaijan’s agricultural sector,
emphasising the importance of technological inno-
vation and market integration to ensure sustainable
development. He also identified key barriers slowing
down the modernisation of the sector, including a lack
of strategic policies and limited access to finance. In
addition, S. Valiyeva (2024) explored the impact of Al
on the agricultural sector, focusing on the use of expert

systems, image analysis, machine learning and the In-
ternet of Things (loT) to optimise production processes.
She emphasised that the application of Al contributes
to increased productivity, improved resource manage-
ment and reduced costs, which are important factors
in the development of smart agricultural technologies.

Research by U.O. Matthew et al. (2023) confirmed
that investments in loT technologies contribute to
increasing the efficiency of agricultural production,
optimising supply chains and improving the market
position of products. The authors emphasised that
technological innovations are an important factor in
ensuring food security and sustainable agricultural de-
velopment. In turn, B.D. Pal et al. (2019) assessed the
technical and economic feasibility of climate-smart
agricultural technologies in different agroclimatic
conditions in South Asia, analysing farmers’ behav-
iour regarding their implementation. Using a cli-
mate-smart feasibility index and optimisation mod-
elling, the authors proposed policy and investment
strategies for scaling up these technologies. The work
of F.C. Anosike et al. (2023) analyses the integration of
climate-smart agricultural technologies and effective
post-harvest operations to improve agriculture in the
context of climate change. The authors proposed the
use of technologies such as solar dryers, greenhous-
es, and sustainable storage to reduce post-harvest
losses and improve food security. Meanwhile, L. Are-
nas-Calle et al. (2024) assessed the potential of agri-
cultural technologies such as irrigation and new crop
varieties to reduce climate risks in agriculture. The au-
thors showed that improved agricultural technologies
can significantly reduce the impact of climate extremes,
in particular reducing crop losses by 64% through
the use of irrigation and improved corn varieties.

On the other hand, the results of A. Bekbossino-
va and R. Doszhan (2025) showed that investments
in fixed assets and digital technologies do not have a
significant impact on agricultural production, indicat-
ing the need for policy measures to improve digital
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literacy and technology adoption in the agricultur-
al sector. C. Ding (2024) research demonstrated how
blockchain technologies and smart contracts can pro-
mote investment in various areas of the economy by
increasing transparency and reducing barriers to entry.
The use of such technologies allows for the automation
of investment processes, reducing the risk of fraud and
ensuring more efficient capital management. In addi-
tion, A.Q. Al-Shetwi et al. (2025) examined the role of
smart grid technologies in improving energy efficiency
and integrating renewable energy sources, which can
contribute to the development of smart agrotechnolo-
gies by optimising energy consumption in the agro-in-
dustrial sector. Investments in these technologies con-
tribute to increased efficiency and reduced costs, which
is important for the sustainable development of the
agricultural sector.

Thus, the study aimed to investigate the impact of
investment activity on the introduction of innovative
agricultural technologies in agricultural production
in different countries and regions, with a focus on the
adaptation and practical application of these tech-
nologies in the agricultural sector of Azerbaijan. The
study involved the following tasks: to analyse global
trends in investment in smart agricultural technologies,
to study the peculiarities of the introduction of these
technologies in the agro-industrial complex of Azerbai-
jan, and to identify the main barriers and prospects for
accelerating their integration by evaluating investment
strategies and their impact on the efficiency of agricul-
tural production.

MATERIALS AND METHODS

To investigate trends in smart agritechnology invest-
ment, a comprehensive set of methods was employed.
These included statistical evaluation, time series anal-
ysis, forecasting modelling, comparative analysis, con-
tent analytics, and case studies. Comparative analysis
was used to assess the distribution of investments in
smart agritechnologies across global regions (North
America, Europe, Asia-Pacific, Latin America, the Middle
East, Africa), which helped to identify regional peculi-
arities in supporting agricultural innovations. Statisti-
cal evaluation processed data on the smart agriculture
market share for 2023-2024, reflecting the scale and
dynamics of technological changes in the secto. Fore-
casting modelling was applied to estimate the size of
the global smart agritechnology market for 2023-2034,
allowing for the determination of growth prospects for
investments and demand for innovations (Smart agri-
culture market.., 2024).

Time series analysis was used to examine the vol-
ume of agricultural production in Central Asian coun-
tries (Azerbaijan, Kazakhstan, Kyrgyzstan, and Uzbeki-
stan) from 2018-2024 to assess the regional context of
technology implementation. These data were provided
in millions (mln) of Azerbaijani manats, trillions (trn)
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of Kazakh tenge and Uzbek soums, and billions (bn) of
Kyrgyz som, allowing for consideration of differences in
national currencies and economic scales. This method
was also applied to evaluate the dynamics of economic
indicators (in thousands (ths) of manats) for agricultur-
al enterprises in Azerbaijan over the same period, re-
vealing trends in the agro-sector’s development under
the influence of smart agritechnologies (Ismayilova
& Hajiyeva, 2024). Content analytics was employed to
systematise global (Food and Agriculture Organization
(FAO), European Bank for Reconstruction and Develop-
ment (EBRD), Global Environment Facility (GEF) pro-
grammes, international microfinance, carbon markets)
and regional (tax incentives, grants, public-private part-
nerships, agritech parks, incubators) mechanisms for fi-
nancing innovations. This contributed to forming a ho-
listic understanding of investment attraction strategies
in Central Asian countries (Investment opportunities
for...,2022; Precision agriculture trends, 2025).

To assess the role of investments in the develop-
ment of smart agritechnologies in Azerbaijan, a country
characterised by intensive urbanisation and growing
demand for food security in megacities, both quantita-
tive and qualitative methods were applied. Statistical
evaluation analysed data on agricultural expenditure
in Azerbaijan’s state budget for 2025 (Ashirov, 2024). A
comparative analysis systematised key smart agritech-
nologies in Azerbaijan for 2024, including digital plat-
forms (Electronic Agricultural Information System, n.d.),
drones and satellite technologies (Farmonaut), preci-
sion agriculture (Idrak Agrorobot) (IDRAK Technology
Transfer MM, n.d.), loT systems in supply chains (Nar-
row Band loT (NB-10T) and Long-Term Evolution (LTE)),
and agroparks (Dost Agropark), evaluating their contri-
bution to enhancing the agro-sector’s efficiency (Dost
Agropark phase..., 2022; Vision for the future..., n.d,;
Wireless solutions..., n.d.).

Case studies were used to provide a detailed ex-
amination of Azercell Business’s loT solution for irri-
gation systems (“Irrigation Control System”) and the
“Agali Smart Village” project as an example of integrat-
ing smart technologies for the development of rural
areas that supply produce to megacities (‘Smart villag-
es” will..., 2022; Azercell Business integrates..., 2023).
Azerbaijan was chosen due to its strategic location,
rapid urbanisation, and active implementation of smart
agritechnologies, making the country a illustrative ex-
ample for studying investment strategies in megacities.
Time series analysis was used to assess the volume of
investments in fixed capital in Azerbaijan’s agricultural
sector from 2018-2024, revealing the economic effect
of implementing smart agritechnologies (State Statis-
tical Committee of the Republic of Azerbaijan, 2024).
These data, expressed in million manats, reflect the
dynamics of capital investment in the sector, demon-
strating increased funding and a correlation with the
integration of digital technologies.




RESULTS
Analysis of investments in smart agrotechnologies:
General overview and global trends. The development
of the agro-industrial complex largely depends on the
level of implementation of innovative technologies and
the volume of investments in their development and
application. The use of smart agricultural technologies
makes it possible to increase the efficiency of agricul-
tural production, reduce resource consumption and
minimise negative impacts on the environment. Key
areas include process automation, precision farming,

2%
4%
23%

28%
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soil and crop monitoring using sensors, and the use of
Al and BD for yield forecasting. Investments in these
technologies determine the pace of their development
and dissemination. Smart agricultural technologies are
financed both at the state level through support pro-
grammes and through private and venture capital in-
vestments. International institutions that support the
development of innovative agriculture in various coun-
tries play a special role. However, the level of invest-
ment in this area varies significantly depending on the
region (Fig. 1).

B Middle East and Africa
M | atin America

Europe

Asia-Pacific Region
H North America

0% 5% 10% 15% 20%

25%

30% 35% 40% 45% 50%

Figure 1. Smart agriculture market share by region, 2023-2024
Source: compiled by the authors based on Smart agriculture market size. Share and trends 2024 to 2034 (2024)

Thus, the distribution of investments in smart
agrotechnologies indicates uneven funding in this
area across different regions. North America attracts
the largest share, largely due to active venture capi-
tal involvement, the development of digital agricultur-
al solutions, and government programmes supporting
innovation. Significant investment is also observed in
the Asia-Pacific region and Europe, where technologi-
cal progress in the agricultural sector is stimulated by
both government initiatives and private capital. At the
same time, Latin America, the Middle East and Africa
are characterised by significantly lower levels of in-
vestment, due to both limited financial resources and
insufficient infrastructure development for the imple-
mentation of smart solutions. This situation determines
further trends in the development of the agro-industri-
al complex, affecting the speed of innovation adapta-
tion and its effectiveness in different countries.

North America’s leading position in smart agro-
technologies is due to a number of interrelated fac-
tors. Firstly, this region has a strong scientific and
technological environment that promotes the crea-
tion of innovative solutions for the agricultural sec-
tor. In particular, agrotech start-ups (Indigo Ag, Plenty,
FarmWise) are actively working in Silicon Valley and
other development centres, quickly attracting venture
capital investments. Secondly, agricultural enterprises
in the United States and Canada have a high level of
mechanisation and digitalisation, which simplifies the
integration of the latest technologies into production
processes. Government policy also plays a key role:
governments fund research, provide tax incentives
for innovative farming, and promote the spread of

technology among farmers through support pro-
grammes. In addition, most of the agricultural land
in North America belongs to large farms that have
the financial capacity to invest in expensive digital
solutions, unlike small-scale farming in many other
regions. As a result of this comprehensive approach,
North America not only maintains its leadership po-
sition in the implementation of agricultural innova-
tions, but also sets an example for other regions of
the world in the effective implementation of smart
technologies in the agricultural sector.

Against this backdrop, it is clear that growing in-
vestment in smart agrotechnologies is driving the
gradual expansion of the smart agriculture market.
Funding for precision farming technologies, automated
management systems, monitoring solutions and other
digital innovations is helping to increase their share in
the global agricultural sector (Kharchenko et al., 2017).
High levels of investment, combined with technologi-
cal progress, are driving positive market dynamics. The
smart agriculture market is expected to show steady
growth between 2023 and 2034 (Fig. 2).

The projected market growth indicates a steady in-
crease in demand for smart agricultural technologies,
supported by both private investment and government
incentives. The expected growth from USD 20.87 billion
in 2023 to USD 74.03 billion in 2034, with an average
annual growth rate of 12.2%, confirms the strengthen-
ing role of innovation in the future of the agro-indus-
trial complex. North America is making the largest con-
tribution to market development, while the main areas
of application for smart technologies remain software,
precision farming and livestock monitoring.
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Figure 2. Global smart agriculture market size from 2023 to 2034 (USD billion)
Source: Global smart agriculture market size from 2023 to 2034 (USD billion)

Overall, investments in smart agrotechnologies
are contributing to the emergence of new innovative
solutions at the global level, particularly in 2024. For
example, in August 2024, Sri Lanka launched the de-
velopment of an Investment Plan for Climate-Smart
Agriculture with the support of the FAO and the Green
Climate Fund. This project aims to increase the resil-
ience of the agricultural sector to climate change. In
April 2024, Cropin, supported by Google, introduced the
first open micro-language model for climate-smart ag-
riculture, “aksara” which was designed to meet global
nutritional needs. In particular, in the same month, Cen-
tre for Development of Advanced Computing (C-DAC)
launched the SMART FARM system, which helps farm-
ers optimise irrigation and fertilisation, significantly in-
creasing crop yields (Smart agriculture market...,
Other innovations, such as the GFX-350 display by

2024
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2021
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2024).

|H|

Trimble, which controls the autopilot, or improvements
in agricultural equipment management technologies
by AG Leader Technology, contribute to the growth of
agricultural process efficiency. Thus, these develop-
ments underscore the importance of investing in inno-
vations that are actively transforming the agro-indus-
trial complex, making it more efficient and sustainable.
This technological development highlights the impor-
tance of funding innovative technologies in agriculture,
as they can significantly increase the efficiency and
sustainability of the agro-industrial complex. Global
examples of innovation in agriculture underscore the
need for financial support for technological modernisa-
tion in the agricultural sector. In this context, it is worth
considering how agricultural production is developing
in Central Asia, a region that is also actively pursuing
innovation (Fig. 3).

—
—
—

B Uzbekistan (trillion soums)
Kyrgyzstan (billion soms)
Kazakhstan (trillion tenge)

B Azerbaijan (million manats)

8000.00 10000.00
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Figure 3. Agricultural production in Central Asia from 2018 to 2024
Source: compiled by the authors based on H. Ismayilova and S. Hajiyeva (2024)

The figure shows the nominal volume of agricul-
tural production in the national currencies of Azerbai-
jan (million manats), Kazakhstan (trillion tenge), Kyr-
gyzstan (billion soms) and Uzbekistan (trillion soums)
in 2018-2024. During this period, Azerbaijan demon-
strates stable growth in production indicators. At the
same time, Kazakhstan, Kyrgyzstan and Uzbekistan
show less pronounced dynamics or moderate growth,
with relatively stable but lower values in their respec-
tive currencies. Given the above production indicators,
it is advisable to consider what mechanisms are used in
the respective countries to attract investment in smart
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agrotechnologies (Table 1). In other words, Azerbaijan
is demonstrating relative leadership among Central
Asian countries in the implementation of smart agri-
cultural technologies. Unlike other countries in the re-
gion,Azerbaijan is seeing concrete, measurable results
from the use of digital solutions: water savings of up
to 30-50% thanks to precision irrigation, a 10-30%
increase in crop yields through the use of Al recom-
mendations, and a 35% reduction in greenhouse gas
emissions through optimised soil management. This
level of integration of high technologies, in particu-
lar Al, satellite monitoring and blockchain, indicates




a deeper penetration of digital tools into agriculture
compared to other countries in the region. Countries
such as Kazakhstan, Kyrgyzstan and Uzbekistan are
also actively working to modernise their agricultural
sectors, but the focus is mainly on traditional or phys-
ical solutions: drip irrigation, conservation agricul-
ture, pasture improvement, rotational grazing, etc. For
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example, Kazakhstan is investing in climate-smart
agricultural technologies with the support of inter-
national organisations (Kerimkhulle et al., 2023). Kyr-
gyzstan is actively supporting small producers, while
Uzbekistan is demonstrating a desire to attract foreign
investment, creating technology parks and simplifying
the regulatory environment.

Table 1. Main methods of attracting investment in smart agricultural technologies in Central Asia

Country Main methods of attracting investmens
Promoting the introduction of precision agriculture using satellite monitoring, Al and blockchain technologies,
which provide up to 30-50% water savings (precision irrigation); 10-30% increase in yields (due to Al
recommendations and precise fertilisation); 35% reduction in greenhouse gas emissions (due to optimised soil and
resource management)
Azerbaijan Increasing the climate resilience of rural communities through digital tools (risk analysis, monitoring, income
diversification)
Opportunity to participate in carbon markets through emissions tracking and soil carbon storage
Building partnerships with government, research institutions, and agribusiness to integrate technologies into
national agricultural policy
Investments in climate-smart agricultural technologies (conservation agriculture, drip irrigation, pasture
improvement, precision agriculture)
Kazakhstan Financial support through the private sector
State participation in research funding
Promoting innovation through FAO, EBRD and GEF programmes
Attracting investment in low-cost climate technologies (rotational grazing, livestock efficiency, conservation
agriculture)

Kyrgyzstan Grant support and soft loans for small and medium-sized producers

Participation of international programmes of FAO, EBRD and GEF in the development of agricultural practices with

the potential for adaptation and mitigation of climate change
State support for innovation and financing of the agricultural sector
Attracting foreign investment through cooperation with international financial organisations, funds and
development banks

Uzbekistan Introduce tax incentives and simplified procedures for private investment in digital and smart agricultural solutions

Development of innovative infrastructure, including agro-technoparks, start-up incubators and educational
programmes for farmers

Supporting small and medium-sized agricultural producers through microfinance and access to technology

Source: compiled by the authors based on Investment opportunities for climate-smart agrifood tech in Kazakhstan and
the Kyrgyz Republic (2022), Precision agriculture trends: 2025 yield innovations (2025)

Thus, Azerbaijan stands out for its systematic ap-
proach, where digital technologies have already had
a noticeable effect on the efficiency of agricultural
production, resource conservation, and environmen-
tal sustainability. This emphasises its lead over other
countries in the region in terms of both the level of
innovation implementation and the results achieved.
Other countries are currently laying the groundwork
for further digitalisation, but have not yet demon-
strated a similar level of impact of smart agricultur-
al solutions on specific production or environmental
indicators. In summary, investment in smart agricul-
tural technologies is key to the transformation of the
agro-industrial complex, increasing its efficiency and
sustainability. Despite significant growth in invest-
ment, there are significant differences in the levels
of funding and technology development depending
on the region, which affects the speed of innovation
adoption. Important factors for further development

are access to financing, political and economic stabil-
ity, and infrastructure development. At the same time,
technologies aimed at conserving resources and re-
ducing environmental impact have great potential for
attracting investment in the future.

Implementation of smart agricultural technologies
in the agricultural sector of Azerbaijan. The develop-
ment of the agro-industrial complex in modern condi-
tions is impossible without the introduction of innova-
tive solutions that contribute to increasing productivity,
optimising resource use and reducing negative impact
on the environment. In global practice, smart agricul-
tural technologies based on the use of digital systems,
process automation, BD and Al analysis are a key factor
in improving the efficiency of agricultural production
(Puyu et al., 2025). These technologies enable precision
farming, monitoring of soil and crop conditions, effec-
tive water resource management, and the introduction
of robotic systems into production processes.
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Azerbaijan, with its significant agro-industrial po-
tential, is gradually integrating smart agricultural
technologies into agriculture. The state pays special
attention to the modernisation of this sector, which is
strategically important for the country’s economy. There
has also been an increase in investment in digital solu-
tions for the agricultural sector, the development of
precision farming technologies, and the creation of
infrastructure for their effective implementation. Both
state support and the involvement of international fi-
nancial institutions and private capital play an impor-
tant role in this process. For example, an analysis of

investments in agricultural technologies in Azerbaijan
shows a significant increase in funding for the ag-
ricultural sector. In particular, in the state budget for
2025, expenditures on agriculture were increased by
more than 30 million manats, reaching a total of more
than 1.2 billion manats (Ashirov, 2024). This indicates
growing state support for the agricultural sector, which
includes investments in technological innovation and
production modernisation. Overall, the introduction of
smart agricultural technologies in Azerbaijan’s agro-in-
dustrial complex is a key factor in improving the effi-
ciency of agricultural production (Table 2).

Table 2. The most common smart agricultural technologies in Azerbaijan in 2024

Technology Description Examples
. Electronic Agricultural Information System - an electronic

Digital farm . - - - . .

management Tools for crop planning, crop monitoring agricultural information system that combines data on land use,

lat?orms and resource management crops, subsidies and allows farmers to manage resources and

P receive government services

Drones and Use of unmanned aerial vehicles and Farmonaut - a platform for monitoring the condition of crops
satellite satellite imagery to monitor crop conditions,  using satellite images, Al and recommendations for agricultural

technologies detect diseases and assess soil moisture

management

Individual approach to field management,
including precise application of fertilisers,
pesticides and water

Precision
farming

Idrak Agrorobot - a robot that automates processes in agriculture,
such as irrigation, spraying with chemical fertilisers, pesticides,

insecticides, weed removal, etc.

Innovations in
supply chain and

Supply chain management and loT systems
to optimise the storage, transport and

10T systems (NB-loT and LTE) - technologies for optimising the

processes of storage, transportation and distribution of agricultural

logistics distribution of agricultural products products, reducing losses and increasing competitiveness
Integrated agro-industrial complexes Dost Agropark - a joint agricultural project between Turkey and
Agro parks that combine land plots with processing Azerbaijan, including smart agriculture, renewable energy and

enterprises

sustainable development

Source: compiled by the authors based on K.P. Kumawat (2023), S. Alizade (2024), Vision for the future: Transition to

digital agriculture international conference (n.d.)

The Electronic Agricultural Information Sys-
tem (n.d.) platform is an important tool for the de-
velopment of Azerbaijan’s agro-industrial sector, pro-
moting the integration of digital technologies into
agriculture (Vision for the future..., n.d.). Launched by
the country’s government in 2019, it allows farmers to
access a wide range of agricultural services, including
information on land use, crops and subsidies. By creat-
ing a single electronic database, the system improves
resource management, increases the transparency of
service delivery and ensures more effective monitor-
ing of agricultural processes (Potryvaieva et al., 2024).
This initiative also responds to the global challenges
of digitalisation in the agricultural sector, in particu-
lar by reducing information, transaction and oversight
costs. The Farmonaut platform demonstrates high effi-
ciency, confirming the feasibility of investing in digital
solutions even in urbanised regions (Kumawat, 2023).
This technology helps reduce crop losses by 10-35%
through timely detection of crop problems and rap-
id intervention. A significant advantage is time sav-
ings - up to 95% compared to traditional methods of
assessing crop condition. In other words, Farmonaut
not only increases agricultural productivity, but also
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creates conditions for the sustainable development of
the agricultural sector in the context of urbanisation
and increasing pressure on resources.

In turn, Idrak Agrorobot is an important innovation
in Azerbaijan’s agro-industrial complex, demonstrating
the effectiveness of automation in agricultural process-
es (IDRAK Technology Transfer MM, n.d.). Using advanced
technologies, such a robot can perform a number of im-
portant functions, including irrigation, spraying, weed
control, and automated harvesting. One of the main
advantages is the high accuracy of the operations per-
formed, in particular, the accuracy of movement up to
1 centimetre. Overall, the use of Idrak Agrorobot saves
up to 30% of the time spent on traditional tasks, re-
duces the need for human resources, and significantly
improves the overall results of economic activity. loT
systems are also actively used in Azerbaijan to optimise
agricultural processes (Wireless solutions..., n.d.). One
of the examples is solutions from Azcom Technology,
which provide wireless connectivity via NB-loT and LTE
technologies. These systems allow for effective moni-
toring of the condition of agricultural products and re-
source management, reducing the costs of storage and
transportation of products.




For its part, Dost Agropark, launched in October
2021, is an important project being implemented in
three phases (Dost Agropark phase..., 2022). Upon
completion of all phases, it is planned to commission
agroparks covering an area of 6,000 hectares, build
product processing complexes,and large storage ware-
houses. Investments in the project amount to over USD
100 million, and it will contribute to ensuring food
security in Azerbaijan and Turkey, creating over 500
jobs. Thus, smart agricultural technologies contribute
to the optimisation of agro-industrial production by
improving resource management, crop cultivation ef-
ficiency and reducing costs, which overall increases
the competitiveness of the country’s agricultural sec-
tor. In this regard, Azerbaijan is actively investing in
the development of smart agricultural technologies,
seeking to increase the efficiency of agriculture and
ensure food security. For example, Azercell Business
has introduced an innovative loT solution for irriga-
tion systems - the “Irrigation Control System” (Azercell
Business integrates..., 2023). This technology allows
remote control of the irrigation process for large ar-
eas in automatic mode, which helps to increase pro-
ductivity. As of 2025, the company continues to imple-
ment this solution for irrigation systems in Azerbaijan,
providing monitoring and control of the irrigation
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process, while the availability of this technology via
web and mobile applications ensures ease of use and
management efficiency.

It should also be noted that in June 2022, the “Aga-
li Smart Village” project was presented in Azerbaijan,
which aimed to transform rural life through the in-
troduction of modern technologies and infrastructure
(“Smart villages” will..., 2022). For this project, villag-
es were equipped with high-speed internet to support
e-health and e-learning. Particular attention was paid
to environmental and alternative energy sources, using
solar and wind installations, as well as heat pumps to
meet energy needs. As of 2025, the “Agali Smart Village”
project in Azerbaijan continues to develop, becoming a
model for regional revitalisation. Moreover, Azerbaijan
is actively negotiating with international organisations
(FAO, World Bank, International Fund for Agricultural
Development, etc.) to attract financial support for the
agricultural sector, in particular to improve water sup-
ply and introduce modern agricultural technologies.
This is aimed at increasing the resilience of agriculture
to climate change and improving production processes.
However, despite the active integration of smart agri-
cultural technologies into Azerbaijan’s agro-industri-
al complex, their large-scale implementation faces a
number of challenges (Fig. 4).

Implementing smart agricultural technologies

High cost Lack of specialists . lisLiee: Legislative barriers
infrastructure
| | | |
Government Educational Investing in Adapting the

subsidies programmes infrastructure regulatory

v v
Attracting private capital Cooperation with international organisations

v v

Accelerated implementation of smart agricultural

>

Increasing productivity and sustainability

Figure 4. Main challenges of implementing smart agricultural technologies in Azerbaijan

Source: compiled by the authors

To overcome existing challenges and effectively
develop smart agricultural technologies in Azerbai-
jan’s agro-industrial complex, it is necessary to devel-
op a comprehensive approach that includes financial,
educational, infrastructural, and regulatory initiatives.
One of the key areas is financial support, in particular
the creation of state grant programmes to stimulate
the introduction of smart agricultural technologies
among small and medium-sized farms. An important
aspect is the involvement of international financial
organisations, such as the European Bank for Recon-
struction and Development and the World Bank, to
co-finance innovative agricultural projects. The pri-
vate sector can be stimulated through tax incentives

for companies investing in digital agricultural technol-
ogies.An additional effective mechanism is public-pri-
vate partnerships, which allow for the implementa-
tion of large-scale projects using modern agricultural
technologies.

The development of human capital plays an im-
portant role. It is necessary to integrate digital agricul-
ture training programmes into educational institutions,
in particular agricultural universities and vocational
schools. It is advisable to organise training for farm-
ers on the use of smart agricultural technologies, ag-
ricultural data management and the automation of
production processes. It is also worth expanding inter-
national cooperation with agricultural educational and

Scientific Horizons, 2025, Vol. 28, No. 6

157



158

The role of investment in the development...

scientificinstitutions to exchange experience in the field
of agricultural innovation. Infrastructure modernisation
is an integral part of the successful implementation of
smart agricultural technologies (Boiko et al., 2025). The
primary task is to develop digital infrastructure in ru-
ral areas, including access to high-speed internet and
satellite communications. In addition, it is necessary to
expand the network of agroparks, integrating loT solu-
tions for managing production processes, logistics, and
product storage. A separate area is the modernisation
of irrigation systems, which will enable the introduc-
tion of “smart” water use, optimising the use of water
resources in agriculture (Hussain et al., 2022).

The effective development of smart agricultural
technologies also requires improvements to the reg-
ulatory framework. The development of legislation to
stimulate digital agricultural solutions and regulate
their application will contribute to more active integra-
tion of innovations (Syrov, 2024). In addition, it is im-
portant to create legal mechanisms for the protection
of intellectual property, which will motivate local en-
terprises to develop their own technological solutions.

The introduction of environmental standards will make
it possible to assess the effectiveness of smart agricul-
tural technologies in terms of sustainable development
and minimising negative impacts on the environment
(Konovalyuk et al., 2023). In addition, international co-
operation should be strengthened by developing stra-
tegic partnerships with countries that are leaders in
smart agricultural innovation, such as the Netherlands,
Israel and the United States. Joint research and devel-
opment centres will enable the adaptation of advanced
technologies to Azerbaijan’s specific conditions, which
will facilitate the faster implementation of modern
solutions in agricultural production. Furthermore, at-
tracting international grants will provide funding for
the development and adoption of cutting-edge tech-
nologies in precision agriculture, agroecology, and bio-
technology. In turn, the dynamic economic indicators of
agricultural enterprises in Azerbaijan demonstrate the
industry’s increasing financial stability. This is a crucial
factor for further investment attraction and the devel-
opment of innovative technologies within the agro-in-
dustrial sector (Fig. 5).
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Figure 5. Dynamics of economic indicators of agricultural enterprises in Azerbaijan, 2018-2024 (thousand manats)

Source: compiled by the authors based on H. Ismayilova and S. Hajiyeva (2024)

The total volume of agricultural production in
Azerbaijan shows positive dynamics, which indicates
the effectiveness of state policy and investments in the
development of the industry. Increased revenues of ag-
ricultural enterprises, profit growth and a stable finan-
cial position contribute to the further implementation
of smart agricultural technologies. These factors indi-
cate the prospects for further investment in the digi-
talisation of the agricultural sector, which will ensure

increased productivity, resource optimisation and sus-
tainable growth of Azerbaijan’s agro-industrial complex.
For a better understanding of the dynamics of invest-
ment processes in the agricultural sector, it is advisable
to analyse the volume of capital investments in this sec-
tor in Azerbaijan (Table 3). The figures provided reflect
financial activity in the industry for 2018-2024, which is
important for assessing the investment environment in
which innovative technologies are being implemented.

Table 3. The volume of investments in fixed assets in the agricultural sector of Azerbaijan in 2018-2024 (million manats)

Year Volume of investments
2018 764.4
2019 769.5
2020 520.6
2021 3419
2022 408.0
2023 578.3
2024 625.0

Source: compiled by the authors based on State Statistical Committee of the Republic of Azerbaijan (2024)
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In other words, there are fluctuations in invest-
ment volumes, with certain increases and decreases,
reflecting changes in economic conditions and financ-
ing of the agricultural sector. The overall trend shows
a gradual increase in investment, confirming interest
in the development of the agro-industrial complex and
the potential for further implementation of innova-
tive technologies. Thus, the large-scale introduction of
smart agricultural technologies in Azerbaijan’s agro-in-
dustrial complex is a necessary condition for ensuring
its competitiveness and sustainable development. Ef-
fective digitalisation of agriculture requires not only in-
vestment in technological solutions, but also moderni-
sation of infrastructure, training of qualified personnel
and improvement of the regulatory framework. Creating
favourable conditions for the integration of innovations
will optimise production processes, improve resource
management and minimise the environmental impact
of agricultural activities. State support and the involve-
ment of international experience will be key factors de-
termining the further dynamics of the agricultural sec-
tor’'s development. The successful implementation of
these measures will contribute to increased productivi-
ty, financial stability of enterprises, and the formation of
a modern agricultural ecosystem capable of effectively
adapting to global challenges.

DISCUSSION

This study showed that investments in smart agrotech-
nologies contribute to increased productivity, resource
optimisation and food security, in particular through
the introduction of precision farming, digital platforms
and loT solutions. Similarly, R. Choudhary et al. (2024)
looked at the use of smart agri-tech, like Al and data
science in the agri-sector to predict crop yields, manage
resources,and deal with climate and scarcity challenges.
In other words, both studies emphasise the importance
of technology in transforming the agricultural sector,
but the current study focuses on investment aspects,
while the one under review focuses on technological
approaches to process optimisation. The current anal-
ysis shows that the global smart agrotechnology mar-
ket will grow from USD 20.87 billion in 2023 to USD
74.03 billion in 2034, with the main investments going
towards automation, precision farming and Al solutions.
Similarly, K. Selwe and C. Hofisi (2024) investigated the
role of innovative technologies in the development of
smart cities, emphasising their potential to improve the
efficiency of urban systems. However, unlike the agri-
cultural sector, urban initiatives face increased cyber-
security and data protection challenges, which require
additional regulatory measures.

This study also showed that funding for smart
agrotechnologies is growing, particularly in Azerbaijan,
where budget expenditures for the agricultural sector
in 2025 have been increased by more than 30 million
manats, which contributes to the implementation of
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innovative solutions in agriculture. Similarly, T. Man-
di¢ak et al. (2021) looked at the assessment of invest-
ments in smart technologies, but for the construction
industry, emphasising the need for effective methods
of analysing their economic feasibility. Although both
areas require significant capital investment, in the ag-
ricultural sector they are aimed at automating and dig-
itising production, while in construction they are aimed
at creating intelligent infrastructures and improving
project efficiency.

The results showed that investments in smart agro-
technologies in Azerbaijan contribute to the implemen-
tation of digital farm management platforms, drones
and satellite technologies, precision farming, loT sys-
tems for supply chains and agropark, which increases
productivity and optimises resources. To this end, the
following platforms and technologies were analysed:
Electronic Agricultural Information System, Farmonaut,
Idrak Agrorobot, NB-10T, LTE and Dost Agropark. In turn,
S.Yusupov et al. (2025) found a positive effect of using
modern agricultural technologies, such as drip irriga-
tion and organic fertilisers, on increasing yields and
conserving resources. Although both studies emphasise
the importance of technology, the current results focus
on investment aspects, while the aforementioned study
focuses on the techniques used in agriculture. The work
carried out confirmed the importance of investing in
smart agricultural technologies to improve agricultur-
al efficiency, in particular through the introduction of
precision farming and digital platforms, which in Azer-
baijan has resulted in 30-50% water savings, 10-30%
yield increases and 35% reductions in greenhouse gas
emissions through satellite monitoring, Al and block-
chain technologies. Similarly, S. Giannelos et al. (2024)
demonstrated the impact of investments in smart grids,
focusing on the economic aspects of technology imple-
mentation in the energy sector. Both studies emphasise
the importance of investment for resource optimisation,
but in the agricultural sector the focus is on production,
while in the energy sector it is on reducing costs and
increasing grid flexibility.

Contraryto current results,which show that in 2023-
2024, investments in smart agrotechnologies were un-
evenly distributed (North America - 43%, Asia-Pacific -
28%, Europe - 23%, Latin America - 4%, Middle East
and Africa - 2%) due to infrastructure and economic
constraints, as well as their impact on the economic
performance of the agricultural sector, G.S. Reddy et
al. (2025) focused on analysing the environmental sus-
tainability of digital technologies in agriculture, urban
development and energy. Thus, both works pointed to
the importance of innovation for resource optimisa-
tion, but the former focused on the financing structure
and economic effects, while the latter focused on the
overall impact of technologies on sustainable develop-
ment. Similar to the results obtained, which confirmed
the importance of investments in smart agricultural
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technologies for increasing productivity and optimising
resources, in particular through the stable growth of
agricultural production in Azerbaijan compared to the
less pronounced dynamics in Kazakhstan, Kyrgyzstan
and Uzbekistan for 2018-2024, the results of Y. Chen et
al.(2024) emphasised the importance of precision farm-
ing in reducing negative environmental impacts and
improving the efficiency of the agricultural sector. How-
ever, the current study focused on financial aspects and
investment strategies, while the one under review fo-
cused on technological approaches to agrosystem man-
agement and their impact on agricultural sustainability.

The study showed that investments in smart agro-
technologies contribute to productivity and resource
optimisation through the digitalisation and automation
of processes, in particular through the introduction of
precision farming using satellite monitoring, Al and
blockchain technologies, the creation of partnerships
with the government and agribusiness, and partici-
pating in carbon markets to track emissions. Similar
conclusions were made by W. Febiyanti and A.P. Subria-
di (2024), who studied the economic impact of invest-
ments in smart cities, emphasising their importance for
gross domestic product growth, economic benefits and
efficient use of resources. However, unlike the current
study, which considers investments in the agricultur-
al sector, the study focused on the need to develop
methodologies for assessing the economic impact of
innovations in urban development. The conclusions of
this study emphasised the importance of investing in
smart technologies in the agricultural sector, in particu-
lar Al and BD for monitoring crop yields and manag-
ing production. This is consistent with the findings of T.
Al-Rimawi and M. Nadler (2025), who found that Al and
BD are key to the development of smart real estate, as
they facilitate market analysis, location selection and
optimisation of construction processes. Both studies
indicated that these technologies are suitable for prac-
tical use, although in the smart agricultural sector they
are used to improve the efficiency of agricultural pro-
cesses, while in real estate they are used to manage the
urban environment and plan development.

The study focused on analysing investment
trends in smart technologies and their impact on the
agro-industrial complex, complementing the research
by S. Khan et al. (2025), which confirmed the current
findings regarding significant growth in investment in
such technologies, particularly in automation, preci-
sion farming, and the use of BD for yield forecasting.
Both studies noted the importance of financial support
and overcoming barriers such as economic instability
and uneven infrastructure development for the effec-
tive development of these technologies. At the same
time, the current study expands the analysis of invest-
ment trends, focusing on specific regional aspects and
financial mechanisms to support the implementation
of smart technologies. The results of this study align
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with the conclusions of T.D. Viet et al. (2025), as both
studies emphasise the importance of applying modern
technologies, such as Al and |oT, for the development
of smart agricultural production. The current study ex-
pands the focus on investment aspects, the impact of
these technologies on the economic efficiency of the
agricultural sector, and the need to overcome barriers
through financial support, in particular through gov-
ernment grant programmes, the involvement of inter-
national financial organisations, tax incentives for the
private sector, and public-private partnerships for the
implementation of innovative agricultural projects. Al-
though the aforementioned study focuses on the over-
all development of smart agricultural technologies and
their integration to achieve sustainable agricultural
development, both studies confirm the importance of
technologies for optimising resources and increasing
productivity in the agricultural sector.

Moreover, the results of the study by M. Shalam-
beridze and T. Gugeshashvili (2025) agree with the
current analysis in recognising investment as a key
factor in economic development, particularly through
promoting modernisation, technology adoption and
productivity growth. The current study details these
processes in the context of smart agrotechnologies,
demonstrating the growth in investment in fixed cap-
ital in Azerbaijan’s agricultural sector in 2024, which
contributed to an increase in the profits of agricultur-
al enterprises. Meanwhile, the aforementioned source
considers investment as a tool for overall economic
growth and attracting foreign capital. The study found
that one of the key factors in improving the efficiency
of agricultural production is the combination of invest-
ment in digital infrastructure with the development of
educational programmes for farmers and agricultural
specialists. This approach not only promotes innova-
tion but also helps to create a sustainable knowledge
ecosystem necessary for adaptation to modern tech-
nological changes. In turn, M. Elhussiny (2025) study
focuses on the implementation of smart technologies
in port infrastructure, demonstrating the environ-
mental and energy benefits of such solutions in the
field of maritime logistics. Despite the differences be-
tween the industries, both approaches demonstrate
the importance of innovation as a tool for achieving
sustainable development. This study also showed that
investments in smart agrotechnologies in Azerbaijan
contribute to increased productivity, efficient use of
resources and digitalisation of the agricultural sector.
At the same time, S.T. Hajiyeva (2025) study focuses on
the development of small and medium-sized business-
es in the agro-industrial sector, barriers and investment
dynamics in Azerbaijan. The results obtained generally
confirm the conclusions of the aforementioned work
regarding the importance of investment and structur-
al modernisation for the development of the country’s
agricultural sector.




Thus, the study confirmed that investments in
smart agrotechnologies play a key role in the trans-
formation of the agro-industrial complex, ensuring
increased productivity, resource optimisation and en-
hanced food security both globally and regionally, par-
ticularly in Azerbaijan. A comparison with other studies
showed common conclusions regarding the importance
of modern technologies for sustainable development,
but revealed different emphases - from financing and
institutional support to direct technological implemen-
tation, which indicates the need for a comprehensive
approach to the digitalisation of the agricultural sector.

CONCLUSIONS

An analysis of investments in smart agrotechnologies
has revealed key trends and their impact on the trans-
formation of the agro-industrial complex, particularly
in Azerbaijan. The global smart agrotechnology market
has shown significant growth, with a projected increase
from USD 20.87 billion in 2023 to USD 74.03 billion by
2034, with an annual growth rate of 12.2%. In 2023-
2024, the main share of investments fell on North
America (43%), the Asia-Pacific region (28%) and Eu-
rope (23%), while Latin America (4%) and the Middle
East and Africa (2%) remained limited due to infra-
structure and economic barriers. North America’s lead-
ing position is due to its developed scientific and tech-
nological environment, venture capital, high level of
digitalisation and government support. The main areas
of funding include automation, precision farming, soil
and crop monitoring using sensors, and Al and BD for
yield forecasting. Global innovations, such as the micro-
language model “Aksara” by Cropin, the SMART FARM
system by C-DAC, and the GFX-350 display by Trimble,
illustrate the transformation of the agricultural sector
through technology.

An analysis of the implementation of smart agri-
cultural technologies in Azerbaijan’s agro-industrial
complex showed positive dynamics and demonstrat-
ed growth in agricultural production in Central Asian
countries for 2018-2024. The results emphasised that
technologies and platforms such as Electronic Agricul-
tural Information System, Farmonaut, Idrak Agrorobot,
NB-loT, LTE and Dost Agropark increase productivi-
ty and optimise resources. In general, technologies
such as precision farming, the use of drones and sat-
ellite technologies significantly increase production
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efficiency in the country. At the same time, Azerbaijan
demonstrates relative leadership in the implementa-
tion of smart agricultural technologies among coun-
tries such as Kazakhstan, Kyrgyzstan and Uzbekistan.
Compared to other countries in the region, Azerbaijan
achieves water savings of 30-50% through precision
irrigation, increases yields by 10-30% through Al rec-
ommendations, and reduces greenhouse gas emissions
by 35% through optimised soil management. Howev-
er, the following problems have been identified in the
implementation of smart agricultural technologies in
Azerbaijan: high cost, lack of specialists, inadequate
infrastructure and legislative barriers. In addition, the
implementation of projects such as the “Agali Smart
Village” and the irrigation control system has not only
modernised agricultural technologies but also improved
social conditions in agriculture. This has increased the
competitiveness of the agricultural sector, reduced
costs and optimised resources. Progress in agricultur-
al investment, in particular the increase in budget ex-
penditure on agriculture by 30 million manats in 2025,
confirms the importance of state support in this area.

However, the study is limited by insufficient access
to complete data on investment flows and partial con-
sideration of the socio-economic aspects of the imple-
mentation of smart agricultural technologies. Further
research should focus on developing financial mech-
anisms to support small and medium-sized business-
es, including microcredit and subsidies, analysing the
long-term impact of innovation on the socio-economic
structure of rural communities, and assessing the im-
pact of geopolitical and foreign policy factors, such as
trade restrictions or sanctions, on investment flows. It
is recommended to develop grant programmes, expand
digital infrastructure, improve legislation to stimulate
innovation, and strengthen cooperation with leading
countries such as the Netherlands and Israel to adapt
advanced technologies.
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AHoTauis. MeTot focnimxeHHs 6yB aHani3 poni iHBECTULIN Yy PO3BUTKY iHTeNeKTyaslbHMX CiflbCbKOroCnoaapCbKmx
TEXHOMOriM B arponpoMUCNOBOMY KOMMIEKCi Pi3HWX PErioHiB, 3 akKUEHTOM Ha BMPOBAMKEHHS LMX TEXHONOTi
B AsepbaimkaHi. Y p[ocnifKeHHi MpoaHanizoBaHO MOTOYHI iHBECTUUIMHI  TeHAEHUii B iHTeNneKTyanbHi
Cinbcbkorocnoaapcbki TexHonorii B MiBHiYHIM AMepuui, €Bponi, A3iaTcbko-TUXOOKEaHCbKOMY perioHi, JTaTUHCbKIM
Amepuui, bnnzbkomy Cxogmita Adppuuiza 2023-2024 poku, a TaKOX OLIHEHO iX BNJIMB HA pO3BUTOK arpornpoMMUCIOBOro
komnnekcy B nepiog 3 2023 no 2034 pik. AHani3 iHBecTuLiM nokasas, wo [liBHiYHa AMepumKa 3aiMana HanbinbLy
YaCTKY PUHKY iHTENEKTYaIbHUX CiNbCbKOrocnoaapcbkunx texHonoriny 2023-2024 pokax (43 %), aani noyts AsiaTcbko-
TuxookeaHCbKuii perioH (28 %) Ta €spona (23 %), Toai sk JlaTuHcbka AMepuka oTpuMana nuwe 4 %, a bansbkuii
Cxip Ta Appuka - 2 %. MNporHo3u nokasanw, Lo CBITOBUIA PUHOK PO3YMHUX arpoTexHonorii 3pocte 3 20,87 mnpa
ponapis CLA y 2023 poui no 74,03 mnpa nonapis CLUA y 2034 poui. Pe3ynbTaT TakoX MoKasanu, WO OCHOBHi
iHBECTULiT CNpAMOBaHi Ha aBTOMaTM3aLito NpoLeciB, TOYHE 3eMNepobCTBO, MOHITOPUHT FPYHTIB Ta XyA00M, @ Takox
BMKOPWUCTAHHS LWUTYYHOrO iHTENEKTY Ta BENUKUX AAHUX AN NPOrHO3YBaHHS BPOXAMHOCTI CifIbCbKOrOCNoAapCbKuX
KynbTyp. BogHoyac HanbinblumMun nepelwkosamu gns po3suTKy Oyau MONiTMYHA T2 €KOHOMIYHA HecTabinbHiCTb,
obMexeHuit poctyn A0 (iHaHCYBaHHA A18 Manux CiflbCbKOroCnofapcbkKuMx MiANPUEMCTB Ta HEPIBHOMIpHWMI
PO3BMTOK iHPPACTPYKTYpU B pPi3HUX perioHax. 3 iHWoro 60Ky, pe3ynbTaTi NokKasanu, WO BMPOBAOXKEHHS PO3YMHUX
arpoTeXHONOrii B arponpoMmncIoBoMy Komnnekci AsepbanaxaHy niauilye eheKTUBHICTb BUPOOHMLTBA 3aBAAKM
TOYHOMY 3eMepobCTBY, BUKOPUCTAHHIO APOHIB Ta CYNYTHUKOBUX TEXHONOTIN, ULMDPOBMM Nnathopmam, iHHOBALISM
y NaHLIOrax NocTaBok Ta arponapkaM. Lli TexHonorii onTUMI3yoTb pecypcu, NOKPaLLYOTb MOHITOPUHTE Ta 3HUXKYHOTb
BUTPATH, NiABULLYIOUYM KOHKYPEHTOCMPOMOXHICTb CiibCbKOrOCNoAapCbkoro cekTopy. Taki npoeKkTy, gk «Po3ymMHe ceno
Arani» Ta «CcTemMa KOHTPOIO 3POLLEHHSA», HE NIULLIE MOAEPHI3YIOTb TEXHONOTIT, ane i NOKpaLLyTb couianbHi YMOBM
B CiflbCbKit MicueBocTi. KpiM Toro, cnoctepiraeTbCst 3HavyHe 36inblieHHs QiHAHCYBAHHS CilbCbKOrOCNOAAPCbKOro
CEKTOpY, 30KpeMa B Aep>KaBHOMY broxeTi Ha 2025 pik, Ae BUTPATH HA CiNbCbKe rOCNoAapCcTBO 36iblUEHO HA NOHAA,
30 MinbioHiB MaHaTiB. AHaNi3 TaKOX NOKa3aB NO3UTUBHY AMHAMiKy EKOHOMIYHWUX NOKA3HUKIB CibCbKOrOCNoaapCbknx
nignpuemcTe AsepbarigpkaHy Mix 2018 i 2024 pokamu. BogHouac 6ynu Bu3HaueHi npobnemu, Taki K HEOBXiAHICTb
MoAepHisauii iHPpacTpyKTypu, NigBulLeHHS KBanidikauii nepcoHany Ta BAOCKOHANEHHS 3aKOHOAABCTBA. TaKuM
YMHOM, OTPMMAHI pe3ynbTaTh CBiAYaTb NPO NO3UTUBHWUIA BNAMB iIHBECTULIN Y PO3YMHi arpoOTeXHONOrii Ha eeKTUBHICTb
CiNbCbKOrOCNOAAPCbKOro CeKTopy K B A3epbaiixaHi, Tak i B iHWMX perioHax CBiTy

KniouoBi cnoBa: uudpoBizalis CibCbKOro rocnofapcrea; aBToMaTM3alis BUPOOHMUYMX NpoueciB; diHaHCYBaHHS
NiANPUEMCTB; MPOrHO3M Ta TEHAEHLIT CBITOBOrO PUHKY; NiABULEHHS ePEeKTUBHOCTI BUPOOHULTBA
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increased from KZT 300 bn in 2015 to KZT 750 bn in 2024, with the share of subsidies growing from KZT 150 bn
to KZT 410 bn. However, most of the funding goes to large agricultural holdings, while small and medium-sized
farms face challenges accessing financial and material resources. The analysis revealed that state aid positively
influences agricultural productivity growth. For example, grain yields increased from 1.12 t/ha in 2015 to 1.63
t/ha in 2024, while milk production increased from 4.8 mn t to 6.7 mn t. However, the availability of subsidies
does not always lead to increased profitability. For example, despite the expansion of preferential lending
from KZT 100 bn to KZT 280 bn, small farmers still face excessive costs and challenges in obtaining financial
resources. The pace of digitalisation in the agro-industrial complex continues to be insufficient: the introduction
of precision farming is limited by a lack of infrastructure and specialists. The experience of the EU, the US,
and Australia, where state support stimulates innovative solutions, suggests the need to expand technological
modernisation programmes. As a result, the study concluded that subsidies need to be redistributed in favour
of small and medium-sized farms, control over the targeted use of funds must be strengthened, and digital

technologies must be actively introduced to improve the efficiency of the agricultural sector

Keywords: subsidies; preferential lending; audit of budget expenditure; crop yields; technical modernisation

INTRODUCTION

The agro-industrial complex of Kazakhstan plays a
key role in the country’s economy, influencing food
security, rural development, and social stability in
the regions. Agriculture and agricultural processing
account for a sizeable share of the economic struc-
ture and create jobs for the population. To increase
production efficiency and introduce modern technol-
ogies, the government is implementing measures to
support agricultural producers, including subsidies,
preferential lending, tax breaks, and modernisation
programmes. However, with the growing need for in-
novation and product quality improvement, the agri-
cultural sector faces serious challenges. These include
climate change, rising energy and resource prices, and
the need to transition to more sustainable farming
methods. These factors require flexibility in govern-
ment support policies and constant monitoring of the
effectiveness of the programmes being implemented.
In the current circumstances, it is crucial not only to
provide financial aid, but also to adapt state aid mech-
anisms to emerging challenges so that they contribute
to the long-term and sustainable development of the
agro-industrial complex.

The issue of the effectiveness of government sup-
port for agricultural producers stays relevant against
the backdrop of dynamic changes in agricultural pol-
icy and the economic situation. M. Meng et al. (2024)
noted that subsidies for equipment and fertilisers
positive influenced agricultural productivity. How-
ever, the researchers also emphasised that this pro-
cess was accompanied by an uneven distribution of
resources between large and small farms. U. Kambali
and N. Panakaje (2022) argued that the introduction
of new financial mechanisms, such as investment
loans, markedly improved financial accessibility for
small and medium-sized farmers. The researchers be-
lieve that these measures stimulated technological
upgrading and improvements in production process-
es in the agricultural sector. S. Getahun et al. (2024)
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studied the impact of precision farming technologies
on the growth of agricultural production efficiency,
emphasising the need for extensive investment in
infrastructure and training. The researchers also ar-
gued that without adequate training for farmers and
infrastructure development, the adoption of these
technologies would be limited. A. de Boon et al. (2022)
highlighted the value of government support in the
transition to environmentally sustainable agricul-
ture. The researchers noted that investment in envi-
ronmentally friendly technologies is a crucial factor
in the sustainable development of the agricultural
sector. G.S. Malhi et al. (2021) addressed the need to
adapt agricultural practices to climate change, which
required a review of conventional farming methods.
The researchers also noted that the adaptability of
agricultural policy can ensure the sustainability and
competitiveness of the agricultural sector in the face
of climate change.

V. Stadnyk et al. (2021) argued that cooperation
between various actors in the agro-industrial complex,
including farmers and processing enterprises, con-
tributes to reducing costs and increasing production
volumes. In the researchers’ opinion, the development
of cooperative mechanisms considerably improves
resource efficiency and contributes to the expansion
of sales markets. M-H. Ehlers et al. (2021) highlight-
ed the significance of flexibility in the distribution of
subsidies, which accommodate regional characteris-
tics and the individual needs of agricultural producers.
The researchers also noted that such measures allow
addressing problems and meeting the needs of farm-
ers more effectively. W. Lin and J. Huang (2021) studied
the effects of tax incentives on the development of
small farms, emphasising that reducing the financial
burden contributed to improving their competitive-
ness and stability. The researchers also noted that
such measures were necessary to create more favour-
able business conditions in the agricultural sector.




M. Moahid et al. (2021) investigated the influence
of credit programmes on improving agri-producers’
access to financial resources, arguing that this con-
tributed to the modernisation of technologies and
increased production volumes. In their study, the re-
searchers stressed the need to simplify the condi-
tions for obtaining preferential loans. K.L.M. Ang and
J.K.P. Seng (2021) investigated the possibilities of in-
troducing information technology into agribusiness,
arguing that the digitalisation of agriculture enabled
a marked improvement in production performance.
The researchers noted that without the introduction
of relevant IT solutions, the agricultural sector would
be unable to compete in international markets effec-
tively. Thus, despite extensive research in this area,
there are still unresolved issues, such as the effective-
ness of long-term financial support mechanisms, im-
proving cooperation at the regional level, and adapt-
ing innovative technologies to the specific conditions
of Kazakh agriculture.

The purpose of the present study was to assess
the effectiveness of state support for agriculture in
Kazakhstan and to identify measures that could be
taken to improve this support. The objectives of the
present study were as follows: to consider the role
of financial mechanisms, such as investment loans,
in improving financial accessibility for farmers and
their technological modernisation; to assess the po-
tential of precision farming technologies to improve
agricultural efficiency and the possible obstacles to
their adoption; to assess government support for the
transition to environmentally sustainable practices in
the agricultural sector.

MATERIALS AND METHODS

The study conducted a comprehensive assessment of
state support for agricultural producers in the Repub-
lic of Kazakhstan, including an analysis of its structure,
delivery mechanisms, and influence on the develop-
ment of the agro-industrial complex. The focus was
on exploring various instruments of state support,
including subsidies, preferential lending, agricultur-
al risk insurance, as well as programmes promoting
technological modernisation of the industry. The first
stage of the study analysed financial support for ag-
riculture. Various forms of subsidies were considered,
such as payments per hectare of cultivated land,
compensation for fuel costs, and support for the pro-
duction of certain types of agricultural products. The
study assessed the availability of credit resources, the
terms of preferential loans, interest rates, and the de-
gree of involvement of state institutions in financing
the agricultural sector. Furthermore, the issue of agri-
cultural risk insurance was examined, including state
co-financing of insurance programmes, the coverage
of farms by these instruments, and factors limiting
their availability.
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The second stage of the study focused on analys-
ing the technological modernisation of agricultural
production. The study assessed the influence of gov-
ernment programmes, such as subsidies for pesticides,
fertilisers, seeds, priority crops, and livestock, on the
renewal of agricultural equipment, the availability of
subsidies for its purchase, and the promotion of innova-
tive technologies. Measures to develop digital technol-
ogies in agriculture were also analysed, including the
use of precision farming, automated production process
management systems, and the introduction of mod-
ern methods for monitoring crop and soil conditions.
The third stage of the study assessed the effective-
ness of budget funds allocated to support agriculture.
The analysis included a comparison of the financing
system for the agricultural sector in Kazakhstan with
leading international practices (EU, USA, Australia,
Canada, Japan, New Zealand), which helped to identi-
fy key differences in the mechanisms for distributing
and controlling state subsidies. Legislation regulating
the audit of budget expenditures in Kazakhstan was
examined, such as the Law of the Republic of Kazakh-
stan No.392-V LRK (2015), the Regulatory Resolution of
the Accounts Committee for Control over the Execution
of the Republican Budget No. 6-NK (2020) and Order
of the Minister of Finance of the Republic of Kazakh-
stan No. 873 (2018). Additionally, the degree of farmers’
dependence on state support and the possible conse-
quences for the long-term sustainability of their farms
were examined.

Next, the study examined the economic and social
consequences of the implementation of state support
programmes for agricultural producers. The analysis
included an assessment of labour productivity growth,
crop vyield dynamics, and the profitability of farms
based on reports on the dynamics of agricultural de-
velopment in Kazakhstan and budget allocations for its
development for the 2015-2024 period. The effects of
state support on the development of rural infrastruc-
ture, including transport logistics, storage, and process-
ing systems for agricultural products, were also exam-
ined. Particular attention was paid to employment in
rural areas and the significance of state aid in ensuring
stable incomes for farmers. The final stage of the study
analysed the environmental aspects of state support
for agriculture. The study examined the influence of
subsidies on the efficient use of water and land re-
sources, measures to promote sustainable agricultural
production methods, and the dissemination of practices
aimed at reducing the negative impact of agricultural
activities on the environment. Thus, the study covered
all key aspects of state support for agricultural produc-
ers, which helped to identify its advantages and disad-
vantages, as well as to determine ways to improve the
mechanisms for financing, controlling the distribution
of budget funds and stimulating technological devel-
opment in Kazakhstan’s agro-industrial complex.
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RESULTS

Financial support for agriculture plays a key role in
the development of the sector, improving production
efficiency, and increasing resilience to risks. Subsi-
dies, loans, preferential financing, and access to risk
insurance constitute a substantial part of this support
(Sodoma et al., 2021). Subsidies are one of the most
widespread instruments of government support for
agriculture. They are aimed at reducing agricultural
producers’ costs, stimulating production growth, and
modernising the sector. The structure of subsidies may
vary depending on the country and programme, but
several key types are most prevalent. Subsidies may
be provided per hectare of cultivated land, which is
particularly significant for large agricultural enterpris-
es where land size plays a key role in the production
process. Subsidies may also be granted per litre of fuel
required to operate agricultural machinery or per unit
of product produced, e.g., per tonne of grain or litre
of milk. These measures contribute to increased pro-
ductivity and help agricultural producers reduce their
operating costs.

Loans and preferential financing are a valuable
component of government policy in agriculture. They
provide agricultural enterprises with the opportunity
to invest in development, expansion of production, and
modernisation of technology. The terms of such loans
may include low interest rates, preferential repayment
terms, and partial state guarantees, making them acces-
sible to a wide range of producers. However, despite fa-
vourable terms, access to credit resources may contin-
ue to be a problem for some small and medium-sized
agricultural producers, especially in times of economic
instability. In such cases, the government’s task is to
create conditions for obtaining cheap loans and subsi-
dising part of the interest rates. Agriculture, like other
industries, is exposed to various risks, such as adverse
weather conditions, plant and animal diseases, and
economic fluctuations. In this regard, the availability of
risk insurance is becoming a vital element of financial
protection for agricultural producers. State co-financ-
ing of insurance programmes makes insurance more
accessible to farmers, reducing their financial burden in
case of adverse events. It also contributes to the devel-
opment of the agricultural insurance market, allowing
producers to feel more confident in times of instability
and minimise potential losses.

Technological modernisation is a key factor in
improving agricultural efficiency, product quality, and
industry sustainability in a rapidly changing environ-
ment. One of the crucial elements of modernisation
is support for the purchase of modern agricultur-
al equipment, as well as the impact of government
programmes on the renewal of the machine park and
the introduction of digital technologies (Duncan et
al., 2021).The purchase of modern agricultural machin-
ery and equipment plays a key role in technological
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modernisation. Modern machines greatly increase la-
bour productivity, improve the quality of land culti-
vation, and contribute to production growth. However,
the prohibitive cost of such equipment often becomes
an obstacle for small and medium-sized farms. In this
case, state support in the form of subsidies, soft loans,
or tax breaks helps agricultural producers to renew
their machinery fleet. For instance, many countries
provide subsidies for the purchase of tractors,combine
harvesters, seeders, and other equipment, which ena-
bles farmers to invest in high-quality machinery with-
out major initial costs. Such support contributes to the
more active introduction of the latest technologies in
agricultural production. State programmes supporting
the technological modernisation of agriculture play a
key role in the renewal of machinery and the introduc-
tion of innovative technologies (Musca & Kara, 2023).
These programmes may include not only subsidies
for the purchase of equipment, but also training for
specialists, personnel training, and consulting servic-
es for farmers on the use of modern equipment and
technologies. The impact of such programmes on the
renewal of the machine park is that they significantly
accelerate the modernisation process, reducing the fi-
nancial burden on agricultural producers and allowing
them to invest more wisely in high-tech equipment.
Additionally, programmes aimed at introducing the
latest technologies contribute to improving the envi-
ronmental situation by increasing resource efficiency
and reducing costs.

One of the most promising areas of technological
modernisation in agriculture is the introduction of dig-
ital solutions, such as precision farming and process
automation (Stender et al., 2024). These technologies
enable the collection and analysis of data on soil con-
dition, moisture levels, and temperature, which helps to
make more informed decisions about sowing, fertilisa-
tion, and harvesting times. Precision farming systems
using sensors, GPS and satellite technology markedly
increase yields, reduce fertiliser and plant protection
costs, and minimise adverse environmental impact. Im-
plementation of such technologies requires highly qual-
ified specialists, which makes them accessible primarily
to large agricultural enterprises. However, in the future,
such solutions may become available to small farms as
well. The automation of processes such as harvesting,
land cultivation, and irrigation also greatly increases
labour productivity. Modern robots and drone technol-
ogies enable work with minimal human involvement,
which reduces labour costs and increases the accura-
cy of operations. To improve the efficiency of budget
spending in agriculture, Kazakhstan could look at what
other countries have succeeded in. In some countries,
government support for farmers is not merely about
boosting production, but also about introducing inno-
vative technologies, sustainable farming methods, and
environmentally friendly practices (Table 1).
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Table 1. Comparison of state support for the agro-industrial complex in different countries

Approximate amounts

Country Main forms of state support of support Notes
European Sup5|d|es for enV|r.onmentally fnendl.y EUR 58 bn in 2020 to support Includgs support for. |nnovat|ve.
: farming, agroecological zones, production technologies and sustainable farming
Union R farmers .
modernisation practices
Tax breaks, low-interest loans, subsidies  USD 25 bn (federal agricultural Programmes encourage Lgng—
USA : . - . term investment and sustainable
for innovative technologies support programme in 2021) .
agriculture
. Sub5|d|e§ to sup.port ag.ncultur.e in remote AUD 4.8 b for agricultural Support is aimed at su.stam:?lble
Australia areas, innovative projects, climate risk development and reducing climate
. support programmes (2022) .
insurance risks.
Subsidies for technology developmgnt, CAD 3.8 bn (federal programme Incluc}es ma{ntalnlng proquct.q.uallty
Canada use of renewable energy sources, risk in 2021) and improving the sustainability of
insurance farmers
Subgldles for modernisation, agro- JPY 1.5 tn (2022 for agricultural The suppgrt system foc.uses
Japan ecological tourism, tax breaks, scientific on innovation and sustainable

research

support) production.

Grants for environmentally friendly
technologies, sustainable production
methods, bioenergy

New Zealand

NZD 350 mn in 2021 for
agricultural development and
environmental initiatives

The programmes are aimed at the
sustainable use of natural resources
and improving production efficiency.

Source: compiled by the authors of this study based on data from B. Czyzewski et al. (2021), H. Panchasara et al. (2021),

S.R. McGreevy et al. (2021), N. Bradly et al. (2022), O.Adisa et al. (2024), A.G. Green et al. (2024)

In European Union (EU) countries, support for the
agro-industrial complex includes not only financial
subsidies but also incentives for sustainable farming
practices. Within the framework of the EU’s general ag-
ricultural policy, programmes focused on environmen-
tally friendly farming, the creation of agroecological
zones and the modernisation of agriculture through
the introduction of the latest technologies are actively
supported.In 2020, EUR 58 bn was allocated to support
farmers, including support for innovative technologies
and sustainable farming practices. European farmers
can receive subsidies aimed at improving infrastructure
and technologies for processing agricultural products.
Particular attention is paid to environmental sustain-
ability, which contributes to the integration of agricul-
ture into the broader context of sustainable develop-
ment. The use of precision farming technologies, such
as GPS navigation, drones, and sensors, enables Euro-
pean farmers to significantly increase yields through
more accurate and efficient use of resources. For exam-
ple, using sensors and data analysis, farmers can accu-
rately determine fertiliser and water requirements, re-
ducing overuse of these resources and minimising their
negative environmental impact (Czyzewski et al., 2021).

In the United States, federal and state programmes
to support farmers focus not only on direct subsidies
but also on creating favourable conditions for long-
term investment. Tax breaks and low-interest loans are
a prominent part of these programmes. In 2021, the
federal agricultural support programme amounted to
USD 25 bn. Furthermore, farmers in the United States
can receive subsidies for the introduction of innovative
technologies, which contributes to the integration of
new methods into agricultural production. The country

also actively supports environmentally friendly agricul-
tural practices, such as organic farming and sustaina-
ble use of water resources. The use of precision farm-
ing technologies in the United States allows farmers
to markedly increase the efficiency of fertiliser use and
reduce their quantity, which leads to lower costs and a
reduced impact on the ecosystem (Adisa et al., 2024).
In Australia, agricultural policy includes a variety of
measures to support farmers, especially in the context
of climate change. Subsidy programmes are aimed at
supporting agriculture in remote regions, as well as fi-
nancing innovative projects aimed at increasing pro-
ductivity and environmental sustainability (Ismayilov et
al., 2023). In 2022, AUD 4.8 bn was allocated to agri-
cultural support programmes. Australian farmers can
also receive support through climate risk insurance
programmes, which help minimise losses in case of ad-
verse weather conditions. The introduction of precision
farming technologies, such as drones for crop moni-
toring, helps Australian farmers quickly identify plant
problems, enabling them to respond quickly to changes
and increase yields while reducing water and fertiliser
costs (Panchasara et al., 2021).

In Canada, government support for farmers in-
cludes programmes aimed at improving product
quality and developing agricultural technologies. The
Canadian government actively supports sustainable
agriculture, including initiatives to use renewable en-
ergy sources and introduce innovative technologies in
agribusiness. In 2021, CAD 3.8 bn was allocated to the
federal agricultural support programme. A prominent
part of government support is risk insurance, includ-
ing natural disasters and fluctuations in world market
prices, which helps to ensure the financial stability of
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farmers. The use of precision farming technologies,
such as GPS navigation and drone systems for soil
monitoring, helps Canadian farmers minimise the use
of chemicals and increase the resilience of farms to cli-
mate change (Green et al.,, 2024). Japan attaches great
significance to preserving rural areas and ensuring the
sustainability of agriculture. A key element of the coun-
try’s agricultural policy is subsidies for the modernisa-
tion of production, the introduction of modern technol-
ogies, and the development of agro-ecological tourism.
Japanese farmers receive tax breaks and support for
research aimed at improving agricultural technologies
and increasing the resilience of agriculture to climate
change.Japan actively uses precision farming technolo-
gies to increase crop yields and minimise adverse envi-
ronmental impacts, particularly through drone systems
for precise fertiliser distribution and plant condition
monitoring (McGreevy et al., 2021).

In New Zealand, government support is focused on
the introduction of innovative agricultural methods,
including sustainable technologies and the use of bi-
oenergy. In 2021, NZD 350 mn was allocated to agri-
cultural support programmes. Farmers receive grants to
implement environmentally friendly technologies and
develop sustainable production methods. New Zealand
also has a system of incentives for improving product
quality and increasing the efficient use of natural re-
sources. The use of drones and sensors to monitor crop
conditions and optimise fertiliser application helps
New Zealand farmers greatly reduce costs and im-
prove the environmental sustainability of their produc-
tion (Bradly et al., 2022). Thus, international practices
demonstrated showed that a comprehensive approach
is essential for successful agricultural policy, including
not only financial support but also the creation of long-
term incentives for innovation and sustainable agricul-
tural development. Unlike Kazakhstan, where the pri-
mary focus is on subsidies and support for production
processes, these countries place much greater empha-
sis on creating an innovative and sustainable agricul-
tural economy, which could be a valuable benchmark
for Kazakhstan in the future.

In the Republic of Kazakhstan, support for agricul-
ture is also provided through subsidies, preferential
loans, and tax incentives. However, there are several
problems that hinder the effective use of these funds.
For instance, budget funds are not always received on
time, and the processes for their distribution are often
complex and not always transparent, which reduces
their effectiveness. The Republic of Kazakhstan has a
series of subsidy programmes aimed at supporting the
agro-industrial complex (AIC), which include subsidies
for pesticides, fertilisers, seeds,and planting material,as
well as for priority crops and livestock. In 2024, for ex-
ample, state support in the form of subsidies amounted
to KZT 46.4 bn, of which a major part was allocated to
crop and livestock production (State support for..., n.d.).
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The principal objective of these programmes is to stim-
ulate agricultural production, improve its quality and
resilience to external factors.

However, despite these measures, there are a series
of problems that can be addressed to improve the ef-
fectiveness of subsidy programmes. First and foremost,
the bureaucratic procedures for obtaining subsidies
must be simplified. The complexity of the application
process and the need to collect many documents of-
ten become a barrier for farmers, especially in remote
regions. Automating the application process through
electronic platforms could greatly expedite the process
and make it more accessible, potentially reducing the
application time from 2-3 months to 2-3 weeks (Sub-
sidies for crop..., 2023). Additionally, expanding the list
of subsidised crops from the current 10 to 20 items
and introducing the latest agricultural technologies
into the programmes will also increase their attractive-
ness and effectiveness. Support for farmers not only in
conventional crops but also in the innovative technol-
ogies, such as precision farming and sustainable agri-
cultural practices, can contribute to more efficient use
of resources, increasing yields by 15%-20%. It is also
essential to improve transparency and control over the
use of subsidies. The development and implementation
of monitoring mechanisms, such as the use of block-
chain technologies, will help prevent cases of misuse
of funds, increasing trust in government programmes.
Regular audits and public oversight can reduce the
number of cases of misuse of subsidies by 30%-40%
(Ermuhan, 2024).

Long-term loans with low interest rates (2%-4% per
annum) significantly affect farmers’ investment activi-
ty. They allow farmers to invest in modern equipment,
technology, and infrastructure, which helps increase
productivity by 10%-15% and competitiveness. Howev-
er, access to such loans is not always evenly distrib-
uted, especially in conditions of economic instability
and an increase in the key rate of the National Bank
of Kazakhstan. Therefore, to stimulate investment ac-
tivity, it is vital to increase the availability of prefer-
ential lending for farmers, especially for small and
medium-sized businesses, by increasing the number of
loans issued by 20%-30% (Sagbo & Kusunose, 2021).
To this end, it is necessary to expand preferential lend-
ing programmes, reduce interest rates to 3%-5% and
provide further state guarantees. Interest rate subsidy
programmes for loans can markedly reduce the finan-
cial burden on farmers and increase the attractiveness
of investment in the agricultural sector. The develop-
ment of microfinance and cooperative forms can also
be a valuable tool for ensuring access to finance, es-
pecially for small farms, which often face challenges
in obtaining conventional bank loans. The development
of these instruments is estimated to increase access to
finance by 40%-50% (Balana & Oyeyemim, 2022). The
implementation of these measures will increase the




investment attractiveness of the agricultural sector,
stimulate the development of sustainable and highly
productive farms, and increase the overall volume of in-
vestment in Kazakhstan’s agriculture. The development
of Kazakhstan’s agricultural sector in the 2015-2024
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period is characterised by growth in crop yields, an
increase in livestock production and growth in invest-
ment in the sector. These changes are linked to both
government support and the adaptation of agricultural
producers to market conditions (Table 2).

Table 2. Dynamics of agricultural development in Kazakhstan

Year Grain yield (t/ha) Milk production (mnt) Meat production (mn t) Peilc:ptlheeepr:: g l(c;:)e d i;%?:lr(nze: ;;)
2015 1.12 4.8 0.8 24 230
2016 1.18 5.0 0.9 23 260
2017 1.25 5.3 1.0 22 290
2018 13 5.5 1.1 21 320
2019 1.36 5.7 1.2 20 350
2020 142 5.9 13 19 400
2021 1.47 6.1 1.4 18 450
2022 1.53 6.3 1.5 17 500
2023 1.58 6.5 1.6 16 550
2024 1.63 6.7 1.7 15 600

Source: compiled by the authors of this study based on data from K. Yuksel et al. (2023)

The table showed the key indicators of agricul-
ture, including grain yields, milk and meat production,
and employment in the agricultural sector. The analy-
sis showed that since 2015, grain yields increased by
over 40%, milk and meat production also grew, while
employment in the sector gradually declined due to
automation and mechanisation. Therewith, invest-
ment in the industry continues to show steady growth,

indicating the growing attractiveness of agriculture
for capital investment. State support for agriculture in
Kazakhstan is provided through a system of subsidies,
preferential loans, and financing for infrastructure
projects. From 2015 to 2024, there has been a steady
increase in the amount of budget funds allocated to
the development of the agricultural sector, as present-
ed in Table 3.

Table 3. Budget funds allocated for the development of agriculture in Kazakhstan

Year Total support (KZT bn) Subsidies (KZT bn) Preferential lending (KZT bn) Tax benefits (KZT bn)
2015 300 150 100 50
2016 350 180 120 50
2017 400 200 140 60
2018 450 230 160 60
2019 500 260 180 60
2020 550 290 200 60
2021 600 320 220 60
2022 650 350 240 60
2023 700 380 260 60
2024 750 410 280 60

Source: compiled by the authors of this study based on data from P. Buzaubayeva et al. (2023)

The allocated funds are used to support farm-
ers through subsidies for costs, loans for modernising
production processes, as well as developing rural in-
frastructure and introducing digital technologies. Sub-
sidies account for the bulk of the funding, with their
volume increasing more than 2.5 times between 2015
and 2024. There has also been an increase in the vol-
ume of preferential lending, which expands agricultural
producers’ access to financial resources for upgrading
equipment, purchasing seeds, and developing process-
ing capacities. These data suggest that state support
continues to play a key role in the development of

agriculture, but further research and improvement of
distribution mechanisms are needed to increase the ef-
ficiency of spending.

In Kazakhstan, a considerable proportion of agri-
cultural producers depend on state support. For many
farmers, subsidies are a crucial tool for covering the
excessive costs of purchasing seeds, fertilisers, equip-
ment, and labour. These measures also help to attract
investment in the modernisation and development of
agriculture. However, this dependence has its draw-
backs. First and foremost, it can create a system where
farmers are not always interested in developing their
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businesses independently and seeking innovative
solutions to improve efficiency. Dependence on state
intervention can reduce their initiative and ability to
develop independently. Such dependence also creates
risks in conditions of economic instability or changes in
state policy. For example, cuts in subsidies or changes
in legislation can substantially exacerbate the financial
situation of farmers, especially those who are not ready
to adapt to changes.

Legislation regulating the audit of the effective
use of budget funds in the Republic of Kazakhstan in-
cludes several key regulatory documents. The principal
act is the Law of the Republic of Kazakhstan No. 392-
V LRK (2015), which establishes the principles, ob-
jectives, and tasks of state audit, including the audit
of the effective use of budget funds. This law defines
the structure and functions of the auditing bodies and
regulates the procedure for conducting audits in state
bodies and organisations. According to data, in 2023,
over 1,200 audits per year will be conducted by various
auditing bodies, and over 60% of them will be aimed at
verifying the use of budget funds in various state insti-
tutions. The law also prescribed the establishment of
the Kazakhstan Financial Control Agency, which is re-
sponsible for conducting audits at all levels of govern-
ment and publishing reports on the results of audits,
thereby promoting transparency and accountability in
the use of funds.

Furthermore, a significant regulation is the Reg-
ulatory Resolution of the Accounts Committee for
Control over the Execution of the Republican Budget
No. 6-NK (2020). It establishes the procedure for con-
ducting external state audits, including audits of the
effective use of budget funds. This document regulates
the actions of the Supreme Audit Chamber of the Re-
public of Kazakhstan when auditing the accounts of
state bodies and organisations, and establishes that
in 2021, 350 external audits were conducted, of which
over 70% concerned the effectiveness of spending at
various levels of government. Another vital regulation
is the Order of the Minister of Finance of the Republic
of Kazakhstan No. 873 (2018). This Order governs the
procedures for internal audits conducted by internal
audit services in state bodies and defines methods for
assessing the effectiveness of the use of state funds
at various levels of government. In 2020, 120 audits of
the effectiveness of public spending were conducted, of
which 85% concerned public procurement and the use
of budget subsidies. These legislative acts provide the
legal basis for conducting audits of the effectiveness of
budget spending aimed at improving the transparency
and efficiency of public administration in Kazakhstan.

One of the key problems affecting the efficien-
cy of budget spending is corruption and bureaucratic
obstacles to its distribution. In Kazakhstan, as in oth-
er countries, there is a problem of insufficient trans-
parency in the distribution of subsidies, which opens
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opportunities for abuse and corrupt practices. Farmers
often face challenges in applying for subsidies due to
complex and confusing bureaucratic procedures. Cor-
ruption in this process means that funds do not always
reach those who really need them. Instead of being
directed towards supporting agriculture and farmers,
some of the funds end up in the hands of corrupt offi-
cials. This undermines trust in the system and reduces
its effectiveness. To combat corruption and bureaucra-
cy, more transparent and simplified mechanisms for
the distribution of funds must be introduced. Electron-
ic platforms, simplified application procedures, and
stronger accountability measures for civil servants can
markedly improve the situation. Development of a sys-
tem to monitor and control the use of budget funds is
also a major step that will help to ensure the efficient
use of financial resources and minimise corruption risks.

Agriculture plays a key role in the economies of
many countries, affecting not only food security but
also the standard of living of the population, especially
in rural areas. Support for the agricultural sector greatly
influences the indicators such as productivity, farmers’
incomes, infrastructure development, and rural employ-
ment (Viana et al., 2022). One of the key economic out-
comes of the introduction of modern technologies and
government support is increased labour productivity
and crop yields. The use of innovative methods such as
precision farming, genetically improved varieties, irriga-
tion systems, and new fertilisers considerably increases
yields per unit area. The introduction of the latest tech-
nologies, including process automation, improved land
treatment, and optimised resource use, contributes to
increased production while reducing costs. This not
only improves food security, but also increases agricul-
tural exports, which is essential for strengthening the
country’s economy. Productivity growth directly affects
farmers’ profitability, providing stable incomes and op-
portunities for further investment in development. The
dynamics of farmers’ incomes directly depend on the
efficient use of resources, the level of subsidies, and
access to modern technologies. With support meas-
ures such as preferential lending, subsidies for agri-
cultural machinery and product processing, farmers’
incomes can increase substantially. The profitability of
agricultural production depends on production costs,
product prices, and access to markets. However, even
with government support, farmers, especially small
and medium-sized enterprises, often face challenges in
obtaining financial resources, which limits their ability
to expand. In some cases, farmers may become overly
dependent on subsidies, which hinders their long-term
development. It is therefore necessary to ensure more
diverse sources of income and create opportunities for
increased profitability, including access to innovative
technologies and new markets.

The development of rural infrastructure markedly
affects the economy of rural regions. Modern logistics




networks and efficient agricultural processing and stor-
age systems are key to improving the productivity of
the agricultural sector. Logistics, including transport
and distribution, helps to reduce losses associated with
storage and transport of goods and improve access to
markets. The processing of agricultural products, es-
pecially in areas such as food production, textiles, and
biofuels, contributes to adding value and creating jobs.
Product storage systems help minimise losses during
harvesting and ensure a stable supply to markets dur-
ing the off-season. All these elements of rural infra-
structure help to create a more sustainable and effi-
cient system, which contributes to higher incomes for
farmers and the development of rural areas. One of the
key social effects of agricultural development is job
creation. Agriculture has conventionally played a lead-
ing role in providing employment in rural areas. The in-
troduction of modern technologies and the expansion
of infrastructure create new employment opportunities
in various fields, from work on farms and in agribusi-
nesses to jobs in processing and transport. The devel-
opment of the agricultural sector helps to improve the
standard of living in rural areas, reducing migration to
large cities in search of work. It is essential that these
jobs are stable and provide good working conditions.
Creating quality jobs in rural areas requires joint efforts
by both government agencies and the private sector,
which must actively invest in the development of agri-
cultural production and rural infrastructure.

As one of the key sectors of the economy, agricul-
ture greatly influences the environment. In recent dec-
ades, in the face of global challenges such as climate
change, biodiversity loss and ecosystem degradation,
it has become particularly significant to introduce sus-
tainable agricultural practices and use natural resourc-
es efficiently. In this regard, support for environmentally
sustainable agricultural practices and the role of pub-
lic assistance in water and land resource management
are crucial for ensuring the long-term environmental
sustainability and development of the agricultural sec-
tor (Tan et al, 2022). Sustainable agriculture includes
agribusiness practices aimed at ensuring long-term
productivity while conserving natural resources and
minimising harmful impacts on the environment. Such
methods include organic farming, agroforestry, crop ro-
tation, minimum tillage, and integrated pest manage-
ment. These practices help to preserve biodiversity and
improve soil, water, and air quality. Government support
for sustainable agricultural practices plays a key role
in their widespread adoption. Countries with developed
agricultural sectors have active subsidy and preferential
lending programmes aimed at supporting environmen-
tally friendly technologies and agronomic methods. For
instance, farmers can receive subsidies for switching to
organic farming, using environmentally safe fertilisers
and pesticides, applying renewable energy sources and
restoring ecosystems.
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In countries with developing agricultural markets,
government support is also required to introduce sus-
tainable agricultural practices. Effective subsidies for
environmentally friendly technologies, farmer training
programmes, and the creation of environmental certifi-
cation mechanisms contribute to the transition to more
sustainable agricultural practices. It is crucial to strike a
balance between environmental support and economic
benefits so that farmers can not only follow environ-
mental standards but also improve their competitive-
ness in the market. The use of water and land resourc-
es in agriculture is a key component of the production
process. However, their excessive use, especially against
a backdrop of water scarcity and land degradation, can
negatively affect the environment. In this case, govern-
ment support and effective regulation play a prominent
role in optimising the consumption of natural resourc-
es. Government programmes aimed at the efficient use
of water resources include support for the introduction
of water-saving technologies such as drip irrigation,
water management systems, and innovative irrigation
methods. These measures help to minimise water loss-
es, increase water efficiency and reduce the burden on
water bodies and water sources.

In countries with developing agricultural sectors,
water resource management requires special attention.
Water, as the most valuable resource for agriculture, es-
pecially in arid areas, must be used as efficiently as pos-
sible. The introduction of technologies that promote
water conservation, as well as educational programmes
for farmers on rational water use, can considerably im-
prove the condition of water bodies and water sources.
In terms of land use, one of the key challenges is to
prevent soil degradation, salinisation, and erosion. This
requires measures to protect and restore soils, includ-
ing crop rotation, limiting the use of chemical fertilisers
and erosion control. State support in the form of sub-
sidies for projects aimed at restoring ecosystems, us-
ing organic fertilisers, and introducing nature-friendly
technologies plays an essential role in preserving and
improving the condition of land resources. Furthermore,
it is vital to develop mechanisms to monitor the condi-
tion of land resources and the environmental impact of
agricultural practices, which will ensure more efficient
use of budget funds and prevent unnecessary costs.

DISCUSSION

Assessing the effectiveness of government support
for agricultural producers is crucial, as it helps iden-
tify real results and focus efforts on improving current
programmes. The analysis revealed that in some cas-
es, government subsidies substantially influenced the
growth of productivity and profitability of farms. This
was particularly true for subsidies for the purchase of
agricultural equipment and the introduction of inno-
vative technologies, which contributed to improving
product quality and increasing production volumes.
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T.C. Durham and T. Mizik (2021) concluded that a com-
parative analysis of traditional, organic, and alternative
agricultural systems showed that each had its unique
advantages and challenges. Conventional methods are
usually focused on maximising productivity, while or-
ganic farming focuses on sustainability and ecosystem
approaches. Government support plays a key role in fa-
cilitating the transition to more sustainable methods,
which contributes to increased profitability and effi-
ciency in the long term. R. Zhang et al. (2021) showed
that government subsidies greatly influence agricul-
tural production by providing support through funding
and tax breaks for producers. Such measures contribute
not only to improving product quality but also to more
efficient use of natural resources. However, the environ-
mental impact of these subsidies must be considered to
prevent possible harm to the environment and ensure
the sustainable development of agriculture.

These findings confirmed the above presented
study, as they demonstrated that government support
greatly influences agricultural productivity. Specifically,
it promotes the introduction of innovative technologies,
infrastructure improvements, and the development of
sustainable production methods, which increase both
financial and environmental efficiency. These changes
are particularly noticeable in countries where subsi-
dies are aimed at reducing environmental impact and
supporting the transition to organic and alternative
production methods. However, the study also found
that government support did not always produce the
expected outcomes. In some cases, subsidies did not
markedly improve farmers’ financial situation since they
were often used inefficiently. Problems with access to
preferential loans and insufficient information among
farmers about the mechanisms for obtaining state aid
created obstacles to the full use of these funds. Addi-
tionally, dependence on subsidies reduced farmers’ mo-
tivation to seek new sources of income and modernise
production independently.

Z.Guo et al.(2022) also found that farmers’ percep-
tions of environmental standards and their adoption of
green agricultural technologies largely depend on their
level of awareness and readiness for change. In coun-
tries with developed government support programmes,
farmers tend to adapt their production methods to
environmental requirements, which helps reduce the
impact on the environment. However, problems arise
when farmers face challenges in adopting the latest
technologies or lack information about the benefits
of green practices, which reduces the effectiveness of
government support. M. Guth et al. (2022) concluded
that the effectiveness and sustainability of small family
farms under government support depends on how well
agricultural policies are adapted to their specific needs.
Farmers often find themselves dependent on subsidies,
which limits their ability to develop and innovate in-
dependently. Although government programmes can
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bring short-term benefits, their influence on the long-
term sustainability of farms will be limited if the struc-
tural and economic characteristics of small farms are
not considered.

These findings are consistent with the arguments
presented in the previous section, emphasising the sig-
nificance of targeted government support to encourage
farmers to switch to environmentally friendly produc-
tion methods. A prominent aspect is not only the provi-
sion of subsidies, but also the creation of training and
advisory systems to facilitate the successful introduc-
tion of green technologies (Faichuk et al., 2022). Exam-
ples of successful practices from other countries show
that a comprehensive approach, including both eco-
nomic and information support, greatly increases the
effectiveness of government intervention in agriculture.
A comparison with international practices revealed that
in countries with more developed agricultural sectors,
government support is clearly focused on long-term
goals. These countries use programmes that not only
support farmers in the short term but also encourage
them to adopt sustainable and highly efficient technol-
ogies. In contrast to these countries, in some develop-
ing economies, such as Kazakhstan, support for agricul-
ture is limited mainly to short-term measures, which do
not always contribute to the sustainable growth of the
sector. E. Benami et al. (2021) also conducted a study,
the findings of which confirmed that the integration of
remote sensing, crop modelling,and economics is a val-
uable tool for agricultural risk management, providing
accurate information on crop conditions and predicting
potential threats. Internationally, satellite data, climate
models and analytics are actively used to optimise
agronomic processes and minimise losses. The use of
such technologies enables farmers not only to respond
to emerging risks, but also to make strategic decisions
aimed at sustainable agricultural development.

B. Kamguia et al. (2022) also found that foreign aid
can both contribute to and hinder economic complexity
in developing countries, depending on how it is used. In
some cases, aid programmes are not sufficiently adapt-
ed to local conditions, which can limit their long-term
effects and lead to dependence on external sources of
funding. However, with a properly targeted approach,
aid can markedly accelerate agricultural development,
improve infrastructure,and increase productivity in the
long term, provided that local economic reality is fac-
tored in. Upon comparing the findings, it can be noted
that the integration of remote sensing and crop mod-
elling significantly improves the accuracy of forecasts
and reduces the risks associated with natural disasters.
However, many developing countries face limited ac-
cess to the necessary technologies and data, which re-
duces the effectiveness of these methods. It is vital to
emphasise that the successful implementation of such
technologies requires not only high-quality data, but
also an effective training system for local farmers so




that they can correctly interpret and apply the results
obtained to improve the sustainability of agriculture.
The problem of corruption and bureaucratic barriers,
which greatly affect the efficiency of budget allocation,
should be highlighted. In practice, farmers often face
long processing times for subsidy applications and a
lack of transparency when receiving support. This cre-
ates conditions for corruption schemes and leads to
uneven distribution of funds, which reduces the effec-
tiveness of the state support system and makes it not
always focused on the needs of actual producers (Ket-
ners et al., 2024).

A.D. Nugroho et al. (2022) concluded that the im-
pact of corruption control on malnutrition indicators in
developing countries is intricately linked to the effec-
tiveness of agricultural aid distribution. Corruption risks
and bureaucratic obstacles can considerably slow down
or even negate the effect of resources provided by state
and international organisations. Problems with insuffi-
cient transparency in the aid distribution process mean
that aid does not always reach the target groups, and
resources may be spent inefficiently. N.A.O. Adewusi et
al. (2023) found that blockchain as a tool for ensuring
transparency in agricultural supply chains allows track-
ing the origin and movement of products, reducing the
risks of corruption and fraud. This can have major im-
plications for increasing consumer confidence and im-
proving product quality. In the absence of transparency
in agriculture, corruption schemes can lead to extensive
losses and distort fair competition, which blockchain
can minimise by ensuring reliability and transparency at
all stages of the supply chain. Effective anti-corruption
measures in the distribution of agricultural aid require
a comprehensive approach that includes the creation
of transparent mechanisms and the strengthening of
institutions responsible for resource allocation (Sha-
hini & Shtal, 2023). It is essential not only to identify
cases of corruption, but also to implement sustainable
monitoring systems that minimise bureaucratic barri-
ers and ensure the fair distribution of funds. Thus, the
fight against corruption plays a key role in improving
the effectiveness of government aid and contributes to
improving food security in developing countries.

Furthermore, insufficient coordination between
distinct levels of government is a principal factor that
also reduces the effectiveness of aid delivery. Local au-
thorities often lack the capacity to assess the needs of
agricultural producers promptly and provide them with
the aid necessary. This leads to a mismatch between
farmers’ demands and the conditions offered by gov-
ernment programmes. F. Liu et al. (2022), also covered
this problem, confirming that linking the coordination
of the agricultural economy, ecology, and society is a
key challenge in sustainable agricultural development.
Problems of coordination between local and central
authorities can manifest themselves in differences in
priorities and resources, which hinders the effective
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distribution of agricultural support. This can lead to
inefficient use of resources and a decline in the quali-
ty of services provided, which negatively affects social
and environmental sustainability. C. Bernini and F. Gal-
Li (2024) also showed that the potential and limitations
of subsidies in sustainable development management
depend directly on the coordination between local and
central authorities. Inconsistent decision-making often
leads to agricultural subsidies being ineffective, as local
authorities may not have sufficient information about
centralised initiatives or vice versa. This creates barriers
to the implementation of sustainable agricultural prac-
tices and slows progress towards environmental and
economic sustainability.

The analysis of the study findings revealed that
successful coordination between local and central au-
thorities is a key factor for the effective distribution
of agricultural aid. Differences in priorities and man-
agement strategies can create challenges in adapting
agriculture to environmental and social changes. To
achieve sustainable outcomes, it is vital to establish
clear communication and coordination mechanisms
that ensure coherence at all levels of governance and
enhance the impact of agricultural programmes. Based
on the analysis of the data, it can be concluded that
structural changes are needed to improve the effective-
ness of government support. First and foremost, mech-
anisms for monitoring the distribution of funds must
be improved, making the process of receiving aid more
transparent and accessible to all farmers. Furthermore,
the focus should be on long-term goals and the intro-
duction of innovative farming methods, which will not
only support producers but also ensure the develop-
ment of the agricultural sector overall.

CONCLUSIONS

The study yielded valuable findings regarding the ef-
fectiveness of state aid to agricultural producers. Spe-
cifically, between 2015 and 2024, total support for the
agro-industrial complex in Kazakhstan increased from
KZT 300 bn to KZT 750 bn, with subsidies increasing
from KZT 150 bn to KZT 410 bn, and preferential lend-
ing from KZT 100 bn to KZT 280 bn. The key positive
aspects included the growth in productivity and prof-
itability of farms, which was particularly noticeable in
cases where subsidies were used to purchase modern
agricultural equipment and introduce the latest tech-
nologies. For instance, grain yields in Kazakhstan in-
creased from 1.12 t/ha to 1.63 t/ha over the same pe-
riod, milk production - from 4.8 mn t to 6.7 mn t, and
meat production - from 0.8 mn t to 1.7 mn t. This made
it possible to improve product quality and increase
production volumes, which ultimately led to better fi-
nancial performance for agricultural producers. How-
ever, the study also revealed serious problems in the
implementation of state aid. It turned out that not all
farmers can make effective use of the subsidies provid-
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ed due to the low availability of preferential loans and
insufficient information about state aid programmes.
For example, the share of people employed in the
agro-industrial complex fell from 24% to 15%, which
shows the challenges farmers face in operating their
farms. Plus, systemic problems in how funds are dis-
tributed, like bureaucratic barriers and corruption, se-
riously reduce the effectiveness of these programmes.
As a result, many farmers do not receive adequate sup-
port, which hinders the sustainable development of
the agricultural sector.

A comparison with foreign practices revealed
that in countries with developed agricultural sectors,
state aid focuses on long-term development, factor-
ing in the introduction of sustainable and innovative
technologies. For example, in 2020, the EU allocated
EUR 58 bn to support the agricultural sector, a major
part of which was directed towards subsidising envi-
ronmentally friendly farming and modernising produc-
tion. In the United States, USD 25 bn was allocated for
analogous purposes in 2021, which made it possible
to implement tax breaks and innovation support pro-
grammes. In Australia, government aid to agriculture
amounted to AUD 4.8 bn in 2022, and CAD 3.8 bn in
Canada. Meanwhile, in Kazakhstan, support is mainly
focused on short-term goals, which does not always
contribute to sustainable growth and modernisation
of the industry. The study also found that insufficient
coordination between multiple levels of government
leads to a mismatch between farmers’ needs and the

conditions offered by government programmes. This
complicates the process of obtaining state aid and
reduces its effectiveness. For example, investment in
Kazakhstan’s agro-industrial complex has grown from
KZT 230 bn to KZT 600 bn, but many farmers continue to
be face challenges in accessing preferential financing.

Therefore, to increase the effectiveness of state aid
to agricultural producers, it is necessary to implement
comprehensive changes that will increase the trans-
parency and accessibility of subsidies, improve coor-
dination between government agencies and farmers,
and focus on long-term strategies aimed at sustainable
development and the introduction of innovative tech-
nologies. This is the only way to ensure stable growth
in the agricultural sector and increase the competitive-
ness of Kazakh producers in the international market.
For a deeper understanding of the effectiveness of
state aid to agricultural producers, it is necessary to
investigate the long-term effects of subsidies on the
sustainable development of agricultural technologies
and innovative practices.
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Naypa Anikynosa
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LiHa Aiikynewesa
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AHoTauif. MeTolo UbOro JOCNiAKEHHS OYN0 BM3HAYEHHS KNHOYOBMX (AKTOPIB, WO BMAMBAKTb Ha €PEKTUBHICTb
[lepXXaBHOI NiATPUMKM CiNbCbKOrOCNOAAPCbKMUX BUPOOHMKIB y KasaxcTaHi, a Takox ouiHka ii BNAWBY Ha PO3BMTOK
arponpoMMCIOBOro KoMnaekcy. Y AOCAifAXKeHHI 6yN10 BUKOPUCTAHO METOAM CMCTEMHOMO aHani3y Ta MOPiBHANBHOT
OUiHKM, SKi [OMOMOMM BUABUTM OCOBAMBOCTI AEpXXaBHOI MiATPUMKM CiNbCbKOTOCMOAAPCHKMX BUPOBHMKIB,
BM3HAYMTK ii BM/IMB Ha EKOHOMIYHWMI PO3BMTOK arponpoMMCIOBOrO KOMIIEKCY Ta OOIPYHTOBaHICTb po3noainy
OHOKETHMX pecypciB. AHani3 Mokasas, WO 3araJbHUI 0OCAT GHOLKETHMX KOLTIB, BUAINEHUX Ha MiATPUMKY
cinbcbkoro rocnofapcrea B Kasaxcrani, 3pic 3 300 mnppa TeHre y 2015 poui go 750 mnpg teHre y 2024 poui, npu
LbOMy yacTka cybcuain 3pocna 3i 150 mnpg TeHre go 410 mnpp TeHre. OaHak Ginbwa yacTMHa iHaHCYBaHHS
HaAXoAuTb A0 BEIMKMX CiNIbCbKOrOCNOAAPChKMX XONAMHIIB, TOAI SK Mani Ta cepefHi depmepcbki rocnogapcrea
CTMKAIOTLCS 3 TPyAHOLWAMKN y aocTyni A0 diHaHCOBMX Ta MaTepianbHUMX pecypciB. AHani3 nokasas, WO AepXKaBHa
[onomora No3uTUBHO BMNJIMBAE HA 3pOCTAHHS NPOAYKTUBHOCTI CiIbCbKOMO rocnofapcTea. Hanpuknan, BpoXanHicTb
3epHoBuMx 3pocna 3 1,12 1/ra y 2015 poui go 1,63 1/ra 'y 2024 poui, Toai Sk BUpo6HULTBO Moi0Ka 3pocno 3 4,8
MJIH T 1,0 6,7 MiH T. OgHaK HasiBHICTb Cy6CUAin He 3aBXAM NPU3BOAMTb A0 NiABULEHHS NpMbYTKOBOCTI. Hanpuknag,
He3BaXKaluM Ha po3LWMPeEHHS Ninbrosoro KpeauTyeaHHs 3i 100 mnpa TeHre no 280 Mnpa TeHre, pibHi bepmepu Bce
e CTUKAKTLCA 3 HAAMIPHUMUM BUTPaTaMu Ta TPYLHOLAMM B OTPUMAHHI GiHAaHCOBMX pecypciB. Temnu undpoBsisadii
B arponpoMMUCIIOBOMY KOMMIEKCI MPOAOBXKYHTb OYyTM HeAOoCTaTHIMM: BMPOBAAXKEHHS TOYHOro 3emiepobcTBa
0bMexyeTbcst BpakoM iHbpacTpykTypu Ta daxisuis. [Joceig €C, CLLUA T1a ABcTpanii, oe AepXaBHa NiATpMMKaA
CTUMY/IOE IHHOBALiMHI pilleHHS, CBIAYNTb NPO HEOOXiAHICTb pO3LMPEHHS NPOrpaM TEXHONOTIYHOT MoAepHi3aLii.
Y pe3ynbTaTi fOCNiAKEHHS 3p06ieHO BMCHOBOK, WO cybcuaii HeobxigHO nepepo3nofinvMTh Ha KOpPUCTb Manux
Ta cepefHix GepMepCbKMX rocnoaapcts, MOCUIUTU KOHTPO/b 33 LiIbOBUM BUKOPUCTAHHSAM KOLWTIB Ta aKTUBHO
BNPOBAaAXKYBaTH LMPPOBI TEXHONOTIT ANS NiABULLEHHS ePEKTUBHOCTI arpapHOro CEKTopy

KniouoBi cnoBa: cybcuaii; ninbrose KpeauTyBaHHS; ayauT OHOOXKETHUX BUTPAT; BPOXKAMHICTb CilbCbKOrOCNoAapCbKMx
KYNbTyp; TEXHIYHA MOAepHi3aLis
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from financial reports, analytics from the World Intellectual Property Organisation, the Organisation for Economic
Cooperation and Development, and calculations performed in IBM SPSS Statistics version 27 were used. The
results demonstrated that the United States of America uses an income approach with a focus on patents and
biotechnology, Germany uses a cost approach to value licences and trademarks, the People’s Republic of China
uses a comparative approach to value digital platforms and artificial intelligence, and Switzerland uses a hybrid
approach. The correlation analysis revealed a high correlation between investment in research and development
(R&D) and the number of patents (r=0.82), which confirmed the impact of investment on the accumulation of
intellectual assets. Brand value showed the highest correlation with revenue (r=0.96) and net profit (r = 0.94).
The highest value of intellectual assets in 2024 was found in COFCO Group (USD 15.6 billion), which generated
revenue of 130 billion USD. In Azerbaijan, Azersun Holding uses cost and comparative methods due to limited
international patent protection and an underdeveloped licensing market. The findings confirmed the key role of
intellectual assets and brand value in ensuring the financial sustainability of the agricultural sector

Keywords: patent portfolio; economic priorities; income method; cost method; comparative method; agricultural

sector

INTRODUCTION

Intellectual assets in agriculture are becoming increas-
ingly important in the context of global competition
and rapid technological progress. These include pat-
ents, technologies, breeding achievements, trademarks
and other intellectual property objects that ensure in-
novative development and economic sustainability of
the agricultural sector. Effective management of intel-
lectual assets is particularly relevant for countries with
economies in transition, such as the Republic of Azer-
baijan, undergoing active economic restructuring and
seeking to diversify sources of income. In addition, in
the context of an underdeveloped intellectual property
market and limited law enforcement practices, it is nec-
essary to introduce modern valuation methods to stim-
ulate investment in innovation and enhance the com-
petitiveness of national companies in the international
arena. Given the diversity of intellectual asset valuation
methods and differences in institutional and economic
conditions, it is necessary to adapt the international ex-
perience to achieve maximum returns from innovation.

Profitable methods for assessing the intellec-
tual assets of US farmers were studied by J. Xu and
Y.Zhang (2021),and Y. Liu et al. (2021).). Xu and Y.Zhang
emphasised that these methods are widely used to
evaluate precision farming technologies, such as au-
tomated irrigation control systems and crop monitor-
ing drones. Their use has increased farm incomes by
15-20% due to the effective commercialisation of in-
tellectual property. However, the study noted that the
successful application of revenue-generating methods
requires a developed institutional infrastructure and a
high degree of commercialisation, which limits their
applicability in countries with limited investment op-
portunities, such as Azerbaijan.Y. Liu et al. showed that
income-based valuation methods also contributed to a
20% increase in farmland productivity, a 25% reduction
in fertiliser and irrigation costs, and a 15% reduction
in carbon dioxide emissions. However, their study did
not address the specifics of countries with seasonal

agriculture,where seasonality and limited funding could
reduce the efficiency of intellectual asset management.

S. Pishgar-Komleh et al. (2021) analysed the use
of market-based methods of valuation of intellectual
assets to assess breeding achievements in the EU and
demonstrated improved determination of the market
value of intellectual assets, facilitating their integration
into international projects. One example of successful
use was the introduction of breeding achievements
into projects to increase grain yields by 18%. However,
the study did not address the issues of adapting these
methods to the conditions of developing countries,
where intellectual property protection is still in its in-
fancy. L. Zeynalli et al. (2022) noted that market-based
methods have actively contributed to the development
of breeding achievements, ensuring a balance between
local characteristics and the international potential
of intellectual assets. For instance, programmes to in-
troduce drought-tolerant plant varieties have led to a
12% increase in yields in Southern Europe. However,
the study did not address the standardisation of mar-
ket-based methods, which could limit their adaptation
in emerging economies.

Cost-based methods of valuation of intellectual as-
sets have often been used in China due to simplicity
and affordability for small and medium-sized business-
es. K. Pawlak et al. (2021) noted that such methods pro-
vide minimal data collection and analytical processing
costs, therefore convenient for small agricultural en-
terprises. The study demonstrated that cost-based ap-
proaches can be used for the valuation of intellectual
assets with an accuracy of up to 12%, which is sufficient
for use in local economic calculations. However, such
methods did not incorporate the market potential of
the assets, which limited their application in the long
term.The effectiveness of cost-based methods has been
confirmed in the example of agricultural engineering in
China. A. Valiyev et al. (2022) analysed the use of cost-
based methods for valuing intellectual assets in small
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and medium-sized enterprises and showed that such
approaches reduced costs by 30%, therefore more af-
fordable for local businesses. However, the limitations
include the value of intellectual assets only on costs in-
curred, without future market returns, such as possible
revenues from technology commercialisation or licens-
ing agreements. This causes an underestimation of the
real value of the assets, especially in a dynamic market
where intellectual property can significantly increase a
company’s capitalisation.

From the perspective of institutional transforma-
tion, the creation of national platforms for intellectu-
al property management is an important step towards
the efficient use of intellectual assets. M. Campi and
A.Nuvolari (2020) and M. Zhang et al. (2023) noted that
national platforms contribute to the standardisation of
valuation methods, improved monitoring and interac-
tion between market participants. An example of the
successful implementation of such initiatives is the
German national programme “SIGNO Die Neue Initia-
tive des BMWi” (2025), which increased the number of
licences, patents and technology transfer agreements
by 25% in five years (Fraunhofer, 2014). In this context,
the commercialisation rate reflects the share of intel-
lectual assets (patents, know-how, licences) that have
been successfully implemented in production process-
es or transferred to third parties for economic bene-
fit. However, the recommendations do not sufficiently
address the specifics of transition economies, where
more attention is required to financing and regulatory
frameworks.

The study aimed to conduct a comparative analysis
of the methods of intellectual assets valuation used in
the agricultural sector of the USA, EU, China and other
countries, as well as to develop adapted recommenda-
tions for their application in the Republic of Azerbaijan.
Research tasks included studying the methods of in-
tellectual assets valuation in different countries, iden-
tifying strengths and weaknesses, and analysing the
impact on the economic sustainability of agricultural
companies (incorporating market share, speed of inno-
vation and profitability).

MATERIALS AND METHODS

The study was conducted in 2024 and included an
analysis of global approaches to the valuation of in-
tellectual assets in agriculture based on the experi-
ence of leading countries and their adaptation to the
conditions of the Republic of Azerbaijan. The empirical
basis was the Comprehensive Report on the work done
by the Intellectual Property Agency of the Republic of
Azerbaijan in 2024 (2024), data from the World Intel-
lectual Property Organisation (2024), Organisation
for Economic Co-operation and Development (2024;
2025), World Bank (n.d.), as well as data from leading
agricultural companies. The study object was intellec-
tual assets in the agricultural sector, including patents,
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copyrights, trademarks, know-how, databases and other
intangible assets that affect the innovative potential
of agriculture. Global practices of intellectual proper-
ty valuation in countries with developed agricultural
sectors, including the USA, Germany, Switzerland and
China, were analysed.

Companies with different intangible asset manage-
ment strategies were selected to analyse the methods
of intellectual asset valuation. In John Deere (2024)
(USA), the company’s brand, innovation potential, pat-
ent portfolio and precision farming software were
evaluated. The brand was assessed based on data from
Brand Finance (n.d.) and the company’s annual financial
statements, which included information on the value
of trademarks and reputational capital.John Deere’s in-
tellectual capital was also assessed based on the value
of internal development and software licensing. Bay-
er (2022; 2024; 2025) (Germany) analysed the process-
es of commercialisation of biotechnological solutions,
valuation of intangible assets in the form of genetically
modified crops, licensing of technologies and trade-
marks. The sources of data were the company’s annual
reports and the Organisation for Economic Co-opera-
tion and Development (2024) iLibrary database con-
taining analytical materials on the commercialisation
of intellectual property.

Syngenta (n.d.; 2025) (Switzerland) was studied in
the context of a comprehensive valuation of intellec-
tual assets, including rights to chemical compounds,
technology protection, biotechnology licensing and
trademark valuation. The data was obtained from the
company’s financial statements. COFCO INTL (2024)
(China) was analysed in terms of digital intellectual
assets, including agribusiness software, platform solu-
tions and databases. The assessment was based on
the reports of the China National Intellectual Property
Administration (n.d.) and the company’s financial state-
ments. The methods of valuation of intellectual assets
in Azerbaijan were analysed on the example of Azer-
sun Holding (2023), one of the largest agro-industrial
holdings in the country. The valuation of the company’s
intellectual property included trademarks, technologi-
cal know-how, copyrights for production processes and
innovative solutions in the food industry. The informa-
tion was collected from the company’s official reports
and the Comprehensive Report on the work done by the
Intellectual Property Agency of the Republic of Azerbai-
janin 2024 (2024).

The methods used to value intellectual assets in-
cluded three main approaches:

m the income approach, based on an analysis of fu-
ture cash flows from the use of intangible assets;

B the cost approach, which estimates the cost of
creating and maintaining intellectual property;

m the comparative approach, which enables deter-
mination of asset value based on similar transactions
and companies in the industry.




The calculations were based on the financial state-
ments of the companies studied, information on the
market value of patents and technologies from the
Organisation for Economic Co-operation and Develop-
ment iLibrary, and analytical reports by the World Bank.
Statistical data processing was conducted using IBM
SPSS Statistics (n.d.) (version 27). The correlation anal-
ysis was based on the Pearson coefficient calculated
between the following pairs of indicators: number of
patents, brand value (USD billion), number of licences,
research and development (R&D) investments (USD
billion), revenue (USD billion), EBITDA (USD billion) and
net profit (USD billion). All indicators were obtained
from the reports of the World Intellectual Property Or-
ganisation, the Organisation for Economic Co-operation
and Development and financial data of the companies.
The significance level was set at p<0.05.

RESULTS

The valuation of intellectual assets in the agricultur-
al sector varies significantly between countries, due
to their economic priorities, level of technological
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development and legal systems (Table 1). In the Unit-
ed States, the predominant valuation method is the
income approach, which is based on projected future
income from the use of intellectual assets, such as pat-
ents for agricultural technologies and biotechnology
developments. This is due to the high level of commer-
cialisation of innovations and the country’s developed
intellectual property protection system. In Germany,
the cost method is preferred, focusing on the analysis
of investments required to create and maintain intel-
lectual assets. This approach is driven by an emphasis
on accurate estimation of R&D costs and a desire for
transparency in investment in innovation. In China, the
comparative method is widely used, where the value
of intellectual assets is determined by analysing mar-
ket transactions with similar technologies. This reflects
the dynamic development of the market and the active
borrowing of advanced technologies. Switzerland uses
a hybrid approach that combines elements of all three
methods to incorporate the diversity of intellectual as-
sets, especially in the areas of digital technologies and
precision agriculture.

Table 1. Approaches to intellectual asset valuation in developed countries

Country Evaluation method used The main object of evaluation
USA Profitable Patents, biotechnology
Germany Costly Licences, know-how, trademarks
China Comparative Platform solutions, databases
Switzerland Hybrid Digital technologies, precision farming systems

Source: compiled by the authors based on World Bank (n.d.), World Intellectual Property Organisation (2024), Organisation

for Economic Co-operation and Development (2025)

The main objects of valuation of intellectual assets
in these countries vary depending on national priorities
and the level of technological development. In the US,
the emphasis is on patents and biotechnology, reflect-
ing the country’s leadership in agricultural innovation
(John Deere, 2024). In Germany, significant attention
is paid to licences, know-how and trademarks, due to
its developed industrial base and emphasis on product
quality. In China, with its rapidly growing digital econ-
omy, platform solutions and databases are key objects
of assessment (COFCO INTL, 2024). Switzerland, known
for its advanced agricultural technologies, focuses on
the evaluation of digital technologies and precision

farming systems. These approaches and objects of as-
sessment reflect the strategic priorities of each country
in the field of agriculture and innovation, as well as their
desire to effectively manage and capitalise on their in-
tellectual resources. Large-cap agricultural companies,
such as John Deere (USA), Bayer CropScience (Germany),
Syngenta (Switzerland) and COFCO Group (China),apply
different strategies for managing intellectual assets,
which depend on their market positions, industry spe-
cialisation and available valuation methods (Table 2).
Their approaches shape not only the internal econom-
ics of companies but also influence global trends in
the management of intangible assets in agriculture.

Table 2. Intellectual assets of agricultural companies, 2024

Evaluation The main object of

Company

Estimated value of intellectual Share of intellectual assets in

method used evaluation assets (USD billion) total capital (%)
John Deere Profitable Software, patents, 9.1 35%
licences
Bayer CropScience Costly Biotechnology, GMO 7.5 30%
crops, trademarks
Syngenta Hybrid Chemicals, licences, 48 25%

biotechnology
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Table 2. Continued

Compan Evaluation The main object of Estimated value of intellectual Share of intellectual assets in
pany method used evaluation assets (USD billion) total capital (%)
Digital platforms,
COFCO Group Comparative databases, artificial 15.6 40%

intelligence

Source: compiled by the authors based on Brand Finance (n.d.), World Intellectual Property Organisation (2024),
Organisation for Economic Co-operation and Development (2025), financial reports of John Deere (2024), Bayer (2024),

Syngenta (2025), COFCO INTL (2024)

John Deere (2024) is a global leader in the de-
velopment of agricultural equipment and digital
solutions for precision farming. The company’s key
intellectual assets include patents, software, Lli-
censed technologies and brands. John Deere uses
the income approach to valuation, which takes into
account future cash flows from intellectual property.

In 2023, the value of the John Deere brand was USD
9.1 billion, and the capitalisation of the company’s
intangible assets was estimated at 35% of total cap-
ital (Table 3). More than 70% of all the company’s
innovations are protected by patents, which provides
income for John Deere by licensing technologies for
agriculture automation.

Table 3. Financial and intellectual indicators of the companies under study, 2024

Company Patents BI:aI:Id value Licences Investmen?s 'in ] I?roﬁt 'E.BITDA I:le.t profit
(pcs.) (billion USD) (pcs.) R&D (USD billion) (billion USD)  (billion USD) (billion USD)
John Deere 250 9.1 80 5 44 6.2 2.9
Bayer CropScience 180 7.5 120 5.3 50.5 8.1 3.6
Syngenta 150 4.8 95 1.7 26.2 4.5 1.9
COFCO Group 90 15.6 60 3.2 130 38.4 10.5
Azersun Holding 30 0.25 10 0.012 2.4 0.35 0.18

Source: compiled by the authors based on Brand Finance (n.d.), Azersun Holding (2023), World Intellectual Property
Organisation (2024), financial reports of John Deere (2024), COFCO INTL (2024), Bayer (2024), Organisation for Economic

Co-operation and Development (2025), Syngenta (2025)

Bayer CropScience prioritises the development of
biotechnology, genetically modified crops and crop
protection products. Unlike John Deere, the company
uses a cost-based approach, as its key assets are tied
to long-term investments in research and development
of new products. This maintained the leadership role of
Bayer CropScience in the industry and provided inno-
vative solutions for agriculture. In 2022, Bayer (2024)
spent 5.3 billion EUR on R&D, 12.7% of the company’s
total turnover. These investments are aimed at devel-
oping new crop varieties with high yields, resistant to
adverse climatic conditions and pests. In addition, the
company is actively developing digital crop monitoring
technologies and integrated agronomic process man-
agement systems. The patent portfolio of Bayer Crop-
Science includes more than 7,500 active patents, which
demonstrates the company’s high innovation activity.
The estimated value of Bayer CropScience’s intellectual
assets exceeds USD 7.5 billion, which confirms the stra-
tegic importance of R&D in its business model. In ad-
dition to patents, the company actively cooperates with
leading research institutes, universities and start-ups,
which helps to speed up the process of introducing new
developments and expand their scope.

Syngenta (2025) employed a hybrid approach, com-
bining income and cost methods. The company’s main
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intellectual assets are chemical compounds, biotech-
nology licences and trademarks. This diversification of
assets not only developed new products but also gen-
erate revenue from licensing technologies. In 2023, the
value of Syngenta’s patent portfolio was USD 4.8 billion
and R&D expenditures were USD 1.7 billion. Licensing
of chemical crop protection technologies brings Syn-
genta a significant royalty stream, which explains the
use of the combined valuation method. It reduces fi-
nancial risks associated with long-term investments in
the development of new chemical compounds. In addi-
tion, Syngenta is actively developing precision farming
technologies by offering digital platforms for managing
agricultural processes. These platforms provide farmers
with analytics based on artificial intelligence and sat-
ellite monitoring data, optimising the use of fertilisers,
pesticides and other resources.

As a technology giant, COFCO INTL (2024) is active-
ly investing in digital platforms, databases and artificial
intelligence for agriculture. Unlike other companies,
COFCO Group uses the comparative method to value
its intangible assets based on market analogues. This
ensures quick adaptation to changes in the market and
effectively capitalises on its developments. In 2023, the
capitalisation of the company’s intellectual property to-
talled 15.6 billion USD, equivalent to 40% of the total




market value of COFCO Group. One of COFCO Group’s
key activities in the agricultural sector is the develop-
ment of intelligent supply chain management systems
that use machine learning to forecast demand and opti-
mise logistics. The company is also investing in e-com-
merce platforms that provides direct interaction with
consumers, reducing intermediary costs. In addition,
COFCO Group is actively developing big data solutions
to help farmers analyse climate conditions, predict
yields and improve agricultural production efficiency.
Thus, companies apply the methods of valuation
of intellectual assets that best suit the strategy for
commercialising intangible assets. John Deere priori-
tises generation of revenue from patents and software,
Bayer (2022) evaluated assets according to costs as it
develops long-term R&D investments, Syngenta uses
a balance of cost and income approaches, and COFCO
Group bases its valuation on the market value of digital
assets. These models reflect not only business specifics
but also global trends in intellectual property manage-
ment in the agricultural sector. Azersun Holding (2023),
being one of the largest agro-industrial companies in
Azerbaijan, owns a significant amount of intellectu-
al assets, which form an important component of the
overall value of the business. The holding’s intellec-
tual property is represented in several key categories:
trademarks, technological know-how, copyrights to
production processes, licences and patents. The largest
share in the structure of intellectual assets is occupied
by trademarks, which provide competitive advantag-
es in the domestic and foreign markets. According to
the State Agency for Intellectual Property of Azerbai-
jan, the company has registered more than 150 trade-
marks (Comprehensive Report on..., 2024). The market
value of Azersun Holding’s brands is estimated at USD
250 million, which is equivalent to approximately 15%
of the company’s total capitalisation (Organisation for
Economic Co-operation and Development, 2025).
Technological know-how includes developments
in the field of multi-stage processing of agricultur-
al raw materials, eco-friendly packaging methods and
automated product quality control lines. The value of
these assets, according to the company’s internal sourc-
es and open data, is at least 40 million USD. However,
the limited international patent protection reduces the
possibility of their capitalisation in foreign markets.
Azersun Holding’s copyrights for production processes
and internal innovations (2023) are estimated at ap-
proximately 15 million USD and cover technological
operation algorithms, recipes and quality standards
used at the holding’s production facilities. Azersun
Holding’s portfolio of licences and patents includes
approximately 10 licences and 30 patents, registered
mainly in Azerbaijan. Their total value is estimated
at USD 10 million, reflecting limited commercial ap-
plication outside the domestic market. Overall, the
total value of Azersun Holding’s intellectual assets is
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approximately USD 315 million. This accounts for about
20% of the company’s total asset value, according to
analytical reports and market data from the World
Bank (n.d.), which is a significant indicator of Azerbai-
jan’s agro-industrial sector. The high share of intangible
assets is explained by the diversified business structure
of the holding and its focus on creating added value
through branded products and proprietary technolo-
gies. The company also owns valuable technological
know-how related to innovative methods of processing
agricultural products, such as optimising heat treat-
ment to preserve nutritional properties, a multi-stage
cleaning and filtration system for food raw materials,
and automated packaging lines using environmentally
friendly materials. These technologies enable signif-
icant improvements in product quality and safety, re-
duce production costs and extend the shelf life of fin-
ished products.

All these technological solutions are protected by
copyrights and registered patents at the national level.
However, according to the World Intellectual Property
Organisation (2024), Azersun Holding’s patent portfolio
is significantly inferior in terms of volume and coverage
to similar indicators of international corporations. The
reason for this is that most of the company’s patents are
registered exclusively in Azerbaijan and do not have in-
ternational legal force, as there is no filing under inter-
national systems such as the Patent Cooperation Treaty
or with patent offices of other countries. This restriction
significantly reduces the possibilities of commercial
use of these technologies outside Azerbaijan. Patents
valid only at the national level do not provide legal
protection in other jurisdictions, making international
licensing or sale of technologies legally and economi-
cally difficult. This has a direct impact on the valuation
methods of a company’s intellectual assets: the use of
the income approach becomes impossible, as the cal-
culation of future flows from international licensing or
sale of patents is not realistic. As a result, the value of
these assets in the valuation is significantly lower com-
pared to their internationally protected counterparts, as
their market potential is limited to the domestic market.

In the assessment of intellectual property, Azersun
Holding applies the cost method, which determined the
value of assets based on investments in their devel-
opment, maintenance and adaptation to market condi-
tions. According to the World Bank (n.d.), the company’s
annual investment in the development of new tech-
nologies is about USD 12 million, which is equivalent
to 8% of total production costs. This approach incor-
porates the actual costs of creating intellectual assets
but does not reflect their future market value. In addi-
tion, Azersun Holding uses the comparative method to
determine the market value of trademarks and brands
based on the analysis of similar transactions in the re-
gion. This method is most effective when the compa-
ny’s intellectual assets are not related to patents but
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rather to brand recognition and reputation. In contrast
to the leading international corporations,Azersun Hold-
ing does not use the income method, as its intellectual
property is practically not licensed internationally, and
the company’s main income is generated through di-
rect sales of products rather than through the capital-
isation of intellectual assets. There are several reasons
for this situation. Firstly, Azerbaijan lacks a developed
intellectual property licensing market, especially in
the agricultural sector, which limits the possibilities
of commercialising technologies outside the country
(Comprehensive Report on..., 2024). Second, the pre-
dominance of trademarks and production know-how
in the company’s asset structure, which is used exclu-
sively within the holding, makes it economically unrea-
sonable to calculate future income from their external
transfer. Thirdly, Azersun Holding operates primarily in
the domestic and regional markets, where the demand
for licensed technologies is limited and government
support for the commercialisation of intellectual assets
is at an early stage of development. As a result, the use
of the income method of valuation, which involves the
calculation of future cash flows from the sale of rights
to intellectual assets, is inefficient for the company in
the current environment and does not reflect the real
structure of its income.

The valuation of intellectual assets in the agricul-
tural sector of Azerbaijan differs significantly from the
practices used in the world’s leading economies. In the
United States and the European Union, intellectual
property is viewed as a strategic resource that actively
contributes to revenue generation through licensing
and commercialisation of innovations. In Azerbaijan,
however, the valuation of intellectual assets is primar-
ily of an accounting nature, aimed at fixing the value
rather than extracting profit from patents and licenc-
es. One of the key differences is the limited number
of tools for commercialising intellectual assets. In
the European Union and the United States, patent
and know-how licensing mechanisms are widespread,
generating income from developments without the
need to production implementation (Mamasydykov et
al., 2019). In Azerbaijan, the practice of licensing in-
tellectual property is underdeveloped; most develop-
ments are used exclusively within companies, which
limits the application of the income approach to

valuation. Institutional support also plays an impor-
tant role in managing intellectual assets. Developed
countries have government programmes aimed at
funding research, protecting patents and creating
innovation ecosystems (Hajiyev et al., 2025). For in-
stance, in Germany, there are specialised funds that
support the commercialisation of intellectual assets,
which stimulates investment in this sector. In Azerbai-
jan, despite the existence of the State Agency for In-
tellectual Property, systemic support for the commer-
cialisation of patents and technological innovations
is at an early stage, which reduces business interest
in building a significant portfolio of intangible assets.

The digitalisation of intellectual property valuation
and turnover is another distinguishing factor (Radchen-
ko et al.,2023). In countries such as China and the Unit-
ed States, online platforms for the sale and licensing
of intellectual assets are actively developing, objec-
tively assessing the market value of patents, software
and know-how. In Azerbaijan, such digital platforms are
practically non-existent, which makes it difficult to ap-
ply a comparative valuation method and limits the abil-
ity of companies to commercialise their developments.
Comparison of national experience with international
practices shows that traditional cost-based approaches
to the valuation of intellectual assets prevail in Azerbai-
jan, while in developed economies (the USA, Germany,
Switzerland) the emphasis is on intellectual property
capitalisation tools. This creates certain barriers to the
growth of intangible assets in the agricultural sector
and limits their integration into the market turnover.
The results of the correlation analysis revealed that
intellectual assets have a significant impact on the fi-
nancial performance of agricultural companies, but the
degree of this impact depends on the specific type of
asset (Table 4). One of the most significant factors was
the amount of investment in R&D, which demonstrates
a high correlation with the number of patents (r=0.82)
and licences (r=0.75). This confirms that companies
that systematically invest heavily in innovation have
larger patent portfolios and actively use licensing to
commercialise their technologies. For example, Bayer
CropScience, which annually invests 5.3 billion EUR in
R&D, has registered 180 patents and 120 licences, mak-
ing it one of the leading companies in terms of intellec-
tual assets in the agricultural sector.

Table 4. Correlation matrix of intellectual assets and financial indicators (averages for all countries surveyed), 2024

Metric Patents Bfapd value Licences Investmen'fs _in ) l_’roﬁt .EI_3ITDA I:Ie‘t profit
(pcs.) (billion USD) (pcs.) R&D (USD billion) (billion USD) (billion USD)  (billion USD)
Patents 1.000 0.28 0.74 0.82 0.02 -0.17 -0.04
Brand value 0.28 1.000 0.32 0.59 0.96 0.89 0.94
Licences 0.74 0.32 1.000 0.75 0.17 0 0.12
R&D investments 0.82 0.59 0.75 1.000 0.41 0.21 0.35
Profit 0.02 0.96 0.17 0.41 1.000 0.97 0.99

Source: compiled by the authors based on calculations made in IBM SPSS Statistics (n.d.)
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An equally important factor was brand value,
which has a strong positive relationship with revenue
(r=0.96) and net profit (r=0.94). This suggests that a
company’s recognition and reputation in the market
are directly related to its financial performance. The
most illustrative example is COFCO INTL (2024), whose
brand is valued at 15.6 billion USD, which provides the
company with a stable position in the global market
and revenue of 130 billion USD.This dependence is ex-
plained by the fact that well-known companies attract
more customers, can set higher prices for their prod-
ucts and provide more favourable conditions for coop-
eration with partners. However, despite the high level
of patent activity in some companies, the presence of
many patents does not always lead to an immediate
increase in profits. The correlation of the patent port-
folio with EBITDA was negative (r=-0.17),and with net
profit was almost zero (r=-0.04). This indicates that the
process of introducing patented technologies requires
significant time and financial costs. For example, Syn-
genta, which holds 150 patents, demonstrates a rela-
tively low net profit of USD 1.9 billion, due to the long
cycle of bringing new products to market and the need
to conduct extensive testing before commercialisation.

The number of licences also demonstrated a
strong relationship with R&D investment (r = 0.75),
but a weak relationship with revenue (r=0.17). This
suggests that although licensing is an important tool
for commercialising intellectual assets, not all com-
panies effectively use this mechanism to increase
their revenues. Azersun Holding, which has 10 licenc-
es, does not receive significant revenues from their
monetisation, as the licensing market in Azerbaijan
remains underdeveloped and companies are primarily
focused on protecting their technologies rather than
selling them. Additionally, the analysis demonstrated
that companies’ revenues are almost fully correlated
with EBITDA (r=0.97) and net profit (r=0.99). This sug-
gests that the financial strength of companies is de-
termined not only by their intellectual assets but also
by the overall efficiency of their business model, levels
of automation, production scale and cost management
strategies. For instance, John Deere, with a relatively
small patent portfolio compared to its competitors,
shows revenues of USD 44 billion and a consistently
high level of operating profit due to a well-thought-
out business strategy and the widespread use of digi-
tal solutions in agriculture.

Thus, the analysis confirmed that brand value is
the most significant intellectual asset that has a di-
rect impact on the financial performance of companies.
R&D investments contribute to the accumulation of
patent portfolios, but their commercialisation requires
considerable time and additional investment. Technol-
ogy licensing remains an underutilised tool in some
companies, which limits the ability to increase reve-
nues. These patterns broadened the definition of the
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role of intellectual property in the agricultural sector
and identified ways to improve the efficiency of its use.

DISCUSSION

The study confirmed the significant impact of intellec-
tual assets on the financial performance of agricultural
companies, but it reveals differences in the effective-
ness of different methods of valuation and commercial-
isation of intangible assets. In the United States, the
income method dominates, which can be used to ana-
lyse future cash flows from intellectual property, which
correlates with the findings of J. Beckman and A. Coun-
tryman (2021) and M. Grimaldi et al. (2021) in a study
on the impact of patenting on the commercial sustain-
ability of agricultural corporations. This is confirmed by
a significant share of licence income and active com-
mercialisation of innovations in the agricultural sector.
At the same time, P. Sanchez-Bravo et al. (2021) and
T. Sun et al. (2021) demonstrated that the valuation of
intellectual assets based on projected revenues is sub-
ject to high uncertainty due to unstable market condi-
tions, which is consistent with the identified limitations
of this approach. However, the development of predic-
tive analytical tools and more accurate revenue fore-
casting models can partially offset this disadvantage.

In Europe, the cost method of valuation, focused
on investments in technology development, is widely
used. This is confirmed by studies by S.H. Uzma (2016),
D. Pastor et al. (2017), which demonstrated that R&D
expenditures are the main factor in the formation of
the value of intellectual assets in the agricultural sec-
tor. This method provides an accurate reflection of the
funds invested, which makes it preferable for the valu-
ation of scientific and innovative developments. It also
promotes transparency in financial reporting and en-
ables tracking of the effectiveness of investments in
research and development, which is especially impor-
tant for large agricultural holdings and multinational
corporations. However, H. Wirtz (2024) and T.K. Amen-
tae et al. (2024) noted that this method underesti-
mates the market value of assets, especially in the
context of rapidly growing digital technologies and
the transformation of the agricultural sector, where
the value of innovation is often determined not only
by costs but also by the potential commercial benefits
of their use. In addition, this method does not incor-
porate the rate of technology obsolescence and the
impact of market conditions on asset values. To mit-
igate these risks, European companies are gradually
beginning to combine the cost approach with income
and comparative methods, which ensure a more com-
prehensive consideration of both internal costs and
external market factors in the valuation of intellectual
property (de-Almeida-e-Pais et al., 2023).

In Azerbaijan, a combined approach to the valua-
tion of intellectual assets using cost and comparative
methods prevails. This choice is determined by the
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specifics of the national market, limited commerciali-
sation and poor development of intellectual property
protection institutions. Azerbaijan demonstrates a weak
integration of the income method into the practice of
valuation of intellectual assets, which limits the possi-
bilities of capitalising assets. The use of the cost meth-
od recorded the investments made in development
but does not reflect their market potential. This is con-
firmed by C. Antons et al. (2020) and A. Barragan-Oca-
na et al. (2023), emphasising the need to introduce dig-
ital platforms and adapt international standards, which
will increase the transparency and accuracy of intellec-
tual asset valuation. It is also recommended to intensify
licensing mechanisms and expand regional markets for
intellectual assets, which will provide new sources of
income and reduce dependence on internal factors.

Chinese companies mainly use the comparative
method of valuation of intellectual assets,which reflects
the dynamic development of the country’s technology
market. This conclusion is confirmed by Z. Aliyev (2018),
H. Chuma-Okoro and I.A. Oluwasemilore (2022), high-
lighting the high efficiency of this method for valuing
digital platforms and databases. The high liquidity of
intellectual assets in the Chinese market facilitates
the application of the comparative approach, especial-
ly in the context of the active development of e-com-
merce and digital technologies. However, B. De Jonge et
al. (2022) and J. de Mévius (2022) criticise the compar-
ative method for its dependence on market analogues,
which can overestimate or underestimate the value of
assets depending on the market situation. In this regard,
several Chinese companies are beginning to introduce
elements of hybrid valuation methods, including future
income analysis and the cost approach, which improves
the objectivity of consideration of the specifics of the
national innovation market.

Swiss agricultural companies apply a hybrid ap-
proach that combines elements of different methods,
which can be used to consider the diversity of intel-
lectual assets and the specifics of the national inno-
vation environment. This conclusion is consistent with
the studies of M. Fredriksson (2021), and K. Goyal and
S. Kumar (2021), which confirmed the high efficiency of
the hybrid method in the context of the digitalisation
of agriculture and the active development of biotech-
nology. The flexibility of this approach emables Swiss
companies to consider both the costs of creating assets
and the market value and potential income from their
use,which is especially important in the context of high
development costs and long investment cycles in ag-
ricultural science. In addition, this method provides a
more accurate integration of risks and opportunities
for commercialising intellectual assets in international
markets. However, M.S. Hossain et al. (2021) and K. Gup-
ta et al. (2023) note the difficulty of implementing such
a method without developing unified standards and
regulatory frameworks, which remains an urgent task
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for the international community, especially in the con-
text of ensuring transparency and comparability of in-
tellectual asset valuations between countries.

The analysis of agricultural corporations also
demonstrated the dependence of the choice of valu-
ation method on the industry specialisation and the
structure of intellectual assets of companies. For exam-
ple,John Deere focuses on the income method, which is
confirmed by the studies of D.J.Jefferson and K. Adhika-
ri (2019), and H.Johnson (2021), which revealed the ef-
fectiveness of this approach for companies that actively
use licensing and software. This method can address
future cash flows from the introduction of technologies
in the field of precision agriculture, as well as revenues
from the sale of software solutions and services for the
agricultural sector. This model promotes active mon-
etisation of intellectual assets and encourages com-
panies to expand their patent portfolio and develop
digital solutions. At the same time, Bayer CropScience
applies a cost-based method that ensure accuracy of
accounting of R&D investments, which is critical for bi-
otechnology developments. This is due to the high cost
of developing new crop varieties and plant protection
products, which require extensive research and large-
scale trials. At the same time, this approach ensures
transparency in asset valuation but reflects their future
commercial potential to a lesser extent, especially in
the face of rapidly changing market conditions and the
growing importance of digital technologies in agricul-
tural biotechnology (Zakharchuk et al., 2025).

The results of the correlation analysis, which re-
vealed a high correlation between R&D investment
and the number of patents and licences, are also signif-
icant. This confirms the findings of R.K.Joseph (2021),
and L. Kant and F. Shahid (2022) on the strategic role
of innovation activity in the formation of intellectual
assets of agricultural companies. It is noteworthy that
brand value shows a strong correlation with revenue
and net profit, which indicates the direct impact of rep-
utational capital on the financial stability of companies.
However, the weak correlation between patent activi-
ty and final financial results demonstrates that having
patents without a full-fledged commercialisation strat-
egy does not automatically lead to profit growth (Svit-
lychnyi, 2024). This underscores the need for a com-
prehensive approach to managing intellectual assets,
including not only their creation but also their active
use and monetisation.

Thus, the analysis concluded that it is critical to
choose methods of intellectual assets valuation incor-
porating industry specifics, national characteristics and
the level of innovation development. The introduction
of international standards, development of commer-
cialisation infrastructure and digitalisation of intellec-
tual asset valuation processes seem to be promising
areas for further research and practical steps in the
agricultural sector.




CONCLUSIONS
The valuation of intellectual assets in the agricul-
tural sector varies significantly between countries
and companies, due to national economic priorities,
the level of technological development and specific
legal regulations. In developed economies, different
valuation methods are used: income approach (USA),
cost approach (Germany), comparative approach (Chi-
na) and hybrid approach (Switzerland). In agricultur-
al companies such as John Deere, Bayer CropScience,
Syngenta and COFCO Group, the choice of valuation
methodology depends on the structure of intellectual
assets and commercialisation strategy. In Azerbaijan,
cost and comparative methods prevail, which limits
the potential for capitalisation of intangible assets.
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to the growth of the patent portfolio (r=0.82) and li-
cences (r=0.75), but commercialisation of patents re-
quires a long time and additional investments. Tech-
nology licensing remains an underutilised tool in some
companies, which limits the opportunities to profit
from intellectual property. The development of digital
platforms for registering and managing licences could
help to improve the efficiency of their use and expand
international cooperation. Future research could focus
on the impact of digitalisation and artificial intelligence
on intellectual property management in the agricultur-
al sector, as well as on the development of integrated
valuation methods that combine elements of income,
cost and comparative approaches.
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Mo6anbHi Nigxoam A0 OUiHKMU iHTeNeKTyallbHUX aKTUBIB Y CilIbCbKOMY rocnogapcTBi:
[OCBiA NpoBIAHUX KpPaiH Y KOHTEKCTi Pecny6nikmn Asep6angykaH
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AHoTauif. MeTol focnigxkeHHa 6yB aHani3 rnobanbHMX NiAXOAIB [0 OLHKM aKTUBIB iHTENEeKTyaslbHOI BNACHOCTI B
arpapHoMy BMPOGHMLTBI Ta ix afanTauii 4o ymoB Pecnybniku AzepbaiigkaH. MeTofonorisa BK4ana nopiBHANbHUA
aHani3 npaktuk Cnonyvenux LWTaTiB Amepwuku, Himeyumnu, LBeiiuapii Ta Kutaicbkoi HapogHoi Pecny6bniku, a
TaKOX AeTaNnbHe AOCNILXKEHHS AisnbHOCTI arpapHMx komnaHin John Deere, Bayer CropScience, Syngenta, COFCO
Group i Azersun Holding. BukopuctaHo gaHi ¢diHaHCOBMX 3BiTiB, aHaNiTUKY BcecBiTHLOT OpraHisauii iHTenekTyanbHoi
BnacHocti, OpraHisauii eKOHOMIYHOro cniBpobITHULTBA Ta PO3BUTKY i pO3paxyHKW, BUukoHaHi B IBM SPSS Statistics
Bepcii 27. Pesynbtat nokaszanu, wo CnonyyeHi LUtatm AMepuKM 3aCTOCOBYKOTbL AOXIOHWMIM MeETOA OLHIOBAHHS
3 aKLEHTOM Ha naTeHTu Ta GioTexHosnorii, HiMeyunHa ouiHIOE niLeH3ii Ta TOBapHi 3HaKM BUTPATHUM METOLOM,
Kutaiicbka HapoaHa Pecny6bnika 3acTOCOBYE NOPiBHANbHUI METOA, A1 OLiHKOBAHHS LMPPOBUX NNaTdhopM Ta 06'eKTiB
3i WTy4HMM iHTenekToMm, LUBeiiLapia BMKOpPUCTOBYE ribpuaHui niaxin. KopenauiiHuii aHanis BMSBUMB BUCOKMM
3B'A30K MiX iHBECTULISIMM B HAYKOBi LOCHIMKEHHS Ta A0CNIAHO-KOHCTPYKTOpPCbKi pobotn (HOOKP) i KinbkicTio
nateHTiB (r=0,82), wWo NiaTBEpAMIO BNIMB IHBECTULIM HA HAKOMMUYEHHS iHTENEeKTYaNnbHWUX aKTUBIB. BapTicTb OpeHpiB
NpOLEeMOHCTPYBana HanbinbLLy 3anexHicTb i3 BUpy4kot (r=0,96) Ta unctum npubytkomM (r=0,94). Haibinbwy BapTicTb
iHTenekTyanbHux akTuBiB y 2024 poui sussneHo y COFCO Group (15,6 minbapais ponapis CLUA), aki 3abe3neunnu
Bupy4yky B 130 ™minbsipais gonapis CLUA. B AsepbaiigxaHi komnaHia Azersun Holding BUKOpUCTOBYE BUTPATHUIA i
NOPiBHSANbHWUI METOAM, LLO 3yMOBNEHO 0OMEXEHUM MiXKHAapOAHWUM NAaTEHTHUM 3aXMCTOM i CTABKMM PO3BUTKOM PUHKY
NiLeH3yBaHHS. BUCHOBKM MiATBEPAWUAM KITHOUOBY POJb iHTENEKTYaNbHMUX aKTUBIB i BApTOCTi OpeHAiB y 3abe3neyeHHi
(iHaHCOBOI CTIMKOCTI arpapHOro cektopa

KntouoBi cnoBa: nateHTHWI nopTdenb; eKOHOMIYHI NpiopUTETH; AOXIAHMI METOL; BUTPATHUIA METOA; NOPiBHANbHUN
METOA,; arpapHuii CEKTop
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study revealed key features of marketing approaches in different regions and the applicability to the Kazakhstan
market, where wheat exports in 2023 amounted to 6.5 million tonnes, or 3.13% of the world volume of 208
million tonnes. Successful models of agro-product exports from countries such as the USA (19.8 million tonnes
of wheat in 2023), Canada (22 million tonnes) and Australia (24.5 million tonnes) were studied to identify the
most effective promotion tools, including branding and adaptation to market standards. The analysis showed
that improving the competitiveness of Kazakhstani products required adapting strategies to the requirements of
specific regions, taking into account consumer preferences and improving certification to international standards.
It was noted that Kazakhstan's participation in the Eurasian Economic Union contributed to the doubling of mutual
trade since 2015. The development of government export support programmes was also noted as an important
factor, which also needed to be strengthened: financial and advisory assistance to exporters, modernisation of
logistics (where wheat transportation costs were USD 80-100 per tonne versus USD 50-60 for competitors), and
digitalisation of processes remained priorities. Based on the data obtained, recommendations were developed
to improve Kazakhstan's marketing strategies for agrarian exports, aimed at optimising logistics, developing
partnerships with international distributors, increasing brand awareness, and actively using digital technologies
to promote products

Keywords: international standards; branding of agricultural products; consumer demand; logistics infrastructure;

government support; digital platforms; cultural characteristics

INTRODUCTION

In the context of the dynamic development of interna-
tional trade, agricultural export plays an important role
in strengthening the economic potential of countries
with a developed agricultural sector. However, simply
having competitive products is not enough for success-
ful entry into global markets, as effective promotion
strategies adapted to the conditions of global competi-
tion are required. Modern trends such as digitalisation,
changing consumer preferences, and increasing prod-
uct quality requirements create new challenges for pro-
ducers, demanding flexibility and a comprehensive ap-
proach to export activities. In this context, the study of
marketing strategies in agricultural exports allows the
identification of key factors affecting product competi-
tiveness in various regions, as well as the development
of recommendations that contribute to successful pro-
motion in foreign markets. A comprehensive analysis of
approaches to the development of agricultural exports
is necessary to enhance its efficiency, sustainability,and
integration into global economic processes.

One of the main areas influencing the success of
agricultural exports is the adaptation of marketing
strategies to the requirements of target markets, in-
cluding consideration of local regulatory standards,
consumer preferences, and the competitive environ-
ment (Penkova & Kharenko, 2023). In the work of
T.P. Magay and K.R. Ergaliev (2020), the importance
of marketing strategies for the development of the
agricultural sector was noted, as well as the role in
creating competitive advantages in foreign markets;
however, the focus remained largely on general as-
pects of export policy without addressing the mech-
anisms for adapting strategies to the requirements of
different countries. In the study by A.B. Makhanova et
al. (2022), the significance of proper product position-
ing and the selection of effective promotion channels
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was emphasised, identifying key directions for the de-
velopment of the agro-industrial complex, yet without
delving into the specifics of marketing strategies ap-
plied in different market conditions, leaving the issue
of the practical implementation open. The research
by A. Cheirkhanova et al. (2024) examined the influ-
ence of market factors on agricultural exports of the
Republic of Kazakhstan, including product assortment
adaptation and pricing strategies, highlighting the role
of marketing approaches in expanding international
market presence, but without providing an analysis of
the application in the context of specific countries and
regions, which limits the practical applicability of the
conclusions for exporters.

Another important factor is the analysis of the in-
fluence of foreign economic policy on the adaptation
of marketing strategies in the agricultural sector. In
the work of K.A. Akhmetova et al. (2020), attention was
focused on the study of the influence of foreign eco-
nomic policy on the export flows of Kazakhstan’s agri-
cultural products, but without examining the impact of
specific market requirements and the needs of target
countries, limiting the understanding of region-specific
strategies. In the study by R. Lencucha et al. (2020), the
focus was placed on the role of government support
programmes for agribusiness, though the effectiveness
of other tools and mechanisms, which could signifi-
cantly improve marketing strategies in the agricultural
sector, was not addressed. In the study by D. Fiankor et
al. (2020), the influence of international quality stand-
ards on competition in foreign markets was examined,
noting strategic approaches aimed at compliance with
these standards, yet without discussing issues related
to innovation in product promotion, which restricts a
comprehensive understanding of effective marketing
under conditions of global competition.




The study of the impact of modern technologies
and innovative solutions on the development of mar-
keting strategies in the agricultural sector also rep-
resents a promising research direction. In the work of
A. Ollerenshaw et al. (2023), emphasis was placed on
the implementation of digital platforms for market
analysis and product promotion, which enabled the
identification of key advantages of such technologies
for exporters, although insufficient attention was paid
to the analysis of cultural and social aspects, which
may also play an important role in decision-making
in foreign markets. In the study by M. Dayioglu and
U. Turker (2021), the role of digital platforms in ag-
ricultural logistics was explored, highlighting the ef-
fectiveness of analytical tools, yet without considering
the role of marketing strategies in adapting to specific
regional needs, which are important aspects of en-
gaging with local consumers. In the study by X. Du et
al. (2023), the economic effect of digital innovations
in the agricultural sector was considered, including
the evaluation of new methods for product promotion,
but without examining specific issues related to the
conditions of each region and the influence on mar-
keting strategies, which reduces the completeness of
the picture for a comprehensive approach to the de-
velopment of agricultural exports.

The purpose of this research was to study effec-
tive marketing strategies for the development of Ka-
zakhstan’s agricultural exports, oriented towards the
requirements of international markets. To achieve this
goal, the following tasks were set: to assess the current
state of Kazakhstan’s agro-industrial exports and the
main barriers to its development; to conduct a compar-
ative analysis of the marketing strategies of agricultur-
al exporters in various regions of the world to identify
key features, approaches, and successful practices; and,
based on the obtained data, to develop general recom-
mendations for improving marketing strategies to in-
crease the competitiveness of Kazakhstani agricultural
products in foreign markets.

MATERIALS AND METHODS

This research included the collection, processing, and
analysis of statistical data, the conducting of an inter-
regional comparative analysis, as well as the study of
successful practices in other countries, which made it
possible to formulate specific recommendations for
improving Kazakhstan’s export strategy. First and fore-
most, to analyse the current state of Kazakhstan’s agri-
cultural exports, official statistical data provided by the
Bureau of National Statistics of the Agency for Strate-
gic Planning and Reforms of the Republic of Kazakh-
stan (n.d.) and international organisations such as the
World Trade Organization (n.d.), Food and Agriculture
Organization (n.d.),and International Trade Centre (n.d.)
were used. These data included information on the dy-
namics and structure of agricultural exports, as well as
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data on the volumes of exported goods such as cereals,
meat, milk, oilseeds, and other products. The data for
2020-2024 made it possible to identify trends and key
issues in the development of the agricultural sector, as
well as to assess the degree of diversification of Ka-
zakhstan’s exports and its competitiveness in interna-
tional markets. Particular attention in the research was
paid to the comparison of marketing strategies of vari-
ous countries that were leaders in agricultural exports,
such as the United States, which allowed for the identi-
fication of the most successful and applicable methods
for Kazakhstan. For this, data on marketing campaigns,
packaging, logistics, certifications, and other aspects of
product promotion in international markets were used.
The comparative analysis covered various regions, in-
cluding Europe, Asia, the Middle East, Africa, and the
Americas, which made it possible to assess how differ-
ent approaches were adapted depending on cultural,
economic, and environmental features.

As part of the research, successful examples from
countries such as Brazil and Australia, which were
among the largest exporters of agricultural products
and had well-developed marketing strategies, were
also considered. This included a detailed analysis of
how these countries promoted the products, what in-
novations were implemented in the production and
packaging process, what quality standards were ad-
hered to, and what marketing channels were used to
enter foreign markets. These data served as a basis for
developing proposals to improve Kazakhstan’s export
strategy based on global experience. The study also
used the method of analysing trade agreements and
international standards, which allowed for the evalu-
ation of the influence on the development of Kazakh-
stan’s agricultural exports. Within this method, special
attention was paid to analysing Kazakhstan’s partici-
pation in such international economic associations as
the Eurasian Economic Union, as well as considering
various agreements with the EU and Asian countries.
The evaluation of these agreements made it possible
to identify how these countries contributed to expand-
ing access to foreign markets for Kazakhstani agricul-
tural goods and what economic and legal conditions
these states created for exporters. Moreover, during
the analysis process, various government support
programmes for exporters were reviewed, such as the
State Programme for Business Support and Develop-
ment “Business Roadmap 2025” (2022) proposed by
the Ministry of Trade and Integration of the Republic of
Kazakhstan, which were aimed at increasing the com-
petitiveness of agricultural producers and expanding
trade links with international partners. These mate-
rials provided a foundation for further study of the
methods and tools used by Kazakhstan to support and
develop agricultural exports. An important element
was the study of product certification measures, such
as GlobalGAP, Hazard Analysis Critical Control Point,
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and ISO 22000, which were important tools for en-
tering global markets. This made it possible to assess
how domestic support measures from the government
could increase the competitiveness of Kazakhstani
goods in the international arena. Based on the anal-
ysis carried out, recommendations were developed to
improve Kazakhstan’s marketing strategies in the field
of agricultural exports.
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RESULTS
Kazakhstan’s agricultural sector occupies an important
place in the national economy, providing a significant
share of gross domestic product (GDP) and being a key
source of employment for millions of citizens. In 2024,
the contribution of agriculture to the country’s econo-
my was about 4.5% of GDP, with the sector employing
over 20% of the economically active population (Fig. 1).

2019 2020 2021 2022 2023 2024

Figure 1. Share of the agro-industrial sector in Kazakhstan’s GDP
Source: developed by the authors based on the Bureau of National Statistics of the Agency for Strategic Planning and

Reforms of the Republic of Kazakhstan (n.d.)

The development of the agro-industrial complex
was largely determined by - natural conditions: Ka-
zakhstan possessed vast agricultural land covering
around 215 million hectares, of which more than 24
million hectares were allocated to arable land. This cre-
ated favourable opportunities for large-scale agricul-
tural production and its export. After 2021, the export
of agricultural products demonstrated stable growth.
In 2022, Kazakhstan exported agricultural goods worth
more than USD 5.5 billion, which was 16% more com-
pared to 2021. The export was primarily based on ce-
real crops, primarily wheat, as well as flour products,
oilseeds, meat, and dairy products. Kazakhstan estab-
lished itself as one of the largest grain producers in the
Eurasian region, and its products were in demand not
only among neighbouring countries but also in more
remote markets. The largest share of exports accounted
for cereals and flour products. Kazakhstan consistently
ranked among the top ten global suppliers of wheat
and flour, holding a significant share in international
trade. In 2022, wheat export volume exceeded 6.5 mil-
lion tonnes, and the main importing countries tradi-
tionally included Uzbekistan, Tajikistan, Turkmenistan,
Afghanistan, China, and a number of Middle Eastern
states. On the global flour market, Kazakhstan account-
ed for over 10%, making it one of the leading suppliers
of this product. In addition to cereals, oilseeds such as
rapeseed, sunflower, and flax also played an important
role in exports. The exports abroad increased due to
growing demand for vegetable oils and the processed
products. Kazakhstan actively exported oilseed prod-
ucts to China, European countries and the Common-
wealth of Independent States. It should be emphasised
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that meat exports also developed: in 2022, more than
35 thousand tonnes of meat and meat products were
sent to foreign markets, with key importers being coun-
tries such as Uzbekistan, China, and the Gulf states.
Nevertheless, despite positive trends, Kazakhstan’s
agricultural export faced a number of challenges that
limited its competitiveness in global markets. Among
the key problems were high logistics costs, insufficient
diversification of export markets, and the need to adapt
products to international standards of quality and
safety. Since the country ranked ninth in the world by
area (2.7 million km?), but lacked access to the sea, this
complicated export deliveries and increased logistics
costs. The main export routes passed through railways
and highways, as well as through river and seaports of
neighbouring countries. The railway network, covering
more than 16 thousand km and connecting the main
grain-producing regions with export hubs, played a
crucial role in grain transportation. However, most of
the infrastructure required modernisation, as the lack
of specialised grain wagons led to increased delivery
times. Key export hubs in Kazakhstan were concentrat-
ed on the borders with major trading partners. In the
western direction, products were sent through the ports
of Aktau and Kuryk on the Caspian Sea. In the east, the
main transport hub was the International Centre for
Border Cooperation “Khorgos”, through which a signif-
icant portion of agricultural supplies to China passed.
In the southern direction, Kazakhstan used road and
rail routes to export products to Uzbekistan, Tajikistan,
Turkmenistan, and further to Afghanistan. Infrastructure
development remained a key factor in increasing the
competitiveness of Kazakhstan’s agricultural exports. In




2023-2024,projects were being implemented to expand
transport corridors and modernise logistics capacities.
Kazakhstan actively participated in the Chinese initi-
ative “One Belt, One Road”, which made it possible to
develop transit routes and attract investment in trans-
port infrastructure. However, for sustainable growth in
export deliveries, comprehensive modernisation of the
entire logistics system was necessary, including the
improvement of railway transport, expansion of port
capacity and construction of modern storage facilities.
It was important to note that in order to continue
the development of the logistics system and increase
the competitiveness of agricultural exports, particular-
ly cereals, Kazakhstan was already implementing and
planning a number of specific measures. In 2023-2024,
projects to modernise the railway network began, in-
cluding the procurement of around 500 new special-
ised grain wagons to increase the speed and volume
of wheat transport, which should reduce delivery times
from the current 20-25 days to 15-18 days on key routes
such as to the port of Aktau. The capacity of ports on
the Caspian Sea was also being actively expanded: a
new grain terminal with an annual capacity of 1 million
tonnes was launched at the port of Kuryk, and dredging
works were being carried out in Aktau, which by 2025
would increase the transshipment capacity to 10 mil-
lion tonnes per year. Within the framework of cooper-
ation with China through the “One Belt - One Road”
initiative, the “Khorgos” hub was being modernised,
where the construction of a cargo airport was planned
by 2027, which would accelerate the export of grain
and flour to China and Southeast Asia, reducing deliv-
ery times from 12 to 14 days to 7-10 days. In addition,
in 2024, the digitalisation of transport procedures with
China began, including the exchange of digital permits,
which had already reduced administrative delays at the
border by 20%. An assessment of transportation costs
in Kazakhstan showed that these costs remained higher
than those of competitors with access to the sea. For
example, the transportation of 1 tonne of wheat from
Kazakhstan to China through “Khorgos” cost around
USD 80-100, including railway tariffs and transship-
ment, while countries using Black Sea ports had a cost
of USD 50-60 per tonne due to shorter routes and di-
rect access to maritime routes. Compared to Australia,
where wheat export costs through seaports ranged
from USD 4-55 per tonne, Kazakhstan lagged behind
due to the need for transit through third countries
and outdated infrastructure. However, modernisation
and optimisation of routes such as the Middle Corri-
dor (Trans-Caspian route) could reduce costs by 10-15%
by 2030, bringing these costs down to USD 70-85 per
tonne, making Kazakh grain more competitive.
Potential opportunities for cooperation with in-
ternational logistics hubs and transport corridors
opened new prospects for agricultural exports. Within
the framework of the “One Belt - One Road” initiative,
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Kazakhstan strengthened its partnership with Chi-
na, using terminals in Xi'an and ports in Lianyungang,
which had already increased container transit with
grain products by 90% over the last five years (from
TEU 18,000 in 2019 to TEU 50,500 in 2024). Cooper-
ation with the ports of Georgia (Poti) and Azerbaijan
(Baku) within the Middle Corridor made it possible
to reduce delivery time of grain to Turkey and Europe
from 40 days by sea to 15-20 days via the Caspian Sea,
and the agreement with the German Rhenus and KTZ
in 2023 aimed at developing logistics centres in Aktau
and Kuryk, which would increase grain transshipment
to 300,000 containers by 2030. These steps, supported
by investments totalling USD 18 billion under the “Nur-
ly Zhol” programme and BRI, strengthened Kazakhstan’s
role as a transit hub, providing access to EU, Gulf and
South Asian markets, which was especially important
for the export of wheat and flour.

An important factor was also that in 2022, more
than 80% of all Kazakhstan’s agro-exports accounted
for the Commonwealth of Independent States, making
it vulnerable to economic and political changes in the
region.The global agricultural products market demon-
strated steady growth, driven by population growth,
urbanisation, and changing consumer preferences.
Modern buyers increasingly focused on high-quality,
environmentally friendly, and organic products, which
was especially evident in developed countries of Eu-
rope and North America. At the same time, Asian mar-
kets, including China and India, showed high demand
for innovative agricultural products, functional nutri-
tion, and flexible pricing solutions. In the Middle East
and Africa regions, cultural and climatic factors played
an important role, requiring adaptation of products to
specific conditions.

When considering the characteristics of different
regions, it should be noted that the European agricul-
tural market was distinguished by high requirements
for quality, safety, and environmental friendliness. EU
countries operated a strict certification system includ-
ing GlobalGAP standards, Hazard Analysis Critical Con-
trol Point, ISO 22000, as well as national and regional
regulations, such as the French Label Rouge or the Ger-
man Bio-Siegel (Psuturi, 2023; Boisvert et al., 2024). For
exporters, this meant the need for full compliance with
European regulations, requiring significant investments
in production technologies, quality control systems,
and logistics processes. This forced Kazakhstan, as an
exporter of cereals and oilseeds, to comply with Com-
mission Regulation No. 1881/2006 “Setting Maximum
Levels for Certain Contaminants in Foodstuffs” (2006),
which established permissible levels of mycotoxins in
food. Also, one of the key trends in the European mar-
ket was the concept of traceability - tracing the origin
of products at all stages of the production and supply.
This included the use of digital solutions such as RFID
technologies that recorded data on the origin of raw
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materials, processing methods and storage conditions.
Companies supplying organic products to Europe were
obliged to provide full information about the supply
chain, which increased trust from consumers and reg-
ulatory authorities. In addition, the concept of sustain-
able development played an important role: producers
adhering to environmental principles gained competi-
tive advantages, as European consumers were inclined
to choose products with a low carbon footprint and
minimal environmental impact (Rama et al., 2023).

Marketing strategies in the European market were
oriented towards a value-driven approach, where the
main focus was on quality, environmental friendliness,
and social responsibility of producers. Companies ac-
tively used certification labels and markings (such as
Organic, Fair Trade, Rainforest Alliance), as well as sto-
rytelling strategies - telling stories about the origin
of products, farms, and traditional production methods.
This allowed forming an emotional connection with
consumers, which was especially important in premi-
um product segments. Another feature of promotion
in Europe was the active use of digital marketing, in-
cluding e-commerce platforms, content marketing and
social media (Palamarchuk & Korkach, 2023). For ex-
ample, large retail chains such as Carrefour and Tesco
provided separate online platforms for certified organ-
ic and environmentally friendly products. For exporters
from Kazakhstan, this created both opportunities and
challenges, as it required compliance with high stand-
ards, transparency of production, and a well-thought-
out marketing strategy adapted to the demands and
expectations of European consumers. The Asian agri-
cultural market was characterised by a high dynamic of
demand growth, driven by population increase, rising
incomes of the middle class, and changing consumer
preferences (Prabhakar, 2021). For example, in China,
the largest food importer in the region, the volume of
agricultural imports in 2022 exceeded USD 250 billion,
and there was a growing interest in organic products,
functional nutrition, and highly processed goods. In In-
dia, another major economy in the region, demand for
imported food products also grew, especially among
urban youth oriented towards healthy eating. In South-
east Asia, including Vietnam, Indonesia, and Thailand,
consumers valued variety and product accessibility,
which required exporters to be flexible in pricing poli-
cies and offer formation.

Adapting marketing communications and pack-
aging in the Asian market was a mandatory strategy
for successful product entry. The diversity of cultural
traditions, aesthetic preferences, and consumer ex-
pectations made a universal approach ineffective, so
companies had to carefully tailor the products to the
specifics of each individual market. In China, packag-
ing played a key role in product perception. Here, con-
sumers preferred bright designs with rich colours, such
as red and gold, which were associated with luck and
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prosperity. Additionally, images of natural ingredients
and emphasis on the beneficial properties of the prod-
uct were valued. One such example - on packaging of
flour or vegetable oils, symbols of health, longevity, or
even traditional Chinese patterns could be placed to
strengthen trust in the brand. Moreover, informative-
ness was an important element: Chinese consumers
wanted to see clearly indicated composition, product
benefits, as well as QR codes for quick access to in-
formation about product origin and certification. In
Japan, by contrast, preferences leaned towards mini-
malism, environmental friendliness and a high level of
aesthetics. Here, laconic packaging with soft colours,
smooth lines, and strict design was popular. Japanese
people highly valued compactness and convenience,
so manufacturers had to consider the ergonomics and
functionality of packaging. Additionally, Japanese con-
sumers tended towards conscious consumption, so the
use of recyclable or biodegradable materials became
an important factor of competitiveness. For example,
paper or fabric packaging instead of plastic was in-
creasingly used, which was perceived as a sign of care
for the environment and compliance with high pro-
duction standards (Wandosell et al., 2021). In Muslim
countries of Southeast Asia, such as Indonesia and Ma-
laysia, the key requirement was the presence of Halal
certification. Without the appropriate Halal logo, prod-
ucts could not appear on store shelves, as the majority
of local consumers chose only products that complied
with Islamic dietary laws. In addition to certificates,
cultural characteristics had to be taken into account: in
these countries, packaging had to be modest, without
images of pork, alcohol, or other prohibited elements.
The colour scheme often included green, associated
with Islamic symbolism, and Arabic phrases could ap-
pear on the packaging, emphasising compliance with
Halal standards. Manufacturers who ignored these fea-
tures risked facing low sales and difficulties entering
local markets, whereas companies that considered the
specifics of each region could gain a significant com-
petitive advantage.

Effective marketing strategies in Asia included the
use of localised digital marketing, cooperation with
popular online retailers (Alibaba, JD.com, Shopee, Laza-
da) and working with social commerce platforms such
as WeChat and TikTok (Hu, 2020; Hasani et al., 2023).
Also in China, promotion through sales on Taobao Live
allowed companies to instantly interact with the audi-
ence and increase conversion (Zhang & Erturk, 2022).
In addition, partnership programmes with local distrib-
utors and retailers played an important role, helping
to overcome language and cultural barriers and adapt
products to the specifics of the local market. For ex-
porters from Kazakhstan, this meant not only ensuring
competitive prices, but also developing specialised
marketing strategies focused on the needs and prefer-
ences of various regions of Asia.




The markets of the Middle East and Africa repre-
sented dynamically developing regions with unique
requirements for agricultural products, especially con-
cerning storage conditions, packaging, and logistics. An
important aspect of entering these markets was taking
into account the climatic conditions: high tempera-
tures and humidity required specialised packaging ca-
pable of protecting products from external factors. For
the export of cereals and flour to the countries of the
Persian Gulf, the use of multilayer moisture-resistant
bags with barrier coatings was recommended, prevent-
ing the penetration of moisture and contaminants. For
chilled and frozen meat, popular among Middle East-
ern countries, strict temperature storage regimes were
necessary, as well as special packaging methods such
as vacuum or modified gas environment, extending
the product’s shelf life (McMillin, 2020). Logistics also
played a critically important role, especially in African
countries, where infrastructure often remained under-
developed. For exports to regions such as Central and
West Africa, careful route planning and provision of
heat-resistant containers were required, as the lack of
cold storage and unstable electricity supply could lead
to product spoilage. In Middle Eastern countries, by
contrast, there was a high level of port infrastructure
development, which simplified imports; however, spe-
cific certification requirements (e.g., mandatory Halal
certification for meat products) could become a barrier
to market entry. In Saudi Arabia, the UAE, and Kuwait,
product packaging was subject to increased safety re-
quirements: toxic dyes were prohibited, special protec-
tive films were used, and labelling had to contain all
necessary information in Arabic.

Despite fierce competition and complex logistical
conditions, the markets of the Middle East and Africa
offered significant prospects for niche segments of ag-
ricultural products. Growing demand for organic and
environmentally friendly products opened opportuni-
ties for the export of organic cereals, fruits, and vege-
tables. In the countries of the Persian Gulf, consumers
were willing to pay a premium price for high-quality
products that met international standards, such as EU
Organic, US Department of Agriculture Organic or Halal
Organic. Another promising direction was the export
of specialised products that took into account cultural
and religious characteristics. In Muslim countries of the
Middle East and North Africa, there remained a high
demand for Halal meat, including lamb and beef cer-
tified according to Islamic slaughter norms. In African
countries,there was increased interest in fortified prod-
ucts, such as dairy products with added vitamins and
trace elements, since a number of regions still faced the
problem of nutrient deficiency in the diet. It was also
worth considering the growing interest in long-shelf-
life products such as dry mixes, frozen semifinished
products and canned foods. In countries where prob-
lems with cold chains remained relevant, such goods
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were highly popular. In particular, in Nigeria, Ghana and
Kenya, the consumption of powdered milk was growing,
as it was easier to store and transport than pasteurised
or ultra-pasteurised milk.

The agricultural products market in North and
South America was characterised by a high level of
competition, which required exporters to have a clear
positioning strategy and product differentiation. In the
USA, Canada, and Brazil, large agro-industrial corpora-
tions dominated, with streamlined supply chains, high
production efficiency, and significant marketing budg-
ets. This created challenging conditions for new players
to enter the market, especially from countries without
strong brands or unique selling propositions. It was
worth noting that the USA was the world’s largest pro-
ducer of soybeans and corn, as well as a significant ex-
porter of wheat, making competition in these segments
particularly intense (Gjata et al., 2022). One of the effec-
tive ways to successfully enter the American market was
to focus on the unique qualities of the product. Consum-
ers in the USA and Canada actively showed interest in
organic, environmentally friendly, and functional prod-
ucts (superfoods, high-protein products, gluten-free and
plant-based alternatives to dairy and meat products).
The demand for organic cereals and cereal-based prod-
ucts (oat flakes, flour, bakery products) grew on average
by 10-12% per year, creating promising niches for ex-
port. For exporting countries from Asia, Europe, and Lat-
in America, a successful strategy could be to enter the
premium product segment with rare properties, such as
ancient grain varieties (amaranth, quinoa, spelt) or spe-
cialised meat and dairy products, such as grass-fed beef
or farm cheeses with unique ripening technologies.

For successful entry into the American market, the
creation of a strong brand was also of great importance,
as consumers in the USA and Canada were guided not
only by quality but also by product recognition. Com-
panies without a well-promoted brand faced difficul-
ties getting onto the shelves of major retailers such as
Walmart, Costco, Whole Foods and Kroger. According
to Nielsen (2024), research, about 60% of Americans
were willing to pay more for products with a strong
marketing concept that inspired trust. Successful ex-
porters actively used the story of the product’s origin,
emphasising traditional production methods, environ-
mental friendliness, and social responsibility. Another
critically important aspect for exports to the USA was
compliance with strict safety and quality standards. The
main regulators in this area were the Food and Drug
Administration and the US Department of Agriculture,
which set stringent product requirements. Dairy and
meat products had to comply with Hazard Analysis
Critical Control Point standards, while organic prod-
ucts required US Department of Agriculture Organic
certification (Kudrenko & Hall, 2024). In turn, for ex-
ports to Canada, compliance with the Canadian Food
Inspection Agency standards was important, which
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regulated labelling, packaging, and safety requirements.
Table 1 showed the results of a comparative analysis of

marketing strategies for Kazakhstan’s agricultural ex-
ports in various regions.

Table 1. Results of comparative analysis of marketing strategies for agricultural exports of Kazakhstan

Region Key Features Marketing Strategies
Certification (GlobalGAP, Organic, ISO).
Europe High quality standards, ecology, strict Transparency of production and traceability.
requirements for product safety Focus on environmental friendliness and
sustainability of production.
Adaptation of packaging and branding to cultural
. Dynamic growth in demand, focus on . §peC|ﬁcs. . .
Asia ’ Emphasis on the functional and beneficial properties

innovative products, price flexibility

of products.
Price flexibility.

Middle East and Africa

Specific certification requirements, difficult
climatic storage conditions

Halal certification.
Development of logistics for storage and
transportation in hot climates.
Taking into account cultural preferences.

America (USA, Canada, Latin
America)

High competition, significant share of
large agricultural corporations, branding

Strong brand positioning.
Direct marketing and advertising.
Participation in international exhibitions and trade
missions.

Countries of the
Commonwealth of Independent
States (Russia, Central Asia)

Low entry barriers, traditional trade links,
dependence on infrastructure

Simplified certification procedures.
Focus on logistical accessibility.
Using the Eurasian Economic Union trade
agreements to reduce tariffs.

Source: developed by the authors

The experience of leading agricultural exporters
such as the USA, Brazil,and Australia demonstrated that
successful promotion on global markets required a com-
prehensive approach, including infrastructure develop-
ment, compliance with international quality standards,
and active marketing policy. For example, the USA effec-
tively used branding and product differentiation strat-
egies, promoting organic and high-margin goods such
as GMO-free products, functional foods, and premium
meats. Government support also played an important
role through export subsidy programmes, trade rep-
resentations, and the signing of beneficial agreements
such as NAFTA and USMCA, which reduced trade barri-
ers. Brazil focused on large-scale agricultural produc-
tion, optimised logistics, and expanded export deliver-
ies through major ports. Key export directions included
soybeans, meat, sugar, and grains to China, the EU, and
Middle Eastern countries. Australia, in turn, focused on
the premium segment, promoting high-quality wheat,
meat, and dairy products with an emphasis on environ-
mental friendliness and sustainability. This approach
proved particularly successful in Asian countries, where
demand for safe and certified products grew. For Ka-
zakhstan, applying these strategies with consideration
of national characteristics could have been beneficial.

State support was one of the key factors in the de-
velopment of Kazakhstan’s agricultural exports, con-
tributing to the competitiveness of Kazakh products on
global markets. Kazakhstan actively used mechanisms
such as agricultural subsidies, concessional lending,
and compensation of transport costs for exporters.
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Programmes such as the “Export Accelerator” and “Busi-
ness Roadmap” provided grants and tax incentives for
companies targeting foreign markets. In addition, Ka-
zakhstan actively participated in the integration pro-
cess with international trade unions such as the Eura-
sian Economic Union, of which it had been a member
since its founding in 2015. This ensured the country
duty-free access to the markets of Belarus, Armenia,
and Kyrgyzstan, where a unified customs policy and
the absence of internal trade barriers simplified export
procedures for Kazakh agricultural products, particular-
ly wheat and flour.

It should be emphasised that Kazakhstan expand-
ed trade ties through bilateral agreements with China,
Middle Eastern countries, and the EU, which contribut-
ed to the reduction of tariff and non-tariff barriers. After
signing cooperation protocols with China in 2023 con-
cerning the export of peas, lentils,and wheat, as well as
introducing preferential tariff conditions, Kazakhstan’s
wheat exports to China grew by 15% per year, reaching
around 0.8 million tonnes in 2023 compared to 0.7 mil-
lion tonnes in 2022. The agreement with the EU under
the Enhanced Partnership and Cooperation Agreement
(effective from 2020) also increased wheat flour ex-
ports to EU countries by 12% in 2023 (around 0.35 mil-
lion tonnes versus 0.31 million tonnes in 2022), thanks
to simplified certification requirements and reduced
tariffs. With Middle Eastern countries such as the UAE
and Saudi Arabia, agreements were signed in 2023 for
the supply of processed agricultural products, includ-
ing flour and sunflower oil, which led to a 20% growth




in flour exports to the UAE (about 0.2 million tonnes),
facilitated by streamlined logistics and the removal of
some phytosanitary restrictions.

However, despite these successes, not all trade
agreements led to unequivocally positive results, and
Kazakhstan faced a number of barriers and challenges in
accessing agricultural markets, especially in the wheat
and derivative niche. Within the Eurasian Economic Un-
ion, although mutual trade had almost doubled since
2015, Kazakh wheat exporters periodically encoun-
tered non-tariff restrictions such as sanitary inspections
and temporary import bans. With China, despite export
growth, there remained issues with high phytosanitary
standards and logistics costs: transportation through
remote ports such as Lianyungang increased costs by
10-15% compared to regional supplies. In the Middle
East, although demand for Kazakh flour was growing,
countries such as Saudi Arabia maintained high certifi-
cation standards, which slowed market entry - in 2023,
only 34 Kazakh companies received approval to export
to KSA, and the potential export volume was estimat-
ed at USD 500 million, of which only about 30% was
realised. The agreement with the EU also had its chal-
lenges: despite the growth in flour exports, European
duty-free import quotas remained limited, and compe-
tition with local producers and Ukraine forced Kazakh-
stan to lower prices, reducing margins by 5-7%. Thus,
although integration and bilateral agreements opened
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new opportunities, barriers such as standards, logistics,
and protectionism continued to restrain the full export
potential of Kazakh agricultural products, requiring fur-
ther work to eliminate these obstacles.

The study of different support measures in various
countries also showed that developed agricultural ex-
porters such as the USA, the EU, and Australia empha-
sised long-term agricultural development programmes
and state promotion of national brands in global mar-
kets. In the EU, for instance, the Common Agricultural
Policy was in effect, aimed at farmer subsidies, sup-
porting sustainable production, and protecting local
producers through tariff regulation. The USA used a
system of grants, tax incentives, and marketing support
through programmes such as the US Department of Ag-
riculture, which helped American farmers enter inter-
national markets. In Australia, significant attention was
paid to certification, environmental standards, and the
promotion of high-quality products on Asian markets.
This highlighted the importance of strengthening Ka-
zakhstan’s position in global trade by expanding state
support programmes and focusing on successful prac-
tices of other countries, including the development of
export logistics, product certification, and promotion of
the country’s agricultural brand. A chart of the overall
export trend of one of the key niches of the agro-in-
dustrial complex - grain (wheat) - in comparison with
other countries, was presented in Figure 2.

2020 [ 26.1 19 ® Kazakhstan
m USA
2021 BB 215 24 IVl 20 2 138 Australia
M Canada
2022 [ 20.8 27 223 )
M Ukraine
2023 TR 245 ™ Argentina
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Figure 2. General trend of grain (wheat) exports on the world market in 2020-2023
Source: developed by the authors based on Bureau of National Statistics of the Agency for Strategic Planning and
Reforms of the Republic of Kazakhstan (n.d.), Food and Agriculture Organization (n.d.), International Trade Centre (n.d.),

World Trade Organization (n.d.)

It is worth noting that the analysis of wheat ex-
port data for the years 2020-2023 revealed both stable
global trends and specific features of individual coun-
tries, including Kazakhstan. Thus, the USA and Cana-
da remained among the key exporters on the global
market, in the range of 19-27 million tonnes and 15-
23 million tonnes respectively, although these states
faced competition and internal challenges such as
logistics and weather conditions. Australia and Argen-
tina demonstrated volatility linked to climatic factors:
Australia reached a peak of 27 million tonnes in 2022,
while Argentina fluctuated between 11 and 13.8 mil-
lion tonnes. Ukraine, despite its significant potential,

lost ground after 2021 due to geopolitical upheavals,
although a recovery to 17.5 million tonnes in 2024 indi-
cated a gradual overcoming of the crisis consequences.
Kazakhstan in this comparison stood out as a region-
al exporter with relatively modest but stable volumes,
which grew from 5.1 million tonnes in 2020 to a re-
cord 7.8 million tonnes in 2022, although in 2023 there
was a decline to 6.5 million tonnes due to drought.
Overall, the trend indicated recovery, supported by im-
proved weather conditions and demand from Central
Asia and China. Unlike the global leaders, Kazakhstan
did not aim for broad expansion into global markets
but instead strengthened its niche in neighbouring
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countries, where low transport costs and established
trade links played a key role. However, dependence on
climate and limited production volumes (12-16 million
tonnes of harvest) constrained its potential compared
to countries like the USA or Australia. Nevertheless, the
sustained export growth in 2022 and efforts to increase
shipments to China demonstrated that Kazakhstan was
capable of adapting to changes in demand and weather
challenges, maintaining its significance on a regional
scale, and also having prospects for entry into global
markets. Figure 3 presented a chart showing Kazakh-
stan’s share in global wheat exports for 2023, in com-
parison with other countries.

Russia
B Australia
Canada
USA
Ukraine

22.84%

Argentina

10.58% Kazakhstan
e ]

Other countries

Figure 3. Kazakhstan’s share
in world wheat exports on the global market in 2023
Source: developed by the authors based on the Bureau
of National Statistics of the Agency for Strategic Planning
and Reforms of the Republic of Kazakhstan (n.d.), Food and
Agriculture Organization (n.d.), International Trade Centre
(n.d.), World Trade Organization (n.d.)

The analysis of data on the share of wheat ex-
ports in the global market for 2023 shows a significant
concentration of this sector in the hands of a few key
players, with Australia (11.78%), Canada (10.58%) and
the United States (9.52%) forming a group of leaders
with a strong presence in Asia, Europe, and the Ameri-
cas, where the success is driven by product quality and
logistics. Also, Ukraine (8.41%) and Argentina (5.29%),
despite certain difficulties - geopolitical in the case of
Ukraine and climatic in the case of Argentina - retain
the prominent positions, demonstrating the ability to
adapt to challenges. Kazakhstan, with 3.13%, occupies
a modest place in this structure, reflecting its limited
global influence compared to the leaders, but empha-
sising its importance as a regional supplier, especially
to Central Asia and the near abroad. This share suggests
that Kazakhstan is successfully utilising its geographi-
cal advantages and established trade links to make a
stable, albeit small, contribution to world wheat ex-
ports. At the same time, the significant share of ‘other
countries’ (29.18%) indicates that the rest of the market
is fragmented, with many small players together ac-
counting for almost a third of shipments, leaving Ka-
zakhstan with the potential for growth if it increases
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production and diversifies its markets, for example, by
strengthening its position in China or other Asian coun-
tries. Based on the above comparative analysis, general
recommendations have been proposed for improving
marketing strategies for Kazakhstan, which are summa-
rised in Figure 4.

Developing tailored strategies
for each target region, taking
into account local
An integrated characteristics and needs
approach to export
development Strengthening measures to
improve product quality and
compliance with international

standards

Improving the logistics
network and transport systems

Investments in
infrastructure and

e Implementation of digital

technologies for market
analysis and product promotion

Creating a strong brand of

Kazakh agricultural products
Strengthening the

brand and
communications Active participation in
international exhibitions,
conferences and online
platforms

Recommendations forimproving marketing strategies

Establishing bilateral relations
with foreign distributors and
trading partners

Developing
partnerships and
cooperation Cooperation with international
organizations to exchange
experience and promote

Kazakhstani products

Figure 4. Recommendations
for improving marketing strategies for Kazakhstan
Source: developed by the authors

Thus, for the successful promotion of agricultur-
al exports, it was important for Kazakhstan to apply
a comprehensive approach that included the devel-
opment of adapted marketing strategies for each tar-
get region, taking into account the characteristics and
needs. This meant that for Europe, Asia, the Middle East,
and other key markets, it was necessary to create unique
offers that matched the specific requirements of local
consumers. For each market, a strategy had to be devel-
oped that considered cultural,economic,and legislative
characteristics, as well as the preferences of end con-
sumers. [t was also necessary to strengthen measures to
improve product quality and compliance with interna-
tional standards, which required the implementation of
certifications (GlobalGAP, ISO, Hazard Analysis Critical




Control Point), improvement of production conditions,
and adherence to environmental standards; in the case
of wheat, this could have included the introduction of
innovative processing and storage methods that con-
tributed to the preservation of its high-quality charac-
teristics. Products that met international standards had
better chances of successful promotion, especially in
countries with high requirements for safety and quality,
which was particularly relevant for cereal crops.
Investment in infrastructure and technologies was
also one of the most important factors for increasing
the competitiveness of the agricultural sector. The im-
provement of the logistics network and transport sys-
tems allowed for the reduction of delivery costs and in-
creased delivery speed, which was especially important
for goods such as fresh fruits, vegetables, and meat.
The construction of modern warehouse complexes, the
improvement of transport hubs, and the development
of railway and road routes could have significantly en-
hanced Kazakhstan’s export capabilities. The imple-
mentation of digital technologies for market analysis
and product promotion became a key element of a
successful strategy. The use of big data, analytical plat-
forms, and marketing tools helped to accurately fore-
cast demand, adapt product offerings, and effectively
promote these offerings through digital channels. Tech-
nologies could also have been useful for monitoring
and optimising supply chains, which reduced risks and
increased the efficiency of the entire export system.
Also, for a successful entry into international mar-
kets, it was necessary for Kazakhstan to create a recog-
nisable and attractive brand that would be associated
with high-quality and environmentally friendly prod-
ucts. Branding had to focus on the unique advantages
of Kazakh agricultural products, such as naturalness,
safety,and high-quality standards. It was important that
the brand reflected national identity, cultural traditions,
and the benefits of the country’s agricultural produc-
tion. It had to be recognisable on the international
stage, creating a positive impression among consum-
ers. For this, it was necessary to develop a logo, slogan,
and visual elements that would be easily perceived and
associated with high-quality products. Another impor-
tant step was the creation of marketing materials and
advertising campaigns aimed at promoting the brand
in various target markets. This could have included the
production of videos, presentations, and online cam-
paigns that emphasised the values and mission of the
Kazakh agricultural sector. One of the effective ways to
promote products was participation in international ex-
hibitions and conferences that gathered leading indus-
try players and potential buyers. These events provided
an opportunity not only to showcase products, but also
to establish important business contacts and exchange
experience with colleagues from other countries. Ka-
zakh exporters were encouraged to actively participate
in agricultural product exhibitions such as SIAL in Paris,
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Anuga in Cologne, or Gulfood in Dubai. These platforms
attracted the attention of international distributors, re-
tailers, and wholesalers, allowing Kazakh companies to
expand the client base. In the context of globalisation,
online platforms and virtual exhibitions also played an
important role in promoting products. Platforms such
as Alibaba,Amazon, and other trade portals enabled ex-
porters to enter new markets with lower costs by con-
ducting successful online campaigns.

Establishing bilateral relations with foreign distrib-
utors and trade partners was a necessary step to ex-
pand the presence of Kazakh agricultural products in
international markets. It was important to build long-
term partnerships with reliable distributors who could
effectively represent the products in target countries,
ensuring the delivery and promotion. This cooperation
could have included supply agreements, joint marketing
campaigns, and the organisation of events for product
promotion. For this, it was necessary to work actively
with trade associations and export agencies, as well as
participate in business meetings and negotiations with
key market players. Kazakhstan also had to actively co-
operate with international organisations such as the
World Trade Organization, the International Federation
of Agricultural Exporters, and other specialised institu-
tions to use the platforms for product promotion and to
gain valuable experience. Participation in international
programmes and projects contributed to the exchange
of knowledge about international markets, trends, and
technologies, which helped Kazakh producers to opti-
mise the processes and improve the quality of the prod-
ucts. It was also important to use international aid and
funding programmes to modernise production facilities
and improve product quality. Cooperation with such or-
ganisations and global agricultural market participants
opened new prospects for export expansion and for
raising the reputation of Kazakh products on the inter-
national stage.

DISCUSSION

In the course of this research, an interregional compar-
ative analysis of marketing strategies for agricultural
exports was carried out, which allowed the identifi-
cation of key features and approaches applied in dif-
ferent parts of the world. The results of the analysis
showed that marketing strategies for agricultural ex-
ports largely depended on economic conditions, the
level of government support, regulatory requirements,
and the structure of consumer demand. This demon-
strated that there was no universal approach, and
successful strategies had to take into account global
trends as well as the specifics of each target region. The
research also made it possible to identify a number of
barriers faced by agricultural exporters, including trade
restrictions, logistical difficulties, differences in certifi-
cation requirements, and the level of competition. In
the study by H. Willer et al. (2023), general trends in the
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development of agricultural exports in different re-
gions were also considered, including key factors influ-
encing its dynamics, but this work did not conduct a de-
tailed comparison of marketing strategies of different
countries, which limited the opportunities to identify
effective approaches to promoting products in foreign
markets. In the work by D. Huo et al. (2020), the im-
pact of the market environment and competitive con-
ditions on the development of agricultural exports was
analysed, focusing on product positioning strategies,
but without a detailed examination of interregional
differences in marketing strategies, which reduced its
practical relevance for countries with varying economic
conditions. In the work by Y. Liu and X. Wang (2022), an
analysis was conducted on the factors determining the
competitiveness of agricultural exports, including pric-
ing policy and product branding, but without consid-
ering the specifics of marketing strategies in different
regions, which made the conclusions less universal. In
the study by O. Bazaluk et al. (2020), successful exam-
ples of agricultural exports at the international level
were considered, looking at ways to enter new markets,
but without including a systematic interregional analy-
sis of marketing strategies, which limited the opportu-
nities to develop adaptive solutions. Thus, compared to
the mentioned works, this research presented a more
comprehensive approach, including a detailed interre-
gional comparative analysis of marketing strategies for
agricultural exports. This made it possible to identify
key success factors of various strategies depending on
the market environment and adapt these strategies to
the conditions of Kazakhstan.

The results of the research showed that marketing
strategies for agricultural exports differed depending
on the region and the level of economic development of
the country. In particular, it was noted that in countries
with a developed agricultural industry, such as the USA
and EU countries, strategies focused on promoting high
value-added products, strengthening branding, and
ensuring strict compliance with international quality
standards. These countries actively used certification,
environmental labelling, and sustainable agriculture
programmes as marketing elements, which enabled
these states to occupy strong positions in the global
market (Chykurkova et al., 2025). In the context of Ka-
zakhstan’s agricultural market conditions, it was noted
that the country’s agricultural exports faced a number
of challenges, including logistical issues and insuffi-
cient diversification of sales markets. The research em-
phasised that successful marketing strategies required
a comprehensive approach, including brand develop-
ment, adaptation to the requirements of target markets,
and the use of modern promotion tools. This opened
up opportunities for Kazakhstan to use the experience
of leading agricultural countries to develop an optimal
export strategy focused on sustainable growth and in-
creased competitiveness in the global market. In the
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course of the work by L. Lyubenov (2020), the specifics
of marketing strategies for agricultural exports under
global competition were also considered, showing that
effective strategies included the use of certification and
drawing attention to the quality characteristics of prod-
ucts, but without sufficiently detailed examination of
the factors influencing the choice of the most appropri-
ate promotion tools for different product groups. In the
study by R.l. Molina et al. (2024), the issues of adapting
marketing strategies to the requirements of different
markets were examined, emphasising the effective-
ness of combining price and non-price competitiveness
factors, forming long-term strategies for entering new
markets, but with limited coverage of regional differ-
ences, which did not allow for a full assessment of the
effectiveness of individual strategies in different mar-
ket conditions. In the research by I. Tomashuk (2023),
the impact of various factors on the development of
agricultural exports was analysed, paying attention to
competitiveness and product promotion mechanisms,
and noting that market diversification, infrastructure
development, and logistics optimisation played an im-
portant role, but without addressing changing market
conditions and global trends, which limited the appli-
cability of the conclusions in the long term. It should
be noted that the results of this study differed from the
results of the mentioned works by the breadth of cover-
age of different markets and strategies. Since the men-
tioned studies limited the analysis to individual coun-
tries or regions, which did not allow a full assessment
of the universality of the identified patterns, this study
compared different approaches on a global scale, which
allowed the examination of the applicability in various
economic conditions.

The results of this study also made it possible to
identify key features of marketing strategies for ag-
ricultural exports in Asia, the Middle East, Africa, and
the Commonwealth of Independent States, which was
an important aspect for understanding the develop-
ment potential of exports. It was noted that in Asian
countries, key elements of strategies included product
adaptation to local requirements and flexible pricing.
In the Middle East, the emphasis was placed on Halal
certification, as well as consideration of cultural prefer-
ences and hot climate conditions. In African countries,
the main success factors were flexibility in pricing and
minimisation of logistical costs. In the Commonwealth
of Independent States, export strategies were orient-
ed towards intra-regional trade, price competitiveness,
and standard unification. This confirmed the impor-
tance of using marketing approaches that considered
the economic and regulatory characteristics of target
markets, as well as consumer preferences, logistical
constraints, and the level of competition in each region.
In the study by J. Wang et al. (2022), regional marketing
strategies for agricultural exports were also examined,
noting the importance of adapting pricing policy and




product packaging according to consumer preferences,
but this work did not sufficiently consider long-term
factors influencing the sustainability of export supplies.
In the work by H. Keskin et al. (2021), an analysis of
the competitive advantages of commodity exports was
carried out, emphasising the importance of developing
partnerships and cooperation with distributors in tar-
get markets, but not paying enough attention to the
impact of trade barriers and tariff restrictions, which
could significantly affect export flows. In the research
by Q. Sun et al. (2022), the impact of risks on the struc-
ture of agricultural trade in countries with unstable
economic situations was examined, where flexibility in
market entry strategy was the main factor of compet-
itiveness, but without considering the role of govern-
ment export support programmes, which also played
an important role in shaping long-term export strategy.
In the study by H.H. Park and S.J. Cho (2021), the impact
of logistical factors on marketing strategies for agricul-
tural exports was noted, identifying the need to mini-
mise costs to improve transport efficiency, but without
examining the specifics of demand in various regional
markets, which limited the completeness of the anal-
ysis. Thus, the results of this study expanded existing
knowledge about marketing strategies for agricultural
exports, providing a comprehensive understanding of
key factors determining successful entry into foreign
markets. Unlike the mentioned works, this research
combined the analysis of marketing approaches with
consideration of logistical, pricing, and cultural aspects,
which allowed the proposal of a more holistic export
development strategy.

An important part of the work was also the devel-
opment of practical recommendations for improving
marketing strategies for agricultural exports. The de-
veloped recommendations were based on the interre-
gional comparative analysis carried out, which made
it possible to identify the most effective approaches
and adapt these approaches to the specifics of various
target markets. In particular, strategies were proposed
that took into account key barriers faced by exporters,
including logistical constraints, price competition, and
differences in consumer preferences. Special attention
was paid to the development of flexible strategies for
entering foreign markets, which included the diversifi-
cation of export destinations, improvement of product
quality, and the use of modern promotion tools. The
results of the research also showed that successful
marketing strategies had to consider not only economic
and regulatory conditions, but also sociocultural fac-
tors that influenced consumer behaviour. In this regard,
recommendations were made for adapting advertis-
ing campaigns, developing packaging, and positioning
products in accordance with the local characteristics of
target markets. Thus, the conducted research had prac-
tical significance, as the conclusions and recommenda-
tions obtained could be used as a basis for developing
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effective export strategies. This contributed to increas-
ing the competitiveness of the agricultural sector at
the global level, as well as improving the position of
Kazakhstani producers in international markets. In the
work by N.M. Abdullahi et al. (2022), an analysis of the
factors influencing the choice of agricultural export
strategies was carried out, which made it possible to
identify the effectiveness of the strategic export devel-
opment model, but in this work, the issue of adapting
marketing strategies to changing external economic
conditions and regional specifics was not examined
in detail, which limited its practical application. In the
study by T. Andrei et al. (2022), the competitive advan-
tages of agricultural products in international trade
were studied, paying special attention to the factors
increasing the attractiveness of products in foreign
markets, but without sufficient analysis of the impact
of consumer preferences and cultural factors, which
could improve the accuracy of developed strategies. In
the study by R. Birner et al. (2021), trends in the devel-
opment of the agro-industrial sector were examined,
analysing the impact of global changes such as tech-
nological innovations, but without a detailed analysis
of marketing tools and product promotion methods,
which reduced its applied value. It should be noted
that, unlike the mentioned studies focused on analys-
ing existing trends, this work also presented specific
recommendations for increasing the competitiveness
of Kazakhstan’s agricultural exports, which made its
results more significant for practical use and further
research in this field.

Thus, the conducted research, as well as the men-
tioned works, confirmed the importance of a com-
prehensive analysis of marketing strategies for agri-
cultural exports to increase the competitiveness of
producers in the global market. These studies made it
possible to identify successful approaches and adapt
these approaches to various economic and sociocul-
tural conditions, as well as to consider key barriers af-
fecting the effectiveness of foreign economic activity.
The development of substantiated recommendations
based on comparative analysis contributed to optimis-
ing export strategies, taking into account various con-
ditions. Such studies also played an important role in
shaping long-term solutions aimed at the sustainable
development of the agricultural sector, stimulating
innovation, and expanding opportunities for interna-
tional cooperation.

CONCLUSIONS

As a result of this research, a comprehensive analysis
of the current state of Kazakhstan’s agricultural exports
was carried out, with a focus on marketing strategies
aimed at expanding the presence of Kazakhstani ag-
ricultural products in global markets. The study con-
sidered the characteristics of the country’s agricultural
sector, including its contribution to GDP, which in 2024

Scientific Horizons, 2025, Vol. 28, No. 6

205



206

Marketing strategies for the development...

was estimated at 4.5%, as well as the significance of ex-
ports of key goods such as wheat (6.5 million tonnes in
2023), oilseeds, meat, and dairy products, which formed
the basis of export potential. An important aspect of
the work was the assessment of global trends in the
agricultural sector, such as the growing demand for or-
ganic and environmentally friendly products, and the
increasing requirements for product quality and safety.
These trends required Kazakhstan to adapt and improve
product quality, as well as to enhance compliance with
international standards. The study examined marketing
specifics in different markets, identified specific con-
sumer requirements, and outlined approaches to pack-
aging, certification,and communication with markets in
various regions. The research showed that successful
strategies required deep adaptation to the needs of lo-
cal markets, including consideration of cultural differ-
ences and specific consumer demand. In addition, the
impact of foreign economic policy, including participa-
tion in the Eurasian Economic Union, showed a 100%
increase in trade with partners since 2015. However, it
was noted that logistical costs (USD 80-100 per tonne
of wheat) remained a challenge compared to compet-
itors such as Australia (USD 40-55 per tonne). Based
on this data, recommendations were proposed, includ-
ing the development of flexible marketing strategies
for different regions, strengthening branding through
participation in international exhibitions, improv-
ing infrastructure, and developing partnerships with

distributors. These steps, supported by digitalisation
and investment in transit corridors such as the “Belt
and Road Initiative”, were intended to increase the rec-
ognition and competitiveness of Kazakhstani agricul-
tural products in international markets.

It should be noted that this study had some lim-
itations due to its focus mainly on current marketing
strategies without detailed analysis of the long-term
effectiveness and impact on the sustainability of agri-
cultural exports. Promising areas for further research
included a more in-depth analysis of the effectiveness
of different marketing strategies, taking into account
the specifics of individual product groups and regions,
as well as studying the impact of geopolitical and
macroeconomic factors on agricultural exports. Anoth-
er important step would be the practical testing and
adaptation of the developed recommendations in real
conditions, which would make it possible to assess the
effectiveness and identify additional opportunities for
optimising export policy.
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AHortauig. [laHe [OCNiAXEHHS CNpSIMOBaHE Ha aHani3 MapKETUHIOBUX CTpaTerii arpapHoOro eKCnopTy Ta BUSIBNEHHS
e@eKTMBHUX MiAXOAIB A0 MOro NPOCYBAaHHS HAa CBITOBMX puHKax. [ig yac pobotu Byno BMKOPUCTAHO METOAM
MOPIBHAMBHOIO aHanizy MapKeTUHroBMX CTpaTeriv MpoBiAHMX KpaiH-eKcrnopTepiB, AOCAIIKEHHS OdiliiHMX
CTAaTUCTUYHUX OAHUX, OLIHKY BMAMBY MIXKHAPOAHMX TOProBesbHWX Yrod i CTaHAAPTIB, @ TAaKOX aHani3s Aep>KaBHMUX
nporpam NiATPUMKM eKCnopTy. Pe3ynbTaTv LOCNIIKEHHS BUSBMIN KIHOYOBI 0COBAMBOCTI MapKETUHIOBUX MiAXOMIB Y
Pi3HMX perioHax Ta iIXHK 3aCTOCOBHICTb 40 Ka3aXCTAaHCbKOrO pUHKY, Ae ekcnopt nweHuui 2023 poky cTaHoBuB 6,5
MJIH TOH, abo 3,13 % Big cBiToBoro obcary B 208 mMaH ToH. byno BMBYeHO ycnilHi Mogeni eKcnopTy arponpoayKLuii
Takux KpaiH, gk CLUA (19,8 mnH ToH nwenunui 2023 poky), KaHaga (22 maH ToH) Ta ABcTpanisi (24,5 MNH TOH), WO
[lano 3MOry BUOKPEMMUTU HaMpe3ynbTaTUBHILLI iHCTPYMEHTM NPOCYBaHHS, BKIOYHO 3 OpeHAMHIOM Ta ajanTali€to
[0 CTaHAapTiB puHKiB 36yTy. AHanis mokasas, WO AN MiABULLEHHS KOHKYPEHTOCMPOMOXHOCTI Ka3axXCTaHCbKOI
npoaykLuii noTpibHa apanTtauis cTpaTterii O BMMOI KOHKPETHMX PEerioHiB, BpaxXyBaHHS CMOXMBYMX Mepesar i
BAOCKOHaNeHHs cepTudikauii nig MidkHapoaHi HopMu. byno 3a3HaveHo, Wo yyactb KasaxcraHy B €Bpasiicbkomy
€KOHOMIYHOMY COH3i CpUANA 3pOCTaHHI0 B3AEMHOI TopriBAi BABIYI 3 2015 poky. Takox Bax/IMBUM GakTopoMm Hyno
Bij3HAYEHO PO3BMUTOK AepXKaBHMX NPOrpaM NiATPUMKM EKCMOPTY, SKi TaKOX NOTPeOYTh MOCUNEHHS: DiHAHCOBA Ta
KOHCYNbTaLiMHa 4ONOMOra eKcrnopTepam, MOAEPHi3aL,if IOriCTUKM (4e BUTPATU HA MepeBe3eHHS NILEHUL CTAHOBASTb
USD 80-100 3a ToHHY npotu USD 50-60 y KOHKYpeHTiB) i UMPpPOBIi3aLis NpPOLEeCiB 3anMLWIaTbCs NpiopuTeTaMu.
Ha ocHoBi oTpMMaHMx AaHux 6yno po3pobneHo pekoMeHAauii WoAO0 BAOCKOHANEHHS MapKeTMHIrOBMX CTpaTerii
KasaxctaHy y cdepi arpapHoro ekcnopTty, ki CNpsiMOBaHi Ha OMTMMI3aLil0 NOFICTUKM, PO3BUTOK MAPTHEPCHKUX
BIOHOCMH 3 MiXXHApPOLHUMMU AUCTPMO'IOTOpPaMU, MiABULLEHHS BMi3HABAHOCTI OpeHAy Ta aKTMBHE BMKOPUCTAHHS
LUMOPOBUX TEXHOMOTIN AN NPOCYBAHHA MPOAYKLi

KnrouoBi cnoBa: MiXkHapoaHi CTaHAApTH; BpeHAMHT arponpoayKLii; CMOXMBYMIA MOMUT; NOMCTUYHA iIHDPACTPYKTYPa;
[ep>aBHa NigTpMMKa; uMdpoBi NNaTdopMK; KyNbTypHi 0COBAMBOCTI
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USD 0.8 bn was allocated for innovation, while in the Netherlands, USA (California and lowa) these indicators were
much greater, reaching USD 10-15 bn with innovation costs within USD 2.8-6.5 bn. For example, in Kazakhstan, a
stable growth of agro-industrial complex by 3.6% per year has been observed since 2010, which contributed to an
increase in labour productivity to USD 6.6 thsd per person - 30% greater than the indicators of Ukrainian farmers.
The study found that the availability of specialised infrastructure (agrotechnoparks, technology transfer centres)
contributed to accelerated innovation. The study also confirmed that the key barriers to innovative development
of agroclusters included insufficient research and development funding, lack of qualified personnel, and weak
cooperation between participants. For instance, the use of precision farming and artificial intelligence technologies
can increase crop yields by 20% and reduce water use by 30%. In regions with active state support and access
to investment, such as Kazakhstan, an increase in the number of start-ups and venture capital investments was
observed. Based on the analysis, recommendations for developing the innovation potential of agroclusters were
proposed, including the creation of incentive support measures, the development of educational programmes,
and the introduction of digital platforms for technology exchange. The findings obtained can be used to develop
strategies to support and stimulate innovation activity in regional agroclusters, which contributes to improving

their competitiveness and efficiency

Keywords: digitalisation; state support; cooperation; investment; technology; infrastructure

INTRODUCTION

In the context of globalisation and rapid technological
advancement, agriculture faces new challenges that
require finding effective solutions to improve the pro-
ductivity and sustainability of the agricultural sector. In
this regard, regional agroclusters are becoming crucial
centres of innovative development, bringing together
the efforts of agricultural producers, scientific insti-
tutions, technological and educational organisations.
They play a key role in the introduction of modern
technologies such as digitalisation, agrotechnologies,
and biotechnologies, contributing to the competitive-
ness of the agro-industrial complex. Analysing the
innovation potential of regional agroclusters allows
identifying the strengths and weaknesses of existing
models, as well as determining the factors affecting
the success of their development. A prominent aspect
is the integration of scientific research and technology
into real production processes, which requires close in-
teraction between multiple cluster participants. A sys-
tematic approach to assessing the innovation activity
of agroclusters opens opportunities for the creation
of effective development strategies, improvement of
the investment climate, and stimulation of sustainable
growth of agrarian regions.

The problem of assessing the innovation potential
of regional agroclusters lies in the need for a compre-
hensive approach that would include analysing the in-
teraction of participants, infrastructure development,
and the introduction of new technologies. K. Sharma
and S.K. Shivandu (2024) focused on the value of dig-
italisation in agro-production, stressing that technol-
ogies such as Internet of Things (loT) and Artificial
Intelligence (Al) enabled marked improvements in
agricultural productivity and competitiveness. The re-
searchers also argued that digital transformation was
a key factor for successful development of agroclusters
in the face of global change. V. Agarwal et al. (2023)

investigated the role of public-private partnerships in
the agricultural sector, emphasising that government
support helped to stimulate the adoption of the lat-
est technologies and innovative solutions. Their study
showed how tax incentives and subsidies could be ef-
fective tools to attract investment in the agro-industry.
M. Aydogan et al. (2021) stressed the significance of
cooperation between scientific institutions and agricul-
tural producers, emphasising that such integration con-
tributed to accelerated innovation and development
of innovative technologies. The researchers believed
that successful examples of collaboration considerably
improved the production performance of agroclusters.
L. Bjerke and S. Johansson (2022) investigated the re-
lationship between human resource quality and the
innovation capacity of agroclusters, arguing that the
training of skilled agricultural professionals was a cru-
cial element for the adoption of the latest technologies.
Their study emphasised the need for a close link be-
tween educational institutions and agro-producers to
build talent pools.

D. Akkaya et al. (2020) analysed the influence of
government policies on the innovative development of
the agribusiness sector, focusing on the significance of
subsidies and tax incentives to create favourable con-
ditions for business. The researchers also emphasised
that such measures stimulated entrepreneurial activity
and ensured the inflow of investments into the agro-in-
dustry. E. Mugoni et al. (2023) examined the value of
logistics and marketing in the success of agroclusters,
noting that efficient transport and marketing systems
for agricultural products played a key role in the de-
velopment of the industry. The researchers argued that
without an established infrastructure, innovation in the
agribusiness sector could not fulfil its full potential.
M. Yazdani et al. (2021) investigated the risks associ-
ated with the adoption of the latest technologies in
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agribusiness and highlighted the significance of devel-
oping risk management strategies to minimise poten-
tial losses. The researchers emphasised that effective
risk diagnosis and forecasting helped to increase the re-
silience of agroclusters to external and internal threats.

C-1. Coman et al. (2024) investigated the prospects
of adopting environmentally sustainable agro-technol-
ogies, emphasising their value for the long-term devel-
opment of agroclusters. The study also analysed the ef-
fects of clusters in managing technological challenges
and achieving sustainability of agri-food systems glob-
ally, highlighting the significance of cluster structure
in addressing the world’s environmental and economic
challenges. G.A.B. Aggrey et al. (2022) addressed the
need for SMEs to integrate into innovation processes,
which they found to improve the growth dynamics of
agroclusters. Their study emphasised that such enter-
prises could play a key role in the adoption of innova-
tive technologies, providing flexibility and adaptability
to the agribusiness sector. Despite significant contri-
butions to the study of the problem, there is a series
of gaps that require further investigation. Specifically,
insufficient attention has been paid to a comprehensive
analysis of the factors affecting the sustainability of in-
novation potential of agroclusters under conditions of
market uncertainty and variability. Further research is
required on the models of interaction between large
and small enterprises within agroclusters, as well as
the development of recommendations for optimising
state support mechanisms at the regional level.

The purpose of the present study was to identify
the factors that determine the innovation potential of
agroclusters, as well as to analyse the existing methods
of assessment and ways to develop this potential.

MATERIALS AND METHODS

The study comprehensively analysed the innovation
potential of agroclusters, covering both theoretical
foundations and practical methods of assessment. An
essential task was to identify the key factors affecting
the innovative development of agroclusters, as well as
to highlight the best practices and successful examples
of agrarian regions where innovative technologies are
actively implemented. Within the theoretical frame-
work of the study, the key components comprising the
innovation potential of an agrocluster were considered.
One of the key factors was the availability of human
resources, including qualified specialists, level of edu-
cation in the field of agrarian technologies, and com-
petences in the field of entrepreneurship. The research
base, including universities and agrarian institutes, also
played a major role by ensuring that the latest tech-
nologies were tested in real-life conditions through ex-
perimental farms. Furthermore, attention was paid to
financial support, including government subsidies and
private investment as a catalyst for the implementation
of innovative solutions.
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The next stage of the study concerned the meth-
odology for assessing the innovation potential of agro-
clusters. For this, various methods were employed, in-
cluding SWOT analysis, which helped to identify the
strengths and weaknesses of the agrocluster, as well
as to assess opportunities and threats to its develop-
ment. This analysis considered indicators such as gross
regional product (GRP), farm profitability, and employ-
ment growth. SWOT analysis was used to identify the
strengths, weaknesses, opportunities, and threats asso-
ciated with innovation in the agricultural sector. This
enabled the development of strategies to improve the
economic performance of the region based on the data
(Mastac & Vancea, 2024). The index method helped to
quantify the level of innovation activity, through the
number of patents and the degree of digitalisation. To
comprehensively assess the innovation potential of
agricultural clusters, an integral innovation index was
constructed. This index included several separate in-
dices: financial (share of investment in innovation, %
of GRP), infrastructural (number of technoparks and
technology transfer centres), human resources (share of
STEM personnel), and digital (number of digital solu-
tions per 100 agrarian enterprises) based on the data
(Musayeva, 2024). This method was aimed at a system-
atic assessment of the state of innovation infrastruc-
ture and human resource potential in the agricultural
sector. For this, the formula for calculating the integral
innovation index of agrocluster was used (Equation 1):

=w, x|/ +w, x

agrocluster_ 1 financial 2

+w, x| (1)

) +Ww. -
infrastructural 3 personnel 4 digital®

where w,, w,, w,, w, are weights assigned to each of
the indices. These weights reflect the relative signifi-
cance of each index to overall innovation activity. For
example, if infrastructure is more significant than the
human resources index, the infrastructure index may be
given a higher weighting. /___ is the index reflecting
the share of investment in innovation in the agricul-
tural sector. /. is the index reflecting the level
of development of infrastructure for innovation, such
as technoparks or technology transfer centres. / .
is the index reflecting the share of highly qualified per-
sonnel (e.g., STEM personnel) in the agricultural sector.
Idigital is the index reflecting the degree of digitalisation
of the agricultural sector (e.g., number of digital solu-
tions per 100 agricultural enterprises).

The cost-effectiveness method was employed to
assess the feasibility of introducing innovative solu-
tions such as digitalisation and agrodrones. It consisted
of comparing the costs of implementing these tech-
nologies with the resulting economic benefits, such as
increased yields, reduced losses, and increased value
added. The method was employed to understand how
effective investments in innovations can be in terms of

their economic and financial returns based on the data




(Taishykov et al,, 2023). One of the key aspects of the
study was to identify the factors influencing the inno-
vation potential of agroclusters. Geographical location
and climatic conditions, as well as the availability of
natural resources, played a prominent role in determin-
ing the potential for the adoption of innovative tech-
nologies. The specifics of agriculture in each region
required an individual approach to the use of technol-
ogies. Furthermore, the level of cooperation between
cluster members, including partnerships between pro-
ducers, research institutions, and processing enterpris-
es, was a significant factor. Government support and in-
frastructure support, such as the availability of logistics
centres and digital platforms, played a crucial role in
the successful implementation of innovative projects.

The study also included examples of successful
agroclusters with high innovation potential, such as
the Kazakhstan agrocluster (Ryskeldi et al, 2024), the
Dutch agrocluster Foodvalley (n.d.),and the US (Califor-
nia) agroclusters (Love, 2024) and IOWA (2023). These
examples demonstrated how the introduction of pre-
cision farming technologies, agricultural automation,
and the use of biotechnology can considerably improve
the productivity and sustainability of agricultural pro-
duction. Kazakhstan has actively developed its agri-
business sector through digitalisation and innovative
approaches, including the use of loT and drones. In the
Netherlands, pronounced levels of automation and sus-
tainable agriculture served as an example of how in-
novation can reduce costs and improve sustainability.
Agroclusters in the US have also used biotechnology
and artificial intelligence to predict crop yields, ena-
bling optimisation of agricultural processes.

RESULTS

The innovation potential of agroclusters is a set of fac-
tors and conditions that determine the ability of agrar-
ian associations to introduce innovative technologies,
improve agricultural efficiency, and adapt to changing
conditions. Modern agriculture, facing the challenges of
climate change, growing demands for food security,and
global competition, requires active use of innovations.
A prominent aspect in this process is to identify and
analyse the key components that determine the inno-
vation potential of agroclusters. These include human
resources, research and development base, financial
support, technological infrastructure, and institutional
environment. The introduction of innovations in the
agro-industrial complex (AIC) positively affects labour
productivity and the share of gross regional product
associated with this sector. For example, Kazakhstan
experienced steady growth in agribusiness at 3.6% per
annum since 2010, which contributed to an increase in
labour productivity to USD 6.6 thsd per person - 30%
greater than the performance of Ukrainian farmers.
Analogous trends are observed in other regions, where
a high innovation index correlates with higher labour
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productivity and increased contribution of agribusiness
to the economy. These data emphasise the value of
innovation for the sustainable development of the ag-
ricultural sector and the economy overall (Kazakhstan
and Ukraine, n.d.).

The key component of the innovation potential of
an agrocluster is the availability of qualified specialists
who can develop, adapt, and implement the latest tech-
nologies in agrarian production. The level of education
in the field of agrarian and innovative technologies
plays a key role in the training of personnel capable of
meeting the challenges faced by agroclusters. Special-
ists with a prominent level of education, including en-
gineers,agronomists, biotechnologists, and information
technology (IT) specialists, are needed to develop and
implement innovative solutions such as precision farm-
ing systems, biotechnology, and process automation.
Furthermore, competences in the field of innovative
entrepreneurship are significant, which allow effective-
ly transforming scientific developments into successful
commercial projects. The availability of such special-
ists facilitates the creation of innovative start-ups, im-
provement of business processes, and implementation
of advanced technologies.

The research base, which includes universities, ag-
ricultural research institutes and experimental farms,
represents the basis for the development of innovative
technologies and solutions. Universities and research
institutions play a key role in training and research
to address agricultural challenges such as increasing
yields, improving product quality and climate resilience.
Experimental farms, as a vital part of the research in-
frastructure, allow testing the latest technologies and
putting them into practice. These farms form the link
between scientific development and industrial imple-
mentation, where research results directly affect the
efficiency of agricultural production. Assessment of the
payback of innovative solutions is a key tool for analys-
ing the effectiveness of investments in innovative tech-
nologies in agriculture. For example, the introduction
of digital farm management systems such as AGRIVI
enables farmers to increase profitability by 50-100%
as early as in the first two years of use. Additionally,
the use of precision farming and artificial intelligence
technologies can increase crop yields by 20% while re-
ducing water use by 30%. These examples demonstrate
that investments in digital technologies not only pay
for themselves in a short time but also contribute to
major improvements in the efficiency and sustainability
of agricultural production (Zulj, n.d.).

One of the crucial factors determining the innova-
tion potential of agroclusters is financial support. The
development of innovation in agro-production requires
extensive investment from both the government and
private investors. Government subsidies, grants, and
programmes to support innovative projects are an in-
centive for the introduction of innovative technologies
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and improvement of production processes. Private and
venture capital investments also play a valuable role in
stimulating innovation activity. Agricultural technolo-
gy-focused companies and funds help finance start-ups
and projects aimed at introducing innovations such as
new biotechnologies, production automation, and im-
proving agricultural resilience to environmental chang-
es. Technology infrastructure is the set of facilities and
services needed to implement and disseminate innova-
tions. Agrotechnoparks and technology transfer centres
are the basis for creating, testing, and implementing
the latest agricultural solutions. These infrastructural
elements provide access to high-tech equipment, re-
sources for the development of innovative technolo-
gies and opportunities for the exchange of knowledge
and experience between scientists, entrepreneurs, and
producers. The development of digital platforms for ag-
ribusiness also forms an integral part of the technolog-
ical infrastructure. The digitalisation of agribusiness al-
lows for better management of agricultural processes,
improved resource efficiency, and the adoption of the
latest technologies such as yield monitoring and fore-
casting systems, the use of drones, and satellite data to
assess crop health.

The institutional environment includes the regu-
latory framework governing innovation in the agricul-
tural sector, as well as programmes and initiatives to
support and promote agro-innovation. Legal and insti-
tutional frameworks play a key role in creating favour-
able conditions for the adoption of innovative tech-
nologies and business models. Regulations governing

intellectual property protection, subsidies, and tax sup-
port for innovative projects provide stability and pre-
dictability for participants in agroclusters. Government
support programmes, such as research grants, subsidies
for the introduction of the latest technologies or train-
ing programmes for specialists, are key tools to stimu-
late innovation in the agricultural sector. Furthermore,
the integration of agroclusters into international net-
works and participation in international projects allow
sharing experience and adopting best practices.
Overall, the innovation potential of agroclusters
depends on many interrelated factors. Human resourc-
es, research and development base, financial support,
technological infrastructure, and institutional environ-
ment create conditions for the development of inno-
vations and increase the competitiveness of agricul-
tural regions. The development of these components
contributes to improving the quality of agricultural
products, enhancing the sustainability of the agricul-
tural sector, and addressing global challenges such as
climate change and food security. Innovation plays a
major role in increasing the profitability of agricultural
enterprises. As the level of innovation increases, such
enterprises become more efficient and competitive. The
introduction of innovative technologies can considera-
bly improve production processes, optimise resources,
and increase product quality, which ultimately leads to
higher profits. Companies that actively innovate often
find new markets and ways to increase profitability,
which allows them to compete in the face of globalisa-
tion and rapidly changing market conditions (Table 1).

Table 1. Profitability of agricultural enterprises depending on innovation potential

Level of innovation activity Profitability (%)
Low 5
Medium 12
High 20

Source: compiled by the authors of this study based on R. Kosfeld and T. Mitze (2023)

Clustering also has a noticeable impact on the eco-
nomic performance of regions. Regions with a promi-
nent degree of clustering have greater growth in indi-
cators such as exports, labour productivity, and wages.
Clustering facilitates the exchange of expertise and
technology between companies, increases access to

innovation, and improves infrastructure. This leads to
increased efficiency of the entire region, incentivising
both small and large businesses. Moreover, the devel-
opment of clusters helps to optimise processes and re-
duce costs, which improves the economic situation in
the region (Table 2).

Table 2. Dynamics of exports, productivity, and wages in regions with varying clustering levels

Level of clustering Export growth (%) Productivity growth (%) Wage growth (%)
Low 3 4 2
Medium 10 12 8
High 18 25 15

Source: compiled by the authors of this study based on S.Andros et al. (2021)

Assessment of the innovation potential of agro-
clusters plays a key role in designing strategies for their
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further development. This approach allows identifying
both strengths and weaknesses of an agrocluster, as




well as understanding what opportunities and threats
may affect its ability to introduce innovative technolo-
gies. There are several techniques that can be used for
a comprehensive assessment of the innovation poten-
tial of an agrocluster, among which the most popular
are SWOT analysis, index method, expert questionnaire
survey, and socio-economic analysis.

One of the most widespread assessment methods is
SWOT-analysis, which enables a systematic assessment
of internal and external factors affecting the innova-
tion potential of an agrocluster. This analysis consid-
ers strengths and weaknesses, as well as opportunities
and threats to innovation development. For instance,
strengths may be the availability of highly qualified
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specialists and a developed research base, which con-
tribute to the introduction of innovative technologies.
Weaknesses may include a lack of financial resources or
outdated infrastructure. Opportunities for growth may
be related to the development of new markets or the
introduction of environmentally sustainable solutions,
while threats may include economic instability or fierce
competition from other regions. A SWOT analysis iden-
tifies areas for improvement and optimisation of the
cluster’s innovation activities (Arion et al., 2023). SWOT
analysis by economic indicators, such as GRP, household
income, and employment growth, allows identifying key
factors that influence the development of a region or
industry (Table 3).

Table 3. SWOT analysis for economic indicators

Strengths

Weaknesses

High level of investment in key sectors (positive impact on GRP)

Low farm profitability, limited access to finance

Growing digitalisation index, which contributes to improved

Lack of highly qualified personnel, which limits innovation

productivity processes
Increased cooperation between enterprises, leading to increased Low diversification of the economy, dependence on several
employment industries
Stimulating small and medium-sized businesses, increasing the Infrastructure problems hampering the development of some
number of jobs industries
Opportunities Threats
Development of innovative technological and scientific solutions  Economic instability, possible external shocks that may reduce
that can increase farm profitability GRP
Attraction of foreign investment in innovative industries Obsolescence of productlozgzcr;l:jtelis and lack of technological

Improvement of the education and training system to raise the
skills of the workforce

Decrease in employment due to automation and digitalisation of

processes

Increased cooperation between regions, which contributes to
economic growth

Shortage of natural resources, which may complicate further
growth of the economy in the long term

Source: compiled by the authors of this study based on L. Mastac and D.P.C. Vancea (2024)

The strengths include the pronounced level of in-
vestment in key sectors, which positively influences
GRP growth and economic development in the region.
A significant contribution to the improvement of eco-
nomic performance is also made by the growth of the
digitalisation index, which increases labour productiv-
ity and reduces costs, leading to increased farm prof-
itability. A prominent factor is cooperation between
enterprises, which contributes to employment growth
and improved economic sustainability. Furthermore,
the stimulation of SMEs creates new jobs, which also
contributes to employment growth. However, there is
a series of weaknesses. For example, the low profita-
bility of farms caused by underfunding or the use of
obsolete technologies limits their potential and does
not contribute to GRP growth. Lack of highly skilled
labour constrains innovative development, while infra-
structure problems hinder the development of certain
industries, slowing overall economic growth. Some re-
gions also have poorly diversified economies, making
them vulnerable to external shocks.

At the same time, there are opportunities that can
contribute to improving the situation. The development

of innovative technological solutions and scientific ad-
vancement can markedly increase the profitability of
farms and make a valuable contribution to GRP growth.
Attracting foreign investment in innovative sectors will
modernise production, create additional jobs,and accel-
erate economic growth. Improvement of the education
and training system also helps to improve the skills of
the labour force, which will positively influence labour
productivity and economic activity. However, threats
such as economic instability or global crises may arise
in the long term, which could negatively affect invest-
ment and GRP growth. Furthermore, automation and
digitalisation of processes, despite their positive effects
on efficiency, may lead to a decrease in employment,
especially in conventional industries. There may also be
a shortage of natural resources, which will limit further
economic development, especially in sectors that are
highly dependent on them. This SWOT analysis helps
to understand which aspects need attention and which
factors may have the greatest impact on the economic
development of the region.

Another significant tool is the index method, which
involves the use of quantitative indicators to assess the
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level of innovation activity of an agrocluster. Among
these indicators can be the number of patents and
technologies, the degree of digitalisation, the amount
of investment in research and development. For in-
stance, a great number of patents may indicate a ro-
bust level of R&D activity, while the adoption of digital
technologies such as precision farming systems may
indicate a strong level of technological maturity. The
index method collects data on the current state of in-
novation and systematises it for further analysis (Ber-
nard et al., 2023). To build an integral innovation index
of Kazakhstan’s agrocluster, it is necessary to collect
data on key indicators such as the share of investment
in innovation, the number of technology parks and
technology transfer centres, the share of STEM person-
nel in the agricultural sector, and the number of digital
solutions per 100 agrarian enterprises. Each of these
indices should be standardised, bringing the values to a
common scale from 0 to 1 so that they can be compared
and integrated into an overall indicator.

Data for Kazakhstan can be used as an example
(Musayeva, 2024). For instance, the share of investment
in innovation was 1.5% of GRP, which with a maximum
value of 5% gives a standardised value of 0.30. The
number of technoparks in Kazakhstan is 4, with a max-
imum of 10 technoparks, this gives a value of 0.40. The
share of STEM personnel in the agricultural sector is
12%, which at a maximum of 30% also gives an index
of 0.40. Finally, the number of digital solutions per 100

agricultural enterprises is 25, which with a maximum of
50 solutions gives an index of 0.50. Once all the indices
are standardised, it is possible to assign them weights
that reflect their significance for innovation activity. In
this example, all indices have the same weighting of
0.25.Based on these data, the integral innovation index
of the agrocluster is calculated as follows:

=0.25x0.30+0.25x0.40+

agrocluster

+0.25x0.40+0.25x0.50=0.40.

This means that innovation activity in Kazakhstan’s
agricultural sector is at an average level, with poten-
tial for improvement in the areas of investment, human
resources, and digitalisation. Thus, the integral innova-
tion index allows assessing the current level of inno-
vation activity in the agricultural sector of Kazakhstan
and identify key areas for further development. The
Cost-Effectiveness Analysis (CEA) method is employed
to assess the costs of implementing innovative solu-
tions and their corresponding economic benefits. This
method compares the costs of technologies such as
digitalisation or agrodrones with the results they bring,
e.g., in the form of increased yields, reduced losses, or
increased value added. The essence of the method is
to assess how effective a particular technology invest-
ment is in terms of the economic results obtained. This
allows agricultural enterprises to make informed deci-
sions on the feasibility of implementing certain innova-
tions based on the cost-benefit ratio (Table 4).

Table 4 . Costs and economic benefits of implementing innovative solutions in the agricultural sector of Kazakhstan

Implementation

Reduction Increase invalue  Economic benefit

Technology costs (KZT mn) Yield growth (%) of losses (%) added (%) (KZT mn)
Digitalisation of processes 10 15% 10% 12% 12
Agrodrones for monitoring 5 10% 5% 8% 6
Precision farming systems 7.5 20% 15% 18% 15

Source: compiled by the authors of this study based on Z. Taishykov et al. (2023)

Each technology requires varying implementation
costs but brings its own economic benefits. For exam-
ple, digitalisation of processes requires an investment
of KZT 10 mn, while it can increase yields by 15%, re-
duce losses by 10% and increase value added by 12%,
which in total brings benefits of KZT 12 mn.Agrodrones
require less cost (KZT 5 mn) and produce lesser results,
but they also positively influence the growth of yields
and reduction of losses. Precision farming systems, al-
beit requiring greater costs (KZT 7.5 mn), provide the
greatest economic benefits, including a 20% increase
in yields, 15% reduction in losses, and 18% increase in
value added, giving an economic benefit of KZT 15 mn.
Thus, the cost-effectiveness method enables a com-
prehensive assessment of the economic feasibility of
introducing innovative solutions in the agricultural
sector, providing information on which technologies
will provide the greatest return on investment. Expert
questionnaire survey is a method in which the opinions
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of agrocluster participants such as farmers, represent-
atives of scientific institutions, and entrepreneurs are
collected. This method helps to obtain qualitative in-
formation on the perception of innovation within the
cluster, as well as to identify barriers and obstacles that
may hinder the introduction of innovative technologies.
The survey questions can be related to the level of in-
novation readiness, assessment of the need for inno-
vative technologies, as well as problems of interaction
between different cluster members. The data obtained
offers a better insight into the internal problems and
needs of the agrocluster, which helps to develop ade-
quate measures to stimulate innovative development
(Trushkina & Dzwigol, 2024).

Socio-economic analysis is also significant to as-
sess the level of investment in R&D activities and
the agrocluster’s involvement in global supply chains.
This method helps to understand how integrated the
agrocluster is in the international economy and what




resources it uses for its development. Significant in-
dicators here are the amount of investment in R&D,
which directly affects the cluster’s ability to develop
and implement the latest technologies, and the ex-
tent to which the cluster is involved in global supply
and knowledge sharing networks. An elevated Llev-
el of integration of an agrocluster into international
processes indicates its competitiveness and ability to
adapt to changing global market conditions (Duy &
Huong, 2024). Thus, the methodology for assessing the
innovation potential of agroclusters includes several
complementary approaches, each of which provides a
better understanding of the current opportunities and
constraints for innovation development in the agricul-
tural sector. The use of SWOT-analysis, index method,
expert assessments, and socio-economic analysis helps
to form a comprehensive picture and develop a strat-
egy aimed at increasing innovation activity and com-
petitiveness of the agrocluster. These methods together
allow not only understanding the current level of inno-
vation potential, but also identifying ways to improve it,
which contributes to more effective development of the
agricultural sector overall.

The innovation potential of agroclusters depends
on a variety of factors that can both favour their devel-
opment and limit the opportunities for the introduc-
tion of innovative technologies. These factors include
geographical location, climatic conditions, the level of
cooperation between cluster members, government
support, and infrastructure provision. Geographical lo-
cation and climatic conditions play a vital role in deter-
mining the opportunities for agricultural development
and, consequently, innovation in agro-production. The
availability of natural resources such as water, land,
minerals, and climatic conditions directly influence the
choice of agricultural products that can be successfully
grown in a particular region. For instance, for north-
ern regions with short growing seasons, innovations
in greenhouses, agrotechnics, and crop protection are
particularly valuable to maximise the use of limited
resources. Whereas for southern regions, where the cli-
mate favours a longer growing season for a variety of
crops, special attention can be given to drought toler-
ance, innovative irrigation methods, and high-yielding
varieties. Thus, geographical location and climatic con-
ditions not only determine the specificity of agriculture
but also dictate areas for the introduction of innovative
technologies aimed at overcoming the specific chal-
lenges of the region (Yuan et al,, 2024).

Regions with developed cluster infrastructure
demonstrate significantly higher rates of investment
attraction. For instance, in Central and Eastern Europe
(CEE), around 1,000 startups from more than 110 cities
attracted a combined EUR 2.1 bn of investment in 2023,
indicating high investment activity in these regions.
Specifically, countries such as Poland, Ukraine, and Es-
tonia contributed significantly to the total investment
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volume, with EUR 49 bn, EUR 28 bn, and EUR 28 bn,
respectively. Furthermore, in Central Asia and the South
Caucasus, including Kazakhstan, Uzbekistan, and Arme-
nia, venture capital funding has grown 5.5-fold over
the past five years, reaching USD 110 mn in 2023, and
the number of start-ups has increased six-fold to 6,000.
This data emphasises that regions with developed clus-
ter infrastructure not only attract extensive amounts of
venture capital but also contribute to the growth of the
number of start-ups and their investment attractive-
ness (Over 1,000 startups..., 2024). The level of coop-
eration between cluster members also markedly affects
the innovation potential of agroclusters. The existence
of active partnerships between the different actors -
producers, research institutions, processors, and tech-
nology companies - facilitates faster innovation. When
farmers, researchers, and entrepreneurs work in close
cooperation, it allows not only to share knowledge
and experience, but also to jointly develop innovative
technologies, solve practical problems, and reduce the
risks associated with the introduction of new solutions.
For example, close cooperation with scientific institu-
tions can lead to the development of new plant varie-
ties resistant to diseases and adverse conditions, while
cooperation with processing companies can optimise
supply chains and improve the quality of end products.
It is essential that collaboration and trust mechanisms
exist in an agrocluster to enable participants to share
information and resources effectively, and to ensure
successful innovation at all levels of the production
process (Wardhana et al., 2021).

Government support and policies are key factors
that stimulate innovation activity in agroclusters. Sub-
sidy programmes and grant support for innovation pro-
jects in the agribusiness sector play a leading role in
financing research, developing innovative technologies,
and bringing innovations into production. In countries
with active state support for the agricultural sector, in-
novations are often implemented much faster, as farm-
ers and entrepreneurs have access to the necessary fi-
nance to implement innovative solutions. Technology
subsidies, tax incentive programmes for innovative en-
terprises,and research grants help to attract investment
and stimulate innovation. Additionally, public policies
can include an enabling environment for the adoption
of digital technologies, biotechnology, and cleaner pro-
duction methods, which also positively influence the in-
novation potential of agroclusters (Sarma et al., 2022).

Investment in digital technologies considerably
affects economic growth, especially in agriculture. For
example, studies suggest that the development of dig-
ital agriculture positively affects the green total factor
productivity (GTFP). One study found that as digital fi-
nancial services increased by 1 percentage point, GTFP
productivity increased by 0.0866 percentage points.
Analogously, a one unit increase in the digital econ-
omy improved rural export competitiveness by 1.596
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units. These findings confirm the existence of a multi-
plier effect of digital investment leading to pronounced
economic growth in the agricultural sector (Zhou et
al., 2023). Infrastructural support forms an integral part
of the innovation potential of agroclusters. The avail-
ability of logistics centres, digital platforms, laborato-
ries, and agrotechnoparks can markedly improve the
efficiency of innovation processes in the agribusiness
sector. Logistics centres that ensure fast and efficient
transport of products help to reduce costs and expedite
the process of bringing new products to market. Digi-
tal platforms that enable data exchange between agri-
business participants optimise agricultural production
management processes, improve yield forecasting, and
increase the accuracy of agronomic calculations. Agro-
technological parks and laboratories play a key role in
the development and testing of the latest technologies,
providing access to the necessary equipment and pro-
fessional specialists. All these infrastructure elements
create conditions for effective innovation, provide sup-
port for start-ups and new agro-projects, and help cre-

ate synergies between academia and industry (Bahodir-
jon & Hafizaxon, 2021).

The innovation potential of agroclusters depends
on many interrelated factors. Geographical location and
climatic conditions determine the specifics of agrarian
production, the level of cooperation between cluster
members promotes knowledge sharing and accelerated
technology adoption, while government support and in-
frastructure provision create favourable conditions for
innovative development.The integrated development of
these factors is the key to the successful functioning of
agroclusters and their ability to introduce innovations,
increase productivity,and adapt to changes in the condi-
tions of modern agribusiness. Agroclusters with strong
innovation potential play a crucial role in the develop-
ment of agriculture, introduction of innovative technol-
ogies, and increasing the sustainability of agro-produc-
tion. Examples of such clusters can be found in different
parts of the world, where innovations are actively im-
plemented to improve the efficiency, sustainability,
and competitiveness of agricultural regions (Table 5).

Table 5. Level of financing, innovation costs, and technology adoption in successful agroclusters

Agrocluster Level of financing (USD bn) Innovation costs (USD bn) Technology adoption (%)
Kazakhstan agro-industrial cluster 2.5 0.8 60%
Foodvalley (the Netherlands) 10 4.2 85%
California agrocluster (USA) 15 6.5 90%
lowa agrocluster (USA) 7 2.8 75%

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

Kazakhstan’s agro-industrial cluster is one of the
examples of successful implementation of innovative
technologies in agriculture. In recent years, Kazakh-
stan has been actively developing its agro-industrial
complex, emphasising the introduction of precision
farming technologies and digital solutions. In 2023,
investments in agro-technologies totalled USD 2.5 bn,
and the level of implementation of digital solutions
reached 60%. One of the key areas of focus is the use
of loT to monitor crop health, control soil moisture, and
determine the best timing for agronomic interventions.
Currently, over 1,200 farms across the country are using
loT sensors to monitor soil microclimate. Drones are
used for aerial photography and plant health monitor-
ing, allowing farmers to react quickly to changes and
make prompt decisions to improve crop yields. Kazakh-
stan has more than 500 agricultural enterprises using
advanced digital technologies, including automat-
ed irrigation systems, Al-based crop forecasting, and
cloud-based farm management platforms. Kazakhstan
is also actively investing in innovative technologies to
improve agricultural logistics, including warehouse au-
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tomation and blockchain-based supply chain manage-
ment systems. As a result, product losses at the storage
and transport stages have decreased by 15%, and av-
erage yields on leading farms have increased by 20%
(Ryskeldi et al., 2024).

The specifics of agro-industrial complex develop-
ment in different regions of Kazakhstan also play a
significant role in the development of innovation po-
tential (Table 6). For instance, North Kazakhstan Oblast
is known for its grain production, where innovative
methods are actively implemented to increase yields
and improve grain quality. South Kazakhstan Oblast,
specialising in cotton and vegetables, actively uses
technologies to improve irrigation and minimise wa-
ter losses. Almaty Oblast, with developed horticulture
and livestock farming, is actively introducing modern
technologies for herd management, as well as apply-
ing monitoring systems in greenhouses to improve fruit
and vegetable yields. These specific regional features
require distinctive approaches to technology imple-
mentation, which makes Kazakhstan one of the leaders
in agrarian innovation in the post-Soviet space.
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Table 6. Key agrarian specialisations and indicators of agricultural production in the regions of Kazakhstan

Primary

Region specialisation

Major agrarian areas

Notes

North Kazakhstan

Oblast Grain production

Production of wheat, barley, maize, introduction of
precision farming technologies, improvement of grain

In 2023, the wheat harvest was
3.5 mn t, the average yield was

quality. 2.2 t/ha.
Cotton and Cotton growing, vegetable growing (tomatoes, Cotton production - 60 thsd t/
South Kazakhstan . N L
vegetable cucumbers), improvement of irrigation system, year; 250 thsd ha of irrigated
Oblast S S .
cultivation application of the latest agro-technologies. land.
Horticulture and Horticulture (apples, grapes), development of dairy and Apple harvest - 150 thsd t;
Almaty Oblast beef cattle breeding, innovations in herd management cattle population -

animal husbandry

and monitoring systems in greenhouses.

1.2 mn heads.

Source: compiled by the authors of this study based on G.Alibekova et al. (2023)

The Dutch agrocluster Foodvalley (n.d.) is an exam-
ple of one of the most technologically advanced agricul-
tural clusters in Europe. The Netherlands, being a world
leader in agricultural technology, has created a unique
agrocluster Foodvalley, which has become a centre for
research and implementation of innovative solutions
in the agricultural sector. In 2023, funding for innova-
tive projects in this cluster totalled USD 10 bn, with the
share of R&D expenditure reaching USD 4.2 bn. One of
the key areas of focus in Foodvalley is the prominent
level of automation in agricultural production, which
includes the use of robotic systems for planting and
harvesting, as well as automatic systems for controlling
temperature and humidity in greenhouses. As a result,
the level of automation in greenhouse farms has reached
85% and the average yield of tomatoes and cucumbers
has increased by 40% compared to conventional meth-
ods. Importantly, up to 95% of all greenhouses in the
Netherlands use closed-loop water recycling systems,
which reduced freshwater consumption by 60%. The
Netherlands is also focusing on sustainable agriculture,
including developing environmentally friendly technol-
ogies, minimising the use of chemical fertilisers and
pesticides, and applying innovative water management
solutions. A prominent component of the agrocluster is
innovative greenhouses that utilise LED lighting, ver-
tical farming, and autonomous moisture control sys-
tems. These advances made the Netherlands a global
example of sustainable and highly efficient agricultur-
al production, with exports valued at EUR 120 bn per
year, making the country the second largest export-
er of agricultural products in the world after the US.

US agroclusters, such as those in California and
lowa, also demonstrate a prominent level of innovation
potential. These regions are actively using biotechnol-
ogy and artificial intelligence to solve agricultural pro-
duction problems. In California, in 2023, the volume of
investments in biotechnological developments totalled
USD 15 bn, which allowed implementing 90% of auto-
mated agricultural solutions. Here, genetically modified
crops resistant to disease, drought, and pests are wide-
ly used, which increased maize and soybean yields by
25% and reduced pesticide use by 40%.Automated farm

machinery technology is also being actively developed
here, including unmanned tractors, Global Positioning
System (GPS) navigation, and machine vision for auto-
mated fruit and vegetable harvesting (Love, 2024). In
lowa, USD 7 bn was allocated for innovation, with Al
adoption rates reaching 75%. Al is being used to pre-
dict crop yields, analyse soil and weather data, enabling
a more accurate determination of the best timing for
planting and harvesting. The adoption of these tech-
nologies resulted in a 20% reduction in agricultural
production costs and a 35% increase in average farm
yields (IOWA, 2023).

Furthermore, water-saving agriculture plays a sig-
nificant role in the innovative development of US agro-
clusters: California has introduced intelligent drip irri-
gation systems that reduce water losses by 50%, while
lowa is actively using carbon-neutral farming tech-
nologies to reduce carbon dioxide emissions by 30%
through the use of biochar fertilisers and crop rotation.
Examples of agroclusters show how implementing in-
novative solutions in agriculture leads to greater yields,
lower costs, reduced wastage, and increased environ-
mental sustainability. The use of digital technology,
artificial intelligence, robotic systems, and precision
farming is achieving a highly competitive position in
the global market. Importantly, the success of each of
these clusters is driven by a systemic approach, govern-
ment support, investment in R&D, and effective coop-
eration between academic institutions, businesses, and
producers. These examples highlight the value of an
integrated approach to the development of agricultural
technologies and can become a basis for the develop-
ment of effective agricultural modernisation strategies
in other countries. To achieve sustainable growth and
innovative development of agroclusters, it is necessary
to take comprehensive measures aimed at creating a
favourable environment for the introduction of innova-
tive technologies and effective use of existing capabil-
ities. In this context, several key recommendations can
substantially contribute to increasing the innovation
potential of agrarian regions.

Establishing agro-innovation centres is a major step
towards introducing the latest agrarian technologies
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and accelerating knowledge transfer between scientific
institutions, entrepreneurs, and farmers. These centres
can become key platforms for testing and disseminat-
ing innovative solutions in agriculture, as well as for
conducting research aimed at solving specific problems
of the agricultural sector. They can include research
laboratories, agro-technoparks, and educational insti-
tutions where advanced technologies are developed
and implemented. Agro-innovation centres can also act
as intermediaries between public and private investors,
helping to find resources for start-ups and agricultural
projects. Such an approach will accelerate innovation
and improve the competitiveness of agro-production.
State support for startups in the agribusiness sector
is a prerequisite for stimulating innovation activity.
In conditions where agrarian start-ups face financial
and organisational difficulties, support from the state
through subsidies, grants, and tax incentives can be-
come a decisive factor for their successful functioning.
Government programmes aimed at the development of
startups will provide them with access to the necessary
resources, help them overcome the initial stage,and re-
duce financial risks. Grant and subsidy programmes can
range from developing innovative technologies to sup-
porting environmentally friendly and sustainable agri-
culture. Tax incentives for such enterprises will favour
their long-term development and attract investment.
Thus, support for innovative start-ups will facilitate the
creation of fresh solutions and increase competition in
the agricultural sector.

The development of digital infrastructure, including
loT, Big Data, and Al technologies, is key to increasing
the innovation potential of agroclusters. Agriculture,
like many other industries, faces the need to optimise
processes, improve accuracy, and reduce costs. The
adoption of 10T technologies allows farmers to monitor
crop health, soil moisture levels, air temperature, and
other critical parameters in real time to help make in-
formed decisions. The use of Big Data and Al can mark-
edly improve yield forecasting processes, analyse soil
health data, and predict risks associated with climate
change or pests. The creation and development of dig-
ital platforms for agribusiness and the implementation
of such technologies at all levels of production will help
agroclusters to significantly increase their efficiency,
reduce losses and improve product quality. Integration
of educational programmes for training specialists in
agro-innovation is another valuable recommendation
for increasing the innovation capacity of agroclusters.
In the context of rapid technological progress, agri-
culture needs highly qualified specialists who can ef-
fectively work with the latest technologies and adapt
them to the specifics of the region. The development of
educational programmes focused on agro-innovation
should include courses on modern technologies in ag-
riculture, biotechnology, sustainable development, and
digital solutions. It is vital that educational institutions
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work in close cooperation with agribusiness, research
centres, and government agencies, which will not only
train specialists, but also introduce relevant knowledge
and solutions into the learning process.Additionally, the
development of advanced training and retraining pro-
grammes for existing specialists will help to improve
the overall technological literacy of the agricultural
sector and prepare it for the challenges of the future.
Thus, the recommendations on the creation of
agro-innovation centres, state support for startups, de-
velopment of digital infrastructure, and integration of
educational programmes are aimed at creating a sus-
tainable and innovative ecosystem in the agricultural
sector. These measures will help accelerate the process
of introducing the latest technologies, improve the
knowledge and skills of agricultural workers, and make
agroclusters more competitive in the international
arena. In the face of global challenges such as climate
change and a growing world population, these steps
will play a crucial role in ensuring food security and
sustainable development of the agricultural sector.

DISCUSSION

The analysis of the innovation potential of agroclusters
revealed that the key factors determining the success
of such clusters include the availability of qualified
personnel, research base, financial support, as well as
developed technological infrastructure. First of all, hu-
man resources play a fundamental role. In regions with
highly developed agroclusters, such as the Netherlands
or the USA, the level of education and competence of
specialists in the field of agricultural and innovative
technologies directly affects the implementation of
new solutions. For instance, in the agrocluster Foodval-
ley, due to the strong level of education and close inter-
action between universities and scientific institutions,
successful projects in the field of sustainable agricul-
ture and automation are implemented.

C-I. Coman and V. Cojanu (2024) also investigated
this problem, with their findings confirming that the
value of human resources and education for the inno-
vative development of agroclusters lies in their ability
to ensure the effective implementation of the latest
technologies and management practices. Highly skilled
professionals play a key role in developing and im-
plementing innovative solutions that help to improve
agricultural competitiveness. Education and training
in agroclusters contribute to the development of pro-
fessionals capable of integrating advanced knowledge
and skills into practice, leading to increased productiv-
ity and sustainability of agricultural enterprises. S. Ima-
nuella et al. (2025) also showed that the role of skilled
labour and innovative entrepreneurship in agroclus-
ters is intricately linked to the development of social
entrepreneurship and rural support. Social entrepre-
neurship creates more employment opportunities and
improves the quality of life in rural areas through the




implementation of sustainable business models. Such
initiatives help to attract investment and improve infra-
structure, which supports the long-term development
of agroclusters, increasing their social and economic
significance.

Notably,successful innovative development of agro-
clusters requires not only a strong level of education
and qualification of personnel, but also the creation of
a favourable environment for innovation. This includes
access to modern information technologies, as well as
support from public and private investors. It is essential
that specialists not only have theoretical knowledge,
but also can apply it in practice, which is possible in
close c-operation with agricultural enterprises, scientif-
ic institutions, and business (Ussenova et al., 2023). The
methodology for assessing the innovation potential of
agroclusters was also analysed in detail. The findings
showed that the use of SWOT-analysis allows identi-
fying the strengths and weaknesses of the agrocluster,
as well as possible threats and opportunities for fur-
ther development. Innovation activity indices, such as
the number of patents and the level of digitalisation,
play an essential role in assessing the effectiveness of
innovation processes. These methods allow identifying
potential areas for improvement and directing efforts
towards the most promising areas. Expert question-
naires and socio-economic analyses also showed the
significance of involving all actors in the agrocluster,
including farmers, research institutions, and processors,
to obtain a comprehensive assessment of the situation.

O.1. Sayitkulovich et al. (2024) concluded that the
methodology for assessing the organisational and eco-
nomic efficiency of agroclusters includes an integrated
approach combining various analytical tools. The use
of expert surveys provides valuable information on
the current state and needs of agroclusters, as well as
identifying the primary problems and obstacles to their
development. This method provides an opportunity to
gain a deeper understanding of subjective factors that
affect innovation processes and form an accurate pic-
ture of the potential and risks of agrarian enterprises.
A.Foglia et al. (2021) found that socio-economic analy-
sis is a significant element in assessing the innovation
activity of agroclusters, as it reveals the relationship
between the adoption of innovative technologies and
social outcomes. This method allows assessing how
innovation initiatives affect the improvement of living
conditions of the population and the development of
the region. Combining expert surveys with socio-eco-
nomic data provides a more comprehensive picture of
the influence of innovation projects on the economy
and social sphere of the agrocluster, which contributes
to more objective policy and management decisions.
These results corroborate the conducted study as they
demonstrate analogous findings on the significance of
an integrated approach to assessing the performance
of agroclusters. Expert surveys and socio-economic
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analyses identify not only current problems but also
prospects for sustainable development of agribusiness-
es. These tools help to identify the factors affecting
innovation processes more accurately and allow devel-
oping recommendations to improve the organisational
and economic structure of agroclusters, which was con-
firmed by analogous studies in other regions.

Factors affecting the innovation potential of agro-
clusters were also considered in the context of geo-
graphical and climatic conditions. For instance, the
North Kazakhstan region, known for its grain produc-
tion, is characterised by specific climatic conditions that
require the introduction of precision farming technolo-
gies to increase yields. At the same time, South Kazakh-
stan Oblast, which specialises in cotton and vegetables,
needs technologies that optimise water and energy
consumption. The influence of government support
and policies also proved to be a decisive factor for the
development of innovative solutions in agroclusters. In
countries with developed agro-economies, such as the
Netherlands, USA, and Kazakhstan, government pro-
grammes aimed at subsidising innovative projects and
stimulating private investment are actively implement-
ed (Malik et al., 2024). A. Mukumov et al. (2021) also
found that geographical and climatic conditions play
a crucial role in the innovation potential of agroclus-
ters, as they influence the choice of applied agricultural
technologies and business practices. The specificity of
the region determines the opportunities to adopt sus-
tainable agronomic solutions such as drip irrigation, use
of crop rotation, and adapted crops. In regions with un-
favourable climatic conditions, innovative approaches
become particularly significant to increase productivity
and minimise the risks associated with climate change.

D.B. Olimjonovich and K.Jakhongir (2024) conclud-
ed that state support and cooperation of agrocluster
participants serve as a basis for the development and
implementation of innovative technologies in the ag-
ricultural sector. Effective interaction between govern-
ment agencies, research institutions, and entrepreneurs
contributes to the creation of a favourable innovation
ecosystem, where the exchange of knowledge and re-
sources helps to overcome technological barriers. A
vital element in this process is support from the au-
thorities, which stimulates the development of busi-
ness activity in rural areas and promotes the imple-
mentation of the latest solutions aimed at improving
the competitiveness of agroclusters (Khrystenko et
al.,2025). These findings are consistent with the theses
presented in the previous section, as they confirm that
geographical and climatic factors form an integral part
of the innovation potential of agroclusters. The specific
location and natural conditions influence the choice of
appropriate technologies and strategies to optimise ag-
ricultural production (Shuvar et al., 2022; Andreitsev et
al., 2024). Thus, the integration of modern solutions in
the agricultural sphere is impossible without factoring
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in the specifics of the region, which is also reflected
in the successful examples discussed in the previous
section of this study.

Examples of successful agroclusters with prom-
inent innovation potential, such as the Kazakhstan
agro-industrial cluster, Foodvalley in the Netherlands,
and agroclusters in the USA, demonstrated remarka-
ble achievements in the implementation of innovative
technologies. For example, in Kazakhstan, the appli-
cation of precision farming technologies and the use
of drones to monitor crops resulted in improved agri-
cultural efficiency and reduced losses in storage and
transport of produce. In the Netherlands, high levels of
agricultural automation, including robotic harvesting
systems and innovative greenhouses, resulted in high
productivity and sustainable agro-production. These
examples showed how the integration of innovative
technologies can substantially improve the compet-
itiveness and sustainability of agricultural sectors in
different countries.

M.W.Sitnicki et al. (2024) confirmed that examples of
successful agroclusters with high innovation potential
demonstrate the value of strategically forming agrarian
market clusters to achieve global competitive advan-
tage. In agroclusters such as the one in Ukraine, there
is a synergy between agricultural producers, research
institutions,and government agencies, which facilitates
the adoption of innovative technologies and increas-
es overall productivity. These clusters actively utilise
modern agro-technologies and allocate resources effi-
ciently, making them role models in the international
arena. M. Saidov and I. Ochilov (2023) also found that
the sustainability of agroclusters becomes a key factor
in their long-term development as it enables them to
adapt to changing market conditions and environmen-
tal challenges. Sustainability is achieved through the
adoption of sustainable agricultural practices such as
the utilisation of renewable resources, ecological inno-
vation, and support for biodiversity. Good governance
and the ability to respond flexibly to changes in the
external environment ensure that such agroclusters are
sustainable, which is particularly significant in the con-
text of global competition and climate change.

Comparing the data from the studies, it can be ob-
served that successful agroclusters with prominent in-
novation potential do share a series of features, such
as close cooperation between different actors in the
ecosystem and active adoption of innovative technol-
ogies. These clusters demonstrate the ability to adapt
to changing market conditions and ensure long-term
economic sustainability. Their success can be attributed
not only to the integration of innovation, but also to
a strategic approach to resource management, as evi-
denced by studies in different countries. It was noted
that the development of innovation potential of agro-
clusters plays an essential role in ensuring sustainable
development of the agricultural sector and increasing
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its competitiveness. An integrated approach, including
scientific research, government support, technological
infrastructure development, and human resources, con-
tributes to the creation of effective agroclusters (Pav-
liv, 2023). The development of agro-innovation in such
clusters leads to the creation of new jobs, improved
product quality, and increased economic sustainability
of the regions.

P. Rambe and P. Khaola (2022) concluded that the
influence of innovation on the sustainability and com-
petitiveness of agricultural regions cannot be underes-
timated, as the introduction of innovative technologies
helps to improve production efficiency and reduce risks
associated with climate change and market fluctuations.
Innovation allows agricultural regions to optimise pro
cesses, use resources more efficiently, and reduce pro-
duction costs, making them more resilient to external
economic and environmental challenges. The applica-
tion of advanced technologies in agriculture also con-
tributes to the improvement of product quality, which
is a significant factor for competitiveness in the global
market (Mamasydykov et al.,2019).T.S.Jayne et al. (2021)
revealed that the innovation capacity of the agricultural
sector directly affects economic growth and stability, as
the introduction of new methods and solutions increas-
es productivity and stimulates job creation. The devel-
opment of high-tech industries, such as agro-process-
ing or the use of smart agricultural systems, contributes
to the diversification of the region’s economy and the
creation of sustainable supply chains. Innovation plays
a key role in long-term economic stability, as it pro-
vides greater incomes for farmers and businesses, and
helps reduce dependence on external economic factors
such as changes in commodity prices or climate risks.

Analysis of the findings of the study, clearly shows
that innovation plays a key role in improving the sus-
tainability and competitiveness of agricultural regions.
The introduction of innovative technologies not only
improves production processes but also helps agrarian
enterprises to adapt to changes in the external environ-
ment, such as fluctuations in market prices or changes
in climate (Pasichnyk et al., 2023). These factors make
regions that actively innovate more flexible and can
respond to challenges effectively, which is confirmed
by the successful examples of agroclusters considered
in the study. Based on the findings, recommendations
for further development of agroclusters were proposed.
First of all, it is necessary to create agro-innovation
centres, which will facilitate the introduction of inno-
vative technologies and knowledge transfer between
participants in agro-production, scientific institutions,
and government agencies. The development of state
support for start-ups in the agribusiness sector through
subsidies, grants,and tax incentives is also a major step.
Finally, it is necessary to develop digital infrastructure,
including the use of 10T, Big Data, and artificial intelli-
genceto better manage agribusinessand increaseyields.




CONCLUSIONS

The study of innovation potential of agroclusters re-
vealed that their development directly depends on
several key factors such as human resources, research
and development base, financial support, and techno-
logical infrastructure. Successful interaction between
government agencies, research institutions, and private
companies plays a crucial role in achieving meaningful
outcomes in the agricultural sector. Examples of such
effective agroclusters are regions with prominent lev-
els of innovation, such as the Netherlands, Kazakhstan,
and the USA. In Kazakhstan, the level of agribusiness
financing is USD 2.5 bn, of which USD 0.8 bn is allo-
cated to innovation spending. This demonstrates the
government’s commitment to investing in the develop-
ment of innovative technologies and solutions for the
agribusiness sector. In the Netherlands, particularly in
Foodvalley, the level of agrocluster financing is much
higher, reaching USD 10 bn, of which USD 4.2 bn is allo-
cated on innovation spending. In the US, in agroclusters
such as California and lowa, funding reaches USD 15 bn
and USD 7 bn respectively, with innovation spending of
USD 6.5 bn and USD 2.8 bn. These data underscore the
significance of investment in innovation, which directly
contributes to improving the technology base and agri-
cultural productivity.

Furthermore, successful agroclusters are active-
ly adopting advanced technologies such as precision
farming, loT, biotechnology, and artificial intelligence.
These technologies not only increase productivity
but also make agriculture more resilient to climate
change and economic fluctuations.The methodology for
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assessing the innovation potential of agroclusters, in-
cluding SWOT analysis, index method, and expert ques-
tionnaires, allows accurately identifying strengths and
weaknesses and directing efforts to the development
of the most promising areas. For instance, the intro-
duction of innovations in Kazakhstan’s agro-industrial
complex has led to a 3.6% annual growth since 2010,
while labour productivity has increased to USD 6.6 thsd
per person. This is 30% greater than the indicators of
Ukrainian farmers. The introduction of digital technolo-
gies in agriculture can considerably increase profitabil-
ity by 50-100% in the first two years of use, highlight-
ing the value of innovation for sustainable growth of
the agricultural sector. For a deeper understanding, it is
necessary to examine the impact of climate change on
the innovation capacity of agroclusters and their ability
to adapt to changing conditions.
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AHoTauif. B paMkax [OCNIAKEHHS aHanNi3ylTbCs KAYOBI pecypcy Ta YMOBW, LLO BMAMBAKOTb HAa PO3BMUTOK
iHHOBALiMHOI Ai9aNbHOCTI B perioHasbHUX arpoknacrtepax. Y AocnigkeHHi 6yno npoBefeHO KOMMIEKCHUIA aHani3
iHHOBALIMHOro NOTEHLiany arpoknacTepis, WO BKAKYAE OLIHKY K1OHOBMX (HAKTOPIB, TAaKMX SK KagpoBi pecypcu,
HaykoBO-AoCniAHa 6a3a, diHaHCOBA MiATPUMKA Ta TEXHOMOriYHa iHGPACTPYKTypa 3 BUKOpUCTaHHAM SWOT-
aHanisy, iHAeKCHOro Metoay Ta ekcnepTiB. AHaNi3 NoKasasg, WO PiBEHb iHHOBALIMHOIO NOTEHLiany perioHanbHUX
arpokfacTepiB BU3HAYAETLCSA CTYyNEHeM B3aEMOAIT MiXK NiANPUEMCTBAMU, HAYKOBUMU YCTAHOBAMMU Ta AEPXKABHUMMU
CTpyKTypamMu. MiHaHCYBaHHS arponpoMMCIOBOro knactepa B KasaxctaHi cTaHOBMTb 2,5 MApA [o0napis, 3 SKUX
0,8 mnpa npsMyloTb Ha iHHOBaUii, Toai gk y Higepnanpax, CLUA (KanidopHis Ta Aii0oBa) Ui MOKa3HMKM 3HAYHO
BuLLi, gocaratoumn 10-15 mnpa gonapis 3 iHHOBaUiMHMMKM BUTpaTamu Big 2,8 oo 6,5 mnpa nonapis. Hanpuknag, y
Kazaxcrani 3 2010 poky cnocTtepiraeTbcs CTabinbHe 3pOCTAaHHS arponNpoOMMUCIOBOro KOMMeKcy Ha 3,6 % Ha pik,
WO CNpusano 36inblEeHHI0 NPOAYKTUBHOCTI Npaui Ao 6,6 TUC. AonapiB Ha NtoauHy — Ha 30 % BuLLe 33 NOKA3HUKK
yKpaiHCbknx depmepiB. BcTaHOBNEHO, WO HASIBHICTb CNeLiani3oBaHoi iHPPaACTPYKTYpH (arpoTexHONapKiB, LEHTPIB
TpaHcdepy TEXHONOTIN) CNpUATUME NPUCKOPEHOMY BNPOBAMAXKEHHIO iHHOBALIN. [oCniaXeHHs TakoX NiaTBepanno,
WO KI4YOBMMM Bap'epaMu Anig iHHOBALLIMHOINO PO3BWUTKY arpoKnacTepiB € HeJOCTATHE diHaHCYBaHHS HAYKOBO-
[OCNIJHHUX Ta AOCNILHO-KOHCTPYKTOPCbKMX pOGIT, Hectaya kBanidikoBaHMX KaapiB Ta cnabka koonepadis
MiXK y4YacHWMKamu. Hanpuknag, BUKOPUCTAHHS TEXHOMOTIM TOYHOro 3emMnepobCTBa Ta LUTYYHOrO iHTENEKTY MOXe
306inbWwKnTK BpoXaMHicTb Ha 20 % Ta 3HW3UTM BUKOPUCTaHHS Boau Ha 30 %. Y perioHax 3 akTMBHOM AEPXKaBHOK
NiATPUMKOI Ta AOCTYNOM A0 iHBECTULIN, TaknxX 9K KasaxcTaH, CnocTepiraeTbCs 3pOCTaHHA KiNbKOCTI CcTapTanis
Ta BEHYypHMX iHBeCTUUiN. Ha niactaBi npoBegeHOro aHanisy 3anponoHOBAHO peKOMeHAauii LoAO0 pO3BMUTKY
iHHOBALIMHOro NOTEHLiany arpoknacTepis, BKAKOYAOUYM CTBOPEHHS CTUMYIOKYMX 3aX04iB NiIATPUMKMU, PO3BUTOK
OCBITHiX MpOrpaM Ta BNpOBaAXeHHs LUPPOBUX NIAaTHGopM Ans 06MiHy TexHonorismu. OTpuMaHi pe3ynbTaTv MOXYTb
6yTW BUKOPUCTaHI AN po3pobKu cTpaTerii NiATPUMKM Ta CTUMYNIOBAHHS iHHOBALLiHOT aKTUBHOCTI B PerioHanbHUX
arpoknactepax, Wo CNpUsE NiaBULLEHHIO IXHbOI KOHKYPEHTOCMPOMOXHOCTI Ta eheKTUBHOCTI

Kniouosi cnoBa: undposisaLis; nepxaBHa NiATpMMKA; Koonepauis; iHBeCTULi; TeXHoNOorii; iHppacTpykTypa
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