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Article’s History: Abstract. The purpose of this study was to investigate the biological properties of
Received: 12.01.2025 Pasteurella multocida strains circulating among farm and wild animals in Kazakhstan,
Revised:  15.07.2025 particularly saigas, to optimise the diagnostics and prevention of pasteurellosis. The
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without haemolysis, gram-negative bipolar rods were detected in smears, and fermentation of glucose, sucrose,
mannose, and trehalose was accompanied by the formation of acid without gas (in 100% of cases). Bioassays on
10 white mice (weight 16-20 g) showed 100% mortality within 48 hours after injection of 0.2 ml of culture, with
haemorrhages in the heart, liver necrosis, and exudate in the abdominal cavity. Statistical analysis (Fisher’s test)
revealed no significant differences between the 2015 and 2023 isolates (p > 0.05), confirming the circulation of
a stable clone. The findings reflect the key role of saigas as a reservoir of infection and the need for integrated
measures: aerosol vaccination during migrations, introduction of polymerase chain reaction diagnostics, and
antibiotic resistance monitoring. The data obtained are the basis for the development of regional antiepizootic
strategies aimed at reducing risks to agriculture and conservation of wildlife populations in Kazakhstan

Keywords: saigas; epizootics; isolates; meat-peptone agar; bioassays

INTRODUCTION

Pasteurellosis continues to be one of the most dan-
gerous infectious diseases of farm and wild animals,
causing extensive economic damages due to massive
livestock losses and treatment costs. This problem is
particularly acute in regions with intensive livestock
production, where outbreaks of the disease can lead
to food security issues. In Kazakhstan, where the ag-
ricultural sector plays a key role in the economy, pas-
teurellosis poses an extra threat due to the migration
of saigas, a species that is a natural reservoir of Pas-
teurella multocida. The increase in cases of the disease
among wild populations, combined with the lack of
comprehensive data on the biological properties of
circulating strains, limits the development of effective
anti-epizootic strategies.

Research in 2020-2025 highlighted the genetic di-
versity of Pasteurella and their ability to adapt to dif-
ferent ecological niches. Z.K. Buienbayeva et al. (2023)
found that strains isolated from saigas have unique bio-
chemical profiles compared to samples from domestic
animals. This fact suggests intraspecific microevolution
of the pathogen, which increases its adaptive potential.
Such differences, according to S.J. Hasani et al. (2024),
complicate the creation of universal vaccines. This is
of key significance in regions with biodiversity of live-
stock and wildlife, where the pathogen circulates be-
tween different hosts. In Saudi Arabia, F.A. Alarawi and
E.M.Saeed (2021) showed that even within the same an-
imal species (e.g., sheep), pasteurellosis can cause dis-
tinct clinical forms, which is associated with the speci-
ficity of local strains. These findings reflect the need for
a territorial approach to the analysis of the pathogen,
which accounts for both genetic and epidemiologi-
cal factors. In Central Asia, particularly in Uzbekistan,
[.D. Sheraliyeva (2022) found a link between epizootics
among sheep and changes in climatic conditions that
intensify the transmission of the pathogen. This high-
lights another risk factor — global warming,which chang-
es the seasonal dynamics of the spread of infections.

However, existing studies focus mainly on certain
aspects of pasteurellosis, from molecular biology to
clinical treatment. M. Umitzhanov et al. (2024) analysed
the biochemical characteristics of Pasteurella in birds,
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while F. DAmico et al. (2024) detailed the pathogenicity
of strains in rabbits. However, there is a lack of stud-
ies that integrate epizootic, microbiological, and envi-
ronmental data for concrete regions. For example, in
Kazakhstan, where saigas are a key component of the
ecosystem, the lack of a comprehensive analysis of their
role in the spread of pasteurellosis limits the under-
standing of the mechanisms of infection transmission.
It is particularly significant to investigate the virulence
of strains. Experiments on laboratory animals conduct-
ed by T.D. Costa et al. (2023) revealed that even strains
with low pathogenicity can cause systemic complica-
tions under certain conditions, especially in the pres-
ence of immunosuppression or stress factors. This indi-
cates the potential of Pasteurella for latent persistence
with subsequent reactivation. At the same time, M. Bou-
lianne et al. (2020) noted that the effectiveness of ex-
isting diagnostic methods depends on the geographical
origin of the pathogen, which confirms the need for lo-
calised studies. In Kazakhstan, according to Z.K. Buien-
bayeva (2024), even standard protocols for bacteriolog-
ical analysis must be adapted due to the characteristics
of local strains. This requires a review of existing meth-
ods, particularly in terms of the composition of culture
media and test interpretation.

The current epidemiological situation in Central
Asia demonstrates that the circulation of the same
strain between domestic and wild animals is a real
threat of interspecies transmission (Tursumbetov et
al., 2024). Particular attention should be paid to the
areas of seasonal migration of saigas, which may be a
mechanism for the transfer of the pathogen between
natural and farmed ecosystems. The absence of sys-
tematic monitoring of this process limits the ability
to identify epizootic nodes promptly and prevent their
consequences. Thus, despite a considerable amount
of accumulated data, the issues of interaction of Pas-
teurella multocida with different animal species in the
specific environmental conditions of Kazakhstan are
still unresolved. Comparison of the obtained findings
with the data of reference strains allows determining
the biovar affiliation of isolates and assess the level of
virulence, which is key to the development of a national




strategy for the specific prevention of pasteurellosis in
Kazakhstan. The purpose of the present study was to
comprehensively investigate the properties of Pasteu-
rella multocida isolated from farm animals in Kazakh-
stan to optimise diagnostics and prevention.

MATERIALS AND METHODS

The study was conducted in the bacteriology labora-
tory of the LLP “Kazakh Scientific-Research Veterinary
Institute” (KazSRVI LLP, Kazakhstan) from 22 February
to 2 March 2023. The object of the study included 20
samples of biomaterial collected from saigas and farm
animals: 10 samples from specimens from the village
of Torgai (Dzangeldy district, Kostanay region, Kazakh-
stan) and 10 samples from specimens from Kaztal dis-
trict (West Kazakhstan region, Kazakhstan). The sample
included animals with clinical signs of pasteurellosis
(fever, haemorrhagic lesions, necrosis) and exclud-
ed samples from healthy individuals or animals with
symptoms of other infections. Meat-peptone agar and
meat-peptone broth manufactured by Sigma-Aldrich
(USA), as well as Hottinger’s agar and broth with 1%
glucose (Merck, Germany) and 10% bovine serum (Ther-
mo Fisher Scientific, USA) were used. For serological
analysis, the study used an erythrocyte pasteurellosis
antigenic diagnostic kit (series 010422 B/K No. 210,
expiration date: 20.04.2024, manufactured by KazVet-
Pharm, Kazakhstan). Biochemical studies were per-
formed using Hiss kits for carbohydrate fermentation
(HiMedia, India). Microscopic analysis was performed
using an Olympus CX23 light microscope (Olympus Cor-
poration, Japan) with an immersion system; Gram stain
(Coico, 2006) (Bio-Rad, USA), and Romanowsky-Giemsa
stain (Kuhlmann, 2020) (Sigma-Aldrich, USA) were used
to stain the smears.

The pathological material was inoculated on
meat-peptone agar, meat-peptone broth, and Hotting-
er's medium, and then incubated at 37°C for 24-48
hours. The cultural and morphological properties of
Pasteurella (colony shape, presence of capsules) were
examined after obtaining isolated cultures. After incu-
bation, Gram-stained smears (Coico, 2006) (to detect
Gram-negative bacilli) and Romanowsky-Giemsa mi-
croscopy (to visualise bipolar staining) were performed
(Kuhlmann, 2020). Biochemical activity was studied
by inoculating cultures on Hiss medium with glucose,
sucrose, and other substrates; carbohydrate oxidation
was assessed by changing the colour of the indicator
(acid formation without gas). Catalase activity was de-
termined by applying a 3% hydrogen peroxide solu-
tion to the surface of the cultures: a positive reaction
was accompanied by the release of oxygen bubbles. To
detect hydrogen sulphide, filter paper moistened with
lead acetate (Sigma-Aldrich, USA) was used, and to de-
tect indole — paper moistened with a saturated oxalic
acid solution (Merck, Germany). Additionally, bacterio-
logical analysis of pathological material from saigas
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that died during the 2015 pasteurellosis epizootic was
conducted. Organ samples (heart, liver, spleen) were
taken from each of the 20 animals for the study, a total
of 20 samples.

The virulence of the isolated strains of Pasteurel-
la multocida was studied in vivo in BALB/c white mice
(Charles River Laboratories, USA), which were kept un-
der standard laboratory conditions. Ten outbred mice
aged 6-8 weeks and weighing 16-20 g were used. The
animals were divided by randomisation into three ex-
perimental groups: two experimental and one control.
In groups 1 and 2,animals were injected subcutaneous-
ly into the back area with 0.2 cm?® of daily broth culture
of Pasteurella multocida isolates 1 (from a farm animal)
and 2 (from a saiga), respectively. The third group was
left intact (without inoculation) and served as a neg-
ative control. The observation lasted for 10 days with
daily clinical monitoring of general condition, activity,
appetite, coat condition, mucous membranes, and reg-
istration of deaths. Statistical data processing was per-
formed using Fisher’s test (to compare the frequency of
positive results between groups). Animal experiments
were performed following the requirements of the Vet-
erinary Legislation of the Republic of Kazakhstan (Law
of the Republic of Kazakhstan No. 339-1, 2002) and the
World Veterinary Association Position Statement on the
Humane Care of Animals in Biomedical Research (2023).
Animal experiments were conducted according to the
Directive of the European Parliament and of the Coun-
cil No. 2010/63/EU (2010).

The study also included archival samples (n=20)
collected during the pasteurellosis epizootic among
the saiga population in May 2015 in the Turgai Basin
(Kostanay region, Kazakhstan). Biomaterials (liver, heart,
spleen) were collected by specialists of KazSRVI LLP.
The samples were delivered to the laboratory of Ka-
zSRVI LLP (Kazakhstan) and, after initial identification,
preserved in liquid nitrogen cryostorage at -196°C. In
2023, these samples were revitalised by inoculation on
Sigma-Aldrich meat-peptone agar (USA) and Hotting-
er agar (Merck, Germany) with bovine serum (Thermo
Fisher Scientific, USA), followed by incubation at 37°C
for 24-48 hours. The isolated cultures were re-checked
for sterility, homogeneity of morphology, and absence
of extraneous microflora. Further procedures for mor-
phological analysis, biochemical testing, and bioassays
on mice were performed using identical protocols as for
the 2023 samples. This ensured comparability of results
between the two-time samples, enabling a retrospec-
tive analysis of the stability of the biological properties
of the isolates in time and geography.

RESULTS
The first stage of the study was to investigate the
culture properties of Pasteurella multocida isolates
obtained from saiga and domestic animals in 2015
and 2023. After 24-48 hours of incubation, a uniform
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turbidity of the medium without the formation of sed-
iment or film was observed in meat-peptone broth,
which is typical for this type of bacteria and indicates
the high adaptability of the microorganism to classical
nutrient media (Fig. 1). Round, convex, translucent col-
onies of greyish-white colour with a shiny surface were
formed on meat-peptone agar.

Figure 1. Growth of Pasteurella multocida
on meat-peptone agar
Source: created by the authors

Microscopic examination of smears made from dai-
ly cultures and stained with Gram stain revealed small
Gram-negative rods or coccobacilli with a clear bipolar
tinctoriality. The bacteria were mostly isolated or formed
small clusters in the form of chains or aggregates,
which was also typical for this species. The presence of
morphological homogeneity of cells in the field of view
indicated the purity of the culture and a high degree
of identification reliability. Figure 2 presents a typical
microscopic image illustrating these diagnostic fea-
tures. This tinctoriality, combined with morphological
homogeneity, served as a key diagnostic feature for the
initial recognition of the culture. Additionally, some Ro-
manowsky-Giemsa-stained smears showed pronounced
bipolar staining patterns, which further enhanced the
differential diagnostic value of morphological analysis.

Figure 2. Gram-stained daily culture
Source: created by the authors

A particularly significant diagnostic feature was
the absence of zones of haemolysis when the isolates
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were cultured on blood agar. In contrast to the hae-
molytic active species Pasteurella haemolytica, which
forms pronounced zones of 3-haemolysis, the isolates
recovered from farm animals did not cause any visible
changes in the erythrocyte layer. This allowed them
to be reliably identified as Pasteurella multocida even
at the initial stage, before more in-depth biochemical
or molecular verification. Cultures isolated from these
organs demonstrated stability of culture and morpho-
logical properties. Regardless of the type of biological
material, all isolates showed a characteristic growth
pattern, indicating the absence of microbial contamina-
tion by foreign cultures, as well as high conservation of
the morphological and physiological properties of the
pathogen. The isolation of pure cultures from different
sources and animal species showed a wide range of
Pasteurella multocida carriage, which is a serious threat
to both the agricultural industry and biodiversity con-
servation. Thus, the first stage of the study - isolation
and primary characterisation of Pasteurella multocida
isolates - confirmed the presence of an epizootic strain
circulating among animals of different taxonomic
groups and demonstrating stable cultural and morpho-
logical characteristics inherent in the species.

The study found that all isolated Pasteurella iso-
lates (n=60) actively fermented a number of carbohy-
drates: glucose, galactose, sucrose, mannose, fructose,
and trehalose. The results of the reaction were accom-
panied by a change in the colour of the indicator in the
test tubes, indicating the formation of organic acids as
fermentation products. All isolates demonstrated the
same reaction, which was accompanied by a change in
the colour of the indicator in the test tubes, reflecting
the formation of organic acids as the primary metabolic
product. Therewith, no gas was produced as a second-
ary metabolite, which is a typical property of Pasteurella
multocida and allows differentiating it from some other
enterobacteria capable of gas production. On the con-
trary, substrates such as lactose, rhamnose, raffinose,
maltose, salicin, dulcit, and glycerol in the studied iso-
lates were not fermented. This was confirmed by the
preservation of the initial colour of the medium, sug-
gesting the absence of acid production. Such a pattern
of biochemical activity helped to clearly define the
boundaries of the isolates belonging to the genus Pas-
teurella and to distinguish them from related species
(Pasteurella haemolytica, Pasteurella pneumotropica), as
well as from other Gram-negative facultative anaerobic
bacteria that may be present in pathogenic material as
concomitant or opportunistic pathogens. The high con-
servation of the biochemical properties of the isolates
was confirmed by their comparative identification with
the reference strain Pasteurella multocida B-0229,which
is stored in microbiological collections. For comparison,
two isolates were selected - No. 1 (from a farm animal)
and No. 2 (from a saiga), which showed full compliance
with the biochemical profile of the reference strain




(Fig. 3). This allowed identifying them as representa-
tives of the species Pasteurella multocida, biovar ovis.
This result is of major epizootological significance, as
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it confirms the circulation of a single stable strain with
identical properties in animal populations in funda-
mentally different ecological niches.

B-0229 P. multocida (reference strain)
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Figure 3. Comparative biochemical characterisation of epizootic and reference strain isolates

Source: created by the authors

The analysis of the biochemical characteristics of
Pasteurella multocida biovar ovis isolates presented in
Figure 3 indicates that their metabolic profile closely
resembles the reference strain B-0229 stored in mi-
crobiological collections. The epizootic isolates were
Gram-negative, non-motile, did not show proteolyt-
ic activity (did not liquefy gelatine) and did not form
zones of haemolysis on blood agar, which enabled
a clear differentiation from Pasteurella haemolytica,
which exhibits B-haemolytic activity. Catalase activity
was positive, indole was produced, and hydrogen sul-
phide was formed. The results of the Voges-Proskauer
reaction were negative, which excluded the presence
of acetone as a side metabolite. The isolates reduced
nitrates to nitrites, which confirmed their belonging to
the typical representatives of the genus Pasteurella.
As for carbohydrate metabolism, the epizootic isolates
fermented glucose, galactose, mannose, fructose, su-
crose, xylose, trehalose, sorbitol, and mannitol to pro-
duce organic acids without gas, which was confirmed
by the change in the colour of the indicator in the
medium. This type of fermentation - acid production
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without gas formation - is a characteristic species
feature of Pasteurella. Therewith, the isolates did not
ferment lactose, dulcitol, raffinose, rhamnose, glycerol,
salicin, maltose, and arabinose, which allowed clearly
differentiating them as representatives of Pasteurella
multocida biovar ovis. Specifically, the absence of lac-
tose fermentation is considered a marker diagnostic
feature for this biovar. Thus, the biochemical proper-
ties of the epizootic strains were typical for the genus
Pasteurella, particularly Pasteurella multocida, and fully
corresponded to the characteristics of the reference
strain B-0229.

Already on the second day after inoculation of ex-
perimental mice with a daily broth culture of isolated
Pasteurella, the death of most experimental animals
was recorded. Out of ten mice, five died in the first 24
hours, and three died on the second day (Fig. 4). In two
cases, the mice stayed alive on the first day, but showed
signs of depression: apathy, decreased appetite, and
limited motor activity. These data indicate the high
virulence of Pasteurella multocida ovis isolates both
for laboratory models and, probably, for natural hosts.

P multocidaNo. 1
P. multocida No. 2
Control group

Day 3 Day 4

Figure 4. Assessment of pathogenicity (survival)

Source: created by the authors
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Pathological examination revealed numerous
punctate and striated haemorrhages on the pericardi-
um, serous-exudative peritonitis with clear or turbid
exudate in the abdominal cavity,and foci of yellow-grey
necrosis in the liver. Cultures of pathological material
on meat-peptone agar and broth gave rise to a char-
acteristic culture of Pasteurella multocida ovis. Small,
transparent, delicate S-type colonies were formed on
meat-peptone agar, without contamination with for-
eign microflora. In the liquid medium, uniform turbidi-
ty without ring or sediment formation was observed, a
typical sign of Pasteurella multocida growth. Repeated
microscopy of smears from such cultures confirmed the
presence of Gram-negative bipolar rods morphologi-
cally identical to the original pathogen.

Thus, the results of bioassays in laboratory mice
provided convincing evidence of the high pathogenici-
ty of the isolated strains. They simultaneously served as
a diagnostic tool (pathogenicity bioassay) and experi-
mental verification of the species by comparing clinical
and anatomical changes and bacteriological results. As
a result, the study of the biochemical properties and
pathogenicity of Pasteurella multocida isolates helped
to reliably determine their species characteristics, viru-
lence, and potential for epizootic spread. The identity of
biochemical profiles in samples from domestic animals
and saigas indicates the circulation of a single clone
or stable biovar of the pathogen, which is significant
for the development of specific prevention strategies
and epidemiological monitoring in mixed livestock and
wildlife environments.

As a result of laboratory cultivation, isolates of Pas-
teurella multocida were obtained from these samples,
which demonstrated a stable phenotype characteristic
of this species.Microscopic examination of smears made
from the culture material revealed Gram-negative rods
with typical bipolar tinctoriality, which is one of the key
differentiating features in the identification of Pasteur-
ella multocida. The culture properties were also typical:
the isolates did not cause haemolysis when grown on
blood agar, which distinguishes them from some other
respiratory pathogens such as Mannheimia haemolytica.
Furthermore, they were characterised by stable growth
in meat-peptone broth with the formation of turbidity
without the formation of sediment or film, which con-
firms good adaptation to the culture medium (Fig.5).De-
spite considerable environmental and geographical dif-
ferences in the sampling sites - specifically, the steppe
zones of the West Kazakhstan and Kostanay regions -
the properties of the isolates stayed almost identical,
indicating high stability and adaptability of the strain.

The biochemical properties of the isolates from
saigas also confirmed their belonging to Pasteurella
multocida biovar ovis. All strains were catalase-positive,
produced indole, formed hydrogen sulphide, and re-
duced nitrate to nitrite. This set of traits, combined with
negative reactions to lactose, rhamnose, and raffinose,
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allowed distinguishing the isolates not only from relat-
ed species of the genus Pasteurella, but also from po-
tentially comparable members of the family Pasteurel-
laceae, which may act as companions or contaminants
in natural biocenoses. The circulation of the same epi-
zootic strain among geographically distant animal pop-
ulations, including saigas, cattle, and small ruminants,
indicates an extremely high contagiousness and stabil-
ity of the pathogen. This stability may be related to the
genetic conservation of the strain, its ability to persist
in the host for a prolonged period without clinical man-
ifestations, and the possibility of transmission through
contact and aerogenic routes.

Figure 5. Microscopy of the Pasteurella multocida isolate
isolated in 2015 (Gram stain)
Source: created by the authors

A separate threat is posed by the translocation of
the pathogen through ecological corridors, particularly
the migration routes of saigas that intersect with areas
of seasonal grazing of unvaccinated livestock. It was
found that during periods of intense migration load,
animals can come into contact with pathogen sourc-
es at watering holes, pastures, and through mechani-
cal vectors. Such situations contribute to the formation
of a natural and anthropogenic epizootic chain, within
which the pathogen spreads between wild and domes-
tic populations (Davydovych et al., 2025). Considering
the cyclical nature of pasteurellosis outbreaks (with a
frequency of 3-5 years) and the presence of numerous
latent bacterial carriers, the development of a unified
national approach to the prevention and control of the
disease is crucial. Particular attention should be paid to
the development of vaccine prophylaxis programmes
for wild animals, which constitute a natural reservoir of
infection (Abutalip et al., 2017). It is advisable to intro-
duce aerosol vaccination of saigas during calving, when
the number of animals is the largest and contacts with
other populations are minimal. This approach has al-
ready demonstrated effectiveness in the fight against
other translocated zoonoses in Africa and Central Asia.

Studies confirm that the combination of culture,
morphological, tinctorial, and biochemical methods
with a bioassay on laboratory animals (white mice)
enables a comprehensive assessment of the pathoge-
nicity and taxonomic affiliation of the pathogen. The




bioassay showed high sensitivity: after inoculation,
mice died within 24-48 hours, which corresponds to a
prominent level of virulence of the isolates. This gave
the study a high degree of reliability and opens up
the prospect for further strain typing using molecular
markers of virulence. Statistical analysis showed that
the differences between the groups were not statisti-
cally significant (p >0.05), suggesting that the biologi-
cal properties of the isolates were stable regardless of
the year of the epizootic and geographical origin. This
confirms the circulation of a single conserved epizootic
strain of Pasteurella multocida biovar ovis. Summarising
the data obtained, it can be stated that regardless of
the type of animal, region of distribution or conditions
of keeping, the same stable epizootic strain of Pasteu-
rella multocida biovar ovis circulates in the objects un-
der study. It is characterised by a stable morphology,
typical biochemical characteristics, and high virulence.
This indicates the dominance of a pathogen clone
that has adapted to many biological niches, and at
the same time, a unique opportunity to create univer-
sal approaches to specific prevention, diagnostics, and
control of this infectious agent. The data obtained are
of both practical (for veterinary medicine and wildlife
conservation) and theoretical (for evolutionary microbi-
ology and epizootology) significance.

DISCUSSION

The results of the conducted study reflect that isolates
of Pasteurella multocida biovar ovis isolated from farm
animals and saigas in Kazakhstan have a prominent
degree of stability of morphological, cultural, and bio-
chemical characteristics. Specifically, all strains demon-
strated typical growth on meat-peptone broth and
agar, formed transparent S-colonies without haemol-
ysis on blood agar, had Gram-negative bipolar tinc-
toria and a positive reaction to the fermentation of a
series of carbohydrates (glucose, mannose, galactose,
sucrose, etc.) with the formation of acid without gas.
Such conservatism of the traits is consistent with the
data of U. Taubaev et al. (2024) who described analo-
gous properties of Pasteurella multocida strains isolated
in the Western Kazakhstan region, particularly during
saiga migrations. Analogous findings were reported by
S. Boianovskiy et al. (2023), noting that the stability of
the biochemical profile of Pasteurella multocida ovis
is a diagnostically significant feature in outbreaks in
mixed-type farms.

The identified virulence of the isolates, confirmed
by bioassays in mice (70% mortality in the first 48 h),
indicates a high pathogenic potential of these strains.
The pathological changes, such as haemorrhages, se-
rous-exudative peritonitis, and liver necrosis, corre-
spond to the typical manifestations of septic pasteu-
rellosis described by Y.A. Mirtneh et al. (2022) during
experiments with inoculation of Pasteurella multocida in
laboratory animals. Y.M. Hashem et al. (2022) observed
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an analogous pattern in cases of infection among wild
ungulates in the Mediterranean region, which empha-
sised the universal pathogenesis of the infection re-
gardless of the area. The similarities in pathogenesis
found, regardless of host species or geographic loca-
tion, emphasise the universal nature of infection mech-
anisms, suggesting the evolutionary stability of the vir-
ulence of the pathogen. These data are crucial not only
for diagnosing and predicting the course of the disease,
but also for developing effective measures to control
and prevent pasteurellosis in livestock.

The conservative biochemical profile of the identi-
fied strains (negative reaction to lactose, salicin, dulcite
fermentation, etc.) helped to reliably differentiate them
from other species of the genus Pasteurella, particular-
ly Pasteurella haemolytica and Pasteurella pneumotropi-
ca. This approach is consistent with the recommenda-
tions of Y.A. Mirtneh et al. (2022), who emphasised the
value of classical biochemical tests in the absence of
molecular genetic capabilities. The results of the pres-
ent study also confirmed the findings of D. Abera and
T. Mossie (2023), who successfully identified Pasteurella
multocida serotypes based on carbohydrate metabolism
profiles. At the same time, the difference from the re-
sults of Z.Peng et al. (2022) should be noted, who found
significant genetic heterogeneity of Pasteurella multo-
cida isolates, even within the same host. In this case,
the dominance of a single biochemical and morpholog-
ical type suggests the presence of a circulating clone
adapted to the conditions of the steppe ecosystem of
Kazakhstan. A. Pascual-Garrigos et al. (2021) recorded
an analogous trend in their study of clinical isolates
in Europe, and H. Wang et al. (2023) - in their study of
Chinese farms.

A significant finding was the detection of the same
strain among isolates from saigas and domestic animals
in different regions of Kazakhstan. Such geographical
stability of the strain, combined with high virulence, in-
dicates a strong epizootic potential and confirms the
hypothesis of S. Boianovskiy et al. (2023) regarding the
universality of pathogenic mechanisms of Pasteurella
multocida biovar ovis. A vital role in the transmission of
the pathogen is likely to be played by natural ecolog-
ical corridors, primarily the migration routes of saigas
that intersect with areas of seasonal cattle grazing.
A.Abbas et al. (2023) presented analogous conclusions,
studying the impact of joint grazing of wild and domes-
tic animals on the risks of pasteurellosis transmission
in Pakistan. S.A. Alemu et al. (2023) also demonstrated
comparable findings in Ethiopia, where the key factors
of epizootic spread included watering holes, mobile
contacts between populations, and insufficient vaccina-
tion rates. In this case, these factors also play a critical
role, which requires a review of anti-epizootic strate-
gies at the state level.

One of the most reliable morphological markers
for the primary identification of Pasteurella multocida
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continues to be bipolar tinctoria in Gram or Romanows-
ky-Giemsa staining, as well as the absence of haemoly-
sis on blood agar (Ospanov et al., 2024). These features
are the key differentiating criteria for distinguishing
Pasteurella multocida from Mannheimia haemolytica and
other Gram-negative facultative anaerobes, as noted
by S. Sahay et al. (2020) and J. Xiao et al. (2021), which
was also confirmed in the present study. In the current
study, the absence of 3-haemolysis zones was crucial
for confirming the species status of the isolates before
the use of biochemical analysis. However, the introduc-
tion of molecular methods continues to be relevant.
Specifically, H.Wang et al. (2023) showed that multiplex
PCR enables the simultaneous identification of sever-
al pathogens in mixed infections, which increases the
sensitivity and specificity of laboratory diagnostics. This
may be particularly relevant in cases of co-infections or
in the early stages of an outbreak.

The obtained results confirm that Pasteurella multo-
cida biovar ovis isolated from farm animals and saigas
in Kazakhstan retains high conservation of cultural,
morphological, and biochemical characteristics, which
is consistent with the data of I. Cuevas et al. (2020) and
F. Ahmad et al. (2024) on the stability of this pathogen
in different biocenoses. The stability of the biochemical
profile of the isolates, particularly the ability to ferment
glucose, sucrose, and other carbohydrates to produce
acid without gas, corresponds to the typical character-
istics of the Pasteurella multocida biovar ovis species.
Z.Peng et al. (2021) reported analogous results, noting
that the biochemical stability of the strains ensures the
reliability of classical diagnostic tests. However, the ge-
notyping results obtained by these researchers indicate
the presence of high genetic variability between strains
isolated from different hosts. The spread of an identical
strain among geographically dispersed groups of ani-
mals confirms its ability to adapt and transmit widely
(Irgashev et al., 2020). This is consistent with the stud-
ies of S. Ali et al. (2025), who found the circulation of
unified strains of Pasteurella multocida among cattle
and small cattle in Pakistan.A. Akane et al. (2022) made
analogous conclusions, emphasising the role of mixed
animal housing in the transmission of infection. Con-
sidering this, the need to implement integrated control
measures was confirmed, especially in transboundary
regions with intensive grazing.

Clinical and diagnostic features, such as the ab-
sence of haemolysis zones on blood agar and bipolar
coloured bacilli, continue to be crucial markers for dif-
ferentiating Pasteurella multocida from other pathogens
such as Mannheimia haemolytica (Verzhykhovsky & Ne-
dosekov, 2024). This is confirmed by the results report-
ed by S. Sahay et al. (2020) and I. Cuevas et al. (2020),
where the diagnostic significance of morphological and
culture tests is noted. The researchers also emphasised
that the combination of classical methods with modern
approaches to identification can improve the accuracy
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of diagnostics and help prescribe the corresponding
treatment promptly. The study found that the use of
traditional microbiological methods in combination
with bioassays on white mice provides high diagnos-
tic accuracy. However, considering the requirements for
pathogen detection, it is advisable to introduce geno-
typing and whole-genome sequencing to identify vir-
ulence genes and resistance markers. Thus, the data
obtained indicate the existence of a stable epizootic
strain of Pasteurella multocida biovar ovis circulating in
both wild and domestic animal populations. This ne-
cessitates an interdisciplinary approach to prevention,
which would include elements of environmental moni-
toring, vaccination and rapid laboratory diagnostics.

CONCLUSIONS

As a result of the studies, it was found that mass animal
deaths in Kazakhstan in 2015 and 2023 were caused
by the circulation of a stable strain of Pasteurella mul-
tocida biovar ovis. Cultural and morphological analysis
revealed that all isolates had typical characteristics:
uniform turbidity was observed on meat-peptone broth
within 24-48 hours without precipitation and round-
ed greyish-white colonies 1-2 mm in diameter were
formed on meat-peptone agar. Microscopic examination
revealed typical Gram-negative rods with a pronounced
bipolar tinctoriality. Biochemical analysis of the iso-
lates showed a high degree of homogeneity. All 20
isolates (100%) actively fermented glucose, galactose,
sucrose, mannose, fructose, and trehalose to produce
acid, but without gas. Therewith, all of them gave neg-
ative results for the fermentation of lactose, rhamnose,
raffinose, maltose, salicin, dulcit, and glycerol. Addition-
al tests confirmed the presence of catalase activity, in-
dole production, hydrogen sulphide production, and the
ability to reduce nitrate to nitrite in all samples tested.
Evaluation of the pathogenic properties of the strain in
BALB/c laboratory mice showed high virulence. After in-
fection, 50% of the animals (5 out of 10) died within the
first 24 hours and 80% (8 out of 10) - within 48 hours.
Pathological examination revealed haemorrhages in
100% of cases and necrotic changes in the liver in 75%
of cases, which correlated with the results of repeated
isolation of the pathogen from pathological material.

Notably, the complete convergence of all the stud-
ied characteristics of the isolates obtained in 2015
and 2023, which indicates the extraordinary stabil-
ity of the circulating strain. The findings substantiate
the need to develop a comprehensive prevention pro-
gramme, which should include regular vaccination of
farm animals covering at least 80% of the population
and aerosol immunisation of saigas during the peri-
od of their encirclement. Particular attention should
be paid to monitoring of common watering places,
which are recommended to be inspected 3-4 times a
year. Such measures will effectively control the spread
of this highly pathogenic strain among both wild and
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domestic animals. A limitation of this study was the s crucial considering the growing threat of antibiotic
restrictive genetic analysis of isolates, which did not resistance in wild and agricultural fauna.
allow definitively determining the intraspecific struc-
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include the use of whole-genome sequencing to de- None.

termine the phylogenetic relationship of strains, immu-
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AHorTauia. MeToto faHoro gocniaxeHHs 0yno BuBYeHHS BionoriyHnx BnactuBocTel wramis Pasteurella multocida, wo
LMPKYNIOOTb Cepen, CiflbCbKOroCcnoaapCcbKMX Ta AUMKMX TBapuH B KasaxcTaHi, 30Kkpema canrakis, 3 METOK onTUMi3aLii
LiarHoCTUKM Ta NpodinakT1kK nactepenbosy. Y AOCiAXKEeHHI BUKOPUCTOBYBANMUCS 6akTepionoriyHi, MikpockoniyHi Ta
6ioxiMiuHi MeToam ons aHanisy 20 3paskis biomaTepiany, 3ibpaHoro Bif cairakis i CifibCbKOrOCNOAAPCbKMX TBAPUH:
10 3pas3kiB Big 0C06UH i3 cena Topran ([IkaHrenbauMHCbKMI paioH, KocTaHaicbka o6nactb, Kazaxcran) i 10 3paskis
BiA 0COOMH i3 Ka3TanoBcbkoro paroHy (3axifHo-KasaxcraHcbka obnactb, Kazaxcran). [locnigkeHHa nokasano, wo
BCi i3onatun (100 %,n=60) Hanexanu go Pasteurella multocida biovar ovis: Ha MICO-NeNTOHOBOMY arapi yTBOpUAMCS
cipyBaTo-6ini konoHii giametpoM 1-2 MM 6e3 remonisy, y Maskax BMSIBNEHO FPaMHEraTMBHI GiNONAPHI Nannuku,
a (epMeHTaLif TNIOKO3M, Caxapo3u, MaHO3M Ta TPerano3n CynpoBOAXKYBaNacs YTBOPEHHSAM KMCNOTM 6e3 rasy (y
100 % Bunapkis). bioaHanizu Ha 10 6inux mMuwax (Bara 16-20 r) nokasanu 100 % cMepTHiCTb npoTsirom 48 roguH
nicng in'ekuii 0,2 Ma KynbTypu, 3 KPOBOBMIMBaMU B CEPLLi, HEKPO30M MEYiHKM Ta eKCyAaTOM B YepEeBHiN NOPOXKHUHI.
CratncTnyHmMin aHanis (Tect @iwepa) He BUSBMB ICTOTHMUX BiAMIHHOCTEN Mix i3onatammu 2015 i 2023 pokis (p >0,05),
WO MiATBEPKYE LMPKYAsLito cTabinbHoro knoHy. OTpuMaHi pe3ynbTaTu CBiAYaTb NPO K/IOYOBY pPOSib CaMrakiB
K pe3epByapy iHdekuUii Ta HeobXiAHICTb KOMMNEKCHMX 3axOAiB: aepo30/bHOI BaKUMHaLii Mig yac Mirpauiw,
BNPOBAaAKEHHS AiarHOCTUKM METOLOM NONiMepPa3HOi NTaHLIOroBOi peakL,iiTaMOHITOPUHIY aHTUGIOTMKOPE3UCTEHTHOCTI.
OTpuMaHi [paHi € OCHOBOKW A8 pO3pOOKM perioHanbHUX aHTMEMi300TUYHMX CTpaTerii, CNpPSMOBAHMX Ha
3MEHLUEHHS PU3MKIB NS CiflbCbKOro rocnofapctsa Ta 30epexeHHs nonynsauid Aukux TBAapuH y KasaxcTaHi
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Avicenna, and Maxim XL (at a level of 70-90%). Significantly lower results of field germination were obtained
when using bastion and fever preparations - 45-60%. Thus, in the conditions of early sowing, and considering
the risk of returning spring cold weather, it is more expedient to use Vencedor, Avicenna, and Maxim XL seed
treaters. The results of this study indicate the need for pesticide originators and research institutions to conduct
a more detailed study of the reaction of plants to drugs under various weather conditions and are of practical

importance in production for more effective use of drugs

Keywords: seed treatment; fungicides; early crops; low temperatures; seed germination

INTRODUCTION

Seed treatment is a mandatory technological element
of growing agricultural crops. Fungicidal preparations
used as seed treaters negatively affect various bio-
chemical processes in the body of fungi: they suppress
the intensity of respiration, disrupt the synthesis of
amino acids and other vital reactions. The aggressive-
ness of fungicide chemicals towards fungi cannot fail
to affect the plants themselves. The activity of drugs
significantly depends on external conditions, and the
reaction of the plants themselves. Testing of new fungi-
cides takes place under close to optimal hydrothermal
conditions. But the conditions for growing agricultural
crops are often extreme, so it is important to determine
the reaction of plants to certain drugs in atypical con-
ditions, in particular at low temperatures.

In a steppe zone with little moisture supply to
plants, early sowing guarantees plants the opportunity
to obtain more of this important resource. This is espe-
cially important for late spring crops. However, there is
a negative downside to early sowing dates. In spring,
the weather is quite changeable and it is possible to re-
turn low temperatures, a short-term cold snap. This can
lead to damage to plant seedlings. The return of cold
weather is difficult to predict. In order to guarantee to
avoid losses from a possible decrease in temperature,
farmers are forced to postpone sowing to a later date.
But in the steppe, in the conditions of a short spring,
when the temperature increases intensively and the
top layer of soil quickly loses moisture, a delay in sow-
ing leads to a decrease in seed germination and caus-
es variegation of crops, which negatively affects yields.
Due to the warming observed in recent years (the aver-
age annual air temperature according to weather fore-
casters in Ukraine increased by 1.7°C), there is an earlier
onset of a stable transition of the average daily temper-
ature through +5°C (Meteopost, n.d.). This, in turn, forces
farmers to start field work earlier. However, the risks of
returning cold weather, especially in steppe conditions,
increase significantly.

In the scientific literature, much attention was
paid to the effect of seed treaters on the field germina-
tion of seeds. Recent studies have found that not only
the seed treaters themselves can affect seed germi-
nation, but also their various compositions (Capo et
al., 2020). The effectiveness of seed protectants is not
static, it is unstable and largely depends on weather

conditions (Semenov, 2024). That is, different drugs
manifest themselves differently under different con-
ditions. Accordingly, it is likely to expect that under
extreme conditions (such as low temperatures), some
drugs will be more effective than others. The study by
A. Meng et al. (2022) contains information about the
negative effect of low temperatures on seed germina-
tion, but there is no information about the effect of
low temperatures on the plant - seed treaters inter-
action. Industrial production of crops is difficult to im-
agine without the use of pesticides (Krachan & Nedil-
ska, 2022). Pesticides that enter production, including
seed treaters, usually pass comprehensive tests for the
ability to effectively suppress pathogenic microorgan-
isms, harmful insects, not negatively affect the benefi-
cial flora and fauna of the soil, be as safe as possible
for humans, do not pollute the environment, etc.

Seed treaters are widely used and it is possible
to find many sources about their positive effect on
field seed germination and yield (Yatsukh et al,, 2023).
However, there is also information about the negative
impact of seed treaters on germination energy and
germination in the laboratory (Medeiros et al,, 2023).
However, there is no alternative to seed treatment to
provide effective protection against pathogens. The
etching process is not a technological formality, but as
indicated in the scientific and methodological recom-
mendations of V.M. Stefkivskyi et al. (2024),is a measure
that should be approached based on the phytosanitary
condition of seeds and the spectrum of action of the
drug. To prevent a decrease in seed quality, inhibit the
activity of physiological and biochemical processes
during germination, increase the energy of germina-
tion and, as a result, increase yield, as some researchers
point out, plant growth regulators should be added to
seed treaters (Alekseeva, 2019). It is also recommend-
ed to use microfertilisers together with seed treaters
(Siroshtan et al., 2021) or to use two-component seed
treaters (Pospelova et al.,, 2021). There is also a propos-
al to treat soybean seeds with Standak Top and Fever
seed treaters in conjunction with pesticide-resistant
nodule bacteria B. japonicum PCO9 (Kukol et al., 2022).
According to the researchers, this will increase the ac-
tivity of legume-rhizobial symbiotic systems. Attention
is drawn to the need to preserve biological diversity. Ac-
cording to A. Dubey et al. (2020), treatment affects the
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abundance of both soil and leaf taxa, including preda-
tors and parasitoids.

It is known that various chemical preparations used
in crop production can affect not only directly for their
main purpose, but also indirectly through changes in
the metabolic processes of the plant itself. And such
changes can be quite significant. According to O. Der-
menko (2024), seed treaters can, in addition to their
direct function of suppressing microorganisms, affect
the physiological state of plants. So the drug Avicen-
na Plus can significantly stimulate natural resistance to
biotic and abiotic factors. However, drug developers are
not always able to comprehensively assess the indirect
effect of the drug on all economically valuable features.

Seed treaters vary greatly in their intensity of ac-
tion. They should not only suppress unwanted micro-
flora, but also approach a particular type of cultivated
plant as much as possible. As already noted, some of
them can reduce the sowing quality of seeds. Thus, the
choice of seed treaters should be based on the aggre-
gate characteristic of the drug, which requires obtain-
ing a wide range of information. This is what prompted
the study of the indirect effect of seed treaters on the
resistance of corn seedlings to a possible decrease in
temperature after sowing, which is quite common in
the Steppe zone. The purpose of this study was to de-
velop an effective technological measure that contrib-
utes to the maximum field germination of corn seeds in
conditions of a likely decrease in temperature.

MATERIALS AND METHODS

To solve this problem, studies of field germination of corn
seeds were conducted in the conditions of early sowing
dates. Such a provocative background of low tempera-
tures could simulate the return of cold weather. Field ex-
periments with corn were conducted in 2023 and 2024
in the educational farm of the Dnipro State Agrarian and
Economic University. Its predecessor was sunflower. The
Onio hybrid and the self-pollinating line B 831 were used
for sowing. According to the originator, HIKS Ukraine LLC,
the Onio hybrid is quite resistant to cold weather and
has high initial growth rates, while line B 831, used as
the parent form of this hybrid, has, on the contrary, weak
growth rates at low temperatures. The line was chosen
to compare plants F,, which have heterosis, and corn
lines that do not have one. Corn lines are generally less
resistant to adverse conditions and are sown at a later
date, but it has been included as a sensitive marker. Own
laboratory studies of seed germination were determined
by germination in a wet chamber in petri dishes on fil-
ter paper in accordance with DSTU 4138-2002 (2004);
field - directly in the ground when manually sowing 10
treated seeds in four repetitions.

The following fungicidal preparations were used
both for the hybrid and for the line: Vencedor, Bastion,
Fever, Maxim XL, and Avicenna (the rate of consump-
tion of the drug in accordance with the manufacturer’s
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recommendations). The drugs have the following ac-
tive ingredients: Vencedor - tebuconazole 25 g/l + Ti-
ram 400 g/l; Bastion - diphenoconazole 30 g/l + cip-
roconazole 6.25 g/l; Fever - protioconazole, 300 g/l;
Maxim XL - fludioxonyl, 25 g/l + mefenoxam, 10 g/i;
Avicenna - tebuconazole, 50 g/l + prochlorase,
250 g/l + cresoxime-methyl, 50 g/L. In the field, the
number of sprouted seeds was carried out on the 25%
day after sowing. At this time, the temperature rose to
a favourable temperature for germination. Corn of the
line B 831 and the Onio hybrid was sown in two peri-
ods. In 2023, they were sown on April 15 and 19,and in
2024 - on April 12 and 19. Such sowing dates can be
considered the earliest in comparison with long-term
ones in this area (the Northern Steppe zone of Ukraine).

The weather conditions of spring 2023 were spe-
cial and were characterised by both elevated temper-
atures and extremely high soil humidity. At the begin-
ning of sowing, the soil moisture content was 139% of
HB (or 72% of the total moisture capacity, or 37% of the
weight of absolutely dry soil). The soil was not physical-
ly mature, so it was impossible to carry out pre-sowing
cultivation. Sowing was carried out manually in water-
logged soil. Suitable temperatures for sowing (10-12°C)
came very early, about a month before the usual dates
for late spring crops, but later came to a multi-year
norm. At the time of sowing, the air temperature fluctu-
ated during the day from 3 to 12°C. It turned out in such
a way that the second period of sowing had lower tem-
peratures than the first. As will be shown later, this sig-
nificantly affected the seed’s ability to germinate. The
conditions of 2024 differed significantly in their aridity,
both for the entire growing season, and in particular for
the sowing period. When sowing at an early stage, the
soil moisture content did not exceed 20% of the total
moisture capacity (38.5% of HB). At the time of sowing,
the soil temperature fluctuated between 7-11°C. Lack
of moisture and low temperatures significantly reduced
the field germination of corn seeds. But the decrease in
germination largely depended on the seed treater that
was used (Meteopost, n.d.).

To objectively assess the effect of various seed treat-
ers on the field germination of corn seeds at low tem-
peratures, their effect on laboratory germination indica-
tors under optimal seed germination conditions was first
determined. In accordance with this, the germination
energy and laboratory germination of seeds were de-
termined. The determination was carried out as follows:
twenty seeds were laid out on wet filter paper in petri
dishes. Kept at a temperature of 23-25°C and determined
the germination energy on the third day, and laboratory
germination on the seventh day after the start of ger-
mination. The repetition was fourfold. It was also nec-
essary to first establish the sowing qualities of the Onio
hybrid and the line B 831.The determination was carried
out in accordance with DSTU 2240-93 (1994). All seeds
that were used in the experiment met the technical




conditions and had a laboratory germination rate of 99%
of the hybrid, and 97% of the line. In their research, the
researchers adhered to the standards of the Convention
for the Protection of Biological Diversity (1992).

RESULTS AND DISCUSSION

Analysis by seed treater exposure was performed in
accordance with DSTU 4138-2002 (2004) and as the
results showed (Table 1), there was a slight decrease
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in the indicators of both germination energy and lab-
oratory germination of corn seeds. Despite a slight de-
crease in these indicators, the sowing qualities of seeds
met the requirements of DSTU 2240-93 (1994). There
were no significant differences between seed treaters
on the effect of these indicators. The maximum devi-
ation in laboratory germination rates under the condi-
tions of using mordants for the hybrid was 5.0% (Fever),
and for the line - 4.0% (Maxim XL).

Table 1. Germination energy and laboratory germination of treated seeds, %

Onio hybrid Line B 831
Seed treater — . . P
germination energy laboratory similarity germination energy laboratory similarity

Vencedor 89+3 96 £3 84 £5 94 £5
Bastion 88+3 95+4 833 94 %5
Fever 887 945 835 94 %5
Maxim XL 88+3 95 +4 84 £5 933
Avicenna 90%0 96 £3 86+3 94 £3

Source: compiled by the authors

In contrast to favourable laboratory conditions,
seed germination rates in extreme conditions of ear-
ly sowing periods at low temperatures significantly
decreased when using all seed treaters without ex-
ception. In addition, in 2023, at low temperatures of
early sowing periods, differences in field germination
of seeds were found depending on the seed treaters

used (Table 2). The discrepancy between the values
between the variants of this indicator under the con-
ditions of sowing on 15.04 was 15% for the hybrid,
and 52.5% for the line. Sowing on 19.04 was carried
out at lower temperatures than the previous one, so
the indicators were obtained lower: for the hybrid -
42.5%, and for the line - 25%.

Table 2. Field germination of hybrid seeds and corn lines at the earliest sowing dates depending
on the seed treaters in 2023, %

Sowing period 15.04.23 (counting 09.05.23)

Sowing period 19.04.23 (counting 13.05.23)

Drug (B)
hybrid Onio (a) line B 831 (a) hybrid Onio (a) line B 831 (a)
Vencedor 90.0+11.5 77.5%12.6 775 %50 65.0 £10.0
Bastion 75.0%129 32.5+12.6 450%129 40.0%8.2
Fever 85.0 £10.0 55.0+12.9 50.0 £8.2 50.0 115
Maxim XL 90.0 £ 8.2 85.0+5.8 87.5+12.6 475%126
Avicenna 85.0+5.8 75.0+5.8 85.0+10.0 62.5%9.6
LSDy A-70;B-11.1;AB - 157 A-6.6;B-10.4;AB-147

Source: compiled by the authors

It can also be noted that corn lines are more sen-
sitive to germination conditions at low temperatures
than hybrids. Among seed treaters, the best indicators
of field seed germination, at conditions of lower tem-
peratures than optimal, were found in the preparations
Vencedor and Maxim XL. Thus, when using the drug
Vencedor for sowing 15.04, the field germination rate
of the Onio hybrid was at the level of 90.0%, and in
the line B 831 - 77.5%; in the seed treater Maxim XL -
90.0% and 85.0%, respectively. Similar results were also
obtained during sowing on 19.04. In the conditions of
sowing on 19.04, Avicenna seed treater also performed
well.The greatest decrease in field germination of seeds
of both the corn line and hybrid at low temperatures

was observed when using Bastion and Fever seed treat-
ers. This decrease in relation to the indicators of Vence-
dor and Maxim XL seed treaters averaged 15.04 for the
hybrid by 10%, and for the line by 37.5%. Under the con-
ditions of sowing on 19.04, these indicators were 35.0%
and 11.3%, respectively.

The experiment was continued in the following
year 2024 (Table 3). Despite the fact that the condi-
tions during sowing differed significantly in soil mois-
ture, seed treaters at low temperatures showed the
same effect on field germinated seeds as in the wet
year 2023. At low temperatures, the seed germination
rate of both the hybrid and the line decreased with
the use of seed treaters such as Bastion and Fever.
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When sowing on 12.04.2024, this decrease in com-
parison with Vencedor and Avicenna preparations on
average occurred in the hybrid by 25.3%, and in the

line - by 29.8%.The middle position in this gradation is
occupied by Maxim XL. Similar results were obtained
during sowing on 19.04.23.

Table 3. Field germination of hybrid seeds and corn lines at the earliest sowing dates
depending on the seed treater in 2024, %

Drug (B) Sowing period 12.04.2024 (counting 07.05.24) Sowing period 19.04.2024 (counting 14.05.24)
hybrid Onio (a) line B 831 (a) hybrid Onio (a) line B 831 (a)
Vencedor 70.5%8.2 55.0%5.8 825%9.6 50.0%8.2
Bastion 55.0%10.0 45.0+5.8 475+126 40.0+8.2
Fever 50.0 8.2 37596 60.0%11.5 375%5.0
Maxim XL 65058 55.0+5.8 72.5+96 60.0%8.2
Avicenna 70.0%8.2 62.5+9.6 77.5+9.6 62596
LSD; A-51;B-81;AB-114 A-6.3;B-10.0;AB - 14.1

Source: compiled by the authors

Seed germination is an extremely important
stage in plant life, which largely affects their growth
and development throughout the growing season. For
seed germination, first of all, the necessary amount
of moisture and the appropriate temperature are re-
quired. Research by V.A. Doronin et al. (2019) found
that both insufficient and excessive moisture neg-
atively affects seed germination. The required tem-
perature for seed germination also has certain limi-
tations. According to M.I. Dudka et al. (2024) optimal
conditions for corn sowing are formed in the early
stages at a temperature of 8-10°C. According to the
researchers, this allows using productive moisture
reserves more efficiently and reducing the impact of
a possible drought in the future. In addition to the
main factors necessary for seed germination, such
technological measures as fertilisers (Voloshchuk et
al., 2021) and physiologically active drugs (Kuchmen-
ko & Kurylenko, 2024), which under certain conditions
can increase seed germination. Also in the scientific
literature, much attention is paid to highlighting the
varietal features of corn seed germination (Dziubet-
sky et al., 2019; Mashchenko & Butenko, 2024).

Obtaining friendly shoots is the primary task of
corn cultivation technology. But despite all the efforts
of high-quality and timely implementation of all tech-
nological measures, it is not always possible to get the
desired result. The return of cold weather can be an
obstacle, which will lead to inhibition of seed germi-
nation and even seed failure. The shoots become lique-
fied, unproductive. In addition, plants develop uneven-
ly, are more exposed to stress, and after a significant
period of being in cold soil, seeds are more susceptible
to disease. Since the drugs act indirectly on plants, all
drugs, including fungicides, should be examined under
cold stress conditions to identify the most effective
conditions for these conditions. During the period of
seed germination, even a slight decrease in the aver-
age daily temperature leads to negative consequences.
The minimum temperature during the day is usually
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observed in the early morning. In addition, the resist-
ance of plants to low temperatures during the day is
not the same, the minimum value of this indicator is
noted in the morning. It is the coincidence of these two
factors in such a period of the day: - a decrease in air
and soil temperature and minimal daily resistance of
plants to low temperatures lead to a significant loss of
field germination of corn seeds.

It is generally accepted that normal corn shoots
can be obtained at soil temperature at a seed depth of
10-12°C. However, there are recommendations for
possible seeding at a lower temperature - +7°C, but
with a subsequent increase in temperature (Nes-
machna, 2025).In the event of the return of cold weath-
er, on the contrary, the temperature will decrease and
the grain that has already begun to germinate will be
subjected to cold stress. One of the ways to prevent
the suppression and death of plants in these condi-
tions is to use in advance exactly those chemicals that
would contribute to the maximum preservation of the
ability of plants to resist negative factors in low tem-
peratures. In the experiments presented in this paper,
an attempt was made to find out whether the field
germination rate of corn seeds will change under var-
jous seed treatment in the event of the return of cold
weather immediately after sowing. Under extreme
temperature conditions artificially created due to ear-
ly sowing, it was found that seed treaters significantly
and differently affected the ability of plant seedlings
to tolerate low temperatures. The results obtained
in 2023 and 2024 were averaged and presented as
graphs for better analysis. Figure 1 shows the field
germination rates of the Onio hybrid for 2023 and
2024. Data for 2023 represent the average of the two
early sowing dates - April 15 and 19. In addition, data
for 2024 are also average indicators for April 12 and
19. This helps to more objectively assess the effect of
seed treaters on the field germination of corn seeds
at low temperatures. For comparison, the graph also
shows data on laboratory seed germination.
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Figure 1. Germination of seeds of the Onio corn hybrid on average over two early sowing periods

Source: compiled by the authors

Under conditions of low temperatures, on average,
for two sowing periods, the maximum seed germination
rate was obtained in 2023 using the Maxim XL fungi-
cide - 88.8%.In 2024, it was only slightly inferior to the
drug Vencedor (by 2.7%). Vencedor seed treater in 2023
had only 1.2% lower indicators than Maxim XL. The
same high rates were obtained when using the Avicen-
na fungicide: in 2023 - 85.0%, in 2024 - 73.8%. Thus,
these three drugs: Maxim XL, Vencedor, and Avicenna
were most effective at low temperatures. In contrast to
these drugs, the use of fungicides Bastion and Fever led
to a significant decrease in field germination of seeds of
the Onio hybrid. Thus, the germination rate when using
bastion fell in 2023 to 60.0%, and in 2024 - to 51.3%.
Almost the same results were obtained with Fever -
67.5% and 55.0%, respectively. These drugs negatively
affected the germination of corn at low temperatures.

The wet conditions of the study years (2023 with
a wet spring, and 2024 with an extremely dry spring)

did not significantly affect the identified patterns of
dependence of the drugs used on the field germina-
tion of corn seeds at low temperatures. A similar graph
(Fig. 2) was also represented for line B 831. The results
obtained indicate that the line was significantly more
vulnerable to low temperatures than the hybrid. These
data indicate that early sowing of corn lines, without
conditions for normal seed germination, is impractical.
The maximum difference between field and laboratory
seed germination of line B 831 was 57.7% (when us-
ing Bastion in 2023), and the minimum difference was
22.7% (when using Vencedor in 2023). Regarding drugs,
there is the same dependence as in the hybrid. The
greatest decrease in field germination over the years
of research was observed with the use of Bastion and
Fever seed treaters.Just as in the case of the hybrid, the
slightest decrease in field germination at low temper-
atures was observed with the use of such fungicides as
Vencedor, Avicenna, and Maxim XL.
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Figure 2. Seed germination of the corn line B 831 on average over two early sowing periods

Source: compiled by the authors

The use of Bastion and Fever preparations caused
a decrease in resistance to low temperatures. But this
does not mean that Bastion and Fever are unsuitable
for treating corn seeds. This only indicates that it is
better not to use these drugs when sowing at an early

stage. Laboratory tests (Table 1) showed that the seeds
treated with them have the same germination energy
and laboratory germination as other preparations. It
can be assumed that Bastion and Fever will contrib-
ute to better germination compared to other drugs at

Scientific Horizons, 2025, Vol. 28, No. 8



26

Influence of corn seed treaters on field germination at low temperatures

higher temperatures. This assumption can be made
based on the fact that the orientation of physiologi-
cal and biochemical processes that increase the cold
resistance of plants is reversed by the processes of in-
tensive growth. If the preparations that are received for
use in crop production are accompanied by more de-
tailed information about the effect on the plant under
various conditions, this will significantly increase the
effectiveness of their use.

The use of fungicides becomes particularly impor-
tant in conditions of the return of low temperatures,
when seedlings are under stress, weakened, and de-
layed in growth. According to Yu. Kolupaev et al. (2023),
changes in temperature lead to stress responses of the
plant body: damage to proteins, lipids, and nucleic ac-
ids. It is likely that low temperatures affect not only the
activity of the preparation, but also the reaction of the
plant to this substance. Fungicidal seed treaters have a
detrimental effect on the pathogen and have a different
mechanism of action: blocking the activity of enzymes,
violation of respiratory phosphorylation, destruction of
cellular structures, etc. Such an active effect of the drug
cannot but affect the plant itself.

Chemical preparations, getting into the plant’s
body, can change the course of biochemical processes,
and thereby lead to a change in a certain desired trait.
However, this correction of metabolism can automati-
cally lead to more or less significant changes in other
signs. Thus, preparations for seed treatment can affect
some important signs, which happened in this experi-
ment. Other researchers also observe the indirect effect
of chemical preparations on economically important
characteristics of cultivated plants (Sobchenko, 2019;
Bilousova et al, 2020). The active ingredients of the
preparations Vencedor and Avicenna helped to increase
the resistance of plants to low temperatures, and the
metabolic processes of resistance and active growth
are multidirectional. Based on this, bastion and fever
preparations probably assume that they will have the
advantage at optimal temperatures - to promote more
active initial plant development. The decrease in field
germination of corn seeds when using bastion and fever
seed treaters can be caused both by the loss of activity
of the drug due to low temperatures, and by a possible
indirect effect. This issue requires further research.

Thus, research has shown that drugs, in addition to
their direct action, can affect the course of other im-
portant physiological processes in plants. O. Dermen-
ko (2024) held a similar conclusion. The researcher not-
ed that the fungicidal preparation Avicenna Plus can
improve the general condition of winter wheat plants,
increase winter hardiness, and stimulate the natural re-
sistance of plants. The researcher did not specify how
winter hardiness increases, whether due to direct or in-
direct action. G. Peng et al. (2020) conducted research
on a similar topic related to seed treaters. When treat-
ing rapeseed with Fluopyram, they observed not only
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the restriction of plant infection, but also the activation
of PR proteins. They are specific plant proteins that are
synthesised in response to stressful conditions, in par-
ticular, low temperatures. This allowed researchers to
assume that this drug will be useful in changing weath-
er conditions that delay seed germination. Current re-
search also concerns the effect of seed treaters on the
state of plants when weather conditions change. But in
this case, the studies were conducted purposefully at
low temperatures, by provocative sowing at the earliest
possible time, and with various fungicidal preparations.
This helped to identify the most effective fungicides.
Among them were: Vencedor, Avicenna, and Maxim XL.
The relationship between weather, diseases, and
seed treaters was considered by R. Semaskiené et
al. (2025). The researchers emphasise that unstable
weather conditions contribute to the spread of diseas-
es. In addition, they emphasise the need to be extreme-
ly careful when choosing fungicides so as not to cause
resistance of pathogens to them. Special attention was
paid to the need to develop appropriate technological
measures to the conditions of environmental change.
It was this approach that guided the authors in con-
ducting their research. According to the authors, this
will raise the technology of growing agricultural crops
to a new level. Unlike the study by R. Semaskiené et
al. (2025), current experiments without assumptions
have established a close relationship between seed
treater activity, plant response, and weather conditions.
The example of a hybrid and a corn line shows the dif-
ferent reaction of plants to seed treaters at low temper-
atures. Such knowledge is of great practical importance
due to the fact that it allows using the line of mordants
most effectively to ensure maximum economic effect.

CONCLUSIONS

Fungicides, depending on weather conditions, can af-
fect seed germination in different ways. In the condi-
tions of early spring, when there is a high probability
of the return of cold weather, preparations should be
used for pickling corn seeds, which in these conditions
would help to increase field germination. Among the
studied drugs, these are Vencedor, Avicenna, and Max-
im XL. At low temperatures of early sowing periods,
the field germination rate of seeds for the Onio corn
hybrid varied depending on the year for the prepara-
tion: Vencedor 76.5-83.8%; Avicenna 73.8-85.0%; Max-
im XL 68.8-85.0%. Under the same conditions, a sig-
nificant decrease in germination was observed when
using Bastion and Fever seed treaters: 51.3-60.0% and
55.0-67.5%, respectively. This indicates that in the
conditions of waiting for a decrease in temperature,
it is necessary to refrain from using Bastion and Fever
preparations, but this does not mean that they should
not be used in other weather conditions.

The value of the chosen method of conducting re-
search in the field using a provocative background is




emphasised, which helped to obtain results as close
as possible to real ones. Similar studies have the pros-
pect of conducting with all preparations that are used
in crop production, and not only for the reaction to
low temperatures, but also for other negative factors
for plants. This will allow using the potential of both
drugs and plants more effectively. The results obtained
in the course of research have shown that detailed in-
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under the influence of the preparations under various
hydrothermal conditions.
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AHoTauif. AKTyanbHICTb pob0TH NONAra€E y BCTAHOB/IEHHI 3B’A3KY MK HU3bKMMUK TeMNepaTypamu, NPOTPYyMHUKaMu
i poCc/IMHaMK, a TakoX B pO3pobLi TEXHOMONYHMX 3aXO0AIB NiABULLEHHS PE3UCTEHTHOCTI POC/MH 4O MOX/IMBUX
BECHSAHWMX NPUMOPO3KiB. BianosiaHO A0 LbOro, MeTo pob0TM Byn0 BUSHAYEHHS BNAUBY QYHFiLMAHMX NPOTPYAHUKIB
Ha 34aTHICTb MPOPOCTKIB KYKYPYA3M NPOTULIATU HU3bKOTEMMNEPATYPHOMY CTpecy. [N npoBeaeHHs OOCHigKeHb 3
BCTAHOBNEHHS peakLuii poCAnH KyKYpYA3M Ha NPOTPYMHUKKM YHriumaHoi aii (BeHuenop, AsiueHHa, Makcum XL,
BacTioH i ®MeBep) 3a YMOB HM3bKMX TEMMNEPATYp BMKOPUCTOBYBaNM K N1abOpaToOpHUiA, Tak i NonboBMiA MeTod. B
YMOBax ONTUManbHUX TeMMnepaTyp nabopaTopHUx focnigxeHb 06pobka BciMa npenapaTtaMu He BNMBaNa HEraTMBHO
Ha eHeprito NPoOpOCTaHHSA i N1abopaTOpHY CXOXIiCTb HACiHHA ribpuay Kykypyasu OHio i niHii B 831. BctaHoBneHo,
O He3BaXarun Ha OJHAKOBI BUCOKi pe3ynbTaT N1abopaTOpHOi CXOXOCTI HACIHHA KYKYpyA3Mu, MOMbOBa CXOXICTb
Ha NpOBOKALiIMHOMY HU3bKOTEMNEPATYPHOMY (GOHI HaApaHHIX CTPOKIB CiBOW B pe3ynbTaTi BUKOPUCTAHHS Pi3HUX
NPOTPYMHUKIB CUNBbHO Pi3HUNACh. Y Pi3Hi 32 3BOMIOXKEHHSM POKM 33 YMOB HU3bKMX TEMNEPATYP A1 NPOPOCTaHHA
BMCOKi MOKa3HMKM CXOXOCTI BiAMiYeHi Npu BUKOPUCTaHHI QYHriuMAHWX NpoTpytoBayis BeHuepop, ABiueHHa
i Makeum XL (Ha piBHi 70-90 %). 3Ha4YHO HMXYi pe3ynbTaTW MOMbOBOI CXOXOCTI OTPUMAHI NMPU BUKOPUCTAHHSA
npenapaTie bactioH i M®eBep - 45-60 %. TakMM YMHOM, 33 YMOB PaHHbOI CiBOM, a TaKOX BPAxXOBYKUM PU3MK
NMOBEPHEHHS BECHSHMX XONOAIB AOLiNbHILlE BUKOPUCTOBYBATU NpoTpytoBadi BeHuenop, AsiueHHa i Makcum XL.
Pe3ynbTatM pnaHoi poboTM CBig4aTb MpPO HEOOXiAHICTb MpOBELEHHS OpUriHAaTOpaMu MNecTMUMAiB i HAyKOBO-
[OCNiAHUMM YCTaHOBAMM BiNbl AeTasbHOrO BUBYEHHS peakLlii poC/IMH Ha npenapaTty 3a Pi3HMUX NOroAHUX YMOB i
MatoTb NPaKTUYHe 3HaYEeHHS Y BUPOOHMLUTBI N5 Binb edeKTMBHOro BUKOPUCTaHHS Npenaparis
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following methods were employed: field, in situ, laboratory-analytical chemical and biochemical, morphometric,
statistical, ML-modelling.With a high probability,the increase in GM was caused by an additive increase in NIN,NEH,
and a simultaneous decrease in in situ PA, in a way that mediated the effect of in situ PA on GM by the listed forms
of N. Statistically less valid was the mediation of the effect of the ratio of NEH to NIN on GM through in situ PA with
possibly mutually complementary predispositions of N forms, which, however, provided the basis for substantiating
the simultaneous mutually opposite determination of GM by these N forms and in situ PA. It is plausible that CLH
and in vitro UA were not involved in the development of GM under these experimental conditions, but it is possible
that the latter of these variables may have a more significant effect on the variation of the former than vice versa.
Studies in this vein will develop a discourse of theoretical predictions regarding the improvement of the structure
of soil quality indices towards revealing aspects of the laws of promoting the balance between the characteristics
of agro-ecosystem services, considering the chemical and biochemical properties of N and C turnover in the soil,
and crop bioproductivity necessary for the development of sustainable agriculture

Keywords: available forms of nitrogen in soil; labile humus carbon; proteolytic and urease activity of soil; winter

wheat grain weight; exploratory factor analysis; systems of simultaneous equations; causal determinants

INTRODUCTION
Nitrogen (N) is a key element for primary produc-
tion (PP) and soil organic matter (SOM) stabilisation
in agroecosystems. Microbial activity (MA) of the soil,
especially the enzymatic activity (EA) of N-mineralising
enzymes (NMEs), is essential for the release of bioavail-
able N (BAN) from soil organic matter (OM) (Daunoras et
al., 2024; Wang et al., 2024). According to N. Fierer et
al.(2021),EAis a significant indicator of soil quality and
health, characterising its ecological functions and eco-
system services to support bioproductivity. As noted by
J.Lehmann et al.(2020), the analysis of NME variations is
significant for assessing soil health and understanding
crop production. However, a series of obstacles, such as
interactions between soil components, asynchrony of
N (Zhu et al., 2025), etc., complicate the interpretation
of changes in EA, N-forms, which also complicates the
identification of the relative significance and causality
of EA(NME) - BAN - bioproductivity.

Understanding the complex causal relationships
between agro-technological interventions, soil char-
acteristics, and crop productivity is key to the devel-
opment of sustainable agriculture. The literature has
identified two principal ways in which such links can be
established. The first (i) involves the direct or indirect
impact of agricultural technologies on soil EA, which
leads to changes in SOM and nutrient release, which
ultimately affect yields (Hassan et al., 2022). The second
(i1) focuses on the modification of substrates (S)/inter-
mediates/products by agricultural technologies, which
causes changes in EA, which subsequently affect nutri-
ent accumulation, with a possible positive feedback ef-
fect and impact on yield (Tian et al., 2020). The follow-
ing literature review details studies that confirmed and
extended these general models by considering the im-
pact of individual factors and processes on EA, N-forms,
and the interdependencies between them.

In this context, it is essential to note that S avail-
ability and nutrient limitation (LIM) are crucial factors
in the regulation of NME and C- and P-metabolism

enzymes. The principles of soil ecology and biochem-
istry expand the understanding of the interdepend-
encies between EA and S, nutrients-LIM. Specifically,
X.Tan et al. (2021) argued that eco-EA (EEA) of C, N,
P cycles, and EE-stoichiometry (EES) depend on the
state, nutrient-stoichiometry, relative LIM/availability
of microbial resources, soil microbial properties, and
environmental conditions. According to the theory of
resource allocation, microorganisms can release exo-
enzymes (increase in EEA) in response to C, N+, P-LIM
to produce LIM nutrients (negative nutrient-efficien-
cy relationships — EEA). However, there may also be
an increase in EEA with the addition of S or no clear
relationship. The significance of regulating NME and
other enzymes is also conditioned by the fact that
the uptake of bioavailable N (BAN) by crops is mainly
from the soil, particularly from the turnover of SOM
and soil organic nitrogen (SON) (Yan et al., 2020).
Therefore, the values of the balance sizes of the N,
Ng,, € pools, potentially affecting GM, can be prede-
termined (regulated) by EA (NME). At the same time,
these pools may well be involved in the regulation of
isPA, ivUA (feedback loop).

Admittedly, earlier studies by Q. Ma et al. (2020),
B. Adamczyk (2021), revealed that soil PA is a crucial
LIM factor in mineralisation and N availability, although
L. Greenfield et al. (2020) suggested that the rate of pro-
tein supply may have a greater influence on differences
in N turnover. PA regulation is a complex process that is
influenced by a variety of abiotic and biotic factors, such
as NPP, NO;™ concentration, C:N, and soil height and
depth. T.Jesmin et al. (2021) noted a NH,"/NO, -repres-
sive effect on PA, but suggested a stimulating effect of
organic C; N-compounds of plant residues on this NME.
Since the SON dynamics, which is determined by SOM
and MBC via MA (EA), is vital for the accumulation of
mineralised S, it is natural that MBC and initial SOM di-
rectly and indirectly through PA and glutaminase affect
the SON dynamics.
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The mutual regulation between nutrient pools
and UA is less understood. Overall, nutrient availa-
bility (NH,*, SOM, SON), C:N are crucial regulators of
UA, where NH,*-sensitivity may vary between distinct
groups of bacteria (Chettri et al., 2021). K. Ampong et
al. (2022) also showed that the effect of humic acids
on soil UA can be different and depends on their type,
origin, and can be modulated by MB, C:N, nitrification/
denitrification. UA can be induced by the presence of N
and OM but inhibited by high concentrations of NH," as
the only N source. Further mineralisation processes are
also subject to complex regulation involving S/inter-
mediates/reaction products. The key factors controlling
the mineralisation rate are the quantity and quality of
detritus and natural fertilisers. Furthermore, C:N in SOM
plays a significant role in determining the mineralisa-
tion/immobilisation balance (Dalias & Christou, 2022).
However, Y. Cao et al. (2021) argued that the key role
in regulating the response of microbial N immobilisa-
tion to OC addition belongs to the characteristics of its
chemical quality, which is determined by the ratios of
labile, intermediate, and recalcitrant pools.

Nitrification, as one of the final stages of complete
N-mineralisation, is also characterised by complex
regulation. NH,* is S for nitrifying bacteria and there-
fore accelerates nitrification. On the other hand, high
C:N can lead to competition for N among microorgan-
isms, decelerating nitrification. The NH,*requirement of
plants can also affect the rate of nitrification, as plants
are the primary consumers of mineral N. O, is essential
for aerobic nitrifying bacteria and therefore stimulates
nitrification while inhibiting anaerobic denitrification.
Analysing the relationships between denitrification
and readily available SOC (energy source), O,and NO,7/
mineral N in soil, B. Pan et al. (2022) found that the
latter contributed to increased N, emissions. The ra-
tio of N,O/(N,0 +N,) increased with increasing soil O,
but decreased with SOC, C:N, and soil pH. Therewith,
G.P. Robertson and PM. Groffman (2024) argued that
with sufficient SOC and O, deficiency, NO,~ concentra-
tion can become a LIM factor in denitrification. Global
studies (structure equation modelling, SEM) conducted
by Z. Li et al. (2020) showed that total nitrogen (TN)
and microbial nitrogen (MBN) are positively correlated
with nitrification, which is also related to SOM content.
An increase in C-LIM (especially microbial) and a de-
crease in N-LIM (leading to an increase in SON) can
stimulate both N-mineralisation and nitrification.

Thus, there is a complex network of interactions/
interregulations and causality between biological and
chemical factors that control N cycling in soil, including
nutrient availability, EA, OM. Mineralisation, nitrifica-
tion/denitrification are regulated by various biotic and
abiotic factors, including C:N, O,, MB. Understanding
these relationships is key to assessing the influence of
agroecosystems on soil productivity and stability. The
purpose of this study was to determine the stochastic
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(inter)coordination and causal relationships between
the soil traits Ny, Ng,,, C,,, isPA, ivUA and GM of winter
wheat under ESFS conditions.

MATERIALS AND METHODS

The study described in this publication was conduct-
ed in 2021-2022 on grey forest surface-gleyed sandy-
loam soil under winter wheat (Triticum aestivum L.) of
the Benefis variety (stationary experiment to investi-
gate the scientific basis of productivity management
of short-term crop rotations in the Carpathian region;
Institute of Agriculture of the Carpathian Region of the
National Academy of Agrarian Sciences of Ukraine). The
experimental microplots (area =1 m?; replication = 3)
were arranged systematically; the distance between
them was 0.5 m. Before setting up the experiment,
the key physicochemical and agrochemical param-
eters of the soil were determined (depth 0-30 cm):
pH =4.78-4.92, hydrolytic acidity (according to Kap-
pen) 23.83-24.61 mg-eq kg of the soil, the content of
the easily hydrolysed nitrogen (Ng,; according to Korn-
field) 86.22-91.32 mg kg of the soil, available phos-
phorus, available potassium (according to Kirsanov; ex-
traction with 0.2 M HCl) - 105.11-113.04 mg kg* of the
soil and 84.03-90.17 mg kg* of the soil, respectively, the
carbon (C) content of total humus (according to Tyurin) -
1.91-1.96%. All experimental variants (ecologically safe
technologies) were divided into 2 groups (each with
its own control), depending on the applied precursor:
i) variants of group A (A-1-A-7); the precursor was pea
(Pisum sativum L.); ii) variants of group B (B-1-B-7); the
precursor was fodder bean (Vicia faba L. var. major Harz).
The layout of the typical agrotechnical and ecological-
ly safe factors in the listed variants 1-7 of groups A, B
was the same, and was as follows: A-1) control (no min-
eral or organic fertilisers or ecologically safe factors
were used; the precursor was pea); A-2) FPS (field pea
straw); A-3) FPS + RMF (recommended rate of mineral
fertilisers — NgoP, Ky, A-4) FPS+RMF +BS (biostimulant
“Millerplex”); A-5) FPS + RMF +BS + HF (humic fertiliser
“Blacklak”); A-6) FPS + RMF + CF (chelated fertiliser of
the “Rozalik” range); A-7) FPS + HMF (high rate of min-
eral fertilisers — N, ;,P,,0K,50) + HF; B-1) control (mineral
or organic fertilisers or the ecologically safe factors
were absent; precursor - fodder beans); B-2) FBS (fod-
der beans straw); B-3) FBS + RMF (recommended rate
of mineral fertilisers — NgoPyKsp ; B-4) FBS + RMF +BS
(biostimulant “Millerplex”); B-5) FBS + RMF + BS + HF
(humic fertiliser “Blacklak™); B-6) FBS + RMF + CF (che-
lated fertiliser of the “Rozalik” range); B-7) FBS + HMF
(high rate of mineral fertilisers = N;¢,P;,0K;50) + HF. A
brief description, methods, and time of application of
the commercial preparations used in the study - com-
ponents of the ecologically safe factors (bioeffectors),
are presented below.

The biostimulant (BS) “Millerplex”. Treatment of
plants twice during the spring-summer vegetation in




the phase of spring tillering, tubing at 0.5 L ha. Con-
tains natural cytokinins from 3 plant sources, which
have enhancing properties for the hormonal regula-
tion of growth of winter cereals at the cellular level,
particularly under stressful conditions. Composition of
the preparation: N amide - 3.0%, P,O. - 3%, K,0 - 30%,
algae extract (Ascophyllum nodosum); pH - 6.0-6.5; ad-
ditionally, amino acids, specific carbohydrates (improve
the immune system of plants), trace elements (Cu, Fe,
Mn, Mg, Zn, B, Co) in chelated form. Built-in adjuvant
system for maximum penetration and translocation of
biological components into plants. The humic fertiliser
(HF) “Blacklak”. Spraying on the surface of the root zone
twice during the spring-summer growing season in the
phases of spring tillering and tubing at 1.0 L ha*. Has
a prominent biostimulant effectiveness; apart from hu-
mic and fulvic acids, it contains ulmic acids and humin
(the most active in plants). Composition: humic acids -
19-21%, fulvic acids - 3-5%, total organic matter -
27-30%; pH - 3.5-5.0. The product is effective both for
plants and is most useful in the soil. The chelated fer-
tiliser (CF) of the “Rozalik” range (Zn, P, N, S). Treatment
of plants twice during the spring-summer growing sea-
son in the phases of spring tillering, tubing at 2.0 L ha.
Composition: N amide - 3%, P,O; - 19%, SO, - 53%, Zn
in the Zn-EDTA form - 5.9%.

The dynamics of synoptic conditions during the au-
tumn of 2020 and the growing seasons of 2021-2022
was characterised by a combination of the following
properties: i) the winter and spring-summer intervals
of 2020-2021 and 2021-2022 differed in terms of pre-
cipitation (Pl); in the winter-summer period of 2021,
Pl was 473.6 mm, while in 2022 it was 318.3 mm
(average long-term Pl values were 458.0 mm); more
than half of these precipitations occurred in the win-
ter-spring interval; ii) in 2022 there was a slight lack
of moisture during March, May-June, which, however,
did not affect biological processes in the soil, plant
development, and their final productivity; /ii) during
the entire time interval of the study, the temperature
regime of the soil and atmospheric air was predom-
inantly favourable for biological processes in the
substrate, for the growth and development of winter
wheat; overall, the average monthly temperatures
were comparable during the spring and summer pe-
riods of 2021 and 2022; the exception was July, when
the air temperature was 4.7°C greater than the long-
term average. Thus, meteorological conditions during
the autumn-winter and spring-summer growing sea-
sons of the above years were generally satisfactory for
biological processes in the soil and the development
of winter wheat bioproductivity.

After the onset of the ontogenetic stages of
spring tillering and wax ripeness (~75% of plants
in one of these stages), soil samples were collect-
ed (depth 0-30 cm; row spacing - bulk soil) from ex-
perimental variants A-1-A-7, B-1-B-7, and prepared
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for in vitro testing of the soil traits described in this
study (DSTU ISO 11464-2001, 2003). The content of
N-NO,” was determined potentiometrically according
to DSTU 4725:2007 (2008), N-NH,* - using Nessler’s re-
agent (DSTU 4729:2007, 2008); the total content of the
2 listed forms of nitrogen in the soil was denoted as
inorganic nitrogen N, =N-NO; +N-NH,". The content of
easily hydrolysed nitrogen (N, according to Kornfield)
was measured according to DSTU 7863:2015 (2016),
the content of carbon of labile humus (C,,, soluble in
0.2 M NaOH) was measured according to the Tyurin
method - DSTU 4732:2007 (2008). N\, N:H, C,,, were
calculated at mg kg™ of air-dried soil. To prepare the
Nessler's reagent, the study used the corresponding
procedure presented in S. Abdelwahed et al. (2021),
which the authors of the present study modified as fol-
lows: 45.50 g of Hgl, “CHDA” (Chemlaborreactor LLC)
was mixed with 35.00 g of KJ “CHDA” (Sphere Seven
LLC), 50.00 ml of double-distilled water was added, and
gradually stirred in 112.00 g of cold KOH “CHDA” (Sphere
Seven LLC) + double-distilled water until the compo-
nents were completely dissolved; stirring and cooling,
the volume was gradually brought to 800.00 ml, and
then to 1.00 L; left in the dark for ~72 h. The result-
ing reagent was filtered (ashless filter “Blue Ribbon”);
therewith, the neck of the funnel contained glass wool,
previously washed with dilute solutions of HCL, distilled
water, and double-distilled water.

To determine the in vitro urease activity (urease,
urea aminohydrolase, EC 3.5.1.5) in soil (ivUA) (0-30 cm;
row spacing - bulk soil), the study employed typical ap-
proaches for testing this activity in soils, plant seeds,
microorganisms, specifically, soil treatment with tolu-
ene (Cheng et al.,, 2020; Tahir et al.,, 2023), a reaction
mixture based on 0.2-0.5 M phosphate-buffered saline
(PBS) with pH=7.0, incubation temperature 30-38°C, in-
cubation time 24 h (Zusfahair et al., 2021; Magomya et
al., 2022), photometric measurement of NH," concen-
tration with Nessler’s reagent at A=400 nm (Nathan et
al., 2020). Briefly, ~5.00 g of air-dry soil, 10.00 ml of PBS
(pH 6.7), 0.50 ml of toluene, 10.00 ml of 10.00% urea
solution were added to an Erlenmeyer flask, sealed
with cork stoppers, incubated at 30°C for 24 h; after
incubation, 15.00 ml of 1 M KCl solution were added
(reaction stop + NH," displacement); the contents of the
tube were centrifuged at 3 x 10°rpm; an aliquot of the
supernatant was significantly diluted with double-dis-
tilled water in analytical tubes, and a solution of K,
Na-tartrate was added (the last 2 steps were performed
in such a way as to leave room only for the Nessler
reagent); 5-10 min after the addition of Nessler’s re-
agent, the extinction of the solution was measured at
A =400 nm using an electrophotocolourimeter CFC-2.
The value of ivVUA was calculated in mg NH," kg™ of
air-dried soil hour™. The toluene, urea, K, Na-tartrate
used in this method were of AR grade (Sphere Seven
LLC), the phosphate components of PBS, KClL were of
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chemically pure grade (Sphere Seven LLC); all solutions
were prepared with double-distilled water.

To determine the in situ proteolytic activity (isPA)
in the field using the method of Mishustin, Nikitin, and
Vostrov (described by Khaziev) (Dubytska et al., 2022), a
gelatine-containing coating of medical X-ray film was
used as a substrate. The film was placed vertically in
the soil (up to 30 cm deep from the bottom edge; row
spacing) and left for 4-8 days, pressed down from the
sides (so that the middle of this time interval was ap-
proximately at the beginning of the onset of the on-
togenesis phases of spring tillering and wax ripeness,
i.e., ~75% of plants in one of these phases). After the
film was excavated, it was placed in chilled plastic con-
tainers and transported to the laboratory. Before and
after excavation, the film was weighed on a Radwag
AS 220/R2 analytical balance (Poland) (¥0.0001 g);
before weighing the film with the already fermented
gelatine-containing coating, the substrate carrier was
lightly washed from the soil with a moderate stream
of tap water and then air-dried for several hours. The
isPA was calculated as the ratio of the film weight after
and before application, expressed as %%. All the above
measurements were performed in 3 analytical (or “field”
for isPA) parallels, and in 3 replicates (n=6). The ob-
tained individual data for each indicator in the ontoge-
netic phases of spring tillering and wax ripeness were
averaged among themselves for the spring and summer
vegetation in 2021 or 2022.Thus, sets of averaged indi-
vidual data (n=6) were obtained for the corresponding
periods of plant development for years 1 and 2.

In grassroots approaches, such as genetic studies, at
least 8-10 random or representative plants per plot or
replication are sufficient to record ear productivity of ag-
ricultural cereal plants, specifically, grain weight per ear,
etc. (Zhai et al, 2020). In the present study, after the full
grain ripeness stage (~75% of plants), 6 ears of grain were
selected from productive shoots of winter wheat plants
per replication, and in 3 replications (n=18) to estimate
the grain weight per plant. Grain weight was measured
on an analytical balance (¥0.0001 g) (Radwag AS 220/
R2, Poland). Grain mass per sown area (GM, kg m of the
sowing area) was calculated as the product of grain mass
per plant and the number of productive shoots per m2
The final values of each soil and plant trait for the 2 years
of research were obtained by averaging the correspond-
ing values (for n = 6 or n = 18; year 1, year 2) for the
spring-summer growing season in 2021 and 2022.

The assessment of statistical validity p of pairwise
differences between the numerical sizes of the analysed
indicators in experimental variants A-1-A-7, B-1-B-7
was assessed using the Student’s t-test calculated as
described by S. Brown et al. (2020); the appraisal of sta-
tistical soundness p of differences between the data in
the groups of experimental variants A-1-A-7, B-1-B-7,
and in the combined category A-1-B-7 were performed
using ANOVA; the grades listed were executed in Mi-
crosoft Office Excel 14.0.7128.5000. The indicated

Scientific Horizons, 2025, Vol. 28, No. 8

differences were considered significant if p<0.05. The
construction and analysis of the full form of the general
linear model (GLM) and its not full form (without fac-
tor(s)) for the dependence of GM on the continuous pre-
dictors (covariates - random effects of variation N, Ng,,
C..,isPA,ivUA), categorical variable (factor - fixed effects
of variation caused by experimental variants A-1-A-7,
B-1-B-7) were performed on non-standardised indi-
vidual (the continuous predictors) and neighbourhood
averages (the categorical variable) in the experimental
variation series of each experimental variant using Sta-
tistica Version 10 (StatSoft Inc). The corresponding data
were presented only for the not full form of GLM. The
Pearson product-moment correlation coefficient (PMC;
based on the arithmetic means of each experimental
variant), the corresponding p values, exploratory factor
analysis (EFA) with dependent variable (GM) for 6 and
2 factors (based on the standardised means for each
experimental variant; extraction - principal component
analysis (PCA); rotation - varimax normalised) were
calculated in the same software package. For the above
methods of factor extraction and rotation, the study
employed the options built into Statistica Version 10
(StatSoft Inc.) (specifically, Statistics — Multivariate ex-
ploratory techniques — Factor analysis — Variable se-
lection — ... - Advanced — Extracting method: Princi-
pal component analysis — ... —» Factor rotation: Varimax
normalised). To obtain a variation series of 6 individual
GM data per experimental variant, in the original varia-
tion series of 18 individual GM data per variant, each 3
neighbouring individual data were averaged.

The results of the EFA (2 factors) served as the ba-
sis for a preliminary prediction of potential causal rela-
tionships between the variables under study. For a more
detailed assessment of the hypothesised causal rela-
tionships between predictors and response functions,
simultaneous equations models (Egs.), designated as
SIEMs (from non-standardised averages for each trial)
in the GNU Regression, Econometrics and Time-series
Library package (GRETL 2021b; a free Unix-like operat-
ing system developed by the GNU Project); only recur-
sive SIEMs among them were selected for the catego-
ries of resulting SIEMs. Since the 3-stage least squares
(3SLS) approach to SIEMs was found to be heterosce-
dastic in some cases (the Breusch-Pagan test), the au-
thors of the present study employed the weighted least
squares (WLS) method (i.e., essentially, the weighted
two-stage least squares W2SLS method) with itera-
tive estimation. Additionally, in the case of 3SLS mod-
els, significant over-identification (the Hansen-Sargan
test) was demonstrated several times. For the final
SIEMs, the 2-stage least squares (2SLS) method pro-
vided mostly almost the same estimates as WLS, but
the latter approach was still more reliable. Only the
estimates built into GRETL 2021b were used as typical
estimates of the statistical effectiveness of SIEMs. The
values of Fisher’s Criterion (FC) and their statistical va-
lidity for each Eq. in SIEMs were estimated in Microsoft




Office Excel 14.0.7128.5000 according to D.M. Levine et
al.(2021). During the theoretical analysis, it became nec-
essary to combine 2 Egs. with semantic and mathemat-
ical mutual inverse causality within one system (e.g.,
C. = IVUA, ivUA - C,). The analysis of such SIEM us-
ing seemingly unrelated regressions (SUR), 2SLS, 3SLS,
WLS approaches did not reveal any successful variance
models. In this regard, two types of independent Egs.
were found (C,, = ivUA; ivUA — C,)) using the Ordinary
Least Squares (OLS) method (OLM) in GRETL 2021b. In
addition, combining the last of the listed types of Egs.
into a single model within the assumed “subordination”
using the 4 methods listed above did not lead to the
formation of valid SIEMs. Therefore, the independent
Egs. derived by OLM were fully analysed (including
FC) in GRETL 2021b and left for further interpretation.
The study followed the standards of the Convention on
Biological Diversity (1992) and the Convention on Trade
in Endangered Species of Wild Fauna and Flora (1979).

RESULTS

The study found that under the conditions of the en-
vironmentally safe technologies in the soil of variants

NIN, mg kg-1 of soil ¢ 112.05

31.6
28.53 $
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of groups A (A-2-A-7) and B (B-2-B-7),there was a sig-
nificant (p < 0.001-0.05) increase in the content of N,
by 8.93-64.36%, 5.37-86.19%, relative to the control
variants A-1, B-1, respectively (Fig. 1, a). Analogously,
statistically significant (p<0.001) increases in N, con-
tent in the variants of groups A-2-A-7 and B-3-B-7,
compared to the indicated controls,were 5.86-34.59%,
21.26-29.50%, respectively. In the case of B-2, the last
of the listed indicators did not undergo statistically
significant changes (p > 0.01), compared to B-1. The
values of both of the listed agrochemical features of
soil N-state were statistically significantly (p <0.001)
greater by 23.68-76.69% (for N,), 21.06-29.49% (for
Ng,) under the conditions of the ecologically safe
technologies A-3-A-7, B-3-B-7 vs. A-2, B-2, respec-
tively (Fig. 1, a). Furthermore, in the variants A-2-A-7,
B-2-B-7, there was an increase in the level of C,
by 5.73-39.17%, 7.93-41.38% (p < 0.001-0.01), rela-
tive to A-1, B-1, respectively (Fig. 1, b); in addition,
the ecologically safe technologies A-3-A-7, B-3-B-7
caused an increase in the size of this indicator by
3.92-31.63%, 4.15-30.99% (p <0.001-0.05) compared
to A-2, B-2, respectively.
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Figure 1. Variability of inorganic nitrogen

(N, easily hydrolysable nitrogen (Ng,) (a)

and C of labile humus (C,,) (b) in the soil under winter wheat under the research variants

Note: A-1, B-1 - the controls of variant groups A, B with pea and fodder beans as precursors, respectively; A-2-A-7

or B-2-B-7 - the ecologically safe technologies of variant groups A or B, respectively;, column height in the

diagram = arithmetic mean (mean, M; n=6; data averaged by ontogenetic stages spring tillering, wax ripeness, and
*standard error (SE, m); numbers next to the levels of M*m
corresponding means; $ or 2 - the statistical validity of differences between the study variants A-2-A-7 and A-1 or

for 2021-2022), error bars =

- numerical values of the

B-2-B-7and B-1 - p<0.001-0.05; d, 1 - the statistical reliability of differences between the variants A-3-A-7 and A-2

or B-3-B-7 and B-2 - p<0.001-0.05; the statistical soundness of differences between the data in ANOVA for A-1-A-7,

B-1-B-7 - p<0.001-0.003,A-1-B-7 - p<0.001
Source: developed by the authors of this study
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All the ecologically safe technologies used in var-
iants A-2-A-7, B-2-B-7 caused a statistically signifi-
cant (p <0.001) increase in isPA by 1.50-9.35%, 2.05-
9.40% vs. A-1, B-1 controls, respectively (Fig. 2, a); at
the same time, the increase of the indicated soil EA
under conditions A-3-A-7, B-3-B-7 by 3.40-7.85%,
2.91-7.35% (p 0.001) was found compared to A-2, B-2,

respectively. Additionally, the ecologically safe factors
in variants A-2-A-7, B-2-B-7 caused a statistically sig-
nificant (p <0.001) increase in ivUA by 93.69-404.50%,
120.19-522.12%, relative to controls A-1, B-1, respec-
tively (Fig. 2, b); ivUA increases in A-3-A-7, B-3-B-7
when compared with A-2, B-2, were 74.81-160.47%,
78.78-182.53% (p<0.001), respectively.

isPA, %. 18.55 ivUA, mg NH4+ kg soil-1 < hour-1
25.0 ge o 33.60 32.35
7an 8 14.50 425¢ $d 24 228
0.0 17 29 $a 1659 24 17.09 23.8 22 89 25 26
: $d 13.05 24 325) $d 24
23.38 2255 23.59 20.47
13191 I I 1265° 7 1345 i $ $a 24 '
15.0 24 _ 32 225"
11.69: 9.74 I :
T S I
10.0 7.69E 125
= L
5.0 5
A-1 A-3 A-5 A-7 B-2 B-4 B-6 A-1A-3 A-5 A-7 B-2 B-4 B-6

A-2 A-4 A-6 B-1 B-3 B-5B-7

Variants

d

A-2 A-4 A-6 B-1 B-3 B-5B-7
Variants

b

Figure 2. Changes in the arithmetic averages of in situ proteolytic activity (isPA) (a) and in vitro urease activity (ivUA)

(b) in the soil under winter wheat depending on the research variant
Note: A-1, B-1 - the controls of variant groups A, B with pea and fodder beans as precursors, respectively; A-2-A-7 or
B-2-B-7-theecologically safe technologies of variant groups A or B,respectively; column height in the diagram=arithmetic
mean (mean, M; n=6; data averaged by ontogenetic stages of spring tillering, wax ripeness, and for 2021-2022), error
bars =%standard error (SE, m); numbers next to the levels of M * m - numerical values of the corresponding means; $ or
£ — the statistical reliability of differences between the variants A-2-A-7 and A-1 or B-2-B-7 and B-1 - p<0.001; d, 4 -
the statistical validity of differences between the variants A-3-A-7 and A-2 or B-3-B-7 and B-2 - p<0.001, the statistical
soundness of differences between the data in ANOVA for A-1-A-7,B-1-B-7,A-1-B-7 - p<0.001

Source: developed by the authors of this study

Each of the ecologically safe technologies used in
variants A-2-A-7,B-2-B-7 provided a statistically signif-
icant (p <0.001) increase in GM within 14.29-159.11%,
17.55-163.30%, compared to controls A-1, B-1, respec-

Grain mass (GM), g m-2 of the sowing area

tively (Fig. 3); the ecologically safe factors in variants
A-3-A-7,B-3-B-7 caused the levels of increment of this
indicator by 49.57-126.72%, 50.23-123.98% (p <0.001),
relative to A-2, B-2, respectively.
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Figure 3. Grain mass (GM) per sowing area of winter wheat depending on the research variant

Note: A-1, B-1 - the controls of variant groups A, B with pea and fodder beans as precursors, respectively; A-2-A-7 or
B-2-B-7 - the environmentally safe technologies of variant groups A or B, respectively; “shaded square” symbols - the
arithmetic mean (mean,M; n=18; ontogenetic phase of wax ripeness, averaged data for 2021-2022),error bars=*standard
error (SE, m); numbers next to the “shaded square” symbols - numerical values of the corresponding means; $ or 2 - the
statistical validity of differences between the research options A-2-A-7 and A-1 or B-2-B-7 and B-1 - p<0.001; d, 1 - the
statistical reliability of differences between the variants A-3-A-7 and A-2 or B-3-B-7 and B-2 - p<0.001; the statistical
soundness of differences between the data in ANOVA for A-1-A-7,B-1-B-7,A-1-B-7 - p < 0.001

Source: developed by the authors of this study
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The one-factor (paired) linear correlation analysis
showed the presence of statistically valid (p <0.001-0.05)
medium and close interdependencies between GM and
Ny New Cis iSPA, ivVUA with PMC values of 0.5500-0.9473
(Table 1). Therewith, the PMC values for the mutual sub-
ordinations between the last 5 variables listed were

Stasiv et al.

also significant and statistically reliable (0.6055-0.9441;
p £0.001-0.05). Such results most likely reflect multicollin-
earity within the correlation matrix under study. This sub-
stantially hinders the development of even the conceptual
configuration of the causal relationships between GM and
the N-and G-soil indicators presented here.

Table 1. Estimates of effect sizes, parameters, power, and efficiency for the not full form of GLM dependence of GM
on the studied soil indices and the Pearson product-moment correlation coefficient (PMC) between these traits

GLM (n=6 x 14)

Product-moment correlation coefficient (PMC)

Index Index
Partial n? Parameter B OP (a =0.05) GM N, N, Cu isPA
Intercept 0.5498= 582.202= - 1.0000= - - - - -
Ny 0.1607= 24.273= 1.217= 0.9684 0.9473= - - - -
Ney 0.1285* -4.871= -0.638= 0.9176= 0.9347=  0.9441= - - -
Cy 0.3232= -155.755= -0.711= 1.0000= 0.5500¢ 0.6224 0.6500° - -
isPA 0.0015 -2.358 -0.078 0.0630 0.8607=  0.9608=  0.8965=  0.6055° -
ivUA 0.4019= 10.027= 0.743= 1.0000= 0.7733=  0.7553=  0.8567®=  0.8669=  0.6732°
Separate performance indicators for the not full form of GLM
R? 0.7564
R(Ad)) 0.7408
FC 48.4435
p (GLM) <0.01

Note: GLM - General Linear Model (6 data per variant; 14 variants); f - standardised regression coefficient; OP -
observed power; R% R? (Ad)), FC, p (GLM) - the multiple coefficient of determination, adjusted multiple coefficient of
determination, the Fisher coefficient, and the statistical reliability of the GLM; GM, NIN, NEH, CLH, isPA, ivUA - the grain
mass, the inorganic N, the easily hydrolysed N, the carbon of labile humus, in situ proteolytic activity, the in vitro urease
activity; &, &+, p, ¢ - the statistical validity of p<0.001, p=0.002, p <0.01, p £0.05, respectively

Source: developed by the authors of this study

The authors of this study suggested that for a better
understanding of the systemic principles of the proba-
ble way GM is subordinated to N, Ng,, C,,, iSPA, ivUA, it
may be potentially expedient to generate the full form
of the GLM (data not presented; the reasons for this are
explained below) and/or the not full form of the GLM
(without categorical variable); the results of the latter
analysis are presented in Table 1. On the other hand,
the relevance of this approach is confirmed by the prop-
erties of the structure of the used experimental data,
namely: /) the above-mentioned multicollinearity within
the correlation matrix of the data; /i) the deviation from
the normal distribution of the N, parameter (p for H,
‘there is a deviation from the normal distribution (ND)”
in the case of the Doornik-Hansen, Lilliefors, and Shap-
iro-Wilk W-statistic tests was 0.0130-0.0222; in this sit-
uation, only the Jarque-Bera test revealed p =0.4017).
Notably, logarithmisation of the data exacerbated the
situation with the ND for In(Ng,) and caused deviations
from the ND for Ln(ivUA) (approximately the same as in
the case of the aforementioned mean variable).

In the resulting full form of the GLM (R*= 0.8351,
R?u = 0.7894, p <0.01; data not presented), only the
values of the partial n? for the intercept (=constant=by)

and the categorical variable (effects of variation due
to the experimental variants) were statistically valid
(p<0.001-0.05); the rest of the values of the partial n?
for the independent variables were statistically insig-
nificant (p =0.7162-0.9795). In this form of GLM, the
values of the parameters (regression coefficients by, b))
for the intercept = by and the categorical variable for
options A-1, A-2, A-7, B-1, B-2 were statistically valid
(p <0.001-0.05). Therewith, the statistical significance
of the variability of all the variables under study by
variants was proved earlier using ANOVA (outside the
full form of the GLM) and, on the other hand, the full
form of the GLM was unable to characterise the subor-
dination of GM to the predictors presented herein. The
analysis of the not full form GLM showed significantly
higher values of the partial n? parameter = b, for the
intercept, compared to the partial n? b, for the other
regressors, and at the same time, statistical unreliabil-
ity of the partial n? b, for isPA (Table 1). Clearly, this
means that GM is more dependent on GM properties
than on the regressors, and that GM is not caused by
the variation of isPA. The synergistic effect of N, ivUA,
and the antagonistic effect of Ng,, C, on GM develop-
ment (by the signs of the parameter) are also evident
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(Table 1). Therewith, certain inconsistencies between
the not full form GLM and the correlation matrix of
the data, as well as the lack of opportunities to predict
the mediating effects of predictors, limit the potential
of using this model to establish causality within the
analysed system of variables.

The next step towards predicting causality was to
apply EFA (with GM as the dependent variable) to find
indicators that had the following set of properties: i)
they shared variance with each other and simultane-
ously with GM; /i) their variance was separated from
the unique variance and Jij) from the error variance
(Schreiber, 2021; Watkins, 2021). Furthermore, M.S. Su-
laiman et al. (2021) demonstrated that regression of
variables on the principal components (PCs) or the
rotated PCs (essentially, on the factors in the FA) is
characterised by a lower level of muticollinearity com-
pared to regression of the original data; moreover, R?is
greater in the second case. Thus, EFA can reduce mul-
ticollinearity between variables. For factor extraction
in this study, PCA was employed to reduce the number
of items to a smaller number of representative uncor-
related components and to account for a larger pro-
portion of the variance. Earlier, N. Shrestha (2021) con-
firmed that PCA solutions can lead to the emergence
of items with cross-loadings; the variance of such an
item can be explained by several factors. However, the
authors of the current study considered it possible to

ignore this drawback to achieve the “essentially” de-
sired purpose of EFA here. Based on the theoretical
hypothesis that a simple latent structure should be at
least partially based on uncorrelated measurements,
the factor loadings matrix was orthogonally rotated
using the varimax normalised method. An item was
considered a statistically relevant factor identifier if it
had a loading of 2 0.7 (Watkins, 2021).

The EFA results for the 6 factors (=the number of
all variables) are presented in Table 2. The eigenvalues
(EV) for the factors FA-1-FA-6 were 4.9895, 0.6947,
0.2206, 0.0673, 0.0148, 0.0130, and the correspond-
ing values of the total variance (%) for the eigenval-
ues were 83.16,11.58,3.68,1.12,0.25,0.22. For almost
all variables within FA-1-FA-4, cross-loadings were
found in the range of debatable values ~0.3-~0.6 (Wat-
kins, 2021), and no such loadings were found with val-
ues closer to significant (e.g., 0.60-0.69). As mentioned
above, this may be conditioned by the PCA extraction of
the factors, but it is also possible that it may be caused
by the properties of the original data, specifically, multi-
collinearity between the analysed features (Kyriazos &
Poga, 2023). However, statistically valid loadings occur
only in the case of FA-1 and FA-2. Additionally, the EVs
and total variance values for FA-1-FA-6 indicated the
presence of a “breakpoint” (Schreiber, 2021) immediate-
ly after FA-1 or, at least, after FA-2, while the software
used suggested leaving only FA-1 and FA-2.

Table 2. Loadings of the first six factors (the standardised variables; extraction: PCA; rotation: varimax normalised)

Factor loadings

Variable
FA-1 FA-2 FA-3 FA-4 FA-5 FA-6

GM 0.8062* 0.2590 0.4330 0.3088 0.0018 0.0106
Ny 0.8959* 0.3398 0.2526 0.0861 0.0152 0.1026
I\ 0.7749* 0.3739 0.4967 -0.0054 -0.1140 -0.0043
C 0.2970 0.9453* 0.1288 0.0326 -0.0229 0.0012
isPA 0.9301* 0.3371 0.1034 -0.0664 0.0204 -0.0756
ivUA 0.4059 0.7116* 0.5688 0.0494 0.0536 0.0114
ExplVar. 3.1710 1.8359 0.8489 0.1107 0.0170 0.0165
Prp.Totl. 0.5285 0.3060 0.1415 0.0184 0.0028 0.0027

Note: GM - grain mass (dependent variable); N,, N, C,,, isPA, ivUA - inorganic N, easily hydrolysed N, labile humus
carbon, in situ proteolytic activity, in vitro urease activity (independent variables); FA-1-FA-6 - extracted factors; * -

loadings >0.700000
Source: developed by the authors of this study

Elimination of FA-3 to FA-6 resulted in an increase in
the amount of explained variance and the share of total
variation for FA-1 and FA-2 (Table 3). The insignificant
cross-loadings for FA-1 for the variables C,,,,ivUA and for
FA-2 for the variables GM and N, N, isPA were within
0.2833-0.5148. The authors of this study considered it
expedient not to involve the last of these elements in
the interpretation to preserve the possibility of forming
and explaining simple, meaningful and mathematical
constructs for the desired causal relationships between
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the variables. Even though the ratio between the EVs for
FA-1 and FA-2 (~7.182 > 3) (Schreiber, 2021) was found
to be low (potentially, it may represent a relatively small
part of the total variance, which, while not directly attrib-
utable to the model, can affect the observed estimates
of such a construct in the experimental conditions and
in reality). It is likely that in this case, the subordinations
between the statistically reliable FA-2 items (C,,, ivUA)
are at least partially independent of the key causal rela-
tionships between FA-1 items (GM, Ny, Ng,,, isPA).
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Table 3. Loadings of the first two factors (extraction: PCA; rotation: varimax normalised),
obtained based on the standardised variables

Factor loadings

Variable
FA-1 FA-2

GM 0.9065" 0.3370
Ny 0.9205* 0.3666
Ney, 0.8604" 0.4661
Ciy 0.2833 0.9364"
isPA 0.8975% 0.3243
ivUA 0.5148 0.8228"

ExplLVar. 3.5600 2.1243

Prp.Totl. 0.5933 0.3540

Note: GM (dependent variable) - grain mass; N,, N, C,, isPA, ivUA (independent variables) - inorganic N, easily
hydrolysed N, labile humus carbon, in situ proteolytic activity, in vitro urease activity; FA-1, FA-2 - extracted factors;

marked (*) loadings > 0.700000
Source: developed by the authors of this study

Considering that the general organisation of the
causal relationships between the variations of N-, C-soil
indicators and GM studied herein under conditions of
‘central” mediation involving N, (and/or Ng,) or isPA
(and/or ivUA), proposed in the INTRODUCTION section,
is partly based on experimental data, partly on theo-
retical findings, and itself constitutes a certain theo-
retical generalisation, the following ways to elucidate
the detailed structure of such subordination could be
possible, namely: (i) exploratory structural equation
modelling (ESEM) and its variants; (/i) confirmatory fac-
tor analysis structural equation modelling (CFA/SEM)
and its variants; and (iij) path analysis models. How-
ever, the inclusion of latent constructs, complex types
of variances, and combinations of mediator, moderator
conditions between them, etc., in ESEM, CFA/SEM is
more suitable for creating models on sufficiently large
samples with a prominent level of generalisation of the
final mathematical construction. Therewith, a series of
simplifications in path analysis approaches, again, con-
tribute too much to the “generalisation” of the resulting
model. In the case of the more “local” patterns studied
herein and the use of rarely used integrated environ-
mentally safe technologies, it would be advisable to
first characterise the causal relationships between vari-
ables with a somewhat greater level of specificity (as it
were, narrowing down generalisations).

In this regard, the resulting factor structure (Ta-
ble 3) was interpreted in the following 2 stages. Firstly,
it is reasonable to assume that between the variables
that significantly load (> 0.7) the factor 1, there may,
overall, be causal subordination, where (i) N, (or Ng,)
are predetermined and mediate the effects of each oth-
er and/or isPA on GM under the conditions of simulta-
neous action of N, Ny, isPA on GM, or (i) not only N,
(or Ng,) (mediating each other’s effects), but also isPA
(mediating the effects of both N\, and/or N,,) are prede-
termined, provided that N, Ng,, isPA act simultaneously
on GM. Secondly, variables that reliably load (>0.7) the

factor 2 can be involved in semantic and mathematical
reverse causality: variation in C, causes the develop-
ment of ivUA, and vice versa, variability in ivUA leads
to the formation of C. Clearly, the above concept of
causality between the above N- and C-soil condition
traits and the trait of final biological productivity of
winter wheat differs in a series of general points and
nuances from the one presented in the INTRODUCTION
section. A brief presentation of the finally proposed
systems of causal subordination is as follows. Firstly:
() N Niy isPA = GM; isPA, N, = N (or isPA, N,y =
Ngp); isPA = Ng, (or isPA — N,\), respectively; (i) Ny, Ngy,
isSPA — GM; N, Ng, = isPA; Ng, = Ny (or Ny = Ng),
respectively. Secondly: C,,, = ivUA (and/or ivUA — C,).

All the above groups of causality were estimated
by 3SLS, 2SLS, WLS, and, if necessary, SUR, OLS (the
latter for the group of independent Egs. (IEs) for the
2" stage) using non-standardised data (specifically, to
approximate concrete experimental conditions) to gen-
erate mathematically relevant, interpretable SIEMs or
IEs. ALl SIEMs and IEs that characterise the causal and
only mathematical relationships, respectively, between
the studied soil and winter wheat traits listed in the
previous paragraph are presented below. The SIEM-1
contains Egs. (1), (2), (3):

In ((0.5260 x 50)/GM) = 15.0370° - 1.4308¢ x
xIn N,y - 1.6750°x InN,, + 0.6445%In isPA, (1)

(n ((34.4050/N,,) x 100)=9.9197° - 0.4669° x
xlnisPA-0.8193°xIn N, (2)

N ((115.0500/N,,) x 100)=5.7005° - 0.3667° x n isPA, (3)

where 9,%,¢,9- p<0.001,0.01,0.05,0.1.

Here and in the following Egs., the symbol “In”
means natural logarithm.

The SIEM-2 contains Egs. (1) (see above), (4), (5) as
follows:
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ln ((115.0500/N,,) x 100) = 6.4714°+0.1204
xInisPA - 0.6349°x [N N,,, 4)

In ((34.4050/N,))=6.9292° - 0.7673x InisPA, (5)

where 9,° - p<0.001, 0.01.
The SIEM-3 contains Egs. (1) (see above), (6), (7) as
follows:

In ((21.045/isPA) x 100) = 7.47907 -
- 1.44949x (NN, +0.4825 x In N,,, 6)

In ((34.4050/N,,)x100) = 13.38787 - 1.83737x In N,,, (7)

where %is p<0.001.
The SIEM-4 contains Egs. (1) and (6) (see above), (8)
as follows:

In ((115.0500/N,,) x 100) = 6.3158° - 0.4887° x In N,,, (8)

where %is p €0.001.
The group of independent Egs. (IEs) (9), (10) is as
follows:

In ((33.5950/ivUA) x 100) = 8.0052° -
- 1.6055° x In (In?(In? (In? C2,)), 9)

n((4.3750/C,,) x 100)=8.2472° - 0.6816° x n ivUA +
+0.0418%x In*ivUA - 0.0099° x In°> ivUA,  (10)

where 9,%,¢,7 - p £0.001, 0.01,0.05,0.1.

The symbols GM, N\, N, isPA, ivUA, C , denote the
grain mass per sowing area, the content of inorganic N,
easily hydrolysed N, the in situ proteolytic and in vitro
urease activities, the labile humus C content, respec-
tively. Egs. (1)-(10) presented herein are variants of the
linearised bounded exponential function denoted as
log-ratio-Y,,,; non-linearised versions of this function,
on the one hand, asymptotically approach 0, and on
the other hand, are limited to the maximum value of
the dependent variable Y, (the value in the numera-
tor of the left-hand side of each Eq.). Depending on the
grade b, this function can describe /) an exponential
decline to O; /i) an exponential increase, bounded from
above by Y, (in the case of an inverse relationship or
a certain transformation of the variables). The bounded

exponential function can be found, specifically, in the
publications of T.C. Han et al. (2021), T. Kolokolnikov
and D. Iron (2021), M.M.T. Lakshani et al. (2023); a
non-linearised form of the same Eqg. was presented by
M. Portnoi et al. (2021).

SIEM-1, SIEM-2 characterise the mediation of isPA
effect on GM by N, Ng, traits in case of simultaneous
action of these indicators of soil N status on the final
biological productivity of winter wheat. SIEM-3, SIEM-4
reflect the mediator role of isPA in the additive effect of
N Ney, iSPA on GM, provided that the effects of N, and
Ng, on the specified trait of the plant production pro-
cess are mediated by each other, and all soil N-indica-
tors considered here simultaneously affect GM. IEs (9),
(10) characterise the independent mathematical deter-
minations of log-ratio-Y,.,, (ivUA) or log-ratio-Y ., (C.)
by modified variables based on C,, or ivUA, respectively.

Estimates of the statistical efficiency of
SIEM-1-SIEM-4, |IEs are presented in Table 4. For all
Egs. within SIEMs and IE (10), relatively low values
of the regression standard error (RSE) were obtained
(0.0332-0.0723), while for IE (9), the value of this char-
acteristic was slightly greater (0.2745). The sizes of the
coefficient of determination (R?, the adjusted coeffi-
cient of determination (R?,,) for all Egs. in SIEMs and
IEs were significant and amounted to 0.7838-0.9670,
0.7658-0.9610, respectively, while the statistical validi-
ty of the Fisher coefficient (FC=40.2072-162.5170) was
p<0.001. The indicated ranges of the SIEMs and IEs es-
timates were accompanied by rather small values of the
MAPE: 0.5612-2.8312 (Table 4). For all Egs. within the
SIEMs and IEs, the statistical reliabilities of the hypoth-
eses H, “heteroscedasticity occurs”and H, “there is a de-
viation of the residuals from normality” were p>0.005,
reflecting the absence of heteroscedasticity and viola-
tions in the ND residuals. The determinants of the co-
variance matrices of the residuals for SIEM-1-SIEM-4
were quite close to 0; the corresponding Ln-values were
within -17.8911--16.1084, providing compelling evi-
dence of linear dependencies between the individual
Egs. in these SIEMs. For the IE (10), the In-determinant
of the covariance matrix of the regression coefficients
was —-43.7045, while for the IE (9) it was -8.0508. This
may suggest that IE (10) is much more consistent with
a linear relationship between the predictors and the re-
sponse variable than IE (9).

Table 4. Statistical performance estimates of the SIEMs and IEs

No. of

Residue

of the SIEMs,  RSE R? R FC mape  Heter ‘;i‘;’l_‘l”;';;"'ty normality test 70 o the
IEs and Egs. (RNT)
SIEM-1
1 00723 09499 09348  63.1363® 14285
2 00377 09670 09610  1611814= 06430 1.0000¢ 0.2591: -17.8911¢
3 00479 07997 07830 479096 07758
SIEM-2

Scientific Horizons, 2025, Vol. 28, No. 8




Stasiv et al.

Table 4. Continued

No.o .. Residue
of the SI‘I:r:Ms, RSE R? R4 FC MAPE Heti;‘;‘:c(e:gg'aty normality test Lgo(:_erga‘:{ I;Ze
IEs and Egs. (RNT)
1 -4 -6 -4 -¢ 1.4285
4 0.0332 0.9039 0.8864 51.7170= 0.5612 1.0000¢ 0.2888 -17.8911¢
5 0.0544 0.9312 0.9255 162.5170= 0.98755
SIEM-3
1 -4 -¢ -4 -¢ 1.4285
6 0.0664 0.9352 0.9235 79.4192= 1.1983 1.0000¢ 0.53023 -16.1084¢
7 0.0662 0.8980 0.8894 105.5880= 1.1869
SIEM-4
1 -4 -¢ -4 -¢ 1.4285
6 -k b -k -6 1.1983 1.0000¢ 0.50813 -17.4327¢
8 0.03416 0.8980 0.8894 105.5631= 0.5742
IE
9 0.2745 0.7838 0.7658 43.5126% 2.8312 %Z;i(?z? 0.7478% -8.0508%
10 0.0335 0.9234 0.9005 40.2072= 0.32962 %580569%: 0.7504% -43.7045%

Note: RSE, R’, R’ ,,;, MAPE, FC - the regression standard error, the coefficient of determination, the adjusted coefficient
of determination, the mean absolute percentage error, the Fisher coefficient, respectively; © - the natural logarithm
of the determinant of the covariance matrix; ® - the statistical reliability of the FC - p<0.001; ¢ or ¢ - the same
values (sizes) of efficiency estimates, as in the case of the previous Eq. (1), SIEM-1 or Eq. (6), SIEM 3; 9,5 - the sizes
(quantities) of the statistical validity p of the hypothesis H, (HST (Breusch-Pagan)): “heteroscedasticity occurs’,and H, (RNT
(Doornik-Hansen)): “there is a deviation from normality”;’,3 - the intervals of sizes (quantities) of the statistical validity
p of the hypothesis H, (HST(White-only squares and the usual full versions, Breusch-Pagan regular and robust versions)):
“heteroscedasticity occurs’, and H, (RNT): “there is a deviation from normality’, respectively; e - the natural logarithm of
the determinant of the covariance matrix of residuals of the SIEM or of the covariance matrix of the regression coefficients
of each independent OLM-Eq; %, % - obtained from the covariance matrix of the residuals of different Egs. of each SIEM

or from the covariance matrix of the regression coefficients of each independent OLM-Eq, respectively

Source: developed by the authors of this study

Considering that for Egs. (2), (3), (4), (5) within SIEM-1,
SIEM-2, the RSE values (0.0332-0.0544), the MAPE
range (0.5612-0.98755), and the values of the ln-deter-
minant of the covariance matrix of residuals (-17.8911)
are smaller compared to the corresponding estimates
for Egs. (6), (7), (8) in SIEM-3, SIEM-4 (0.03416-0.0664;
0.5742-1.1983; -17.4327--16.1084) (Table 4), it is rea-
sonable to assume that SIEM-1, SIEM-2 may have a cer-
tain priority over SIEM-3, SIEM-4. However, the compar-
ison of these Egs. in the above groups of models by R?,
R? g (0.7997-0.9670,0.7830-0.9610 vs.0.8980-0.9352,
0.8894-0.9235, respectively) (Table 4) rather testifies in
favour of the advantages of SIEM-2 over the rest of the
analysed SIEMs. Still, it is possible that SIEM-1 will be-
come relevant if and when Egs. (2), (3) still dominate
Egs. (4), (5) under experimental and/or real field con-
ditions. Nevertheless, SIEM-3, SIEM-4 can make a lot
of sense in situations where there are various factors,
stochastic disturbances that will cause deviations from
the ND residuals of the considered SIEMs (greater p val-
ues (lower x?) for the H, (residual normality test): “there
is a deviation from normality” for SIEM-3, SIEM-4 are
more difficult to reject than the corresponding smaller
p values for SIEM-1, SIEM-2).

Significantly smaller (~ by an order of magnitude)
RSE and MAPE, greater R’ R’,,, and substantially
smaller values of the natural logarithm of the covar-
iance matrix of the regression coefficients for IE (10),
compared to IE (9) (Table 4) argue for the probable
advantages of the log-ratio-Y,,, (C) dependence on
ivUA over the log-ratio-Y,,,, (ivUA) dependence on C,,
however, without specifying causality. This assumption
is also supported by a comparison of the values of the
log likelihood, Akaike, Schwartz, and Hennane-Queen
criteria (30.0500, -52.3366 to -49.5438 for IE (10)
versus -0.686762, 5.2552 to 6.6516 for IE (9), respec-
tively). Therewith, for each of the regressors in IE (10),
structural shifts were found by the Chow test (centre of
the sample); the latter may reflect a partially imperfect
model specification and, possibly, the effects of multi-
collinearity on the properties of this model.

Notably, the 3SLS method is typically more consist-
ent and provides more asymptotic estimates for SIEM
and SEM compared to 2SLS, OLS. This is not least con-
ditioned by the fact that 3SLS is a combination of 2SLS
and SUR (Tetteh, 2024). In this regard, 3SLS jointly esti-
mates the entire model in a structural form and factors
in the simultaneous cross-correlations between errors
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(Butkus et al., 2024). Such modelling properties allow
adjusting the weighting matrix for potential heterosce-
dasticity problems in 3SLS regression equations using
the covariance matrix of the residuals from 2SLS; the
generalised least squares method is usually used for
parameter estimation (Huda & Istiana, 2024). However,
2SLS is effective when there is a secondary predictor
that is correlated with the problem predictor (even hy-
pothetically) but not with the error term. In the case
when stochastic disturbances in different equations are
uncorrelated or there is no heteroscedasticity, the re-
sults of 2SLS are typically equivalent to 3SLS estimates
(Tetteh, 2024). Notably, the advantages of 2SLS over
3SLS may substantially depend on the level of multi-
collinearity between the variables (Oduntan, 2023). It
would not be unreasonable to assume that the prior-
ity of 2SLS, or even OLS vs. 3SLS, at least in part, may
also be conditioned by contamination of variables by
errors, specifically, with small samples, depending on
the accuracy of identification of Egs., the type of dis-
tribution, and sample size. Overall, it is possible that
the combination of similar multicollinearity and iden-
tification problems, in addition to small sample sizes,
were significant reasons for the preference of 2SLS
(SIEM-1-SIEM-4) and OLS (IEs (9), (10)) over 3SLS.
Therewith, the approach to formulating and evaluat-
ing SEM, SIEM (even if it is 2SLS) can be considered as a
task for an artificial neural network (ANN), and therefore
it makes sense to consider SEM, SIEM as special cases of
ANN (Pérez-Sanchez et al., 2024). The latter clearly sug-
gests the relevance of using SEM, SIEM to solve various
problems, at least not of a large size, based on math-
ematical and statistical regularities and assumptions
about causality between variables. It is natural to as-
sume that the mentioned significance of SEM, SIEM is in-
herent in biological and agricultural scientific problems.

DISCUSSION

The authors of the present study assumed that changes
in Ny, N, C,y in the soil of variants A-1-B-7 are the
outcome of a complex interaction of physicochemical
and biological processes initiated by plant residues
(PR-FPS/FBS), mineral fertilisers (RMF/HMF) and/or
bioeffectors (BS/HF/CF). Considering the following ar-
guments, it is worth noting that the C:N ratio in bio-
mass or straw (STR) of legumes is several times lower
than in non-legumes (Watthier et al., 2020; Grimm et
al., 2024) and may approach the threshold of 25:1 for
this criterion in the substrate (S) (Cao et al., 2021). Thus,
it is likely that the addition of lequme STRs alone (var-
iants A-2, B-2) stimulated N-releasing microbial activity
(MA), N-cycling, and gross mineralisation (Robertson
& Groffman, 2024), providing energy for heterotrophic
PR-degrading microflora (analogous to priming - PRM
(Jesmin et al, 2021)), although efficiency may be re-
duced under N deficiency due to N sequestration in the
microbial biomass (MB) (Henneron et al., 2020).
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Reducing C:N in OM or adding N (also possibly
N,) can enhance net N mineralisation and weaken N
immobilisation (Sawicka et al., 2020; Cao et al., 2021,
Robertson & Groffman, 2024), which is known as
PRM (Meng et al.,, 2020) and was observed in A-3, B-3
(FPS/FBS + RMF). Such intensive treatments can in-
crease PR and CO,-production, but do not promote
C-sequestration (Jesmin et al, 2021). Mineralisation
of OC (especially under N-stimulation) releases C,N-S
to MB, enhancing MA, which decomposes PR, increas-
ing N-NH,* and N-NO;~ (observed for N in A-3, B-3).
The formation of N, is preceded by the formation of
available SON from its turnover in soil and PR (Yan et
al., 2020). The evident partial overlap of the fraction of
dissolved organic nitrogen (DON) with N, explains the
unidirectional changes in N, and N, in the soil of the
studied variants (Farzadfar et al., 2021). Comparable
changes in C,, in A-3, B-3 are probably conditioned by
the decomposition of SOM and SON, especially with PR.

The increase in the in situ PA (isPA) in A-2 and B-2,
compared to A-1, B-1, was consistent with stimulated
mineralisation due to a decrease in C:N in S and accu-
mulation of N, N, C,, Jesmin et al., 2021). Removal
of N-limiting (N-LIM) can increase microbial attack on
fresh OM (Henneron et al., 2020). The levelling of C-LIM
by available N (Luo et al.,, 2021) explains the analo-
gous changes in isPA, N, N, C ,, in A-3, B-3, relative to
A-1, B-1, which is also consistent with the dependence
of protein mineralisation on S and proteases (Green-
field et al., 2020) and the correlation of PA with DON
(Farzadfar et al., 2021), and thus probably with N.,,. Uni-
directional changes of the in vitro UA (ivUA) and isPA
(at least in A-1-B-3) are predicted, specifically, due
to the participation of UA in N cycling and based on
the findings of J. Yang et al. (2020), M.I. Khan et al. Ex-
periments by P. Tian et al. (2020) revealed the effect
of STR ploughing depth on ivUA. The application of N
fertiliser + rice STR increased ivUA (Sharma et al., 2021),
while commercial mulch decreased ivUA in long-term
experiments (Sun et al., 2021).

Changes in soil physicochemical properties in
A-4-B-7 are potentially caused by a combination of
PRM (N-stimulated mineralisation of crop residues, as
in A-3, B-3) and rhizosphere PRM (rPRM), considering
the significance of the relationship between the rhiz-
osphere and bulk soil (Sun et al., 2021). In A-4-A-6/B-
4-B-6, rPRM could be initiated with BS, BS+HF or CF.
BSs contain phytohormones and CN-auxiliary com-
pounds that stimulate metabolism,growth,and nutrient
uptake (Franzoni et al., 2022), and CFs may act similarly
to BSs and HFs (Musych et al., 2024). It was assumed
that BS, BS+HF, CF stimulated N uptake, photosynthesis,
wheat growth, and C-rhizodeposits release, which could
enhance N cycling through rPRM degradation of SOM
(Henneron et al., 2020). This could have been combined
with bulk soil N-PRM (A-3, B-3), causing an increase in
N, Ng» C iy NME. However, the absence of substantial




differences in N, Ng,, C.,, iSPA, iVUA in A-4, A-6, B-4,
B-6 vs. A-3, B-3 reflects insignificant synergistic effects
between the 2 types of PRM and, probably, the predom-
inance of the influence of N-stimulated PR mineralisa-
tion. The power and duration of these technologies are
clearly insufficient for Cand N sequestration.

Conversely, A-5, B-5 had maximal C,,, insignificant
changes in N, N, isPA, and a significant increase in
ivUA (the latter complicates the assessment of N se-
questration) compared to A-3, B-3. It was assumed that
the synergistic effect of BS+HF in A-5, B-5 stimulated
the rhizosphere turnover of SOM, probably activating
C-cycles throughout the soil. Q. Ma et al. (2020) argued
that N mineralisation and nitrification increase with
decreasing N- and increasing C-LIMs Therefore, the de-
crease in C-LIMs due to increased SOM turnover led to
the accumulation of C,, in A-5, B-5, while the intensity
of N-turnover and N, N, isPA were comparable to A-3,
A-4, A-6 and B-3, B-4, B-6. Based on the hypothetical
pattern of C sequestration under chronic N deposition
(Lu et al., 2021) and the findings of Q. Ma et al. (2020),
partial enhancement of C- and weakening of N-LIMs in
A-7, B-7 (HMF-apl.) was assumed. The rPRM from HF
may not generally compensate for C-LIM in these vari-
ants, which was accompanied by a moderate decrease
in C, turnover, but also a moderate increase in N min-
eralisation (N, Ng,, isPA); ivUA co-changed with C,.

Changes in N, C, and NME forms reflect the func-
tioning and interaction of microbes and plants at the
soil level, where intermediates (IM) and final products
(FP) of these cycles are a source of plastic material
and energy. MA, particularly NME, can influence crop
productivity, which is consistent with the observed
correlation (PMC) (N, Ng;, Cp)) — GM, as well as (isPA,
ivUA) — GM. The significance of soil NME for plant pro-
ductivity was confirmed by studies (Zhou et al., 2020;
Yang et al.,, 2022; Garnaik et al., 2022), which showed
r>0 for (ivPA/UA) - (wheat/rice yield). The absence of
GM dependence on isPA within the GLM used may be
partially consistent with the findings of other studies
(Nath et al., 2021), where no significant single-factor
dependence (rice yield) - ivPA was found. However, the
authors of the present study believe that the results
of the incompletely parameterised GLM provide insuf-
ficient information to understand the causal relation-
ships between the considered regressors and GM.

The EFA results reflect that GM is dependent on N,
N, and isPA (factor 1, FA-1), while C , and ivUA form a
separate FA-2, potentially affecting each other but not
directly GM, which may reflect the partial decoupling of
the N and C cycles and the asynchrony of N cycle ele-
ments (Ma et al., 2020). The N-LIM of microorganisms
may undergo a deepening under excessive available
C (PR), which will stimulate compensatory N-minerali-
sation (Tan et al., 2021; Qiu et al., 2021; Cui et al., 2022),
explaining the spatial and temporal divergence of
the N and C cycles. Admittedly, with the depletion of
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labile fractions of plant SOM/SON, microbes attack
N-enriched SOM, activating N-mineralisation, which
increases N availability. Conversely, the presence of C
in low-energy compounds favours C-LIM. Thus, changes
in the energy supply of microorganisms, affecting the
C/N balance, limit N mineralisation and break the cau-
sality between microbial C and N availability/demand
(Zbang et al., 2021).

The link between C,,, and ivUA may be mediated by
intensification of ureolysis, which increases N availabil-
ity, promoting the development of microbial commu-
nities less capable of degrading recalcitrant C, leading
to C sequestration and reduced NME activity. Indirect
C-input from plant residues can stimulate EA, particu-
larly UA (Tan et al., 2021). Other studies have not found
a direct correlation between rice/maize yields and ivUA
(Nath et al., 2021; Kalala et al., 2022). The distribution
of variables by FA-1, FA-2 partially revises the hypoth-
eses about the causal relationships between soil char-
acteristics and wheat GM. In method (i) (abbreviated:
NME — agrochemical/physical-chemical soil character-
istics = GM), the simultaneous additive effect of N, N,
isPA on GM is assumed (Eq. (1)), where each of the pools
of N, N, depends on isPA and another pool (Egs. (2),
(3) in (SIEM-1, Egs. (4), (5) in SIEM-2). Thus, the effect of
isPA on GM can be mediated through N, (depending on
the ratio of isPA and N,) or through N, (depending on
the ratio of isPAand N,).

To argue for a positive feedback loop (PFL) (meth-
od (if); abbreviated: agrochemical/physical-chemical
soil characteristics - NME activity - GM), the resource
allocation theory is applied, according to which nutri-
ents-LIM for microorganisms stimulates the production
of eco-EA (EEA) for their assimilation (Luo et al, 2021;
Mori et al., 2021), i.e., EEA « 1/(nutrient availability)
(negative feedback loop (NFL), possible under C-LIM;
L. Luo et al. (2021)). C-enrichment can limit microor-
ganisms, causing an increase in EA for other nutrients,
particularly N (Tan et al.,, 2021), which could account
for the PFL between EA and N and C forms found by
P. Tian et al. (2020). Enhanced N mineralisation can
stimulate NME more strongly than EA to produce C
(Qiu et al., 2021). The size of the hydrolase pool (V,,,) <
of the S concentration (Tan et al., 2021). Causality meth-
od (i) assumes a combination of simultaneous determi-
nation of GM by N, N¢,,, isPA with the predetermination
of isPA by the ratio Ng,/N,, and mutual determination
of N,y and N, Hence, Eq. (1) is combined with the me-
diation of the effect of the N, /N, balance through isPA
on GM and the mediation of the effect of N, on GM
through N (or vice versa) (SIEM-3/SIEM-4). In causality
mode (if), GM simultaneously depends on N, N, and
isPA (Eq. (1)), while isPA is mediated by N, /N, (Eg. (6)),
while N, and Ny, are mutually determined (Egs. (7),
or (8); SIEM-3/SIEM-4).

Eqg. (1) showed the direct effect of N, and N, on
GM growth and the inverse dependence of GM on isPA.
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In SIEM-1, an increase in isPA and N, mediated an in-
crease in N, while an increase in isPA alone mediated
an increase in Ng,. In SIEM-2, a decrease in isPA and an
increase in N, could mediate the effect of N, while an
increase in isPA alone could cause an increase in N.
In SIEM-3/SIEM-4, an increase in N, and a decrease in
N, were influenced by an increase in isPA, while an in-
crease in Ng, caused an increase in N, (and vice versa).
All these dependencies are statistically significant. The
statistical significance of the relationship between C,,
and ivUA (IE 10) reflects correlation rather than causa-
tion, and C_, may be influenced by other factors. The
expected positive effect of N, and N, on GM (Eq. (1))
contrasts with the unexplained inverse relationship
between isPA and GM. This contradiction is partially
explained by the dependence of N,, growth on isPA
and Ng,, and N, growth on isPA (Egs. (2), (3)), as well as
the dependence of N, growth on isPA decline and N,
growth, and N, growth on isPA increase (Egs. (4), (5)).
The positive effect of N, and isPA on N (Eq. (2))
suggests that protease-mediated mineralisation of
S from Ng, (isPA) increases the available forms of N,
which is consistent with the concept of N-mineralisa-
tion (Robertson & Groffman, 2024) and the significance
of SON/DON (Ma et al., 2020; Yan et al., 2020). This is
also consistent with the role of soil TN (and likely SON)
and MBN in controlling nitrification (Li et al., 2020). The
ability of isPA to stimulate N,, accumulation (Eq. (2))
supports the concept that protein mineralisation rates
depend on available S and protease production (Green-
field et al., 2020), with the amount of S (N.,) being more
significant. Interpreting N, as proteolysis products, its
level increases with increasing isPA (Eq. (3)), which is
also consistent with N-mineralisation (depolymeri-
sation of SON by isPA leads to the accumulation of
Ng/DON; X. Sun et al., 2021) and the effect of ivPA and
other factors on SON (Yang et al., 2020). The triggering
effect of isPAon N, (Eq. (3)) and the consolidated effect
of isPAand N, on N, (Eq.(2)) are manifested in Eq.(1) as
additive stimulating effects of N, and N, on wheat GM
with simultaneous suppressive effect of isPAon GM. It is
unclear whether this is a direct effect of isPA on GM or
a latent NFL between this EA and N /N, which is con-
sistent with the theory of resource allocation in the soil.
In SIEM-2, the effect of isPA on N, and N, with the
stimulating effect of the latter on GM and the NFL from
isPA on GM are complex. The key is the activating effect
of isPA on N, (Eq. (5)), simultaneously with the suppres-
sive effect of isPA and the stimulating effect of N, on
Ng, (Eq. (4)). The ability of isPA to increase N, (Eq. (5))
is consistent with the characteristics of N-mineralisa-
tion and proteolysis. The stimulatory effect of N, on
Ng, (Eg. (4)) may be conditioned by PFL, which is con-
sistent with the significance of SON turnover (Yan et
al.,2020) and soil N priority (Anas et al.,2020),and is also
consistent with FL control by N, of the BAN pool (Daly et
al.,2021). Enhanced microbial C supply and activation of
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N-mineralisation could contribute to the development of
PFL control of NME/isPA by N .. The stimulatory effect of
N,y on Ng, (as a product of isPA) may reflect the stimu-
lation of isPA levels by N, which is partially consistent
with the findings of L. Greenfield et al. (2020). The inverse
effect of isPA on N, may reflect a decrease in S with
an increase in EA. Therefore, in SIEM-2, isPA stimulates
N, (Eq. (5)), which increases N, (Eq. (4)), and the growth
of both forms of N positively influences GM (Eq. (1)). The
simultaneous increase of isPA balances the activating ef-
fect of N, on N, (Eq. (4)) and counteracts the favourable
effects of these forms of N on GM (Eq. (1)).

For SIEM-3 and SIEM-4, the feedback between isPA
and its products is significant. The stimulatory effect of
N, on Ng, (Eq. (8), SIEM-4, as in Eqg. (4), SIEM-2) may
reflect the enhancement of isPA by FP proteolysis and
N-mineralisation, which is consistent with the activat-
ing effect of N, on isPA (Eq. (6), SIEM-3/4). The direct re-
lationship between N, and N, (Eg. (7), SIEM-3) reflects
that N, increases with increasing Ng,. The inhibitory
effect of Ng, (as products of isPA) on isPA (Eq. (6), SIEM-
3/4) indicates FL. Therefore, in SIEM-3/4, an increase in
Ny (the result of isPA) causes an increase in Ny (Eq. (7)),
which can enhance isPA (Eq. (6)) and expand N, (Eq. (8)),
while an increase in N, suppresses isPA. The indirect
ratio of the effects of N,y and N, on isPA increase can
cause GM falloff, while the consolidated gain of these
N forms is GM gain (Eq. (1)). The stimulatory effect of
N,y on Ng, can lead to an indirect decrease in GM gain
by isPA; on the other hand, the expansion of N, can
cause an increase in isPA, which will lead to GM falloff.

This feedback is different from the one proposed
by X. Tan et al. (2021). However, the stimulatory effect
of N, on N, and isPA (Egs. (4), (8), (6)) is consistent
with the ability of N, to increase ivPA, which is consist-
ent with r > 0 for N-NH,* - ivPA (Sawicka et al., 2020),
but partially contradicts the r < 0 found by them for
N-NO,™ - ivPA. These interpretations may be opposed
by the effects of ivPA inhibition by high concentrations
of NH,* or NO;™ (Jesmin et al,2021) and a moderater <0
between the rate of slow phase protein mineralisation
and NO;™ (Greenfield et al., 2020), although a possible
r > 0 between N-cycle enzyme (NAG) activity and NO;”
(Btonska et al., 2021). The attenuation of isPA by N, is
partially consistent with the resource allocation theory
and the concept of decreasing NME activity with in-
creasing available N forms (He et al., 2021), where the
size of the N, pool may reflect the availability of N.Ad-
ditionally, E. Btonska et al. (2021) argued that minerali-
sation dominates immobilisation in the decomposition
of N-rich detritus, which may lead to a decrease in NME
production and r < O between this EA and SON/DON/
Ng, components, but r > 0 between NAG and N light
fractions is possible (Btonska et al., 2020).

The statistical efficiency of IE (10) versus IE (9) and
the greater nonlinearity of the latter reflect a proba-
ble dependence of C , on ivUA, rather than vice versa.




However, the activating effect of humic acids (HA) and
vermicompost on ivUA is known to be accompanied
by an increase in microbial population and C:N, while
HA from weathered coal/leonardite can inhibit ivUA
(Ampong et al., 2022). IvUA is nonlinearly dependent
on the mass fraction of soil macroaggregates (Zhao et
al., 2020), but the effect of initial OM and MBC on ivUA,
as well as the dependence of SON on the latter, was
not confirmed (Yang et al., 2020). At the same time, an
inverse relationship between ivUA and MBC was found
(Sun et al., 2021). There is evidence of the effect of
ivUA on SOC components, including a significant effect
on fine POC (Liu et al., 2021) and participation in the
pre-mortemisation of other SOC fractions. IvVUA can me-
diate the effect of organic fertiliser on MBC and its ef-
fect on LOG, as well as the effect of organic fertiliser on
LOC/UOC and their effect on SOC (Zhang et al., 2022).

The obtained results of EFA, SIEMs, IEs do not show
a clear direction of changes in ivUA and N conversion/
mineralisation, unlike the study of organic tree mulch-
ing (Sun et al., 2021). However, the PMC between ivUA -
N, is partially consistent with the directly proportional
ivUA - NH," relationships (Sun et al., 2021; Sawicka et
al., 2020), the high probability of ivUA - N, /NH,* /NO,~
relationships (Sharma et al., 2021), and the positive ef-
fect of NO;™ on ivUA (Tian et al., 2020). Inconsistencies
between correlation and multivariate analyses, as well
as ambiguities in their agreement with the literature,
may be in favour of the expected spatial and temporal
divergence of N and C cycle trajectories in all tested
variants, which may be conditioned by /) the specific
features of N- and C-mineralisation, PRM and the role
of plants in each variant, /i) insufficient number of ex-
planatory variables to reflect the relationships between
N- and C-cycles in soil in relation to plant productivity.
The application of PR with/without fertilisers and bi-
oeffectors determined the direction of N- and C-min-
eralisation, where variations in N, Ng,, isPA were the
probable causes of GM changes. All the analysed causal
relationships were characterised by a positive effect of
N,  and N, on GM and a possible suppressive effect of
isSPA on GM. The increase in GM due to an increase in
N,/Ng, can potentially be accompanied by a decrease
in isPA (a possible latent NFL), which is partially con-
sistent with the theory of resource allocation and the
stoichiometry of N-mineralisation.

Considering the statistical efficiency of SIEMs, me-
diation of isPA effect on GM via N /N, (SIEM-1/2) is
more probable than mediation of N-forms effect on GM
via isPA (SIEM-3/4). The most plausible is the stimulat-
ing effect of N, on isPA and the dependence of N, on
the balance between isPA and N, (SIEM-2). Less rele-
vant are the dependence of N, on isPA and the condi-
tionality of N, on the consolidated effect of isPA, N,
(SIEM-1). Statistically, the least reliable isPA control of
the N /N, ratio (SIEM-3/4) may be consistent with la-
tent NFL and may be updated under certain conditions.
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Simultaneously with the influence of N-characteristics
on GM, there may be a separate dependence of C, on
ivUA and other unidentified factors (IE 10), while the
dependence of ivUA on C, (IE 9) is less likely. The rea-
sons for the separation of C,, and ivUA from the N-char-
acteristics continue to be unknown but can hypotheti-
cally be related to the specific features of microbial and
plant economics in various experimental variants.

CONCLUSIONS

The expediency of argumentation of changes in N-
C-chemical, N-biological soil indicators (N, Ngp, Cp
in situ PA - isPA, in vitro UA - ivUA) in the context of
the following hypothetical and theoretically predict-
able processes in soil is illustrated: (/) N-, C-minerali-
sation/immobilisation, (/i) sequestration, (ii)) priming,
(vi) aspects of resource allocation. The most effective
were the rationales built in the areas (i), (ii), (vi). The
statistical validity of the predetermination of grain
weight per sown area of GM winter wheat by the in-
terdependencies N, N, iSPA was proved. The simul-
taneous significant probability of the interrelationships
between C ,, and ivUA revealed the disconnect between
the availability and demand of microorganisms for C
and N under these experimental conditions. Among the
crucial properties of the causal relationships between
these variables were the stimulating effect of N, N,
and the reverse effect of isPA on GM, as well as a more
significant mediation of isPA action through N, N, (es-
pecially when N, is predetermined by isPA level, and
at the same time, N, size is predetermined by the ra-
tio of isPA and N,), compared to the mediation of the
proportion of N, N, effects through isPA (considering
the predetermination of N, by Ny, size or vice versa).
In contrast to the first of the above variants of varia-
ble premixing, the second helped to partially isolate
the elements of the basis for the opposite influence of
N, Ngy on the one hand, and isPA, on the other hand,
on GM formation. The non-causal conditioning of C,
by ivUA did not take part in the development of GM
variation but was probably associated with the effect
of unidentified factor variables. The complex structure
of the data (deviations from normal distribution, multi-
collinearity, etc.) and the presence of unidentified pre-
dictors herein, hinder the search for reliable simple, yet
extensive mathematical formalisations for causality or
directionality of relationships between variables. Prior-
itising combinations of N- C-chemical, and biological
soil indicators, identifying and analysing potential and/
or actual causal relationships between them and crop
productivity traits is vital for constructing minimum
sets of parameters and indices of soil health and quality
relevant for predicting potential and actual soil fertility.
In the future, it is significant to search for and analyse,
using statistical/machine learning methods, supple-
mentary features to those presented herein that may
contribute to the formation of the C/N balance in soil
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AHoTauif. BUCBITNEHHS KOMMOHEHTIB Kay3anbHUX 3a1€XHOCTeN NPOAYKTUBHOCTI CislbCbKOrOCNOAAPCbKMX KYNbTyp,
onocepeakoBaHux N- C-xiMi4yHMMM, BioNOriYHUMKM iHAMKATOPaMK IPYHTY (PO3Mipu NyniB BiANOBIAHWMX AOCTYMHUX
dopM, pepMeHTATUBHMX aKTUBHOCTEN) Y KOHTEKCTI TEOPETUUYHMX acnekTiB 06iry pecypciB y HbOMY, € NOTEHLIAHO
BaX/IMBUM [N KOHCTPYIOBAHHS CMCTEM OLHOYHMX KpUTEpPIiB 340POBS IPYHTY 3 BUKOPUCTABHHAM MoOAenei
MalWMHHOIO HaBYyaHHs (ML). Meta pobotu nonsrana y BiALYKOBYBAHHI CTaTUCTMYHO BaniAHMX | 3MiCTOBHMX
KOOpAMHALIN | Kay3aNbHWX 3yMOBNEHOCTEN MacK 3epHa Ha naoLy nociey goctynHumm popmamu N, C (HeopraHiuHumi
i nerkorigponizoBaHuii N — N_IN, N_EH; C nabinbHoro rymycy - C_LH), in situ npoteonituuHoto PA, in vitro ypeasHoto
UA akTMBHIiCTIO y acouiauii 3 KOHLenuigMu obiry 3a3HauyeHMX OPraHOreHiB y IpyHTi Nig MWEHULE 03UMMOK 33
MPOTOTUMHUX eKOOTriYHO He3neyHnx cucrem 0o6pMB. BUKOPUCTaHO HACTYMHI METOAM: MONBbOBI, aNAiKaWiAHWIA (in Situ),
NnabopaTopHO-aHaNiTUYHI XiMiyHi 1 BioxiMi4yHi, MOPOOMETPUYHUIA, CTATUCTUYHI, ML-MopentoBaHHg. 3 BMCOKOH
MMoBipHicTio npupict GM 6yB cnpuyunHeHnin aguTneHUM 3poctaHHaM N_IN, N_EH, ofiHOYaCHWM 3MeHLWeHHsM in situ
PA y cnoci6, 3a gakoro BnauB in situ PA Ha GM onocepepkoByBasca nepeniyeHnMm Gopmamu N. CTaTUCTUUHO MeHL
BanigHuM Byno onocepenkyBaHHs Aii cnieeigHoweHHs N_EH 0o N_IN Ha GM yepes in situ PA 3, MOXN1MBO, B3aEMHO
[OMOBHIOYMMM NpeaeTepMiHyBaHHAMM dopM N, WO BTiM, CTBOPIOBANO OCHOBY AN 0OrpyHTYBaHHS OAHOYACHMX
B3aEMHO MpOTUNEXHMX 3yMoBeHocTel GM ummm dopmamum N i in situ PA. Mpasgonogi6bHo, wo C_LH # in vitro
UA He 6panu yyacTi y po3BuTKy GM 33 faHMX eKCnepuUMEHTaNIbHUX YMOB, MPOTE He BUKJ/IOYEHO, WO Apyra cepef
LIMX 3MIHHMX MOXe 6inbll 3HaYyLle BNIMBATM HA BapilOBaHHA NepLUOi, HiX HaBnaku. JocnigkeHHs y TakoMmy pychi
[03BONIATb CHOPMYBATU AUCKYPC TEOPETUUHMX NepenbadeHb CTOCOBHO YAOCKOHANEHHS CTPYKTYpW iHAEKCIB SIKOCTI
IPYHTY Y HanpsIMKY PO3KpUTTS acNekTiB 3aKOHOMIPHOCTEN CPUSIHHA HEOOXiAHOMY AN PO3BUTKY CTIAKOrO CiNbCbKOro
rocnofapcTea 6anaHcy Mix XxapaKTepucTMKaMu arpoekoCUCTEMHUX NMOCAYT, 3 YPaxXyBaHHAM XiMiUHMX i BioXiMiYHMX
Bnactusocter 06iry N i Cy rpyHTi, 1 6ioNpoAyKTUBHOCTI CiIbCbKOrOCNOAAPCHKUX KYNbTYP

KnrouoBi cnoBa: focTynHi dopmu a30Ty y IpyHTI; ByrieLb 1abinbHOro rymycy; NnpoTeoniTMyHa i ypeasHa akTUBHICTb
IPYHTY; Maca 3epHa MNweHULi 03MMOi; eKCNIOPATOPHUI PAKTOPHMI aHaNi3; CUCTEMU OLHOYACHUX PiBHSHb; Kay3asbHi
3YMOB/IEHOCTI
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crop development creates obstacles to the effective action of soil (pre-emergence) herbicides, and the addition of
adjuvants to them has a positive effect on the growth, development and formation of sunflower seed productivity.
In the conditions of the Western Forest-Steppe (Ternopil region), the best results when using pre-emergence
herbicide protection of sunflower were recorded in the variant where Soranet, CE (propizochlor, 720 g/l) -
2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 l/ha was applied, and Peritera adjuvant 0.2 |/ha was added to the
specified tank mixture. The use of this soil protection scheme for the crop under study ensured the lowest number
of segetal vegetation in the agrocenoses of annual sunflower. In addition, the highest chlorophyll content and
low phytotoxicity of the used preparations in relation to cultivated plants were noted. The use of surfactants,
which, on the one hand, prevent the movement of active substances to the lower horizons and, on the other hand,
ensure better penetration into the soil during moisture shortages, can help to mitigate adverse factors. The results
obtained are the basis for improving the elements of sunflower cultivation technology and will ensure a seed yield
of 3.58 t/ha and can be used in agricultural formations in Ukraine

Keywords: Helianthus annuus L; segetal vegetation; plant protection products; surfactants; phytotoxicity;

productivity; oil content

INTRODUCTION

Among the limiting factors that affect the yield of sun-
flowers, as one of the key export-oriented crops, the de-
termining role belongs to the segetal vegetation, which
requires mandatory control. The need for herbicide
protection as a central agrotechnological measure for
obtaining high yields of the crop under study is due to
the fact that, as noted by S. Masliiov et al. (2021), weeds
can significantly reduce its seed productivity, which
will negatively affect foreign exchange earnings in the
budget. According to A. Shuvar et al. (2021), Yu. Taras-
ovskyi (2025), sunflower oil is central in the structure of
agricultural products in Ukraine, 5.1 billion USD or al-
most 21%, which exceeds the volumes of corn (5.0 bil-
lion USD) and wheat (3.7 billion USD).

Accordingto M.Ozkil et al. (2022),weed infestation of
sunflower agrocenoses is especially harmful during the
herbicidal period, which is long and falls on the phases
V2-V3 to R3-R5. Weeds compete with cultivated plants
for light, moisture and nutrients. According to V. Zuza et
al. (2022), 1. Mostoviak et al. (2024), control of segetal
vegetation in sunflower crops is conducted by applying
soil (pre-emergence) and insurance (post-emergence)
herbicides. In Ukraine, the most common active sub-
stances used to protect agrocenoses of the crop un-
der study from weeds in the pre-germination period
are propizochlor, acetochlor, s-metolachlor, dimethan-
amide-P, terbutylazine, flufenacet, aclonifen and their
mixtures (State Register..., n.d.). At the same time, only
aclonifen, terbutylazine and flufenacet are used in the
European Union (Pesticide Properties Data Base, n.d.).

The effectiveness of pre-emergence herbicides de-
pends on soil, weather and climatic conditions at the
initial stages of sunflower growth and development.
On light-texture soils with low cation exchange ca-
pacity, active substances can move into the lower soil
layers and cause phytotoxicity to crops. Thus, accord-
ing to Z. Pacanoski and A. Mehmeti (2021), oxyfluorfen,
aclonifen,acetochlor,dimethanamid-p,and propizochlor
do not significantly reduce their effectiveness at low
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soil moisture, while the effectiveness of linuron, pro-
sulfocarb and petoxamide depends more on soil mois-
ture. One of the ways to increase the effectiveness of
soil herbicides under adverse weather conditions and
reduce their phytotoxicity is to use adjuvants. Adju-
vants are substances that are added to the solution of
plant protection products to increase the effectiveness
of pesticide active ingredients (Legleiter et al., 2024).

According to H. Gongalves et al. (2024), adjuvants
significantly increase the effectiveness of soil herbi-
cides, and this effect can, in some cases, be twice as
high as the control without their use. The addition of
adjuvants to soil herbicides improves the adsorption of
active substances by the soil, which in turn prevents
their movement to the lower horizons, keeping them in
the 0-5.0 cm layer and protecting them from photoly-
sis under the influence of sunlight. However, according
to W. Grichar and J. McGinty (2022), adjuvants do not
always increase the effectiveness of soil herbicides,
which probably depends on the agroclimatic condi-
tions of the region and the properties of the surfactants
themselves. In addition, the study determined that ad-
juvants do not reduce the evaporation of applied plant
protection products but rather increase it in some cases.

Addressing the ambiguity of research results on the
use of surfactants in herbicide crop protection tech-
nologies, the study aimed to analyse the effectiveness
of soil herbicide formulations with Peritera adhesive
pre-emergence on annual sunflower crops. The study
aimed to study the peculiarities of growth, development
and formation of seed productivity of annual sunflower
depending on the options for pre-emergence herbicide
protection of crops.

MATERIALS AND METHODS

The field research was conducted in the Western For-
est-Steppe of Ukraine at Agrarian Marka Limited Li-
ability Company in Ternopil district, Ternopil region,
during 2022-2024. The soil of the experimental field
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is dark grey podzolised medium loamy with an organic  included the study of six variants of herbicide protec-
matter content of 3.1%. The scheme of the experiment tion of sunflower hybrid LG 5478 (Table 1).

Table 1. Experiment design

No. Experiment variants
1 Control without herbicides
7 Tank mix of herbicides SoraNet, CE (propizochlor, 720 g/l)
2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 l/ha
3 Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l)
2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 |/ha + Peritera adjuvant 0.15 l/ha
4 Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l)
2.0 I/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.2 l/ha
5 Tank mixture of herbicides SoraNet, KE (propyzochlor, 720 g/l)
2.0 l/ha + Idaho, KS (terbuthylazine, 500 g/l) 1.5 l/ha + adjuvant Peritera 0.25 l/ha
6 Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l)

2.0 I/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.30 l/ha
Source: compiled by the authors

The area of the registered plots is 100 m%. The rep-  conditions in the Ternopil region in 2001-2024 is that
etition is four times. The studies were conducted fol- they reflect these indicators on a global scale and are
lowing the generally accepted methods of V. Polozhen-  manifested in the increase in the aridity of the growing
ets et al. (2024). A characteristic feature of the weather  season in 2022-2024 (Table 2).

Table 2. Sum of precipitation by months of vegetation of crops in the Ternopil region, mm

Months
Years April May June July August September  For the period April-September
2001 53 45 154 135 51 156 594
2002 46 52 82 54 55 70 359
2003 22 49 33 137 32 42 315
2004 21 63 45 94 87 41 351
2005 55 56 67 47 113 11 349
2006 40 79 81 61 184 18 463
2007 18 59 55 114 80 90 416
2008 125 65 39 169 50 138 586
2009 33 59 116 43 28 18 297
2010 48 130 129 107 63 80 557
" 46.1 65.7 80.1 96.1 74.3 66.4 428.7
V, %" 66.9 373 51.1 45.5 62.3 76.0 26.6
2011 32 37 82 93 39 14 297
2012 62 64 116 78 84 54 458
2013 39 96 137 91 35 78 476
2014 35 124 38 70 87 27 381
2015 30 65 49 41 17 54 256
2016 84 42 151 38 23 73 411
2017 52 72 68 53 37 124 406
2018 15 49 84 87 35 25 295
2019 25 121 54 30 22 10 262
2020 16 60 123 94 81 82 456
X« 39.0 73.0 90.2 67.5 46.0 54.1 369.8
V, %* 55.2 423 437 36.9 59.2 66.7 48.7
2021 10 53 41 101 48 58 311
2022 28 17 13 82 78 107 325
2023 73 23 86 84 47 4 317
2024 41 23 45 61 35 82 287
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Table 2. Continued

Months
Years April May June July August September  For the period April-September
X« 38.0 29.0 46.3 82.0 520 62.8 310.0
V, %* 69.9 56.0 65.0 20.0 35.2 70.1% 48.9
Long-term averages 43 66 80 87 67 58 401

Note: X - Average value of the indicator for the period; V - coefficient of variation of the indicator for the period
Source: compiled by the authors based on meteorological observations

Thus, in the period 2001-2010, the average amount
of precipitation for April-October was 428.7 mm, in
2011-2020, 369.8 mm, and for the same period in
2021-2024, only 310.0 mm, while the long-term aver-
age for the study area is 401 mm. In addition to the de-
terioration of the atmospheric humidification regime,
there is an uneven distribution of precipitation over
the years of observation, as the coefficient of variation
is more than 25%, which indicates a significant var-
iability of this indicator. The most common indicator
that characterises the variability of weather elements
is the coefficient of deviation, which reflects the value
of the current value from the long-term average and is
determined by the formula.

Ke =%Z (1)

where Kc - deviation significance coefficient; X, - cur-
rent weather elements; X - average long-term value
indicator; o - standard deviation.

If the coefficient of significance of deviations is at
the level of 0-1, the weather conditions are close to
normal; at the value of Kc 1-2, the weather conditions
are very different from the long-term average; at Kc> 2,
the conditions are close to rare M. Kulbida et al. (2009)
calculated the coefficients of significance of deviations
in precipitation and found that there is a tendency to
increase the number of atypical months in terms of at-
mospheric moisture regime (Table 3).

Table 3. Significance coefficients of deviations of precipitation from long-term averages in the Ternopil region

Vears Months Number of atypical
April May June July August September months, pcs.

2001 0.434 -0.771 2.103 1.265 -0.525 2.766

2002 0.126 -0.511 0.060 -0.887 -0.394 0.340

2003 -0.932 -0.622 -1.331 1.318 -1.147 -0.450

2004 -0.976 -0.102 -0.990 0.175 0.654 -0.478

2005 0.522 -0.362 -0.366 -1.073 1.506 -1.324

2006 -0.139 0.493 0.031 -0.701 3.831 -1.127 2
2007 -1.109 -0.251 -0.706 0.707 0.425 0.904

2008 3.608 -0.027 -1.161 2.168 -0.558 2.258

2009 -0.447 -0.251 1.025 -1.180 -1.278 -1.127

2010 0.214 2.390 1.394 0.521 -0.132 0.622

2011 -0.491 -1.069 0.060 0.149 -0.918 -1.240

2012 0.831 -0.065 1.025 -0.250 0.556 -0.111

2013 -0.183 1.125 1.621 0.096 -1.049 0.566

2014 -0.359 2.167 -1.189 -0.462 0.654 -0.873

2015 -0.580 -0.027 -0.877 -1.233 -1.638 -0.111

2016 1.801 -0.883 2.018 -1.312 -1.442 0.425 2
2017 0.390 0.233 -0.338 -0.914 -0.983 1.863

2018 -1.241 -0.622 0.117 -0.011 -1.049 -0.929

2019 -0.800 2.055 -0.735 -1.525 -1.474 -1.353

2020 -1.197 -0.213 1.223 0.175 0.458 0.679

2021 -1.461 -0.474 -1.104 0.361 -0.623 0.002

2022 -0.668 -1.812 -1.898 -0.143 0.359 1.384

2023 1.316 -1.589 0.173 -0.090 -0.656 -1.522 10
2024 -0.095 -1.589 -0.990 -0.701 -1.049 0.679

Source: compiled by the authors
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In 2001-2010, the number of months with pre-
cipitation amounts significantly different from long-
term averages was 23, of which 7 were abnormal. For
the period 2011-2020, 23 atypical cases were also re-
corded, of which only 1 was rare. In 2021-2024, there
were already 10 months with precipitation amounts
that significantly differed from the long-term aver-
age. This indicates a tendency to increase the une-
ven distribution of precipitation during the growing

Senyk et al.

season and necessitates the use of adjuvants in soil
(pre-emergence) herbicide technologies to improve
their effectiveness. Directly during the years of re-
search (2022-2024), the weather conditions dur-
ing sowing and application of soil herbicides in the
pre-emergence period differed from the average
long-term data, which was used to objectively assess
the studied factor under different meteorological in-
dicators (Table 4).

Table 4. Agrometeorological conditions at the time of sowing and the beginning of the sunflower growing season, mm
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Year Months
April May
Sum of precipitation, mm
2022 38 16
2023 75 12
2024 45 17
Long-term averages 43 66
Air temperature, °C
2022 7.1 14.9
2023 8.2 14.8
2024 12.3 16.1
Long-term averages 8.7 14.1

Source: compiled by the authors based on meteorological observations

Thus, in 2022, the amount of precipitation in April
was 38 mm, and the average daily air temperature was
+7.1°C; in 2023 and 2024, respectively, 75 mm and
+8.2°C and 45 mm and 12.3°C. The long-term mete-
orological indicators were 43 mm and +8.7°C, respec-
tively. May 2022-2024 was dry, with 16,12 and 17 mm
of precipitation, respectively, compared to the average
long-term norm of 66 mm. The air temperature was
+14.9°Cin 2022, +14.8°Cin 2023 and 16.1°Cin 2024.
The long-term average was 14.1°C. Thus, April 2022
was cool with a slight deficit of precipitation, 2023
was excessively wet and cold, and May was dry with
air temperatures close to the climatic norm. In 2024,
April was characterised by sufficient precipitation and
above-normal temperatures, while May was dry and
excessively warm.

Soil herbicides were applied immediately after
sowing the test crop. The working fluid consumption
was 200 litres per 1 ha. Weed counts were conduct-
ed on permanently fixed plots of 1 m2 The leaf sur-
face area of the crop under study was determined by
the calculation method, the essence of which is that
this indicator was calculated by multiplying the length
of the leaf by its width and by a conversion factor of
0.74. The sample size of the plants was 20 pieces. The
chlorophyll content was determined using the N-tester
(Germany), analysing the 30 youngest fully developed
leaves. The higher the index, the higher the chlorophyll
content and, accordingly, the plants are less affected by
stress factors. Harvesting was conducted by threshing
the entire experimental plot. The oil content was de-
termined using a FOSS Infratec Nova device (Denmark).

For the research, average samples were taken from
each replication, weighing 2 kg, which were placed in
the device and the oil content was displayed on the
screen. The use of this device for research is not subject
to copyright infringement restrictions. The authors ad-
hered to the standards of the Convention on Biological
Diversity (1992). The cost-effectiveness of the research
was conducted based on the developed technological
maps, addressing current prices for work performed and
material resources as of 2025.

RESULTS AND DISCUSSION

Practical experience in the use of soil (pre-emergence)
herbicides shows that one of the main prerequisites
for their effective operation and safety for crops is op-
timal soil moisture. Insufficient moisture partially or
completely reduces the effectiveness of soil herbicides,
while excessive rainfall can cause the active ingredients
to be washed into the lower soil layers, which causes
phytotoxicity to crops. However, in actual production
conditions, there are rarely favourable conditions for
the maximum effectiveness of soil herbicides, as tech-
nological operations related to agricultural production
are conducted in the open field, where the amount of
precipitation is determined by weather conditions.
According to the results of field studies conduct-
ed in 2022-2024, a positive effect of the soil adhesive
Peritera on the processes of growth, development and
formation of seed productivity of annual sunflower
was revealed. It was found that the addition of Perit-
era adjuvant to the tank mixture of herbicides reduced
the number of segetal vegetation in the agrocenosis
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of the studied crop (Table 5). The main representatives
of weeds in the experiments were white quinoa (Che-
nopodium album L.) and chicken millet (Echinochloa
crus-galli L). The highest weed infestation of sun-
flower crops was observed in the control without
herbicide protection - 35.6 plants per m2. Pre-emer-
gence application of a tank mixture of soil herbicides
with the active ingredients propizochlor, 720 g/l at a
rate of 2.0 l/ha and terbutylazine (500 g/l), 1.5 l/ha,
helped to reduce the number of segetal vegetation to
5.9 pcs/m2. The addition of Peritera adjuvant enhanced
the effectiveness of the applied products, as the num-
ber of weeds was 1.3-2.6 pcs/m?, which is statistically
significant compared to the variant without its use.

A comparative assessment of the application rates of
Peritera soil adhesive indicates that it is advisable to use
0.2 l/ha, since further increases do not provide a signifi-
cant reduction in the number of weeds. Reducing the rate
to 0.15 I/ha provides less control of segetal vegetation. It
should be noted that the use of adjuvants with soil her-
bicides is intended not only to enhance the effect of the
latter, but also to reduce their possible phytotoxic effects
on cultivated plants. One of the indicators that charac-
terise the state of a plant organism is the leaf surface
area and the intensity of green colour of the leaves, which
in turn is determined by the chlorophyll content. Studies
have shown that herbicide protection schemes affected
the photosynthetic activity of sunflower plants (Table 6).

Table 5. Weed infestation of annual sunflower agrocenoses, depending
on the experiment variant, pcs/m? (average for 2022-2024)

Number of weeds

Experlment variants in the 8-leaf stage

Control without herbicides 35.6
Tank mix of herbicides SoraNet, CE (propizochlor, 720 g/l) 59

2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 l/ha ’
Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l) 26

2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.15 l/ha ’
Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l) 19

2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.20 l/ha ’
Tank mixture of herbicides SoraNet, KE (propyzochlor, 720 g/l) 15

2.0 I/ha + Idaho, KS (terbuthylazine, 500 g/l) 1.5 |/ha + adjuvant Peritera 0.25 l/ha ’
Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l) 13

2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.30 l/ha ’
LSDs, pcs/m?* 0.6

Note: Least significant difference (LSD) indicates a significant reduction in weed infestation from herbicide application
and its absence between adjuvant application rates
Source: compiled by the authors

Table 6. Main indicators of photosynthetic activity of sunflower crops
in the 6-leaf stage, depending on herbicide protection schemes (average for 2022-2024)

Chlorophyll content
in leaves, N-tester units

Area of sunflower crop leaf

Experiment variants
P surface, thousand m?/ha

Control without herbicides 2.95 489
Tank mix of herbicides SoraNet, CE (propizochlor, 720 g/l) 395 496
2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 l/ha
Tank mix of herbiciqes Soranet, CE (propizochllor, 7207 g/l) 2.0 I/ha + Idaho, 362 511
KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.15 l/ha
Tank mix of herbiciqes Soranet, CE (propizoch_[or, 720_ g/l) 2.0 I/ha + Idaho, 465 551
KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.20 l/ha
Tank mixture of herbicjdes SoraNet, KE (propyzqchlor, 720. g/l) 2.0 /ha + 471 564
Idaho, KS (terbuthylazine, 500 g/l) 1.5 |/ha + adjuvant Peritera 0.25 l/ha
Tank mix of herbiciQes Soranet, CE (propizochllor, 720. g/l) 2.0 I/ha + Idaho, 475 570
KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.30 l/ha
LSDys" 0.63 32

Note: Least significant difference (LSD) indicates a significant reduction in weed infestation from herbicide application
and its absence between adjuvant application rates
Source: compiled by the authors

chlorophyll content in leaves from the application of
herbicides and their absence between the application

LSD (least significant difference) indicates a re-
liable increase in the leaf surface area of plants and
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rates of adjuvants. The use of soil herbicides that con-
trol weeds in the study crop contributed to the growth
of the leaf area of the sunflower. Thus, in the variant
without the use of adjuvants, this indicator was at the
level of 3.25 thousand m?/ha, when adding Peritera
adhesive to the tank mixture at a rate of 0.15 l/ha, it
was 3.62 thousand m?/ha, and when adding 0.2, 0.25
and 0.3 l/ha, it was 4.65, 4.71 and 4.75 thousand m?/
ha, respectively. Statistical processing of the research
results indicates that there is no significant difference
between the application of 0.20, 0.25 and 0.3 l/ha of
Peritera adjuvant.

The chlorophyll content in sunflower leaves de-
pended on the herbicide protection scheme. Thus, in
the control without the use of plant protection prod-
ucts, it was the lowest and was at the level of 489 units.
The use of a tank mix of herbicides with the active

Senyk et al.

ingredients propizochlor, 720 g/l and terbutylazine,
500 g/l, contributed to an increase in the chlorophyll
contentin the leaves to 496 units due to the reduction of
the negative impact of segetal vegetation on cultivated
plants.The addition of Peritera adhesive to the tank mix-
ture of herbicide active ingredients led to an increase
in the intensity of green colour of sunflower leaves,
which was reflected in the increase in the accumulation
of green pigments in photosynthetically active organs.
Thus, in the variant with the application of 0.15 l/ha, the
N-tester readings were 511 units. Further increase in
the rate of soil adhesive application contributed to the
accumulation of chlorophyll content in the leaves, but
its maximum statistically confirmed content was noted
in the variant with the use of 0.2 [/ha 551 units. Stud-
ies have shown that variants of herbicide protection
affected the seed productivity of sunflower (Table 7).

Table 7. Key indicators of seed productivity of sunflower crops depending
on herbicide protection schemes (average for 2022-2024)

Experiment variants Seed yield, Oil content
P t/ha in seeds, %
Control without herbicides 1.62 42.2
Tank mix of herbicides SoraNet, CE (propizochlor, 720 g/l) 331 48.9
2.0 I/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 l/ha ’ ’
Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l) 3 45 490
2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.15 l/ha ’ ’
Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l) 358 493
2.0 l/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 I/ha + Peritera adjuvant 0.20 l/ha ’ ’
Tank mixture of herbicides SoraNet, KE (propyzochlor, 720 g/l) 361 495
2.0 I/ha + Idaho, KS (terbuthylazine, 500 g/l) 1.5 |/ha + adjuvant Peritera 0.25 l/ha ’ ’
Tank mix of herbicides Soranet, CE (propizochlor, 720 g/l) 365 495
2.0 I/ha + Idaho, KS (terbutylazine, 500 g/l) 1.5 l/ha + Peritera adjuvant 0.30 l/ha ’ ’
LSD 0.11 0.51

Note: LSD (least significant difference) indicates a reliable increase in seed yield and oil content in seeds from the
application of herbicides and their absence between the application rates of adjuvants

Source: compiled by the authors

Among the options studied, the lowest seed yield
was observed in the control without herbicides, where,
due to the intensive development of segetal vegeta-
tion, the seed yield per unit area was 1.62 t/ha.The oil
content in the seeds was also the lowest and amount-
ed to 42.2%. The application of a tank mixture of soil
herbicides with the active ingredients propyzochlor,
720 g/l, and terbuthylazine, 500 g/l, followed by the
application of insurance preparations, contributed to
an increase in seed productivity to 3.31 t/ha and oil
content to 48.9%. Depending on the application rate
of the soil adjuvant, the sunflower seed yield was
3.453.65 t/ha. The minimum application rate of the
Peritera adjuvant (0.15 l/ha) ensured seed productiv-
ity of the tested crop at 3.45 t/ha with an oil content
of 49.0%. This is 0.14 t higher than the production
control. In the experiment with the application of
0.2 l/ha of Peritera, an increase in sunflower yield to

3.58 t/ha was noted, which is 0.27 t/ha more than the
production control. The oil content was 49.3% (Ta-
ble 7, option 3).

Further increase in the rate of soil adjuvant appli-
cation, although it provides an increase in the seed pro-
ductivity of the crops under study, this increase is within
the statistical error. Studies have shown that herbicide
protection options provided different economic effi-
ciency (Table 8). As of 1.02.2025, the average selling
price of sunflower seeds in Ukraine was 25000 UAH/t,
and the cost of Peritera soil adhesive was 780 UAH/L
Depending on the variant of the experiment, the cost
of increasing the yield of sunflower seeds relative to
the absolute control was 1,692.06 t/ha, and relative
to the production control, 0,140.37 t/ha. In monetary
terms, these figures amounted to 4225051500 and
35009250 UAH/ha, respectively. The highest yield in-
creases in physical and monetary terms were observed
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in the variant with 0.3 l/ha of Peritera soil adjuvant,
2.06 t/ha and 51500 UAH/ha relative to the absolute

control and 0.37 t/ha and 9250 UAH/ha compared to
the production control.

Table 8. Main indicators of the efficiency of soil herbicide protection of sunflower (average for 2022-2024)
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Control without herbicides 1.62 - - - -
Tank mix of herbicides SoraNet, CE
(propizochlor, 720 g/l) 2.0 l/ha + Idaho, 3.31 1.69 - 42,250 - -
KS (terbutylazine, 500 g/l) 1.5 /ha
Tank mix of herbicides Soranet, CE
(propizochlor, 720 g/l) 2.0 l/ha + Idaho,
KS (terbutylazine, 500 g/l) 1.5 /ha + 3.45 1.83 0.14 45,750 3,500 117 3,383 2,891.5 4.68
Peritera adjuvant 0.15 l/ha
Tank mix of herbicides Soranet, CE
(propizochlor, 720 g/l) 2.0 l/ha + Idaho,
KS (terbutylazine, 500 g/l) 1.5 /ha + 3.58 1.96 0.27 49,000 6,750 156 6,594 4,226.9 6.24
Peritera adjuvant 0.20 l/ha
Tank mixture of herbicides SoraNet, KE
(propyzochlor, 720 g/l) 2.0 l/ha + Idaho,
KS (terbuthylazine, 500 g/l) 1.5 /ha + 3.61 1.99 0.30 49,750 7,500 195 7,305 3,746.2 7.80
adjuvant Peritera 0.25 l/ha
Tank mix of herbicides Soranet, CE
(propizochlor, 720 g/l 2.0 Uha * Idaho, 5 Jo 5 43 034 50,750 8500 234 8266 35325  9.36

KS (terbutylazine, 500 g/l) 1.5 l/ha +
Peritera adjuvant 0.30 l/ha

Source: compiled by the authors

Considering the price of 1 litre of Peritera soil
adhesive 780 UAH/L and the absence of additional
costs for its application, as it is added to the tank
mixture of soil herbicides, the cost of treating 1 ha
with it is 117234 UAH. In the variant where the ap-
plication rate was 0.15 l/ha, this figure was the low-
est and was at 117 UAH/ha, and when using 0.3 I/
ha of the product, it was the highest at 234 UAH/ha.
In Ukraine, several studies have been conducted to
investigate the impact of soil (pre-emergence) her-
bicides on the seed productivity of annual sunflower.
For example, according to O. Rudik et al. (2020), the
active ingredients oxyfluorfen, terbuthylazine, ace-
tochlor, promethrin, pendimethalin, S-metholachlor,
and propizochlor are used to control segetal veg-
etation in the agrocenoses of the crop. In addition,
according to M. Radchenko et al. (2022), a tank mix
of herbicides with the active ingredients flumioxazin
and fluorochloridone is quite effective.

V. Gurtovenko and O. Tsyuk (2024) established that,
for conditions in the Cherkasy region, the best option
for weed control in sunflower agrocenoses is the ap-
plication of 5 l/ha of the herbicide Challenge. At the
same time, the highest seed yield of the studied crop
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was 3.8 t/ha. The high efficiency of the tank mixture
of soil herbicides Challenge (2.5 l/ha) + Harness (1.5 I/
ha) was proven by V. Hryhoriev and A. Fedchuk (2021)
in the conditions of the Khmelnytskyi region, which
ensured the highest seed yield of the studied hybrids,
3.03.47 t/ha. When studying the effect of soil herbi-
cides on biometric indicators and sunflower yield, au-
thors S. Mazur and H. Matusevych (2023) found that
the application of the preparation Gezagard proved
to be the most effective and ensured a seed yield of
2.64 t/ha, which was 23.9% higher than the control.
The use of weed control products during the peri-
od of VVSN 00-09 is advisable even in crops of hybrids
grown using ExpressSun technology, as proven in the
experiments of G. Delchev et al. (2020). Notably, ac-
cording to Z. Pacanoski and A. Mehmeti (2021), in dry
conditions, the effect of pre-emergence herbicides is
reduced, and in conditions of sufficient moisture, their
high efficiency is ensured. In this context, it is nec-
essary to create conditions to ensure the maximum
effectiveness of soil herbicides, as F. Onemli and U. Te-
tik (2023) found that post-emergence herbicides used
to control segetal vegetation harm the growth, devel-
opment and formation of sunflower seed productivity.




However, according to the literature, despite a sig-
nificant number of experiments on the effectiveness
of pre-emergence control of segetal vegetation of
sunflower agrocenoses, the issue of using adjuvants in
herbicide protection technologies has not been studied
in Ukraine. At the same time, the State Register of Pes-
ticides and Agrochemicals Approved for Use in Ukraine
(State Register... (n.d.) includes a significant number of
such products, and they are widely used in production
conditions of agricultural enterprises in different re-
gions of the country. However, abroad, in the European
Union and other countries, adjuvants are widely used in
crop cultivation technologies, in terms of their chemi-
cal protection against harmful objects, including weeds.
They help to increase the effectiveness of crop protec-
tion products and reduce the application rates and the
number of chemical treatments.

According to research conducted by scientists
around the world, the use of adhesives for soil
(pre-emergence) herbicides is an ambiguous issue and
therefore requires more detailed study. According to
N. Sharma et al. (2020), the addition of adjuvants to
soil herbicides results in better soil absorption of the
active components of herbicides, which improves the
environmental component of their use. However, pro-
duction experience and research results, as noted by
W. Grichar and J. McGinty (2022), on the use of these
substances in pre-emergence herbicide protection
technologies for crops, including sunflower, indicate
that the obtained indicators are controversial. This is
manifested in the insufficient effectiveness of the ap-
plied preparations, the lack of evaporation reduction,
or even its increase, as reported by S. Das and K. Hage-
man (2020). Thus, modern crop cultivation technolo-
gies should be based on adaptation to specific soil and
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the growth, development and formation of sunflower
seed productivity. On average, over the three years of
research, the best statistically proven herbicide pro-
tection option was the application of a tank mix of
Soranet, CE (propizochlor, 720 g/l) 2.0 I/ha + ldaho,
KS (terbutylazine, 500 g/l) 1.5 l/ha + Peritera adjuvant
0.2 l/ha. This variant of the experiment showed the
lowest weediness of crops and the lowest manifesta-
tion of phytoxicity, since the N-tester indicators and,
consequently, the chlorophyll content were the high-
est. The seed yield of the crop under study was 3.58 t/
ha, and the oil content was 49.3%. The use of Peritera
soil adhesive was profitable in all variants of the ex-
periment, as the low cost of its application was paid
off by significant yield increases. The highest profita-
bility was observed in the variant with a rate of 0.2 l/
ha of the adjuvant - 42-26.9%.

The use of Peritera soil adhesive was profitable in
all variants of the experiment, as the low cost of its ap-
plication was paid off by significant yield increases. The
highest profitability was recorded in the variant with a
rate of 0.2 l/ha of adjuvant, which was 42-26.9%. Anoth-
er indicator of the effectiveness and feasibility of Perit-
era is the equivalent of the grown product (sunflower
seeds) required for its application. Thus, considering the
cost of 1 tonne of sunflower seeds at 25,000 UAH/t, the
cost of using the adhesive is 4,68-9.36 kg/ha of sun-
flower seeds, while the yield increase from its applica-
tion is 140-340 kg/ha. Given that the use of adjuvants
in pre-emergence herbicide crop protection technolo-
gies in Ukraine is completely unexplored, this issue is
highly relevant in the context of climate change and
in the context of reducing the pesticide burden on the
environment.
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[AOCXOAO0BUX rep6iumAaiB Ha NociBax COHALIHUKY OAHOPIYHOIro
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AHoTauif. BukopucTaHHS afloBaHTIB y CMCTEMax XiMiYHOro 3axMcTy MOCiBiB Bif, WKiAIMBMX OOEKTIB, 30KkpeMa i
OYypAHiB € OJHI€EI i3 BAaXNMBMX iHHOBALiM Y CinbCbKOroCnofapCbKOMy BMPOOHMLTBI. MeTow pocnifxeHb 6yno
BMBUMTKM e(EKTMBHICTb 3aCTOCYBaHHSA pi3HMX HOpPM aptoBaHTa Peritera B cuctemi pocxopoBoro rep6iuuaHoro
3aXUCTY COHSILWHWUKY opHopiyHoro (Helianthus annuus L) B ymMoBax 3axigHoro Jlicocteny. Metoan AocnigXeHsb:
NoNbOBMIM, NabOPATOPHUN, KiNbKICHWIA, MAaTEMATUUYHO-CTAaTUCTUYHMIA OA9 OLIHIOBAHHSA AOCTOBIPHOCTI OTPUMAHMX
faHux. baratopiyHMMu pocnigxeHHsIMM Byno BCTaHOB/EHO, HA GOHI HEPIBHOMIPHOro po3nofiny onagis (nocyxa
abo HagMipHe 3BONOXEHHS) Mig Yac CiBbM Ta Ha MOYATKOBMX €Tamnax PO3BMUTKY CilbCbKOrOCMOLAPCbKUX KYNbTYP,
CTBOPIOKOTLCA NepeLKkoan Ans epeKTUBHOI Aii I'PYHTOBMX (BOCXOL0BMX) repbiumais, @ AOAABAHHS A OBAHTIB [0
HWX MO3WTUBHO BM/JMBAE Ha MPOLLECU POCTY, PO3BUTKY Ta GOPMYBAHHS HACIHHEBOI NPOAYKTUBHOCTI COHSLLIHMKY.
B ymoBax 3axigHoro Jlicocteny (TepHoninbCbka 061acTb) HalKpalli pe3ynbTaTv Npu BUKOPUCTAHHI LOCXOLOBOIO
rep6iLUMAHOro 3aXMUCTy COHSLWHMKY 3adiKcoBaHO Ha BapiaHTi, Ae BHocunucs npenapatu CopaHer, KE (nponisoxnop,
720 r/n) - 2,0 n/ra + Aingaxo, KC (tepbytunasumu, 500 r/n) - 1,5 n/ra i B 3a3HaveHy H6akoBy cyMil 6yno foaaHo
ap'toBaHT Peritera 0,2 n/ra. 3aCToCyBaHHS L€l 'PYHTOBOI CXeMM 3aXMUCTY AN JOCNIAXKYBaHOI KynbTypu 3abe3neumnno
HaMMeHLY YMCeNbHICTb cereTasibHOi POCIMHHOCTI B arpoLLeH03ax COHSAWHMKY oaHopiyHoro. KpiM Lboro BiaMiyeHo
HaMBULLMIA BMICT X1I0pO@diny Ta HU3bKY QITOTOKCUYHICTb BUKOPUCTOBYBAHUX NPenaparTiB Y BiAHOWEHHI J0 KYNbTYPHUX
poc/iuH. Yepes 3acTocyBaHHS NMOBEPXHEBO-AaKTUBHMX PEYOBWMH, fKi 3 ogHoro 6oky 3anobiraloTb nepeMilleHHo
LitUYMX PEYOBUH B HMXKHI FTOPU30OHTH, @ 3 iHWOro 3abe3neyyroTb Kpalle iX MPOHMKHEHHS B PYHT Mif 4ac HecTtaui
BOJIOTM MOX/MBE HIBENIOBAHHA HecnpuaTaneux daktopis. OTpUMaHi pesynbTaT € OCHOBOK NS BAOCKOHANEHHS
€/1eMEHTIB TEXHOJONii BUPOLLYBAHHS COHALIHMKY Ta 3abe3neyaTb YPOXKaiHiCTb HACiHHA Ha piBHI 3,58 T/ra i MOXyTb
3aCTOCOBYBATUCA B arpodOopMyBaHHAX YKpaiHu

Kntouosi cnoBa: Helianthus annuus L; ceretanbHa POCAMHHICTb; 3acobu 3aXMCTy POCAMH; NOBEPXHEBO-aKTUBHI
peyoBUHM; PITOTOKCUYHICTb; NPOAYKTUBHICTb; ONiIMHICTb
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which exceeded the control by 5.6 c/ha (14.9%). The weight of 1,000 grains increased to 45.6 g, the productive
density to 417 stems/m2, and the number of ears per ear to 16.5. The duration of the flag leaf functioning in this
variant reached 14 days, and the chlorophyll level remained high during the filling phase. There was a significant
reduction in leaf rust (down to 14.5%) and a 15% increase in the share of milled grain. The economic analysis
demonstrated that option B5 provided the highest income (129,600 tg/ha) with a payback ratio of 2.1 and an
economic effect of 18,000 tg/ha. The other options provided a yield increase of 3.3 to 4.7 cwt/ha with payback
periods ranging from 1.6 to 1.9. The data confirm the expediency of integrating phase-selected foliar fertilisation
into wheat cultivation technologies in the risky farming zone. Comparing experiments in different years in terms
of moisture levels, it can be concluded that, provided there is sufficient moisture, foliar feeding is more effective
when combined with the main application of macronutrients (nitrogen and phosphorus)

Keywords: physiological activity; productive stems; chlorophyll content; vitality index; microelements; spring

wheat; yield

INTRODUCTION

The research relevance is determined by the need to im-
prove agronomic approaches to soft spring wheat culti-
vation in Northern Kazakhstan. The agroclimatic features
of the region, including frequent periods of drought,
sharp fluctuations in vegetation period temperatures
and unstable moisture supply, made it difficult to realise
the biological potential of varieties. In the context of de-
clining efficiency of traditional cultivation methods, the
development of alternative strategies for managing the
physiological state of plants became particularly rele-
vant. Foliar feeding was seen as one of the most promis-
ing ways to quickly deliver nutrients to critical phases of
organogenesis, helping to maintain the photosynthetic
apparatus and prolong the functioning of the flag leaf.
The problem of the study was the limited adaptability of
standard foliar nutrition schemes to the soil and climatic
conditions of the North Kazakhstan zone.

According to T.Z. Aidarbekova et al. (2024) differen-
tiated mineral nutrition on the chornozems of Northern
Kazakhstan, which contributed to the growth of flag
leaf photosynthetic activity, which was reflected in an
increase in the chlorophyll index and, as a result, in an
increase in yield. The greatest effect was observed with
a balanced nitrogen supply in the phase of tube emer-
gence. The publication by S. Turebayeva et al. (2022)
noted that when direct sowing in the arid conditions of
Southern Kazakhstan, phased fertilisation provided an
economically justified increase in winter wheat yield.
Late treatments combined with minimal inputs helped
to improve the spike structure and reduce the risk of
hollowing. A study by N.O. Turganbayev et al. (2023)
showed that under no-till conditions, the highest pro-
ductivity indicators were associated with early micro-
nutrient supply. This reduced the yield variability be-
tween replications and increased the protein content
in the grain. R. Draghici et al. (2022) described how mi-
cronutrient sheet fertilisers on sandy soils improved rye
development, especially in conditions of moisture defi-
cit. The benefits were expressed in sustainable biomass
growth, slower leaf senescence, and uniform formation
of productive shoots.

The analysis of L. Crista et al. (2024) revealed that
when applying complex foliar fertilisers to maize, the
main performance indicators were the Soil Plant Anal-
ysis Development (SPAD) index and the weight of the
aerial part. The direct relationship between the dosage
of trace elements and the uniformity of generative or-
gans indicated the stability of the physiological status
of plants. S. Seremesic et al. (2022) emphasised that crop
rotation with the use of leaf fertilisers on chornozems
led to an improvement in the phytosanitary condition
of soybeans. The impact of weather stress was signifi-
cantly reduced, and productivity remained high even
in years with limited rainfall. The review by L. Marcins-
ka-Mazur and M. Mierzwa-Hersztek (2023) emphasised
the high efficiency of integrated nutrition schemes for
wheat and rapeseed, combining root and foliar feeding.
This strategy significantly increased not only the yield,
but also the technological parameters of grain, including
crude protein content and vitreous content. According to
R.A.Paunescu et al. (2023),intensive crop rotations with a
well-thought-out nutrition system provided an increase
in wheat yields by increasing productive bushiness and
ear length. In addition, at optimal fertiliser doses, there
was an improvement in the morphological character-
istics of the stem, which increased lodging resistance.

Materials by G. Macra and F. Sala (2022) recorded
a significant variation in nitrogen use efficiency when
combining mineral fertilisers with foliar treatments.
The maximum return per unit of nitrogen applied was
achieved in schemes that included stimulation of the
leaf apparatus in the phase of intensive growth. Ac-
cording to the results of S. Dhaliwal et al. (2022), bi-
oenrichment through micronutrient foliar treatments
contributed to an increase in the content of iron, zinc
and selenium in field crops. It is noted that the use of
such agricultural technologies helps to increase yields
and improve the chemical composition of grain, in-
cluding the content of protein and trace elements. The
study by R. Gaj et al. (2023) demonstrated that proper
management of nitrogen nutrition in triticale ensured
high efficiency of its assimilation, which was reflected
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in a decrease in the residual nitrate content in the soil
and a stable level of yield. Schemes with controlled
fractional fertilisation combined with foliar nutrition
correction proved to be effective. A synthesis review by
. Varga et al. (2022) addressed nitrogen management
strategies in sugar beet but notes the universality of
approaches applicable to cereals. Among the most ef-
fective methods were foliar corrections in the context
of a balanced basic nutrition, which help to maximise
the nitrogen use factor by plants.

However, the effectiveness parameters of different
types of foliar feeding, which differ in composition, time
and frequency of application, were not studied in de-
tail. The question of the impact of such treatments on
plant resistance to pathogens, photosynthetic activity
under stress and the duration of flag leaf functioning
remained open. In addition, there was no comprehen-
sive assessment of the agronomic and economic effec-
tiveness of these practices, which prevented the devel-
opment of sound recommendations for adaptive wheat
cultivation in an unstable climate. The study aimed to
determine the optimal schemes of foliar feeding of
spring wheat to increase its productivity and sustaina-
bility in Northern Kazakhstan.

MATERIALS AND METHODS

The field study was conducted during the growing sea-
son of 2024 (May-August) based on the educational and
experimental plot of Kokshetau University named after
Sh. Ualikhanov in Kazakhstan. The climate is character-
ised as temperate continental, with a high temperature
range and insufficient precipitation during the growing
season. The average monthly air temperature ranged
from +15.8°C in May to +28.3°C in July, with temper-
atures rising to +33°C on some days, which, combined
with a total precipitation of 138 mm per season, met
the criteria for atmospheric drought. Soil conditions of
the site are represented by southern chornozems with
humus content in the range of 3.6-3.8%, slightly acidic
reaction of the environment (pH 6.8), nitrogen content
of 14.3 mg/kg, phosphorus of 17.8 mg/kg, and potassi-
um of 38.6 mg/kg. The particle size distribution is light
loamy. These characteristics provide a favourable agri-
cultural background subject to additional nutrition.
The study was conducted on soft spring wheat of the
Stepnaya 62 variety, zoned in Northern Kazakhstan. The
variety Stepnaya 62 was chosen for its high adaptation to
the agro-climatic conditions of Northern Kazakhstan and
stable productivity. The trial included two factors: main
fertilisation and foliar application. The first factor was the
application of a complex mineral fertiliser at a dose of
N¢oP4oK,, for pre-sowing cultivation. The second factor in-
cluded five variants of foliar treatments: in variant B1, no
foliar feeding was carried out, and it was used as a con-
trol. In variant B2,a 10% urea solution was applied during
the tillering phase. Variant B3 involved the application
of a complex microfertiliser containing boron (150 g/l),
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zinc (75 g/l) and manganese (100 g/l) at the tube stage.
Variant B4 included treatment with a biostimulant based
on amino acids and humates during the earing phase.
Variant B5 combined urea treatment in the tillering stage
and a biostimulant in the earing stage. The experiment
was designed using the randomised block design in trip-
licate. The registered area of each plot was 10 m2 All
agrotechnical practices were conducted in the same way
in all variants: the crop predecessor was pea, the main
treatment included ploughing by 25-27 cm followed by
cultivation, sowing was conducted at the end of May with
a seeding rate of 550 germinating seeds/m?. Herbicidal
protection in all variants was provided by a 2.4-D-based
preparation at the beginning of tillering.

Productive elements were recorded at full maturity
manually at three plots within each plot. The produc-
tive density (pcs/m?) and the number of spikelets per
plant were determined manually at three sites. The av-
erage number of spikelets per plant (pcs.), weight of
1,000 grains (g) and yield (c/ha) were determined. The
weight of 1,000 grains were measured on a laboratory
balance AXIS ADG-200 (Poland), in triplicate, and the
yield was calculated using the formula (1):

_ Ma1o* o1

Y S Prey (1)

100

where Y - yield; hwt/ha; M - grain weight per plot; kg;
S - plot area; m2

The chlorophyll content in the flag leaf was as-
sessed during the grain filling phase using a porta-
ble chlorophyllometer SPAD-502Plus (Konica Minol-
ta, Japan). The readings were taken in the morning
(8:00-10:00) from ten plants per plot in the middle of
the flag leaf length. The obtained values were averaged
and used to analyse the physiological activity of the
leaf. Phytosanitary resistance of plants was assessed
at the stage of milk ripeness by visual diagnostics. The
manifestations of leaf diseases (brown and yellow rust,
septoria) were noted, using a 5-point scale, where:
0 - no lesions, 1 - up to 5% of the leaf surface, 2 - up
to 15%, 3 - up to 35%, 4 - up to 55%, 5 - more than
75%.The assessment was conducted by a committee of
three experts from the Department of Agriculture and
Biological Resources, each of whom had experience in
phytosanitary diagnostics. The data were averaged over
all observations within the same variant. The lesion in-
dex was calculated as a weighted average score based
on visual assessments using formula (2):

X(ab)
1= )
where a - lesion score; b - number of plants with the
score; n — number of examined plants.

The damage to the ears (%) was recorded sepa-
rately by visual inspection during the wax ripeness
phase. The delay in the onset of disease symptoms was
estimated as the difference in days between the first




manifestation and the control variant. The duration of
the flag leaf functioning under stressful weather con-
ditions was determined visually, by the time more than
50% of its area remained green. The countdown started
from the beginning of milk ripeness to the moment of
visual yellowing. The counting was conducted at inter-
vals of 2-3 days in the morning. Variants with longer
leaf retention were considered to be physiologically
more resistant to weather stress (overheating, drought).
The agronomic and economic efficiency was assessed
by gross income (tg/ha), incremental costs (tg/ha), net
income and return on investment (ROI). The latter was
calculated using formula (3):

Dyar—Dcontr

Kr - Zvar_zcomr ’ (3)
where K. - investment return ratio; D,,, D, — gross in-
come in variant and control; Z ,,Z,.. — costs in variant and
control. The yield increase (tonnes per hectare) was calcu-
lated based on the average market price for wheat, with
costs including the cost of inputs, labour and depreciation
of equipment. All calculations were made per 1 ha.

The results of the experiments were statistically
processed by one- and two-factor analysis of variance
using Statistica 12.0 software (USA). The reliability of
the differences between the variants was assessed by
the significance criterion (p < 0.05), and coefficients of
variation and standard errors were calculated. The au-
thors adhered to the standards of the Convention on
Biological Diversity (1992).

RESULTS

Effect of foliar feeding on productivity elements of
durum wheat. Yields varied widely, from 37.6 c/ha in
the control (B1) to 43.2 c/ha in the variant with two
foliar applications (B5), which corresponded to a 15%
increase compared to the background level.A single ap-
plication of urea in the tillering phase (B2) provided a
moderate increase in yield to 40.9 c/ha, or 8.8% higher
than the control. The use of a micronutrient complex
(boron,zinc, manganese) in the tube stage (B3) resulted
in a yield of 41.6 c/ha, which was 10.6% higher than
the control. The use of a growth biostimulant, includ-
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ing humates and amino acids (B4), had a pronounced
positive effect, with a yield of 42.3 c/ha, or 12.5% high-
er than B1. The most significant results were obtained
with double foliar treatment (B5), which combined ear-
ly application of urea and subsequent application of a
biostimulant, with a maximum yield of 43.2 c/ha.

Leaf fertilisation had a complex effect on the struc-
ture of the crop. The number of productive stems per
square metre in the treated variants was 18-22 units
higher than in the control. Thus, in B1, an average of
383 productive stems/m? was recorded, while in vari-
ants B3, B4 and B5 this value reached 401,405 and 417,
respectively. Thus, the increase in stem density was ac-
companied by an improvement in the spatial structure
of the crops, which had a favourable effect on the for-
mation of the ear. The number of spikelets per ear also
varied depending on the nutrition scheme. In the con-
trol, it averaged 15.4 spikelets, and in the variants with
microelements and biostimulants (B3,B4),16.1 and 16.3
spikelets, respectively. The maximum value of 16.5 pcs/
ear was recorded in variant B5. These data indicate that
follicle nutrition stimulated the development of gener-
ative organs, especially in the phase of tube formation.

The weight of 1,000 grains, one of the most sen-
sitive indicators of plant nutrition, also changed sig-
nificantly under the influence of fertilisation. If in the
variant without additional treatment this indicator was
43.4 g,then in B3 and B4 it reached 44.8 g and 45.1 g,
respectively. The highest weight was recorded in the
B5 variant (45.6 g), which indicated a more intensive
grain filling. Thus, biostimulants and combined nutri-
tion schemes contributed to the formation of high-
grade grains with a high specific weight. Additional
confirmation of the positive impact of leaf fertilisers
was provided by observations of the uniformity of plant
development. In variants B1-B2, significant fluctuations
in stem height and heterogeneity in developmental
stages were observed, especially under stressful con-
ditions of late tillering and heat. Whereas in variants
B3-B5, plants were distinguished by a levelled stem,
synchronous development and more uniform grain fill-
ing. This reduced intra-field variability and ensured a
more uniform maturation of the crop (Table 1).
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Table 1. Changes in productive traits of soft wheat under the influence of different foliar nutrition schemes

Variant Solution description Yield, hwt/ha Productive stems,  Spikelets per We|ght‘of
pcs/™2 ear, pcs 1,000 grains, g
B1 Without foliar feeding (control) 37.6 383 154 434
B2 Urea 10% (tillering phase) 40.9 394 15.9 442
B3 Trace elements (B+Zn+Mn, tube output) 41.6 401 16.1 448
B4 Biostimulant (amino acids + humates) 42.3 405 16.3 45.1
B5 Double application (tillering + mowing) 432 417 16.5 45.6

Source: compiled by the authors

Thus, the study confirmed that foliar fertilisation, es-
pecially in the form of biostimulants and micronutrient
complexes, has a positive effect on yield and its structural

parameters. The increase in productive bushiness, ear
development and grain filling were significantly im-
proved in the variants with combined or repeated
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application. Particularly high efficiency was demon-
strated by variant B5, which implements the principle
of layered plant nutrition in key phases of ontogeny.

Chlorophyll a content (SPAD) in different foliar ap-
plication patterns. One of the key indicators used in as-
sessing the physiological state of crops was the chlo-
rophyll content in the leaves, measured in SPAD units.
This parameter is closely related to the functional state
of the photosynthetic apparatus and reflects the reac-
tion of plants to the supply of nutrients. In the control
variant (B1), where no foliar feeding was applied, the
chlorophyll content was 38.7 SPAD, indicating moder-
ate chloroplast activity and possible restriction of ac-
cess to nitrogen during critical phases of the growing
season. The variant with urea application in the till-
ering phase (B2) provided an increase in chlorophyll
content to 42.3 SPAD, indicating partial compensation
for nitrogen deficiency and improvement of photosyn-
thetic activity. The use of a microelement mixture in
the phase of entering the tube (B3) contributed to an
increase in this indicator to 45.2 SPAD, which can be
explained by the role of zinc, boron and manganese in
the regulation of photosynthetic processes, amino acid
synthesis and the functioning of enzymatic systems. In
the variant with the use of a biostimulant based on
humates and amino acids (B4), the chlorophyll content
reached 47.1 SPAD, indicating an increase in metabo-
lism, improved membrane permeability and increased
physiological activity of plants. The highest values were
recorded at the two-time treatment (B5) - 49.5 SPAD,
which is 27.9% higher than the control level. Thus, fo-
liar feeding, especially in combination, provided a sig-
nificant increase in photosynthetic potential, which is
key in the formation of the crop.

The content of nutrients in the aboveground mass
of plants also varied depending on the fertilisation
scheme. In the control (B1), the content of total nitrogen
was 2.65%, phosphorus - 0.32%, and potassium - 1.41%.

B4 (biostimulant)

In the variants with foliar fertilisers, these indicators
increased: in B2 to 2.77%, 0.34% and 1.46%, in B3 to
2.89%, 0.35% and 1.49%; in B4 to 2.95%, 0.36% and
1.51%; and in B5 to 3.02%, 0.37% and 1.54%, respec-
tively. This confirms the effectiveness of foliar nutri-
tion in conditions of limited availability of elements
in the soil solution, especially in the case of drought
and soil compaction in the upper horizons. In addition,
an increase in the concentration of elements in tissues
indicates a more active transport and assimilation of
nutrients in the phases of intensive growth. A complex
indicator of the general physiological state of plants
was the viability index, which considers a set of param-
eters of turgor, colour, development, and the presence
of stress symptoms. In the control, this index was 0.74.
In variant B2 (urea), the index value reached 0.79, with
the use of trace elements (B3), it increased to 0.83, with
the use of biostimulants (B4) to 0.87, and in variant
B5, it reached 0.89. Such values correspond to a high
physiological tone of plants and indicate resistance to
external influences. The treated variants demonstrated
not only better leaf colour but also longer preservation
of green mass. In variants B4 and B5, under the condi-
tions of July heat (daytime temperatures up to +33°C),
the leaves remained active longer, without showing
signs of anthocyanin colouration and premature age-
ing, which is relevant for full grain filling.

A separate observation concerned the duration of
the active growing season. In the variant without foliar
treatment, earlier yellowing and death of the leaves of
the upper tier were observed, which reduced the life of
the photosynthetic apparatus by 4-5 days. In the vari-
ants with foliar treatment, especially B5, the period of
green activity lasted until the middle of grain filling, en-
suring full photosynthesis in the crucial time for yield.
In addition, these variants showed a more uniform
colour of plants, stem density and the absence of de-
pressed areas, which are typical for the control (Fig. 1).

B5 (double application) msss— 40 [

(urea)

SPAD units

B1 (control)

47.1
B3 (trace elements) B2 messsss— 4 )
423
38.7
0 10 20 30 40 50 60

Value

Figure 1. Intensity of chlorophyll accumulation depending on the methods of foliar feeding

Source: compiled based on Formula (1)

Thus, foliar feeding has proven to be efficient for
increasing the physiological activity of durum wheat.
Biochemical shifts towards an increase in chlorophyll,
nitrogen, phosphorus and potassium in plant tissues,
as well as visually observed stress resistance, indicate
the effective impact of the used products. A particularly
pronounced effect was observed when the combined
strategy was applied in layers, which provided the
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highest level of all the physiological and biochemical
parameters studied. This makes it possible to consid-
er variant B5 as the most effective in temperate con-
tinental climate and southern chornozems, especially
in years with limited water supply. The data obtained
confirm the need to include folate nutrition in the over-
all fertilisation system of cereals under intensive culti-
vation technology.




The effect of foliar feeding on disease resistance
and physiological parameters of leaves. In the con-
trol variant (B1), where leaf nutrition was not carried
out, the level of leaf damage by rust and septoria was
the highest, with an average of 26.4% of the leaf area
showing visually pronounced symptoms. The intensity
of the damage was also maximum: the average depth
of necrosis on the affected leaf reached 3.2 points on a
5-point scale, and the flag leaf preservation index did
not exceed 0.62. The presence of a significant propor-
tion of damaged leaves in the phase of active photo-
synthesis negatively affected grain formation, reducing
the efficiency of the filling phase, as evidenced by a de-
crease in the weight of 1,000 grains and the number of
productive ears in this variant. With a single application
of urea (B2), the degree of damage decreased to 21.3%,
and the intensity of symptoms decreased to 2.7 points.
The flag leaf preservation index increased to 0.7, which
indicates a partial increase in physiological resistance
due to improved nitrogen nutrition, although the effect
cannot be considered stable and complete. The delayed
onset of pathogenesis symptoms compared to the con-
trol was about 2 days.

A more pronounced reduction in disease incidence
was observed with the use of a microelement complex
(B3): the proportion of the affected leaf surface was
16.1%, and the visual lesion index decreased to 2.2
points. The flag leaf safety index reached 0.76. This re-
sult is due to the fact that zinc and manganese are ac-
tively involved in lignin synthesis and strengthening of
cell walls, limiting the penetration of fungi, while boron
regulates the formation of the epidermis and reduces
the number of stomata of the main gates of pathogen
penetration. The delay in symptom onset was 4-5 days
compared to B1.In the variant with the use of a biostim-
ulant (B4) containing humates and amino acids, the de-
gree of damage was 17.4%, and the intensity of symp-
toms was 2 points. There was a clear effect of preserving
the flag list (index 0.78) and slowing down the develop-
ment of the lesion: the delay factor was 5 days on av-
erage compared to the control. This effect is associated
with the activation of the synthesis of phytoalexins and
other secondary metabolic compounds with fungistatic
effects and regulating the antioxidant activity of tissues.

However, the best results were recorded in the B5
variant with a double application of only 14.5% of the
affected surface, with a visual lesion index of 1.7 points
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and a flagging index of 0.81. This is 11.9 percentage
points and 1.5 points below the benchmark, respective-
ly. This decrease indicates a synergy between the early
stimulating effect of nitrogen and the subsequent ac-
tivation of immune and anti-stress mechanisms under
the influence of biostimulants. The delay in the onset of
primary symptoms was 7 days on average, which com-
pletes critical phases of plant ontogeny without signifi-
cant limitation of photosynthetic activity. In addition to
assessing the area of damage, there was a difference in
the speed of symptom development. In the control, the
first signs of rust were recorded at the end of the tube,
and intensive spreading began from the earing phase.
In the treatment variants, especially B4 and B5, the on-
set of symptoms was shifted to later dates (5-7 days).
This meant not only a reduction in infection intensity,
but also a shift in pathogenesis to later stages, when
the impact on yield becomes less critical. Visual assess-
ments also confirmed better preservation of the upper
tier of leaves, especially the flag leaf, which remained
green in the B5 variant until full maturity in 72% of
plants, compared to 49% in the control.

In addition, cases of ear infections (mainly Fusar-
ium) were recorded, especially in conditions of high
humidity in July. Although the total number of in-
fected ears did not exceed 4.8% in the control vari-
ants, in the plots with foliar nutrition, this indicator
remained at the level of 2.4-3.2%. At the same time,
the severity of symptoms (discolouration, underdevel-
opment of grain, hollow spikelet) in variants B3-B5
was significantly lower, which further confirms the
strengthening of generative protection. Visually, such
ears retained their full shape, and the damage more
often affected no more than 1-2 grains, as opposed
to 4-5 in the control. The analysis of the inter-variant
difference showed that under the same agricultural
technology, the main factor limiting the development
of pathogens was not the direct fungicidal effect of
substances, but an increase in the nonspecific resist-
ance of plants. It was the improvement of nutrition,
photosynthesis, and the synthesis of structural and
protective metabolites under the influence of micro-
fertilisers and biostimulants that created the condi-
tions for preventing the mass spread of infections.
Variant B5, which combined nitrogen and humic stim-
ulation, provided the most complete implementation
of this protective mechanism (Table 2).

Table 2. Indicators of resistance and leaf viability under different foliar nutrition schemes

Defeat index

Delayed onset of

Variant Leaf damage, % (points) Saving the flag list symptoms. davs Spikelet damage, %
B1 (control) 264 3.2 0.62 0 4.8
B2 (urea) 21.3 2.7 0.7 2 4.1
B3 (trace elements) 16.1 2.2 0.76 4 2.9
B4 (biostimulant) 17.4 2 0.78 5 3.2
B5 (double application) 14.5 1.7 0.81 7 2.4

Source: compiled based on Formula (2)
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Thus, phytosanitary monitoring data showed that
foliar feeding, especially in a combined scheme (double
application), not only increases plant productivity but
also contributes to the formation of a sustainable agro-
phytocenosis. This is especially relevant in conditions
where chemical protection may be limited for econom-
ic or environmental reasons. The use of physiologically
active substances reduces the pesticide load and, at the
same time, increases the biological resistance of crops,
which makes this technique a promising element of an
integrated crop protection system.

Duration of flag list operation in stressful weath-
er conditions. In the variants without foliar feeding
(B1), plants showed low agroecological stability. Under
moisture deficit and high air temperature in the till-
ering and tube growth phase, yellowing of the lower
tier of leaves, reduced turgor and signs of photosyn-
thetic activity inhibition were observed already in the
first decade of development. These plants were distin-
guished by uneven developmental stages, lower height,
and pronounced stem spotting. The duration of flag leaf
functioning in the earing phase did not exceed 9-10
days, which limited grain filling and reduced the weight
of 1,000 grains. In the same weather conditions, the
variants with leaf dressing demonstrated significantly
higher resistance. This was especially evident in vari-
ants B3 (microelements) and B5 (double application),
where plants retained turgor even at air temperatures
above +32°C, maintained a bright colour, did not show
an anthocyanin reaction and less often showed Lleaf
curl. In these variants, the flag leaf remained functional
for up to 13-14 days, ensuring active photosynthesis
throughout the entire grain filling period.

According to meteorological data, the key climat-
ic stress factors occurred during the earing and earing
phase: average daily air temperatures exceeded +29°C,
and relative humidity dropped to 30-35%. Under these
conditions, the control variant showed a rapid decrease
in the SPAD level of chlorophyll and visual signs of leaf
apparatus degradation. While in variants B4 and B5, the
chlorophyll content remained at a high level, indicat-
ing stabilisation of metabolism and maintenance of

Flag list retention
time, days

metabolic activity. The analysis of morphological and
physiological reactions showed that the effectiveness
of foliar feeding was most pronounced under extreme
weather conditions. Under hot and dry weather condi-
tions, the difference in yield between the control vari-
ant and B5 was 5-6 c/ha, while under milder temper-
ature conditions, the effect was weaker. This indicates
that the effectiveness of foliar nutrition is particularly
high in stressful years, when the crop experiences a
sharp limitation of water or heat balance.

With a single application of fertiliser (e.g. B2 or
B3), a temporary positive effect was observed due to
increased nutrition and photosynthesis, but it was less
stable compared to variant B5. The latter ensured the
maintenance of physiological balance and sustaina-
ble realisation of productive potential throughout the
growing season. This variant also showed synchroni-
sation of earing and filling, uniformity of plant height
and ear maturity, which had a positive effect on grain
uniformity and quality during harvesting.An additional
factor of agro-ecological sustainability was the ability
of plants to compensate for short-term moisture defi-
cits due to increased osmotic activity. In variants B4
and B5, plants retained turgor longer at identical soil
moisture, which indicates the influence of biostimu-
lant compounds on the physiological water retention
capacity of tissues. It was also noted that such plants
moved more slowly into the phase of physiological
senescence in the context of of a simultaneous in-
crease in the length of the milk ripeness phase and
slower leaf death. Significantly, resistance to weath-
er stress was accompanied not only by an increase in
yield, but also by an improvement in its structure: a
greater number of productive stems, a higher weight
of 1,000 grains, and improved spikelet formation. All
this reflects the complex effect of foliar feeding not
only on nutrition, but also on the regulation of growth
and development under stress. Notably, these effects
were achieved without changing the main agronomic
practices, which indicates the influence of foliar treat-
ments on physiological processes in critical phases of
plant development (Fig. 2).

B5 (double application) E s — 14
B4 (biostimulant) S 13
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Figure 2. Dynamics of flag leaf green mass preservation under temperature and water stress

Source: compiled by the authors
Thus, foliar nutrition in the weather conditions of

Northern Kazakhstan proved to be an effective mecha-
nism for increasing the resistance of wheat to weather
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fluctuations. Maintaining photosynthetic activity, pro-
longing the functioning of the leaf apparatus, reduc-
ing the rate of ageing and maintaining physiological




tone ensured the use of limited resources more effi-
ciently and fulfilled their productive potential. Variant
B5, which included early and late fertilisation, ensured
the most balanced and sustainable development of the
crop, compensating for the impact of short-term climat-
ic stress. This approach can be considered as an adap-
tive element of intensive wheat cultivation technology
in the risky farming zone.

Agronomic and economic efficiency of leaf dress-
ings. In the control variant (B1), where no foliar feeding
was applied, the yield was 37.6 c/ha. At the same time,
the structure of the crop was characterised by minimal
values: the productive density was 383 stems/m?, the
average number of spikelets per ear was 15.4, and the
weight of 1,000 grains was 43.4 g. The grain was char-
acterised by a high proportion of small and underde-
veloped grains, which reduced its marketability. Gross
income was 112,800 t/ha, costs were minimal, but
the return on investment remained at zero due to the
lack of additional agricultural practices. In the second
variant (B2), which included a single foliar treatment
with 10% urea solution during the tillering phase, the
yield increased to 40.9 c/ha, which corresponded to an
increase of 3.3 c/ha or 8.8% compared to the control.
The productive density was 394 stems/m?, the num-
ber of spikelets per ear was 15.9, and the weight of
1,000 grains was 44.2 g. The gross income increased to
122,700 tg/ha, the additional costs were 5,000 tg/ha,
and the economic effect per hectare was 8,900 tg. The
payback ratio was 1.6. Visually, the crops were more
evenly developed but reacted sensitively to tempera-
ture stress during the tube phase.

The third variant (V3), which included the intro-
duction of a microelement complex in the tube phase,
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provided a yield of 41.6 ¢/ha. The increase over the con-
trol was 4 c/ha (10.6%), the productive density reached
401 stems/m?, the number of ears was 16.1, and the
weight of 1,000 grains was 44.8 g. The gross income
was 124,800 tg/ha, with costs of 6,500 tg/ha; the eco-
nomic effect reached 7,500 tg/ha. The return on invest-
ment was 1.9. Alongside the yield increase, there was
better resistance to leaf infections, longer green mass
retention and a 13% increase in the proportion of milled
grain. The fourth variant (B4) included foliar treatment
with a biostimulant based on amino acids and humates
during the earing phase. The yield was 42.3 c/ha, which
was 4.7 c/ha (12.5%) higher than the control level. The
productive density was 405 stems/m? the number of
ears was 16.3,and the weight of 1,000 grains was 45.1 g.
Gross income was 126,900 tg/ha, additional costs were
7,000 tg/ha, and the economic effect was 7,400 tg/ha.
The payback ratio reached 1.8. The plants were distin-
guished by high levels, flag leaf preservation, resistance
to overheating and high grain quality at harvest. The
share of marketable grain increased by 15%.

The fifth variant (B5), which included two treat-
ments with urea in the tillering phase and a biostim-
ulant in the earing phase, yielded the highest yield of
43.2 c/ha. The increase was 5.6 c¢/ha or 14.9% com-
pared to the control. The productive density reached
417 stems/m?, the number of ears was 16.5, and the
weight of 1,000 grains was 45.6 g. Gross income in-
creased to 129,600 tg/ha, additional costs amount-
ed to 8,500 tg/ha, and the economic effect reached
18,000 tg/ha. The return on investment was 2.1. There
was a 4-5-day extension of the flag leaf viability, mini-
mal disease damage and the lowest proportion of sub-
standard grain (Table 3).
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Table 3. Productivity and profitability indicators of different foliar feeding schemes

Productive Spikelets Weight Crop Revenue, Additional Economic

Variant h\‘{’::/l:’a stems, per ear, of 1,000 growth, tonnes per costs, effect, Parzl':;ck
pcs/™2 pcs grains, g c/ha hectare  tonnes/ha tg/ha
B1 (control) 37.6 383 154 434 0 112,800 0 0 0
B2 (urea) 40.9 394 15.9 442 3.3 122,700 5.000 8.900 1.6
B3 (trace 416 401 161 4438 4 124,800  6.500 7.500 1.9
elements)
. .B4 42.3 405 16.3 45.1 4.7 126,900 7.000 7.400 1.8
(biostimulant)
BS (double 432 417 165 456 56 129600 8500  18.000 21

application)

Source: compiled based on Formula (3)

In 2023, production experience in areas with
low availability of mobile nitrogen and phosphorus
was implemented, sowing spring wheat of the Om-
skaya 36-3 reproduction variety with pre-sowing seed
treatment with Scarlet at a rate of 0.4 litres/tonne of

seeds. The sown area was 50 hectares. Different dos-
es of phosphate fertiliser in the form of ammophos
NP 10-46 were applied at doses of 125 and 95 kg/ha of
physical weight according to the approved experimen-
tal scheme. Sowing was conducted on 2 June 2024,
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with a seeding rate of 3 million units/ha or 140 kg/
ha. Phenological observations of grain crops were
carried out, field germination and weediness of crops
were determined, and herbicide treatment with the
following preparations was carried out: Phenomenon
0.5 l/ha+Baron 0.015 g/ha + Shansyugen 0.9 l/ha + Ti-
tle duo 0.3 l/ha+Punto extra 0.025 g/ha. Leaf diagnos-
tics was conducted on wheat leaves, and a deficiency

of macro and microelements was identified in the crit-
ical phase. For the deficit, leaf treatments were con-
ducted in the phase of entering the tube and the be-
ginning of mowing with nitrogen-phosphorus liquid
fertiliser ZhKU 11-37 in different doses on different
variants, both with and without pre-sowing applica-
tion of basic fertilisers. Doses ranging from N1P4 to
N13P60 were applied (Table 4).

Table 4. Spring wheat yield formation in the conditions of southern chornozems
of Northern Kazakhstan, depending on different fertilisation systems

Average number

2
No. Option name Green mass, g/m Ear length, of grains per ear, Yield, t\ha
(tube phase) mm pes
2 N,;P.s (NP calc) 148.5 7.2 29.3 1.16
3 Management 1215 8.3 32.3 0.75
5 Foliar application of N,P, 102.75 7.8 31 0.87
6 Foliar application NP, 109 75 314 0.96
7 Foliar application N,P,, 131 77 30.6 0.97
8 (N;oP,,) soil appl!c.atlo.n + (N,P,) foliar 145 8.4 329 0.96
fertilisation
9 Soil application 102 8.8 33.78 0.82

N10P41

Source: compiled by the authors

Given the high humidity of 2023, in Lobanovo LLP
(Imantau village, Northern Kazakhstan region), foliar
feeding without the main fertiliser application did
not show its effectiveness compared to the variant
with the full calculated dose of N13P58. However, the
yield in the control was significantly lower than in the
foliar fertilisation variant, at 0.75 t/ha compared to
0.82-1.05 t/ha. Comparing the experiments in differ-
ent years of moisture, it is possible to conclude that
with sufficient moisture, foliar feeding is more effective
when applied in combination with the main application
of macronutrients (nitrogen and phosphorus).

Thus, in all variants that included foliar feeding, a
stable advantage was recorded in terms of yield, the
main elements of the productivity structure and eco-
nomic parameters of crop cultivation. The yield increase
ranged from 3.3 to 5.6 c¢/ha, with the highest increase
achieved with two treatments (B5), indicating the effec-
tiveness of the combination of various physiologically
active substances and precise phase positioning of fer-
tilisers. The increase in productive density, the number
of spikelets per ear and the weight of 1,000 grains in
most variants was accompanied by an improvement
in the morphophysiological state of plants, a decrease
in the phytosanitary load and the prolongation of the
functioning of the assimilation apparatus in the criti-
cal phases of crop formation. Summarising the data ob-
tained, it can be concluded that the integration of foliar
feeding into cereal crop cultivation technology, especial-
ly in the form of phased and combined application, is a
highly efficient and economically viable element of the
adaptive farming system. This approach simultaneously
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increased the biological realisation of crop potential, re-
duced dependence on weather stress and improved the
economic return on each hectare of sown area.

DISCUSSION

The obtained results demonstrated a significant influ-
ence of foliar nutrition schemes on the productivity and
physiological state of spring wheat under the weather
conditions of Northern Kazakhstan. In the context of the
same main dose of fertiliser (N,,P,), the highest yield
was recorded in the variant with double foliar applica-
tion (B5), which indicates the synergistic effect of the se-
quential application of urea and biostimulant. Significant
changes were also observed in the structure of the crop:
an increase in the number of productive stems, weight of
1,000 grains and number of spikelets per ear confirmed
the improvement of generative development and effi-
ciency of the photosynthetic apparatus. The increase in
the content of chlorophyll and nutrients in the tissues,
as well as the growth of the viability index, indicates the
activation of metabolic processes and the strengthening
of the metabolic stability of plants (Pakhomeev & Ibragi-
mova, 2025). The contribution of foliar nutrition to in-
creasing agro-ecological resistance to abiotic and biotic
stresses was particularly significant. Delaying the onset
of disease symptoms and preserving the flag leaf during
the grain filling phase ensured prolonged photosynthe-
sis, which contributes to the formation of a full-fledged
harvest (Drobitko et al., 2024).

In addition, publications by R. Bojovic¢ et al. (2022)
and P. Govindasamy et al. (2023) considered aspects of
agricultural technology and fertilisers in the context of




economic efficiency and climate change. R. Bojovic et
al. studied sugar beet productivity management in Ser-
bia and Montenegro, focusing on the systematic use of
mineral fertilisers. However, the study did not cover the
issues of plant physiological resistance or the impact
of nutrition on the response of crops under stressful
conditions. P. Govindasamy et al. emphasised the impor-
tance of increasing nitrogen use efficiency for sustain-
able agriculture but limited themselves to conceptual
approaches without detailed agronomic adaptation to
specific climatic regions. In contrast to these studies,
the present study was based on a comprehensive em-
pirical framework with an assessment of physiological,
biochemical and economic indicators: a yield increase
of up to 15%, a decrease in disease incidence by 11.9
percentage points and an extension of the flag leaf vi-
ability were recorded, making it more applicable to the
conditions of Northern Kazakhstan.

On the other hand, M. Palka et al. (2021) and
A. Fast et al. (2023) analysed the diagnosis and man-
agement of nitrogen nutrition. M. Palka et al. confirmed
the effectiveness of the CCCI-CNI index for assessing
the nitrogen status of wheat but did not consider real
agronomic actions to correct nutrition. A. Fast et al. con-
ducted field studies on Canadian wheat, establishing
productive nitrogen doses with the addition of inhibi-
tors, but did not include foliar treatments and assess-
ment of the physiological response of plants. Compared
to these studies, the present study was characterised
by a holistic approach: it included field SPAD measure-
ments, visual scoring, disease resistance assessment
and comprehensive economic diagnostics. This mul-
ti-level methodology ensured not only an increase in
yields but also an increase in agro-ecological sustaina-
bility without changing the basic agricultural technique
(Trembitska & Bohdan, 2023; Kalenska et al., 2025).

Publications by C. Mihut et al. (2022) and F. Mo-
canu et al. (2023) addressed the influence of fertilisers
and weather conditions on crop productivity. C. Mihut et
al. evaluated different nutrition schemes, but without
physiological and phytosanitary indicators, which lim-
ited the applied value of the conclusions. F. Mocanu et
al. determined that drought significantly reduced the
productivity of sorghum hybrids but did not propose
specific ways to compensate for this effect. This study
managed to provide proven solutions, confirming the
effectiveness of phase foliar nutrition with biostimu-
lants and microelements. By means of an integrated
assessment of physiology, chlorophyll and water reten-
tion, pathogen resistance and economics, the adaptive
value of the developed schemes in the arid conditions
of the region was proved.

F. Chetan et al. (2023) and K. Pokovai et al. (2025)
raised the issues of adaptation of agricultural tech-
nology to stressful conditions and rational land use.
F. Chetan et al. addressed no-till tillage to preserve
the structure of chornozems under maize cultivation
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but did not include agrophysiological parameters of
plants. K. Pokovai et al. found a decrease in yields un-
der warming conditions but did not evaluate the ef-
fectiveness of compensating practices. In contrast to
these studies, the present research proved that the
use of biostimulants and urea in key phases of wheat
organogenesis contributed to the prolongation of
the flag leaf function and stabilisation of the photo-
synthetic apparatus. In addition, under drought con-
ditions, an increase in the proportion of productive
stems and an increase in the weight of 1,000 grains
were achieved, which directly reflected the crops’ re-
sistance to weather stress (Boiko et al., 2024).

The publications by H. Domnariu et al. (2025) and
K. Akchaya et al. (2025) analysed sustainable farming
systems, including soil microbiota and the role of leg-
umes in agroecosystems. H. Domnariu et al. recorded
changes in microbial communities under the influence
of different tillage practices,without extending the anal-
ysis to plants. K. Akchaya et al. summarised the benefits
of mixed crops but did not provide quantitative data on
the effectiveness of foliar treatments in cereals. In con-
trast to these approaches, this study was based on field
data on foliar nutrition in spring wheat, including trace
elements and amino acids. Due to the comprehensive
evaluation (SPAD, productivity, disease resistance), the
results were highly applicable, which is especially rel-
evant for adaptive agriculture in Northern Kazakhstan.

R. Laposi et al. (2024) and M. Mirosavljevic¢ et
al. (2024) studied the physiological responses of maize
and the effect of sowing dates on the efficiency of
wheat varieties, respectively. R. Laposi et al. demon-
strated that the use of phytoconditioners increased
chlorophyll content in maize during drought, but there
was no relationship with yield and pathogen resist-
ance. M. Mirosavljevi¢ et al. determined differences
in nitrogen use among modern varieties but did not
consider the effect of foliar treatments. In contrast to
these publications, this study combined physiological,
agronomic and economic parameters: the optimal fer-
tilisation scheme was determined, which prolonged the
functioning of the flag leaf, increasing grain weight and
reducing disease incidence.

A.Rahman et al. (2023) and J. Behr et al. (2024) con-
sidered various agrophysiological approaches to im-
proving plant health. ). Behr et al. described the effect
of long-term use of minimal tillage in combination with
moderate doses of nitrogen, which enhanced microbi-
al interactions in the rhizosphere and improved the
health of winter wheat. However, productivity and eco-
nomic efficiency were not analysed. At the same time,
A.Rahman et al. recorded an increase in flax yield and
oil content when phosphorus and zinc were applied in
foliar form, but the study did not involve cereals and did
not include leaf physiological parameters. In contrast
to these limitations, the present study includes not only
a detailed analysis of leaf activity by SPAD and flag leaf,
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but also a comprehensive assessment of yield, disease
resistance and profitability, making it applicable to
North Kazakhstan conditions.

I. Racz et al. (2021) and H. Raniro and J. Sant-
ner (2024) conducted a variety of studies on phosphorus
uptake by crops in contrasting soil systems. H. Raniro
and J. Santner described the differences in phosphorus
uptake strategies of cover crops in calcium and decalci-
fied chornozem, but the topic of cereals remained out-
side the scope of the study. At the same time, |. Racz et
al. conducted a field assessment of the agronomic prop-
erties of spring wheat but did not investigate the effec-
tiveness of foliar nutrition under stressful conditions.
This study not only determined the agronomic value of
foliar treatments but also recorded their impact on the
viability of the leaf apparatus, which is critical in condi-
tions of drought and temperature spikes.

The review by S. Ouda and A. Zohry (2024) and
E. Daly et al. (2025) addressed climate adaptation and
environmental risks. E. Daly et al. presented modelling
of greenhouse gas emissions under different nitrogen
fertilisation regimes, emphasising reducing environ-
mental impact, but did not address plant growth or
photosynthesis parameters. S. Ouda and A. Zohry em-
phasised the agro-ecological benefits of rotating leg-
umes and cereals but omitted the topic of foliar feeding
and the physiological response of plants. In contrast,
this study demonstrated a clear link between foliar
nutrition, disease resistance and photosynthetic activ-
ity duration, which has direct agrotechnological appli-
cability. In the context of the presented publications,
this study is prominent for its applied orientation and
breadth of coverage: it includes agrophysiological, phy-
topathological and economic aspects. The use of foliar
feeding not only increased the yield of spring wheat,
but also prolonged the functioning of the flag leaf, im-
proved chlorophyll content, disease resistance and en-
sured the profitability of the technology in the weather
conditions of Northern Kazakhstan.

CONCLUSIONS

During the study, a comprehensive assessment of the
effectiveness of different schemes of foliar feeding of
durum wheat under the weather conditions of North-
ern Kazakhstan was conducted. The study determined
that foliar nutrition has a complex effect on productivity,
physiological condition, disease resistance and adaptive
potential of plants under weather stress.Yields increased
significantly in all variants compared to the control

(37.6 c/ha), reaching 40.9 c/ha with urea (B2), 41.6 c/ha
with microelements (B3), 42.3 c/ha with a biostimulant
(B4) and a maximum of 43.2 c/ha with two treatments
(B5).The increase ranged from 8.8% to 14.9%, depending
on the variant. The elements of the yield structure were
significantly improved: the number of productive stems
increased from 383 pcs/m? in the control to 417 pcs/m?
in the B5 variant, the number of spikelets per ear from
15.4 to 16.5, and the weight of 1,000 grains from 43.4 g
to 45.6 g. These changes indicate stimulation of both
vegetative and generative development of the crop.

Indicators of physiological condition also showed
a significant increase: chlorophyll content in leaves in-
creased from 38.7 to 49.5 SPAD, the content of total ni-
trogen, phosphorus and potassium in the aboveground
mass increased to 3.02%, 0.37% and 1.54%, respec-
tively. The plant viability index increased from 0.74 in
the control to 0.89 in the B5 variant, reflecting an im-
provement in metabolic activity and stress resistance.
The fertilisers contributed to a reduction in disease
incidence: the area of affected leaves decreased from
26.4% to 14.5%, and the disease index from 3.2 to 1.7
points. There was also a lower incidence of Fusarium
infection of ears, at 2.4% against 4.8% in the control.
In conditions of heat and moisture deficit (up to +33°C,
humidity up to 30-35%), leaf dressing, especially in
variants B4 and B5, ensured the preservation of tur-
gor, bright colour and uniform grain filling. The limita-
tion of the study is the conduct of experiments in one
agro-ecological region and during one growing season.
It is advisable to expand further research to different
soil and climatic zones and a multi-year period to as-
sess the stability of the effect of foliar feeding.
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AHoTauis. MeTa gocnifXeHHsa nonsrana B OUiHUiI BAAMBY NMCTOBMX NigXMBAEHb HA ¢i3ionorito, BpOXKanHiCTb Ta
€KOHOMiYHy edeKTUBHICTb Apoi nweHuui B liBHiYHOMY KasaxcTtaHi. MonboBi BUNpobyBaHHA 6ynu npoBeneHi y
BereTauinHuii nepion 2024 poky (TpaBeHb-ceprieHb) Ha 6a3i HaBYaNbHO-LOCNIAHOI AingHKM KokweTaycbkoro
yHiBepcuTeTy iM. LLlokaHa YanixaHoBa i 6ynu cnpssMOBaHi Ha OLiHKY arpoeKooriyHoi Ta EKOHOMIYHOT ePEKTUBHOCTI
Pi3HMX CXEM NUCTOBUX MiAXMBAEHb Apoi nweHuui. JocnimkeHHsa BKAKYaNo nN'aTb BapiaHTiB [OCBigy, WO
BiAPi3HAOTHCA CKIALOM i KpATHICTIO BHECEHHS f,0OpuMB,y TOMY Yncni KapbaMigy, MikpoeneMeHTiB i BiocTuMynaTopis.
BapiaHTn 3 doniapHuMm 0bpobkamu LeMOHCTPyBanu CTilMKy mepeBary 3a arpodisionorivHMMy MoKasHWKamy,
0Cc06/1MBO B YMOBAxX CNEKOTHOI Ta Cyxoi noroam, npu Temnepatypi 6amn3bko +33 °C i Bonorocti nositpsa 30-35 %.
HansuLLi pe3ynsTaTv OTPMMAHO NpM ABOPA30BOMY IMCTKOBOMY MigXuBAeHHI (BapiaHT B5), ie BpoxalHicTb focarna
43,2 u/ra, o nepeBuLLyBano KOHTpoab Ha 5,6 u/ra (14,9 %).Maca 1 000 3epeH 36inbwmnacsa po 45,6 r,npoayKTMBHA
ryctota — no 417 cte6en/m2, a KinbkicTb KONOCKiB Y Konoci — Ao 16,5. TpueanicTb GyHKLIOHYBaHHS NpanopLeBoro
JIMCTKA B UbOMY BapiaHTi gocsarana 14 nib, a piBeHb BMicTy xn10podiny 3anuwaBcs BUCOKMM MpoTArom ¢asu
HanuBy. Bia3Hauanocsa 3HaYHe 3HMXKEHHS YPaXKEHHS NUCTS ipxeto (8o 14,5 %) i niaBuLLEHHS YacTKM KOHAMLIAHOMO
3epHa Ha 15 %. EKOHOMIiYHMI aHani3 nokasas, Wwo BapiaHT B5 3abe3neunB MakcuManbHui goxig (129 600 Tr/ra)
npu koediuieHTi okynHocTi 2,1 i ekoHomiyHoMmy edekTi 18 000 Tr/ra. PewTa BapiaHTiB 3abe3neunnu npupict
BpOXaMHocTi Big 3,3 no 4,7 u/ra npu koediuieHTax okynHocTi Big 1,6 no 1,9. [aHi niaTBepoXyTb AOLINbHICTb
iHTerpauii da3oBo NifibpaHMx NUCTOBMUX MNiLXMBAEHb Y TEXHOMOTIT BUPOLLYBAHHS MIUEHWULL B 30Hi PU3MKOBAHOIO
3eMnepobcTea. [opiBHIOKYM JOCNIAM B Pi3Hi POKM 3BOIOXKEHHS, MOXXHA 3p0OUTM BUCHOBOK, L0 NpU AOCTaTHbOMY
3BOJIOXKEHHI, JIMCTOBI MiAXMBNEHHS Oinbll edeKTUBHI NpU KOMMJIEKCHOMY BHECEHHI 3 OCHOBHWM BHECEHHAM
MaKpoeneMeHTiB (a30Ty i pocdopy)

KniouoBi cnoBa: @isionoriyHa aKTMBHICTb; MPOAYKTUBHI cTebna; BMICT Xxnopodiny; iHAEKC >XMTTE3LATHOCTI;
MiKpOe/neMeHTU; apa MIIEHNLSA; BPOXAMHICTb
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SBCMYV was higher (up to 20.4%). Co-infections were found in 26.1% of infected samples in Ukraine and 18.9%
in Azerbaijan, with 23.7% of asymptomatic plants in Ukraine and 18.5% in Azerbaijan testing positive for viral
material. The LAMP method proved effective for rapid field diagnostics, demonstrating 100% specificity and over
82% sensitivity. The findings highlighted the need for regionally adapted strategies to control viral diseases
in cereal crops. The practical value of this work lies in the development of recommendations for improving
plant monitoring and protection systems, taking local conditions into account, thereby contributing to increased

yields and food security in the region

Keywords: polymerase chain reaction; reverse transcription; loop-mediated isothermal amplification; soil-borne
cereal mosaic virus; barley yellow dwarf virus; wheat streak mosaic virus; arable land; agriculture

INTRODUCTION

Agriculture faces numerous challenges related to
the spread of viral infections in cereal crops, leading
to economic losses and posing risks to food securi-
ty. Viral pathogens such as Barley Yellow Dwarf Virus
(BYDV-PAV), Wheat Streak Mosaic Virus (WSMV), and
Soil-borne Cereal Mosaic Virus (SBCMV) present a se-
rious threat due to their high contagiousness, ability to
quickly adapt to diverse agroecological conditions, and
potential to develop new, aggressive strains. Therefore,
developing effective methods for the diagnosis, mon-
itoring, and control of viral infections is crucial for
preventing epidemics and ensuring stable crop yields.
Importantly, cereal production occupies a significant
share of global arable land, making viral epidemics a
serious concern not only for local but also for interna-
tional agriculture (Andreychenko et al., 2024).

Recent research highlights the importance of mo-
lecular diagnostic techniques such as reverse transcrip-
tion followed by polymerase chain reaction (RT-PCR)
and loop-mediated isothermal amplification (LAMP)
for the accurate detection of viral pathogens in plants
at early stages of infection. For instance, the work by
V.C. Chalam et al. (2020) demonstrates the advantages
of modern biotechnological approaches in diagnostics,
including high sensitivity, specificity, and the capacity
to detect latent infections. Simultaneously, the study by
O.A. Kolade et al. (2022) emphasises the need to inte-
grate molecular methods into virus-free plant material
exchange systems and phytosanitary control schemes.
However, despite progress in this field, key issues re-
main unresolved concerning regional patterns of virus
distribution, interactions with local agroecosystems,
and the variable efficacy of diagnostic methods under
different climatic conditions.

In the context of Ukraine and Azerbaijan, the prob-
lem is particularly relevant, as both countries are major
cereal producers in their respective regions,though they
differ in agroclimatic conditions, crop rotation struc-
tures, and farming systems. The research by H. Snihur et
al. (2025) points to the role of seed transmission in the
spread of cereal crop diseases in Ukraine, where up
to 30% of seed material may be infected. Meanwhile,
N. Sultanova et al. (2024) describe the characteristics of
viral infections in Azerbaijan’s agricultural crops, which

are influenced by the arid climate and specific local
agrotechnologies. This highlights the need for similarly
comprehensive studies on cereal crops. This highlights
the need for similarly comprehensive studies on cereal
crops, especially considering that both countries dedi-
cate vast areas of arable land to cereal production, mak-
ing the sustainability of agriculture directly dependent
on effective viral disease management.

Biotechnological tools such as RNA interference
and Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)-based genome editing are being ex-
plored as promising strategies to enhance cereal crop
resistance to viruses (Khassanova et al., 2024). Howev-
er, their practical application in Ukraine and Azerbaijan
requires further investigation, considering regional vi-
rus circulation patterns, the presence of local strains,
and agroecosystem specifics. Another notable issue is
co-infection, where plants are simultaneously affected
by multiple viruses, potentially resulting in synergis-
tic effects and increased pathogenicity (Solomiichuk
& Pikovskyi, 2025). Existing studies, such as that by
M. Bhanjadeo et al. (2023), suggest innovative nano-
technology-based approaches to virus diagnostics, in-
cluding biosensors and quantum dots. Nonetheless,
their practical implementation in Ukraine and Azer-
baijan remains under-researched, especially regarding
economic feasibility and adaptability to local laboratory
conditions. Similarly, the research by L. Aguilar-Marceli-
no et al.(2020) highlights the potential of beneficial mi-
croorganisms in viral infection biocontrol, though their
effectiveness in local agroecosystems requires further
study, particularly under climate change conditions.

A vital aspect is the comparative evaluation of di-
agnostic method effectiveness in real field conditions.
As K. Dhiman et al. (2024) note, traditional serological
methods often lag behind molecular techniques in sen-
sitivity, especially for detecting new virus strains. At the
same time, high-tech methods such as metagenomic
sequencing remain inaccessible for routine use in most
agricultural laboratories in Ukraine and Azerbaijan. As
shown by J. Aghayev and E. Samadova (2022), the high
infection pressure within agrocenoses necessitates
systematic monitoring, timely diagnosis, and compre-
hensive phytosanitary protection that accounts for
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pathogen specificity and climatic factors. Current diag-
nostic approaches, according to M. Raza et al. (2024),
involve integrating molecular methods with digital
monitoring platforms, enhancing pathogen detection
accuracy and enabling rapid responses. Additionally, as
noted by O.V. Dubrovna et al. (2023), RNA interference
technologies offer promising strategies for developing
virus-resistant crop varieties, opening new directions
for plant breeding.

The identified knowledge gaps stem from the fact
that current research lacks comparative analysis of
agroclimatic determinants of virus spread in the con-
trasting regions of Ukraine and Azerbaijan, insufficiently
addresses the dynamics of co-infections, and provides
limited data on the efficacy of available molecular diag-
nostic tools under local conditions. The aim of this study
was to identify regional characteristics of the spread of
viral infections in cereal crops within the contrasting
agroecosystems of Ukraine and Azerbaijan. The objec-
tives included: comparing the structure of viral infec-
tions in cereal crops across different climatic zones in
both countries; assessing the effectiveness of reverse
transcription followed by PCR and LAMP methods for
diagnostics; analysing the impact of agroclimatic fac-
tors on infection dynamics; investigating the frequency
of co-infections and asymptomatic pathogen carriage.

MATERIALS AND METHODS

Sample collection and material preparation. The study
was conducted in 2024 at the laboratory of the Insti-
tute of Plant Protection of the National Academy of
Agrarian Sciences of Ukraine, Kyiv. In Azerbaijan, the
research was carried out at the Research Institute of
Plant Protection and Technical Crops under the Minis-
try of Agriculture of the Republic of Azerbaijan. Plant
samples (leaves and basal stems) were collected during
the vegetation period (May-June 2024) from fields of
winter wheat (Triticum aestivum L.), barley (Hordeum vul-
gare L.),and rye (Secale cereale L.) across six agricultural
enterprises located in two main agro-climatic zones. In
Ukraine, samples were collected from three enterprises
in the forest-steppe zone: Vinnytsia region (Agricultural
Enterprise “Agro-Vinnytsia”), Cherkasy region (Scientific
and Production Centre “Reproductive Grain”),and Sumy
region (Farm “SULA-AGRO”); and from three enterprises
in the steppe zone: Dnipropetrovsk region (Dnipro Agro
Group), Kherson region (LLC “Tavria-Agro”), and Zapor-
izhzhia region (LLC “Druzhba 5”).In Azerbaijan, sampling
was also carried out in two agro-climatic zones: Steppe
zone: Beylagan district (LLC “Garabag Tahil”), Ganja dis-
trict (LLC "Akrolink-Ganja”), and Shirvan district (several
grain-focused enterprises, though specific legal names
were not confirmed in public sources); Forest-steppe
zone: Jalilabad district (LLC “Gyunashli Agro”), Lankaran
district (LLC “Chinar”), and Astara district (LLC “Astara-
chay”). Inclusion criteria: affiliation with target crops
(wheat, barley, rye); presence of typical viral symptoms
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(yellowing, mosaic patterns, dwarfing, necrotic spots) or
complete absence of visible symptoms (asymptomatic
plants); sampling from various field areas to avoid bias
from localised infection hotspots. Exclusion criteria:
samples with mechanical damage, fungal or bacterial
infection; technical artefacts during analysis (e.g. miss-
ing internal amplification control, protocol errors); sam-
ples with conflicting detection results between RT-PCR
and LAMP, without possibility of verification.

From each field in Ukraine, 15 samples were col-
lected (5 symptomatic, 5 asymptomatic, and 5 random
samples selected blindly, without visual pre-assess-
ment), totalling 270 samples (6 enterprises x 3 crops x 15
samples). In Azerbaijan, the same sampling structure was
applied, with 135 samples collected in each zone, also
totalling 270. Thus, the overall sample size across both
countries was 540. Samples were collected by walking
diagonally across fields at random. Collected material
was immediately frozen in liquid nitrogen and transport-
ed to the laboratory on dry ice for analysis. Samples were
stored in a -80°C freezer (Sanyo, Japan). Virus-free wheat
plants grown in vitro at the institute’s cell collection
served as negative controls. All procedures for sampling,
transportation, and storage were conducted in accord-
ance with the Convention on Biological Diversity (1992).

Total RNA extraction. RNA was extracted from ap-
proximately 100 mg of homogenised frozen leaf/stem
tissue. The commercial kit “‘RNeasy Plant Mini Kit” (Qia-
gen, Germany) was used according to the manufac-
turer’s protocol, which includes lysis with RLT buffer
containing B-mercaptoethanol, column precipitation,
washing, and RNA elution. Concentration and purity of
the isolated RNA were assessed with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, USA). Ac-
ceptable RNA quality was defined as A260/A280 ratio
of 1.8-2.1 and A260/A230 > 2. Samples showing signs
of degradation (as evaluated by 1% agarose gel electro-
phoresis) were excluded from further analysis. Molecu-
lar detection of viruses. Reverse Transcription (RT) and
Polymerase Chain Reaction (RT-PCR). Reverse transcrip-
tion was performed on 500 ng of total RNA using the
RevertAid Premium Reverse Transcriptase kit (Thermo
Fisher Scientific, USA) with random hexamer primers
following the manufacturer’s protocol (25°C - 5 min,
42°C - 60 min, 70°C - 10 min). The resulting cDNA was
used as the template for PCR. PCR was performed using
specific primers for the target viruses:

1.BYDV-PAV: Forward: 5'-ACCTAGACGCGCAAAT-
CAAA-3'; expected product: 590 bp (Malmstrom and
Shu, 2004).

2.WSMV: Forward: 5'-GATCAAATACCAACCGCGTG-3';
expected product: 493 bp (Jones et al., 2005).

3.SBCMV: F: 5'-GGTAGTCAGCTGTTAGCGTGT-3'; ex-
pected product: 773 bp (Marra et al., 2022).

Each reaction mix (25 pL) included: 2.5 yLof 10xTaq
polymerase buffer, 1.5 yL of 25 mM MgCl,, 0.5 uL of
10 mM dNTPs, 0.5 uL of each primer (10 pM), 0.25 pL




(1.25 U) of Tag DNA polymerase (Thermo Fisher Scien-
tific), 2 yL of cDNA template, and nuclease-free water.
Amplification conditions were: initial denaturation at
94°C - 3 min; 35 cycles of denaturation at 94°C - 30
sec, annealing at 58°C (BYDV, SBCMV) /60°C (WSMV) -
30 sec, extension at 72°C - 45 sec; final extension at
72°C - 5 min. Amplification was performed using a
T100 Thermal Cycler (Bio-Rad, USA). PCR products were
analysed by 1.5% agarose gel electrophoresis (Agarose
[, Amresco, USA) with ethidium bromide (0.5 pyg/mL) in
TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8) at
100 V for 45 min. Visualisation was carried out using
a Gel Doc XR +system (Bio-Rad, USA) under UV light. A
sample was considered positive if a DNA fragment of
the expected size was present.Each run included a neg-
ative control (water instead of template) and a positive
control (RNA from previously confirmed infected plants).

Coinfections were identified based on RT-PCR data:
a sample was considered coinfected if two or all three
target viruses were detected simultaneously. The coin-
fection rate was calculated as the percentage of in-
fected samples carrying multiple viruses. Additionally,
the distribution of infections between symptomatic
and asymptomatic plants was assessed. Samples were
grouped by symptom presence, and infection rates
were compared using the x? test. LAMP. Virus detection
was also performed using the LAMP-based “Plant Virus
Detection Kit” (OptiGene, UK), with primers specific to
the same target viruses (BYDV-PAY, WSMV, SBCMV), ac-
cording to the manufacturer’s instructions. The specific
LAMP primer sequences are proprietary and not dis-
closed. The reaction mixture (25 pL) contained: 12.5 pL
of ready-to-use lyophilised reaction mix (including Bst
DNA polymerase, dNTPs, buffer,and fluorescent interca-
lating dye), 1 pL each of outer primers (F3, B3; 10 pM),
1 pL each of inner primers (FIP, BIP; 40 uM), 2 pL of
extracted RNA, and nuclease-free water. Amplification
was conducted on a Genie Il device (OptiGene, UK) at
65°C for 30 minutes (amplification), followed by 98°C
for 5 minutes (enzyme inactivation). Results were de-
tected in real time via fluorescence and analysed using
the amplification curves generated by the instrument.
The time to positivity (Tp) was recorded. A sample was
considered positive if a characteristic sigmoidal ampli-
fication curve appeared with Tp < 30 minutes. Negative
and positive controls were included in each run. Data
were processed using IBM SPSS Statistics v.29. The vi-
rus prevalence (P) in each zone and overall was calcu-
lated using the following formula (1):

P = (i) x 100 @
where Npositive — number of positive samples; Ntotal -
total number of tested samples.

To compare the frequency of virus detection between
agroclimatic zones, between symptomatic and asymp-
tomatic groups, as well as to assess the effectiveness
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of RT-PCR and LAMP methods, the x? (Chi-squared) test
for contingency tables was employed. The level of sta-
tistical significance was set at p <0.05. To evaluate the
agreement between RT-PCR and LAMP results, Cohen’s
kappa coefficient (k) was used. The Cohen’s kappa co-
efficient (k) was interpreted according to the Landis
& Koch scale: k<0 - poor agreement; 0-0.2 - slight;
0.21-0.4 - fair; 0.41-0.6 - moderate; 0.61-0.8 - sub-
stantial; 0.81-1 - almost perfect agreement. The per-
centage of agreement was calculated using formula (2):

% Agreement=[(A+D)/N]x 100% ,(2)

where A - number of samples with a positive result in
both tests (RT-PCR* and LAMP*); D - number of sam-
ples with a negative result in both tests (RT-PCR™ and
LAMP7); N - total number of samples examined.

The data is presented in tables and diagrams creat-
ed in Microsoft Excel.

RESULTS

Overall virus detection frequency. The analysis results
revealed a high overall infection rate, calculated using
formula 1 - more than half of the samples examined,
specifically 51.1% (138 out of 270) in Ukraine, con-
tained at least one of the target viruses. Among these,
the dominant pathogen was found to be BYDV-PAYV,
RNA of which was detected in 34.8% of the samples
(94/270), indicating its widespread distribution and
potentially key role in the viral pathology of cereals
in the studied agroecosystems. Significantly lower, but
still notable, frequencies were recorded for WSMYV, de-
tected in 19.3% of the samples (52/270), and SBCMV,
whose RNA was detected in 12.6% of cases (34/270).
The results showed that the trends in virus prevalence
across Azerbaijan were similar: the overall infection
rate ranged between 50-52%, with BYDV-PAV as the
dominant pathogen. WSMV and SBCMV were also con-
sistently detected in Azerbaijan samples, indicating
their persistence in the pathogen complex of cereals in
the region. Thus, the total infection rate among all ex-
amined samples from both countries, according to cal-
culations (formula 1), was approximately 51% (276 out
of 540), confirming the stable circulation of the studied
viruses under different agroecological conditions.

It is important to note that, in addition to individ-
ual infections, several cases of mixed infections were
recorded: almost a third of the infected samples (27%,
or 37 out of 138 in the Ukrainian sample) contained
genetic material from two or three viruses simultane-
ously. Similar mixed infection rates were observed in
samples from Azerbaijan (18.9%, 26 out of 138 infected
samples), indicating favourable conditions for polyeti-
ological damage to crops. Such a situation can compli-
cate clinical diagnosis, intensify the harmful effects of
viral damage, and also hinder the selection of an ef-
fective plant protection strategy. The co-infection level
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increases the risk of synergy between viruses and re-
quires further research on its impact on the physiolog-
ical-biochemical parameters of plants and crop yields.
Regional distribution of viruses. BYDV-PAV demonstrat-
ed the highest spatial variability, being more frequently
detected in samples from the forest-steppe zone (41.5%,
56/135) than from the steppe zone (28.1%, 38/135).The
difference was statistically significant (32, p=0.021), in-
dicating real differences in the ecological or agronomic
factors affecting the spread of this virus across regions.
This difference is partly explained by the milder climat-
ic conditions in the forest-steppe, which support the
survival of insect vectors, particularly aphids, which are
the primary vectors of BYDV.

In contrast, WSMV showed the reverse trend: its de-
tection rate in the steppe zone was 25.9% (35/135), al-
most twice as high as in the forest-steppe zone (12.6%,
17/135). This difference was statistically significant
(p=0.005). Given that the primary vector of WSMV is the
mite Aceria tosichella, known for its high adaptability

to dry conditions, this territorial difference aligns with
the ecological characteristics of the steppe zone, where
higher temperatures and lower rainfall create favour-
able conditions for the spread of this pest. For SBCMV,
the prevalence was more uniform across both zones:
14.1% in the forest-steppe (19/135) versus 11.1% in
the steppe (15/135). This difference was not statisti-
cally significant (p=0.452), suggesting a relatively sta-
ble, non-region-specific spread of this pathogen, likely
driven more by soil conditions than climatic factors.
The overall detection rate for any of the three viruses
was similar between agroclimatic zones: 53.3% in the
forest-steppe and 48.9% in the steppe zone, with the
difference not being statistically significant (p=0.458).
Thus, while overall infection rates with crop viruses are
comparable, the distribution of individual viral patho-
gens clearly reflects regional specificity, which should
be considered when planning monitoring systems and
virus control measures for each zone. Summary data is
presented in Table 1.

Table 1. Virus detection frequency in cereal samples by agroclimatic zones in Ukraine (RT-PCR)

Virus Forest-steppe zone (n=135) Steppe zone (n=135) Total (n=270) p-value (x?)
BYDV-PAV 56 (41.5%) 38 (28.1%) 94 (34.8%) 0.021
WSMV 17 (12.6%) 35 (25.9%) 52 (19.3%) 0.005
SBCMV 19 (14.1%) 15 (11.1%) 34 (12.6%) 0.452
Overall infection 72 (53.3%) 66 (48.9%) 138 (51.1%) 0.458

Source: compiled by the authors

Comparing the virus detection frequency between
agroclimatic zones indicates statistically significant
spatial variability in the spread of individual patho-
gens. The most noticeable differences were in the de-
tection of BYDV-PAV, which was more frequently de-
tected in samples from the forest-steppe zone (41.5%)
compared to the steppe (28.1%), confirmed by a sig-
nificant p-value of 0.021. Conversely, for WSMV, the
frequency was higher in the steppe (25.9% vs 12.6%;
p =0.005), suggesting potential climatic influences on
the dominance of certain viruses. While the spread of
SBCMV and the overall infection rate did not differ
significantly between zones (p > 0.45), the differences
in BYDV-PAV and WSMV require further investigation
into their ecological and agronomic determinants.
BYDV-PAV demonstrated a lower prevalence in both
Azerbaijani zones (18.7% in the forest-steppe, 15.8%
in the steppe) compared to Ukraine, with a significant
difference (p < 0.001). This is due to several factors:
lower humidity, which negatively impacts the survival

of aphids - the main vectors of the virus; differenc-
es in agronomic practices, such as less frequent early
sowing or other practices influencing vector develop-
ment; and region-specific crop varieties that may be
more tolerant to infection.

For WSMV, a similar distribution was found: it pre-
dominated in both countries’ steppe zones, but with a
specific difference - its prevalence in Azerbaijan’s for-
est-steppe zone was lower (4.3%) compared to Ukraine
(12.6%). This points to the limited spread of the wheat
mite (Aceria tosichella) in Azerbaijan’s relevant regions
or differences in climatic conditions, such as a shorter
period of favourable temperatures. Meanwhile, SBCMV,
although not demonstrating a statistically significant
inter-country difference overall (p = 0.083), had the
highest prevalence in Azerbaijan’s forest-steppe region
(20.4%) (Table 2). This correlates with the fact that soil
conditions, soil structure, moisture, and vector activity
(Polymyxa graminis) play a more significant role in the
spread of this virus than climatic factors alone.

Table 2. Comparison of virus detection frequency in cereal crops in Ukraine and Azerbaijan by agroclimatic zones (RT-PCR)

Overall
Country Zone BYDV-PAV (%) WSMV (%) SBCMV (%) infection n
(%)
Ukraine Forest-steppe 41.5a 126 b 14.1 533a 135
Steppe 28.1b 259a 111 489 a 135
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Table 2. Continued

Overall
Country Zone BYDV-PAV (%) WSMV (%) SBCMV (%) infection n
(%)
Forest-steppe 187 ¢ 43¢ 2042 322b 135
(Jalilabad)
Azerbaijan
Steppe (Beylagar/ 158 ¢ 196a 137 363 b 135
Ganja)
p-value () <0.001 <0.001 0.083 <0.001

Note: values within a column marked with different letters (a, b, ¢) differ significantly by the x? test (p<0.05). For example,
for BYDV-PAV: Ukraine Forest-steppe (a) > Ukraine Steppe (b) > Azerbaijan. Overall infection = Percentage of samples
infected with at least one of the three target viruses. p-value (Country x Virus) reflects the significance of the interaction
between “Country” and “Virus” factors in influencing detection frequency

Source: compiled by the authors

The overall infection rate with any of the three tar-
get viruses was lower in Azerbaijan (=32-36%) than in
Ukraine (=49-53%), suggesting lower epidemic pressure
in the studied regions of Azerbaijan or more effective
local plant protection systems, including soil treatment,
crop rotation, variety composition, and potentially low-
er crop load. Comparative effectiveness of RT-PCR and
LAMP.The comparative evaluation of molecular detection
methods - RT-PCR and LAMP - showed a noticeable dif-
ference in sensitivity between these two approaches. RT-
PCR, used as the reference method due to its high analyt-
ical sensitivity and specificity, demonstrated superiority
over LAMP in detecting all three target viruses: BYDV-PAYV,
WSMV, and SBCMV.However, the LAMP method showed a
high level of agreement with RT-PCR, confirming its po-
tential as a rapid and effective tool for field or routine
diagnostics. For BYDV-PAV, RT-PCR detected 94 positive
samples, while LAMP detected 82 of them. Thus, LAMP’s
sensitivity in this case was 87.2%. The overall agreement
between the two methods was 91.1%, indicating a high
concordance between the results. Cohen’s kappa coeffi-
cient (), which accounts for random agreement, was 0.82,
corresponding to “almost perfect agreement” on the Lan-
dis & Koch scale, indicating a high degree of correspond-
ence between the methods for this virus.

A similar trend was observed for WSMV. RT-PCR de-
tected 52 positive samples, while LAMP detected 43.
The calculated sensitivity of LAMP was 82.7%, meaning

approximately 5 out of 6 samples detected by the ref-
erence method were confirmed by isothermal amplifi-
cation. Again, the overall agreement was high - 93.7%,
indicating stable reproducibility between the two
approaches. The k value of 0.85 indicates very high
agreement, further emphasising the practical value
of the LAMP method. For SBCMV, which had a lower
prevalence in the sample, a similar trend was observed.
RT-PCR detected 34 positive samples, LAMP detected
28.This corresponds to a sensitivity of 82.4%, compara-
ble to the other two viruses. The overall agreement be-
tween LAMP and RT-PCR was 96.3%, the highest among
the three viruses, possibly due to fewer false-negative
results or better primer specificity in the corresponding
LAMP kit. The x value of 0.86 confirms high reliability
of the results and almost perfect agreement between
the methods. For all three viruses, no cases were found
where LAMP produced a positive result while RT-PCR
was negative (i.e., no RT-PCR™/LAMP* cases). This indi-
cates very high specificity of the LAMP method, virtu-
ally eliminating false-positive results. Therefore, while
LAMP is less sensitive than RT-PCR, it provides reliable
results, especially considering the speed of the assay,
lower laboratory equipment requirements, and suita-
bility for field conditions. Summary data comparing the
two methods are presented in Table 3, providing a quick
overview of the effectiveness of both methods in field
virus diagnostics in cereals.

Table 3. Comparison of virus detection results by RT-PCR and LAMP methods (Ukraine samples)

BYDV-PAV 82 12 0 176 87.2 91.1 0.82
WSMV 43 9 0 218 82.7 93.7 0.85
SBCMV 28 6 0 236 824 96.3 0.86

Note: no RT-PCR™/LAMP? cases were observed for any virus
Source: compiled by the authors

The results show very high concordance between
RT-PCR and LAMP methods in detecting the three vi-
ruses: BYDV-PAV, WSMV, and SBCMV. In all cases, the

agreement level exceeded 91%, with Cohen’s kappa
ranging from 0.82 to 0.86, corresponding to “high”
to “almost perfect” agreement on the Landis & Koch

Scientific Horizons, 2025, Vol. 28, No. 8



82

Biotechnological aspects of the molecular diagnosis of cereal crop viruses

scale. The absence of false-positive LAMP results
(RT-PCR7/LAMP* = Q) for all viruses highlights the
specificity of the method, with sensitivity exceed-
ing 82%, demonstrating its effectiveness in field or
resource-limited conditions. Comparative evalua-
tion of the effectiveness of molecular virus detec-
tion methods in Ukrainian and Azerbaijani samples

revealed both similar trends and some interest-
ing differences. For Ukrainian samples, the LAMP
method demonstrated a sensitivity of 82.4-87.2%
compared to RT-PCR, while for Azerbaijani samples,
this figure was slightly lower - 77.8-83.3%. The largest
sensitivity difference was observed for WSMV: 82.7%
in Ukraine versus 77.8% in Azerbaijan (Table 4).

Table 4. Comparative effectiveness of RT-PCR and LAMP for virus detection in Azerbaijani samples

BYDV-PAV 25 5 0 240 83.3 94.1 0.84
WSMV 21 6 0 243 77.8 95.6 0.82
SBCMV 34 8 0 228 81 93.3 0.83

Source: compiled by the authors

It is worth noting that in all cases, LAMP showed
high specificity - no false-positive results were re-
corded (RT-PCR™/LAMP*). This confirms the reliability
of the method regardless of the geographic origin of
the samples. The agreement level between the meth-
ods remained high in both countries: 93.3-96.3% for
Ukraine and 93.3-95.6% for Azerbaijan. Cohen’s kap-
pa, which measures the degree of agreement between
methods, ranged from 0.82 to 0.86, corresponding to
the “almost perfect agreement” category on the Lan-
dis & Koch scale. Analysing the results for individu-
al viruses, it is notable that the highest sensitivity of
LAMP in both countries was observed for BYDV-PAV.
For SBCMYV, the highest percentage of agreement was
recorded - 96.3% in Ukraine and 93.3% in Azerbaijan.
This suggests particularly successful primer selection
for this virus or more stable RNA expression in plant
tissues. The slightly lower LAMP performance in Azer-
baijani samples could be due to several factors: differ-
ences in the quality and quantity of viral material in
the samples, the impact of climatic conditions on the
stability of viral particles during transportation, or sam-
ple preparation specifics. However, this difference is not
critical and does not significantly affect the practical
value of the method.

The results confirm the potential use of stand-
ardised LAMP protocols for cross-country monitoring
of cereal crop viruses. Despite a slight difference in
sensitivity, the LAMP method remains a reliable, rapid,
and cost-effective tool for field diagnostics, especially
under resource-limited conditions. The high specificity
of the method minimises the risk of false-positive re-
sults, which is critical for making timely phytosanitary
decisions. Coinfections. Molecular diagnostic results
revealed differences in the nature of coinfections be-
tween the two countries. In Ukraine, among the 138
infected samples, coinfections were detected in 26.1%
of cases (36/138), while in Azerbaijan, this figure was
slightly lower at 18.9% (26/138). In both countries,
mono-infections predominated (73.9% in Ukraine and
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81.1% in Azerbaijan), indicating the dominance of indi-
vidual viral pathogens in the agroecosystems.

The most common combination in Ukraine was BY-
DV-PAV and WSMYV (18 cases), while in Azerbaijan, the
most frequent combination was BYDV-PAV and SBCMV
(9 cases). This difference could be related to the vary-
ing distribution of vectors between the two countries.
Triple-virus coinfections were rare in both regions:
2.2% in Ukraine (3/138) and 1.4% in Azerbaijan (2/138),
yet their detection is important from an epidemiolog-
ical and epidemiological perspective, as such combi-
nations can lead to enhanced pathogenicity, compli-
cated symptomatology, and decreased effectiveness of
phytosanitary measures. The detection of such coin-
fections also highlights the complexity of the viral
spectrum in agrocenoses and the need for expanded
monitoring using multiplex or metagenomic approach-
es. Virus detection in asymptomatic samples. The abil-
ity of diagnostic methods to detect viral infection at
early, asymptomatic stages is important for ensuring
timely responses and preventing the spread of patho-
gens in agricultural ecosystems (Havryliuk et al., 2024;
Serikbaeva et al., 2021). The study confirmed that both
RT-PCR and LAMP methods can identify viral infection
in plant samples that show no external symptoms of
damage. This indicates the high analytical sensitivity
of both methods and underscores their suitability for
early diagnosis in field conditions, which is particularly
important for monitoring latent infections.

According to the data obtained, viral pathogens
were detected in 23.7% of cases by RT-PCR (32 posi-
tive samples out of 135 asymptomatic samples). This
number also includes samples taken through “blind”
sampling, which, as later revealed, showed no visual
signs of infection at the time of collection. Thus, almost
a quarter of all asymptomatic plants actually had latent
viral infections, which could have gone unnoticed with-
out molecular diagnostics. The most frequently detect-
ed pathogen in asymptomatic plants was the BYDV-PAY,
present in 15.6% of the samples (21 out of 135). This




result indicates the widespread distribution of BY-
DV-PAV in the population,even in the absence of pheno-
typic manifestations, which is typical for many flavivi-
ruses that can have a latent course of infection at early
stages or under low inoculum pressure. By comparison,
the frequency of viral pathogens in samples with clear-
ly expressed disease symptoms was 61.5% (83 positive
samples out of 135), which is statistically significantly
higher (x%, p<0.001) (Table 5). The difference observed
between symptomatic and asymptomatic samples in-
dicates a close relationship between viral replication,
the accumulation of viral load, and the manifestation
of symptoms, although it does not exclude the possi-
bility of effective detection of infection even during its
clinically silent course.
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The study revealed significant differences in the
detection of asymptomatic infections between the
countries. In Ukraine, RT-PCR detected viruses in 23.7%
of asymptomatic samples (32/135), while in Azerbai-
jan this figure was 18.5% (25/135). The most com-
mon asymptomatic pathogen in both countries was
BYDV-PAV: 15.6% of detections in Ukraine (21/135)
versus 12.6% in Azerbaijan (17/135). Interestingly, the
proportion of virus detection in symptomatic samples
was significantly higher in Ukraine (61.5%) compared
to Azerbaijan (53.3%). This difference was statistically
significant (p <0.05) and may indicate a more aggres-
sive nature of viral infections in Ukrainian agroeco-
systems or better adaptation of local varieties to viral
pressure in Azerbaijan.

Table 5. Comparative data on virus detection in symptomatic and asymptomatic samples (RT-PCR)

Parameter Ukraine Azerbaijan p-value (x?)
Symptomatic samples (n=135)

BYDV-PAV (+) 58 (43%) 48 (35.6%) 0.042
WSMV (+) 41 (30.4%) 32 (23.7%) 0.038
SBCMV (+) 28 (20.7%) 34 (25.2%) 0.152

Overall infected 83 (61.5%) 72 (53.3%) 0.028
Asymptomatic samples (n=135)

BYDV-PAV (+) 21 (15.6%) 17 (12.6%) 0.251
WSMV (+) 7 (5.2%) 5(3.7%) 0.382
SBCMV (+) 4 (3%) 3(2.2%) 0.502

Overall infected 32 (23.7%) 25 (18.5%) 0.041

Source: compiled by the authors

Comparative analysis of virus detection in sympto-
matic and asymptomatic samples indicates higher in-
fection rates in symptomatic plants.All differences were
statistically significant (p < 0.001), pointing to a close
relationship between the presence of symptoms and
the likelihood of viral infection. The study revealed a
high level of infection in cereal crops with target virus-
es, with BYDV-PAV dominating among the main patho-
gens. Regional analysis revealed statistically significant
spatial differences in virus prevalence: BYDV-PAV was
significantly more prevalent in the forest-steppe zone,
while WSMV was more widespread in the steppe. Com-
parative evaluation of methods confirmed the higher
analytical sensitivity of RT-PCR, while the LAMP meth-
od demonstrated high specificity and substantial agree-
ment with the reference method, justifying its use for
rapid diagnostics. A significant aspect was the detection
of a high frequency of coinfections (especially combi-
nations of BYDV-PAV and WSMV) and the presence of
latent infections - viruses were detected in a notable
proportion of asymptomatic plants, underscoring the
capability of molecular methods for early detection. All
key patterns were confirmed by statistical significance.

DISCUSSION

The results provide valuable insights into the epide-
miology of key cereal crop viruses in Ukraine and the

effectiveness of molecular diagnostic methods. The
high overall infection rate (51.1%) with BYDV-PAV
(34.8%) confirms its status as one of the most economi-
cally significant pathogens of cereals in the region. This
finding aligns with global data pointing to BYDV as a
major cause of cereal disease, resulting in substantial
yield losses due to impaired photosynthesis, dwarfing,
and infertility of ears, as studied by L.T. Mishchenko et
al. (2022). They studied wheat dwarf virus in Ukraine,
confirming that viral infections are a serious threat to
the country’s grain industry. The authors also recorded
the widespread occurrence of wheat dwarf virus and
its impact on yield, highlighting the complex nature of
viral threats, where multiple pathogens may simultane-
ously circulate in agrocenoses.

The regional specificity of pathogen spread is a
key result. The predominance of BYDV-PAV in the for-
est-steppe zone (41.5% vs 28.1% in the steppe) is a
direct consequence of more favourable conditions for
its main vectors - aphids (e.g., Rhopalosiphum padi,
Sitobion avenae), whose populations thrive in mod-
erate temperatures and higher humidity typical of
the forest-steppe, as also highlighted in the study by
W.A. Miller and Z. Lozier (2022). Conversely, the signif-
icantly higher prevalence of WSMV in the steppe zone
(25.9% vs 12.6%) strongly correlates with the range
and ecology of its vector - the wheat mite (Aceria
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tosichella), which is better adapted to the dry and warm
conditions of the steppe, consistent with the results of
S. Singhal et al. (2021). These findings underscore the
critical role of climatic factors and vector dynamics in
shaping regional viral landscapes. They align with the
data of M. Somera et al. (2021), who used high-through-
put sequencing to show that the diversity and distri-
bution of yellow dwarf viruses (including BYDV) in Eu-
rope is often underestimated, with a clear geographical
component. Similar regional specificity in cereal virus
spread influenced by climate has been described in Ka-
zakhstan by K.Zhambakin and K. Zhapar (2020).

The comparative effectiveness of RT-PCR and
LAMP confirmed the expected advantages and lim-
itations of each approach. The higher sensitivity of
RT-PCR (detecting an additional 12, 9, and 6 positive
samples for BYDV-PAV, WSMV, and SBCMV, respectively)
aligns with numerous studies that recognise it as the
‘gold standard” for plant virus molecular diagnostics
due to its high specificity and sensitivity, particularly
with the data from J.D. Ibaba and A. Gubba (2020) and
J. Sharma et al. (2024). However, the results also clear-
ly demonstrate the significant potential of LAMP as an
express method for field conditions. The high specific-
ity of LAMP (no false-positive results) and good agree-
ment with RT-PCR (kx=0.82-0.86, “almost perfect agree-
ment”) make it a valuable tool for rapid screening. This
is important for early detection of infection hotspots
and timely phytosanitary decisions without the need
to transport samples to equipped laboratories, which
is also discussed in the work of R. Bhat et al. (2022).
The sensitivity of LAMP (82.4-87.2%) is within the range
reported by other researchers for various plant virus-
es. However, some LAMP modifications, integrated with
CRISPR systems (e.g., Cas-PfLAMP), demonstrate poten-
tially higher sensitivity, approaching that of RT-PCR, as
noted in the study by Z. Zhu et al. (2022), suggesting
further development potential.

The significant frequency of coinfections (27% of
infected samples), particularly the combination of BY-
DV-PAV + WSMV, is a serious concern. Polyetiological
infections can lead to synergistic effects, worsening
symptom severity, accelerating plant death, and in-
creasing yield losses compared to mono-infections
(Movsumov et al., 2018; Lyubchyk et al., 2019), which
aligns with the findings of U.C. Jha et al. (2023). The
presence of multiple viruses in a plant complicates di-
agnosis as symptoms may overlap or mask each other,
and also presents challenges for resistance breeding, as
the plant must simultaneously cope with several path-
ogens. Detection of viruses in asymptomatic samples
(23.7% by RT-PCR) is a critically important practical re-
sult. It confirms the ability of molecular methods, es-
pecially highly sensitive ones like RT-PCR, to detect la-
tent or early-stage infections before visible symptoms
appear, as confirmed by S. Zhang and A. Vrient (2020).
These plants can be an invisible source of inoculum,
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contributing to local spread through vectors or con-
taminated seeds, as well as inter-regional/international
spread through trade in planting material.

The results regarding the high prevalence of cereal
viruses are supported by the work of many researchers,
but with significant differences in focus. The study by
G.Zahmanova et al. (2023) focuses on the potential use-
fulness of plant viruses for molecular farming, whereas
the current study examines them as pathogens. How-
ever, both studies agree on the need for a deep under-
standing of viruses for effective management. In com-
parison to the work of P.Abrahamian et al. (2020) on viral
vectors in biotechnology, the results obtained in this
study confirm the importance of accurate virus detec-
tion methods, especially given their potential as vectors.
However, this study focuses on the pathogenic proper-
ties, while P. Abrahamian et al. emphasise their biotech-
nological applications. Regarding diagnostic methods,
the current conclusions on the effectiveness of RT-PCR
and LAMP fully align with the data of S.K. Sharma et
al. (2021) on the CRISPR-Cas revolution in diagnostics.
However, unlike their emphasis on the latest CRISPR
technologies, this work demonstrates the practical ef-
fectiveness of more traditional but accessible methods.

The work of K. Kalimuthu et al. (2022) on point-of-
care diagnostics confirms the findings regarding the
promise of LAMP for field use. Particularly important
is the conclusion by the authors about the need for
simple methods in resource-limited regions, which ful-
ly supports stance. In the context of early diagnostics,
the current results on virus detection in asymptomat-
ic samples are supported by the work of N. Deepa et
al. (2021), who emphasise the importance of molecular
methods for detecting pathogens before symptoms ap-
pear. However, their focus on fungal pathogens differs
from the current focus on viruses. Innovative detection
approaches, such as RT-RPA-CRISPR/Cas12a, described
by R.Aman et al. (2020), demonstrate potentially higher
sensitivity compared to the methods studied. This points
to potential areas for further improvement of the diag-
nostic platform in future research. Reviews of modern
detection methods by A. Cassedy et al. (2021) confirm
RT-PCR as the gold standard but also point to the pros-
pects of new approaches, which could be a subject for
future studies. G. Xing et al. (2022) in their work on mi-
crofluidic biosensors propose promising alternatives to
the studied methods, especially for field use. However,
at present,these technologies remain less accessible for
widespread use in Ukraine.The established patterns and
methodological approaches serve as the scientific foun-
dation for developing regionally adapted monitoring
strategies based on molecular diagnostics, viral disease
management, and the selection of resistant varieties.

CONCLUSIONS

The study revealed a significant prevalence of viral
infections among cereal crops in both Ukraine and




Azerbaijan, with a similar overall infection rate (around
51%). However, some differences were observed in
the viral infection structure between the countries. In
Ukraine, BYDV-PAV was the dominant pathogen (34.8%),
whereas in Azerbaijan, its prevalence was lower (=17%),
which may be related to less favourable conditions for
aphid populations and possible differences in agricul-
tural practices. At the same time, Azerbaijan showed a
higher infection level of SBCMV (up to 20.4% in the for-
est-steppe zone) compared to Ukraine (12.6%), which
may indicate a more active spread of the soil vector
Polymyxa graminis under local soil conditions.

Regional analysis in both countries confirmed
the impact of climatic conditions on virus spread. In
Ukraine, BYDV-PAV predominated in the forest-steppe,
and WSMV in the steppe, while in Azerbaijan, a simi-
lar but less pronounced trend was observed. This is
explained by the more arid conditions in Azerbaijan’s
climatic zones (especially the steppe areas of Beylagan
and Ganja), which affect vector activity. The LAMP meth-
od showed slightly lower sensitivity in Azerbaijan sam-
ples (77.8-83.3%) compared to Ukraine (82.4-87.2%),
which may be related to differences in sample quality
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the need for enhanced monitoring of polyetiological
damage and early diagnostics. In this context, the LAMP
method confirmed its effectiveness for detecting latent
infections and coinfections in field conditions: high
specificity (100%), sensitivity >82%, and rapid analysis
make it a key tool for implementation in phytosanitary
control systems, especially in regions with limited lab-
oratory equipment.

Furthermore, potential genetic variations in the
viruses, which may influence detection efficacy, were
not considered. Future research perspectives include:
expanded analysis of agronomic factors affecting virus
spread in different climatic zones; studying the genetic
diversity of viruses to identify potential new strains; de-
veloping optimised LAMP protocols to improve sensi-
tivity under different regional conditions; and studying
the impact of climate change on vector dynamics and
virus spread in the long term. Thus, the results highlight
the need for regionally adapted approaches to moni-
toring and controlling viral infections in cereal crops,
taking into account the climatic, soil, and agronomic
characteristics of each country.
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or the stability of viral RNA during transportation. How- ACKNOWLEDGEMENTS
ever, the high specificity of the method (100%) confirms  None.
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AHoTauis. LLlopivuHe 3HMKEHHSI BPOXAMHOCTI 3epHOBUX KyNbTyp y 6aratbox perioHax CBiTy Yepes TakKi MaToreHu, gK
BipyC >KOBTOI KapnnkoBocTi auMeHto (BYDV), Bipyc cmyractoi Mo3aiku nweHuui (WSMV) Ta Bipyc M0O3aiku 3epHOBKX
KYNbTYp, WO nepenaetbcs yepes rpyHT (SBCMV), niakpecntoe BaXXAMBICTb BUBYEHHS X NOLWMPEHHS Ta KOHTPOIIO.
MeTol UbOro focnigxeHHs Oyno BUSBNEHHS 3aKOHOMIPHOCTEW MOLIMPEHHS BipyCHMX iHhEKLIM, Wo BpaxakwTb
3epHOBI KynbTypu B YKpaiHi Ta AsepbanpxaHi. ¥ [OCHIOXEHHI BUMKOPUCTOBYBANIW 3BOPOTHY TPAHCKPUMLiO 3
noaanblIOo noniMepasHot naHurosoto peakuieto (RT-PCR) Ta isotepmivHy amnnidikauito 3a 4onomMorow netni
(LAMP) nng BUSIBNEHHS BIpYCiB Y 3pa3kax 3epHOBUX KynbTyp. Pe3ynbtaTv Nokasanu BUCOKUM piBeHb iHPiIKYBaHHA
B 06ox kpaiHax (51,1 % B YkpaiHi Ta npubnusHo 51 % B AsepbaiioxaHi), npuyoMy OOMiHYHOUYMM BipycoM 6yB
BYDV. bynu BusBneHi perioHanbHi BiAMiHHOCTI: B NicOCTeNoBi 30Hi YKpaiHWM HalnowupeHiwum 6y BYDV
(41,5 %), Toni gk y cTenoBiv 30HI YacTiwe Bussnascs WSMV (25,9 %). B AsepbaiiaxaHi nowmpeHictb BYDV 6yna
Hux4oto (£18,7 %), ane yactota SBCMV 6yna uwoto (8o 20,4 %). KoiHdekuii 6ynun BuseneHi B 26,1 % iHdikoBaHMX
3paskiB B YkpaiHi Ta 18,9 % B AsepbaioxaHi, npu ubomy 23,7 % 6e3cMMNTOMHMX pocauH B YkpaiHi Ta 18,5 %
B AsepbanoXaHi fJanu NO3UTUBHUI pe3ynbTaT Ha BipycHWM matepian. Meton LAMP BusBusca edekTMBHUM Ans
WBWAKOI AiarHOCTMKM B MONbOBMX YMOBaX, npoaeMoHcTpyBaBwm 100 % cneundivHicts i noHan 82 % 4ytnmBicTb.
OTpvMaHi pe3ynbrati NigKpecaMnn HeobXiAHICTb po3pobKM perioHaNbHO aLanTOBaHMX CTpaTerii 60poTbbu
3 BIpYCHWMMM 3axXBOPHOBAHHSAMM 3epHOBUX KynbTyp. lNpakTMyHa UiHHICTb Wi€i poboTM nonsrae B po3pobui
peKkoMeHAaLi WOoA0 BAOCKOHANEHHS CUCTEM MOHITOPUHIY Ta 3aXUCTY POC/IMH 3 YpaxXyBaHHSM MiCLLeBUX YMOB, LU0
CNpUsTUME NiABULLEHHIO BPOXXAMHOCTI Ta NPOAOBO/bYOiI 6e3neKkn B perioHi

KntouoBi cnoBa: noniMepasHa naHLIroBa peakLis; 3B0OPOTHA TPAHCKPUNLiN; NeTIbOBa i30TepMiyHa aMnnidikaLis;
BipyC M03aiku 3epHOBUX KYNbTYP, WO NepefaeTbCst Yepes rPYHT; BipyC )KOBTOI KapAMKOBOCTI IUMEHI0; BipyC CMyracToi
MO3aiKu1 NWeHKULi; OpHi 3eMAi; CinbCbKe rocnoaapcTso
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approaches. The results demonstrated that cadmium accumulated in rice grains at concentrations of up to
2.8 mg/kg, exceeding the maximum permissible levels established by the Food and Agriculture Organization of
the United Nations and the World Health Organization by 2.3-fold (p <0.001). The combined exposure to cadmium
and elevated temperature (+35°C) resulted in a synergistic reduction in plant biomass by 75% compared to
individual stress factors (p<0.01). Under radiation exposure, the activity of antioxidant enzymes, such as catalase
and superoxide dismutase, increased by 150-220%; however, prolonged stress led to a 275% accumulation of
malondialdehyde, a marker of oxidative damage. A machine-learning predictive model achieved 89% accuracy in
identifying risk zones for the fungal pathogen Phytophthora infestans, with an area under the curve of 0.93. The
practical significance of these findings lies in their applicability for environmental monitoring, the development
of adaptive agro-technologies, the breeding of stress-resistant cultivars, and the implementation of biosecurity

measures in agriculture

Keywords: cadmium; oxidative stress; phytotoxicity; heavy metal bioaccumulation; environment; ecosystem

INTRODUCTION

Under contemporary anthropogenic environmental
pressures, the issue of plant biosecurity has gained
particular relevance. Heavy metals, ionising radiation,
climatic extremes, and biotic pathogens have emerged
as key risk factors for agricultural crops, reducing their
productivity and facilitating the accumulation of toxic
substances in the food chain. Elevated contamination
of soils with cadmium, lead, and mercury disrupts plant
physiological processes, inducing oxidative stress and
genetic mutations, which in turn affect agroecosystems
and food safety. Concurrently, global climate change
exacerbates the adverse effects of these factors, creat-
ing additional risks for crop production and the sustain-
able development of the agricultural sector. Modern re-
search in biosecurity underscores the necessity of an
integrated approach to monitoring and mitigating the
impact of hazardous environmental factors on plant
organisms. The combination of molecular biology, ma-
chine learning, and biotechnological methods enables
the development of effective risk-reduction strategies,
particularly through the use of genetically modified in-
dicator plants and pathogen spread prediction (Zaver-
taliuk & Naumovska, 2024). At the same time, the legal
and ethical regulation of biosecurity measures remains
critical, necessitating in-depth analysis of existing sci-
entific approaches and strategies.

K.M. Kyshko and M.M. Vakerych (2023) explored
the interrelation between bioethics, biosafety, and
biosecurity, emphasising the need for normative
frameworks to protect plants from ecological threats.
Their work highlighted the importance of integrating
ecological, medical, and agricultural aspects into bi-
oprotection systems to ensure comprehensive, inter-
disciplinary solutions to biosecurity challenges. The
study by M. Kravchuk and I. Metelskyi (2022) focused
on the identification and mitigation of biological
threats, particularly the concept of biorisks. It stressed
the imperative of implementing preventive measures
and monitoring potential hazards that could affect the
biological security of plant ecosystems. O. Shamsutdi-
nov (2023) analysed socio-legal aspects of biological
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security, examining conditions conducive to criminal
offences in this domain. His work underscored the
necessity of strengthening legislative control mech-
anisms to restrict the spread of harmful agents in
agriculture, which is crucial for preventing ecological
threats. The study by M. Wondafrash et al. (2021) eval-
uated the role of botanical gardens as both resources
and potential biosecurity hazards. The authors noted
the risk of uncontrolled dissemination of invasive spe-
cies and pathogens via botanical gardens, calling for
stricter regulatory measures.

The study by L. Symochko et al. (2021) focused on
the ecological aspects of biosecurity in agroecosystems.
It examined the relationship between anthropogenic
influence and the level of biological threats to plant
life, emphasising the need for an integrated approach
to biosecurity monitoring. E. Butucel et al. (2022) ana-
lysed bioprotective measures on farms, which contrib-
uted to reducing the risk of bacterial biofilm dissemina-
tion. C. Kantor et al. (2024) focused on biological risks
associated with nematodes, which may negatively im-
pact food security. An innovative approach to enhanc-
ing plant resilience to stress factors was presented in
the work of O.R. Devi et al. (2023). They explored the
potential of using nanofertilisers to improve plant bios-
ecurity and enhance their adaptive capacity. It was es-
tablished that nanomaterials facilitate better nutrient
absorption, which may mitigate the adverse effects of
unfavourable environmental conditions. A distinct re-
search direction, concerning the impact of genetically
modified (GM) plants on biosecurity, was examined in
the study by B.K. Ghimire et al. (2023). The authors ana-
lysed the risks and benefits of GM crops in the context
of their influence on ecosystems and food security. No-
tably, such plants exhibit increased resistance to abiotic
and biotic stress factors - particularly toxic metals and
pathogens, which were investigated in this study. This
underscores the potential of GM crops as an element
of strategies to reduce biological risks in agriculture,
while simultaneously highlighting the necessity of eco-
logical monitoring of their impact.




Thus, prior research has confirmed the importance
of an integrated approach to ensuring biosecurity, in-
corporating molecular monitoring methods, biotechno-
logical applications, and the development of adaptive
strategies for plants. However, the impact of combined
stress factors on the viability of cultivated plants re-
mains insufficiently studied, complicating the develop-
ment of effective protection methods. The aim of the
study was to assess the influence of chemical, physical,
climatic, and biotic factors on plant biosecurity and to
develop effective approaches to mitigating their ad-
verse effects.

MATERIALS AND METHODS

The study was conducted at the laboratories of the In-
stitute of Plant Biology, National Academy of Scienc-
es of Ukraine (Kyiv), between March 2024 and Febru-
ary 2025. The research subjects included agricultural
crops: Brassica napus (rapeseed), Vicia faba (broad bean),
Triticum aestivum (common wheat), Oryza sativa (rice),
Solanum tuberosum (potato), Solanum lycopersicum (to-
mato), and a transgenic Arabidopsis thaliana line with
the GFP gene. The selection of crops was based on
their agricultural significance in Ukraine and globally,
differences in physio-biochemical responses to stress
factors, and the availability of established protocols for
resilience studies. Arabidopsis thaliana was chosen as
a model system for molecular genetic tests and fluo-
rescence-based toxicity monitoring. To simulate stress
conditions, the following chemicals were used: cadmi-
um nitrate (Cd(NOs),, Sigma-Aldrich, USA), lead acetate
(Pb(CH5COO0),, Merck, Germany) and mercury chloride
(HgCl,, Fluka, Switzerland). The pathogens Phytophtho-
ra infestans and tobacco mosaic virus (TMV) were ob-
tained from the microorganism collection of the Insti-
tute of Phytopathology.

Plants were cultivated under controlled conditions
in climate chambers (Binder KBW 240, Germany) at a
temperature of +22 £2°C, a photoperiod of 16/8 h, and
60-70% humidity. To study the effects of heavy metals,
Cd (50 mg/kg), Pb (20 mg/kg), and Hg (0.5 mg/kg) were
introduced into the soil. Metal concentrations in tissues
were determined via ICP-MS (Agilent 7900, USA) after
sample mineralisation in an HNOs/H,0, mixture (3:1).
The obtained values were compared with the maximum
permissible levels established by the World Health Or-
ganization (2011) and Codex Alimentarius (n.d.). Photo-
synthetic activity (Fv/Fm) was assessed using a portable
fluorimeter (OS-30p, Opti-Sciences, USA). To investigate
radiation stress, Vicia faba seeds were irradiated with
gamma rays (doses of 10-20 Gy) using a %°Co source
(“Gammatron” apparatus, Ukraine). Chromosomal aber-
rations were analysed in root meristem cells after ace-
to-carmine staining (Leica DM2500 microscope, Germa-
ny). The activity of antioxidant enzymes (CAT, SOD) was
measured spectrophotometrically (Shimadzu UV-1800,
Japan) using BioVision kits (USA).
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Thermal stress was modelled by exposing Triticum
aestivum plants to a temperature of +40°C for 72 hours.
To study drought stress, irrigation was reduced to 30%
of the standard rate, and leaf turgor was assessed using
a pressure chamber (PMS Instrument, USA). The expres-
sion of HSP70, DREBZA, and NCED3 genes was analysed
via quantitative real-time polymerase chain reaction
(gRT-PCR) (Qiagen Rotor-Gene Q, Netherlands) with
primers designed in Primer-BLAST. Additionally, the ex-
pression of PIN1, PAO, HSF, and PIP2;1 genes - associat-
ed with hormonal balance regulation, stress response,
and water transport — was investigated. A minimum of
three biological replicates were performed for each
gene. For pathogen studies, potato leaves were inocu-
lated with Phytophthora infestans spores (10° spores/ml),
while tomatoes were infected with TMV (ELISA test, Ag-
dia, USA). The efficacy of a Bacillus subtilis-based bio-
fungicide (strain BS-12, 10® CFU/ml) was evaluated by
the reduction in leaf damage index (%) compared to
untreated control plants, accounting for standard de-
viation and significance (p <0.05). To analyse synergis-
tic stress, Oryza sativa was cultivated at +35°C with Cd
supplementation (5 mg/kg). Grain Zn and Cd content
was determined via atomic absorption spectroscopy
(PerkinElmer PinAAcle 900T, USA).

For real-time heavy metal detection, GFP-trans-
genic Arabidopsis thaliana plants were used, with fluo-
rescence levels correlating to Cd?* concentration in the
root zone (R2>0.9). A predictive model for Phytophtho-
ra infestans spread was developed using the Random
Forest algorithm (Python, scikit-learn library), trained
on 15,000 data samples (soil, climate, historical out-
breaks). Model efficacy was assessed via ROC analysis,
calculating area under the curve (AUC), accuracy, re-
call, and specificity. The final AUC value was 0.93. Plant
samples were selected based on uniformity: 21-day-
old plants at the 3-4 true-leaf stage. Each experimen-
tal variant included 20 plants to ensure sufficient sta-
tistical power (n=20). Sampling was randomised from
developmentally synchronised plants grown in climate
chambers. For metal content analysis, aerial and sub-
terranean organs (root depth €10 cm) were collected,
thoroughly rinsed, blotted dry, and weighed. All sam-
ples were taken in the morning (9:00-11:00) to min-
imise diurnal metabolic fluctuations. Plants showing
disease or mechanical damage were excluded. Data
were processed in GraphPad Prism 9.0. Group com-
parisons used Student’s t-test (normal distribution) or
ANOVA with Tukey’s correction (multiple comparisons).
Pearson’s coefficient (R?) was calculated for correla-
tion analysis. Significance threshold: p < 0.05. Errors
are reported as £SD (n 2 5). Analytical equipment: ICP-
MS (Agilent 7900), AAS (PerkinElmer PinAAcle 900T).
Microscopy: Leica DM2500, Leica TCS SP8. Climate
chambers: Binder KBW 240. The study complied with
DSTU ISO 14001:2015 (2016). All experiments were
performed in triplicate biological replicates.
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RESULTS
The impact of chemical contaminants on plant physiol-
ogy. Cadmium (Cd) exhibits high mobility in soil and is
actively absorbed by the root system, disrupting the ho-
meostasis of essential ions (Zn?*, Fe?*) through competi-
tion with transporter proteins. This adversely affects the
functioning of metal-dependent enzymes responsible
for respiration and photosynthesis. The accumulation of
Cd in Brassica napus roots (Table 1) is attributed to ion

sequestration mechanisms, particularly binding with
thiol groups of phytochelatins and deposition in vac-
uoles. Such compartmentalisation limits metal trans-
location to aerial organs but poses a risk of secondary
contamination through rhizodeposition fluxes. Despite
reduced Cd transport to leaves and fruits, its concen-
tration in the latter exceeds international safety stand-
ards, which is associated with the low selectivity of ABC
transporters responsible for xenobiotic homeostasis.

Table 1. Heavy metal concentrations in Brassica napus organs under soil Cd contamination (50 mg/kg)

Organ Cd (mg/kg) Pb (mg/kg) Hg (mg/kg)
Roots 38.7%2.1 42%0.3 0.3%0.02
Leaves 12413 2.1%0.2 0.1%0.01
Fruits 48%0.6 0.9=%0.1 ND

Source: compiled by the authors

Cd accumulation in roots is driven by compartmen-
talisation mechanisms that restrict its translocation
to aerial organs, while excess levels in fruits surpass
safety thresholds - particularly critical for food crops
such as rice, where cadmium may accumulate in grains.
Root growth inhibition (Fig. 1) correlates with the
suppression of auxin-dependent processes, particular-
ly the expression of PIN (PINOID) genes regulating po-
lar hormone transport. Cadmium disrupts the Ca**-de-
pendent signalling cascade required for proton pump
activation, leading to reduced apoplast acidification
and impaired cell elongation.

Correlation analysis revealed a direct relationship
between soil Cd concentration and root growth sup-
pression.At 50 mg/kg Cd, root length decreased by 32%
(p<0.001), indicating a critical impact of the metal on
early morphogenesis stages. Photosynthetic activity
serves as an indicator of Cd toxicity, particularly under
low soil pH conditions. Cd?* ions compete with Mn?*

for binding sites in the oxygen-evolving complex (OEC)
of photosystem Il, disrupting water photolysis. This is
accompanied by reduced electron transport rate (ETR)
and accumulation of singlet oxygen (*O,), inducing
photooxidative stress (Table 2).
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Figure 1. Correlation between soil Cd content and root
growth inhibition in Brassica napus
Note: control group - plants grown in Cd-free soil; p-values
calculated using Student’s t-test compared to control
Source: compiled by the authors

Table 2. Effect of soil pH on photosystem Il activity (Fv/Fm)

Soil pH Fv/Fm (control) Fv/Fm (+50 mg/kg Cd) Activity reduction (%)
4.5 0.82%0.02 0.49%0.03 40215
5.5 0.81+0.01 0.65%0.02 19.8%£0.9

Source: compiled by the authors

Chlorophyll degradation (Fig. 2) results from the in-
hibition of magnesium chelatase, which catalyses Mg?*
incorporation into protoporphyrin IX. By displacing
Mg?* in the enzyme’s active site, Cd disrupts chlorophyll
biosynthesis, leading to leaf chlorosis. Concurrently, Cd
induces the expression of pheophorbide an oxygenase
(PAO) gene, triggering chlorophyll catabolism and re-
ducing the plant’s photosynthetic potential.

Cadmium-induced oxidative stress activates plant
antioxidant defence systems, including superox-
ide dismutase (SOD), catalase (CAT), and peroxidase
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(POD). However, prolonged Cd exposure leads to the
depletion of antioxidant reserves, resulting in lipid
peroxidation and membrane structure degradation.
Protective mechanisms in plants involve enhanced
production of glutathione (GSH) and phytochelatins,
which form stable complexes with Cd, thereby reduc-
ing its toxic effects (Shuvar et al., 2022). Additionally,
cadmium disrupts redox homeostasis by inhibiting glu-
tathione reductase (GR) activity and increasing malon-
dialdehyde (MDA) levels, indicating intensified lipid
peroxidation. This is accompanied by the degradation




of membrane proteins and DNA damage, impairing
normal cell division and regeneration. Thus, the impact
of cadmium on plants is multifaceted: it disrupts es-
sential ion balance, inhibits key enzymatic processes,

3.5
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and induces oxidative stress. This justifies the need for
further research into developing effective phytoreme-
diation methods and breeding resilient cultivars for
contaminated areas.

3

2.5 H Chlorophyll a (mg/q)
. 2 1 Chlorophyll b (mg/q)
54
14 M Total chlorophyll (mg/g)
0.5 A
0 n T T T
0 10 25 50

Figure 2. Changes in chlorophyll content in Brassica napus leaves depending on Cd concentration in the soil
Note: values are presented as mean * standard error (n=>5). Measurements were taken on the 21 day of the experiment

Source: compiled by the authors

Radiation stress: genomic and cellular alterations.
Irradiation of Vicia faba seeds with ionising radiation
doses (10-15 Gy) significantly increased the frequency
of chromosomal aberrations in root meristem cells. At
a dose of 10 Gy, classical types of damage were ob-
served: chromatid fragments (32 * 4% of cells), ring
chromosomes (18 + 3%), and mitotic bridges (9 * 2%).
Micrographs of the cells revealed nuclear lamina disin-
tegration and disorganisation of spindle microtubules,
impairing proper chromosome segregation during mi-
tosis. The decline in seed germination correlated with
increasing radiation doses: at 15 Gy, the germination
rate was 40+ 5% (control: 98 £ 2%, p<0.001), attributed
to the accumulation of lethal mutations in germ cells.
A dose of 20 Gy resulted in complete loss of viability
due to embryo necrosis. In response to radiation stress,
Vicia faba activated antioxidant systems to neutralise
reactive oxygen species (ROS). Catalase (CAT) activ-
ity increased by 150+ 20% 24 hours post-irradiation
(10 Gy), while superoxide dismutase (SOD) peaked at
220%25% of the control level after 48 hours, correlat-
ing with reduced O, levels (Fig. 3). However, prolonged
stress (beyond 72 hours) led to the depletion of enzy-
matic reserves, accompanied by a rise in malondialde-
hyde (MDA) concentration to 4.5 0.3 nmol/g (control:
1.2+0.1 nmol/g) - a marker of lipid peroxidation.
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Figure 3. Dynamics of antioxidant enzyme activity
Note: values are presented as mean * standard error (n=5)
Source: compiled by the authors

The plant response to radiation exposure exhibits
a biphasic pattern. Initially, genomic instability caused
by direct DNA damage and chromosomal aberrations
disrupts the cell cycle and reduces seed viability. Subse-
quently, oxidative imbalance associated with excessive
ROS (reactive oxygen species) overwhelms the com-
pensatory capacity of antioxidant systems, leading to
tissue necrosis. The short-term activation of enzymes
(CAT, SOD) indicates an adaptive potential that could
be utilised in the selection of radioresistant cultivars.
These findings underscore the necessity of monitoring
radiation levels in agroecosystems and developing bi-
otechnologies to minimise mutagenic effects on crops.

Climatic extremes: adaptation and destructive im-
pact. Climate change, particularly rising temperatures
and droughts, threatens agricultural productivity by
disrupting physiological processes at molecular and
cellular levels. Studies on Triticum aestivum (common
wheat) responses to thermal stress and water deficit
reveal adaptive mechanisms that could be harnessed
for breeding resilient cultivars. Exposure of Triticum
aestivum to +40°C for 72 hours induced significant
morphophysiological changes. Leaf area decreased by
35% compared to the control (p <0.001), linked to the
degradation of cytoskeletal proteins such as actin and
tubulin, which regulate cell expansion.This was accom-
panied by reduced photosynthetic efficiency (Fv/Fm by
28%, p <0.01) due to Rubisco denaturation and Photo-
system Il inhibition, confirming the vulnerability of the
photosynthetic apparatus to high temperatures. Molec-
ular adaptation mechanisms included a 4.5-fold up-
regulation of heat shock genes, particularly HSP70, as
verified by qRT-PCR. These proteins act as chaperones,
stabilising other proteins under stress. Concurrently,
transcriptional activators of the HSF family were acti-
vated, binding to heat shock elements (HSE) in target
gene promoters to enable rapid stress responses.

Drought stress studies revealed critical disrup-
tions in water homeostasis. Water deficit reduced
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leaf turgor by 50% (p < 0.001) and transpiration by
65% (p<0.001) due to stomatal closure, as confirmed
by portable fluorometer data (model OS-30p). The
quantum yield of fluorescence (®PSII) decreased by
40%, indicating photoinhibition via excess energy
in Photosystem II. At the genetic level, upregulated

expression of DREB2A (3-fold) and NCED3 (5-fold)
genes was observed, regulating abscisic acid (ABA)
synthesis and stomatal closure. Conversely, expres-
sion of the aquaporin PIP2;1, responsible for trans-
membrane water transport, declined by 60%, restrict-
ing plant growth (Table 3).

Table 3. Stress gene expression in Triticum aestivum under drought conditions

Gene Expression (% of control) p-value Function
DREB2A 30025 <0.001 ABA signalling regulation
NCED3 500+40 <0.001 Abscisic acid biosynthesis
PIP2;1 40+5 <0.01 Water transport

Source: compiled by the authors

Thermal stress causes protein structural damage
and reduces photosynthetic productivity, while adapta-
tion via HSP70 and HSF represents a key survival mech-
anism. Drought disrupts water homeostasis by activat-
ing ABA-dependent signalling pathways, but aquaporin
downregulation limits growth. To mitigate these effects,
breeding cultivars with enhanced HSP70 and DREBZA
expression, alongside biostimulant applications to im-
prove water retention, is proposed. These approaches
may underpin the development of climate-resilient
agroecosystems.

Biotic threats: pathogenesis and bioprotection.
Fungal pathogens such as Phytophthora infestans ex-
hibit high aggressiveness towards cultivated plants,
particularly potato (Solanum tuberosum). Experimen-
tal infection of leaves with pathogen spores leads to
the development of necrotic lesions and chlorosis,
with a disease severity index of 70 # 5% over 14 days
(p <0.001). Fungal hyphae penetrate through stomata,
degrading cell walls and triggering apoptosis via reac-
tive oxygen species (ROS)-mediated signalling path-
ways. Application of a biofungicide based on Bacillus
subtiljs (strain BS-12, 10® CFU/mL) reduces the disease
severity index to 35+4% (p<0.001) through the synthe-
sis of antifungal lipopeptides (surfactin, iturin) and in-
duction of systemic resistance (ISR) in plants (Table 4).

Table 4. Efficacy of control measures
against Phytophthora infestans

Group Disease severity (%) Efficacy (%)
Control 70%5 -
B. subtilis 354 506
Chemical control 25%3 64%5

Source: compiled by the authors

Biofungicides based on B. subtilis demonstrate
significant efficacy, though they are outperformed by
chemical analogues, highlighting the potential of their
combined use. Viral infections, such as Tobacco mosaic
virus (TMV), cause systemic infection in tomatoes (So-
lanum lycopersicum). ELISA test data indicate that TMV
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capsid protein accumulation peaks on day 7 post-inoc-
ulation (OD,4, =1.20 £ 0.10), accompanied by leaf mo-
saic patterns and growth deformities. The virus evades
plant immunity by suppressing RNA interference via the
P19 protein, which binds siRNA (Table 5).

Table 5. TMV accumulation dynamics in tomatoes

Day Optical density (OD )
0 0.05+0.01
3 0.45+0.05
7 1.20+0.10

Source: compiled by the authors

The rapid accumulation of TMV underscores the
need for early intervention, including CRISPR/Cas9
gene editing to block viral receptors. Biotic stresses
require an integrated approach combining biological
and genetic control methods. The efficacy of B. subtilis
against late blight and the potential of CRISPR tech-
nologies for TMV resistance open new avenues for de-
veloping resilient cultivars and reducing reliance on
chemical treatments.

Synergistic effects of multifactorial stress. The
combined impact of soil cadmium (Cd) contamina-
tion and elevated temperature (+35°C) results in
synergistic growth suppression in Oryza sativa, reducing
aboveground biomass by 75% compared to individual
stressors (p < 0.001). This is linked to exacerbated ox-
idative stress through reactive oxygen species (ROS)
generation and inhibition of antioxidant systems, lead-
ing to root necrosis and chlorophyll degradation. Simul-
taneously, micronutrient homeostasis is disrupted: zinc
(Zn) concentration in grains decreases to 12 =2 mg/kg
(vs. the standard 25 mg/kg), attributed to competitive
displacement of Zn?* by Cd?* at transport protein sites
(ZIP transporters) (Fig. 4).

The combined stress induces significantly great-
er growth suppression than the sum of individual ef-
fects (p < 0.01), confirming synergism between the
factors. Cadmium accumulation in edible plant parts
poses direct biosecurity risks. In Oryza sativa grains, its




concentration reaches 2.8 £ 0.3 mg/kg, exceeding the
World Health Organization (2011) and Codex Alimen-
tarius (n.d.) limits (1.2 mg/kg) by a factor of 2.3. This is
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attributed to increased Cd bioavailability under warm
conditions due to enhanced root exudate activity and
decreased rhizosphere pH (Table 6).
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Figure 4. Synergistic effect of Cd and elevated temperature on Oryza sativa growth

Source: compiled by the authors

Table 6. Comparison of Oryza sativa grain toxicity with international standards

Parameter Concentration (mg/kg) Standard (mg/kg) Excess
Cadmium (Cd) 2.8%+0.3 1.2 2.3x
Zinc (Zn) 122 25 0.5x

Source: compiled by the authors

The Cd excess in grains presents health risks, par-
ticularly in regions with high rice consumption. The
synergism between Cd contamination and elevated
temperature not only reduces rice productivity but also
exacerbates biosecurity risks through toxicant accumu-
lation. Mitigating this threat requires soil remediation,
breeding Cd-tolerant cultivars,and monitoring trace el-
ement balance in agroecosystems.

Innovative approaches to biosecurity assessment.
Modern biotechnologies, such as genetically modi-
fied biosensors, enable real-time monitoring of toxic
substances. The use of transgenic Arabidopsis thalia-
na plants expressing green fluorescent protein (GFP)
genes, activated under heavy metal (Cd, Pb) exposure,
detected Cd?* accumulation in roots within 3 hours of
exposure. GFP fluorescence correlated with metal con-
centration (R?=0.91), with a detection limit of 0.1 mg/
kg - below WHO (2011) and Codex Alimentarius (n.d.)
thresholds. This technology allows non-invasive con-
tamination monitoring without sample destruction
(Fig. 5). GFP-based sensors are promising for early con-
tamination diagnostics, with potential integration into
precision agriculture systems. Machine learning (ML)-
based predictive models enhance biosecurity risk as-
sessment accuracy (llderbayeva et al., 2024). A Random
Forest model trained on 15,000 samples (soil, climate,
historical pathogen outbreaks) achieved 89% accuracy
in predicting Phytophthora infestans spread. The model’s
ROC curve demonstrated AUC = 0.93, confirming high
discriminatory power (Fig. 6). Key predictors included
soil moisture (>80%), temperature (+22-28°C), and ni-
trate concentration.
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Figure 5. GFP fluorescence dynamics
in transgenic Arabidopsis during Cd accumulation
Source: compiled by the authors
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Figure 6. ROC curve
of the Phytophthora infestans predictive model
Source: compiled by the authors

Integrating biosensors with artificial intelligence

establishes a new biosecurity paradigm. GFP technol-
ogies enable real-time toxin monitoring, while ML
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predictive models optimise risk management. These
tools are critical for sustainable agroecosystem de-
velopment amid escalating climatic and anthropo-
genic threats.

DISCUSSION

The observed influence of heavy metals on plant vi-
ability in the study was consistent with the findings
of other researchers. The results confirm the adverse
impact of heavy metals on plant viability, which aligns
with data reported by other authors. Specifically, cadmi-
um levels exceeding permissible limits were detected
in Oryza sativa grains, corroborating the conclusions of
P.E.Hulme (2020) regarding the threat to agroecosystem
biosafety due to global soil contamination with toxic el-
ements. It was established that cadmium disrupts ionic
homeostasis and induces oxidative stress - phenomena
characteristic of the toxic effects of heavy metals on
biological systems. Additionally, significant suppression
of physiological functions was observed in Brassica
napus, Oryza sativa, and Triticum aestivum under the in-
fluence of cadmium, lead, and mercury. These observa-
tions correlate with the data of Z.A. Wani et al. (2023),
who emphasised the capacity of plants for phytoreme-
diation and the accumulation of pollutants in tissues.
However, at elevated concentrations of toxic elements,
metabolic disturbances and intensified oxidative stress
were observed. Further confirmation was obtained that
cadmium reduces photosynthetic activity, impairs min-
eral nutrition, and disrupts essential metabolic process-
es, which corresponds to the conclusions of R..S. Vitor
and F.P. Estrella (2024) regarding biosafety risks asso-
ciated with chemical contaminants. A potentially long-
term impact of toxic agents on biosystem functioning
was documented, consistent with experimental results.

The assessment of radiation exposure effects on Vi-
cia faba revealed a significant increase in chromosomal
aberration levels, confirming reduced genetic stability
in plants. Similar results were obtained in the study by
D.S.A. Beeckman and P. Rudelsheim (2020), which ex-
amined the risks of genetic mutations in biological sys-
tems induced by ionising radiation. It was established
that radiation exposure led to impaired cell division
and elevated oxidative stress levels, aligning with the
experimental data. Climatic factors, particularly ele-
vated temperatures (+40°C) and drought, significantly
affected the photosynthetic activity and water balance
of Triticum aestivum. The work of T.A. Novossiolova et
al. (2021) also highlighted the necessity of adapting
agroecosystems to climate change through the appli-
cation of modern biosafety technologies. Analysis of
HSP70 and DREBZA gene expression in the study con-
firmed their role in plant thermal adaptation mecha-
nisms. This was consistent with previous findings on
plant resilience to stress factors.

The evaluation of biological threats to agricul-
tural crops demonstrated a widespread prevalence of
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phytopathogens, particularly Phytophthora infestans
(Solomiichuk & Pikovskyi, 2025). The study by R. Black
and D.M. Bartlett (2020) underscored the importance
of controlling invasive species movement to prevent
pathogen spread. The use of Bacillus subtilis-based bi-
ofungicides reduced plant infestation, supporting ob-
servations on the efficacy of biological control meth-
ods. Research on the impact of nanotechnology on
plant organisms confirmed its potential for improving
physiological parameters under stress conditions. The
obtained data aligned with the conclusions of R. Yas-
een et al. (2020), who established that nanofertilisers
enhanced growth processes and reinforced antioxi-
dant defence mechanisms. It was demonstrated that
nanomaterials increased nutrient bioavailability and
the adaptive potential of plants to adverse environ-
mental factors. The experimental results confirmed
the efficacy of microbial bioinoculants in enhancing
plant resistance to unfavourable environmental con-
ditions. The study by A. Basu et al. (2021) also not-
ed the positive influence of plant growth-promoting
rhizobacteria (PGPR) on plant growth and develop-
ment. It was found that PGPR strains improved min-
eral uptake, stimulated root system growth, and in-
creased drought tolerance.

Analysis of extreme climatic conditions, particularly
elevated temperatures and drought, revealed that stress
factors caused a significant reduction in plant biomass
and disrupted water balance (Zubtsova et al.,2019). The
study by N.K.K. Kumar and S. Vennila (2022) empha-
sised that the increasing frequency of extreme weather
events due to global climate change had a substantial
impact on agroecosystems, particularly under agricul-
tural intensification. It was established that plant ad-
aptation mechanisms involved the expression of genes
responsible for thermotolerance and water regulation
(DREB2A, HSP70), which was confirmed by the study’s
results. The application of CRISPR/Cas9-based genome
editing techniques opened new possibilities for en-
hancing plant tolerance to biotic and abiotic stresses.
The study by A. Movahedi et al. (2023) demonstrated
the potential of CRISPR tools for developing new cul-
tivars with improved adaptive traits. However, the work
stressed the need for bioethical assessment and reg-
ulatory oversight in the use of such technologies. The
influence of genetically modified (GM) crops on the bi-
osecurity of agricultural ecosystems has also attracted
significant attention (Havryliuk & Kovalyshyna, 2024).
In an experimental study, transgenic Arabidopsis thalia-
na plants with the GFP gene were used to monitor heavy
metals. The study by A. Azeem et al. (2023) analysed the
potential risks and benefits of genetically modified
plants in the context of biosecurity and their possible
environmental impact. It was confirmed that GM plants
could enhance crop resistance to stress factors but re-
quired rigorous ecological monitoring. Research on the
spread of phytopathogens, particularly Phytophthora




infestans and tobacco mosaic virus, demonstrated the
efficacy of biofungicides based on Bacillus subtilis. The
results corroborated the findings presented in the work
of R. Gupta et al. (2023), which examined the role of
microbial inoculants in improving plant tolerance to
biotic and abiotic factors. It was established that PGPR
(Plant Growth-Promoting Rhizobacteria) microorgan-
isms enhanced plant growth, activated defence mecha-
nisms, and improved nutrient uptake.

The assessment of radiation exposure effects re-
vealed that doses of 10-20 Gy induced significant
changes in the chromosomal apparatus of Vicia faba
cells, manifesting as an increased frequency of chroma-
tid fragments, ring chromosomes, and mitotic bridges.
Similar data were presented in the study by R. Hao et
al. (2022), which emphasised that radiation exposure
disrupted the genetic stability of plant cells, reducing
survival rates and adaptive potential. The analysis of bi-
otic threats to agricultural crops confirmed the high effi-
cacy of biological control methods, particularly Bacillus
subtilis-based biofungicides, in combating Phytophtho-
ra infestans. Comparable results were reported in the
study by S.C. Dubey (2024), which addressed contem-
porary challenges in plant bioprotection. It was found
that the use of microbial-based biopreparations signif-
icantly reduced pathogen infestation levels in plants
and decreased reliance on chemical fungicides. The
role of quarantine measures and phytosanitary control
in ensuring plant biosecurity was examined in the study
by K.A. Abd-Elsalam and S.M.Abdel-Momen (2024). The
authors highlighted that climate change facilitated the
spread of quarantine pests and pathogens to new re-
gions, necessitating the implementation of effective
monitoring strategies. The study evaluated the efficacy
of machine learning algorithms in predicting pathogen
spread, aligning with the concept of biological threat
prevention proposed in the aforementioned work.

A promising direction in biosecurity development
is the application of RNA interference (RNAI) technol-
ogies for pest control (Shahini et al., 2023). The study
by Y. Chen and K. De Schutter (2024) addressed safe-
ty aspects of RNAI technologies, particularly potential
risks to non-target species and ecosystems. Although
the experimental study did not explore RNAI applica-
tions, the obtained results underscored the need for de-
veloping alternative strategies to protect plants against
phytopathogens. Regional aspects of biosecurity also
require attention, particularly in adapting international
standards to local conditions (Lakyda et al., 2025). The
study by R. Destura et al. (2025) emphasised the im-
portance of integrating national biosecurity strategies
into global frameworks, using the Philippines as a case
study. It was noted that effective bioprotection required
consideration of local ecosystem specificity, socio-eco-
nomic factors, and legislative mechanisms. This aligned
with conclusions regarding the necessity of adaptive
approaches to monitoring toxicants and pathogens,
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especially under climate change conditions. The impact
of nanotechnology on agricultural crops was assessed
in the context of nanofertilisers and metallic nanopar-
ticles. Similar studies were conducted by S. Mustafa et
al. (2024), which analysed the potential applications
of nanoparticles for controlling zoonotic pathogens. It
was found that metallic nanoparticles could serve as
antimicrobial agents, though their impact on agroeco-
systems remains insufficiently studied.

Modern ecological approaches to pest control were
examined in the study by C. Wang et al. (2024), which
evaluated the efficacy of synthesised silver nanopar-
ticles against insect pests. The study established that
nanomaterial application improved plant adaptive
properties under stress conditions, confirming the ef-
fectiveness of nanotechnology in ensuring crop bi-
oprotection. Changes in soil fertility in the southern
steppe of Ukraine are largely due to the influence of
climatic conditions and agrotechnical load (Cherven et
al., 2024). In the context of soil degradation under the
influence of climatic and anthropogenic factors, effec-
tive fertility management is becoming particularly im-
portant. As emphasised by V. Gamajunova et al. (2021),
it is advisable to apply integrated approaches to re-
storing fertility in the southern steppe zone of Ukraine,
combining agrotechnical, biological and organisational
measures, taking into account regional characteristics.
According to the results of the study by V. Gamayuno-
va et al. (2025), there is a deterioration in agrochemical
indicators of soils, in particular a decrease in humus
content and a deterioration in the structural and ag-
gregate composition, which requires an adaptive ap-
proach to agriculture in conditions of climate change.
According to O. Shebanina et al. (2024), soil contami-
nation in Ukraine has significantly worsened after the
Russian invasion. The authors compare the state of
soils before and after the start of hostilities, revealing a
significant increase in the content of toxic substances,
such as heavy metals, petroleum products and explo-
sive residues. Such contamination negatively affects
the ecological balance, reduces soil fertility and poses
serious threats to the biosecurity of agricultural crops.
Scientists emphasize the need for urgent measures for
remediation and soil quality control to prevent further
deterioration of agro-ecosystems and ensure sustaina-
ble agriculture.

As noted by A. Nasibov et al. (2024), military opera-
tions in Ukraine have caused large-scale environmental
damage to agricultural land. As a result of the fighting,
the soil is contaminated with heavy metals, explosive
residues and toxic components from the decomposi-
tion of ammunition. The researchers emphasise that
such disturbances lead to a decrease in fertility, dis-
ruption of soil biological activity, deterioration of water
quality and increased risks to the biosafety of agricul-
tural crops. In the absence of immediate remediation,
these factors can lead to long-term deterioration of
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the ecological state of agricultural landscapes, reduced
yields,and the accumulation of toxic substances in food
chains, posing a threat not only to the environment but
also to human health. The demining of areas contam-
inated as a result of hostilities must be accompanied
by scientifically sound soil restoration measures, taking
into account the type of contamination and the char-
acteristics of the agricultural landscape. As A. Drobit-
ko and A. Alakbarov (2023) point out, the remediation
process after demining requires a comprehensive ap-
proach combining engineering, agrochemical and envi-
ronmental solutions.

Thus, the study’s findings align with current trends
in plant biosecurity, confirming the efficacy of biolog-
ical control methods, nanotechnology, and molecular
approaches in enhancing plant resilience to stress fac-
tors. The obtained data underscore the importance of
an integrated risk assessment framework for agroeco-
systems and the need for further development of bio-
protection methods.

CONCLUSIONS

The study revealed the complex impact of anthro-
pogenic and natural stress factors on plant viability
and biosecurity, particularly in agricultural crops. The
use of inductively coupled plasma mass spectrometry
(ICP-MS) and atomic absorption spectroscopy enabled
precise quantitative assessment of heavy metal accu-
mulation. For instance, in rice (Oryza sativa) grains, cad-
mium concentrations reached 2.8 mg/kg, significantly
exceeding the thresholds set by the World Health Or-
ganization and Codex Alimentarius (1.2 mg/kg), thereby
posing health risks due to bioaccumulation in the food
chain. Cadmium, competing with Zn?* and Fe** for bind-
ing sites of ZIP and NRAMP transporters, disrupted the

Radiation exposure (10-20 Gy) on Vicia faba seeds
resulted in chromatid fragments (32%), ring chromo-
somes (18%), and mitotic bridges (9%), reducing seed
germination to 40%. Despite short-term activation of
catalase (150%) and superoxide dismutase (220%),
prolonged stress caused an accumulation of malond-
ialdehyde (275%), indicating critical lipid membrane
damage. These findings underscore the importance of
monitoring radiation levels in intensive agricultural
zones and developing radiotolerant cultivars. Climate
extremes, such as prolonged thermal stress (+40°C) and
drought, reduced photosynthetic efficiency (Fv/Fm by
28%) due to Rubisco denaturation and chlorophyll deg-
radation. Adaptive mechanisms, including the upregu-
lation of HSP70 (4.5-fold increase) and DREBZA (3-fold)
genes, provided partial protection; however, decreased
aquaporin activity (PIP2;1 by 60%) compromised water
homeostasis. Biotic pathogens like Phytophthora infes-
tans reduced potato yields by 70%, yet the application
of Bacillus subtilis-based biofungicides decreased infec-
tion rates to 35%, demonstrating the potential of bio-
logical control methods.

Study limitations are associated with laboratory
conditions, which do not fully replicate natural stress-
ors. Future work should incorporate field experiments,
investigations into the effects of 3-4 combined stress
factors (e.g., metals + pathogens + climate shifts), and
validation of machine learning models across diverse
ecoregions. International standards for monitoring con-
taminants in agricultural produce must be developed,
accounting for regional dietary specifics. The obtained
results highlight the priority of a systemic biosecurity
approach integrating biotechnologies, environmental
monitoring,and adaptive strategies under globalchange.
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of reactive oxygen species (ROS) and inhibition of anti-
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AHoTauis. MeToto focnigkeHHs 6yno npoaHanizyBati BB Hebe3neyHnx GaKTopiB LOBKINASA HA XUTTELIANbHICTb
i 6iobe3neky poC/IMH Ta po3pobuTH cTpaTerii 3MeHLIEHHS iIXHbOrO TOKCMYHOro edekTy. EkcnepuMeHTM npoBoaunum 3
BMKOPWCTAHHSM CifIbCbKOrOCNOAAPCbKMX KYNbTYp, TaKuX K pinak (Brassica napus), puc (Oryza sativa), nweHmus M'aka
(Triticum aestivum), kaptonns (Solanum tuberosum) Ta ToMatu (Solanum lycopersicum). locnioyKyBanu BAAUB BAKKUX
MeTanis (KaAMii, CBUHELb, PTYTb), IOHI3YHOUOr0 BUNPOMIHIOBAHHS, KNiIMAaTUYHUX EKCTPEMYMIB (BUCOKA TeMnepaTypa,
nocyxa) Ta 6ioTMuHuX natoreHis (Phytophthora infestans, BipyC THOTIOHOBOI MO3diku) y NnabopaToOpHMX YyMOBaXx.
Bu3HaueHHs KOHUEeHTpaLii MeTanie, POTOCMHTETUYHOI aKTMBHOCTI, eKCcnpecii CTPeCOBMX reHiB Ta MPOrHO3yBaHHS
NaToOreHiB 34iMCHIOBANM i3 3aCTOCYBAHHAM CMNEKTPOMETPUYHMUX, PNYOPOMETPUYHUX, MONEKYNSPHO-TEHETUYHUX Ta
MaLIMHHUX NigX0AiB. Pe3ynbTaTv nokasanw, Wo KaaMih HaKonMuyBaBCa B 3epHi pucy Ao 2,8 Mr/kr, wo B 2,3 pasu
nepeBuLLYE MaKCMManbHO AONYCTUMI piBHI, BCTaHOBEHI [1poA0B0OIbYOID Ta CilbCbKOrOCNOAAPCHKOK OpraHi3aLieto
06’eaHaHMx Haui Ta BcecBiTHbOW opraHisauieto oxopoHu 300poB’sa (p < 0,001). KombiHoBaHMI BNAMB KaaMito Ta
niasuiLeHoi TeMnepatypu (+35°C) npu3BOAMB [0 CUHEPrETUUYHOIO 3HUXKEHHS BioMacK pociuH Ha 75% nopiBHSAHO
3 okpemuMu cTpecoBummn daktopamu (p < 0,01). Mpu pagiauiiHOMy ONPOMIHEHHI AKTMBHICTb AHTUOKCUAAHTHUX
(depMeHTiB, TakMX SK KaTanasa Ta CynepoKCMAAMCMYTa3a, 3poctana Ha 150-220 %, npoTe TpuBanui cTpec
CNPUYMHSB HAKOMMUYEHHS MAZIOHOBOrO AianbAerigy, Mapkepa OKMCHOMO MOLIKAOAXKEHHS, HA 275 %. MNporHocTnyHa
MOZEeNb MAWMHHOTO HaBYaHHA AEMOHCTPYBafa TOYHICTb 89 % y BW3HAYEHHI 30H PU3MKY AN TPUOKOBOrO
natoreHa Phytophthora infestans, 3 nnoweto nig kpmeow 0,93. MpakTMYHA 3HAYMMICTb OTPUMAHMX pe3yNbTaTiB
NONAra€e y MOXIMBOCTI iX 3aCTOCYBAHHS A1 €KOJIOTYHOr0 MOHITOPUHIY, pO3p00OKM afanTUBHUX arpOTEXHONOTIN,
cenekuii CTiKMX L0 CTPecy COpTiB Ta BNPOBaAXeHHs 6io6e3neKkoBMX 3aX0/iB Y CiNnbCbKOMY rocnofapcTsi

KniouoBi cnoBa: kagMmiii; oKcMAATMBHMI cTpec; BITOTOKCUYHICTb; 6i0aKyMynsLis BaXKKMX MeTaniB; HAaBKOJMULIHE
cepefoBMLLe; ekocucTema
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by genetic analysis of functional markers, microbiological study of strain viability, and analytical determination
of available nutrients and plant productivity. The combination of nitrogen-fixing, phosphate-mobilising, and
biostimulating microorganisms ensured the development of stable microbial communities capable of increasing
the bioavailability of nutrients and crop productivity. When Azospirillum brasilense was used on non-legume crops,
the concentration of ammonium compounds in the rhizosphere increased by up to 40%, which was accompanied by
an increase in nitrogen nutrition. The use of phosphate-mobilising bacteria allowed reducing the rate of phosphate
fertiliser application by 25-40% without loss of yield. Overall, the use of biological products on cereals, legumes,
and vegetables reduced the need for chemical fertilisers by 20-30% without reducing agronomic efficiency.
Stabilisation of microorganisms through microencapsulation ensured increased survival in the soil environment
and uniform distribution in the rhizosphere, while spray drying enabled the production of powdered forms of
biological products with a long shelf life. The combination of microbial preparations with nanoforms of mineral
fertilisers contributed to the uniform release of nutrients, which positively influenced their assimilation, although
the exact coefficients of this process were not presented in the study. The practical significance of the findings
obtained lies in the possibility of targeted development of biological products with the predicted ability to increase
the uptake of nitrogen and phosphorus by plants, reduce the need for mineral fertilisers, and ensure stable crop
productivity under intensive farming conditions

Keywords: biotechnology products; consortium; nitrogen fixation; phosphorus mobilisation; biologically active

substances; microencapsulation, gene expression

INTRODUCTION

Recently, modern biotechnology products have been
increasingly used in various branches of agriculture.
For example, feed additives are widely used in animal
husbandry to increase production efficiency (Tsvihun et
al., 2025), and in crop production, the technology of us-
ing phytopreparations of microbiological origin, such as
azo-fixing, phosphate-mobilising bacteria and microor-
ganisms, is becoming increasingly widespread, which
leads to increased plant productivity and ensures the
production of environmentally friendly food products of
animal and plant origin (Panfilova et al., 2025). Balanced
plant nutrition is ensured by the interaction of the root
system with rhizosphere microorganisms, which affect
the availability of nutrients, plant metabolism, and
stress resistance. Nitrogen fixers, phosphate-mobilising
bacteria, and microorganisms that produce phytohor-
mones and exopolysaccharides promote the develop-
ment of the root system and improve the absorption of
macro- and microelements (Doolotkeldieva & Bobushe-
va, 2024). Microbial biological products help to control
these processes, but their effectiveness depends on the
composition, interspecies interaction of strains, and the
ability to colonise the rhizosphere. The development of
stable consortia requires an understanding of the mo-
lecular mechanisms that regulate the adaptation of mi-
croorganisms to different soil and climatic conditions.

International organisations, such as the Food
and Agriculture Organization (2025) and the Or-
ganisation for Economic Co-operation and Develop-
ment (OECD) (2019), support research into the devel-
opment of biological products aimed at increasing
agricultural production efficiency and reducing depend-
ence on mineral fertilisers. Horizon Europe (n.d.) pro-
grammes are aimed at exploring the genetic potential of
microorganisms,optimising their biochemical pathways,

and creating stable microbial consortia for diverse types
of agroecosystems. Biotechnological research in recent
years has opened new opportunities for the develop-
ment of microbial products with improved properties
(Borko et al., 2025). The optimisation of biotechnologi-
cal processes that ensure the increased viability of ben-
eficial microorganisms and their resistance to external
factors has become one of the key areas, as confirmed
by YuV. Karlash and V.O. Krasinko (2022). The research-
ers proposed an approach to preserving the functional
activity of microorganisms in biological products for a
long time. O.P. Tkachuk et al. (2020) presented new eco-
logical aspects of the use of biological products in agri-
culture, particularly their role in reducing the chemical
load and improving the bioavailability of macro- and
microelements. The study proved the ability of biologi-
cal products to maintain the biodiversity of agroecosys-
tems, which changes approaches to their use. Of value
is the contribution of LV. Havryliuk et al. (2022), who
substantiated the mechanisms of formation of stable
microbial associations in the root zone of plants, which
increases their tolerance to phytopathogens. For the
first time, the effectiveness of biologically based crop
cultivation technologies in different soil and climatic
conditions of Ukraine was assessed, which enables the
adaptation of microbial consortia to concrete agroe-
cosystems, as demonstrated by O.A. Kovalenko (2021).

V.Sharma et al.(2020) substantiated the role of ben-
eficial microorganisms in stimulating plant growth and
protecting them from abiotic stresses, specifically by
regulating genetic signalling pathways. The researchers
were the first to detail the effects of microbial consortia
on the expression of genes responsible for stress adap-
tation. The analysis of meta-omics studies by B.S. Adel-
eke and 0.0. Babalola (2022) showed that endophytic
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microorganisms form stable associations with plants,
improving their nutrition and resistance to pathogens.
This study identified genes that determine the effec-
tiveness of microbial interactions in host plants. A sig-
nificant addition to this topic was the study by M. Fo-
mina and |. Skorochod (2020), which established the
mechanisms of interaction between microorganisms
and clay minerals, which affects the dynamics of trace
elements in the soil. These findings are valuable for the
development of biological products with improved ad-
sorption properties that provide a longer-lasting effect
in the soil environment.

In addition, studies by N. Nikonchuk and
M. Samoilenko (2024) revealed that the use of biologi-
cal preparations during the growing season of tomatoes
contributed to an increase in the above-ground mass
and a decrease in the percentage of roots to the to-
tal mass of the studied varieties, in addition, the effect
of biological preparations on the yield of the studied
tomato varieties was proven. P. Vidhyasekaran (2024)
proposed innovative approaches to improving plant re-
sistance to bacterial pathogens, showing that the use
of biotechnologically modified microbial preparations
can activate the innate immunity of plants. This opens
prospects for the development of biological products
with targeted effects on the signalling molecular cas-
cades of defence. S. Dymytrov and V. Sabluk (2023) in-
troduced a new approach to the biological correction of
agro-photosynthetic productivity through the optimisa-
tion of microbial processes in the rhizosphere, which
confirmed the significance of symbiotic relationships
in improving plant metabolism. X. Wei et al. (2024) ob-
tained essential data on the use of microbial fertilisers
in improving soil health and plant resistance to adverse
conditions. This study confirmed the mechanisms that
contribute to the development of a favourable micro-
bial environment in the soil, ensuring the long-term
effect of the use of biological products in agriculture.

Despite active research in this area, the mecha-
nisms of interspecies interaction of microorganisms in
soil communities, which determines the effectiveness
of biological products in natural conditions, is still un-
derstudied. The purpose of this study was to systematise
molecular-genetic and biotechnological approaches to
the development of complex microbial preparations for
balanced plant nutrition.

MATERIALS AND METHODS

In the course of the theoretical and analytical study, a
set of general scientific methods was employed to fa-
cilitate a structured analysis of molecular-genetic and
biotechnological approaches to the development of
microbial preparations for balanced plant nutrition. The
use of these methods ensured a comprehensive study
of the processes associated with microbial interactions
in the rhizosphere, as well as the possibilities of their
practical application in agriculture. All generalisations
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were made solely based on scientific publications, with-
out the involvement of official statistical or information
platforms. The use of the analysis method helped to in-
vestigate the molecular genetic mechanisms of micro-
organisms in soil ecosystems. The impact of bacterial
signalling pathways on the expression of genes respon-
sible for nitrogen fixation, phosphate mobilisation, and
phytohormone synthesis was examined. The literature
review also helped to assess the relationship between
the species composition of microbial preparations and
their functional efficiency under soil and climatic con-
ditions, including the level of bacterial adaptation to
environmental variables. The genetic analysis assessed
the level of expression of stress-associated genes (dnak,
groEL) responsible for molecular chaperonin support
and heat shock adaptation of microorganisms. RT-qgPCR
with specific primers for the corresponding operons was
used for quantitative assessment.

Based on the analysed literature, the study syn-
thetised the data on the specific features of microbial
preparations functioning in the rhizosphere, including
the patterns of their colonisation, metabolic activi-
ty, and interspecific interaction, which form the basis
of their agronomic efficiency. This helped to identify
the principles of their development, interaction with
plant root systems, and potential efficiency in various
soil and climatic conditions. Additionally, information
on the mechanisms of interaction between microor-
ganisms in biological products was processed, which
helped to combine the available information into a
single theoretical framework. To develop this model,
the study used sources published mainly in 2019-2025,
covering the findings of research conducted in the Unit-
ed States, China, the United Kingdom, the Netherlands,
France, Nigeria, and Ukraine, which ensured a wide
geographical and methodological range of scientific
approaches. Induction and deduction methods were
employed to logically substantiate the relationship be-
tween the physiological and biochemical characteris-
tics of microorganisms and their ability to form stable
biological products. The inductive approach helped to
compare data from individual experimental studies and
formulate general statements about the role of micro-
bial consortia in improving plant mineral nutrition. The
deductive method was used to test these statements in
the context of known molecular mechanisms of inter-
action between microorganisms and plants.

The comparison method helped to evaluate the
features of distinct approaches to the development
of microbial biological products, considering their ef-
fectiveness, resistance to external factors, and inter-
action between strains in consortia. The analysis was
conducted at the level of functional groups of bac-
teria without focusing on commercial products. The
functional activity of bacteria expressing nitrogen fix-
ation (nif) genes in Azotobacter, Rhizobium, Bradyrhizo-
bium, phosphate mobilisation (ppk, pho) in Bacillus,




Pseudomonas, Burkholderia, and phytohormone biosyn-
thesis (ipd, tdc) in Pseudomonas, Enterobacter, Bacillus
was analysed.The selection of strains and target genes
was based on the analysis of literature sources, where
these microorganisms demonstrated the highest ac-
tivity in the relevant metabolic processes, the ability
to colonise the rhizosphere stably, and adaptability to
various soil conditions. The ability of microorganisms
to colonise the rhizosphere, form biofilms, and adapt
to changing environmental conditions was assessed
through the expression of regulatory genes [uxR-lux/
(Quorum Sensing) in Sinorhizobium, Pseudomonas, Ba-
cillus, rpoN (nitrogen metabolism) in Rhizobium, Azoto-
bacter,Pseudomonas, and phoB (phosphate metabolism)
in Pseudomonas, Bacillus, Burkholderia. The comparison
helped to analyse the differences between biological
products containing single strains of microorganisms
and complex consortia, as well as to assess the ef-
fects of different formulations of biological products
(liquid, granular, microencapsulated) on their stability
and efficacy in the field.

The generalisation method was employed to iden-
tify the key regularities that explain the functioning of
microbial biological products in the soil environment.
Particular attention was paid to the processes of rhiz-
osphere colonisation, interspecific competitive interac-
tions of microorganisms, and their ability to synthesise
biologically active compounds that determine the ef-
fectiveness of consortia. Based on the analysis of these
factors, a unified conceptual model describing the inte-
grated effect of microbial preparations in agroecosys-
tems was formed. The potential of genetic technolo-
gies, particularly CRISPR-Cas, for targeted modification
of metabolic pathways responsible for the synthesis of
phytohormones, rhizosphere colonisation, and adapta-
tion to external stressors was analysed separately. The
systematisation method was applied to classify modern
approaches to the improvement of microbial biologi-
cal products. This approach analysed genetic, physio-
logical, biochemical, and technological strategies for
improving the viability of microorganisms, including
encapsulation, freeze-drying, and the use of nanostruc-
tured carriers that ensure the stability of consortia in
the field. This systematisation helped to substantiate
the practical feasibility of each approach depending on
the type of crop, soil and climatic conditions, and the
target functionality of the preparation.

LibreOffice Calc software (version 7.6) with basic
functions of filtering, sorting, and structuring informa-
tion according to the purpose of this study was used to
process literature data, create tables, and logically clas-
sify microbiological traits. The integrated application of

Karatieieva et al.

these methods provided a comprehensive analysis of
the mechanisms of action of microbial biological prod-
ucts, an assessment of their effectiveness in improving
nutrient absorption and the development of recom-
mendations for optimising their composition.

RESULTS

Genetic mechanisms of microorganisms functioning
in the plant rhizosphere. The functional activity of
rhizosphere microorganisms is regulated by complex
interactions between genes that control biological ni-
trogen fixation, phosphate mobilisation, phytohormone
synthesis, and adaptation to environmental conditions.
The severity of these processes depends on the level
of expression of the corresponding genes and the ac-
tivity of regulatory signalling pathways. It was found
that plant root exudates can modulate the expression
of key functional genes, changing the metabolic status
of bacterial populations (Liu et al., 2022; Horizon Eu-
rope, n.d.). The analysis of the expression of nif genes
responsible for nitrogen fixation showed that their ac-
tivity is most pronounced in Rhizobium and Azotobacter,
which is explained by their specialisation in biological
assimilation of atmospheric nitrogen. In Rhizobium, the
level of nif expression was 1.8 relative units, while in
Azotobacter it was 1.2, which is consistent with their
adaptation to legumes, where they form nodules, and
nitrogen-deficient conditions for free-living forms
(Hakim et al., 2021).

Phosphate mobilisation in the rhizosphere is con-
trolled by the pho and ppk genes, which regulate the bi-
oavailability of phosphate compounds. The high activ-
ity of pho genes in Pseudomonas and Bacillus indicates
their ability to dissolve inorganic phosphorus through
the synthesis of phosphatases. In Pseudomonas, pho ex-
pression reached 1.7 units, while ppk - 1.5, in Bacillus -
1.3 and 1.2, respectively, indicating a strong potential
for phosphate mobilisation. In Burkholderia, the expres-
sion of ppk reached 1.0, which confirmed its value in
polyphosphate accumulation and long-term nutrition
(Kong & Liu, 2022). The synthesis of phytohormones,
particularly auxins and cytokinins, is regulated by the
ipd and tdc genes. The greatest levels of expression of
these genes were observed in Pseudomonas (1.8 for ipd,
1.6 for tdc) and Bacillus (1.4 for ipd, 1.5 for tdc), which in-
dicated their effectiveness in stimulating plant growth.
Studies found that ipd expression in Pseudomonas puti-
da leads to the accumulation of indole-3-acetic acid,
which regulates the development of the root system.
The pronounced activity of tdc in Bacillus confirmed its
potential in the synthesis of cytokinins that promote
cell proliferation (Table 1).

Table 1. Expression level of key genes in different rhizosphere microorganisms (relative units)

Gene group

Function

Type of microorganisms

Nitrogen fixation genes (nif)

Fixation of atmospheric nitrogen and
formation of ammonium compounds

Azotobacter, Rhizobium, Bradyrhizobium
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Table 1. Continued

Gene group

Function

Type of microorganisms

Phosphate mobilisation genes (ppk, pho)

Dissolution of inorganic phosphorus and
increased availability

Bacillus, Pseudomonas, Burkholderia

Genes for phytohormone biosynthesis (ipd,

Synthesis of auxins, cytokinins, and other
tdc) phytohormones

Pseudomonas, Enterobacter, Bacillus

Genes of Quorum Sensing signalling
pathways (LuxR-luxI)

Regulation of metabolic gene expression
in response to the environment

Sinorhizobium, Pseudomonas, Bacillus

Genes for the regulation of nitrogen
metabolism (rpoN)

Control over the expression of nitrogen
fixation and biofilm formation genes

Rhizobium, Azotobacter, Pseudomonas

Genes regulating phosphate metabolism
(phoB)

Regulation of phosphate metabolism and
rhizosphere colonisation

Pseudomonas, Bacillus, Burkholderia

Source: compiled by the authors based on S. Hakim et al. (2021), V.V. Gupta and A.K. Sharma (2021), Z. Kong and

H. Liu (2022)

The analysis of the structural distribution of key
genes among rhizosphere microorganisms revealed
the presence of species specialisation in function-
al areas. Specifically, the highest activity of nif genes
related to atmospheric nitrogen fixation was found
in Rhizobium and Azotobacter, which are the leading
symbiotic and free-living nitrogen fixers, respectively.
Pseudomonas and Bacillus dominate in the mobilisa-
tion of hard-to-reach phosphorus, as they can express
the pho and ppk genes responsible for the dissolu-
tion of inorganic phosphates and the accumulation of
polyphosphates. Pseudomonas and Bacillus, which con-
tain the ipd and tdc genes, are considered to be the key
organisms in the synthesis of auxin and cytokinin phy-
tohormones. The greatest level of regulatory activity of
the luxR-lux! signalling complex responsible for Quo-
rum Sensing mechanisms was found in Sinorhizobium
and Pseudomonas. The rpoN gene, which regulates the
expression of metabolic pathways in response to ni-
trogen deficiency, is best represented in Rhizobium
and Pseudomonas, while the phoB gene, responsible

B Azotobacter B Rhizobium B Pseudomonas

L. Jidi L

COoo Rk
owWono N

Expression level
(relative units)

for rhizosphere colonisation and adaptation to phos-
phate deficiency, was found in Pseudomonas, Bacillus,
and Burkholderia. These observations indicate the pre-
dominance of Pseudomonas and Bacillus as universal
candidates for the development of multifunctional bi-
ological products with predictable effects.

The regulation of the expression of these genes is
controlled by global signalling systems, including luxR-
lux1, rpoN, and phoB. The lux gene was activated at 1.4
in Pseudomonas and 1.1 in Bacillus, demonstrating the
ability to coordinate metabolism through Quorum Sens-
ing. The luxR-lux/ signalling pathway associated with the
Quorum Sensing mechanism regulates biofilm formation
and coordinates the expression of metabolic genes in
response to the population density of microorganisms.
The rpoN gene is the primary regulator of nitrogen me-
tabolism and is activated in Rhizobium and Azotobacter
during nitrogen deficiency. The expression of phoB in
Pseudomonas and Bacillus correlates with the availabil-
ity of phosphate in the environment, which allows these
bacteria to effectively adapt to soil conditions (Fig. 1).

Bacillus m Burkholderia

i Ji

phoB

.JI JI

tdc rpoN

Rhizosphere genes

Figure 1. Expression level of key genes in rhizosphere microorganisms (relative units)
Source: compiled by the authors based on J. Ge et al. (2023), Q. Saeed et al. (2021)

The analysis of gene expression levels in different
microorganisms indicated differential functional ac-
tivity of rhizosphere bacteria depending on their eco-
logical specialisation. The greatest level of expression
of nif genes responsible for biological fixation of at-
mospheric nitrogen with the development of ammoni-
um was found in Rhizobium (1.8 units) and Azotobacter
(1.2 units), which indicates their ability to effectively
provide plants with nitrogen, especially in legumes
(for Rhizobium) and non-legumes (for Azotobacter).

Scientific Horizons, 2025, Vol. 28, No. 8

The maximum activity of pho genes, which encode
phosphatases for dissolving inorganic phosphorus,
was recorded in Pseudomonas (1.7 units) and Bacillus
(1.3 units), which ensures increased bioavailability of
phosphate in deficient conditions. The ppk gene, which
regulates polyphosphate metabolism, was the most
active in Pseudomonas (1.5 units), reflecting the ability
to accumulate phosphate reserves for a long time. In
the group of phytohormone-associated genes, the ex-
pression of ipd (indole-3-acetic acid synthesis) in Pseu-




domonas reached 1.8 units, while tdc (cytokinin path-
way) in Bacillus reached 1.6 units, which explains the
high biostimulatory activity of these strains. The regula-
tory gene lux,which coordinates the expression of other
genes in response to quorum sensing, had the greatest
activity in Pseudomonas (1.4 units), indicating the abil-
ity of these bacteria to communicate effectively within
consortia. The rpoN gene, which is critical for nitrogen
metabolism and biofilm formation, showed the greatest
expression in Rhizobium (1.7 units) and Pseudomonas
(1.3 units), indicating their resistance to stressful con-
ditions. For the phoB gene, which regulates phosphate
metabolism, the leading position belonged to Pseu-
domonas (1.6 units), which allows these microorganisms
to respond quickly to phosphorus deficiency in the soil.

Root exudates directly affect the expression of bac-
terial genes. It was proved that in the presence of ex-
udates rich in organic acids, the activity of pho genes
in Pseudomonas increases 3-4 times, which helps to
improve phosphorus nutrition of plants. Analogous-
ly, phenolic compounds stimulate the expression of
luxR-lux! in Sinorhizobium, which increases the level of
colonisation of the root zone (Saeed et al., 2021). The
analysis of the data shows that the functional activity
of microorganisms in the rhizosphere is determined by
the interaction of genetic mechanisms, regulatory path-
ways, and environmental factors. It was found that the
combination of bacteria with different metabolic pro-
files allows creating more stable microbial consortia.
The genetic specialisation of microorganisms in the
rhizosphere is of key significance for the development
of effective biological products that optimise plant nu-
trition in different agroecosystems.

Biotechnological approaches to the creation of com-
plex microbial consortia. The development of effective
biological products is based on the combination of mi-
croorganisms with varying functional characteristics, op-
timisation of cultivation and stabilisation methods, and
the use of modern genetic technologies to improve their
properties. Complex microbial consortia demonstrate an
advantage over monocultures due to the synergistic ef-
fect of distinct groups of microorganisms, which increas-
es their adaptability to soil conditions and the stability
of the biological product (Food and Agriculture Organ-
ization, 2025). The functional specialisation of bacteria
determines their role in biological products. Nitrogen
fixers (Rhizobium, Azotobacter, Bradyrhizobium) provide
biological fixation of atmospheric nitrogen through the
expression of nif genes, which is critical for balanced
plant nutrition. Phosphate mobilisers (Pseudomonas,
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Bacillus, Burkholderia) expressing pho and ppk genes con-
tribute to the dissolution of poorly available phosphate
compounds, increasing the level of available phospho-
rus. Microorganisms capable of producing biologically
active substances (Pseudomonas, Enterobacter, Bacillus)
synthesise auxins and cytokinins using ipd and tdc genes,
which stimulates the development of the root system.
The optimum interaction between these groups of bac-
teria ensures the increased effectiveness of biological
products in agroecosystems (Kapoore et al., 2021).
Various methods of cultivation and stabilisation are
used to maintain the viability of microorganisms and
increase their stability in biological products. One of
the most effective approaches is microencapsulation,
which involves coating microorganisms with a protec-
tive polymeric shell. This technology protects bacteria
from unfavourable environmental factors, increases
their survival in the soil, and promotes their even dis-
tribution in agroecosystems. Encapsulation in biopoly-
mer matrices markedly improves the colonisation of the
rhizosphere by microorganisms, which was confirmed
by experimental studies (Saberi-Riseh et al, 2021).
An alternative method of stabilisation is lyophilisation,
which allows moisture to be removed by freezing in a
vacuum environment. This ensures the long-term pres-
ervation of bacterial activity without loss of functional-
ity after reconstitution in an aqueous medium. The ad-
dition of cryoprotectants, such as polyethylene glycol
and sucrose, improves the survival of microorganisms
after drying and long-term storage (Balla et al., 2022).
At the stage of mass production of biological products,
fermentation cultivation is used to ensure high produc-
tivity of bacterial strains under controlled conditions.
This method allows producing large volumes of micro-
organisms with predictable biological properties.
Spray drying is used to increase the shelf life of the
products after cultivation, which allows producing the
products in powder form with high stability (Isman-
zhanov & Tashiev, 2016). Another effective technolo-
gy is granulation, which involves the incorporation of
bacteria into solid carriers, which protects them from
degradation and ensures their gradual release into the
soil. Granulated biological products are easy to use and
ensure high survival of microorganisms in natural con-
ditions. One of the most promising areas of microbial
stabilisation is to stimulate the development of biofilms,
which increases their resistance to external factors and
promotes effective colonisation of the rhizosphere. Bac-
teria that form biofilms demonstrate better competitive-
ness and a greater level of biological activity (Table 2).

Table 2. Methods of cultivation and stabilisation of microorganisms in biological products

Method Working principle

Advantages Limitations

Coating of microorganisms

Microincapsulation with a protective polymer layer

Protection against stress factors,

High cost, need

prolonged activity for special equipment

Moisture removal by freezing

Lyophilisation and vacuum drying

Long-term preservation

Requires cryoprotectants,

of bacterial viability possible loss of activity

Scientific Horizons, 2025, Vol. 28, No. 8
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Table 2. Continued

Method Working principle Advantages Limitations
Fermentation Mass cultivation of bacteria in a High performance, controlled Requires sophisticated equipment,
cultivation liquid medium conditions high energy consumption
Spray drying Conversion of bacterial Long-term storage, easy transport Loss of some viable cells

suspension into dry powder

Production of dry granules with

Granulation . . .
incorporated microorganisms

Easy to apply to the soil, stable in

Limited choice of media, risk of

storage reduced activity

Stimulation of bacterial biofilm

Aggregation in biofilms development

Protection against adverse
conditions, synergy between

Difficult to control in a production

. environment
strains

Source: compiled by the authors based on N.S. McCarty and R. Ledesma-Amaro (2018), S. Rai and R. Prasad (2023)

The analysis of the above methods of cultivation
and stabilisation of microorganisms shows that the
choice of approach depends on the specifics of the bio-
logical product, its storage conditions, and application
features. Microencapsulation and lyophilisation are the
most effective methods for preserving the viability of
bacteria in commercial biological products. Enzymatic
cultivation and spray drying provide high production
efficiency, although they may be accompanied by a
loss of bacterial viability. Granular biological products
are convenient to use, but their effectiveness depends
on the composition of the carrier. The aggregation of
bacteria in biofilms is a promising area that increases
the adaptability of microorganisms, although its large-
scale application is limited by technological difficulties.

Modern biotechnological approaches involve the
use of genetic engineering methods, such as CRIS-
PR-Cas, to modify microorganisms and increase their ef-
fectiveness in biological products. Editing the nif genes
in Azotobacter vinelandii allows increasing the nitrogen
fixation, which helps to improve nitrogen nutrition of
plants. The use of CRISPR-Cas also opens opportunities
to regulate the expression of pho genes in Pseudomonas
fluorescens, which enhances the bacteria’s ability to mo-
bilise phosphorus in the soil. The genetic improvement
of microorganisms is also aimed at increasing their
resistance to stress factors, particularly by modifying
luxR-lux! in Bacillus subtilis, which improves biofilm for-
mation and bacterial survival in the field (Gholizadeh et
al., 2020). The combination of various bacterial strains
in consortia, optimisation of their preservation meth-
ods, and the use of modern molecular genetic technol-
ogies allow developing effective biological products
that can adapt to diverse soil and climatic conditions.
The development of synthetic biology also opens op-
portunities to create synthetic microbial communities
characterised by specified properties that can be used
to optimise biological processes in the rhizosphere. The
use of the latest biotechnologies in the development
of microbial preparations can markedly increase their
effectiveness, which is a promising area for the devel-
opment of sustainable agriculture.

Effect of microbial preparations on nutrient uptake
by plants. The efficiency of nutrient uptake by plants
largely depends on the activity of the rhizosphere
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microbiota, which affects the bioavailability of macro-
and microelements, modifies soil chemical properties,
and creates optimised conditions for plant growth. The
use of microbial-based biological products helps to im-
prove mineral nutrition of plants through biochemical
and physiological mechanisms that ensure the mobili-
sation of nutrients in the rhizosphere. Studies confirmed
that the use of microbial consortia on cereals, legumes
and vegetables substantially reduces the need for
chemical fertilisers without losing agronomic efficien-
cy. Specifically, in the field conditions, the use of stabi-
lised strains of Azospirillum brasilense and Pseudomonas
fluorescens for wheat (Triticum aestivum) and soybeans
(Glycine max) reduced the rate of nitrogen and phospho-
rus fertiliser application by 25%. On tomatoes (Solanum
lycopersicum) and cucumbers (Cucumis sativus) in green-
house conditions, the consortium of Bacillus subtilis +
Burkholderia cepacia increased phosphorus uptake by
30% and reduced the need for phosphate fertilisers by
20-25%. For legumes, specifically Vicia faba, the use of
Rhizobium leguminosarum in central black soil provided
full coverage of nitrogen fixation needs without sup-
plementing with nitrogen compounds (Das et al., 2022).

One of the key mechanisms for increasing the bio-
availability of macro- and microelements is biological
nitrogen fixation. Nitrogen-fixing bacteria (Rhizobium,
Azotobacter, Bradyrhizobium) express nif genes that en-
sure the conversion of atmospheric nitrogen into forms
available for plant uptake. Symbiotic strains of Rhizo-
bium that interact with legumes form nodule struc-
tures that fix N,, which markedly reduces the need for
chemical nitrogen fertilisers. For non-legumes (wheat,
maize, rice), the use of associative nitrogen fixers, such
as Azospirillum brasilense, increases the concentration
of ammonium compounds in the rhizosphere by up to
40% (Etesami & Adl, 2020). Another essential mech-
anism is the dissolution of inorganic phosphorus and
its mobilisation. Some strains of Pseudomonas, Bacillus,
and Burkholderia produce organic acids (gluconic, citric,
oxalic) that convert phosphates into a water-soluble
form, increasing their availability in the soil. The high
expression of pho and ppk genes in these microorgan-
isms correlates with an increase in the concentration
of available phosphorus in the root nutrition zone. The
combined use of phosphate-mobilising microorganisms




with mineral fertilisers increases the efficiency of the
latter, allowing the rate of phosphorus compounds ap-
plication to be reduced by 15-25% without losing their
availability to plants (Das et al., 2022).

Apart from macronutrients, microorganisms also
affect the availability of trace elements such as iron
(Fe), zinc (Zn), and manganese (Mn). Some bacteria
(Pseudomonas, Enterobacter) synthesise siderophores,
low-molecular-weight compounds that chelate Fe*
ions, converting them into a form accessible to plants.
This is crucial for crops growing on carbonate soils
with low levels of available iron. The use of sidero-
phore-forming bacteria in crops such as Zea mays and
Oryza sativa can reduce chlorosis symptoms by 30-40%
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(Zulfigar et al., 2019). Microbial consortia also change
the structural and functional characteristics of the rhiz-
osphere, which contributes to improved nutrient up-
take. The production of exopolysaccharides by bacteria
(Bacillus, Sinorhizobium) contributes to the development
of biofilms that regulate the water balance in the soil
and protect the root system from stress. Furthermore,
microbial biopreparations can increase the permeabil-
ity of root membranes, stimulating the expression of
genes responsible for the transport of nutrients into
the plant (Mustafayeva et al., 2011). For example, the
treatment of wheat seeds with Pseudomonas and Ba-
cillus consortia helps to intensify root growth and in-
crease water and nutrient uptake (Table 3).

Table 3. Effect of microbial preparations on nutrient absorption

Group of microorganisms Function

Resulting effect on plants

Rhizobium, Azotobacter,
Bradyrhizobium

Fixation of atmospheric nitrogen
(nif genes)

Increased nitrogen levels in the soil,
reduced fertiliser requirements

Pseudomonas, Bacillus,
Burkholderia

Phosphate dissolution (pho, ppk genes)

Increased phosphorus availability, stimulation
of root growth

Pseudomonas, Enterobacter

Synthesis of siderophores for Fe3* chelation

Improved iron absorption,
increased resistance to chlorosis

Bacillus, Sinorhizobium

Production of exopolysaccharides,
biofilm development

Protection of the root system, improvement
of the water regime

Source: compiled by the authors based on F. Zulfigar et al. (2019), H. Etesami and S.M. Adl (2020), B. Hamid et al. (2021)

A comparative analysis of the effectiveness of dis-
tinct groups of microorganisms shows that biological
products that combine nitrogen fixers, phosphate mo-
bilisers, and sulphur-forming bacteria have the most
comprehensive effects on plant nutrition. The combina-
tion of these groups not only reduces dependence on
fertilisers but also improves the structure of the rhiz-
osphere and increases plant resistance to adverse con-
ditions. Specifically, nitrogen fixers interact best with
phosphate mobilisers, as the application of biological
products combining Rhizobium and Pseudomonas helps
to increase the content of available nitrogen and phos-
phorus in the soil. At the same time, competition be-
tween distinct species of microorganisms for nutrients
can affect the stability of the biological product. Genet-
ic editing of microorganisms using CRISPR-Cas opens
new opportunities to optimise their interactions and
improve the effectiveness of biological products.

The use of modern biotechnological products in
agriculture helps reduce dependence on chemical fer-
tilisers while supporting the sustainable development
of agroecosystems (Bolokhovsky et al., 2024). Combined
microbial consortia, including nitrogen fixers, phos-
phate mobilisers,and bacteria that produce biologically
active compounds, help improve plant nutrient uptake
and increase yields without significantly depleting soil
resources. The inclusion of microorganisms capable
of developing biofilms and synthesising siderophores
in biological products increases their effectiveness in
various soil and climatic conditions. The use of these

technologies in agriculture helps to increase plant pro-
ductivity and provides environmentally friendly mineral
nutrition management strategies.

Optimisation of the composition of microbial
preparations to increase efficiency. The effectiveness
of microbial biopreparations is determined by the abil-
ity of microorganisms to adapt to soil conditions, their
competitiveness in the rhizosphere, and the interaction
between species within consortia. Optimisation of the
composition of biological products is aimed at select-
ing microorganisms capable of stable colonisation of
the root zone, efficient use of available resources, and
synergistic interaction to improve plant nutrition. One
of the key factors that determines the competitiveness
of microorganisms in soil is their ability to quickly
adapt to changing environmental conditions, includ-
ing humidity, pH, macro- and microelements, as well
as competition with autochthonous microflora. Studies
found that bacterial strains with prominent levels of
rpoN and phoB gene expression demonstrate a better
ability to colonise the rhizosphere, as they regulate the
synthesis of exopolysaccharides and provide resist-
ance to soil stress factors (Sorbara & Pamer, 2022). An-
other valuable characteristic of microorganisms is the
efficiency of their movement in the soil, which is deter-
mined by cell size, hydrophobicity of surface proteins,
and the ability to actively chemotaxis. For instance,
Pseudomonas bacteria, due to their high mobility, reach
the root zone faster and have an advantage in compe-
tition for nutrients compared to less mobile Bacillus
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strains (Gammack et al., 2021). In the composition of
biological products, special attention is paid to the in-
teraction between microorganisms - both synergistic
and antagonistic effects. Some bacteria form mutually
beneficial associations, for instance, the combination
of Rhizobium (nitrogen fixers) and Pseudomonas (phos-
phate mobilisers) helps to increase the availability
of nutrients for plants. At the same time, antagonis-
tic interactions between antibiotic-producing bacteria
(Streptomyces, Bacillus) and phytopathogens can in-
crease the bioprotective properties of biological prod-
ucts (Philippot et al., 2023).

Antagonism in microbial consortia can also nega-
tively affect the effectiveness of biological products. For
example, Pseudomonas bacteria produce toxic metabo-
lites that can inhibit the growth of some beneficial mi-
croorganisms, which limits the possibility of their com-
bination in consortia. Controlling antagonistic effects
is a crucial task when formulating biological products
and can be achieved by selecting strains with minimal
negative interactions (Peterson et al., 2020). Strategies

for adapting biological products to diverse soil and cli-
matic conditions include the selection of strains that
are resistant to extreme environmental factors, such as
drought, salinity, and high acidity. For example, the use
of heat- and osmosis-resistant strains of Bacillus and
Azospirillum can increase the effectiveness of biologi-
cal products in regions with a lack of moisture. Studies
show that modification of stress-associated gene ex-
pression factors, such as dnaK and groEL, can increase
the survival of microorganisms under adverse condi-
tions (Malik et al., 2019). The use of biological prod-
ucts in different soil types requires adaptation of their
composition. In chernozems with a high humus content,
beneficial microorganisms colonise the rhizosphere
more effectively, while in sandy and infertile soils, the
stability of microbial preparations depends on the ad-
dition of biopolymer carriers that protect bacteria from
dehydration. The application of microorganisms in such
soils is often combined with organic fertilisers, which
increases the survival rate of bioagents and the effi-
ciency of nutrient uptake (Table 4).

Table 4. Factors affecting the effectiveness of microbial preparations

Factor

Impact on the effectiveness
of biological products

Examples of microorganisms

Competitiveness

Regulates the ability
to colonise the rhizosphere

Pseudomonas, Bacillus, Azotobacter

Mobility in soil

Determines the speed
of reaching the root zone

Pseudomonas, Rhizobium

Interaction of microorganisms

Synergy or antagonism between species
in consortia

Rhizobium + Pseudomonas (synergy),
Pseudomonas + Bacillus (anatagonism)

Stress resistance

Ability to survive in adverse conditions

Bacillus, Azospirillum

Soil conditions

Affects the stability of microorganisms

Black soils: high colonisation, sandy soils:
dependence on carriers

Source: compiled by the authors based on A.A. Malik et al. (2019), S.B. Peterson et al. (2020)

The data analysis shows that the combination of
microorganisms with complementary functions ensures
stable colonisation of the root zone and maximum use
of available nutrients. The use of strains with high mo-
bility in the soil, resistance to stress factors, and mini-
mal antagonistic effects is a crucial criterion for the de-
velopment of biological products. Optimisation of the
composition of biological products may also include
the use of genetically modified strains with enhanced
expression of genes responsible for stress resistance
and rhizosphere colonisation. For example, modifica-
tion of the rpoN gene in Pseudomonas fluorescens can
increase the level of biofilm development, which im-
proves the bacteria’s competitiveness in soil conditions.
Further improvement of biopreparations involves the
selection of microbial consortia based on soil and cli-
matic characteristics and the potential for interaction
between strains. The use of adapted microbial prepara-
tions helps to increase the efficiency of nutrient uptake,
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reduce dependence on chemical fertilisers, and im-
prove the environmental sustainability of agricultural
systems. The development of new consortia that com-
bine microorganisms with different functional charac-
teristics is a key approach to creating highly effective
biological products for agricultural production.
Environmental aspects of the use of microbial
preparations and environmental protection. The use
of microbial biological products in modern agriculture
contributes to the preservation of soil biodiversity, re-
duces dependence on mineral fertilisers, and improves
crop adaptation to changing environmental condi-
tions. Due to their ability to improve the physical and
chemical properties of soil and maintain the stability
of agroecosystems, biological products are considered
a promising tool for increasing the sustainability of
agricultural technologies (Organisation for Econom-
ic Co-operation and Development, 2019; Horizon Eu-
rope, n.d.). One of the major environmental effects of




biological products is their influence on the biodiver-
sity of soil microbial communities. The introduction
of beneficial bacteria helps to increase the number
of microorganisms that perform important ecosystem
functions, including decomposition of organic matter,
nitrogen fixation, and mobilisation of mineral com-
pounds (Kuts et al., 2023). For instance, the use of Bacil-
lus subtilis and Pseudomonas fluorescens stimulates the
development of microorganisms that produce enzymes
to decompose organic residues, improving humus de-
velopment and soil structure. At the same time, exces-
sive use of biological products can cause the displace-
ment of autochthonous microbiota, which can alter the
ecological balance of soil microorganisms and cause
effects analogous to those of intensive agrochemical
use (Elnahal et al., 2022).

Another significant aspect is the reduced need for
mineral fertilisers due to the ability of microorganisms
to improve nutrient uptake. Nitrogen fixers (Rhizobium,
Azotobacter, Bradyrhizobium) provide fixation of atmos-
pheric nitrogen, which reduces the need for synthet-
ic nitrogen fertilisers. Phosphate-mobilising bacteria
(Pseudomonas, Bacillus, Burkholderia) help convert in-
soluble forms of phosphorus into a form available to
plants, which reduces the use of phosphate fertilisers
by 25-40% without losing crop productivity. This not
only reduces farmers’ costs but also minimises water
pollution and prevents eutrophication processes that
occur when mineral fertilisers are overused (Castigli-
one et al., 2021). Microbial biopreparations also reduce
the environmental impact of agriculture, as they do not
accumulate in the soil and do not cause long-term deg-
radation of soil ecosystems. Unlike mineral fertilisers,
which can leach out of the soil and into groundwater,
microorganisms can develop stable colonies in the
rhizosphere, providing a prolonged effect. The use of
microbial consortia enables a long-lasting effect of im-
proved nutrient uptake, which ensures a more balanced
use of resources (Kosovska et al., 2022).

Practical aspects of introducing biological products
into modern agricultural technologies include the se-
lection of optimum application methods, adaptation of
the composition of biological products to specific soil
and climatic conditions, and introduction of microbial
products into integrated fertilisation systems. In prac-
tice, biological products can be applied by treating
seeds, inoculating the root system, or applying them to
the soil as part of tank mixtures, which enables the most
efficient use of their effect (Zakharchuk et al., 2019).
Studies show that the use of biological products in
combination with organic fertilisers can increase crop
yields by 15-30% by improving mineral nutrition and
stimulating root development (Bonaterra et al., 2022).
Another essential element of the successful introduc-
tion of biological products is cost-effectiveness. Initial
costs for the production and use of biological prod-
ucts may be greater than for mineral fertilisers, but
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their long-term effects, improved soil properties, and
reduced need for repeated application compensate for
these costs. The use of biological products in organic
farming is becoming the primary method of ensuring
effective mineral nutrition for plants, as it eliminates
the use of synthetic fertilisers and pesticides. Organic
producers are actively introducing microbial prepara-
tions as an alternative to chemical growth stimulants,
which confirms their valuable role in the development
of sustainable agriculture (Tiwari, 2022).

The widespread use of biological products also con-
tributes to increasing the resistance of crops to stress
factors. Inoculant bacteria can increase plant resistance
to drought, salinity, and low temperatures through the
synthesis of osmoprotectants, auxins, and polyamines.
For example, consortia of Bacillus and Pseudomonas
bacteria increase the drought resistance of wheat and
soybeans, which helps reduce the negative impact of
climate change on yields. The inclusion of microor-
ganisms in agrobiotechnological crop management
programmes is becoming an indispensable tool for
increasing the adaptive potential of crops in changing
environmental conditions (Kundius, 2021). The use of
microbial biological products in agriculture helps to re-
duce the adverse environmental impact of agricultural
production, improve soil microbiota, and increase the
efficiency of nutrient uptake by plants. Their integration
into agrotechnology allows creating more environmen-
tally friendly and cost-effective fertilisation systems
that ensure sustainable agricultural production and
maintain a balance in agroecosystems.

DISCUSSION

The analysis of the obtained findings helped to assess
the mechanisms of influence of microbial biological
products on nutrient uptake and plant adaptation to
soil conditions. The study found that the effectiveness
of biological products is determined by the combi-
nation of functionally distinct microorganisms, their
competitiveness, and ability to colonise the rhizos-
phere. Comparison with other studies allows identify-
ing shared patterns and differences in the mechanisms
of action of microbial consortia. The obtained findings
confirmed the significant role of functional genes of
microorganisms in improving nutrient uptake by plants
and the formation of stable microbial consortia in the
rhizosphere. The high level of nif gene expression in
Rhizobium and Azotobacter contributed to the increase
in the efficiency of biological nitrogen fixation, which
is consistent with the findings of Q. Liu et al. (2022),
who found a correlation between the activity of these
genes and an increase in the production of ammoni-
um compounds. Analysis of the expression of ppk and
pho genes in Pseudomonas and Bacillus showed their
key role in the mobilisation of inorganic phosphates,
which was confirmed by S. Hakim et al. (2021), who
described the intensive involvement of phosphate
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pathways in microbial rhizosphere metabolism. The
study of ipd and tdc genes in Pseudomonas demonstrat-
ed their valuable function in the synthesis of auxins
and cytokinins, which is consistent with the results of
Z.Kong and H. Liu (2022), who noted the significant im-
pact of microbial phytohormone biosynthesis on plant
adaptation to stressful conditions.

Regulatory mechanisms of microbial signalling
pathways also played a crucial role in the stability of
consortia in the rhizosphere. The study found that the
expression of rpoN and phoB in Pseudomonas and Rhizo-
bium contributed to the adaptation of microorganisms
to changing environmental conditions and stimulat-
ed the development of stable microbial communities,
which is consistent with the findings of J. Ge et al. (2023),
who pointed out the criticality of regulatory pathways
in ensuring the viability of microorganisms in soil. The
combination of microbial strains with diverse functions
in consortia improved complex nutrient uptake, which
was supported by the findings of Q. Saeed et al. (2021),
who reported that nitrogen fixers, phosphate mobi-
lisers, and biostimulatory bacteria interact effectively
to improve plant growth characteristics. The findings
highlighted the value of an integrated approach to the
development of microbial biological products, factoring
in the molecular genetic characteristics of bacteria and
their ecological interaction in soil ecosystems.

The findings demonstrated the significance of an
integrated approach to the formation of microbial con-
sortia in biological products. It was confirmed that the
combination of nitrogen fixers, phosphate mobilisers,
and producers of biologically active compounds pro-
vides a synergistic effect that increases the efficiency
of nutrient uptake by plants. This is in line with the
findings of R\V. Kapoore et al. (2021), who proved that
the cultivation of microorganisms with different func-
tional characteristics contributes to the development of
stable microbial communities that adapt to soil condi-
tions. The pronounced level of rhizosphere colonisation
depended on the ability of bacteria to develop biofilms
and interact through signalling molecules,which is con-
sistent with the data from R. Saberi-Riseh et al. (2021),
who described the positive effect of microencapsulated
microorganisms on the stability of biological products.
The present study also confirmed that the bioencapsu-
lation of Pseudomonas and Bacillus bacteria contributed
to their survival in adverse conditions and prolonged
action in agroecosystems, which is consistent with the
findings reported by A. Balla et al. (2022).

The optimisation of biological products also includ-
ed the use of synthetic biology and genetic engineering
methods to improve the properties of microorganisms.
The use of CRISPR-Cas allowed modifying the expres-
sion of genes regulating nitrogen fixation, phosphorus
mobilisation, and synthesis of signalling molecules,
as confirmed by N.S. McCarty and R. Ledesma-Ama-
ro (2018). Genetically modified strains demonstrated
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increased competitiveness in the rhizosphere, provid-
ing more efficient nutrient uptake, which is consistent
with the findings of S. Rai and R. Prasad (2023). Editing
of luxR-luxl in Sinorhizobium and Bacillus increased the
level of biofilm formation, ensuring stable soil colonisa-
tion, which was also confirmed in the study by P. Gholi-
zadeh et al. (2020). Microbial biopreparations ensured
efficient absorption of nutrients by plants due to the in-
teraction of diverse groups of microorganisms. The use
of nitrogen fixers, phosphate mobilisers, and biostimu-
lating bacteria increased the bioavailability of macro-
and microelements, as described by P.P.Das et al. (2022),
who emphasised the significance of a three-way in-
teraction between plants, soil, and microorganisms to
improve mineral nutrition. As reported by H. Etesami
and S.M. Adl (2020), rhizobacteria that stimulate plant
growth can change the metabolism of the root system,
activating the mechanisms of efficient nutrient uptake.
The combination of biological products with mineral
fertiliser nanoparticles ensured the gradual release of
nutrients into the rhizosphere, which increased their
effectiveness, as reported by F. Zulfigar et al. (2019). Bi-
ostimulatory bacteria also played a significant role in
increasing plant resistance to abiotic stresses through
the synthesis of phytohormones and stimulation of root
development. Analogous mechanisms were considered
by B. Hamid et al. (2021), who pointed out the major
impact of microbial consortia on plant adaptation to
adverse conditions. The obtained findings confirmed
the prospects of using microbial biological products to
increase the efficiency of mineral nutrition and the pro-
ductivity of agroecosystems.

Optimisation of the composition of microbial bi-
ological products required considering the competi-
tiveness of microorganisms in soil conditions and their
ability to effectively colonise the rhizosphere. M.T. Sorb-
ara and E.G. Pamer (2022) confirmed that the success-
ful adaptation of microorganisms to agroecosystems
depends on their interaction with the autochthonous
microbiota and the ability to form stable communi-
ties. It was found that the mobility of microorganisms
in the soil, their penetration into the rhizosphere, and
their fixation in the root zone were determined by the
physical and chemical properties of the soil and the
type of microbial interactions, as reported by S.M. Gam-
mack et al. (2021). Apart from the physical barriers,
microbial competition and antagonism played a signif-
icant role, affecting the survival of strains in biologi-
cal products. L. Philippot et al. (2023) showed that the
active functioning of microbial consortia depended
on their interaction with soil minerals and the avail-
ability of organic material. A prominent aspect was
also the ability of microorganisms to produce antimi-
crobial compounds, which allowed them to suppress
competitive species, as reported by S.B. Peterson et
al. (2020). Consideration of these factors in the devel-
opment of biological products allowed increasing their




effectiveness by optimising the ratio between coopera-
tive and antagonistic interactions in microbial consor-
tia. A.AA. Malik et al. (2019) also pointed to the signifi-
cance of environmental specialisation of strains, which
determined their ability to function for a long time in
various soil and climatic conditions.

The use of microbial biological products in agricul-
ture contributed not only to improving nutrient uptake
but also to maintaining the ecological balance of agro-
ecosystems. A.S.M. Elnahal et al. (2022) confirmed that
biologicalinoculants play a key role in stimulating plant
growth and protecting against phytopathogens, which
reduces the need for synthetic fertilisers and protection
products. The use of microbial biostimulants contrib-
uted to the accumulation of biologically active com-
pounds that positively influenced plant metabolism, as
described by A. Castiglione et al. (2021). The interaction
of biological products with soil microbial communities
was crucial for maintaining soil fertility. N. Kosovska et
al. (2022) found that the use of biological products in
combination with nanofertilisers changed the compo-
sition and functional activity of the microbiome, which
ensured optimum plant nutrition.

The use of biological products in plant protec-
tion against pathogens was considered an effective
method of reducing the chemical burden on agroe-
cosystems. A. Bonaterra et al. (2022) confirmed that
bacterial biological products can inhibit the growth
of pathogens through the production of antimicrobial
compounds and competition for nutrients. Additional-
ly, the study found that the integration of biological
products into organic production contributed to the
efficiency of agro-technologies, which is consistent
with the findings of V. Kundius (2021), who proved
that biointensive technologies can markedly improve
yields without harming the environment. The further
development of organic farming is based on the intro-
duction of biotechnological solutions that minimise
the dependence on chemical fertilisers, as discussed
in V. Kundius’s study. The findings confirmed the pro-
nounced efficiency of microbial biological products
in increasing crop productivity and maintaining the
ecological stability of agroecosystems. The study con-
firmed that the effectiveness of microbial biological
products depends on their composition, properties of
microorganisms, and soil conditions. The combination
of nitrogen fixers, phosphate mobilisers, and biostim-
ulants improved nutrient uptake and plant resistance.
The use of genetic engineering and microencapsu-
lation increased the viability of microorganisms and
their effectiveness in various agroecosystems. The in-
teraction of biological products with the rhizosphere
microbiome ensured the development of stable con-
sortia and improved soil fertility. The data obtained
confirmed the prospects of improving the composition
of biological products for their widespread use in sus-
tainable agriculture.
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CONCLUSIONS
The study summarised the mechanisms of action of mi-
crobial biological products on plant nutrition, establish-
ing that their effectiveness depends on the composition
of consortia, the level of expression of key genes, and
the ability of microorganisms to colonise the rhizos-
phere in a stable manner. The study found that biologi-
cal products containing nitrogen-fixing (Rhizobium,Azo-
tobacter), phosphate-mobilising (Pseudomonas, Bacillus)
and biostimulating microorganisms (Burkholderia, En-
terobacter) contribute to a comprehensive improvement
in the uptake of macro- and microelements by plants.
The integration of microorganisms with distinct func-
tional properties enables a synergistic effect that pro-
motes more efficient nutrient uptake and increased
plant stress resistance. Analysis of the genetic mech-
anisms of rhizosphere microorganisms confirmed that
the effectiveness of microbial biological products is
determined by the expression of genes that control ni-
trogen fixation (nif), phosphate mobilisation (pho, ppk)
and phytohormone synthesis (ipd, tdc). The greatest ac-
tivity of nif genes was observed in Rhizobium and Az-
otobacter, which was explained by their adaptation to
nitrogen fixation, especially in symbiotic interactions
with legumes. The study found that plant root exudates
modulate the expression of functional genes, which af-
fects the metabolic status of bacterial populations and
their competitiveness in the rhizosphere. Pseudomonas
and Bacillus demonstrated the greatest activity of pho
and ppk genes, which contributed to the mobilisation of
phosphorus and improved its bioavailability for plants.

The optimisation of biological products involved
the use of microencapsulation and Llyophilisation,
which prolonged the viability of microorganisms and
ensured their stability in soil conditions. The combina-
tion of microbial biological products with nanoparti-
cles of mineral fertilisers contributed to the gradual
release of nutrients, which improved their absorption
and reduced the loss of elements to the environment.
The study found that the integration of phosphate-mo-
bilising bacteria Pseudomonas fluorescens with bioavail-
able phosphates increased the efficiency of phosphorus
uptake, which is crucial for improving plant nutrition.
The data obtained suggest that the combination of mi-
crobiological, genetic, and technological approaches
enables the creation of more stable and effective bio-
logical products for crops.

The present study was theoretical and based on
the generalisation of scientific data, which may limit its
application in practical agricultural technologies. The
findings obtained require experimental confirmation
in real field conditions to assess the effectiveness of
the proposed biological products in various agroeco-
systems. Further research is recommended to focus on
the experimental verification of theoretical conclusions
through field trials in diverse soil and climatic condi-
tions. A prominent area is to evaluate the effectiveness
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AHoTauif. [locnigpkeHHs cnpsMOBaHe Ha BW3HAYEHHS MOJIEKYNSPHO-TEHETUYHUX MEXaHi3MiB, WO perynoTb
dYHKLiIOHaNbHY aKTUBHICTb MIKPOBHUX NpenapaTie y pusocdepi pocanH. MeTononoria BkAoYana aHanis ekcnpecii
K/MOYOBUX TEHiB, MOPIBHAHHSA edEeKTUBHOCTI pIi3HMX LWWTaMiB MIiKpOOPraHi3mMiB y rpyHTOBOMY CepefoBuLLi,
y3aranbHeHHs @akTopiB, WO BMAMBAKTb Ha CTabinbHiCTb 6GiompenapaTiB, Ta cCUCTEMATM3aLil0 [OaHWUX O1S
BCTAHOB/IEHHS B3AEMO3B'AI3KY M TFEHETUYHMMM MEXaHi3MaMM Ta arpoHOMIYHMMM MOKa3HWKaMuU. OTpuMaHi
pe3ynbTaTy NiATBEPAMAM, WO EKCMpecis KIHYOBMX TeHiB, BiAMNOBifanbHMX 3a dikcauito a3oTy, Mobinizauito
docdopy Ta cMHTE3 6i0NOriYHO aKTUBHUX CMONYK, BU3HAYa€E ePEKTUBHICTb BioNOriYHMX Npenaparis y rpyHTOBOMY
cepenoBuLLi, Wo 6yno BepudiKoBaHO LWASXOM FreHETUYHOTO aHani3y GyHKLioOHaNbHUX MapKepiB, MikpobionoriyHoro
[OCNIOKEHHS XUTTE3AATHOCTI WTAMIB i aHaNiTUYHOrO BU3HAYEHHS BMICTY OOCTYMHUX ENEMEHTIB XXMB/EHHS Ta
NPOAYKTUBHOCTI poc/inH. KoMBiHyBaHH$ a30Tdikcyroumx, docdatmobinisyroumx i 6iocTUMyNOYMX MiKpOOPraHi3mis
3abe3neyvyBano GOpMyBaHHA CTABINbHUX MIKPOOHMX CMiNbHOT, 34aTHUX MiABMLLYBATU BIOAOCTYMHICTL €N1EMEHTIB
XMBJIEHHS Ta MNPOAYKTUBHICTb KynbTyp. [Mpu 3actocyBaHHi Azospirillum brasilense Ha HeboboBMX KynbTypax
KOHLEHTpaLia aMOHiiHMX cnonyk y pusocdepi 3poctana Ao 40 %, wo cynpoBOAXYBaNOCS NMOCUMAEHHSM a30THOMO
XUBNeHHSs. BukopuctanHs docdatmobinizyrounx GakTepiii A03BONASNO 3MEHLWWUTU HOPMY BHeceHHs hocdOopHMX
[obpue Ha 25-40 % 6e3 BTpaTM BPOXAMHOCTI. 3aranoMm, 3acTOCyBaHHS GionpenapaTiB Ha 3epHoBMX, HO6OBMX
Ta OBOYEBMX Ky/bTypax 3abe3neuyyBano CKOPOYeHHs noTpebu y XxiMiuHux gobpuax Ha 20-30 % 6e3 3HWKEHHS
arpoHoMiyHoi edekTnBHocTi. CTabinizauis MikpoopraHi3MmiB WASXOM MiKpoiHKancynsuii 3abesnevyBana nigBuLLeHy
BMXKMBAHICTb Y IPYHTOBOMY CepefoBULL Ta PiBHOMIpHE MOLWWPEHHS B 30HI pu3ocdepu, ToAi AK CNpen-CyLiHHA
[L03BOJINIO OTPMMaTK NOPOLLKOBI hopmu BionpenapartiB i3 TpUBaAMM CTPOKOM 36epiraHHs. MoeaHaHHA MiKpoBHMX
npenaparis i3 HaHobOpMaMK MiHepanbHUX LOBPUB CNPUSAN0 PIBHOMIPHOMY BUBINbHEHHIO €IEMEHTIB XMBNEHHS, WO
NMO3UTUBHO BM/IMBANO HA iX 3aCBOEHHS, X04a TOYHI KoedilieHTM LbOro npouecy y poboti He HaBeaeHi. [TpakTuyHe
3HAYEHHS! OTPMMAHUX PEe3y/bTaTiB MOMATAE Y MOXIMBOCTI LiNecnpsMoBaHoi po3pobku GionoriyHmMx npenaparis
i3 MPOrHO30BaHOK 3AATHICTIO MiABMLLYBATK 33aCBOEHHS a30Ty Ta dochopy pocanHaMK, 3HWXKYBaTM MoTpeby B
MiHepanbHUx fobpuBax Ta 3abe3neyyBaTi cTabifibHy NPOAYKTUBHICTb CiNIbCbKOrOCMOAAPCbKMX KY/bTyp B YMOBAX
iHTeHCMBHOrO 3eMnepobcTBa

KniouoBi cnoBa: npoayktu 6ioTexHonorii; KOHCopLiyM; dikcauia a3oTy; Mobinizauis gpocdopy; 6ionoriyHo akTUBHI
PeYoBMHU; MIKPOIHKAMNCYNALISHK eKcnpecisi reHiB
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of changes in the H/DbH/A ratio depending on age. These indices were calculated for plus trees, considering
their age (A), height (H), and trunk diameter at a height of 1.3 m (DbH). The dependencies of changes in the
height and diameter of plus trees with age were studied, the speific features of these dependencies for the two
most widespread forest types were determined, two types of indices of these dependencies were analysed, and
the conclusions about their statistically reliable suitability for modelling the parameters of plus tree selection
within the study area were summarised. The parametric dependencies of the plus trees of the Malopolissia
district of pine forests of this region of origin established in the study can be used as additional criteria
for selecting trees for productivity with a sufficient level of their biotic stability. The study summarised the
possibility of establishing the regions of origin of forest reproductive material based on parametric assessment
of stands and plus trees within the Malopolissia district based on their belonging to autochthonous forest
stands by origin. The relevance of the study was enhanced by the introduction of approaches to regionalisation
of forest reproductive material, which involves determining the boundaries of the regions of origin and the
boundaries of the corresponding distribution of forest reproductive material from them.The proposed approach
to regionalisation is a prerequisite for obtaining and putting into circulation forest reproductive material based
on the implementation of Directive 1999/105/EC of 22 December 1999 on the marketing of forest reproductive
material in the regulatory framework of forest seed production and nursery stock

Keywords: plus trees; forest reproductive material; regionalisation of forest reproductive material; regions of

origin and distribution; taxonomic indicators; forest types; geobotanical zoning

INTRODUCTION
The issue of identification of Scots pine plus trees by
region of origin is of particular relevance in the context
of intensified use of selectively improved plantation
forest seeds for reforestation. Such studies of the dy-
namics of the parameters of plus trees with age, along
with long-term tests of their offspring for selected
traits, will allow further assessing the potential transfer
of biotic resistance to offspring in the region of origin.
The significance and relevance of updating the origin
of plus trees is supported by the need to adapt existing
regulatory documents on forest seed production and
nursery farming to the level of European integration re-
quirements in the field of forest reproductive resourc-
es. Plus trees form the basis of plantation forest seed
production, and their offspring play an essential role
in forest reproduction, influencing the development
of genetically balanced populations. Determining the
boundaries of regions of origin and distribution areas
for the creation of mapping schemes of regionalisation
of forest reproductive material (FRM) is currently an ur-
gent and at the same time unresolved task. Clarification
of the boundaries of the regions of origin and distribu-
tion based on available silvicultural data and materials
obtained during forest management, as well as certifi-
cation of permanent forest seed stock (PFS), their mon-
itoring and inventory, if properly analysed, will help to
solve the problem in the context of the urgent need
to regulate the regionalisation of forest reproductive
material (FRM) of the main forest-forming species us-
ing forest basic material (FBM) in Ukraine. This study
was based on the analysis of the correlation between
height (H) and diameter at breast height (DbH), which
is commonly used in foreign scientific literature. No
information on the above issues related to plus trees
was found in the public domain, but in other areas of

modelling tree and stand characteristics based on H/
DbH relationships, this approach is widely used. V. Bly-
stiv et al. (2021a) considered the dependencies of the
ratios of growth in height to diameter and the growth
of tree crown habitus to be organically related process-
es of tree development in a stand, which can be as-
sessed by the potential for a tree to use living space.
This opens the possibility of developing the area of
plus selection to increase the biotic stability of individ-
ual trees and stands and its verification, which was also
noted by H. Krynytskyy et al. (2023).

The ratio of H and DbH during tree growth is a
complex consequence-dependent process, which is
also regulated by edaphic and climatic stress factors,
according to F. Saglam and O. Sakici (2024). However,
these issues of forestry motivation have not been suf-
ficiently studied to date. ). Wang et al. (2023) covered
the prediction of the H/DbH relationship in the future
due to the influence of climate factors under condi-
tions of multifactorial uncertainty and is often linked to
projection size and crown diameter (CD). The findings
indicated close links between the indicators in the dy-
namics and the possibility of their forecasting, provided
that concrete parameters of the influencing factors in
a particular region are chosen (mainly an increase in
average temperatures and a decrease in precipitation).
J.Wang et al. (2023) established the dependencies of the
H/DbH/DC allometry for indigenous and derived stands
under varying edaphic and climatic conditions. The re-
sults were mostly verified for the issues under study,
however, the prospect of forecasting for derivative (sec-
ondary) forests is not entirely certain and unambiguous,
especially against the background of increased stress
factors. This raises the issue of forest reproduction us-
ing the potential of plus trees and the identification
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of their autochthonousness in the region of origin. On
this issue, O. Danchuk et al. (2024) propose to establish
the boundaries of the regions of origin based on geo-
botanical zoning, which is based on the distribution of
autochthonous forest cover, considering the potential
of forest typology. The basic area for identifying re-
gions of origin by the main forest-forming species is
to assess the growth characteristics of provenance in
test (geographical) cultures. |. Neyko et al. (2020) pre-
sented the results of such long-term trials, indicating
the comparative characteristics of representatives of
different origins, which is significant for developing an
algorithm for establishing the boundaries of local and
geographical populations. An actual area under study is
the secondary selection of plus trees in the tested prog-
eny of plus Scots pine trees for the reasons of recognis-
ing elite characteristics. V. Voitiuk et al. (2020) indicates
the age of 38-40 years at which the elite status of plus
Scots pine trees can be verified in Polissia, and there-
fore if the ortet is preserved at this time, the dynamics
of its H/DbH with age and the correspondence to the
forest type are significant for modelling selection rates
in the region of its origin. According to H. Krynytskyy et
al. (2021), one of the promising areas for determining
the vitality (biotic stability) of trees is the determina-
tion of their dielectric properties, which can be used for
rapid assessment of plus trees. J. Brichta et al. (2023)
emphasises that an essential form of conservation of
the forest genetic fund is the archives of clones and
families, the purpose of which is to concentrate in one
place and preserve the characteristics of plus trees in
the form of offspring. Prompt recognition of elite char-
acteristics, considering the analysis of H/DbH dynamics
with age, including autochthonousness and biotic sta-
bility, allows ensuring their preservation in the archives
of the forest gene pool. One of the key tasks of modern
selection of plus trees from defined plastic populations
is to create new forest seed plantations capable of pro-
viding a yield of genetically improved seeds. According
to J. Quegwer et al. (2024), this will contribute to the
development of the adaptive potential of newly created
forests to climate change through the use of suitable
forest reproductive material.

When selecting and certifying plus trees, the key
parameters are diameter, height, and age, and there-
fore it is their ratio and dynamics that are the object
of assessment and analysis in this study. In this con-
text, the study was aimed at establishing relation-
ships between the above biometric characteristics of
Scots pine plus trees selected and certified within the
geobotanical region - Malopolissia district of horn-
beam-oak and pine forests.

MATERIALS AND METHODS

In this study, the assessment covers plus trees of Scots
pine selected by phenotype according to the require-
ments of the Forest Seed Production Guidelines (Los et
al.,2017). The trees were selected in forestry enterpris-
es located within the Malopolissia geobotanical district
of hornbeam-oak and pine forests. Most of the sampling
dates back to 1973,1974,1978, and the 2015 sampling
in the eastern part of the district, where the trees of the
1980s sampling have not been preserved, was also con-
sidered. The taxation indicators of individual trees and
the characteristics of forest stands at the time of se-
lection were obtained from tree certification passports
maintained by the Lviv Forestry and Seed Laboratory
and verified by the state register of plus trees in Lvivand
Ternopil regions. Data for the following periods were
obtained from the results of inventory work reported
in Yu. Debryniuk et al. (2021), simultaneous inventory
of PFSBs in Ternopil (2022) and Lviv (2024) oblasts co-
ordinated by the State Organisation “Ukrainian Forest
Breeding Centre” (SO “UkrFSC”) (n.d.). The data of the
latest inventories were verified using auxiliary monitor-
ing materials and the electronic accounting database
of SO “UkrFSC”, forest management materials of the
branches of the State Enterprise “Forests of Ukraine”,
information data from the Relational Database (RDB)
and Geographic Information and Analytical System
(GIAS), Ukrainian State Forest Management Project and
Production Association (PA “Ukrderzhisproekt”) (n.d.), as
well as a publicly available map of geobotanical zoning
of Ukraine, adapted to the regionalisation of FRM. The
location of the plus trees in the plots where they were
sampled is presented in Table 1.

Table 1. Characteristics of the plots where plus trees were selected (as of 2020)

Branch of FHE, FE Forestry Quarter Allotment Area, ha Trees, pcs. meassrir:wt:;rtzftimes
Radekhivske Lopatynske 64 13 19.0 10 3
Radekhivske Vytkivske 15 1 4.9 6 3

Buske Hrabivske 14 1 24" 13 2
Brodivske Berlynske 83 4 0.6* 4 2
Kremenetske Stizhotske 42 2 13.0 10 2

Note: *the areas of the allotments during tree selection were much larger and decreased due to the fragmentation

of allotments during the next forest management

Source: Ukrainian State Forest Management Project and Production Association (n.d.)
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Generally accepted forest inventory methods were
employed to collect and process experimental, docu-
mentary materials, and electronic databases. For com-
parison and modelling, analytical and comparative
methods were employed, based on the modal charac-
teristics presented by A. Bilous et al. (2022), as well as
age-appropriate inventory data. The basis of the com-
parative analysis included the inventory dependencies
between the heights and diameters of tree trunks and
their age, the correspondence between the site class-
es and forest vegetation conditions (forest types), the
established dynamics of inventory indicators depend-
ing on age (stand growth), correlations, and the estab-
lishment of reliable differences between the indicators
between plus trees and forest plots within the defined
forest fund areas. The proposed research algorithm in-
volves comparing the plus features with average and
model indicators, as well as assessing their compliance
within a certain territory - the region of origin.

The following algorithm for analysing data con-
formity was employed in the study: plots (allocations)
were selected within the regions of origin (geobotanical
districts), where on average about five plus trees were
identified on an area of more than 5 ha. The number
of trees and area were refined using the RDB and GIAS
data of the SE “Ukrderzhlisproekt” At the next stage, the
initial data for the plus trees were prepared at the time
of their allocation (certification), including the height,
diameter, age, site class, and average inventory indica-
tors of the respective allocation. Subsequently, analo-
gous inventory data were obtained for these trees in
subsequent periods, with geolocation clarification and
confirmation of parameters using photographic docu-
mentation.As a result, the estimated ratios for the mod-
el plots were established at the time of allocation of
plus trees (according to the data of passports) and after
a certain period (based on the results of measurements
and taxation characteristics), with comparison of indi-
cators for normal (full) stands. The key element of the
analytical and comparative method was the calculation
of the indices |, and I,, which were calculated as the
ratio of age (A), height (H), and diameter at 1.3 m (DbH)
for the plus trees:

Blystiv et al.

where |, is the index of age change by the H/DbH ratio;
[, is the index of change in the H/DbH ratio by age; A is
the age of the tree, years; H is the height of the tree, m;
DbH is the diameter of the tree at a height of 1.3 m,cm.

Formulas 1 and 2 are considered basic. They are
also used for average and model stand indices, to
compare the respective indices. The indices are used
to determine the indicators of compliance with the re-
gion of origin and its identification within the region
of distribution. Specifically, the correlation of H/DbH
values for plus trees by forest type was estimated.
The proposed methodology of H/DbH index analysis
was considered for comparing inventory data between
plots of different local ecopopulations. This allows es-
tablishing reliable differences for their identification
by the criteria of origin, forest types, and to ensure
further selection of plus trees.

RESULTS

The study was conducted for the plus trees of Scots pine
according to the proposed sampling option within the
Western Ukrainian forest-steppe region of broadleaf-
mixed forests belonging to the Malopolissia district of
hornbeam-oak and pine forests. The motives and ne-
cessity of its separation were presented in V. Blystiv et
al. (2021b). Five model plots were identified in pure
pine forests, where the number of plus trees was four
or more per plot. The study established the allometry
dependencies (A/H/DbH) for these plus trees in native
and derivative stands under different edaphic and cli-
matic conditions. The results were presented for two
types of forest - C,-h-oP and C;-h-oP, which differ in the
hygrotope of the habitat. The assessment results for the
wet hornbeam-oak-pine forest (C;-h-oP) are presented
in Tables 2, 3,4 and Figs. 1, 2,3 - for plots in Radekhivse
and Buske branches of the SE “Forests of Ukraine”. The
results for a fresh hornbeam-oak-pine forest (C,-h-oP)
are presented in Tables 4,5 and Figs. 3,4 for the plots in
Brodivske and Kremenetske branches. For each site, in
the sections of discussion and general conclusions on
the dynamics of inventory indicators and the use of the
A/H/DbH index, shared characteristics, specific features,
and suggestions were noted.

Evaluation results for a wet hornbeam-oak-pine

121

I,= A/H/DbH, (1) forest (C3-h-oP). The estimation of plus trees based on
the results of measurements and analysis is presented
[, = H/DbH/A, (2) inTable 2 and Fig. 1.

Table 2. Dynamics of morphometric parameters of plus trees of Scots pine (Pinus sylvestris L.) in the trial area
of Lopatynske forestry of the Radekhivske forestry and hunting enterprise

Year of selection, Age at the time IndexA/H/ Model value of Difference
Plus tree No. examination, of selection and Height,m Diameter,cm . . with the
L. L. DbH*100 the index
Condition examination model
Model data, 1973 85 339 39.2 6.396 0
1 Plus features 84 34.0 46.0 5.371 6.396 -1.025
2 Plus features 84 39.0 50.0 4.308 6.396 -2.088
3 Plus features 84 34.0 48.0 5.147 6.396 -1.249

Scientific Horizons, 2025, Vol. 28, No. 8
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Table 2. Continued

Year of selection, Age at the time IndexA/H/ Model value of Difference
Plus tree No. examination, of selection and Height,m Diameter,cm . . with the

Condition examination DbH"100 the index model

4 Plus features 84 35.0 46.0 5.217 6.396 -1.179

5 Plus features 84 34.0 44.0 5.615 6.396 -0.781

6 Plus features 84 36.0 64.0 3.646 6.396 -2.750

7 Plus features 84 34.0 52.0 4.751 6.396 -1.645

8 Plus features 84 35.0 43.0 5.581 6.396 -0.815

9 Plus features 84 35.0 44.0 5.455 6.396 -0.941

10 Plus features 84 34.0 48.0 5.147 6.396 -1.249
Mean 35.0 48.5
Model data, 2004 115 38.2 475

1 Satisfactory 115 36.9 52.5 6.338 6.338 0.000

2 Satisfactory 115 41.0 58.0 5.936 6.338 -0.402

3 Satisfactory 115 35.5 52.5 4.836 6.338 -1.502

4 Satisfactory 115 40.0 49.0 6.170 6.338 -0.168

5 Satisfactory 115 415 51.5 5.867 6.338 -0.471

6 Satisfactory 115 39.5 62.0 5.381 6.338 -0.957

7 Satisfactory 115 38.0 62.5 4.696 6.338 -1.642

8 Satisfactory 115 36.0 58.0 4.842 6.338 -1.496

9 Satisfactory 115 39.5 61.0 5.508 6.338 -0.830

10 Satisfactory 115 36.0 67.0 4.773 6.338 -1.565
Mean 38.4 57.4

Model data, 2024 135 40.1 51.1 6.588 6.588 0.000

1 Satisfactory 135 37.0 75.2 4.852 6.588 -1.736

2 Satisfactory 135 40.5 68.0 6.207 6.588 -1.686

3 Satisfactory 135 335 59.2 6.807 6.588 0.219

4 Satisfactory 135 34.5 58.9 6.644 6.588 0.056

5 Satisfactory 135 37.5 63.7 5.651 6.588 -0.937

6 Dries out 135 35.5 69.1 5.503 6.588 -1.085

7 Satisfactory 135 34.0 73.2 5.424 6.588 -1.164

8 Satisfactory 135 335 66.6 6.051 6.588 -0.537

9 Satisfactory 135 36.5 74.8 4.945 6.588 -1.643

10 Satisfactory 135 35.5 74.8 5.084 6.588 -1.504
Mean 35.5 67.4

Source: developed by the authors of this study

The trees are located on a plot in the Lopatynske
forestry, quarter 64, allotment 13. The inventory char-
acteristics of the allotment according to the forest in-
ventoryasof 2010 were as follows:area-19.0 ha; stand
composition - 10Ps+Qr, Cb; age - 113 years; reserve -
400 m?- ha?; relative density - 0.55; forest type -
C,-h-oP. According to the results of the last forest
management, due to uneven density (reserve), the
allotment was divided into several plots: quarter 64,
allotment 19 - area of 4.1 ha; stand composition -
10Ps; age - 113 years; reserve — 200 m3 - ha''; rel-
ative density - 0.3. Quarter 64, allotment 24 - area
3.3 ha; stand composition - 10Ps; age - 113 years;
reserve - 285 m?- hal; relative density - 0.4. Quarter
64, allotment 25 - area 3.3 ha; stand density - 10 Ps;
age - 113 years; reserve - 260 m*- ha'’; relative densi-
ty - 0.4. Quarter 64, allotment 26 - area 15.8 ha; stand
composition - 10Ps+Qr, Cb; age - 113 years; reserve -
420 m?- ha’l; relative density - 0.55. The same forest
type is preserved for all plots - C;-h-oP. Over the past
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decade, there has been a decrease in reserves and a
decrease in stand density.

The results of the analysis for the plot located in
the Lopatynske forestry of the Radekhivske Forestry
and Hunting Enterprise branch showed that the stands
of Scots pine are original and of the same age. On the
test site, in a 107-year-old stand, the stand had a stock
of 481 m?-ha* with an average height of 34 m and a di-
ameter of 44.3 cm, with a density of 0.55 and belonging
to the I° class. The origin of the stand is not known, but
it is likely to be autochthonous. The local population of
Scots pine has been preserved due to the site’s belong-
ing to the permanent forest seed base and the nature
reserve fund and is characterised by a small participa-
tion of common beech in the stand. Its distribution area
is at altitudes of 220-230 m. The analysis of the dynam-
ics of H/DbH indices showed that during growth, plus
trees effectively use the forest-typological potential of
the habitat conditions. At the same time, at the age of
about 135 years, there is a certain lagging behind the




modal indicators of the I° class, which is conditioned by
a substantial decrease in the stand density. This trend is
confirmed by the data for trees No. 1, 2,5,7,8,9,and 10,
which have almost not lost their relative growth rates
in height and diameter. The second group of trees -
Nos. 3,4,and 6 - demonstrates a deceleration in growth,
with tree No. 6 weakened to the IV category of sanitary

Blystiv et al.

condition. Plus trees No. 1, 2,5,7,8,9,and 10 require ur-
gent cloning to preserve and consolidate their genetic
potential in archives or on forest seed plantations with-
in the region of origin. It is also necessary to clarify the
information on the participation of the descendants of
these trees in existing forest-seed plantations and test
crops within the distribution area.

Dynamics of the A/H/DbH indices
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Figure 1. Difference in the values of the plus tree indices compared to the modal values (according to Table 2)

Source: developed by the authors of this study

Overall, the biotic stability of plus trees is not al-
ways determined by the initial phenotypic traits but
is largely determined by hereditary factors and the ef-
fect of interactions within the forest ecosystem. Thus,
the native stands of Scots pine in C;-h-oP conditions
of Small Polissia may be of autochthonous origin and,
accordingly, have the potential for high biotic stability,
provided that complex multi-age stands with an ad-
mixture of oak, beech, and hornbeam are formed. The
assessment of plus trees based on the results of meas-
urements and analysis (Table 3) is presented in Fig. 2.
The studied trees are located on the plot of Vytkivske

forestry, quarter 15, allotment 1. The inventory char-
acteristics of the plot according to the forest manage-
ment data as of 2010 were as follows: area - 4.9 ha;
stand composition - 10 Ps + Bp, Cb; age - 113 years;
reserve - 391 m?-ha?; relative density - 0.55; forest
type - C;-h-oP. The stand is native, single-aged, of un-
known origin, with a low probability of autochthonous-
ness. The analysis of the dynamics of H/DbH indices
revealed that during growth, plus trees effectively used
the forest-typological potential of forest-plant condi-
tions up to the age of 105 years, reaching values close
to the modal indicators of the I2 class.

Table 3. Dynamics of morphometric parameters of plus trees of Scots pine (Pinus sylvestris L.) in the trial area
of Viytkivske forestry of the Radekhivske Forestry and Hunting Enterprise branch
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Year of §eleFtion, Age at tr.le time ) ) IndexA/H/ Model value Difference
Plus tree No. examination, of selectionand  Height,m Diameter,cm * . with the
Condition examination DbH™100  of the index model
Model data, 1973 75 31.8 35.8 6.588
1 Plus features 75 31.0 41.0 5.901 6.588 -0.687
2 Plus features 75 31.0 43.0 5.626 6.588 -0.962
3 Plus features 75 31.0 48.0 5.040 6.588 -1.548
4 Plus features 75 31.0 48.0 5.040 6.588 -1.548
5 Plus features 75 32.0 43.0 5.451 6.588 -1.137
6 Plus features 75 34.0 44.0 5.013 6.588 -1.575
Mean 31.6 44.5
Model data, 2004 105 333 40.0
1 Satisfactory 106 38.0 51.0 5.470 7.783 -2.313
2 Satisfactory 106 31.5 54.5 6.174 7.783 -1.609
3 Satisfactory 106 36.0 60.5 4.867 7.783 -2.916
4 Satisfactory 106 38.5 61.5 4.477 7.783 -3.306
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Table 3. Continued

Year of selection, Age at the time IndexA/H/ Model value Difference
Plus tree No. examination, of selection and Height,m Diameter,cm DbH*100 of the index with the
Condition examination model
5 Satisfactory 106 34.5 51.5 5.966 7.783 -1.817
6 Satisfactory 106 34.5 54.0 5.690 7783 -2.093
Mean 35.5 36.5
Model data, 2024 125 35.3 443
1 Dries out 126 38.1 54.6 6.057 7.993 -1.936
2 Dries out 126 33.8 58.2 6.405 7.993 -1.588
3 Dries out 126 36.6 66.5 5.177 7.993 -2.816
4 Satisfactory 126 39.0 70.4 4.589 7.993 -3.404
5 Dries out 126 34.6 62.4 5.836 7.993 -2.157
6 Dries out 126 35.0 56.5 6.372 7.993 -1.621
Mean 36.2 61.4
Source: developed by the authors of this study
Dynamics of the A/H/DbH indices
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Figure 2. Difference in the values of the plus tree indices compared to the modal values (according to Table 3)

Source: developed by the authors of this study

At the age of 126 years, with a slight decrease in
stand completeness, the best (plus) trees are observed
to be weakened and dry out, indicating that the growth
potential in these forest vegetation conditions is at its
maximum. For plus trees, information on the participa-
tion of their breeding heritage in forest seed planta-
tions and test crops within the region of distribution
needs to be clarified. The increased biotic stability of
these plus trees cannot be considered a confirmed sta-
ble plus hereditary trait. Thus, highly productive indig-
enous stands of Scots pine in the edaphic climatic con-
ditions of Malopolissia may not be of autochthonous
origin. It is advisable to use their offspring to create
plantation-type forest crops to accelerate the produc-
tion of business varieties. However, to substantiate this
conclusion, it is necessary to conduct a detailed study

of the factual state of the stand in this area, as well as
its forest vegetation conditions.

The assessment of plus trees based on the results
of measurements and analysis presented in Table 4 and
Fig.3.The trees are located on the plot in the Berlynske
forestry, quarter 83, allotment 4, and were collected in
1974 at the age of 80 years. Inventory characteristics
of the stand according to forest management materials
as of 2010 were as follows: area - 0.7 ha (at the time
of selection, the area was larger); stand composition -
10Ps+Fs,Qr; age - 117 years; reserve - 390 m*-ha*; rel-
ative density - 0.6; forest type — C;-h-oP.As of 2024, new
plus trees were selected on the adjacent allotment (quar-
ter 83, allotment 4) with an area of 3.8 ha, with a stand
composition of 10Ps + Qr+ Cb, age 113 years, reserve of
391 m*-ha, relative density 0.55 and forest type B,-oP.

Table 4. Dynamics of morphometric parameters of plus trees of Scots pine (Pinus sylvestris L.)
on the trial area of the Berlynske forestry of the Brodivske Forestry Enterprise branch

Year of selection, examination Age at tr.re time Height, Diameter, Index Model Difference
Plus tree No. Con dit’ion > of selection and ? m ’ A/H/  value of the with the
examination DbH*100 index model
Model data, 1974 80 29.4 334 8.147

1 plus features 80 29.0 44.0 6.270 8.147 -1.877
2 plus features 80 30.0 38.0 7.018 8.147 -1.129
3 plus features 80 30.0 47.0 5.674 8.147 -2.47%
4 plus features 80 30.0 41.0 6.504 8.147 -1.643
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Table 4. Continued

Year of selection, examination Age at tt]e time Height, Diameter, Index Model Difference
Plus tree No. Con dit’ion *  of selec.tlon. and m ? cm ’ A/H/ vall:|e of the with the
examination DbH*100 index model
Mean 29.75 42.5
Model data, 2004 110 32.6 389 8.674 8.674
1 satisfactory 110 320 46.0 7473 8.674 -1.201
2 satisfactory 110 320 40.0 8.594 8.674 -0.080
3 satisfactory 110 30.5 49.0 7.514 8.674 -1.160
4 satisfactory 110 31.6 46.0 7567 8.674 -1.107
Mean 31.5 45

Source: developed by the authors of this study

The stand was native in composition, single-aged.
The stand was of unknown origin, with a low prob-
ability of autochthonousness. The nature of the de-
pendence of changes in the A/H/DbH indices sug-
gests that during growth, the plus trees effectively
used the forest-typological potential of forest-plant
conditions up to 110 years of age, close to the modal

indicators of the I2 class. By the age of 130 years, with
a relatively slight decrease in stand completeness,
the best (plus) trees are significantly weakened and
dry out, indicating that the growth potential under
these conditions is at its limit. In 2020, trees were
excluded from the register of plus trees due to their
drying out in previous years.

Dynamics of the A/H/DbH indices
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Figure 3. Difference in the values of the plus tree indices compared to the modal values (according to Table 4)

Source: developed by the authors of this study

For plus trees, information on the involvement of
their heredity in forest-seed plantations and test crops
in the region of distribution needs to be clarified, since
these trees did not have pronounced plus traits in
terms of productivity and proved to be biotically un-
stable. Overall, there is reason to believe that the biotic
stability of plus trees within this area does not manifest
itself as a hereditary trait that determines their plus
value when they reach a height of 30 m or more. Such
native stands of Scots pine in the edapho-climatic con-
ditions of Malopolissia may not be of autochthonous
origin. At the age of 120 years, they cannot withstand a
sharp change in forest and vegetation conditions (e.g.,
the emergence and development of forest beech under
the canopy) or changes in the functional properties of
the forest environment. The targeted use of plantation
offspring of such trees during reforestation requires
further analysis of their evaluation in test cultures or
more detailed specification of their origin.

Evaluation results for a fresh hornbeam-oak-pine
forest (C,-h-oP). The estimation of plus trees based on
the results of measurements and analysis presented
in Tables 5 and 6 and in Figs. 4 and 5. Data for one

sample plot at the time of tree selection are present-
ed in two tables with a five-year interval. The trees
were located in the plot of Hrabivske forestry, quarter
18, allotment 3, and were collected in 1973 and 1978,
which led to a separate analysis for each group. Inven-
tory characteristics of the allotment according to for-
est management materials as of 2020 were as follows:
area - 10.5 ha; stand composition - 10Ps; reserve -
400 m*-ha; density - 0.7; forest type - C,-h-oP. The
stand was of the native type, single-aged, and its com-
position corresponded to the forest and vegetation
conditions of the site. The origin of the stand was not
reliably established, with a low probability of autoch-
thonousness. In 2018-2020, the trees were excluded
from the registers due to the drying process. According
to the data presented in Tables 4 and 5 and in Figs. 3
and 4, the nature of the dependence of changes in the
A/H/DbH indices indicates that plus trees in the fresh
forest are more vulnerable to prolonged periods of
drought compared to trees growing in wet hygrotopes.
For these plus trees, information on the involvement
of their breeding heritage in forest seed plantations
in the region of distribution needs to be clarified, as
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they have not been tested in test crops. The biotic sta-
bility of these plus trees is probably not a heritable

plus trait in these forest conditions after they reach
100 years of age and a height of 30 m or more.

Table 5. Dynamics of morphometric parameters of plus trees of Scots pine (Pinus sylvestris L.) on the trial area
of Hrabivske forestry of the Buske Forestry Enterprise branch (1973 selection)

Year of §eleFtion, Age at tl.me time ) ) IndexA/H/ Model value Difference
Plus tree No. examination, of selection and Height,m Diameter,cm . . with the

Condition examination DbH"100 of the index model
Model data, 1973 85 339 39.2

1 Plus features 85 34.0 57.0 4.386 6.396 -2.010

2 Plus features 85 35.0 54.0 4.497 6.396 -1.899

3 Plus features 85 34.0 59.0 4.237 6.396 -2.159

4 Plus features 85 33.0 55.0 4.683 6.396 -1.713

5 Plus features 85 35.0 64.0 3.795 6.396 -2.601

6 Plus features 85 33.0 56.0 4.600 6.396 -1.796

7 Plus features 85 33.0 50.0 5.152 6.396 -1.244

8 Plus features 85 34.0 65.0 3.846 6.396 -2.550
Mean 339 55.5
Model data, 2004 115 38.3 47.5

1 Satisfactory 116 35.0 63.0 5.261 6.321 -1.060

2 Satisfactory 116 35.0 60.5 5.478 6.321 -0.843

3 Satisfactory 116 30.5 51.0 7457 6.321 1.136

4 Satisfactory 116 38.5 62.5 4821 6.321 -1.500

5 Satisfactory 116 36.0 67.0 4.809 6.321 -1.512

6 Satisfactory 116 37.0 67.5 4.645 6.321 -1.676

7 Satisfactory 116 375 58.5 5.288 6.321 -1.033

8 Satisfactory 116 35.0 73.5 4.509 6.321 -1.812
Mean 35.9 61.2

Source: developed by the authors of this study
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Figure 4. Difference in the values of the plus tree indices compared to the modal values (according to Table 5)

Source: developed by the authors of this study

Therefore, such native stands of Scots pine in the
edapho-climatic conditions of Lesser Polissia may be
of both autochthonous and, for the most part, non-au-
tochthonous origin. Considering this, the selected new
trees require more detailed monitoring of the state and
dynamics of the parametric characteristics of the plus
traits (Table 6, Fig. 5).

The results of the assessment of plus trees based
on measurements and analysis are presented in Table 7
and Fig. 6. The trees are located on a plot of 13.0 ha be-
longing to the Kremenetske Forestry Enterprise branch,
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Stizhotske Forestry, quarter 42, allotment 2. The trees
were selected in 2015 at the age of 88 years. Inventory
characteristics of the stand according to forest man-
agement materials as of 2018 were as follows: stand
composition - 10Ps + Cb; age - 90 years; reserve -
382 m? hal; relative density - 0.62; forest type -
C,-h-oP. The stand of Scots pine is native in composi-
tion, single-aged, complex in structure, with a predomi-
nance of common hornbeam in the second tier. The or-
igin of the stand has not been reliably established, but
there is a high probability of its autochthonous nature.
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Table 6. Dynamics of morphometric parameters of plus trees of Scots pine (Pinus sylvestris L.) in the trial area
of Hrabivske forestry of the Buske Forestry Enterprise branch (1978 selection)

Year of selection, Age at the time IndexA/H/ Model value Difference

Plus tree No. excaonr::;tait;zn, of(;(eal:::it:;)tni 0a:d Height,m Diameter,cm DbH*100 of the index W.::dt:[e
Model data, 1978 90 34.8 40.8 6.339
1 Plus features 90 33.0 56.0 4.870 6.339 -1.469
2 Plus features 90 32.5 50.0 5.538 6.339 -0.801
3 Plus features 92 32.0 48.0 5.990 6.339 -0.349
4 Plus features 92 33.0 50.0 5.576 6.339 -0.763
5 Plus features 92 32.5 48.0 5.897 6.339 -0.442
Mean 32.6 50.4
Model data, 2004 115 38.3 475
1 Satisfactory 116 39.5 59.0 4.977 6.321 -1.344
2 Satisfactory 116 38.0 60.0 5.088 6.321 -1.233
3 Satisfactory 116 40.5 63.5 4511 6.321 -1.810
4 Satisfactory 116 44.0 59.0 4.468 6.321 -1.853
5 Satisfactory 116 42.0 61.0 4528 6.321 -1.793
Mean 40.8 60.5

Source: developed by the authors of this study

Dynamics of the A/H/DbH indices
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Figure 5. Difference in the values of the plus tree indices compared to the modal values (according to Table 6)
Source: developed by the authors of this study

Table 7. Dynamics of morphometric parameters of plus trees of Scots pine (Pinus sylvestris L.) on the trial area
of Stizhotske forestry of the Kremenetske Forestry Enterprise branch

Plus tree No. Ye:;:;is:;:::;?n’ gg:e?:ctt?:ntgz Height, m Diameter, Index*A/H/ Model N alue Dvlvfift(::::e
Condition examination cm DbH™100  of the index model
Model data, 2015 90 31.2 36.3 7947

1 Plus features 88 32 52 5.288 7947 -2.659
2 Plus features 88 31 45 6.308 7947 -1.639
3 Plus features 88 32 52 5.288 7947 -2.659
4 Plus features 88 32 52 5.288 7.947 -2.659
5 Plus features 88 31 52 5.459 7.947 -2.488
6 Plus features 88 33 52 5.128 7.947 -2.819
7 Plus features 88 32 44 6.250 7.947 -1.697
8 Plus features 88 31 46 6.171 7.947 -1.776
9 Plus features 88 30 44 6.667 7.947 -1.280
10 Plus features 88 31 54 5.257 7947 -2.690
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Table 7. Continued

Plus tree No. Ye:;:;is:al:ic:::n’ gg:e?:cttli]:ntianrllz Height, m Diameter, Index*A/H/ Model V alue Dvivfift:‘:::e

Condition examination cm DbH™100  of the index model

Mean 31.5 49.3
Model data, 2024

1 Satisfactory 97 31 62 5.047 7.886 -2.839

2 Satisfactory 97 33 52 5.653 7.886 -2.233

3 Satisfactory 97 33 60 4.899 7.886 -2.987

4 Satisfactory 97 32 62 4.889 7.886 -2.997

5 Satisfactory 97 33 56 5.249 7.886 -2.637

6 Satisfactory 97 33 64 4.593 7.886 -3.293

7 Satisfactory 97 32 52 5.829 7.886 -2.057

8 Satisfactory 97 31 52 6.017 7.886 -1.869

9 Satisfactory 97 33 54 5.443 7.886 -2.443

10 Satisfactory 97 33 62 4.741 7.886 -3.145
Mean 324 57.6

Source: developed by the authors of this study
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Figure 6. Difference in the values of the plus tree indices compared to the modal values (according to Table 7)

Source: developed by the authors of this study

The nature of the dependence of changes in the
A/H/DbH indices suggests that plus trees during growth
effectively use the forest-typological potential of for-
est-vegetation conditions in the age range of 90-100
years, approaching the modal values of the I class. At
the age of up to 98 years, under conditions of a rela-
tively slight decrease in the relative completeness of
the stand, there is a uniform dynamics of deviations of
indicators compared to the modal values, with the ex-
ception of tree No. 9. For the plus trees listed in Table 7,
information on their heredity in the formation of for-
est-seed plantations in the region of distribution needs
to be clarified, since the progeny of these trees were
not tested in test crops. The increased biotic stability
of these plus trees is not a reliably established herit-
able plus trait after they reach 100 years of age and a
height of more than 30 metres. However, further mon-
itoring and testing of their offspring in more extreme

Scientific Horizons, 2025, Vol. 28, No. 8

conditions may confirm or refute this assumption.
Thus, indigenous stands of Scots pine in the edaphic
and climatic conditions of Malopolissia may be of both
autochthonous and non-autochthonous origin, which
necessitates further monitoring of their condition and
parametric characteristics of plus traits.

The summary information of the assessment of
the development of plus trees by plots allows discuss-
ing and identifying the key features of the results. The
growth of a plus tree in height and thickness with age
and its condition under certain parameters specific to
each forest-forming tree species can serve as an assess-
ment of the use of forest vegetation conditions and one
of the indicators of confirmation of the assignment of
forest stands to the established forest types and stand
types, 0. Danchuk et al. (2024). Another area of research
is the analysis and comparison of the dynamics of the
H/DbH ratio by dominant height, which can use both




data on plus trees and average taxonomic characteris-
tics of stands in model plots. Analogous relationships
(regression models) were described by F. Saglam et
al. (2024) to predict timber reserves for certain time in-
tervals in different forest-ecological conditions, which
allows refining the data of growth tables. The ratio of
tree heights and diameters in the dynamics with age

Blystiv et al.

is presented in Fig. 7. The results confirmed that the
correlation between tree height and age is the lowest
among the studied indicators. This indicates a substan-
tial dependence of the height of Scots pine plus trees
on habitat conditions and forest type, as well as a pro-
nounced heterogeneity of stands of this species, where
trees were selected based on their origin.

Positioning of heights and diameters with age
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Figure 7. Ratio of heights and diameters of plus trees with increasing stand age

Source: developed by the authors of this study

Table 8 presents the correlation matrix between
age, height, diameter and |, indices for the entire array
of plus trees in the study area.

The correlation analysis shows that the |, index has
a negative relationship with tree age, with a total cor-
relation coefficient of -0.87, which indicates the pres-
ence of an inverse relationship of a significant level.
For forest type C,-h-oP, this indicator is -0.785, and for

C;-h-oP --0.948, indicating that the I, index is more in-
formative about the parametric characteristics of trees
than the |, index.The |, index, on the other hand, proved
to be more suitable for analysing the growth process
(dynamics) of trees and was used to assess the biotic
stability of plus trees. Figs. 8, 9, and 10 show the vari-
ance of height, diameter, |, index, and age of plus trees
with the corresponding linear regression equations.

129

Table 8. Correlation matrix of parameters of plus trees and their indices |,

Correlation matric Age Height Diamere Index I,
Age 1 0.554 0.769 0.136
Height 0.554 1 0.506 0.330
Diameter 0.769 0.769 1 0.398
Index 0.136 0.330 0.398 1
Source: developed by the authors of this study
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Figure 8. Positioning heights and ages of plus trees with stand age
Source: developed by the authors of this study
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Regression of diameters and age
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Figure 9. Positioning diameters and ages of plus trees with stand age

Source: developed by the authors of this study
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Figure 10. Positioning of indices and age of plus trees with stand age

Source: developed by the authors of this study

Figs. 8,9, 10 show the trend lines of the one-factor
linear regression with the corresponding coefficients
of determination. Fig. 10 visualises the variance of in-
dices and age, and Table 8 presents the statistical in-
dicators of these series.

The analysis of variance based on Fisher’s criterion
and its significance (F=1.802083; p=0.182531) with
a low correlation coefficient does not allow proposing
an adequate model of the parametric indicators of plus

trees according to the I, index. It also does not make
practical sense due to the variability of forest-typolog-
ical conditions of stand growth. Clearly, the use of indi-
ces is suitable only for modelling within specific forest
types. In this regard, Table 10 shows the distribution
of values of the |, index (A/H/DbH) by forest type, and
adds the value of the |, index (H/DbH/A), which turned
out to be more suitable for modelling tree parameters
depending on age.

Table 9. Statistical information on age estimation and |, index for plus trees

Statistical indicators Age, years Index I,
Mean value 102 5.425054
Standard error 1.8 0.084873
Standard deviation 18.0 0.852963
The greatest value 135 8.593750
The smallest value 75 3.645833

Source: developed by the authors of this study

Table 10. Values of I, (A/H/DbH) and I, (H/DbH/A) indices in different forest types

The smallest

Index Forest type Average value by forest type Average value of all of all The greatest of all
| C;-h-oP 5.618 5.425 3.645 8.593
! C,-h-oP 5.182 5.425 3.645 8.593
| C;-h-oP 0.654 0.644 0.344 1.030
2 C,-h-oP 0.632 0.644 0.344 1.030

Source: developed by the authors of this study
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Figs. 11 and 12 show the regression dependencies
of tree age on the |, index by forest type. The obtained
relatively high coefficients of determination (R?=0.617

and R?=0.897) indicate a significant relationship, which
allows proposing suitable models for predicting tree
parameters depending on age.
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0.9
0.8
[ ]
0.7 '&
06 ' ......
=05 o
(7]
3 04 }H
=03
02 =-0.0064x + 1.2579
: 2 -
o1 R2=0617
0
0 20 40 60 80 100 120 140

Age, years

Figure 11. Positioning of indices and ages of plus trees with the age of stands (average age of trees — 98 years)

Source: developed by the authors of this study
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Figure 12. Positioning of indices and ages of plus trees with the age of stands (average age of trees — 98 years)

Source: developed by the authors of this study

The obtained equations can be used to form the
parameters of plus trees by age through the value of
the index I,. Figs. 13 and 14 show the dynamics of the
decrease in the values of the I, index as the age of the
stands increases, separately for each forest type. The
obtained equations of trend dependencies can be

used to predict the parameters of plus trees by their
age through the value of the [, index. The graph shows
that as the age of trees in a given forest type increases,
there is a gradual and stable decrease in the I, index,
which illustrates the process of age-related deteriora-
tion of indicators related to tree growth or quality.

Dynamics of the |, index with age
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Figure 13. Positioning of index reduction with increasing age of plus trees (in conditions of forest type C;-h-oP)

Source: developed by the authors of this study
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Dynamics of the |, index with age
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Figure 14. Positioning of index reduction with increasing age of plus trees (in conditions of forest type C2-h-oP)

Source: developed by the authors of this study

Analysing Figs. 13 and 14, it can be noted that for
the C;-h-oP conditions, the drop in the I, index is more
dramatic than in the case of the C,-h-oP forest type,
where Scots pine grows in more optimal soil conditions.
In both cases, the rate of index decline accelerates af-
ter the plantation reaches the age of about 100 years,
when the risk of losing biotic stability increases sharply,
especially under the influence of summer droughts. The
increased sensitivity to a drop in the I, index in old-
growth stands under fresher and drier conditions is ex-
plained by the development of a greater moisture defi-
cit, which limits the adaptive capacity of trees at a later
age. However, even in humid conditions, a sharp decline
in the 1, index is a negative factor, as it can lead to a
weakening of old-growth stands and create prerequi-
sites for the activation of stem pests. Thus, the graphi-
cal data confirm the need to consider the age threshold
of about 100 years when planning silvicultural meas-
ures aimed at maintaining the biotic stability of pine
stands in different types of forest vegetation conditions.

DISCUSSION

Assessment of the impact of abrupt changes in edaphic
and climatic conditions on the condition of plus trees
and determination of their further growth by paramet-
ric indices calculated by age dynamics is not sufficiently
informative without a comprehensive analysis, includ-
ing the dynamics of the spatial and age structure of
the forest stands in which the trees were selected. At
the same time, the impact of stress factors on Scots
pine stands is a relevant topic in silvicultural research,
and the results presented here are of both silvicultural
and breeding value. The analysis of the identified cor-
respondences and differences in H/DbH of plus trees at
different ages allowed proposing an auxiliary area for
practical validation of regionalisation of forest repro-
ductive material by taxonomic parameters of research
sites. Analogous studies were presented in O. Dan-
chuk et al. (2024), where the assessment was conducted
using a complex indicator - the site class, which re-
flects the dynamics of average heights with age. The
proposed approach using the H/DbH ratio comple-
ments such assessments, expanding the possibilities of
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determining the vital status and ecological plasticity of
trees, which are valuable criteria for the autochthonous
nature of forest stands.

Analogous studies on adaptability were presented
in P. Przybylski et al. (2020), where the dependence of
crown defoliation on taxonomic parameters was as-
sessed based on five-year monitoring of mature pine
stands (> 130 years). No correlation was found between
tree height and diameter and the degree of defoliation,
which the researchers explained by the lack of analysis
of the relationship with tree age, which could reduce
the accuracy of the regression model. At the same time,
the researchers found a dependence of defoliation on
site moisture, which is consistent with current data on
the hygrotope, as the main stress factor of the study
period was a two-year drought.

Another study by P. Przybylski et al. (2021) assessed
crown defoliation depending on the level of biodiversi-
ty, specifically, considering genetic analysis, which con-
cluded that genotype is closely related to adaptability
to stress factors. An analogous relationship can be ob-
served in the findings of R. Matisons et al. (2021), where,
based on a combination of dendrochronological anal-
ysis of trees and genotypic assessment of local popu-
lations that differ in taxonomic indicators, a response
to changes in meteorological conditions was identified.
These studies confirmed the significance of phenotypic
evaluation (selection of plus trees) in further studies
of their hereditary properties to determine the level of
autochthonous forest stands of the metapopulation of
the (local) region of origin. Therefore, when discussing
the results of using the dynamics of the A/H/DbH index
in the edaphic and climatic conditions of Malopolissia
from the standpoint of establishing the region of origin
of forest reproductive material for Scots pine, the pri-
mary task is to determine the autochthonousness of the
forest stands in which plus trees are selected.

Notably, in conditions of wet hornbeam-oak wood-
land, plus trees have greater heights while maintain-
ing an average diameter: plus trees in plots in Buske
and Radekhivske branches (C;-h-oP) show greater val-
ues of average height with a lower DbH/H ratio com-
pared to trees in plots in Kremenetske and Brodivske




branches (C,-h-oP). There are some discrepancies with
the findings of P. Lakyda et al. (2020) and V. Lovynska et
al. (2021) in terms of biomass estimation. Comparing
Polissia as a whole with the Northern Steppe, the re-
searchers noted the greater productivity of pine stands
for the C, edatope in Polissia. This may also indicate the
specific features of the conditions of forest stand de-
velopment in the Malopolissia district for pine forests
in relation to the conditions of Polissia as a whole. The
question of the autochthonous nature of forest stands
by origin often continues to be open. This applies even
to native pine stands. Defining the boundaries of the
region of origin is more challenging when it comes to
local populations of forest-forming species. In Ukraine,
there are currently no opportunities to assess the ge-
nomes of such populations using genetic and molec-
ular markers. Analogously, genetic assessment of plus
trees is not available. Marker and genomic selection
methods are considered to be promising, especially in
the context of climate change. Their potential and fea-
tures were summarised in Ch. Li et al. (2025). According
to by B.E.D. Borges da Silva et al. (2021), it is advisable
to combine genomic testing, field trials, and selection.
M. Lstiburek et al. (2023) proposed a new concept of
breeding evaluation, which involves the gradual de-
termination of a set of genetic traits in forest stands
depending on their age. This will help to improve ap-
proaches to the dynamics of phenotypic evaluation in
a wide range of environmental conditions. The analysis
of growth dynamics, provenance in test cultures, pop-
ulation stands, and plus stands, especially those with
high performance (e.g., Lopatynska pine), in combina-
tion with genetic methods, will enable faster assess-
ment of the adaptability of offspring. This applies to
both individual trees and populations overall.

The study also considered the possibility of mod-
elling the parameters of plus trees and the sustaina-
ble forest stands from which they are selected to im-
prove their functional purpose in forest reproduction.
This approach complements the results of modern
ecopopulation studies in Ukraine, namely: V. Voitiuk et
al. (2020) - assessment of the adaptability of local
pine populations from Volyn; I. Neyko et al. (2020) -
assessment of the adaptability of northern popula-
tions of Scots pine in the southern Llimit of the range;
V. Blystiv et al. (2021) - assessment of the sustainabil-
ity of stand development. The selection of plus trees
in stands of autochthonous origin, as well as in popu-
lations that are plastic to stress factors, increases the
significance of plus selection in the development of
sustainable forests of the future. The massive damage
to Scots pine (Pinus sylvestris L.) stands by stem pests,
particularly bark beetles, which has become wide-
ly publicised in recent years, has even affected plus
trees, which were conventionally considered more re-
sistant. This has exacerbated the scientific and practi-
cal problem of prompt preventive assessment of the
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physiological state of plantations and identification of
the principal causes of their weakening before large-
scale phytophage invasions. K. Davydenko et al. (2021)
addressed these issues in detail, but it should be not-
ed that the effectiveness of pest prediction and the
development of a forest ecosystem protection system
largely depends on the integrated impact of a complex
of stress factors (climatic, edaphic, anthropogenic) and
the adaptive response of trees to them.

It was found that the assessment of the state of
stands by the difference in changes in the A/H/DbH
indices (the ratio of absolute height, mean diameter,
and other morphometric parameters), illustrated in
Figs. 1-6, is an informative indicator of stability dy-
namics. Specifically, smaller values of the difference in
these indices correlate with increased biotic stability of
plantations, while their growth indicates a gradual loss
of stability, accelerated drying out of even plus trees
and, accordingly, more intensive colonisation by bark
beetles. The results are in line with the findings of ear-
lier studies, specifically O. Danchuk et al. (2024), who
substantiated the need to allocate the Malopolissia re-
gion of origin for pine forests based on geobotanical
zonation. This emphasises the significance of regional-
ly oriented approaches to assessing the resilience and
adaptive potential of forest ecosystems.

CONCLUSIONS

The results of the regression analysis based on the
measurements of 43 plus trees in five model plots
(102 replications in total) showed that there are no di-
rect statistically significant relationships between tree
age (A), height (H), and diameter at 1.3 m (DbH) in the
dynamics of age. Instead, a high inverse correlation
was found between the [, index (H/DbH/A) and the
C,-h-oP forest type (correlation coefficient r=-0.785)
and a very high inverse correlation for the C;-h-oP forest
type (r=-0.948). The coefficients of determination (R?)
for the respective linear regression models are 0.617
(C,-h-0oP) and 0.897 (C;-h-oP). The equations of the ob-
tained linear regressions are as follows: for forest type
C,-h-oP:1,=-0.0064A+1.2579 (R?=0.617,P<0.0001); for
forest type C;-h-oP: |, =-0.0093A + 1.6425, (R?=0.899,
P <0.0001). The proposed models can be used to pre-
dict the parameters of selection of plus trees within the
Malopolissia district of hornbeam-oak and pine forests.
The results of the analysis of growth dynamics and bi-
otic stability (preservation) of plus trees showed that,
despite greater taxonomic indicators in wet hygrotopes,
they have lower adaptability to abrupt changes in hu-
midity at the age of more than 100 years compared to
fresh hygrotopes. In fresh hygrotopes, the critical effect
is mainly manifested under conditions of prolonged
moisture deficit. This difference is levelled out with the
systematic increase in the dynamics and amplitude of
climatic factors observed over the past decade. Nota-
bly, a significant part of the plus trees requires urgent
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cloning and preservation of their genetic potential in
clone and family archives or on forest seed plantations.

The findings of the study of plus trees revealed
high germination of stands in terms of productivity in
the experimental plots. The productivity varies depend-
ing on the hygrotope in hornbeam-oak-pine stands,
which is natural. At the same time, these forest stands
can be attributed to the same region of origin of Scots
pine forest reproductive material (FRM) - Malopolissia
district, which covers autochthonous hornbeam-oak
and pine forests. Clarification of the boundaries of this
district is a necessary step for the development of a re-
liable forest seed base, particularly for the further se-
lection of plus trees for plantations. The feasibility of
such a designation is also confirmed by the fact that
in the context of global climate change, intraspecific
variability results in the development of local ecotypes
of Scots pine, which should be considered as the most
promising for reforestation. To effectively select plus

trees that meet the forest vegetation potential of fresh
and wet pine forest types in this region, it is necessary
to clarify quantitative parameters. It is proposed to use
regression models with the I, index (H/DbH/A).
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CTBOpEHUX 00’eKTiB. BaxIMBMM 3aBAAHHAM € GOPMYBAHHS HOBUX €KCMEPUMEHTANIbHUX OINSHOK NS LOC/IIKEHHS
CNafKOBMUX XapakTepuCTUK LepeB, 0COOBAMBO B yMOBaX afanTauii NicOBOro rocnofapctea A0 KNiMAaTUUHUX 3MiH.
JliciBHMYO-TaKcaLiMHa OLiHKA NIKOCOBUX AepeB Y Mexax Manononicbkoro okpyry rpaboBo-ay6oBMx Ta COCHOBMX
niciB npoBeAeHa 3 METOK BCTAHOBNEHHS 3a/1IEXKHOCTEN MiX CMiBBIAHOWEHHSAM BUCOTM Ta AiaMeTpa Ha BUCOTI 1,3 M
i BIKOM gepeB y pi3HMX TMMax nicy 3a pesynbTataMu ix pobopy. [ns BCTAHOBNEHHS AOCTOBIpHMX pe3ynbTaTiB
QHANITUYHO-NOPIBHSANbBHUX BWMCHOBKIB BMKOPWUCTOBYBANMUCA CTaHAAPTHI CTAaTUCTMYHI MeToau. [ns npoBeAeHHs
aHanisy 6yno BMKOPUCTaHO PO3PaxyHOK ABOX iHAEKCIB: |, — MOKasHMK 3MiHM BiKy Yy cnieBigHoweHHi A/H/DbH, Ta
|, = nokasHuk 3MiHu cnissBigHoweHHs H/DbH/A 3anexHo Big Biky. ObunMcieHHs uMX iHOEKCIB 34iCHI0BaNoCs AN
NIOCOBUX LlepeB, 3 ypaxyBaHHAM ix Biky (A), Bucotu (H) Ta giameTpa ctoBbypa Ha BucoTi 1,3 M (DbH). JocniaxeHo
3aN1€XHOCTi 3MiHM BMCOTM Ta fiaMeTpa MI0COBUX AEPEB i3 BiKOM, BU3HAYEHO OCOBAMBOCTI LMX 3aneXHOCTEN ans
[BOX HaNMOWMpPEHiWnX TUNIB NiCy, NPOaHaNi30BaHO ABa BUAM iHAEKCIB 3a3HAYEHMX 3aNEXHOCTEN Ta y3araJibHEHO
BMCHOBKM LLOAO X CTAaTUCTMYHO AOCTOBIpHOI MPWMAATHOCTI OS89 MOAENIOBAHHSA MapameTpis Ao6opy NICOBUX
[epeB y Mexax A0CNiaKyBaHOi TepuTopii. BcTaHOBNEHI y AOCNIAKEHHI MAapaMeTPUYHI 3a1eXHOCTI NICOBUX AepeB
Manononicbkoro oKpyry COCHOBMX J1iCiB 4@HOT0 perioHy NoOXOLKEeHHS MOXYTb OyTM BUKOPUCTaHI SIK ,OAATKOBI KpuTepii
BinbOpY fepeB 3a NPOAYKTUBHICTHO i3 3a6€3MeYeHHIM LOCTaTHbOMO PiBHS iX 6i0TMYHOT CTIMKOCTI. Y CTATTi y3araabHeHa
MOXJIMBICTb BCTAHOBJ/IEHHS PErioHiB MOXOAXKEHHS NiCOBOro penpoaykKTMBHOMO MaTepiany Ha OCHOBI MapaMeTpUYHOI
OLiHKM [epeBOCTaHiB i MIOCOBMX AepeB B MexaxX ManononicbKoro OKpyry Ha MiaCTaBi iX MPUHANeXHoCTi 40
ABTOXTOHHMX JIICOCTAHIB 33 NMOXOMXKEHHSAM. AKTYaNbHICTb AOCNIAKEHD NiACUNOETLCS BNPOBALXKEHHAM MiAX04iB A0
perioHanisalii 1icoBoro penpoayKTMBHOIO MaTepiany Lo, NOAATAE Y BU3HAYEHHI MEX PErioHiB MOXOMAKEHHS Ta MexX
BiAMOBIAHOMO MOLMPEHHS 3 HUX NTICOBOrO penpoAyKTMBHOrO MaTepiany. 3anponoHOBaHMiA Niaxia A0 BNPOBAAKEHHS
perioHanisauii € nepefyMOBOK OTPMMAHHS i BBEAEHHS B 06ir N1icCOBOro penpoayKTMBHOIO MaTepiany Ha 3acagax
iMnneMeHTauii y HopMaTMBHY 6a3y nicoBOro HaCiHHMUTBA i po3caaHmuTea Oupektnen 1999/105/€C Big 22 rpyaHs
1999 poky «[1po MapKeTUHT NiCOBOro penpoAyKTMBHOMO MaTepiany»

KntouyoBi cnoBa: nntocoBi AepeBa; NicCOBUMI penpoayKTMBHUIM MaTepian; perioHanisalis nicoBoro penpoayKTMBHOIO
MaTepiany; perioHn NOXOOXKEHHS Ta MOLIMPEHHS; TAaKCAL,iMHI MOKA3HMKM; TUNK Jlicy; reob0TaHiYHe paioHYBaHHS
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SOM at 2.1-3.3%. Organic fertilisers (manure, green manure) stabilised humus with a correlation of r=0.85-0.90
(p <0.05), while no-till increased soil moisture by 10-15% and cation exchange by 510%. On fertile soils (Eutric
Cambisol), no-till with combined fertiliser increased the SOM by 0.7%, while on sandy soils (Quartzipsamment)
organic fertiliser added 0.4%. The ANOVA analysis confirmed the significant effect of tillage (F=45.2, p<0.001)
and fertiliser (F=38.7, p<0.001) on the SOM. The seasonal dynamics showed a peak in the spring (3.6% in 2023
for no-till). No-till with combined fertiliser was found to be the most effective. The results obtained can be useful
for improving agricultural technologies in the field of organic farming, developing ecological farming systems and
formulating practical recommendations for farmers and agronomists on optimal soil resource management

Keywords: agrotechnology; environmental sustainability; the biological activity of agrocenoses; fertility

conservation; biogeochemical processes

INTRODUCTION

Soil is the main component of terrestrial ecosystems
and maintains a balance between physical, chemical
and biological properties. Soil organic matter is central
to improving soil structure, water-holding capacity and
fertility. Increasing the organic matter content is an
important factor in sustainable soil management and
maintaining the productivity of agricultural land. In
this regard, organic farming is becoming increasingly
widespread as an alternative to conventional farming
methods aimed at the long-term preservation of soil
fertility and environmental sustainability of agricultur-
al landscapes. Organic farming is based on methods
such as crop rotation, legume cover crops, green fertil-
isers and compost, which contribute to the accumula-
tion of organic matter.

The annual growth of organic farming areas in the
world is about 0.2 million hectares, which is 0.5% of
the total area (Willer et al, 2025). The main feature of
organic farming is the exclusion of the use of synthet-
ic fertilisers, pesticides, plant growth regulators and
genetically modified organisms (Tanchyk et al., 2024).
This approach views the farm as a complete ecosys-
tem in which minerals, organic matter, microorganisms,
insects, plants, animals and people interact to form a
balanced and stable environment. The impact of tillage
systems and fertilisation methods on organic matter ac-
cumulation has been the subject of numerous studies.
In the study by M. Allam et al. (2022), a meta-analysis
showed that organic fertilisers increased the organic
matter content (Soil organic carbon (SOC)) by 12.9% (up
to 20.6% for No-Till (NT)), mineral-organic fertilisers
increased yields by 13.4% (Conventional Tillage (CT))
and 12.7% (Reduced Tillage (RT)) in coarse soils, and
the best effect of organic fertilisers was observed in
legumes (15.2%), which emphasises the importance of
adapting fertiliser to the conditions. A nine-year study
of rice-wheat rotation by Z. Zhao et al. (2021) showed
that organic fertilisers (conventional tillage with organ-
ic manure (CTOM), reduced tillage with organic manure
(RTOM)) increased SOC, its active fractions and macro-
aggregates (250 pm), with the highest concentration
recorded in CTOM, which confirms the effectiveness of
organic fertilisation and reduced tillage.
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J. Gerke (2022) showed that humus substances (50-
80% SOC) improve the availability of phosphorus (P),
iron (Fe) and copper (Cu), reduce the toxicity of alu-
minium (Al), bind heavy metals, and perennial plants
and organic fertilisers effectively increase SOC and
contribute to CO, regulation. According to a study by
D. Martin-Lammerding et al. (2021), over ten years in a
semi-arid agroecosystem, organic fertilisers (ORG) un-
der minimal tillage (MT) increased wheat yields com-
pared to mineral fertilisers (MIN) and provided stable
nutrient levels.A. Feilinezhad et al. (2022) analysed that
minimum tillage with manure application provided
the highest maize yield and improved nutrient uptake
compared to no-till. A. Morugan-Coronado et al. (2022)
evaluated the effects of climate, soil and agronomic
practices on crop yields under minimum tillage, and the
results showed that a combination of organic and min-
eral fertilisers gave the best results for cereals, while
organic fertilisers were sufficient for pulses.

H. Cui et al. (2023) studied the effect of different
tillage methods and different levels of nitrogen fer-
tilisation on soil fertility and wheat yield. The results
showed that alternating deep and rotary tillage with
corn straw and 225 kg of nitrogen per ha resulted in
the highest level of fertility and yield at low costs.
H. Zhang et al. (2020) evaluated the long-term (33
years) effects of different tillage methods and straw
return on soil aggregate stability, organic carbon and
nitrogen, and the results showed that no-till and straw
incorporation increased the number of large macroag-
gregates, their organic carbon (OC) and nitrogen (N)
content, improving soil fertility. J. Balik et al. (2020)
studied changes in SOC content over 26 years of silage
maize cultivation. The results showed that mineral ni-
trogen fertilisation accelerates the mineralisation of
stable organic matter, straw application reduces or-
ganic matter losses, and manure increases carbon in
stable organic matter (CSOM) by 16%. L. Lv et al. (2023)
assessed the impact of conservation tillage technol-
ogies on soil chemical properties through a global
meta-analysis, and the results showed that such meth-
ods, especially stubble cover, significantly increase the
content of organic matter, carbon, and key nutrients,




namely nitrogen (N), phosphorus (P), potassium (K),and
cation exchange potential in the soil.

Despite numerous studies, there are gaps in under-
standing the long-term impact of different tillage sys-
tems and organic fertilisation on organic matter accu-
mulation in different soil types and climatic conditions.
In particular, the optimal combinations of fertilisation
and tillage practices that maximise organic carbon
storage and improve soil structure remain poorly un-
derstood. The study aimed to investigate the impact of
different tillage methods (traditional, minimum, zero
tillage) and organic fertilisation (green manure, com-
post, green manure) on the level of organic matter and
agrochemical fertility indicators.

MATERIALS AND METHODS

The study of the impact of tillage and fertilisation on
the accumulation of organic matter and soil fertility
was conducted during 2021-2024 years on the exper-
imental field of the Agricultural Research Institute of
Agriculture of Central Ukraine of the National Acad-
emy of Agrarian Sciences of Ukraine, in Kryvyi Rih.
The study area is characterised by chornozem soils of
medium humus content, which provides favourable
conditions for the experiment and representative re-
sults. The climate of the region is temperate continen-
tal, with warm summers and mild winters, which also
contributes to the successful cultivation of crops and
field research. The study area is characterised by the
following soil types: Typical Hapludult (acidic, well-
drained soils with low organic matter content); Typical
Xerorthent (dry, underdeveloped soils with low fertili-
ty); Typical Udipsamment (sandy soils with low humus
content); Eutric Cambisol (fertile soils with high nu-
trient content); Typical Quartzipsamment (sandy soils
with a predominance of quartz). The study focused on
agronomic tillage systems, including conventional,
minimum and no-till methods, as well as various fer-
tilisation schemes, including both organic and mineral
fertilisers. The assessment of the dynamics of chang-
es in soil organic matter, humus content, physical and
chemical properties of the soil profile, and the effec-
tiveness of different fertilisation systems in a changing
climate were emphasised.

The impact of deep ploughing, minimum tillage
and no-till on the accumulation of organic matter in
the topsoil (0-30 cm) was studied. The effect of miner-
al and organic fertilisers (nitrogen ammonium nitrate,
phosphate superphosphate, potassium chloride) and
organic fertilisers (rotted manure and green manure)
on changes in humus, nitrogen, phosphorus and potas-
sium content was studied. The experiment was laid out
in a randomised quadruplicate design with three tillage
options and three fertilisation schemes: deep plough-
ing (20-25 cm), minimum tillage (10-15 cm), no-till
and mineral fertiliser (NPK), organic fertiliser (manure),
and combined fertiliser (manure + NPK). Each variant
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included a control plot without fertilisation. Soil sam-
ples were collected in the spring and autumn of each
year at depths of 0-10 cm, 10-20 cm and 20-30 cm.

The analyses were performed using a UV-1800
spectrophotometer (Shimadzu, Japan), an electronic
balance Radwag AS 220.R2 (Radwag, Poland) and a pH
meter pH-150MI (Institute of Electric Welding named
after E.O. Paton Institute of Electric Welding, Ukraine), a
drying cabinet and analytical chemicals, including po-
tassium sulphate (K;SO4), hydrochloric acid (HCL), sul-
phuric acid (H2SO4), nitric acid (HNOs), hydrogen perox-
ide (H20,), sodium hydroxide (NaOH), phenolphthalein
indicator, calcium chloride (CaCly), and standardised
solutions for photometric determination of nitrogen,
phosphorus and potassium. The data were processed
using statistical methods of analysis of variation (ANO-
VA) to assess the significance of the influence of var-
ious factors. Plots with homogeneous soil types were
selected for the study, which ensured a correct compar-
ison of results between the variants. The sites were se-
lected based on the criteria of equal exposure and the
absence of factors that could affect the results, such as
excessive moisture or erosion processes. The results of
soil analysis were compared between the experimen-
tal variants to assess the effectiveness of each tillage
and fertilisation system.

Before the experiment, a detailed characteri-
sation of the initial soil properties was carried out.
Fertilisers, namely nitrogen (ammonium nitrate),
phosphorus (superphosphate) and potassium (po-
tassium chloride), were applied following agronomic
recommendations, considering the potential balance
of nutrients in the soil. At the same time, the mass,
moisture content and degree of decomposition of
plant residues were recorded to analyse their impact
on the level of organic matter, following the require-
ments of DSTU 4287:2004 (2005). Soil sampling was
carried out three times a year: in April (spring), July
(summer) and October (autumn) throughout the study
period. This was used to trace the seasonal dynamics
of changes in soil fertility indicators and avoid errors
associated with weather fluctuations between years.
Areas with anthropogenic pollution (industrial or ur-
banised areas) were excluded, as well as soils that had
been severely depleted due to intensive previous use
without appropriate fertilisation.

RESULTS

This section presents the results of an experimental
study of the impact of tillage systems (deep ploughing,
minimum tillage, no-till) and fertiliser types (mineral,
organic, combined) on the accumulation of organic
matter, humus content and agrochemical soil fertil-
ity indicators over the period of 2021-2024 years. An
experiment to study the impact of tillage systems on
the accumulation of organic matter (SOM) and hu-
mus was conducted for 2021-2024 years based on an
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experimental field located in the agro-climatic condi-
tions of Kryvyi Rih. The study aimed to determine how
different tillage methods affect the accumulation and
preservation of organic matter and humus, which are
important indicators of soil fertility. Three tillage ap-
proaches were used in the study: deep ploughing at 20-
25 c¢m, minimum tillage at 10-15 cm, and no-till. Soil
samples for analysis were taken at depths of 0-10, 10-
20 and 20-30 cm in spring, summer and autumn, which
tracked the seasonal dynamics of indicators.

When comparing the organic matter content in
the top 30 cm of soil, it was found that the tillage
system significantly affects its concentration. Under
deep ploughing, the content of POM was the lowest
among all variants and tended to gradually decrease
from 2.3% in 2021 (without fertiliser) to 1.7% in 2024.
Under combined fertilisation (organic and mineral fer-
tilisers), this figure was higher at 3.5% in 2021 but
decreased to 2.9% in 2024. Minimal tillage provided
slightly better results in terms of organic matter accu-
mulation. In the variants without fertiliser, the content
of SOM varied from 2.5% in 2021 to 2.1% in 2024.
When applying the combined fertiliser, maximum
values of 3.8% were observed in 2021 and 3.3% in
2024, indicating the effectiveness of the combination
of reduced mechanical intervention and nutritional
support. The soil was less compacted and easier to
penetrate by the root system, which created favour-
able conditions for crop growth. In the no-till areas,
there were also more earthworms, a bioindicator of
soil health, which indirectly indicates an increase in
biological activity and stabilisation of organic matter
(Mirzavand et al., 2022). In addition to quantitative in-
dicators, there was also a noticeable decrease in ero-
sion processes in areas with minimal and no-tillage.
The stubble residues on the surface retained moisture
reduced the spraying of soil particles during rain and
lowered the temperature of the top layer on hot days.

The highest results were recorded with the no-till
system. In the no-fertiliser variants, the organic mat-
ter content was 2.7% in 2021 and decreased to 2.3%
in 2024. When combined fertilisers were used in the
first year of the study, the SOM reached 4.0%, and in
2024 it remained at 3.4%. This confirms the positive
impact of no-till on the organic part of the soil due to
the preservation of plant residues on the surface and
minimal disturbance of the soil structure. An analysis
of the dynamics of humus content by year and depth
showed a general downward trend. On average, the
humus content of all variants decreased from 2.4%
in 2021 to 2.0% in 2024. The highest concentrations
of humus were observed in the topsoil (0-10 cm), es-
pecially in the no-till system, where the content var-
ied from 2.8-3.0% in 2021 to 2.4-2.6% in 2024. Un-
der deep ploughing, the same layer saw a decrease
from 2.5% to 1.9%, indicating a loss of humus due to
intensive mechanical intervention and accelerated
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mineralisation. At deeper depths (10-20 and 20-
30 cm), there was a less pronounced difference be-
tween the tillage systems, but the general trend of de-
creasing humus content was noticeable in all variants.

SOM has become increasingly important scien-
tifically and practically due to the problem of global
warming and the potential of the soil environment
as a natural reservoir for the accumulation of atmos-
pheric carbon released as CO, due to anthropogenic
activities (Harenda et al, 2018; Navarro-Pedreno et
al., 2021). The most effective measures to increase soil
carbon stocks include increasing the level of organic
residues and reducing the intensity of organic matter
mineralisation processes. The dynamics of organic car-
bon in the soil profile are determined by the balance
between its supply with plant residues and organic
fertilisers and its losses caused by the decomposition
of SOM, CO, emissions, erosion processes and leaching
of dissolved organic compounds (Rajpoot et al., 2024).
The main sources of organic material returned to the
soil system are crop residues and organic fertilisers,
including manure. These components contain a wide
range of organic compounds that are involved in the
formation of microbial structures (Brichi et al., 2023).
These structures perform two main functions: first,
they contribute to the stabilisation of soil particles,
improving the aggregate stability of the soil, and sec-
ond, they participate in microbial respiration, which
causes CO, emissions into the atmosphere. Thus, ef-
fective management of SOM transformation processes
is crucial for maintaining ecological balance, increas-
ing agricultural land productivity and minimising the
negative effects of climate change.

Organic carbon (C) is one of the key elements in
organic farming systems, as its increased accumu-
lation has a positive impact on the soil carbon bal-
ance. A high level of SOM is directly correlated with
the application of organic C, which contributes to a
long-term increase in its concentration (Dittmar &
Lennartz, 2024). The conversion of natural soil eco-
systems into agricultural land, especially under active
mechanical cultivation, leads to a decrease in soil or-
ganic matter content in 60-70% of cases. According
to long-term observations, the SOM decreased by
25-40% in arable land compared to virgin meadows
and pastures. This phenomenon is since traditional
cultivation methods intensify the mineralisation of
organic matter compared to natural conditions, and
do not contribute to the effective accumulation of
organic carbon in the soil profile (Fig. 1). In the tran-
sition period from natural vegetation to cultivated
agrocenoses, mechanical impact on the soil leads to
significant losses of SOM (Filipovic et al., 2024). Thus,
the introduction of conservation tillage practices is an
important measure to reduce the negative impact of
agricultural activities on soil organic matter and en-
sure its long-term preservation and accumulation.
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Figure 1. The tendency of soil organic matter accumulation
from conventional tillage and conservation tillage compared to native soil
Source: compiled by the authors based on A.S.F. de AraA%o et al. (2016)

As organic matter is the main indicator of soil fertil-
ity, changes in its content over time can be used to con-
clude regarding the effectiveness of agricultural prac-
tices. In addition, variations in the content of elements
such as nitrogen, phosphorus and potassium indicate
changes in the physical and chemical properties of
soils, which is relevant for the formation of sustainable
and productive agroecosystems (Muraru et al., 2021).
Accounting for the factors, for further analysis, data
characterising changes in soil organic matter and hu-
mus content in the period 2021-2024 are presented.

These results are presented in Table 1, which shows
how different tillage systems and fertilisation options
affected the accumulation of organic matter in the soil
profile. The dynamics of changes in organic matter
content can be used to assess not only the effective-
ness of individual agricultural practices but also their
long-term impact on soil fertility. Various fertilisation
options, including organic and mineral fertilisers, were
applied to compare their impact on soil conditions, in-
cluding humus levels and nutrient content, which are
important for ensuring crop health and productivity.

Table 1. Organic matter (SOM) content in soil (0-30 cm) depending on tillage system and fertiliser type (2021-2024)

Year Cultivation system Without fertilizer, % Mineral fertilisers, % Organic fertilisers, %  Combined fertilisers, %
2021 Deep ploughing 2.3 2.8 3.2 3.5
2021 Minimum cultivation 2.5 3.0 3.5 3.8
2021 No cultivation 2.7 3.2 3.8 4.0
2022 Deep ploughing 2.1 2.7 3.1 3.3
2022 Minimum cultivation 2.4 2.9 3.4 3.6
2022 No cultivation 2.6 31 3.7 39
2023 Deep ploughing 1.9 2.5 2.9 31
2023 Minimum cultivation 2.3 2.8 3.2 35
2023 No cultivation 2.5 2.9 3.5 37
2024 Deep ploughing 1.7 2.3 2.7 2.9
2024  Minimum cultivation 2.1 2.6 3.0 3.3
2024 No cultivation 2.3 2.8 3.2 3.4

Source: compiled by the authors

According to the data, organic matter retention was
best in the no-till variant, which confirms the high effi-
ciency of this method for improving soil fertility in the
long term. The use of no-till can significantly reduce
soil erosion, increase soil moisture retention, and pro-
mote the accumulation of organic matter on the soil
surface, which has a positive impact on the overall
health of the ecosystem. The effectiveness of the fertil-
isation systems was studied in parallel with the impact
of tillage and included four options: no fertilisation,
mineral fertilisation (using a classic NPK scheme that

included ammonium nitrate, superphosphate and po-
tassium chloride), organic fertilisation (rotted manure
and green manure), and a combined fertilisation that
combined mineral and organic nutrient sources. The ef-
fectiveness of each system was assessed by the content
of organic matter (OM) and the main nutrients nitrogen
(N), phosphorus (P) and potassium (K) in the soil.

In the no-fertiliser variant, the organic matter con-
tent was the lowest regardless of the tillage system. In
deep ploughing, it decreased from 2.3% in 2021 to 1.7%
in 2024, while in the no-till system, this figure was 2.7%
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in 2021 and decreased to 2.3% in 2024. The concentra-
tion of nutrients under these conditions remained at
a minimum level: nitrogen content ranged from 0.10-
0.12%, phosphorus from 45-50 mg/kg, and potassium
from 110-120 mg/kg. This indicated a limited natural
ability of the soil to maintain the nutrient balance
without additional inputs. The use of mineral fertilisers
provided some improvement. In deep ploughing, organ-
ic matter increased to 2.8% in 2021 but decreased to
2.3% in 2024. In the no-till system, the SOM content
was 3.2% at the beginning of the study and 2.8% at the
end of the period. The nitrogen content increased to
0.13-0.15%, phosphorus to 50-55 mg/kg, and potassi-
um to 120-135 mg/kg. These results indicate a positive
but moderate effect of mineral nutrition alone.
Organic fertilisation had a more noticeable effect.
With deep ploughing, the SOM ranged from 3.2% in
2021 to 2.7% in 2024. In the no-till system, the figures
were higher at 3.8% at the beginning of the period and
3.2% at the end. At the same time, there was an increase
in the content of nutrients: nitrogen 0.12-0.14%, phos-
phorus 48-54 mg/kg, and potassium 115-130 mg/kg.
The introduction of organic matter contributed to soil
enrichment, improving its structure and water retention
capacity. The highest rates were recorded in the vari-
ants with combined fertilisation. The content of organic
matter reached a maximum: from 3.5% in 2021 to 2.9%
in 2024 with deep ploughing, and from 4.0% to 3.4%
with no-till. The nitrogen content reached 0.14-0.16%,

phosphorus 52-57 mg/kg, and potassium 125-140 mg/
kg. This confirms the synergistic effect of simultaneous-
ly applying both mineral and organic fertilisers, which
efficiently maintains a high level of soil nutrition.

The overall analysis showed an upward trend in
the concentration of available nitrogen, phosphorus
and potassium during the study period. According to
Table 2, the average soil nitrogen content increased
from 0.12% in 2021 to 0.15% in 2024. Phosphorus
content increased from 50 to 55 mg/kg, and potassi-
um from 120 to 135 mg/kg. The highest concentrations
of nutrients were observed in the no-till variants with
combined fertilisation, which once again confirms the
effectiveness of combining biological enrichment and
chemical support for soil fertility. Furthermore, chang-
es in the content of humus, nitrogen, phosphorus and
potassium in the soil over the years are notable, as
these indicators are critical for assessing soil fertility
and crop productivity. Changes in the content of these
elements in the soil directly affect the ability of soils
to provide plants with the necessary nutrients, which
is important for the efficiency of agricultural systems
(Da Gama, 2023). Therefore, for a greater description of
the dynamics of these changes, as well as for a clear
comparison of different tillage and fertilisation options,
Table 2 is presented. This table shows the results of
analyses of the content of the main nutrients in the soil
at different study sites, which demonstrates the effects
of different agronomic measures over several years.

Table 2. Changes in the content of humus, nitrogen, phosphorus and potassium in the soil over the years (0-30 cm)

Parameter 2021 2022 2023 2024
Humus content, % 2.4 2.1 2.0
Nitrogen (N), % 0.12 0.13 0.14 0.15
Phosphorus (P), mg/kg 50 54 55
Potassium (K), mg/kg 120 130 135

Source: compiled by the authors

As the Table 2 shows, the increase in nitrogen,
phosphorus and potassium in the soil was due to the
use of both mineral and organic fertilisers. This demon-
strates the significant efficiency of the combined use of
these fertilisers to improve the chemical composition
of the soil. Mineral fertilisers ensure fast and accurate
application of the necessary nutrients, while organic
fertilisers contribute not only to replenishing the ele-
ments but also to improving the soil structure, increas-
ing its water retention capacity and activating micro-
biological activity (Varalakshmi et al.,, 2024). Thus, the
combined use of these two types of fertilisers can be
used for a comprehensive improvement in soil fertility,
which in turn ensures a stable increase in crop yields
in the long term. However, the effectiveness of these
methods is largely determined by natural and climat-
ic conditions, soil typology and specific agronomic
management. In particular, under conditions of high
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temperature and humidity, the intensity of organic
matter decomposition increases significantly, which
can complicate its accumulation.

The use of conservation tillage can reduce the loss
of organic matter that is usually observed with con-
ventional ploughing. Reduced or no-till tillage not only
increases organic matter levels but also increases the
biodiversity of soil microorganisms, which is substan-
tial in transforming nutrients and maintaining agroe-
cosystems. The study was conducted on six different
soil types, reflecting a wide range of agronomic and
geochemical conditions: Typical Hapludult, Typical Xer-
orthent, Typical Udipsamment, Eutric Cambisol, Haplic
Calcisol and Typical Quartzipsamment. For each type,
the key fertility indicators of macronutrients (nitrogen,
phosphorus, potassium) and acidity (pH) were deter-
mined after applying different tillage systems (deep
ploughing, minimum tillage, no-till) and fertilisation




schemes (no fertiliser, mineral, organic, combined).
Typical Hapludult, soil with an acidic environment and
relatively low initial organic matter content, showed a
pH in the range of 5.5 to 6.0. The concentrations of N
(0.10-0.13%), P (40-50 mg/kg) and K (100-120 mg/kqg)
were almost unchanged by mineral fertilisers, while
organic amendments significantly increased the SOM
stock by about 0.5% over four years. This result demon-
strates the importance of biological cover and humus
amendment for acidic soils with low buffering capacity.

Eutric Cambisol, which is characterised by high fer-
tility and neutral reaction (pH 6.5-7.0), had the highest
initial nutritional values: nitrogen 0.14-0.16%, phos-
phorus 55-60 mg/kg, potassium 130-145 mg/kg. In this
type of soil, the no-till system together with combined
fertiliser provided a 0.7% increase in organic matter by
the end of the experiment, confirming the synergistic
effect of combining minimal intervention and balanced
nutrient application. Typic Quartzipsamment, a typical
sandy soil with a pH of 6.0-6.5, had the lowest N (0.08-
0.11%), P (35-45 mg/kg) and K (90-110 mg/kg) values.
This soil showed a weak response to mineral fertilisers,
while organic fertilisers contributed to a significant
increase in the SOM by 0.4% during the study period.
Such dynamics are determined by the low water-hold-
ing capacity of sands and limited adsorption capacity.
Typical Xerorthent, Typical Udipsamment and Haplic
Calcisol soils showed intermediate characteristics: their
performance varied depending on the combination of
tillage and fertilisation, but Haplic Calcisol and Typical
Xerorthent were more sensitive to no-till and combined
fertilisation systems. This was particularly evident
in the accumulation of SOM and improvement of pH,
which creates favourable conditions for soil microflora.
Thus, the results showed that for acidic and sandy soils
(Typic Hapludult, Quartzipsamment), the most effective
application of organic fertilisers is in systems with min-
imal or no mechanical intervention. On the other hand,
fertile and neutral soils (Eutric Cambisol, Haplic Calci-
sol) respond best to a combination of no-till and com-
pound fertiliser, which maximises the growth of organic
matter and nutrients.

The no-till system provided a consistently high-
er level of moisture in the tilth layer, especially in the
010 cm interval, where a 1,015% increase in moisture
was observed compared to traditional deep ploughing.
This effect is due to the presence of plant residues on
the surface, which reduce evaporation, suppress weed
growth and create a natural mulch. This improves mois-
tureretention evenduring periods of short-termdrought.
Organic fertilisers positively affected soil acidity, espe-
cially in acidic soil types such as Typic Hapludult. In this
case, the pH increased from 5.5 to 6.0, which signifi-
cantly improved the conditions for the growth of most
crops. At the same time, mineral fertilisers, in particular
phosphate and nitrogen fertilisers, tended to increase
the pH to 5.8-6.2, which partially offset the acidity but

Karabach et al.

did not reach a stable neutral level. The best results in
terms of chemical stabilisation of the soil environment
were obtained under conditions of combined fertilisa-
tion in the no-till system. This combination resulted in
a 5-10% increase in cation exchange potential, which
means better soil buffering, higher nutrient retention
capacity, and increased resistance to pH fluctuations.

Crop residues that accumulated in the no-till sys-
tem (within 23 t/ha) proved to be a key factor in en-
riching the soil with organic matter. A statistically
significant correlation was found between the mass
of residues and the content of SOM (r=0.75, p<0.05),
which confirms their important role in the formation
of the humus horizon. The accumulation of residues
provided an increase in organic matter in the surface
layer at the level of 0.3-0.5% over four years, which is
a significant contribution to the process of humus for-
mation. The most significant changes in the content of
organic matter and humus were observed in the upper
soil layer (0-10 cm) when using the no-till system. Here,
the increase over four years ranged from 0.5 to 0.7%,
indicating a high efficiency of preserving surface bio-
material. At a depth of 10-20 cm, the effect was less
noticeable, with changes of 0.2-0.3%. Even lower, at a
depth of 20-30 cm, the increase was minimal at only
0.1-0.2%. This indicates a clear localisation of the ef-
fects of tillage and fertilisation in the upper layers of
the soil profile, which is of great practical importance
for optimising agronomic practices.

The statistical analysis of the experimental results
was carried out using the ANOVA method to determine
the impact of tillage systems, fertiliser types and their
interaction on agrochemical parameters, in particular,
the content of organic matter, humus and major macro-
elements (nitrogen, phosphorus, potassium). The anal-
ysis demonstrated a high statistical significance of the
effect of each factor on the SOM. In particular, the till-
age system had an F-value of 45.2 at p<0.001, indicat-
ing a very strong effect. The fertiliser type also showed
a significant effect (F=38.7, p<0.001). The interaction
between tillage and fertiliser was less pronounced, but
still statistically significant (F=12.5,p<0.01), indicating
that fertiliser effectiveness depends on tillage condi-
tions. The humus content also significantly depended
on the tillage (F=30.1, p<0.001) and fertiliser type
(F=25.4,p<0.001), although the interaction effect was
weaker and did not reach the level of high confidence.
This means that the factors act independently, but pow-
erfully, affecting the level of humus formation.

A similar pattern was observed for macronutri-
ents. In the case of nitrogen (N), the effect of the till-
age system was F=22.5 (p<0.01), and fertiliser F=20.3
(p<0.01). Similar values were obtained for phosphorus
(P) and potassium (K), where the level of significance
of the effect remained within p <0.05, which also in-
dicates significant changes in the content of elements
depending on agronomic measures. The no-till system
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in combination with combined fertiliser was the most
effective, providing a 0.7% increase in SOM and a 0.5%
increase in humus in the top layer (0-10 cm) over four
years. These results confirm previous research on the
benefits of conservation tillage, in particular its ability
to promote organic carbon accumulation and improve
soil structure. The results underline the significant
positive impact of this approach on the stabilisation
and increase of organic matter, which is key to main-
taining and improving soil fertility. The use of no-till
with combined fertilisation improves agrophysical
properties, including water retention capacity and aer-
ation, and stimulates soil biological activity, including
the growth of beneficial microflora. This ensures long-
term resistance of the soil environment to degradation
processes such as erosion or compaction. In addition,
this approach helps to reduce the carbon footprint of
agricultural production, which meets the current re-
quirements of sustainable development. Thus, the in-
troduction of no-till with combined fertilisation is an
economically and environmentally viable solution for
widespread use in agricultural production, especially
in the face of climate challenges and the need to pre-
serve soil resources.

DISCUSSION

The study of the impact of tillage and fertilisation
on the processes of organic matter accumulation
and soil fertility showed that minimising mechanical
intervention in combination with the rational use of
organic fertilisers significantly improves the physical
and chemical properties of the soil profile increasing
the humus content, optimising the soil structure and
improving its water-air regime. The study established
that reducing the intensity of agronomic impact reduc-
es the risk of degradation processes, such as erosion,
compaction and disruption of microbiological balance,
which, in turn, contributes to the activation of soil mi-
crobiota and the increase in microbiological activity of
agrocenosis. The study confirmed that organic farming
contributes to the increase of SOM reserves and soil bi-
ological activity. This is consistent with the findings of
A.Y.Srour et al. (2020), proved that the long-term use of
different tillage and fertilisation systems in corn-soy-
bean rotations significantly changes the composition
of microbial communities, which in turn affects the bi-
ological activity and fertility of the soil. Changes in the
microbial composition are one of the important factors
that determine the level of organic matter decomposi-
tion (Fedoniuk et al., 2024), which was also confirmed
in the study. This is consistent with the results ob-
tained, which confirm that the application of organic
fertilisers in @ minimum tillage system contributes to
the improvement of the soil microbial environment.

M. Githongo et al. (2023) highlighted that organic
matter management is a key factor in maintaining soil
fertility in the Central Highlands of Kenya. The study
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noted that organic fertilisation increases the stability
of soil aggregates and the content of stable forms of
humus. In addition, the study highlights the importance
of soil biological activity as one of the determining
factors in the stabilisation of humus compounds, which
directly affects the long-term accumulation of organic
carbon in organic farming systems. The study estab-
lished that microbiological processes, in particular the
activity of fungi and bacteria, play a crucial role in the
transformation of organic matter and the formation of
stable humus complexes. This confirms the importance
of regulating the organic cycle through the use of bi-
ologically active organic materials, which not only im-
prove the physical and chemical properties of the soil
butalsohelptoreduce degradation processesand main-
tain agroecosystem sustainability (Poliovyi et al., 2023).

Similar results were obtained by S. Sahoo et
al. (2022) in a study on the effects of tillage and nitro-
gen fertilisation in a maize and rice cropping system in
the Terai zone of India. The results showed that mini-
mal tillage combined with organic nitrogen sources im-
proved soil enzyme activity and increased total organic
matter levels. The results show that under minimum
and no-till conditions, the humus content in the upper
soil layer (0-30 cm) was higher than in the convention-
al ploughing variants. This indicates the potential pos-
itive value of conservation tillage for the preservation
of organic matter in the soil, even without a dynamic
comparison with the baseline. Furthermore, the study
determined that the biological processes of nitrogen
transformation significantly depend on the level of or-
ganic matter in the soil, which confirms the importance
of organic fertilisation in maintaining soil fertility.

M. Voitovyk et al. (2023) showed that the use of
organic fertilisers in typical chornozems contributes
to a long-term increase in humus content. Comparison
of the results with their data shows a general trend
towards a positive effect of organic fertilisers on the
content of humus compounds in the soil. Black soils
have naturally high fertility, but conventional culti-
vation can lead to losses of organic matter (Aipova et
al.,2020). Instead, organic farming methods can reduce
these losses and maintain high levels of humus. The
study also showed that no-till increases levels of soil
organic matter to be retained in the soil compared to
conventional ploughing, confirming the results of this
study. A study conducted by M. Luce et al. (2021) in
Canada found that long-term exposure to tillage and
nitrogen fertilisers affects carbon and nitrogen frac-
tions. The results indicate that conventional ploughing
accelerates the mineralisation of organic matter, which
leads to its loss. This correlates with the findings that
traditional tillage promotes the rapid decomposition
of organic carbon, as evidenced by the decrease in hu-
mus content in the samples. This effect may be particu-
larly significant in colder climates where humification
processes are slower and the preservation of organic




matter is critical to maintaining soil fertility (Boiko &
Kovalenko, 2024). The data obtained in this study indi-
cate that reducing the intensity of mechanical tillage
reduces organic matter losses and contributes to its
stabilisation, which is consistent with their findings.

Y.Li et al. (2024) highlighted the impact of conserva-
tion tillage on microbial communities in aeolian sandy
soils. They confirmed that minimising mechanical inter-
vention increases microbial activity and organic carbon
accumulation. The results show a similar trend, in par-
ticular, increased activity of the microbial community
under conditions of minimal and no-tillage. At the same
time, the study shows that in sandy soils, the stability
of organic matter depends not only on tillage but also
on the level of moisture and availability of nutrients.
E.C. Coonan et al. (2020) highlighted the microbiologi-
cal aspect and analysis of microorganisms in the nutri-
ent cycle in soil and found that tillage and fertilisation
systems largely determine the humification processes.
They note that the optimal ratio between nitrogen and
carbon is a critical factor for maintaining stable organic
matter. These results confirm these conclusions, as the
use of organic fertilisers in combination with minimal
tillage provided optimal conditions for humification
and improved soil physicochemical characteristics.

Thus, the results of the study are consistent with
the findings of other scientists, which confirms the high
efficiency of organic fertilisation and conservation till-
age technologies in maintaining and restoring soil fer-
tility. The study established that minimising mechanical
intervention, including the use of minimal and no-till
tillage, combined with the application of organic fertil-
isers, contributes to the accumulation of organic carbon,
activation of soil microbiota, improvement of soil struc-
ture and increase in its water-holding capacity. These
agro-technological measures have a positive impact on
the formation of sustainable agro-ecosystems, reduce
the risks of degradation processes such as compaction
and erosion, and contribute to the efficiency of nutrient
use by plants (Novakovska et al., 2025).

The findings are consistent with numerous scien-
tific studies that confirm the key role of organic farm-
ing in preserving soil fertility and creating sustainable
agroecosystems. The study proved that the systemat-
ic use of organic fertilisers contributes to the gradu-
al accumulation of organic carbon in the soil profile,
which has a positive impact on the carbon balance
in agricultural landscapes and helps reduce green-
house gas emissions. The introduction of sustainable
tillage and organic fertilisation technologies ensures
the long-term preservation of agronomically valuable
soil properties, which is a prerequisite for maintaining
soil productivity and the environmental sustainability
of agricultural systems (Borko et al., 2025). The results
obtained indicate the expediency of further develop-
ment and implementation of organic technologies in
modern agriculture as an important tool for ensuring
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sustainable land use. Further research identifies the
optimal combinations of agricultural technologies for
different soil and climatic conditions, incorporating soil
types, moisture levels and crop characteristics. It is es-
pecially important to conduct long-term studies aimed
at assessing changes in biogeochemical processes un-
der the influence of organic farming, which will ensure
the development of scientifically sound strategies to
improve the efficiency of agricultural systems and pre-
serve ecological balance.

CONCLUSIONS

Based on the study, the study determined that minimal
tillage and no-till system in combination with organic
fertilisation (manure, green manure) contributed to a
higher accumulation of organic matter in the upper soil
layer (0-30 cm), achieving an increase of 0.7% (up to
3.4% in 2024) compared to the control (1.7% with deep
ploughing). The humus content increased by 0.5% (to
2.6% in the 0-10 cm layer), while deep ploughing led to
a decrease in SOM from 2.3% to 1.7% due to accelerat-
ed decomposition. Minimal tillage maintained the SOM
at 2.1-3.3%. No-till with combined fertiliser increased
the concentration of nitrogen (N) by 0.04% (to 0.16%),
phosphorus (P) by 7 mg/kg (to 57 mg/kg) and potassi-
um (K) by 20 mg/kg (to 140 mg/kg). Organic fertilisers
(manure, green manure) stabilised the humus with a
correlation of r=0.85-0.90 (p <0.05), and no-till in-
creased soil moisture by 10-15% and cation exchange
potential by 5-10%. On fertile soils (Eutric Cambisol),
no-till with combined fertiliser added 0.7% of the SOM,
while on sandy soils (Quartzipsamment), organic fertil-
iser increased the SOM by 0.4%. The seasonal dynamics
showed a peak in the spring (3.6% in 2023 for no-till).
ANOVA analysis confirmed a significant effect of tillage
(F=45.2,p<0.001) and fertiliser (F=38.7, p<0.001) on
TPG and humus. These results indicate the benefits of
no-till for reducing erosion, stabilising carbon balance
and reducing CO, emissions.

The optimal combination of organic fertilisation
with zero or minimal tillage ensures the restoration
of the humus layer, activation of the soil microbiota
and an increase in the cation exchange potential. The
results obtained are of great practical importance, as
they indicate the need to improve modern agricultural
technologies to preserve and restore soil fertility. Fur-
ther research could focus on the long-term impact of
different tillage systems on the dynamics of organic
matter in different climatic conditions, as well as on
the development of combined approaches to agricul-
tural production that consider environmental sustain-
ability and resource efficiency. An important area for
further research is to determine the optimal combi-
nations of agronomic practices to maximise the ef-
fect of SOM accumulation. Therefore, further research
should include an expanded range of environmental
and agronomic conditions to obtain more generalised
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conclusions about the effectiveness of different tillage FUNDING
and fertilisation systems. None.
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AHoTauis. MeTo AocnifxeHHs Oyno BM3HauyeHHs edeKTUBHOCTI TPaAMLIMHOro, MiHiManbHOro Ta 6€30pHOro
00p0o6iTKy 'PpYHTY B MOEAHAHHI 3 METOAAMM OPraHiuHOro yaobpeHHs, TaKUMK K CUAEPATU, OPraHiYHUIA KOMMOCT Ta
3eneHe pobpwueo. ocnigkeHHs 6a3yBanocs Ha MOAbOBUX AOCAIAAX, MPOBEAEHUX HA AiNSHKAX 3 Pi3HUMM TUNamu
IPYHTY, 9Ki Oyn1M BMKOPUCTaHi AN OLHKM BMAMBY 3aCTOCOBAHMX CiNlbCbKOrOCNOAAPCbKMX TEXHOMOTIN Y Pi3HMX
arpoeKonoriyHmMx ymoBax. Pe3ynbtat nokasanu, wo 6e3opHuii 06pobiToK rpyHTY 3 KOMOIHOBaHMM ya06peHHs M
(NPK + rHiit) 3abe3neunB Haubinblue 36inblieHHs BMiCTy opraHiuyHoi peyoBuHu (OPP) y rpyHTi Ha 0,7 % (oo 3,4 %
y 2024 poui) Ta rymycy Ha 0,5 % (no 2,6 % y wapi 0-10 cm) nopieHsHO 3 koHTponeM (1,7 % OPP nig opaHky).
BMmict asory (N) 36inbwmeca Ha 0,04 % (mo 0,16 %), docdhopy (P) Ha 7 mr/kr (no 57 mr/kr) Ta kanito (K) Ha
20 mr/kr (mo 140 mr/kr). Tnmboka opaHka npu3Bena [0 BTPaTM MOBEPXHEBOro OpraHiyHoro cknagy (3 2,3 % no
1,7 %), Tomi siK MiHiManbHW 06po6ITOK IPYHTY MiATPMMYBAB piBEHb NOBEPXHEBOrO OPraHiYHOro CKNaAy Ha PiBHi
2,1-3,3 %. OpraHniyHi gobpusa (rHii, cuoepaty) ctabinisyBanu rymyc 3 kopensuieto r=0,85-0,90 (p < 0,05), Toai sk
6e30pHUi 06p0o6iTOK 36iNbLIMB BONOTICTb FPYHTY HA 10-15 %, a kaTioHHUI 06MiH - Ha 510 %. Ha poatoumnx rpyHTax
(eBTpUYHMIA Kambiconb) 6e30pHMIA 0O6POBITOK 3 KOMBIHOBaHMMM [06pMBaMM 30inbWMB piBEHb MOBEPXHEBOrO
opraHiuHoro cknagy Ha 0,7%, Toai 9K Ha NilWaHWX rPpyHTax (KBapLLOBMI IpyHT) opraHiuHi gobpuea pojanun 0,4 %.
[ucnepciinHmii aHani3 niaTBepAanB 3HaYHKUIA BNAMB 06pobiTky rpyHTy (F=45,2,p<0,001) Ta nobpwme (F=38,7,p<0,001)
Ha piBeHb NOBEPXHEBOro OpraHiyHoro cknagy. Ce3oHHa AMHaMika nokasana nik HaeecHi (3,6 % y 2023 poui gns
6e3opHoro 06pobiTky). be3opHuit 06pobiITOK 3 KOMOIHOBaHWMM fLOOPMBaMK BUSIBUBCS HaedeKTUBHIWKUM. OTpUMaHi
pe3ynbTaT MOXYTb OyTU KOPUCHUMM AN BAOCKOHANEHHS CilbCbKOrOCNOAAPCbKUX TEXHONOTIN y cdepi opraHiuyHoro
3emM1epo6CTBa, PO3POOKM EKONOTIUYHUX CUCTEM 3eMepobCTBa Ta GOPMY/IOBAHHS MPaKTUYHUX PEKOMEHAALIN Ans
tdbepMepiB Ta arpOHOMIB LWOAO ONTUMANIBHOMO YNPaBiHHA FPYHTOBUMYU pecypcamu
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It was emphasised that a 2 kW system could generate 6-10 kWh per day in sunny regions such as Turkestan or
Almaty regions, where insolation reached 1,500-1,800 kWh/m? per year,and 1-10 kW turbines could generate 2-20
kWh per day in windy areas such as Kostanay and Akmola, where wind speeds reached 5-7 m/s. The study also
revealed that in Kazakhstan, from 2020 to 2024, electricity generation from RES increased from 3.24 billion kWh
to 7.581 billion kWh. It was noted that such energy sources contributed to climate adaptation by ensuring reliable
energy supply for irrigation in arid zones or heating during unstable seasons, while also reducing greenhouse gas
emissions, thereby lowering the environmental burden on the agricultural sector. For Kazakhstan, this opened up
prospects for increasing yields due to stable access to energy, reducing dependence on fuel imports,and improving
environmental performance, especially considering that from 2020 to 2024, the cost of RES decreased from USD
0.057 to USD 0.04 for solar energy and from USD 0.039 to USD 0.03 for wind energy, while coal and gas ranged from
USD 0.04-0.25 with a peak in 2022. Thus, RES addressed current problems and also created a foundation for the
long-term sustainable development of agriculture, which was especially important in the context of climate risks

Keywords: solar energy; wind turbines; biogas plants; energy supply to remote areas; social and environmental

benefits; economic efficiency

INTRODUCTION

Agriculture worldwide faced growing challenges relat-
ed to global processes such as climate change, deple-
tion of traditional energy resources, and the need to
ensure food security for the planet’s rapidly growing
population. Dependence on fossil fuels, including oil,
gas, and diesel, made the agricultural sector vulnera-
ble to economic factors such as price fluctuations and
increased its contribution to environmental problems,
which required the search for sustainable alternatives.
For countries with developed agriculture, such as Ka-
zakhstan, these issues gained particular importance
since the agri-sector played a key role in the economy,
ensuring employment, exports, and stability of the food
market. Renewable energy sources (RES) in this context
represented a promising strategic solution, capable
of reducing the environmental footprint of the sector,
improving the efficiency of natural resource use, and
strengthening its ability to adapt to future challenges
(lurchenko et al., 2024). The potential of RES to trans-
form agriculture was especially important in the con-
text of the global transition to a green economy, which
made the study timely and relevant, while also under-
lining the importance of this topic for the sustainable
development of the agricultural sector.

One of the key aspects in agriculture was the study
of the possibilities of using RES to reduce dependence
on fossil fuels and increase the resilience of agricul-
tural production. In the work of S. Sydykov et al. (2023),
the prospects for using renewable energy installations
in the agricultural sector were considered, highlighting
the accessibility and environmental advantages, but at
the same time paying insufficient attention to the prac-
tical aspects of implementation, such as adapting tech-
nologies to various climatic conditions, which limited
the practical value of the results obtained. The study by
M. Laljebaev et al. (2022) noted the potential of wind
energy, focusing on the prospect of turbine installation
and scaling in the windy regions of Kazakhstan, but
overlooked economic barriers and the issue of payback
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for small farms. In the study by D. Esenzhol et al. (2023),
the role of biogas units in waste processing and en-
ergy production was analysed, emphasising the ability
to create a closed-loop system in production, but with-
out addressing the challenges associated with training
farmers and ensuring stable system operation under
limited resources, which restricted the applicability of
the findings.

Another important area was the analysis of the
social and economic effects of implementing RES in
agriculture, which made it possible to assess the im-
pact on the lives of farmers and the development of
rural areas. In the work of A.T.Omarova et al. (2022), the
economic benefits of solar systems in agriculture were
analysed, highlighting the capacity to save fuel costs,
but without considering the long-term consequences
of such systems for small farms, including equipment
wear and the need for component replacement. In the
study by D. Streimikiene et al. (2021), the factors influ-
encing the integration of RES in agriculture were ex-
amined, focusing on social aspects and the prospects of
this direction, but at the same time paying insufficient
attention to workforce qualification and the availability
of training for local residents. The study by C.A. Pizarro-
Loaiza et al. (2021) noted the potential of biogas tech-
nologies for improving living conditions in rural areas,
particularly highlighting the role in providing heat and
energy, but failed to address logistical and infrastruc-
ture challenges necessary for scaling such systems.

An additional aspect requiring attention was the
provision of energy supply to remote rural areas us-
ing RES, which was particularly relevant for regions
with limited access to centralised grids and traditional
fuel types. In the study by G. Augustyn et al. (2021), the
potential for using solar panels for autonomous farm
power supply was explored, emphasising the independ-
ence from external power sources, but without paying
due attention to seasonal fluctuations in solar activity
and the impact on the stability of energy supply in rural




regions. In the work of N. Ganjei et al. (2022), a hybrid
solar-wind power station was designed for use in iso-
lated rural areas, focusing on its adaptability to local
farm conditions, but giving insufficient consideration
to issues of transportation and installation of equip-
ment in hard-to-reach locations. The study by Y. Chen et
al. (2023) analysed the efficiency of a solar and bio-
gas-based system for heating farms and communities,
highlighting the advantages of such energy sources in
the ability to use local resources, but overlooking the
issue of limited technical support availability for such
systems. Thus, this study proposed a broader approach,
combining aspects of energy accessibility and social
impact while considering the interconnection and prac-
tical applicability, which made its conclusions more
comprehensive and oriented towards the real condi-
tions typical for Kazakhstan.

The aim of this study was to examine the potential
of RES - solar, wind, and biogas energy - in increasing
the resilience of agriculture to climate change, reduc-
ing dependence on traditional energy sources, and im-
proving energy supply to rural areas, with an emphasis
on the applicability under the conditions of Kazakhstan.
The research objectives included: identifying the eco-
nomic, environmental, technical, and social benefits of
RES for the agricultural sector to determine how these
technologies could help reduce costs and improve
farmers’ living conditions; analysing the use of RES in
various countries such as India, Germany, and Kenya, as
well as adapting the collected data to the specific fea-
tures of Kazakhstan, including its climatic diversity and
agricultural needs; assessing the prospects of scaling
RES in the agri-sector and the impact on food security
in the long term.

MATERIALS AND METHODS
The methodology of this study, conducted at Astana
International University, was based on qualitative and
quantitative analysis, which allowed for a comprehen-
sive examination of how solar, wind, and biogas energy
could reduce the agricultural sector’s dependence on
traditional energy sources, improve energy supply in
remote areas, and enhance resilience to climate chal-
lenges. The main focus was placed on data collection,
systematisation, and interpretation, taking into account
global trends and the specific context of Kazakhstan as
a region with diverse climatic and economic conditions.
During the study, an analysis was carried out of existing
publications by international organisations dedicated
to the use of RES in agriculture, such as reports by the
International Renewable Energy Agency (n.d.), the Food
and Agriculture Organization (n.d.a), and the World
Bank (2025), which provided data on the cost of RES, the
environmental effects, and the impact on food security.
For the Kazakhstani context, national reports were ex-
amined, including key documents such as the Concept
for the Development of the Agro-Industrial Complex
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of the Republic of Kazakhstan for 2021-2030 (2021),
which defined strategic directions for the development
of agriculture and energy in the agrarian sector. In ad-
dition, materials on climate change were considered,
such as a publication by M. Syzdykova (2024), which
covered the impact of temperature and precipitation on
the agricultural sector. This analysis made it possible
to identify key trends and determine gaps in current
knowledge that required further examination.

The study also included a comparative analysis of
three types of RES - solar, wind, and biogas energy - in
terms of the applicability to agriculture. The technical
characteristics were examined, such as principles of op-
eration, resource requirements, and integration poten-
tial into agricultural processes (e.g., irrigation, product
processing, heating). The comparison was carried out
based on qualitative criteria (reliability, autonomy) and
generalised economic indicators (cost reduction, pay-
back period) to understand how each technology could
meet the needs of farmers in the context of climate
change. To support the theoretical findings, practical
case studies of RES implementation in agriculture were
analysed. Cases from various regions and countries,
such as India, Germany, and Kenya, were considered in
terms of implementation conditions, achieved results,
and lessons that could be adapted for other countries,
including Kazakhstan. Special attention was paid to
how these technologies addressed problems similar
to those in Kazakhstan - droughts in the south, power
supply interruptions in the north, and waste manage-
ment in livestock regions. This stage enabled the link-
ing of general principles with real outcomes, providing
a practical basis for projections.

A separate stage was dedicated to assessing the
applicability of RES in Kazakhstan, taking into account
its geographical, climatic, and socio-economic charac-
teristics. Data on solar activity, wind potential, and vol-
umes of organic waste were used to determine which
technologies were best suited for different regions. In
particular, solar activity data included information on
the number of sunshine hours and radiation levels
taken from a report by the Eurasian Research Institute
(Akhmetkaliyeva, 2025). Information on wind potential
was based on assessments from the same source. Data
on organic waste volumes were obtained from mate-
rials by the Bureau of National Statistics Agency for
Strategic Planning and Reforms of the Republic of Ka-
zakhstan (n.d.), which presented statistical indicators of
waste generation, including organic waste. The current
problems of the agricultural sector were analysed, and
modelling was carried out on how RES could address
these challenges. This analysis was based on general-
ised assessments of costs and benefits, as well as po-
tential social effects such as job creation and improved
living conditions. Based on the conducted analysis,
the findings were synthesised to form projections and
prospects for Kazakhstan. The forecasting included an
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assessment of RES scaling in agriculture over the com-
ing decades, the impact on food security, and the role
of international cooperation. The forecasts were built
considering global trends such as declining technology
costs and growing investments in green energy, as well
as adapting to the conditions of Kazakhstan, including
its climatic diversity and economic priorities.

RESULTS

Agriculture required significant energy resources to
carry out daily tasks, from fieldwork to product process-
ing. The main types of energy were electricity, diesel
fuel, and natural gas, which were used in a wide range
of processes. Processes such as irrigation depended on
pumps powered by electricity or diesel to deliver water
to fields, which was especially important in arid areas
where crop cultivation was impossible without artifi-
cial irrigation. Greenhouses that provided year-round
harvests of vegetables and herbs consumed energy
for heating and lighting, most often relying on gas
or electricity. Agricultural machinery such as tractors,
combines, and trucks operated primarily on diesel fuel,
which made up a significant portion of farmers’ operat-
ing expenses. Finally, product processing, such as grain
drying, milk cooling, or oil production, required stable
power supply to operate the equipment. In Kazakhstan,
energy consumption in the agricultural sector reflect-
ed the country’s geographical diversity: in the south, in
regions such as Almaty Region, a significant share of
energy was used for orchard and field irrigation, while
in the north, in grain belt regions such as Kostanay Re-
gion, the focus was on fuel for machinery used in vast
wheat fields.

The high dependence of agriculture on fossil fuels
created a range of vulnerabilities that became increas-
ingly evident amid global instability. Rising oil and gas
prices directly increased farmers’ costs, reducing the
incomes and competitiveness in the market. This issue
was particularly acute in countries dependent on im-
ported energy resources, such as Kazakhstan, where any
disruption in supply could halt key processes, such as
sowing or harvesting, especially in steppe regions like
Akmola and Kostanay, where agriculture relied heavily
on machinery. Moreover, in remote rural areas such as
the mountainous zones of Almaty Region or the desert
territories of Kyzylorda Region, energy supply was often
unstable due to outdated infrastructure or its complete
absence. Power or fuel outages led to machinery down-
time, spoilage of perishable products,and a general de-
cline in productivity. Such dependence on traditional
energy sources made the agricultural sector fragile in
the face of external shocks — whether economic crises
or geopolitical constraints - highlighting the need for
alternative solutions. Climate change further compli-
cated matters by increasing the vulnerability of agri-
culture and hindering long-term planning. Droughts,
which became more frequent and severe, limited
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access to water needed for irrigation - a critical issue
for regions with low precipitation such as Turkestan and
Mangystau. Conversely, floods destroyed crops, washed
away fertile topsoil, and damaged infrastructure, dis-
rupting supply chains and harming farmers’ economies,
as observed in flood-prone areas of East Kazakhstan
Region. Changes in temperature patterns shifted tradi-
tional growing seasons, increased pest and disease ac-
tivity, and worsened conditions for conventional crops
such as wheat or barley, resulting in reduced yields and
rising food prices.

Remoteruralareasin manyregionsaround the world
faced chronic energy supply issues, which significantly
limited the economic development and quality of life
(Karlilar Pata et al., 2025). The main challenge lay in the
shortcomings of existing infrastructure: centralised en-
ergy grids were focused on cities and large settlements,
leaving remote areas either without electricity or with
unstable access. The length of power lines required to
reach such zones demanded significant investment,and
the maintenance was complicated by equipment wear,
rugged terrain,and harsh climatic conditions. According
to the International Energy Agency (2023a), as of 2023
around 9% of the world’s population (approximately
685 million people) lacked access to electricity, primar-
ily in rural areas. In Kazakhstan, this issue was evident
in vast steppe and mountain territories such as parts of
Almaty, East Kazakhstan, and Kyzylorda regions, which
often remained beyond the reach of reliable energy
grid coverage. According to the Ministry of Energy of
the Republic of Kazakhstan, the electrification level of
rural areas in Almaty Region reached 87% (as of 2023),
but in mountainous districts such as Alakol or Raiym-
bek, outages occurred up to 12-15 times a year, lasting
from 4 to 24 hours due to snowstorms and line break-
ages (Draft Law of the Republic of Kazakhstan, 2025).
In East Kazakhstan Region, around 25% of the rural
population (approximately 180,000 people) lived in re-
mote villages where in 2023 power outages lasted up
to 25 hours per month in winter due to network wear
(the average equipment age was 40-50 years). In Kyz-
ylorda Region, rural electrification was at 72%, and in
remote Aral villages, outages lasted 3-5 days annually
due to sandstorms and the absence of backup sources.
The worn-out infrastructure built during the Soviet era
led to frequent blackouts - in some villages, outages
lasted from several hours to days, especially in winter
when snowstorms damaged the lines (Samruk-Energy,
2025). Connecting small farms to centralised systems
was economically unfeasible: the cost of laying lines
(around 2-3 million tenge per kilometre) and energy
losses over long distances made this option unafford-
able for local budgets. Reliance on diesel generators as
an alternative was also problematic, as deliveries were
unreliable due to poor roads and weather. As a result,
farmers faced equipment downtime, product spoilage,
and limitations in using modern technologies, which




reduced the competitiveness and worsened living con-
ditions. These issues highlighted the need for alterna-
tive solutions for autonomous and sustainable energy
supply where traditional infrastructure was ineffective.

At the same time, according to reports and up-
dates from the Ministry of Energy of the Republic of
Kazakhstan (n.d.), the implementation of RES already
demonstrated potential in these regions. For example,
in Almaty Region in 2023, 15 solar systems with a ca-
pacity of 2-5 kW were installed in mountainous districts
(e.g., Yenbekshikazakh), generating 6-10 kWh per day
and supplying energy to 70 farms due to high insola-
tion. In East Kazakhstan Region, a biogas plant with a
capacity of 8 kW had operated in Ulan District since
2022, processing 400 tonnes of manure annually and
producing 2-4 kWh per day, covering the needs of a
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farm with 15 head of cattle and reducing emissions by
250-300 tonnes of CO,-equivalent annually. In Kyzylor-
da Region, in Kazaly District, wind turbines with a ca-
pacity of 3 kW had been tested since 2021, generating
5-12 kWh per day at wind speeds of 5-6 m/s, supplying
energy to pumps for farms up to 5 hectares. RES be-
came an increasingly significant solution for overcom-
ing the energy and environmental challenges faced
by modern agriculture (Bialkovska et al., 2025). These
sources of energy offered an alternative to tradition-
al energy sources, reducing dependence on fossil fuels
and contributing to the resilience of the agricultural
sector under climate change. Among the key types of
RES were solar, wind, and biogas energy, each of which
had unique characteristics and application potential in
agriculture (Table 1).
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Table 1. Advantages of renewable energy sources in electricity production in agriculture

Category Advantage Solar energy Wind energy Biogas energy
No fuel costs: diesel expenses Payback of turbines (1- Waste management: reduces
Reducing operating reduced by up to 100% 10 kW) in 5-10 years with g ’
. o ; manure management costs
costs Payback period of 5-7 years at  30% cost reduction over 10 o
by 50-70%
. a panel cost of USD 0.6/W years
Economic - - -
Protection against fuel price .
. . . Independence from unstable Local energy production
. increases, such as diesel, which . . AN
Cost stability . gas prices subject to market from waste, eliminating fuel
often fluctuates in remote -
changes delivery costs
areas
Diesel replacement: emissions No emissions: reduction of
reduced by 1.5-2 tonnes of X Methane capture: e.g., 250-
. - carbon footprint by 0.9-1 t .
Reducing CO, emissions COy/year per 5 kW system CO./kW installed capacity/ 400 t CO,-eq/year reduction
. (2.7 tonnes of CO,/year from 2 pacity, from a farm with 20 cattle
Ecological year

diesel)

No exhaust gases, protecting
soil and air from diesel
pollution

Reducing pollution

Clean operation: elimination
of 20-30 t ash/year
compared to coal plants

Waste treatment that
prevents pollution of water
bodies and soil from manure

Generation of 6-10 kWh/day
(2 kW system) with 5-10 kWh
batteries

Autonomy and reliability

Generation of 2-20 kWh/day
(1-10 kW turbine), stability in
5-7 m/s wind

2-5 kWh/day from an
8-10 kW unit, stable
regardless of weather

Easy adaptation from small

Techni
echnical farms to large settlements

Flexibility and scalability

Installation options from
small turbines to large parks

Suitable for different
scales, from small farms to
enterprises

Panel cleaning 2-4 times/year,
service life 20-25 years, battery
replacement every 5-10 years

Ease of maintenance

Inspection every 2-3 years,
turbine life 20-30 years

Waste loading daily, repair
every 5-7 years, service life
15-20 years

Electricity access in homes,
schools, and hospitals in
remote areas

Improving living
conditions

Providing light and heat in
isolated communities

Possibility to produce
energy and heat for rural
settlements

Social Up to 500-700 jobs/GW

Job creation (installation, maintenance)

Up to 300-500 locations/GW.

Up to 50-100 places/MW

Availability of

Mastered within 2-4 weeks
technology for farmers

Preparation in 2-3 weeks

Basic training in 1 month

Source: developed by the authors based on Food and Agriculture Organization (2021), International Energy Agency
(2022), International Renewable Energy Agency (2023a), World Bank (2025), Korem (n.d.)

Solar energy was based on converting sunlight into
electricity using photovoltaic panels, making it one of
the most accessible and versatile renewable energy
technologies. Its operating principle was simple: solar
panels captured photons and converted photons into
electric current, which was then used directly or stored

in batteries for later use. The availability of solar en-
ergy depended on geographical location and climatic
conditions, but even in regions with moderate insola-
tion, it remained effective due to modern technologies
(Moore et al., 2022). In agriculture, solar panels were
widely used: the solar panels powered irrigation pumps,
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providing water to fields without the cost of diesel fuel,
which was especially valuable in arid areas. Solar en-
ergy was also used to light farms and greenhouses,
extending daylight hours and improving growing con-
ditions. Moreover, small-scale solar systems could sup-
port product processing operations such as fruit drying
or milk cooling, reducing farmers’ energy costs. This
energy source was particularly promising for countries
with high solar activity levels, where various regions
could effectively use solar panels for agricultural needs
(Agbor et al., 2023).

Wind energy, in turn, utilised the kinetic energy
of wind, converting it into electricity using turbines,
and represented another powerful tool for agriculture.
Its main feature was its dependence on wind strength
and consistency, requiring careful selection of instal-
lation sites (Shorabeh et al., 2022). Wind turbines
came in various sizes: from large wind farms capable
of supplying whole regions to small units suitable for
individual farms. This scalability made the technology
flexible and suitable for both large agricultural enter-
prises and smallholdings. In rural areas, wind energy
was especially valuable thanks to open spaces with
fewer obstacles, increasing turbine efficiency. For Ka-
zakhstan, with its steppe expanses and strong winds
in the north and west, wind energy could have become
an important addition to the energy supply in rural ar-
eas, particularly where solar activity was lower. Appli-
cations included powering electrical systems for irri-
gation, mills, or lighting, as well as charging batteries
for autonomous use. Wind as a resource was free and
inexhaustible, reducing operational costs after initial
investments.

Another promising area was biogas energy, based
on the anaerobic decomposition of organic waste such
as manure, plant residues, and food waste, releasing
biogas, which was then used to generate electricity
or heat. This process was carried out in special biogas
plants, where microorganisms digested biomass to

0.2
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2023

produce methane - the main component of biogas. In
agriculture, this technology was particularly valuable
as farms generated the raw material for energy pro-
duction, creating a closed loop: livestock or crop waste
turned into fuel, and the by-product (organic fertilisers)
was returned to fields to improve soil quality (Singh &
Kalamdhad, 2022). Biogas could power generators for
electricity, heat greenhouses, or be used for household
needs on farms. In the context of the Republic of Ka-
zakhstan, where livestock farming was developed in
regions such as Akmola and East Kazakhstan, biogas
plants could not only provide energy for farms but also
improve the environmental sustainability by minimis-
ing waste and improving land fertility. The advantage
of biogas energy lay in its independence from weather
conditions, unlike solar and wind energy, and in its en-
vironmental benefits, as it reduced methane emissions
and solved the waste disposal problem.

The economic efficiency of RES became increasing-
ly apparent against the background of rising fossil fuel
prices and the development of renewable energy tech-
nologies. Although initial installation costs for solar
panels, wind turbines, or biogas systems could be high,
long-term operational expenses were significantly low-
er than those of conventional energy sources (Karlilar
Pata & Pata, 2025). One example was diesel fuel for
agricultural machinery or pumps, which required reg-
ular purchasing and was subject to price volatility. In
contrast, solar panels, once installed, used free sunlight
and had a lifespan of 20-25 years with minimal main-
tenance. Similarly, wind turbines, despite initial invest-
ment, paid for the turbines’ operation within 5-10 years
in regions with sufficient wind activity. Biogas plants
were especially cost-effective for farms, due to using
existing waste, converting it into energy without addi-
tional fuel costs. Research by the International Renew-
able Energy Agency (2024a) showed that in 2024, the
cost of electricity from RES (Fig. 1) was on average 20-
40% lower than from coal or gas plants (Fig. 2).

==@==Solar photovoltaic energy
Onshore wind energy

==g==Offshore wind energy

o\‘__\.

2024

Figure 1. Dynamics of the cost of electricity production from renewable energy sources
Source: developed by the authors based on International Renewable Energy Agency (2024q)
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Figure 2. Dynamics of the cost of electricity production from traditional energy sources (average indicators)
Source: developed by the authors based on International Energy Agency (2023b)

Thus, during the period from 2020 to 2024, the cost
of RES fell from USD 0.057 to USD 0.04 for solar ener-
gy and from USD 0.039 to USD 0.03 for wind energy,
whereas coal and gas ranged from USD 0.04 to 0.25,
peaking in 2022. Accordingly, in 2024, electricity pro-
duction from RES was already 20-40% cheaper than
from average coal and gas plants, as well as diesel gen-
erators. It should also be noted that diversifying energy
supply through RES allowed agriculture to reduce risks
associated with fossil fuel market instability. Oil and
gas prices were influenced by multiple factors: from in-
ternational sanctions and conflicts to changes in global
trade. Such fluctuations created uncertainty for farmers,
who found it difficult to plan fuel budgets for machin-
ery or heating. RES, in contrast, provided stability: solar
and wind energy were not subject to market prices, and
biogas was produced locally from waste, eliminating
the need for imports. This was especially important for
countries dependent on external supplies, such as Ka-
zakhstan, where a significant share of fuel was import-
ed.The use of RES enabled the creation of autonomous
energy supply systems, reducing vulnerability to supply
disruptions and increasing cost predictability. Moreover,
combining different types of RES - for example, solar
panels and biogas plants — improved reliability, due to
compensating for each other’s weather- or season-re-
lated limitations.

Real-world examples demonstrated how RES al-
ready reduced agriculture’s dependence on traditional
energy sources across the globe (Aliyev et al., 2024;
Syzdykova, 2024). In India, where more than 60% of the
population was employed in agriculture, a programme
to install solar irrigation pumps reached millions of
farmers. By 2023, over 300,000 such pumps replaced
diesel counterparts, cutting annual fuel costs by USD
500-700 per farm and increasing yields due to stable
water supply (Ministry of New and Renewable Energy
of India, 2024). In Germany, farms actively used biogas
plants: by 2022, more than 9,000 farms produced bio-
gas from manure and plant waste, covering the own
needs and selling energy surpluses to the grid, gener-
ating an additional income of EUR 4 billion (Concept
for the Development of the Agro-Industrial Complex of
the Republic of Kazakhstan for 2021-2030 2021; Statis-
ta, 2025). In Kenya, small-scale wind and solar systems
became a lifeline for remote farms: a project in the

Turkana region enabled local communities to abandon
costly diesel fuel, reducing milk and fish processing
costs by 40% (International Renewable Energy Agen-
cy, 2021). These cases highlighted the practical benefits
of RES and the adaptability to various conditions.
Climate change posed aseriousthreattoagriculture
by increasing the frequency and intensity of extreme
weather events such as droughts, floods, and tempera-
ture anomalies. These factors disrupted production
cycles, reduced yields, and jeopardised food security.
RES became an important tool for increasing the ag-
ricultural sector’s resilience, providing reliable energy
supply, reducing environmental harm, and supporting
key processes such as irrigation (Shahini et al., 2025).
Extreme weather events such as hurricanes, floods, or
prolonged droughts often disrupted centralised power
supply, leaving farmers without electricity and fuel at
critical times. RES offered a decentralised solution that
increased farm resilience to such crises (Tanchyk et
al., 2024; Akhmetkaliyeva, 2025). It was important to
emphasise that agriculture not only suffered from cli-
mate change but also significantly contributed to glob-
al greenhouse gas emissions, exacerbating the climate
crisis. According to the Food and Agriculture Organiza-
tion (2024; n.d.b), the agricultural sector was responsi-
ble for 10-12% of all anthropogenic emissions, includ-
ing carbon dioxide (CO3) from fossil fuel combustion,
methane (CH4) from Llivestock, and nitrous oxide (N,0O)
from fertiliser application. These emissions created a
vicious cycle: agriculture accelerated climate change,
and climate shifts, in turn, reduced its productivity. The
transition to RES - solar, wind, and biogas - offered a
real way to break this cycle by significantly reducing
the industry’s carbon footprint. Agriculture generated
greenhouse gases through numerous processes. For
instance, the use of diesel tractors, generators, and
irrigation pumps emitted millions of tonnes of CO,
annually. According to the International Energy Agen-
cy (2024), diesel combustion in agricultural machinery
alone produced around 500 million tonnes of CO, per
year globally. Livestock contributed even more: manure
decomposition and ruminant digestion (cows, sheep)
released methane, which was 25 times more potent
than CO; in terms of greenhouse effect. The Food
and Agriculture Organization (n.d.b) estimated that
in 2022, livestock farming produced about 3.1 billion
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tonnes of CO, equivalent, of which 44% was methane.
The use of nitrogen fertilisers in fields, especially in
grain production, released nitrous oxide, whose global
warming potential was 298 times higher than that of
CO,. Collectively, these sources made the agricultural
sector one of the main polluters, and without changes,
this share would increase with rising demand for food.
RES could radically reduce these figures by replacing
dirty technologies with clean ones and converting
waste into useful resources.

One of the most effective ways to reduce emissions
was the replacement of diesel systems with solar ones.
Diesel pumps used for irrigation consumed millions
of litres of fuel annually: on average, one 5 kW pump
burned around 1,000 litres of diesel per year, emitting
2.7 tonnes of CO, (given that 1 litre of diesel emitted
2.68 kg of CO3) (Environmental Protection Agency, 2025;
Bureau of National Statistics Agency for Strategic Plan-
ning and Reforms of the Republic of Kazakhstan, n.d.).
Solar pumps completely eliminated these emissions by
operating on free solar energy. According to the Inter-
national Renewable Energy Agency (2016), switching
to medium-power solar pumps reduced emissions by
1.5-2 tonnes of CO, per unit per year. Solar panels also
powered greenhouses and refrigeration units, replacing
gas and coal systems. In Kazakhstan, irrigation played
a key role in the southern regions, so replacing diesel
pumps with solar ones could prevent a large amount of
CO; emissions annually, reducing the carbon footprint.
Wind energy also contributed to decarbonisation, espe-
cially for large agricultural enterprises with higher en-
ergy demand. Unlike fossil fuels, wind turbines did not
produce emissions during operation, and the carbon
footprint was limited to the production and transport
stage (about 10-20 g CO, per kWh over the life cycle,
compared to 800-1,000 g for coal). A 10 kW turbine in-
stalled on a farm could generate 20,000-30,000 kWh
annually in windy regions, replacing diesel generators
and reducing emissions by 15-20 tonnes of CO, per
year. Biogas plants, in turn, had a unique dual effect:
such plants not only replaced fossil fuels but also pre-
vented methane emissions from organic waste. Manure
decomposition in open lagoons released about 1 kg of
CH4 per tonne of waste per day, equivalent to 25 kg of
CO; in greenhouse terms. Biogas systems captured this
methane, burning it to produce energy and converting
it into CO,, which was 25 times less harmful.

Droughts also became one of the most destructive
consequences of climate change threatening agricul-
ture by limiting access to irrigation water. According
to the World Meteorological Organization (2024), the
frequency of droughts increased by 29% since 2000,
and the duration and intensity continued to rise, reduc-
ing water availability for irrigation and land productiv-
ity. This was particularly critical for countries with hot
climates or dependence on irrigated farming, where
crop cultivation became impossible without artificial
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watering. Solar pumps became an effective solution,
ensuring reliable water supply even in the most arid
regions. These devices used solar energy to power wa-
ter pumps that delivered water from wells, rivers, or
reservoirs to fields, requiring no fuel, making this solu-
tion cost-effective in the long run. Unlike diesel pumps,
solar systems operated silently, did not pollute the air,
and could be equipped with batteries for night-time
use. The mobility and ease of installation made solar
systems ideal for remote farms with limited fuel ac-
cess.From a technical perspective, solar pumps offered
several advantages that enhanced the effectiveness in
combating droughts. These pumps operated silently,
unlike noisy diesel engines, improving working condi-
tions for farmers and avoiding disturbance to livestock.
The absence of exhaust gases prevented air and soil
pollution, which was especially important near bodies
of water used for irrigation. Another major advantage
of such systems was mobility, as small solar pumps
were easy to relocate from one plot to another, and in-
stallation took only a few hours and required no com-
plex infrastructure.

RES also offered an effective solution for improving
energy supply in remote rural areas where traditional
infrastructure was either absent or unreliable. Decen-
tralised systems based on solar, wind, and biogas en-
ergy allowed farmers and residents in such regions to
become independent from centralised grids, eliminat-
ing issues related to high connection costs and supply
disruptions (Sadovoy et al., 2025). These technologies
were adapted for local use, required minimal infrastruc-
ture, and could be scaled depending on needs - from a
small farm to an entire village. Solar installations were
among the most accessible and easiest solutions to im-
plement in remote areas. Photovoltaic panels convert-
ed sunlight into electricity that could be used to power
pumps, lighting, refrigeration, or household appliances.
A 2 kW system, for example, could generate 6-10 kWh
per day in sunny regions of Kazakhstan such as Turk-
estan or Almaty, where average insolation reached
1,500-1,800 kWh/m? per year. Equipped with batteries
(5-10 kWh capacity), such systems provided energy even
at night or on cloudy days, which was critical for unin-
terrupted farm operations. Unlike diesel generators, so-
lar panels required no fuel, and maintenance was lim-
ited to periodic cleaning and battery replacement every
5-10 years. Thus, installing 1,000 such systems could
supply up to 5,000 households or farms, eliminating
the need for costly power lines. Wind turbines, in turn,
complemented solar systems, especially in high-wind
regions such as the steppe zones of northern Kazakh-
stan (Kostanay, Akmola regions), where average wind
speeds reached 5-7 m/s. Small turbines with a capacity
of 1-10 kW could generate 2-20 kWh per day, sufficient
to power equipment, lighting, or charge batteries. The
advantage was that wind was often available when
solar energy was limited - for example, in winter or




during storms. Combining solar and wind systems (hy-
brid systems) increased reliability, covering up to 80-
90% of a farm’s energy needs even in variable weath-
er conditions. Biogas plants were particularly relevant
for rural areas with developed livestock farming, such
as East Kazakhstan or Akmola regions of Kazakhstan,
where millions of tonnes of manure were generated
annually. These plants converted organic waste into bi-
ogas (methane), which was used to produce electricity
and heat.Asmall 10 kW station could process 1-2 tonnes
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of manure per day, producing 20-30 kWh of electricity
and up to 50 kWh of heat - enough for a farm with 50-
100 head of livestock. The by-product - biofertilizer -
improved soil and boosted yields. Given that livestock
farming produced about 10 million tonnes of manure
per year, installing 500 biogas plants could generate
up to 5 million kWh of electricity annually, powering
thousands of farms and reducing heating and lighting
costs. The electricity generation indicators of RES in Ka-
zakhstan from 2020 to 2024 are presented in Figure 3.
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Figure 3. Dynamics of renewable energy production in Kazakhstan (2020-2024)
Source: developed by the authors based on the sources RES power generation in Kazakhstan increased by 15% over the
year (2022), United Nations Development Programme (2022), The share of RES in electricity generation in the Republic of
Kazakhstan amounted to 5.92% by the end of 2023 (2024), Share of green electricity in Kazakhstan for 2024 amounted

to 6.43% (2025)

In 2020, electricity generation from RES facili-
ties in Kazakhstan amounted to 3.24 billion kWh. The
share of RES in total electricity production reached 3%.
The installed capacity of RES facilities by the end of
the year was approximately 1,970 MW. The main con-
tribution was made by wind and solar power plants.
In 2021, electricity generation from RES increased
to 4.2 billion kWh, accounting for around 4% of to-
tal electricity production. Installed capacity reached
2,010 MW, due to the commissioning of new facilities,
including wind farms in Zhambyl Region and solar
farms in Almaty Region. Generation growth amounted
to approximately 30% compared to the previous year.
In 2022, electricity generation from RES grew to 5.13
billion kWh, with a share of 4.5% of the total volume.
Installed capacity rose to 2,405 MW owing to new pro-
jects such as solar plants in the south and wind farms
in the northern regions. The generation increase was
about 22% compared to 2021. In 2023, RES electrici-
ty generation reached 6,675.5 million kWh (6.675 bil-
lion kWh), with a share of 5.92% of total production.
Installed capacity rose to 2,868.6 MW, of which wind
farms provided 1,394.6 MW, solar - 1,202.61 MW, small
HPPs - 269.605 MW, and bio-power plants - 1.77 MW.
The increase in generation compared to 2022 was 30%.
Finally, in 2024, RES electricity generation amounted
to 7,581.33 million kWh, which was significantly more
than in the same period of 2023. Installed capacity in

2024 amounted to 3,032.12 MW, and growth continued
through new projects.

It should be emphasised that the scaling potential
of RES in agriculture was immense, given the declining
cost of technologies and rising demand for sustainable
solutions.According to the International Renewable En-
ergy Agency (2019; 2023b; 2024b), in 2020 RES covered
only about 5% of the global agricultural sector’s energy
needs, but by 2050 this figure could reach 30-40% with
active policy and investment. Solar energy led this pro-
cess: the cost of photovoltaic panels fell by 85% from
2010 to 2024 (from USD 4 to USD 0.6 per watt), and the
efficiency improved due to new materials such as per-
ovskites. By 2035, according to BloombergNEF (2025),
solar systems were projected to become the cheapest
energy source in 80% of the world’s countries, making
these systems accessible even for small farms.Wind en-
ergy also gained momentum: small turbines (1-10 kW)
became popular in rural areas, and the cost dropped
by 30% over the last 10 years. Biogas plants, although
requiring initial investment, paid off in 3-5 years due
to fuel savings and excess energy sales. On a global
scale, the International Renewable Energy Agency pre-
dicted that by 2040 up to 50 million farms could use
RES, generating up to 1,500 terawatt-hours of energy
annually - equivalent to India’s current consumption.
In Kazakhstan, RES scaling could have started with the
southern regions (solar irrigation pumps), steppe zones
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in the north (wind turbines for grain farms), and live-
stock areas (biogas). If by 2035, 10% of Kazakh farms
transitioned to RES, this would provide up to 500 MW of
capacity, covering the needs of 50-70 thousand farms.
Scaling up RES in agriculture directly impacted food
security and global sustainability by addressing key
21st-century challenges. According to the Food and
Agriculture Organization (2018), by 2050, global food
production would need to increase by 50% to meet
the needs of 10 billion people, but climate change al-
ready reduced yields: since 2000, droughts and heat-
waves had lowered global wheat and maize harvests
by 5-10%. RES mitigated these risks by ensuring stable
energy supply for irrigation, processing, and storage.

The implementation of RES potential in agriculture
was impossible without international cooperation and
technology exchange, especially for countries with lim-
ited resources. For the Republic of Kazakhstan, interna-
tional cooperation played a key role in accelerating the
transition to RES, especially through partnerships with
leaders in this field, such as the European Union and
India. The EU, as a global leader in wind energy, pos-
sessed advanced technologies and experience: in 2022,
wind installations supplied 17% of the region’s electric-
ity (WindEurope, 2023), and companies like Vestas (n.d.)
and Siemens (n.d.) developed efficient turbines for ag-
ricultural needs. Cooperation with the EU could have
provided Kazakhstan access to these technologies,
adapted for the steppe regions in the north. India, in
turn, was an expert in solar pump usage: its PM-KUS-
UM programme had installed 300,000 such systems by
2023, increasing irrigated land by 1.5 million hectares
(Ministry of New and Renewable Energy of India, n.d.).
Partnership with these countries could have attracted
investments through grants, loans, and foreign direct
investment, accelerating RES deployment several times
compared to the current pace, while scale effects and
competition among suppliers reduced equipment costs.
This would have made RES more affordable for Ka-
zakh farmers and strengthened the country’s position
in global climate initiatives by demonstrating commit-
ment to emission reduction.

RES also brought significant social benefits,among
which were job creation and technology accessibility
for farmers, contributing to stronger rural communi-
ties and the economic stability. The deployment of RES
stimulated employment, covering a wide range of activ-
ities - from equipment manufacturing, installation, and
configuration to routine maintenance and user training.
This process created jobs for local residents, including
technicians, installers, and system operators, which was
especially valuable in rural areas where employment
opportunities were often limited to traditional sectors
such as livestock or crop production. In the Republic
of Kazakhstan, RES development could have provided
jobs for thousands of people involved in solar panel
manufacturing, wind turbine assembly, or biogas plant
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management, helping reduce unemployment and retain
population in rural areas. Employment in this sector did
not require high qualifications at all stages: while design
and complex repairs were handled by specialists, instal-
lation, basic maintenance, and training were accessible
to people with minimal preparation, expanding the
pool of potential workers. Moreover, RES development
supported the local economy, as part of the equipment
could be produced locally, and services for its installa-
tion and operation remained within the region, boost-
ing economic activity and improving living standards.

An equally important social benefit was the acces-
sibility of RES technologies for farmers, making such
technologies a practical solution even for small hold-
ings. These systems were designed to be easy to learn
and operate, allowing farmers to quickly adapt to the
use without the need for deep technical knowledge or
lengthy training. Solar panels, for example, required
only basic understanding for installation and connec-
tion, and the management was intuitive even for begin-
ners.Wind turbines, despite more complex design, came
with simple instructions, making these turbines suita-
ble for independent use after minimal training. Biogas
plants running on farm waste were also accessible to
operate: farmers could learn to load raw material and
keep the system functional in a short period, relying on
basic skills. In Kazakhstan, this was especially relevant,
as the rural population often had practical experience
with machinery, easing the transition to RES. Such ac-
cessibility increased farmers’ independence, enabling
farmers to implement technologies without external
experts, thereby reducing costs and accelerating inte-
gration. As a result, farmers gained the opportunity to
improve the efficiency of the farms - whether irrigating
fields with solar pumps or heating premises using bio-
gas - enhancing the confidence in the future.

DISCUSSION
In the course of this work, it was established that the
introduction of RES has a significant impact on the re-
silience of agriculture in the context of climate change,
opening new opportunities for adaptation and devel-
opment of the sector. These findings highlight that the
transition to RES can transform traditional approaches
to energy supply in the agricultural sector, making it
less dependent on external factors and more flexible
in responding to global challenges. The significance of
this discovery lies in the fact that RES address current
issues such as fuel supply instability or vulnerability
to climate shifts, while also laying the foundation for
long-term stability, allowing agriculture to evolve un-
der growing environmental and resource constraints.
This approach may become key for countries seeking to
maintain the food security and competitiveness in the
global market, especially where natural conditions and
infrastructural specifics require innovative solutions.
However, the results also indicate the need for further




research into how these technologies can be scaled to
make the benefits accessible to a wide range of farm-
ers, including small farms, which often face resource
and knowledge constraints. The study by A. Bathaei and
D. Streimikiené (2023) also highlighted the role of RES
in enhancing agricultural resilience with an emphasis
on the adaptability to climate change, which confirms
the findings of this work, although focusing more on
theoretical aspects, whereas this study includes practi-
cal examples and the regional context of Kazakhstan.In
the study by M. Rahman et al. (2022), the impact of RES
on the resilience of agricultural systems was examined
with an emphasis on improving production and process
efficiency, which aligns with the results of this research,
but with less focus on the social and environmental
benefits, which are more thoroughly analysed here. The
study by A.S. Pascaris et al. (2021) analysed the integra-
tion of RES into agricultural enterprises, emphasising
the strategic importance, which echoes the conclusions
of this study, although this research covers the poten-
tial for scaling and adaptation to the specific conditions
of remote regions more broadly.

This work also established that the introduction of
RES in agriculture has a profound impact on its eco-
nomic and environmental dimensions, highlighting the
potential as a tool for sustainable development. From
an economic perspective, the results show that the
transition to RES can reduce farmers’ dependence on
fossil fuels, stabilise costs, and improve the profitability
of farms through the use of free natural resources and
the minimisation of operational expenses. This means
that the agricultural sector can become more resilient
to market fluctuations and external economic shocks,
which is especially important for countries with devel-
oped agriculture, such as Kazakhstan, where the stabili-
ty of agricultural production directly affects the national
economy. In addition, it was noted that environmental-
ly, RES contributes to reducing the carbon footprint of
the sector by lowering greenhouse gas emissions and
easing the burden on the environment, which in the
long term slows the degradation of natural resources
necessary for agriculture. These findings underline the
dual benefit of RES, as these energy sources not only
improve the financial resilience of farmers but also
contribute to global efforts to combat climate change,
creating a more balanced production model. The study
by Y.Majeed et al.(2023) highlighted the economic ben-
efits of RES for agriculture with a focus on cost reduc-
tion and efficiency improvement, which aligns with the
conclusions of this research, although the mentioned
study concentrates more on general economic aspects,
whereas this research additionally analysed the appli-
cability under the conditions of Kazakhstan. The study
by D. Maradin et al. (2021) conducted an analysis of the
economic efficiency of wind installations, focusing on
the long-term profitability, which resonates with the
findings of this study, although the current study more
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extensively addressed environmental and regional as-
pects adapted to the steppe conditions of Kazakhstan.
The study by A. Alengebawy et al. (2024) emphasised
the environmental effects of biogas systems and the
role in waste processing, which supports the results of
this work, but places less emphasis on the economic
and social benefits, which in this study were considered
an important part of agricultural sustainability.

An important result of this research was the study
of the impact of RES implementation on electricity
availability for remote rural areas, noting that RES can
significantly improve and have a notable impact on
the social aspects of life in farming communities. Re-
garding electricity accessibility, it was noted that solar
panels, wind turbines, and biogas units provide auton-
omous solutions, enabling stable energy supply where
traditional grids are either absent or unstable, which is
especially important for isolated regions. This means
that farmers gain the ability to support key production
processes without dependence on costly fuel delivery
or vulnerable infrastructure, which increases the inde-
pendence and productivity (Nakashydze et al., 2021). At
the same time, from a social perspective, the results
emphasise that RES contribute to improving living
conditions, creating jobs, and simplifying access to
technologies, which strengthens rural communities
and reduces social inequality. These findings indicate
that the implementation of RES can become a catalyst
not only for energy but also for social transformation,
allowing remote areas to integrate into modern eco-
nomic processes and improve the quality of life of the
population. This, in turn, opens up opportunities for
reducing the gap between urban and rural areas, in-
creasing the resilience of local communities, and sup-
porting the development amid global changes, which
is especially relevant for countries with extensive rural
regions, such as the Republic of Kazakhstan. The study
by C. Roldan-Porta et al. (2023) focused on optimising
solar and biogas-based systems for sustainable ener-
gy supply in farms, highlighting the autonomy, which
aligns with the conclusions of this study, but places
greater emphasis on technical optimisation, without
considering the social effects and regional specifics of
Kazakhstan. The study by N. Lefore et al. (2021) ana-
lysed the social and economic benefits of solar sys-
tems, emphasising the accessibility for farmers and
small enterprises, which confirms the findings of this
research, although focusing more on economic aspects,
whereas this study covers the impact on quality of life
and community resilience. The study by O. Saidmama-
tov et al. (2021) examined the use of biogas systems for
rural areas with an emphasis on the potential for iso-
lated regions, which confirms the conclusions of this
work, but pays less attention to the integration of dif-
ferent types of RES. The study by R.F.Tagne et al.(2021)
analysed the social effects of biogas installations in
agriculture, highlighting the role in improving daily
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life and efficiency, which supports the conclusions of
this study, but without analysing the accessibility of
technologies and the impact on employment adapted
to the conditions of Kazakhstan.

In general, the results of this research, combined
with the findings of the mentioned works, underline the
importance of RES for agriculture, demonstrating the
capacity to support the sector under modern challeng-
es.This reveals the potential of RES as a tool capable of
improving various aspects of the agricultural sector, in-
cluding its resilience, efficiency, and social well-being,
which makes RES a vital direction for rural develop-
ment. The results also confirm that RES can play a key
role in adapting agriculture to global changes, offering
solutions that resonate across various contexts, espe-
cially for regions with significant agricultural potential,
where RES can become the foundation for strengthen-
ing the sector and its future progress.

CONCLUSIONS

As a result of this work, it was established that the in-
troduction of renewable energy sources (RES), such as
solar,wind, and biogas energy, possesses significant po-
tential for transforming agriculture, making it more sus-
tainable under climate change conditions. The study re-
vealed that these technologies are capable of reducing
the agricultural sector’s dependence on traditional en-
ergy sources such as oil, gas, and diesel fuel, improving
energy supply in remote rural areas, and strengthening
agriculture’s capacity to withstand climate challenges
such as droughts, floods, and unstable temperatures.

It was noted that in Kazakhstan, RES production
increased from 3.24 billion kWh in 2020 to 7.581 bil-
lion kWh in 2024, demonstrating the growing contri-
bution. The study also emphasised that decentralised
systems, such as solar panels, wind turbines, and biogas
plants, provide autonomy, allowing farmers to maintain
the operation of irrigation systems, lighting, refrigera-
tion units, and other equipment without reliance on ex-
ternal sources. In addition, the transition to RES reduces
the environmental impact of the agricultural sector by
cutting greenhouse gas emissions, as the agricultur-
al sector globally produces 10-12% of anthropogenic

livestock farming in 2022, which contributes to slowing
climate change. As a result of analysing the experience
of other countries such as India, Germany, and Kenya, it
was noted that RES not only enhance the resilience of
agriculture but also contribute to significant economic
and environmental progress. The social and technical
aspects of RES also highlighted the value, as the intro-
duction of these technologies can stimulate job crea-
tion, and the use is characterised by ease of learning
and operation, making these technologies accessible
even to small farms without specialised training. Thus,
globally, RES strengthens food security by increas-
ing yields through stable energy supply and reducing
costs, which opens up prospects for strengthening Ka-
zakhstan’s position in the grain and livestock markets,
making production more competitive and sustainable,
especially considering the decrease in the cost of RES-
based electricity production from USD 0.057 to USD
0.04 for solar energy and from USD 0.039 to USD 0.03
for wind energy from 2010 to 2024.

It should be noted that this work has certain limita-
tions in the form of predominantly considering the use
of RES in the context of Kazakhstan, which may reduce
the generalisability of the conclusions for other regions
with different climatic and economic conditions. For
further research in this field, a promising direction is
the study of the economic feasibility of RES for small
and medium-sized farms in various climatic conditions,
which will allow for the adaptation of technologies to
diverse natural and economic realities and expand the
applicability on a global scale.
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AHoTauif. MeTolo UbOro AOCNIIKEHHS Oyn0o BMBYEHHS MOTEHLiany BifHOBMOBAHMX mxepen eHeprii (BAE) y
NiABULLEHHI CTIMKOCTI CiNIbCbKOro rocnoAapcTBa 40 3MiHM KiMaTy, 3 akKLEeHTOM Ha 3aCTOCOBHOCTI LMX TEXHONOTIN
B KOHTekcTi Kazaxcrany. [locnigpkeHHs 6a3yBanocs Ha SKiCHOMY Ta KinbKiCHOMY aHani3i NOTOYHOro CTaHy CeKTopy,
NOPIiBHANILHOMY aHani3i TeXHONOriM BiAHOBNOBAHOI E€HEpreTMkW, PO3rNsSAi MPaKTUYHMX BMNALKIB Ta OUiHUI
3acTtocoBHOCTI B Pecnybniui KasaxcrtaH. B pesynbtati focniokeHHs 6yno BuaeneHo, wo BAE, Taki Sk COHAYHa, BiTpOBa
Ta 6iorasoBa eHepris, MalOTb 3HAYHUIM NOTEHLIAN ANS NIABULLEHHS CTIMKOCTI CiIbCbKOMO rocnofapCTBa B KOHTEKCTI
3MiHKM KniMaTy. byno BCTAHOBNAEHO, WO Li TEXHONOTiT ePeKTUBHO 3MEHLUMAN 3aNEeXHICTb CiIbCbKOroCnoAapCbKoro
CEKTOpY Bif, BMKOMHOMO NanuBa, WO 6yno ocobnuBo UiHHMM ANng BinaaneHux perioHie. byno HaronoweHo, wwo
cucTeMa nNoTyxHicTo 2 KBT Moxe reHepyBath 6-10 kBT-rog Ha AeHb Yy COHAYHUX perioHax, Takmx K TypKecTaHCbka
abo AnmatuHcbka obnacti, e iHconauia carae 1500-1800 kBt-roa/mM? Ha pik, a Typ6iHu notyxHictio 1-10 kBT
MOXYTb reHepyBaTh 2-20 KBT-rof Ha feHb Y BITPSHMX panoHax, Takux gk KoctaHarn Ta AkMona, ae WBKAKICTb BiTpy
carae 5-7 m/c. locnioxeHHs Takox nokasano, wo B Kasaxcrani 3 2020 no 2024 pik BUPOOHMLTBO eneKTpoeHeprii
3 BLE 3pocno 3 3,24 mnppg kBT-rog no 7,581 mnpp kBt-roa. byno 3asHauveHo, Wo Taki mKepena eHeprii cnpusioTb
afanTauii 4o 3MiHM KniMaTy, 3abe3nevyouM HafiliHe eHepronocTavyaHHs A/ 3pPOLWEHHS B MOCYLIMBUX 30HAX
abo onaneHHs B HecTabinbHi CE30HM, @ TAKOX 3MEHLUYHOUYM BUKMAM MAPHWKOBUX rasiB, TUM CaMUM 3HUXKYHOUM
€KOJIOrYHe HABAHTAXKEHHS HA CinbCbKOrocnoaapcbkuii cektop. [nga KasaxcraHy ue BiAKpWUIO MNepcnekTUBM
30inblUEHHS BPOXXAMHOCTI 3aBASKM CTabinbHOMY JOCTYMNy A0 eHeprii, 3MEHLUEHHIO 3a/IeXKHOCTI Bif iMNOpPTY nanuea
Ta NOKPALLEHHIO €KONOMYHMX NOKa3HMKIB, 0C06AMBO BpaxoBytoun, wo 3 2020 no 2024 pik BapTictb BAE 3HM3MNacs
30,057 po 0,04 ponapis CLUA ons coHauHoi eHeprii Ta 3 0,039 no 0,03 nonapie CLUA ans BiTpoBOi eHeprii, Toai 9k
BYrinng ta ras konusanucs B mexax 0,04-0,25 gonapis CLUA 3 nikom y 2022 poui. TakuMm unHoM, BE Bupiwysanu
NoTOYHi Npobnemu, a TaKOX CTBOPHOBAIM OCHOBY A1 4LOBrOCTPOKOBOI0 CTaNOro po3BUTKY CiflbCbKOrO rocnoaapcTBa,
wo 6yno 0cobAMBO BAXKIMBUM B KOHTEKCTI KNiIMAaTUYHUX PU3MKIB

KniouoBi cnoBa: CoHslYHA eHepreTuka; BiTPOBi TypbiHM; Giora3oBi YCTaHOBKM; €HEpronocTavyaHHa BigganeHux
TEepUTOPIN; coLianbHi Ta €KOMOTiYHI BUroAM; EKOHOMIYHA eeKTUBHICTb
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land management variables from 87 targeted sampling points. Machine learning analysis using Bayesian Neural
Networks (BNN) demonstrated moderate accuracy with R2 =0.840 and RMSE = 0.442 overall, but accuracy
improved significantly when models were adjusted to elevation-specific categories, achieving R2 values up
to 0.999. Lowland paddy field predictions were most influenced by available phosphorus (P), while rainfall,
gender, education, and seed variety were key factors in medium-altitude zones; slope, available P, gender, and
cropping patterns were dominant in highland areas. Pareto analysis supported the identification of these key
yield determinants in each toposequence. The integration of BNN and Pareto approaches enabled the creation
of a high-precision, location-specific yield prediction model. This work demonstrated that tailoring machine
learning models to elevation-based agroecological zones enhances their performance and practical application.
The findings are particularly valuable for agricultural stakeholders including policymakers, extension services,
and farmers, who can leverage these predictive insights to optimise rainfed rice management practices and
improve productivity under variable climatic conditions

Keywords: agricultural sustainability; Bayesian Neural Network (BNN); food security; Pareto analysis; precision

agriculture

INTRODUCTION

Rainfed rice production in monsoonal tropical envi-
ronments continues to be a crucial element of food
systems in many developing regions. These systems
are typified by seasonal rainfall patterns, limited irri-
gation infrastructure, nutrient-depleted soils, and so-
cio-economic challenges. The productivity of rainfed
rice fields is constrained by environmental variability,
soil degradation, and the inability of smallholder farm-
ers to adopt efficient management strategies. These
challenges result in fluctuating and often suboptimal
yields, which limit long-term food security and eco-
nomic resilience in rural areas. As global demand for
rice continues to rise and climate patterns shift un-
predictably, the development of accurate, site-specific
predictive models for rice yields is vital to inform agri-
cultural planning and optimise input allocation in such
high-risk production systems.

Machine learning (ML) has gained popularity in
agricultural modelling due to its ability to manage
complex nonlinear interactions between diverse in-
put data. J. Zhang et al. (2023) developed a hybrid
ML model combining climatic and soil factors for
smallholder farms in Southeast Asia and reported a
significant increase in prediction accuracy when so-
cio-environmental interactions were considered. Anal-
ogously, N. Din et al. (2024) employed convolutional
neural networks for rice yield forecasting across South
Asia, demonstrating that spatial-temporal data inte-
gration markedly enhanced model robustness. P. Vel-
murugan et al. (2023) introduced a fuzzy enumeration
technique in big data environments for agricultural
forecasting and emphasised the predictive advantage
of including farmer demographics and cropping pat-
terns. D. Paudel et al. (2021) proposed large-scale ML
frameworks for European agricultural systems, high-
lighting the scalability of data-driven models while
cautioning that prediction accuracy declines without
site-specific calibration. S. Liu et al. (2017) compared
various ML methods and concluded that Bayesian
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Neural Networks (BNN) outperform conventional re-
gression models in handling uncertainty and sparse
datasets widespread in rainfed regions.

J.Qian et al.(2025) examined the effects of declining
rainfall suitability on paddy production in tropical mon-
soon climates, asserting the need for adaptive model-
ling that accounts for regional climate vulnerabilities.
In a pixel-scale study,S.Jeong et al. (2022) applied deep
learning models to rice yield prediction using satellite
imagery, concluding that predictive power increased
substantially when incorporating slope, elevation, and
localised agroecological variables. J. Pant et al. (2021)
emphasised the significance of non-agronomic inputs,
such as education level and access to improved seed
varieties, in boosting prediction accuracy in rainfed rice
fields. T. Tu et al. (2023) further demonstrated that in
highland paddy systems, land slope and contour sig-
nificantly influenced vyields, and concluded that pre-
dictive models must be tailored to local topographic
and management realities. Although these studies have
contributed to advancements in ML-based crop yield
forecasting, gaps persist in understanding how loca-
tion-specific topographical characteristics, particularly
in tropical rainfed zones such as Central Java interact
with agronomic and socio-economic variables to affect
model performance. Prior research has tended to focus
either on climate or soil characteristics alone, without a
holistic integration of diverse influencing factors within
a localised, elevation-specific context.

The purpose of this study was to construct a rice
yield prediction model for rainfed agricultural systems
in Central Java using a Bayesian Neural Network (BNN)
integrated with Pareto analysis, with the aim of identi-
fying key determinants of yield across multiple moun-
tain toposequences classified by elevation.

MATERIALS AND METHODS

Study area. Six mountain toposequences were
the subject of the study in Central Java, Indonesia,




including the eastern slopes of Mount Slamet

(7°12°19.0S - 7°17°07.1"S & 109°17°37.2’E -
109°26'11.47E), southwest of Mount Sindoro
(7°22°25.8"S 7°29'13.1"S & 109°47°214°E -

109°53'34.3”E), south of Mount Sumbing (7°26°09.6”S -
7°37°'16.0"S & 110°02'59.0"E - 110°08'04.3"E),

northwest of Mount Merbabu (7°2048.0"S -
7°26'05.2"S & 110°1302.5"E - 110°20'38.7"E),
southwest of Mount Merapi (7°37°08.0°"S -
7°39'34.7"S & 110°1812.0"E - 110°20°08.0"E),
and south of Mount Lawu (7°466.3"S -

7°53°19.2"S & 111°9'27.3’E - 111°13’34.9E) (Fig. 1)
The gradient of the land topography was considered

Rizal et al.

during the sampling procedure. A total of 57 locations
were sampled with a gradient of 0-8%, 21 locations with
a gradient of 8-15%, and 9 locations with a gradient of
15-25%. Additionally, topography was also considered
for the analysis. There are 34 locations with an altitude
of under 400 m above sea level, 33 locations with an
altitude of 400-700 m above sea level,and 20 locations
with an altitude of over 700 m above sea level. The
survey used soil samples to identify their composition,
as well as interviews to learn about land management
practices and farmers’ socio-economic circumstances.
The average yield from rainfed rice crops at the re-
search site was 2.12 tonnes ha.

Legend
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Figure 1. Research Site Sampling

Source: ESRI (2022)

Characteristics of the soil. The growth of plants
depends on the characteristics of the soil, which also
significantly influence agricultural yields. According to
field observations and the outcomes of laboratory anal-
yses of soil properties, this study employed data on soil
characteristics in the field (Table 1). Soil types in the
study area ranged between entisols, inceptisols, alfisols,
ultisols, and andisols, with a slope of 0-25%. Generally,
the soil pH at the study site ranged within 5-6, with or-
ganic Cranging within 0.39-7.74%. Soil sampling points

were determined according to the toposequence, with
15-33 sampling points at each toposequence. Soil pH
was measured with a pH stick (Jackson, 1973), and or-
ganic C was measured according to the Walkley and
Black method (Walkley & Black, 1934). Total N was
determined using the Kjeldahl method (Bremner &
Mulvaney, 1982), and available P was determined us-
ing the Olsen method (soil pH>5.5) (Olsen et al., 1954).
The method of ammonium acetate extraction was em-
ployed to analyse available K in soil (Thomas, 1982).
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Table 1. Research parameters of soil characteristics at rainfed rice fields on location-specific toposequences

Parameters (units) Lowland paddy fields  Midland paddy fields  Highland paddy fields Total
pH 5-6 5-6 5-6 5-6
Organic C (%) 0.39-6.03 0.67-4.02 0.96-7.74 0.39-7.74
Total N (%) 0.08-1.63 0.17-1.21 0.17-1.40 0.08-1.63
Available P (ppm) 0.29-23.74 1.04-18.16 1.59-25.78 1.04-25.78
Available K (meq 100g%) 0.25-0.66 0.20-0.77 0.23-0.81 0.20-0.81

Entisols, Inceptisols,

Entisols, Inceptisols,

Entisols, Inceptisols, Entisols, Inceptisols,

Type of soil Alfisols, U.lt|sols and Alfisols and Andisols and Andisols Alfisols, U.lt|sols and
Andisols Andisols
Slope (%) 0-25 0-25 0-25 0-25

Source: compiled based on the analysis of soil characteristics based on (BRMP) Indonesian Agricultural Assembly and
Modernization Agency (2005) and data on plant yield recap based on a social survey carried out by researchers at the

research site

Climate characteristics. The model incorporated
climate data to estimate the amount of water availa-
ble and usable by plants. In the yield prediction mod-
el, climate factors significantly affect crop productivity,
with rainfall and air temperature as the primary de-
terminants of yield outcomes. This predictive model

considered two key variables: rainfall and evapotran-
spiration. The analysis relied on rainfall and air temper-
ature data collected from climatology stations at the
research site between 2014 and 2023, as presented in
Table 2. Evapotranspiration was calculated using the
Thornthwaite method (Moeletsi et al., 2013).

Table 2. Climate characteristics at the research site

Parameters (units) Lowland paddy fields Midland paddy fields Highland paddy fields Total
Rainfall (mm year?) 1,845-4,874 1,845-4,000 2,246-3,954 1,845-4,874
Evapotranspiration 1.90-5.81 1.90-5.81 1.90-5.27 1.90-5.81

(mm day?)

Source: compiled based on the analysis of climate characteristics based on climatology stations at the research

site (2014-2023)

Farmers’ socio-economic land management. Data
were gathered through firsthand interviews with farm-
ers who manage their land. A total of 87 respondents
were included in the study, of whom 75 were male and
12 were female. The majority of respondents were aged
between 51 and 60 years. The distribution of farmers’
education was very diverse, ranging from uneducated
to a master’s degree. Most of the farmers still use con-
ventional methods of cultivation. The farmer’s tools and

techniques affect the yields. To create a site-specific pre-
diction model, this data presented an overview of farmers’
socio-economic circumstances and unique land manage-
ment techniques. However, this study used specific data
on farmers’ socio-economic circumstances (Table 3) and
land management practices (Table 4) to obtain a site-spe-
cific prediction model that can support precision farming.
Typically, the development of predictive models only uses
climate and soil data as the input model.

Table 3. Research parameters of farmers’ socio-economic characteristics
at rainfed rice fields on location-specific toposequence

Highland

Parameters (units) Lowland paddy fields Midland paddy fields paddy fields Total
Farmer’s age (year) 20-70 31-70 31-70 20-70
Gender Male and female Male and female Male and female Male and female
Farming experience 1-30 6-30 6-30 1-30
(years)
Education No education-bachelor No education - senior No education—junior No education-bachelor

high school

high school

No side job, labourer,

Farmer’s side job L
civil servant

No side job, labourer,
civil servant, trader

No side job, labourer,
civil servant

No side job, labourer,
civil servant, trader

Only the head of the

Family involvement family, several family

members

Only the head of the
family, several family
members, and all family members, and all family
members

Only the head of the
family, several family
members, and all family
members

Only the head of the
family, several family
members

Source: developed by the authors of this study based on questionnaire data collection
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Table 4. Research parameters on farmers’land management characteristics
at rainfed rice fields on location-specific toposequence
Pa;ﬂmf:;rs Lowland paddy fields Midland paddy fields Highland paddy fields Total
IR64, IR32, ciherang, ) IR64,IR32, C|herang, Br.engkel.e,
. . IR64,1R32, ciherang, bengawan, . bengawan, Liwu, Mlati, Inpari
Seed Brengkele, Liwu, Mlati, . . IR64, ciherang,
. . mentik wangi, umbul-umbul, 43, HT, umbul-umbul, Mapan,
variety Inpari 43, Mapan, Mekong . bengawan and cepogo .
and barito Mekong, Sugal, barito and
and Sugal
cepogo
Cropping Jajar legowo Jajar legowo Jajar legowo Jajar legowo
method and conventional and conventional and conventional and conventional
Cropplng Sem|—orgap|c and Semi-organic and conventional Sem|—orga'n|c and Semi-organic and conventional
technique conventional conventional
Paddy-paddy-paddy, Paddy-paddy-paddy,
Paddy-paddy-paddy, paddy-paddy-secondary crops,
Paddy-paddy-paddy, paddy-paddy-secondary crops,
Paddy-paddy-secondary paddy-secondary
paddy-paddy-secondary paddy-secondary
. crops, paddy-secondary crops-secondary crops,
Cropping crops, paddy-secondary crops-secondary crops,
crops-secondary crops, paddy-paddy-fallow,
pattern crops-secondary crops, paddy-paddy-fallow,
paddy-paddy-fallow, paddy-secondary
paddy-paddy-fallow, paddy-secondary crops-fallow,
. . paddy-secondary crops-fallow,
paddy-paddy-horticulture, paddy-paddy-horticulture, crons-fallow addv-paddy-horticulture
paddy- horticulture-horticulture P paddy-paday ’

paddy- horticulture-horticulture

Compost, manure, urea, Compost, manure, urea, Compost, manure, urea,ZA, TS
Fertiliser ZA, TS, Phonska, SP36, Compost, manure, urea, ZA, TS, post, : ’ post, g oy

. ZA, TS, Phonska, SP36,  Phonska, SP36, TSP, KCL, NPK,
type TSP, KCl, N_IPSKF; dolomite, Phonska, SP36, TSP, KCL, NPK TSP, KCL NPK dolomite, TSP
Pest No pest disease control, . No pest disease No pest disease control,
. . . No pest disease control, . . .
disease preventive, chemical, . . control, preventive, preventive, chemical,
. chemical, mechanical . . .
control mechanical chemical, mechanical mechanical
Vield 0.62-4.34 0.8-4 0.91-3.57 0.62-4.34
(tonnes/ha)

Source: developed by the authors of this study based on questionnaire data collection

Machine learning. The BNN analysis results used the most effective results and approach the factual re-
87 data samples, with 22 input parameters including sults. The framework of the analysis conducted in this
4 indicators: soil, climate, farmers’ socio-economic study is presented in Figure 2. The data was subse-
data, and land management. The data was operated quently analysed using Pareto to optimise and identify
and tested using different numbers of neurons to get the model determinants.

’ Soil characteristics I Climate data I Socio-economic data I Land management ‘

Data collection

’ BNN analysis > Improvement of specific
toposequence

v

’ Validation & verification }——>{ Pareto analysis

h 4

’ Yield prediction ‘

Figure 2. Framework of yield estimation using machine learning (Bayesian and Pareto approach)
Source: developed by the authors of this study

Six mountainous toposequences were used to The BNN prediction model was made based on spe-
create the forecast model for rainfed rice yields, us-  cific altitude characteristics to increase accuracy at
ing local and field data to produce a precise model. particular places.
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Model accuracy analysis. The capability and reliabil-
ity of the predictive model were assessed using accu-
racy analysis, which was also employed to evaluate the
model’s performance. During the study, the coefficient of
determination (R?), root mean square error (RMSE), and
mean absolute percentage error (MAPE) were calculat-
ed.The following equation was used for this evaluation:

n N2
RMsE = Bt M

MAPE =3, |2| x 100%, @)

where y; is the prediction result; y is the average factual
yield; n is the amount of data sample.

Measurement with root mean square error (RMSE)
involved the analysis to measure the magnitude of er-
ror in the prediction results. The smaller the RMSE val-
ue, the more accurate the prediction result. Meanwhile,

Input layer

Soil Characteristics X
Climate §

Socio-economic data é

Land management /

Hidden layer

measurement with mean absolute percentage error
(MAPE) involved statistical measurement to see the ac-
curacy of estimates in forecasting methods.

RESULTS

Machine learning. The trial-and-error method fre-
quently starts with choosing the ideal weights, the
number of hidden layers, and the neurons in the hid-
den layers (Fig. 3). The backpropagation algorithm’s
control settings often depend on the procedure of tri-
al and error. The operation is analogous to the human
brain. Numerous linked neurons translate input into
new, useful information. Regardless of the magnitude
of the input data being processed, NN systems can be
trained on massive volumes of data rapidly and ef-
fectively. Additionally, NN creates patterns and trends
for analysis that are unachievable for humans and en-
sures the extraction of pertinent data from extremely
complicated data sets.

Qutput layer

\—
|

Figure 3. Schematic of prediction yield using BNN

Source: developed by the authors of this study

The study employed an efficient model compris-
ing three neurons, based on the findings of the test.
The test involved ten different input neurons (Fig. 3).

Table 5 presents trial and error testing using ten dif-
ferent neurons, with the lowest RMSE of 0.442 and the
most outstanding R? score of 0.840.

Table 5. Comparison of model accuracy and the number of neurons employed

Number of neurons

Toposequence Parameters
1 2 3 4 5 6 7 8 9 10
Total RMSE 0.701 0.607 0.442* 0696 0704 0.704 0.704 0705 0.704 0.704
ota
R2 0.519 0638 0.840* 0.525 0513 0.512 0.512 0.511 0512 0.512

Note: RMSE - smaller values are better; R? - greater values are better; * - best values

Source: developed by the authors of this study

Step 1: BNN analysis. The accuracy of yield pro-
jections at certain places was greater than the overall
yield. The findings of this study revealed that predic-
tions made using location-specific altitude data pro-
duced satisfactory outcomes, with the three models’
coefficient of determination over 0.9. The ideal number
of neurons for the models at the three toposequences
varied, with highland paddy fields requiring 8 neurons,
midland paddy fields - 1 neuron, and lowland paddy
fields — 3 neurons. The results of the model accuracy
comparison are presented in Figure 4.
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As demonstrated in Figure 4, the three revisions of
the toposequence-based model demonstrated an in-
crease in performance, with the RMSE and R? values
showing extremely satisfactory results when compared
to when the model was built using total. Pearson val-
ues in all four models were more significant than 0.9,
with the midland paddy fields prediction model having
the greatest value. The total model value was 0.8396
based on the coefficient of determination, whereas the
value of the three model modifications was above 0.99
or remarkably close to the factual value. Analogously to
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the RMSE and MAPE values, the evaluation value of the  and MAPE (21.95%). This demonstrates that when the
error of this model was low in the lowland paddy fields, prediction model was modified based on the accuracy
midland paddy fields, and highland paddy fields models test value, the Pearson and R? values were close to 1,
when compared to the total model with RMSE (0.4421)  while the RMSE and MAPE values were close to 0.

45 7 Pearson 0.9163 4.5 7 Pearson 0.9995

44 R - 0.8396 44 R = 0.9990 -®
35 | RMSE =0.4421 ©® o4 35 RMSE =0.043 o’
2 | MAPE =21.95% @.a% 2 | MAPE = 1.80% o
3 cqe T3 3 o
2.5 1 .“._.-'" ° 2.5 1 .O.‘
2 w7 X 21 »”
~ 15 - ':-'-l'\ ° 1.5 e®
& 17 ‘.: 1] o
2 05 - 0.5 -
S 0 - - - - - - - - , 0 - - - - - - - - ,
2 0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
C
£ @) (b)
T 45 1 45 1
= 4 - Pearson =0.9994 . 4 4 Pearson =0.9999
S 3¢l R = 0.9987 X 55 | R =0.9998 ®
i RMSE = 0.041 ,’ : RMSE  =0.027 °®
> 371 MAPE =161% g 31 MAPE =149%
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141 o 1 - ..c"
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() Factual yield (tonnes ha) (d)

Figure 4. Location-specific crop yield prediction accuracy (a) Total; (b) Lowland paddy fields;
(¢) Midland paddy fields; (d) Highland paddy fields
Source: developed by the authors of this study

Table 6 depicts trial-and-error testing with ten  parameters. According to O. Bazrafshan et al. (2022),
different neurons, with the variation in toposequence in machine learning models, the conditions in the
indicating a different number of neurons used to con-  hidden layer heavily influence the outcomes of the
struct a prediction model. According to M.K.A. Kadir et prediction models formed; the results of modifications
al. (2015), testing neurons using the trial-and-error  and tests in Tables 5 and 6 demonstrate that the num-
approach is critical since this method can identify ber of neurons in a different hidden layer produces
a model with the ideal composition of neurons and different performance.

Table 6. Comparison of the number of effective neurons at each toposequence

Number of neurons

Toposequence Parameters
1 2 3 4 5 6 7 8 9 10
lowland paddy RMSE 0.946 0946  0.043* 0946 0946 0946 0946 0946 0946  0.946
fields R’ 0.580 0587 0999 0580  0.585 0588  0.588 0588  0.576  0.588
midland paddy RMSE 0.041* 0089 0093  0.090 0095 0105 0.104 0098  0.104  0.107
fields R’ 0.999* 0994 0993 0993 0992 0990 0991 0992 0991  0.990
highland paddy RMSE 0.032 0034 0028 0034 0034 0027 0033 0026* 0029 0034
fields R’ 1000 1.000  1.000  1.000  1.000  1.000  1.000  1.000*  1.000  1.000

Note: RMSE - smaller values are better; R? greater values are better; * - best values
Source: developed by the author of this study

The results of the analysis by location classification  closely related to the analysis of input data in specif-

are presented in Table 6 and Figure 4, demonstrating ic locations. This proves that presenting data based on
that the correlation values were highly significant and  specific altitude zones simplifies decision-making for
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users on issues related to agriculture. They show the
same significance of correlation between lowland, mid-
land, and highland rice fields. In this case, this was fac-
tored in when calculating the amount of input data that
needed to be provided during the cultivation phase to
obtain the best yields.

Step 2: Pareto analysis. According to the find-
ings of this study, the rice harvest prediction mod-
el based on particular heights produces greater

Term Term

accuracy. According to the Pareto analysis’s findings,
each elevation criterion had a unique effect standard,
as presented in Figure 5. The available P parameter
was the factor that had the most significant influence
according to the Pareto analysis results at a lowland
paddy field. The farmer’s education determines the
prediction results for midland paddy fields, whereas
the slope factor is the critical element for highland
paddy fields.

Term

00 0s 10 15 20

[ 1 2 3 4

s 5 o 1 2 3 N
Standardized Effect Standardized Effect Standardized Effect
@) (b) (©
A Type of soil G Available K M Education R Cropping method
B Slope H Rainfall N Farming experience S Cropping technique
C pH | Elevation 0] Farmer side job T Cropping pattern
D Organic C J Evapotranspiration P Family involvement u Fertiliser type
E Total N K Farmer’s age Q Seed variety \% Pest disease control
F Available P L Gender

Figure 5. Pareto analysis at each toposequence: (a) Lowland paddy fields; (b) Midland paddy fields;
(¢) Highland paddy fields

Source: developed by the authors of this study

The essential parameters — Available P, Total N,
Pest disease control, and Farmer age, - presented in
Figure 5, are what the lowland paddy fields predic-
tion model depended on. However, only Available P
had a p-value < 0.05 (Table 7). In the lowland paddy
fields, primarily Available P, the data distribution var-
ied, dominated by levels of Available P (<4 ppm) with
41.2% (Table 8). Available P in lowland paddy fields,

which had the greatest average yields, was at levels
of > 15 ppm with 2.97 tonnes ha. This shows that el-
evated levels of Available P can increase rice yields
in rainfed rice fields. Based on research by S. Supriya-
di et al. (2022), available P is closely related to the soil
quality index, especially in paddy fields. This shows
that Available P in lowland paddy fields is one of the
determining factors for this toposequence.

Table 7. The p-value of each parameter classified by a specific toposequence

Toposequence Parameter p-value
Lowland paddy fields
Available P
0.024

Rainfall 0.008
Gender 0.003

Midland paddy fields -
Education 0.000
Seed variety 0.009
Slope 0.002
. Available P 0.020

Highland paddy fields

Gender 0.023
Cropping pattern 0.018

Source: developed by the authors of this study
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Table 8. Prediction determinants of the rainfed lowland rice harvest for each toposesequence

Toposequence Parameter Parameter class Percentage (%)  Yield (ton ha)
<4 41.2 2.23
4-8 14.7 2.17
Lowland paddy fields Available P (ppm) 8-10 14.7 2.36
10-15 5.9 2.33
>15 23.5 2.97
<1500 0.0 0.00
1,500-2,000 15.2 2.79
Rainfall (mm year?) 2,000-2,500 394 2.44
2,500-3,000 9.1 1.39
>3,000 36.4 1.64
Farmers’ gender Male 84.8 219
Female 15.2 1.65
No education 3.0 1.24
. Elementary school 66.7 2.39
Midland paddy fields Farmers’ education Junior high school 24.2 1.36
Senior high school 6.1 2.36
Bachelor’s degree 0.0 0.00
Barito 3.0 3.10
Ciherang 27.3 2.38
Seed variety IR32 6.1 1.32
IR64 57.6 1.96
Mentik wangi 3.0 3.00
Umbul-umbul 3.0 2.05
0-8 60.0 3.57
8-15 35.0 1.93
Slope (%) 15-25 5.0 1.37
25-40 0.0 0.00
>40 0.0 0.00
<4 55.0 1.29
4-8 10.0 2.11
Available-P (ppm) 8-10 20.0 2.02
Highland paddy fields 10-15 5.0 2.00
>15 10.0 2.54
Farmers’ gender Male 20.0 231
Female 10.0 1.61
paddy-paddy-paddy 10.0 2.33
paddy-paddy-fallow 15.0 2.68
Cropping pattern paddy-paddy-secondary crop 35.0 1.63
paddy-secondary crop-secondary crop 35.0 1.17
Paddy-secondary crop-fallow 5.0 1.24

Source: developed by the authors of this study

In contrast, the midland paddy fields model used
four parameters: rainfall, education level, gender, and
seed type (Fig. 5b), with all parameters having a p-val-
ue < 0.05 (Table 7). Based on climatic characteristics,
rainfall is one of the determining factors in rice cul-
tivation in midland paddy fields. Based on the land
suitability guidelines for food crop cultivation, rainfed
rice is optimally cultivated with rainfall conditions of
1,500-2,000 mm year?! (Wahyunto et al., 2016). This
condition is under the distribution of analytical data in
this study, where land with rainfall of 1,500-2,000 mm
year! had the greatest average yield of 2.79 tonnes ha.
Meanwhile, land with rainfall above 2,500 mm year* had

an average yield of 1.64 tonnes ha’. The use of seed va-
rieties in the paddy fields medium also varied. In total, 6
types of varieties were cultivated in the medium of pad-
dy fields. IR64 dominated the existing seed varieties by
as much as 57.6%, while the greatest average yield was
for the Barito variety, which had 3.10 tonnes ha.

Apart from climatic factors and seed varieties,
the midland paddy fields also had a significant corre-
lation with the socio-economic aspects of farmers in
the midland paddy fields, especially gender and edu-
cation. Farmers managing rainfed lowland rice fields
were dominated by men, reaching 84.8%, while women
accounted for 15.2%. Additionally, the vyields on

Scientific Horizons, 2025, Vol. 28, No. 8



174

Machine learning-based prediction of rice yield from rain feeding...

land managed by men had greater yields, with
2.19 tonnes ha', against those managed by women,
with 1.65 tonnes ha t. Whereas in education, the dis-
tribution of data on midland paddy fields varied wide-
ly, starting from no education (3%), elementary school
(66.7%), junior high school (24.2%), and senior high
school (6.1%). The average yield based on the high-
est education classification in the elementary school
education class was 2.39 tonnes ha™ and senior high
school 2.36 tonnes ha™. In comparison, no education
parameter resulted in the lowest indicators, with an av-
erage yield of 1.24 tonnes ha.

The highland paddy fields based on Pareto analysis
had six key parameters, namely Slope, cropping pattern,
Available P, Gender, Pest disease control, and Seed var-
iables that influenced the prediction model, with the
four parameters having a p-value <0.05. According to
the findings of the p-value test in Table 7, like lowland
paddy fields, Available P in highland paddy fields had
a significant correlation with crop yields. Available P
yields are directly proportional to yields, as presented in
Table 8.Available P levels <4 ppm had the lowest yields
with 1.29 tonnes ha*, while Available P levels > 15 ppm
were the greatest with 2.54 tonnes ha?. Gender also
had a significant correlation with rice yields, as estab-
lished for midland paddy fields. In the highland paddy
fields, male farmers accounted for 90%, with an average
harvest of 2.31 tonnes ha, while only 10% were wom-
en with an average harvest of 1.61 tonnes ha.

Slope was one of the predictive determinants with
the most striking difference in each class on highland
paddy fields (Table 8). The analysis results revealed
that a slope of 0-8% dominated the area with 60%
and had the greatest average yield, which reached
3.57 tonnes ha, while the distribution of data which
had a slope class of 8-15% with an average harvest of
1.93 tonnes ha, and 15-25% with an average harvest
of only 1.37 tonnes ha. Slope is one of the critical
points in every crop cultivation, including rice. Accord-
ing to N.Takeda et al. (2019), cultivation of rice on steep
slopes poses significant challenges in the management
of irrigation and groundwater resources. At the same
time, according to T. Tu et al. (2023), rice cultivation in
the highlands with steep slopes has many obstacles,
such as management, difficulty in mechanisation, and
distribution of fertiliser inputs.

DISCUSSION

The tests conducted in this study, which applied four
principal input parameters and three neurons in the
hidden layer, yielded the most effective results among
all the network configurations assessed. As demon-
strated by L. Mou et al. (2022), Bayesian Neural Net-
works (BNN) were capable of simultaneously producing
predicted outcomes and measurement uncertainties,
thereby indicating the deviation of input data from the
training data distribution. This approach, as highlighted
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by S.K. Bal et al. (2022), effectively mitigated the neg-
ative effects caused by out-of-distribution (OOD) data
and prevented erroneous predictions, even with a sin-
gle model parameter. The development of the BNN
model in the present study was based on the specif-
ic toposequence of the farmer’s land to enhance the
accuracy of machine learning analysis. According to
D. Paudel et al. (2021) regional and location-specific
input data were shown to support the construction of
reliable predictive models. The model’s accuracy along
defined toposequences corresponded closely with ob-
served values, illustrating the high effectiveness of the
predictive modelling approach. T. Hengl et al. (2018)
recognised modern machine learning methods as pow-
erful, data-driven tools for predicting soil properties
and landscape variability. Moreover, A.M.J-C. Wadoux et
al. (2023) found that the integration of high-resolution,
site-specific data - including environmental and man-
agement variables - substantially reduced prediction
uncertainty and enhanced model robustness. This find-
ing underscored the significance of tailoring modelling
strategies to various elevation zones within a topose-
quence, as each zone was influenced by distinct factors.

It was therefore clear that individual elevation
categories required separate modelling frameworks to
account for their specific determinants. T. Van Klompen-
burg et al. (2020) demonstrated that yield prediction
models incorporating site-specific factors markedly
reduced errors. Furthermore, according to D. Paudel et
al. (2022), such models provided stakeholders with im-
proved insights and decision-making tools for policy
development and strategic planning in agriculture. The
prediction model developed using elevation categories
followed an analogous structure, beginning with yield
values and identifying key production determinants.
According to Z.C.He et al. (2022), yield prediction meth-
ods generally required site-specific measurements due
to diverse local conditions such as soil composition,
climate variability, socio-cultural norms, and farmers’
management practices. S. Jeong et al. (2022) observed
that large-scale forecasts at the district or city lev-
el tended to be less sensitive to rice yield variations,
owing to the compounding effects of climate change,
soil heterogeneity, and inconsistent land management.
Conversely, X. Yue et al. (2022) highlighted the signifi-
cance of landscape-level predictions, as they provided
deeper insights into crop responses under specific en-
vironmental and agronomic practices.

The Bayesian estimation approach employed in the
present study contributed to the broader modelling ef-
fortsaimed at explaining long-termtrendsin Indonesia’s
agricultural productivity, as previously conceptualised
in the literature. Specifically, it added nuance to existing
research stock models by incorporating the complexity
of Java’s toposequences. Moreover, the current study ex-
tended this framework by introducing uncertainty anal-
ysis into the process of forming new research capital




stocks from agricultural research investments. Al-
though the unpredictable nature of individual research
outcomes was already recognised within Indonesia’s
agricultural science system, this study offered empirical
evidence to substantiate that claim. This uncertainty, as
demonstrated in the findings, underscored the neces-
sity of maintaining a diverse an d adaptable research
portfolio. Supporting varied productivity-enhancing
innovations and promoting flexible, incentive-based
policies in agricultural science and technology were
recommended strategies to address this challenge ef-
fectively. Understanding how neural networks learned
was also considered essential. According to standard
practice, several visualisation techniques were em-
ployed, including intermediate activation visualisation,
convolution filter mapping, heat maps, and saliency di-
agrams. These methods, as shown in the study, illustrat-
ed how the model internally represented visual envi-
ronments and how its feature extraction evolved across
neural layers - enhancing compositional awareness,
class discrimination, and yield prediction performance.
Furthermore, visualisation tools helped in identifying
model weaknesses and guiding model refinement.

The Bayesian approach also enabled the identifi-
cation of critical limiting factors, which could inform
policy recommendations for agricultural communities
and governmental bodies aiming to strengthen and
sustain the agrarian sector in pursuit of food security.
Finally, W.S. Dewi et al. (2022) highlighted that agri-
culture is a cornerstone of global resource utilisation,
consuming approximately 70% of surface and ground-
water and 30% of global energy output,emphasising its
centrality in food and energy supply systems. The crea-
tion of this framework for evaluating the performance
of farming systems could make a critical contribution
to the current study by presenting a systematic per-
formance appraisal model for the distribution system
using a Bayesian neural network. Previously, the de-
velopment of such frameworks focused on increasing
demand-oriented management of on-farm agricultural
systems. Notably, the paradigm is limited to agricultural
distribution systems as a critical element of off-farm
agrarian management. The presented framework can
be used as a decision-support tool to prioritise mod-
ernisation solutions for the farming distribution system.
It also aids the yielding process and governance in de-
termining the technical implications of building these
systems and the environmental consequences.

CONCLUSIONS

The presented study achieved high accuracy in predict-
ing rainfed rice yields in the tropical monsoon climate

Rizal et al.

of central Java, Indonesia, by combining machine learn-
ing methods, specifically Bayesian neural networks
(BNN), and Pareto analysis. Models adapted to eleva-
tion toposequences showed a significant advantage
over general approaches, demonstrating a coefficient
of determination (R?) of up to 0.999, while the gen-
eral model only reached 0.8396. The error indicators
(RMSE =0.4421; MAPE = 21.95%) were low, while Pear-
son’s correlation coefficients exceeded 0.90, confirming
the high reliability of the models. The study identified
specific factors that determine yield in different agro-
ecological conditions. In lowland and mountainous
areas, the most significant factor was the content of
available phosphorus in the soil: at P levels > 15 ppm,
the yield reached 2.97 tonnes ha™* in lowlands and
2.54 tonnes ha™! in highlands. In mid-mountain con-
ditions, climatic (precipitation 1,500-2,000 mm/year -
2.79 tonnes ha™!) and socio-economic factors played a
decisive role: level of education, gender of the farmer,
and choice of seed variety. It was found that male farm-
ers, as well as those with at least a basic education,
achieved greater yields.

Furthermore, the slope indicator proved to be crit-
ical for mountainous areas: plots with a slope of 0-8%
had the greatest average yield (3.57 tonnes ha™'), while
on slopes of 15-25% it decreased to 1.37 tonnes ha™*.
This confirmed scientific observations regarding the
limitations in mechanisation, irrigation, and fertiliser
application on steep slopes. The findings confirmed
the effectiveness of integrating environmental, so-
cio-economic, and technological parameters into
precision agriculture models. The high sensitivity
of models to local conditions allows optimising the
agrotechnical solutions, increasing resource efficiency,
and supporting for sustainable agricultural develop-
ment in conditions of climate instability. Prospects for
further research include conducting long-term field
observations involving dynamic agroclimatic chang-
es, expanding the socio-economic database of farms,
developing integrated resource management models
based on remote sensing of the Earth, and adapting
artificial intelligence to decision-making systems in
precision farming.
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MporHo3yBaHHS YPOXXaNHOCTi pUcy Ha 60rapHUX 3eMJiIX y MYCOHHIl TponiyHin
30Hi f1BN, IHOOHE3iA 3 BUKOPUCTAaHHAM MaLUMHHOIO HaBYaHHSA
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AHoTauif. BupollyBaHHS pucy Ha 6orapHux 3emnsx y TpoMiYHMX paioHax fBW, IHAOHE3IN, WO 3HaxXoaaTbCs nig
BMNIMBOM MYCOHHMX [JOLLIB, YCKNALHIOETbCA 4Yepe3 HecTavyy MNOXMBHMX PEeYOBUH, HerepenbayyBaHiCTb ONaais
Ta oOMexeHi iHBeCTMUii B CiflbCbke rocnofapcCTBO, WO MPU3BOAWUTL A0 KOMMBAHb BPOXAWHOCTI. METOK LbOro
LocnimxeHHs 6yno po3pobneHHs TOYHOI MOAENi NPOrHO3yBaHHS BPOXAMHOCTI PUCY 3 BUKOPWUCTAHHAM MALUMHHOIO
HaBYaHH$, a4aNTOBAHOr0 40 KOHKPETHUX TOMOMOFYHMX NOCNiA0BHOCTEN Y LleHTpanbHin §Bi. 3acTocoBaHO KoMMNeKc
NoNbOBMX Ta NAbOPATOPHUX METOMIB, 3aCHOBAHMX Ha OMUTYBAHHSAX, 3 YPaXyBaHHAM KNIMAaTUYHWUX, FPYHTOBMX,
CoLiaNbHO-EKOHOMIYHMX T arpPOMEHEIKMEHTHUX 3MiHHMX i3 87 LiNbOBUX TOUOK Bif6OPY Np06.AHani3 3a 4ONOMOroH
6a€eciBCbkMX HEMPOHHMX Mepex (BNN) nokasae noMipHy TouHictb (R?=0,840; RMSE =0,442), oaHaK TOUHICTb CYTTEBO
nigBMLLYBanach Npu aganTauii MoAenei [0 KaTeropii 3a BucoTol, gocararoun R? go 0,999. Ins HU3MHHKMX nonis
HaWbinbWKI BNIMB Mana HasBHICTb AocTynHoro docdopy (P); y 30Hax cepeaHbOi BUCOTU KIHOHOBUMU YMHHUKAMM
6ynU KinbKicTb OMafliB, CTaTb, OCBiTa Ta COPT HACiHHSA; A1 BUCOKOTIPHUX PAOHIB — yXUN, LOCTYNHUI docdop, cTaTb i
ciBo3MiHa.AHanis [apeTo niaTBepamB ineHTUdiKaALIKO LMX OCHOBHUX AETEPMIHAHT YPOXKAMHOCTI Y KOXKHOMY TONOCAIi Ai.
IHTerpauis metoaisa BNN i [MapeTo po3Bonvna CTBOPUTM BUCOKOTOUHY, NOKaNi30BaHy MOAENb NPOrHO3YyBaHHS.
Pobota pnoBena, Wo aganTauis mModeneid MaLMHHOMO HAaBYaHHS [0 arpOeKO/IoriYHMX 30H 33 BMCOTOK MOKpaLLye
iXHIO edEeKTUBHICTb | MpaKTUYHe 3acToCyBaHHS. Pe3ynbTat € 0co6AMBO LiHHMMKM ANS arpapHUX CcTeikrongepis —
30KpeMa A/ NoNiTHKiB, BOpaaunx cnyx6 i pepmepis, IKi MOXYTb BUKOPUCTATM MPOrHOCTUYHI AaHi ANS onTUMisauii
ynpaBniHHg 60rapHUM pUCIBHULTBOM B YMOBAaxX 3MiHHOrO KfiMaTy

KniouoBi cnoBa: arpapHa CTilkicTb; 6aeciBcbka HerpoHHa Mepexa (BNN); npogosonbya 6e3neka; aHanis Mapeto;
TOYHe 3emMnepobcTBO
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the tax burden was 26.5%. The level of profitability in private enterprises was 4.7% in the Forest and 6.0% in
Karpatlis, while state-owned enterprises showed stable indicators: 9.1% in Chernihivlishosp, 7.4% in Sumylishosp,
and 5.0% in the Forests of Ukraine. Municipal enterprise Kharkivlis showed the highest profitability - 9.7%. The
structure of indirect fiscal expenditures was analysed separately, among which the main ones were expenditures
on environmental monitoring, forest protection, certification, and reporting. It was established that the share of
indirect expenses in the total expenses of enterprises ranged from 5.4% to 11.8%.The risk assessment of tax reforms
was carried out on a point scale (from 1 to 10) according to five criteria: legal framework, personnel readiness,
business resistance, digitalisation, and fiscal losses. The highest risk profile was recorded in the private sector
(average level - 7.4 points), the lowest - in the public sector (4.8 points). The projected effects of the introduction
of the adaptive tax model included a reduction in the tax burden by 5.5%, an increase in profitability by 3.2%,
investment in reforestation — by 18%, and a decrease in the level of shading by 12.5%. The results of the study
can be used to develop a tax policy and support sustainable forest management at the state and enterprise levels

Keywords: economic efficiency; indirect costs; digitalisation of reporting; fiscal regulation; reform risks

INTRODUCTION

The relevance is conditioned by the need to reform
the tax policy in the field of forestry in Ukraine, which
is conditioned by the strategic role of forests in en-
suring ecological balance, economic stability, and so-
cial employment in the regions. The forest sector is a
source of public revenue, but in the current context
of global changes, increased environmental require-
ments and integration with European standards, there
is a need to create a fair, stimulating, and environmen-
tally oriented tax model. Fiscal instruments should
ensure both efficient use of resources and their recov-
ery. The problem is caused by the fact that the current
system of taxation of forest users is outdated, undif-
ferentiated and does not consider the environmental
responsibility of enterprises. The high tax burden, du-
plication of obligations, lack of incentives to invest in
reforestation, and inconsistency of interdepartmental
mechanisms cause economic losses and reduce the
transparency of the industry, which requires an ur-
gent reconsideration of the fiscal approach (Destek et
al., 2024; Shahini & Shahini, 2025).

As established by N. Tsehelnyk (2021), the level of
tax burden without considering environmental specif-
ics negatively affects the financial stability of forestry
enterprises. It was noted that the fiscal system hin-
ders the renewal of forest infrastructure. According to
N. Pravdiuk (2024), information support in terms of tax-
ation remains fragmented. It was emphasised that du-
plication of reporting leads to an increase in adminis-
trative costs. As noted by S.0. Proyava (2024), investors
avoid investing in the forest industry due to non-trans-
parent tax policies. It was also emphasised that the in-
stability of fiscal conditions reduces interest in long-
term environmental projects. Based on the conclusions
of L. Sofitri (2025), a possible combination of a carbon
tax with quota trading mechanisms in the forest sector.
It was noted that the tax system can become an ef-
fective tool for climate policy. According to research by
J. Stubenrauch et al. (2022), in the European Union (EU),
fiscal mechanisms are being integrated into the climate
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strategy. It was noted that tax instruments support the
sustainable forest development goals.

As highlighted in the study by D. Heine et al. (2021),
it is advisable to set tax rates that vary depending on
the sustainability of production. It has been proven that
such a model can encourage environmentally responsi-
ble forest users and simultaneously ensure tax fairness.
According to X. Shen et al. (2023), the effectiveness of
market instruments in the forest sector depends on the
quality of the institutional environment. It was clarified
that it is stable legal mechanisms that strengthen the
role of fiscal policy in ensuring sustainable forest man-
agement. As noted by S. Anane et al. (2023), small and
medium-sized forest enterprises are essential to sup-
port the local economy, but they face tax pressures that
do not consider the scale of their activities. It was found
that it is necessary to introduce simplified fiscal models
for small producers. C. Besacier et al. (2021) highlighted
the importance of local financial mechanisms for forest
restoration. The researchers concluded that local tools,
in particular tax incentives, can activate environmental
initiatives at the community level. As shown in the study
by D. Deng et al. (2023), the assessment of sustainable
forest management requires an integrated approach
using multi-criteria models. It was determined that the
integration of financial and environmental indicators
should be part of tax analysis. According to S. Aggarw-
al et al. (2020), reforms in the area of forest use rights
remain incomplete, which affects the effectiveness of
tax administration. It was noted that without securing
property rights, it is difficult to implement effective fis-
cal strategies. The impact of tax incentives on reforest-
ation, differentiation of rates depending on the form of
ownership, and the effectiveness of digital tools in the
tax administration of the forest sector remain insuffi-
ciently investigated.

The purpose of the study was to substantiate the
areas of improving the tax policy in the field of forestry
in Ukraine to ensure its efficiency, fairness, and promo-
tion of sustainable forest management.




MATERIALS AND METHODS

The time limits of the study covered the period from
2020 to 2024, which allowed assessing the transfor-
mation processes in the forest taxation system against
the background of legislative, economic, and environ-
mental changes. The research methodology combined
quantitative and qualitative analysis methods, includ-
ing comparative statistics, structural analysis, expert
evaluation, and predictive modelling of tax policy
scenarios. Data processing was performed using the
Python programming language (Pandas library, Mat-
plotlib, Seaborn), the Microsoft Excel table editor, and
IBM SPSS Statistics statistical analysis software. The
main sources of data were financial reports of enter-
prises, official statistics of the State Statistics Service of
Ukraine (2024), materials of the State Agency of Forest
Resources (2024).

To analyse the economic indicators of the tax bur-
den, six enterprises were selected that represent dif-
ferent organisational and legal forms, business scale,
and regional affiliation. The selection included three
state-owned enterprises (State Enterprise Chernihiv-
lishosp (2022), State Enterprise Sumylishosp (n.d.),
State Enterprise Forests of Ukraine (2024)), one utility
company (Public Limited Liability Company Kharkiv-
lis (n.d.)) and two private limited liability companies
(LLC Karpatlis (n.d.), LLC Forest (n.d.)). This approach
provided a typical, non-random sample based on dif-
ferent forms of ownership, availability of complete fi-
nancial statements, and ongoing forestry activities. The
sample included enterprises that carry out forestry ac-
tivities on a permanent basis, have a registered legal
address in different administrative regions of Ukraine
and cover standard organisational management mod-
els. Enterprises with bankruptcy status, incomplete or
unreliable reporting data, and those with a special tax
regime (for example, experimental farms) were exclud-
ed. This sample composition made it possible to ensure
comparability of indicators and adequacy of modelling
the consequences of tax reform in the context of dif-
ferent types of property, which, according to Law of
Ukraine No. 185-V (2006), directly affects the structure
of tax liabilities and financial discipline. The tax burden
was calculated using the equation (1):

Total taxes paid

TaXeyp = x 100, (1)
o= )

Total operating expenses

where Tax,,, - tax burden.
In addition, taxes were considered as a share of in-

come (2):

Total taxes paid

Taxee, = ( ) x 100, )

Revenue

where Tax,,, - revenue tax.

The structure of indirect fiscal expenditures was
determined by collecting information on five groups
of expenditures: forest protection, environmental
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monitoring, certification according to international
standards of the Forest Stewardship Council (2024) and
the Programme for the Endorsement of Forest Certifica-
tion (2024)), administrative reporting (tax, environmen-
tal and forest reporting),and other mandatory payments
related to obtaining permits, conducting examinations
and audits. The volume of such expenses was recorded
either in the structure of operating expenses of enter-
prises, or in separate environmental safety budgets. To-
tal indirect fiscal expenses were calculated using the
equation (3):

Total indirect expenses=3%7,C, (3)

where C, - expenses for each category: forest protec-
tion, certification, monitoring, reporting, permits, /i -
cost group, Y - total of all expenses, n - total number of
expense groups included in the calculation.

The assessment of the risks of tax reform was car-
ried out on a multi-factor point scale, which included
five main risk groups: business resistance, legal barri-
ers, personnel and technical readiness, fiscal budget
losses, and interdepartmental coordination (Ministry
of Finance of Ukraine, 2022). The risk assessment of
tax reform was carried out in the range from 1 to 10
points based on a combination of quantitative models,
scenario analysis, data extrapolation, and simulation
modelling. An individual risk profile was formed for
each enterprise, considering five key factors: business
resistance, legal barriers, personnel and technical read-
iness, fiscal budget losses, and interdepartmental coor-
dination. Conditional assessment scales were unified:
scores of 8-10 corresponded to a high level of risk,5-7 -
moderate, and 1-4 - low. Final scores were calculated
as the average values of forecast estimates for each
factor, considering the weight coefficients determined
based on the influence of the factor on the effective-
ness of the reform.

In the block of forecasting the effects of the im-
plementation of the tax reform, an alternative scenario
was modelled, which provided for the introduction of
such elements as a differentiated tax rate depending on
the level of profitability of enterprises, an environmen-
tal tax discount of up to 10% subject to investment in
reforestation, tax benefits for enterprises implementing
electronic declaration, and setting the maximum level
of tax burden at a level not higher than 32% of total
expenses. Special attention was paid to the creation of
a centralised digital tax reporting system that would
simplify accounting and control the fulfilment of obli-
gations. Based on this scenario, the projected changes
in such key financial and economic indicators as the
level of tax burden reduction, profitability growth, dy-
namics of investment in reforestation, reduction in the
volume of shadowing of the sector and the amount of
administrative savings due to process automation were
calculated. These indicators were calculated for each
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enterprise separately using basic relative growth equa-
tions (4):

AP = (Pafter_Pbefore) % 100, (4)

Ppefore

where AP - relative change in the indicator, P, - pro-
jected value after the implementation of the reform,
P, etore — CUrrent value.

Elements of scenario analysis and modelling of the
impact of the proposed reforms on the economic be-
haviour of enterprises were used to verify the validity

of the results obtained.

RESULTS

Economic indicators of the tax burden on forest users in
Ukraine. For state-owned enterprises, taxes in the cost
structure ranged from 29.3% to 32.9%, while for private
enterprises - from 35.2% to 40.4%. The utility compa-
ny showed the lowest level of this indicator - 27.0%.
These values were calculated based on equation (1),
where the tax burden was defined as the share of the
amount of taxes paid in total operating expenses. The
highest absolute amounts of taxes were recorded in
state-owned enterprises, but using equation (2), which
reflects taxes as a share of income, it was found that it
was private enterprises that experienced the greatest
fiscal burden - 40.1% and 40.4%. The level of profita-
bility also varied depending on the form of ownership.
State-owned enterprises achieved profitability in the
range of 7.4%-9.1%, which indicated the relative stabil-
ity of their financial model. The utility showed the high-
est profitability among the entire sample - 9.7%, which
was partly due to a lower level of tax liabilities. Private

enterprises showed lower returns - from 4.7% to 6.0%,
which directly correlated with an increased tax burden.

Reforestation costs, as an important element of
environmental responsibility, were significantly lower
in the private sector (Naumenkova et al., 2023). State-
owned enterprises spent an average of 12.1% of their
profits for this purpose, while private enterprises spent
only 6.9%. The utility company demonstrated an in-
termediate level of 9.4%. The estimate of the share of
reforestation expenditures in total expenditures also
confirmed the higher environmental orientation of the
public sector: on average, 3.15%, while in the private
sector this figure did not exceed 1.7%. The lowest val-
ues were recorded for enterprises with the highest tax
liabilities — LLC Forest (1.3%) and State Enterprise For-
ests of Ukraine (1.7%). This led to the conclusion that
the existing tax system did not provide adequate incen-
tives for sustainable forest management, particularly in
the private sector.

The average monthly amount of taxes paid ranged
from UAH 0.47 million (Public Limited Liability Com-
pany Kharkivlis) to UAH 1.59 million (State Enterprise
Chernihivlishosp), which indicated significant constant
cash outflows even for enterprises with small incomes.
This situation could create liquidity risks, especially for
businesses with seasonal revenue. In addition, the tax
burden was estimated as a share of total income. This
indicator was the highest in the private sector: in LLC
Forest — 40.1%, in State Enterprise Forests of Ukraine -
40.4%. This meant that more than 40 kopiykas from
each hryvnia of income were sent to pay taxes. In the
public sector, this figure was lower — on average 31.1%,
in the municipal enterprise - 26.5% (Table 1).

Table 1. Economic indicators of the tax burden on forest users in Ukraine
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Chernihivlishosp State 65.1 19.1 29.3 29.3 12.8 9.1 3.3 1.59
Karpatlis Private 443 15.6 35.2 35.2 8.3 6.0 2.1 1.30
Forest Private 30.7 12.6 40.1 40.1 5.9 4.7 13 1.05
Kharkivlis Municipal 21.1 5.6 27.0 26.5 9.4 9.7 2.6 0.47
Sumylishosp State 56.2 18.5 329 329 11.4 74 3.0 1.54
Forests of Ukraine State 25.5 10.3 40.4 40.4 6.6 5.0 1.7 0.86

Source: compiled by the authors

Summarising, it can be noted that the financial ef-
ficiency of forestry enterprises in Ukraine in 2024 sig-
nificantly depended on the level of tax burden. A direct
relationship between the form of ownership and tax
pressure was revealed, which, in turn, affected prof-
itability and the volume of environmental expendi-
tures. Private enterprises were in the most vulnerable
position — they showed the highest share of taxes in
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expenses and income, the lowest profitability and in-
sufficient investment in reforestation.

Structure of indirect fiscal expenditures for forest
sector enterprises. The average amount of indirect
fiscal expenses per enterprise was UAH 1.90 mil-
lion. Most indirect costs were incurred SE Cherni-
hivlishosp - UAH 2.60 million, which accounted for
4.0% of its total operating expenses. SE Sumylishosp




incurred expenses in the amount of UAH 2.40 million,
or 4.5%. Private enterprises had lower absolute indi-
cators, but their share in total expenses was higher.
Thus, in LLC Forest, indirect fiscal expenses amount-
ed to UAH 1.55 million, or 5.1%, and in SE Forests of
Ukraine UAH 1.59 million, which was the highest rela-
tive indicator in the sample - 5.3%.

Forest protection costs ranged from UAH 0.60 mil-
lion (PLLC Kharkivlis) up to UAH 1.20 million (SE Cherni-
hivlishosp). The average value for the sample was UAH
0.85 million, which corresponded to 1.33% of total ex-
penses calculated according to equation (3). The larg-
est share of such expenditures in the structure of in-
direct liabilities was found in state-owned enterprises,
where they accounted for 46.2% of indirect expendi-
tures. For private enterprises, this figure did not exceed
45.5%. Certification and reporting costs averaged UAH
0.42 million per enterprise. The highest indicator was
SE Chernihivlishosp - UAH 0.65 million, the lowest -
PLLC Kharkivlis (UAH 0.28 million). The share of such
expenses in total fiscal encumbrances was 1.3% in the
sample, but for some private enterprises (for example,
LLC Forest), reporting expenses reached UAH 0.30 mil-
lion, or 19.4% of all indirect liabilities.

Environmental monitoring required an average
of UAH 0.37 million annually. The maximum expens-
es were in SE Chernihivlishosp (UAH 0.45 million),
the minimum - in PLLC Kharkivlis (UAH 0.30 million).
The share of these costs in the structure of indirect
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encumbrances ranged from 21.1% to 24.5%. This
showed a constant nature of costs regardless of the
form of ownership, but the share in relation to profit
was more burdensome for the private sector. Other obli-
gations, in particular, payment for licensing procedures,
expert examinations, and internal accounting, ranged
from UAH 0.18-0.35 million. The highest such expens-
es were recorded in State Enterprise Sumylishosp (UAH
0.35 million), which accounted for 14.6% of its indirect
fiscal spending. On average, for the sample, expenses
for other mandatory obligations (permits, examinations,
audits) amounted to UAH 0.26 million.

Generalised data showed that indirect fiscal ex-
penditures further increased the tax burden by another
4.65%. As a result, considering both direct and indirect
obligations, the total fiscal burden on forest industry
enterprises reached more than 38.8% of total expens-
es on average, and in some cases - exceeded 45% (in
particular, in SE Forests of Ukraine - 45.7%). The im-
balance also manifested itself in the disproportionate
distribution of mandatory expenses between entities
of various organisational and legal forms. State-owned
enterprises, having a higher level of spending, provid-
ed a greater contribution to environmental protection,
but did not have any advantages in fiscal regulation.
However, private enterprises, despite the lower level of
investment in environmental measures, experienced a
comparable or even higher tax burden relative to their
income (Table 2).

Table 2. Structure of indirect fiscal expenditures for forest sector enterprises
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Chernihivlishosp 1.20 0.65 0.45 0.30 2.60 4.0
Karpatlis 0.85 0.40 0.35 0.28 1.88 4.7
Forest 0.70 0.30 0.33 0.22 1.55 5.1
Kharkivlis 0.60 0.28 0.30 0.18 1.36 4.3
Sumylishosp 1.10 0.55 0.40 0.35 2.40 4.5
Forests of Ukraine 0.66 0.32 0.36 0.25 1.59 5.3

Source: compiled by the authors

Thus, the results of the study showed the presence
of deep systemic inefficiencies in the tax model of for-
est management in Ukraine. The lack of transparency
of some mandatory payments, non-recognition of envi-
ronmental costs in tax accounting, the lack of incentive
mechanisms for environmentally responsible behav-
iour, and unified approaches to taxation of enterprises
with different economic and resource opportunities led
to the need for a comprehensive revision of fiscal policy
in the field of sustainable forest management.

Assessment of risks of tax reform implementation
in forest sector enterprises. The highest level of risk

was recorded in the sphere of resistance from enter-
prises, especially private ownership. Thus, LLC Forest
and State Enterprise Forests of Ukraine, which had the
highest share of tax expenditures in the cost structure
(40.1% and 40.4%, respectively) and the lowest prof-
itability (4.7% and 5.0%), declared a limited ability to
adapt to changes in the tax approach without losing
profitability. The overall risk score “business resistance”
was estimated at 8.5 out of 10. Of the 152 regulations
in force in the field of forestry, only 14 (9.2%) were di-
rectly or indirectly related to differentiated taxation
or environmental benefits. SE Chernihivlishosp in its
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financial report for 2024 pointed out the need to adapt
the legislation to account for the costs of certification
(UAH 0.55 million) and environmental monitoring (UAH
0.40 million) in the form of a tax credit, but the cur-
rent legislation did not provide for such a possibility.
This structural flaw was rated at 7.8 points. The next
challenge was the lack of specialists in the field of tax
administration and environmental audit at the level of
district tax services. In particular, in the Rokytne district
of the Rivne Oblast, where LLC Karpatlis is located (tax-
es - UAH 15.6 million, certification — UAH 0.40 million),
the tax inspectorate had only two certified employees
with experience in environmental management. At the
end of 2024, only 42% of territorial inspections had ac-
cess to training programmes on environmental tax law.
According to calculations, the risk of inefficient admin-
istration of the reform was 6.9 points.

The financial risk of reduced budget revenues was
estimated at 7.5 points. In the case of the introduc-
tion of an environmental tax credit (discounts of up to
10% for enterprises that invest more than 5% of profits
in reforestation), revenues from the Chernihivlishosp
forestry enterprise could decrease by approximately
UAH 2.1 million annually according to the results of
modelling the financial impact of tax incentives. This
is despite the fact that the company spent 12.8% of its
profit on restoring (the highest figure in the sample),
which is equivalent to UAH 2.3 million. In the case of
LLC Karpatlis, the tax burden of 35.2% was estimated
as marginal, and according to the company’s manage-
ment, a further increase in rates or a change in the
system of accounting for reforestation costs could lead
to a revision of production plans. Technical limitations
have become an additional barrier (Khan et al., 2025).
Thus, in SE Chernihivlishosp, the lack of an integrated
electronic record-keeping system (ERP) made it impos-
sible to automatically submit reports on reforestation
costs, and to ensure compliance with the new model,
up to UAH 600 thousand one-time investments in dig-
ital infrastructure were required. This created unequal
starting conditions for market participants. This risk
was estimated at 6.2 points. Institutional inertia, that is,

Business resistance —————

internal resistance to change at the level of state struc-
tures, was noticeable in the work of territorial branches
of the state agency for forest resources of Ukraine. For
example, the management of PLLC Kharkivlis, which
demonstrated the highest profitability (9.7%) and the
lowest tax burden (26.5%), noted the lack of central-
ised methodological recommendations for calculating
the environmental tax credit. A request to the regional
department was answered that “such tools are not yet
regulated”. The risk of inertial braking was estimated
at 7.0 points.

There was also a low level of coordination be-
tween the State Tax Service of Ukraine, the State En-
vironmental Inspectorate, the State Agency of Forest
Resources of Ukraine and the Ministry of Environ-
mental Protection and Natural Resources of Ukraine.
Thus, LLC Forest in 2024 was forced to prepare three
separate reports on the costs of environmental meas-
ures - for the tax service, the forest agency, and the
state environmental inspectorate. These reports
were not unified and were submitted in different for-
mats, which increased the administrative burden on
the enterprise. Total accounting and reporting costs
reached UAH 0.30 million. This risk was estimated at
6.8 points. Political instability, in particular, frequent
changes in the leadership of relevant ministries, cre-
ated the risk of delaying reforms or changes in priori-
ties. In 2024, three deputy ministers of environmental
protection were replaced, which led to the suspension
of approval of the Project “On Taxation of Rent for the
Special Use of Forest Resources” (2024) for more than
six months. This factor received a score of 7.9 points.

In general,according to the results of threat scaling,
the average risk of implementing the reform was 7.2
points. The most vulnerable to the reforms were private
enterprises, which combined high fiscal pressure, low
profitability, and limited modernisation opportunities
(LLC Forest, LLC Karpatlis). Public sector enterprises, de-
spite the high level of environmental costs (SE Cherni-
hivlishosp, SE Sumylishosp, SE Forests of Ukraine),
showed greater adaptability to model changes, but
faced regulatory and organisational barriers (Fig. 1).

B State Enterprise Chernihivlishosp

m LLC Karpatlis
LLC Forest

B Public Limited Liability Company Kharkivlis

B State Enterprise Forests of Ukraine

(1-10)
Legal barriers |
(1-10)
Lack of staff/infrastructure s
(1-10)
Budget risk State Enterprise Sumylishosp
(1-10)
Coordination risk M
(1-10)
0 2 4

6 8 10

Figure 1. Assessment of risks of tax reform implementation in forest sector enterprises

Source: compiled by the authors
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Thus, the practical implementation of the tax re-
form in the field of forest management required con-
sidering the regional, organisational and financial spe-
cifics of enterprises. The implementation strategy was
to be based on an adaptive approach with step-by-step
deployment, institutional support, tax compensators,
and the creation of a single digital reporting platform.

Projected effects of tax reform implementation in
forest sector enterprises. The basic proposal is to in-
troduce a mechanism for differentiated tax burden de-
pending on three key indicators: the share of invest-
ment in reforestation, the level of profitability of the
enterprise, and the form of ownership. To estimate the
share of investment in reforestation, equation (4) is
used, which helps to determine the share of environ-
mental costs in the company’s profit. According to the
simulation results, businesses that invest more than
10% of their profits in reforestation can qualify for a
discount of up to 8% of their total tax liabilities. This
will allow, in particular, LLC Karpatlis (which in 2024
invested 8.3% of its profit in environmental purposes)
to reduce annual tax expenses from UAH 15.6 million
to UAH 14.3 million, that is, by UAH 1.3 million.

It is also proposed to introduce an environmental
tax credit - a mechanism for transferring part of tax li-
abilities to subsequent periods, subject to the targeted
allocation of funds for environmental protection meas-
ures. The calculations provide that SE Chernihivlishosp,
which in 2024 spent 12.8% of its profit (UAH 2.3 mil-
lion) on reforestation, could receive an environmental
loan in the amount of UAH 1.1 million with a two-year
delay in paying taxes to the budget. This approach will
reduce the burden on the company’s working capital
and stabilise capital expenditure planning. The next
step is to introduce a unified tax reporting system
that will combine fiscal, environmental and forestry
components in a single digital form. It was estimated
that enterprises Forest and Forests of Ukraine annual-
ly spend UAH 280-320 thousand only on the develop-
ment, processing, and submission of reports to various

Musayeva et al.

authorities. The introduction of a centralised portal will
reduce these costs to UAH 120-140 thousand, which
will reduce the administrative burden by 55-60%. Es-
timated savings for the industry will reach up to UAH
72 million annually.

Attention is also paid to the problem of shading.
According to an independent assessment, approxi-
mately 28% of the turnover of unaccounted timber is
accounted for by small private enterprises, which avoid
taxation due to the complexity of procedures and lack
of incentives for transparency. The introduction of a tax
break for voluntary electronic declaration of sales vol-
umes can reduce the shadowing of the sector by 12.5%
during the first two years (Tynaliev et al., 2024). Another
strategic component is the introduction of a marginal
fiscal coefficient, which will Llimit the tax burden to no
more than 32% of the company’s total expenses. This
is especially true for enterprises with excessive pres-
sure, such as timber (40.1%). The introduction of such
a restriction will reduce tax costs by UAH 2.42 million
and UAH 2.17 million, respectively, which will create
an additional financial resource for modernisation and
certification (which currently requires UAH 300-350
thousand). The assessment of the total effect is based
on a comparison of key financial and operational indi-
cators in the forecast scenario. It is expected that the
average level of tax burden may decrease from 34.15%
to 28.65% (by 5.5%), the profitability of enterprises will
increase by an average of 3.2%, the volume of invest-
ment in reforestation will increase by 18%, and the lev-
el of shading will decrease by 12.5%. The total savings
in administrative costs for the industry will amount to
about UAH 72 million per year. Consequently, the most
tangible benefits of the reform may be an increase in
environmental investment (+18%), a reduction in shad-
ow timber turnover (-12.5%), and a reduction in tax
pressure (-5.5%). These results show the potential of
the proposed changes both to improve the financial
stability of enterprises and to meet their environmental
obligations (Table 3).

Table 3. Projected effects of tax reform implementation in forest sector enterprises (forecast for 2025-2027)

Enterprise ) Reduction Profitability in\I/:cs:r?:::in Reduction in shadow Ac.lministrative
in the tax burden, % growth, % reforestation, % economy, % savings, mln UAH

Chernihivlishosp 4.5 2.4 12 7.0 1.1
Karpatlis 5.8 3.1 15 10.0 1.5
Forest 72 39 19 14.0 2.2
Kharkivlis 29 1.5 9 4.5 0.9
Sumylishosp 5.0 2.8 14 8.0 13
Forests of Ukraine 6.7 37 18 13.5 2.0

Source: compiled by the authors

Thus, the proposed changes to the tax policy
in the field of forestry had not only a fiscal, but also
an environmental effect. They allowed creating an

adaptive, socially fair tax environment that could stim-
ulate the sustainable development of the forest sector.
Their implementation required appropriate regulatory
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adaptation, technical re-equipment of the accounting
system and interdepartmental coordination, but the
projected results exceeded the cost of implementation,
which made the reform justified both from economic
and managerial standpoints.

DISCUSSION

The results obtained confirm the existence of a high
tax burden on forestry entities, especially in the private
sector, where the share of taxes in the cost structure ex-
ceeded 40%. This burden complicates long-term plan-
ning, limits investment in reforestation, and increases
the risks of shadowing activities. However, it was estab-
lished that indirect fiscal expenditures related to forest
protection, certification, reporting and environmental
monitoring remain significant, but are not legally con-
sidered as a component of tax policy. The analysis of
the risks of implementing reforms showed a high level
of institutional and informational unpreparedness for
changes, and the expected resistance from business in
the absence of compensatory mechanisms. The project-
ed effects of the proposed changes indicate a potential
reduction in the tax burden, an increase in the profita-
bility of enterprises and an increase in environmental
investment. This indicates the feasibility of switching
to a model of adaptive fiscal regulation based on envi-
ronmental criteria and digital integration of accounting
(Gavkalova et al., 2024).

As shown in the paper by S.N. Chisika and
C. Yeom (2021) and D. Huang et al. (2024), focused on
integrating forest resources into broader environmen-
tal and economic programmes. D. Huang et al. empha-
sised the role of green investment and social factors
in achieving carbon neutrality, but did not consider the
tax system as a separate regulatory tool. S.N. Chisika
and C. Yeom analysed public-private partnerships as
the basis for sustainable management of public forests,
but the issue of fiscal policy was ignored. In this con-
text, the study supplemented existing approaches with
a quantitative assessment of the tax burden, reform
risks, and the effectiveness of digital solutions at the
enterprise level. The use of a risk scale and scenario
forecasting allowed considering both internal financial
and external institutional factors that were not reflect-
ed in previous works.

As noted by E. Barbier et al. (2023) and S. Wang et
al. (2024), the impact of global economic processes on
forest policy was viewed through the prism of interna-
tional trade and resource asset management. E. Barbi-
er et al. focused on the tropical timber trade and the ef-
fects of deforestation, but did not explore domestic tax
models as a regulatory mechanism. S. Wang et al. used
the Data Envelopment Analysis toolkit to assess the ef-
fectiveness of natural resource management in China,
but without detailing fiscal mechanisms at the level of
individual business entities. The study allowed filling
this analytical gap by highlighting indirect costs, fiscal
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asymmetries between enterprises of different forms of
ownership, and modelling the effects of reforms. This
provided a deeper link between tax policy and the eco-
nomic behaviour of forest users, which was not reflect-
ed in the above papers.

As demonstrated by P. Kadam et al. (2021) and
J.Yan et al. (2024), the focus was on the structural and
organisational aspects of sustainable forest manage-
ment. J. Yan et al. proposed a model for analysing the
green productivity of the Chinese forest industry, which
considered technological and environmental factors,
but did not include tax incentives or risks. P. Kadam et
al. compared certification and management systems
for sustainable forest management, without paying at-
tention to the tax burden or the effectiveness of fis-
cal administration. The analysis supplemented these
approaches with an assessment of indirect fiscal ex-
penditures, detailed calculations of tax pressure, and
forecasting the impact of reforms on profitability and
investment activity. A special feature of the study was
the combination of quantitative modelling with the
analysis of real reporting data, which provided high ap-
plied value and analytical accuracy. As emphasised by
Y.Yang et al. (2021), along with C.R. Franco and J. Com-
je (2022), policy dialogue, paradigm formation, and for-
est ownership regimes were recognised as key determi-
nants of sustainable forest management. In the case of
C.R. Franco and J. Comje, the historical transformation
of forest policy in the United States was traced, but fi-
nancial instruments, in particular tax instruments, were
not singled out as the basis for regulation. Y. Yang et
al. focused on the impact of ownership rights on the
forest fund of southern China, without highlighting the
relationship between taxation and the level of respon-
sible use of resources. The conducted research differed
in that it allowed to quantify the fiscal burden, correlate
it with the forms of ownership, and identify structural
irregularities in the taxation of forest sector enterpris-
es, which was not presented in the mentioned studies.

According to the findings of A. Raihan et al. (2022)
and S.N. Chisika and C. Yeom (2024), special attention
was paid to institutional restructuring of management
models and econometric analysis of climate factors. S.N.
Chisika and C.Yeom described a shift in forest manage-
ment paradigms in Kenya, but specific tools for fiscal
impact on sustainable enterprise behaviour remained
out of the field of research. A. Raihan et al. proposed
an econometric analysis of the potential for reducing
emissions in Indonesia, without considering the direct
impact of the tax system. In contrast to these approach-
es, the analysis included both an assessment of tax ex-
penditures of enterprises and scenario forecasting of
the effects of reforms, considering the form of owner-
ship, the level of investment, and the scale of activi-
ties. W.Yang et al. (2022) and V. Imbrenda et al. (2023)
showed that socio-economic and climate factors sig-
nificantly influence the rate of adaptation of the forest




sector to the requirements of sustainable development.
W.Yang et al. analysed the challenges in the context of
carbon neutrality, paying considerable attention to the
regulatory framework, but without the financial aspect.
V.Imbrenda et al. highlighted the relationship between
employment, environmental efficiency, and economic
stability in the European forest sector, but without a
specific analysis of tax mechanisms. But in the current
study, the tax burden was considered as an integral in-
dicator that affects investment behaviour, the level of
shadow economy, and the sustainable financial viability
of enterprises, which allowed combining fiscal and en-
vironmental dimensions.

As revealed in studies by A. Saxena et al. (2022) and
P.K.R. Chowdhury and D.G. Brown (2023), forest policies
are increasingly combined with financial incentive and
strategic planning mechanisms in the regional dimen-
sion. PK.R. Chowdhury and D.G. Brown modelled the
impact of carbon payments and cooperative manage-
ment on carbon storage and income of forest owners in
the United States, without considering the classical tax
system as an integrated factor. A. Saxena et al. explored
the barriers and potential of wooden infrastructure in
the Himalayas, focusing on political and environmen-
tal contexts, without detailing the fiscal environment.
In contrast to these approaches, the study covered not
only general incentives or strategic frameworks, but
also provided a complete structural analysis of fiscal
pressures on forest users, considering tax indicators, the
form of ownership of enterprises, the level of profitabil-
ity, and the amount of indirect costs. This provided the
applied value of the study for the development of spe-
cific tax decisions at the level of legislative initiative.

As demonstrated by L. Liagre et al. (2020) and
A. Raihan et al. (2024), key attention is paid to the im-
pact of specialised financial mechanisms and macroe-
conomic factors on ecosystem services and emissions.
L.Liagre et al. analysed the role of national forest funds
in Costa Rica, Vietnam, and Morocco, highlighting the
effectiveness of funds as catalysts, but did not consider
standard tax models as a source of funding.A.Raihan et
al. applied a macroeconomic approach to investigating
the impact of energy consumption, forest area, and glo-
balisation on climate indicators in Poland, but without
a detailed analysis of the relationship with tax systems
in the forest industry. The study was distinguished by
the fact that it was based on real data of forest sector
enterprises, including an assessment of administrative
costs, indirect fiscal obligations, imbalances between
public and private structures, which allowed identifying
the systemic limitations of the current tax model and
substantiating the areas for its improvement.

As stated by B. Danley et al. (2021) and A. Blanton et
al. (2024), the focus was on carbon markets and private
owners’ involvement in improving biodiversity. A. Blan-
ton et al. investigated the state of the carbon certifi-
cate market in Latin America, where tax policies were
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mentioned only indirectly through regulatory condi-
tions for trading. B. Danley et al. analysed the limits
of voluntary participation of family forest owners in
Sweden in biodiversity conservation, but fiscal instru-
ments were presented as a general policy background
without quantitative details. The analysis significantly
expanded the existing problem, since for the first time
a comparative tax diagnosis of various types of enter-
prises was carried out with modelling the effects of
reforms and quantitative assessment of the potential
impact on sustainable development, which significant-
ly increases the practical suitability of the obtained
conclusions for the development of a national tax pol-
icy in the field of forest management. As a result, the
study differed from previous research in its practical
direction, detailed tax analysis, and modelling of the
effects of reforms, which helped to identify systemic
problems and form applied recommendations for sus-
tainable development of the forest sector.

CONCLUSIONS

As part of the study, a comprehensive assessment of
the tax policy in the field of forestry of Ukraine was
carried out to form fiscal mechanisms that will con-
tribute to sustainable forest management. The analy-
sis covered key aspects of the tax burden, the structure
of indirect fiscal expenditures, the risks of implement-
ing reforms, and the projected effects of changes in
the fiscal model at the enterprise level. At the first
stage, the tax burden was calculated at six enterprises
of different forms of ownership: SE Chernihivlishosp,
SE Sumylishosp, SE Forests of Ukraine (state-owned),
PLLC Kharkivlis (municipal), LLC Forest and LLC Kar-
patlis (private). It was found that the average level
of taxes in the structure of total expenditures was
34.15%. The highest values of this indicator were
recorded in private enterprises: 40.1% in LLC Forest
and 40.4% in SE Forests of Ukraine, while the average
value in the public sector was 31.1%, and in the mu-
nicipal sector - 26.5%. A similar trend was observed
in calculating the tax burden on income: 40.1% and
40.4% in the private sector, compared to 31.1% in the
public sector and 26.5% in the municipal sector. This
indicated an asymmetric fiscal burden and a lack of
incentive mechanisms for private property entities.
At the second stage of the study, the structure of in-
direct fiscal costs was analysed - expenses that are
not classified as taxes, but are mandatory and include
forest protection, certification, environmental mon-
itoring, reporting and licensing costs. Their share in
total expenses ranged from 4.3% to 5.3%, and in in-
dividual enterprises — exceeded 5% (in particular, in
SE Forests of Ukraine — 5.3%, in LLC Forest - 5.1%).
Such a hidden fiscal burden is not reflected in tax sta-
tistics, but it significantly affects the financial stabil-
ity of enterprises. At the third stage of the study, the
risks of tax reform implementation were assessed on
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a scale from 1 to 10 points, based on five groups of
criteria: regulatory uncertainty, staffing, institutional
readiness of business, the level of digitalisation, and
fiscal losses. Private enterprises were the most vulner-
able - the average risk level was 7.4 points, which is
conditioned by the lack of centralised digital solutions
and limited ability to adapt. In the public sector, the
risk was assessed at 4.8 points, in the municipal sec-
tor - 5.6 points. At the final stage, the projected effects
of implementing an adaptive tax model for the period

72 million per year across the industry. In general, the
results of the study proved the feasibility of switching
to a differentiated, environmentally oriented tax poli-
cy that considers the economic viability of enterprises,
their form of ownership, and contribution to the pres-
ervation of forest ecosystems. Further research should
be aimed at developing models of tax incentives for
reforestation and evaluating the effectiveness of their
implementation in the regional context.

2025-2027 were modelled. It is expected that the tax ACKNOWLEDGEMENTS
burden can be reduced by an average of 5.5%, profit- None.
ability will increase by 3.2%, investment in reforesta-
tion will increase by 18%, and the level of shading will FUNDING
decrease by 12.5%. In addition, the implementation of  None.
a digital reporting system and simplified accounting
will reduce the administrative burden on enterpris- CONFLICT OF INTEREST
es, which will provide projected cost savings of UAH  None.
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3BITHUX AAHMX WECTU MiIANPUEMCTB Pi3HUMX (GOPM BAACHOCTI (AEPXKABHUX, KOMYHaNbHWUX i NPUBATHUX), LWO
[LO3BONIUIO BUSIBMTM AMCMIPONOPLIi B NOJATKOBOMY TUCKY. Y Aiep)KaBHOMY CEKTOPpi e NoKa3HMK cTaHoBmB 31,1 %,
a B KOMYHanbHOMY — 26,5 %. Y npuBaTHOMY CEKTOpi NOAATKOBE HaBaHTaXeHHs carano 40,1 %y nianpuemctsi «JTicy
Ta 35,2 % y nianpueMcTBi «Kapnatnic», WO 3Ha4YHO MepeBULLYBANO MOKA3HUKK AepXaBHOro cektopy — 29,3 %
y «YepHirisnicrocni», 32,9 % y «Cymwunicrocni» 1a 40,4 % y «Jlicax YkpaiHu». Y KOMyHanbHOMY MignpuUEMCTBI
«XapKiBic» NOAATKOBE HABAHTAXEHHS CTaHOBMAO 26,5 %. PiBeHb peHTabenbHOCTi y NpMBATHUX NiANPUEMCTBAX
ctaHoBuB 4,7 % y «Jlic» i 6,0 % y «Kapnatnic», Toai 9K Aep>xaBHi 4eMOHCTpyBanu cTabinbHi nokasHuku: 9,1 %y
«YepHirienicrocni», 7,4 % y «Cymunicrocni» 1a 5,0 % y «Jlicax YkpaiHu». KoMyHanbHe nignpuemMcTeo «XapkiBaic»
MoKa3ano HaMBuLLy peHTabenbHicTb — 9,7 %. OkpeMo NpoaHani3oBaHO CTPYKTYpPY HENPSIMUX PiCKanbHUX BUTPAT,
cepep SKUX OCHOBHWMMM Bynu BMTPATU Ha EKOMOFIYHMI MOHITOPUHI, OXOPOHY ficy, cepTudikaLito Ta 3BITHICTb.
BcTtaHoBneHo, WO YacTka HeNpsSMUX BUTPAT Y 3araibHUX BUTPaTax MiANPUEMCTB KONMBanach y Mexax Big 5,4 %
no 11,8 %. OuiHka pu3ukiB peanisauii nofaTkoBux pedopm nposoamnachk 3a 6anbHow wkanot (Big 1 go 10)
33 M’aTbMa KpuTepismMu: npaBoBa 6a3a, KaflpoBa rOTOBHiCTb, Hi3Hec-onip, LMdpPOBI3aLiga Ta QickanbHi BTpaTw.
Hareuwmii pusnkosui npodinb 3adikcoBaHO y NPUBATHOMY CEKTOPI (CepeaHin piseHb — 7,4 6ana), HAMHUXUYNIA —
y QAepxaBHoMy (4,8 6ana). [llporHo3oBaHi edekTM BiA BNPOBaMKEHHS aA/ANTMBHOI MOAATKOBOI MOAenNi
BK/IOYAlOTb 3HWXKEHHS MOAATKOBOro HaBaHTaXeHHs Ha 5,5 %, 3pocTaHHs peHTabenbHoOCTi HA 3,2 %, iHBeCTULIN
y NnicoBigHOBNEHHS — Ha 18 % i 3MeHwWweHHs piBHA TiHi3auii Ha 12,5 %. Pe3ynbTati focnimkeHHS MOXyTb ByTH
BMKOPUCTaHI Ans hbopMyBaHHSA MOAATKOBOT NONITUKM Ta NIATPUMKM CTANOrO NiCOKOPUCTYBAHHS Ha PiBHI AepXKaBu
i NiANpMeEMCTB

KniouoBi cnoBa: ekoHOMiYHa eheKTUBHICTb; HENPAMI BUTPATHU; LUMdPOBI3aLia 3BITHOCTI; dicKanbHe peryntoBaHHS;
pu3nKku pedopm
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INTRODUCTION

The agricultural sector of the economy plays a key role
in ensuring food security, providing jobs and sustainable
development of rural areas. One of its crucial elements
is animal husbandry, which is a source of high-quality
protein, raw materials for processing, and the key ele-
ment in the structure of agricultural production. How-
ever, despite major efforts aimed at the development
of this sector, the problems of preservation and utilisa-
tion of livestock products are still topical and require
a comprehensive approach. A prominent aspect is that
a considerable part of products is lost at various stag-
es — from collection to processing and transport. This is
related to both insufficiently developed storage tech-
nologies and inefficient logistics, which leads to qual-
ity losses and increased costs. All these factors directly
affect the economic efficiency of livestock production
and constrain its potential for growth. Thus, effective
management of the preservation and utilisation of live-
stock products becomes a prerequisite for increasing
the competitiveness of agriculture, reducing losses, and
increasing the profitability of agricultural enterprises.

In the scientific environment, there has been a
steady growth of interest in the issues of increasing
efficiency in the agricultural sector through improving
the processes of storage and utilisation of livestock
products. L. Zhang et al. (2021) focused their research
on meat deep freezing technologies and found that
the introduction of low-temperature controlled at-
mosphere chambers reduced specific product losses
to a minimum. The researchers emphasised that such
investments pay off not only by stabilising product
quality, but also by reducing returns from retailers
and expanding geographical distribution. T. Espolov et
al. (2020) complemented these findings by focusing
on weak links in supply chains in agricultural regions,
especially in remote and hard-to-reach farms. The re-
searchers proved that improving transport infrastruc-
ture and reducing the delivery time from processing to
the consumer can improve the profitability of dairy pro-
duction and increase the realisation period of products.
G.Kandeepan and A. Tahseen (2022) investigated active
packaging methods and concluded that the use of ox-
ygen-isolating and modified gas media in packaging of
meat products helps to maintain organoleptic proper-
ties, nutritional value,and microbiological stability over
a sustained period. M.A.F.M. Fadzli and S.W.B. Nawa-
wi (2024) proposed the design and implementation of
automated systems for monitoring storage parameters
such as temperature, humidity, and ventilation, showing
that such solutions markedly reduce storage losses, es-
pecially in large agro-industrial complexes with large
volumes of products.

D. Wang et al. (2022) considered the influence of
climatic and seasonal factors on product preservation
and proposed adaptive storage strategies depending
on climatic zone and seasonal variations. This ensured
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more efficient utilisation of storage facilities, reduced
energy costs, and reduced risks of product spoilage
during periods of hot temperature or high humidity.
J. Garcia-Diez et al. (2023) showed the high significance
of veterinary and sanitary control as a factor that indi-
rectly but substantially affects economic losses: prompt
detection of diseases in animals reduces the risks of
rejects at the slaughter and processing stage and pre-
vents the spread of infections that threaten the integ-
rity of the entire lot. M. Taifouris and M. Martin (2022)
investigated economic models for integrating livestock
farms with processors and argued that such a system
allows logistics and storage to be organised without
the losses and costs that occur at the interface of the
value chain. The researchers emphasised that vertical-
ly integrated structures are more resilient to external
shocks and reallocate resources more efficiently. R.
Gabdualiyeva et al. (2024) focused on digitalisation of
processes - their modelling showed that farms that im-
plemented digital residue management, predictive an-
alytics, and real-time quality control had fewer losses
due to product spoilage and more accurate forecasts of
production and sales volumes.

A.S. George and A.S.H. George (2023) investigated
automated climate systems in storage warehouses and
found that their use had a significant effect on the qual-
ity stability of meat products during long-term storage.
The researchers emphasised that precise microclimate
control avoids microbiological risks, preserves the mar-
ketability of products, and avoids added costs for sort-
ing and processing of spoiled batches. R.S. Alibekov et
al. (2024) supported an analogous view, focusing on
technologies for deep processing and recycling of meat
residues. The researchers concluded that the process-
ing of by-products and by-product components into
semi-finished products and feed not only reduces loss-
es, but also allows obtaining products with high added
value, thereby increasing the profitability of production.

Thus, the accumulated scientific experience
demonstrates a steady tendency to recognise the value
of preservation and rational use of products as key fac-
tors in increasing the overall efficiency of agricultural
production. Despite great strides in the field of increas-
ing the efficiency of preservation and utilisation of
livestock products, several key aspects are still under-
studied. There is a lack of comprehensive research that
would integrate innovative technologies of storage
and processing of products considering the specifics
of agrarian enterprises. Little attention is paid to the
economic consequences of introducing environmen-
tally friendly and energy efficient preservation meth-
ods, which could reduce costs and increase competi-
tiveness. Thus, the purpose of the present study was to
analyse the methods of increasing the economic effi-
ciency of preservation and use of livestock products in
the agricultural sector.
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MATERIALS AND METHODS

The study employed a comprehensive methodological
approach that combines quantitative and qualitative
analyses of the livestock production safety system in
the agrarian sector of the Republic of Kazakhstan. Offi-
cial statistical materials of the Bureau of National Sta-
tistics (n.d.) for 2015-2023, as well as for 2024 - for
certain types of indicators, for which updated data were
available at the time of the study, were used as the pri-
mary source. Indicators of gross output of agricultural
production overall and livestock production specifically,
as well as the number of farm animals were analysed up
to 2023 inclusive.This is because the data on these cat-
egories require further processing, reconciliation with
administrative sources, and are often published with a
time lag. At the same time, such indicators as volumes
of production of the key types of livestock products -
meat (in slaughter weight), milk, eggs, and wool - were
considered up to 2024 inclusive. This is conditioned by
the fact that data on these categories are published
earlier and have a lower degree of detail. Additionally,
the analysis included regulatory documents of the Min-
istry of Agriculture of the Republic of Kazakhstan (n.d.),
including Order of the Minister of Agriculture of the Re-
public of Kazakhstan No. 3-4/617 (2014). This helped to
compare actual and normative levels of losses, identify
potential deviations, and assess the level of technolog-
ical support of the industry.

The method of factor analysis was employed to as-
sess the impact of individual elements of storage in-
frastructure on the overall level of safety of livestock
products. Within the framework of the analysis, the
study used data from reports of the Ministry of Agri-
culture of the Republic of Kazakhstan (n.d.). Storage
conditions in different climatic zones of the country
were analysed, considering the high continental nature
of the climate, seasonal temperature fluctuations, and
the length of transport routes. Qualitative analysis was
aimed at identifying organisational, managerial, and
institutional constraints affecting the efficiency of live-
stock products use. The mechanisms of interaction be-
tween producers, transport operators, and processors,
the presence or absence of cooperation, problems of
planning logistics routes, and compliance with sanitary
norms were considered. State support measures were
also analysed: subsidies for modernisation of storage
facilities, the programme “Auyl - El besigi” (Improving
the quality..., 2019), soft loans, investment subsidies,
and digitalisation of agricultural product management.

Practices demonstrating the influence of climatic
and infrastructural factors on the safety of livestock
products, as well as the effectiveness of digital solu-
tions and development programmes in the agricultur-
al sector were investigated. Case studies were used as
a basis for the study, including the ColdHubs project
in Nigeria (How can sustainable..., 2022), as well as
the Sustainable Livestock Development Programme
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in Kazakhstan for 2022-2026 (Kazakhstan: Sustain-
able livestock..., 2021) and the implementation of
SAP S/4HANA in Eurasia Group Kazakhstan to optimise
logistics and inventory management (SAP S/4HANA
migration..., n.d.). Furthermore, initiatives on advanced
processing of products were considered: Kraft cheese
making in Zhambyl region (42 farms of Zhambyl...,n.d..)
and processing of meat products in East Kazakhstan
(Construction of a deep..., 2025). The study also ana-
lysed examples of vertical integration — the structure
of Zhaiyk Et (n.d.) and the closed production cycle at
Aknar PF (n.d.). Additionally, data from a Carrier Glob-
al Corporation report indicating meat losses in coun-
tries with poor cold infrastructure were used (BIO In-
telligence Service for the Global Food Cold, 2015). As
a result, the combination of statistical, regulatory, and
expert-analytical sources helped to reasonably identify
key constraints and growth points in the sphere of en-
suring the safety of livestock products in Kazakhstan.

RESULTS

Product safety in the agricultural sector is a multidi-
mensional economic and technological phenomenon
characterised by the ability of economic entities to
minimise both quantitative and qualitative losses at all
stages of the agro-production chain - from the moment
of production to final consumption. This problem is es-
pecially relevant for livestock products, which have a
limited shelf life, are sensitive to external influences
and subject to rapid biochemical decomposition (Ca-
sino et al, 2021). That is why the issues of preserva-
tion require a comprehensive, systematic, and scien-
tifically based approach, including both technological
solutions and organisational and economic measures.
From the economic standpoint, product safety is the
crucial factor determining the level of efficiency of ag-
ricultural production. Losses resulting from violations
of temperature conditions, sanitary norms, technolog-
ical failures, or deficiencies in logistical organisation
led to increased production costs, reduced marketable
yields and, as a consequence, lower farm profits (Fo-
cker & van der Fels-Klerx, 2020). Thus, investments in
increasing the level of preservation are not considered
as excessive costs, but as an effective mechanism to
optimise the production process and strengthen the fi-
nancial sustainability of agricultural enterprises.
Furthermore, a prominent level of product preser-
vation provides agricultural producers with more op-
portunities within the framework of implementing a
flexible marketing strategy. Modern storage infrastruc-
ture allows not only reducing the share of losses, but
also regulating the volumes and terms of deliveries,
adapting to market conditions. This allows building
inventories for sales during periods of peak demand,
expand sales channels, and enter distant markets. In an
environment of price volatility and high competition,
such flexibility becomes a valuable tool for profitability




management (Nayak & Bagchi, 2022). Hence, preserva-
tion acts not only as a means of reducing losses but
also as a factor for sustainable agribusiness develop-
ment. From a macroeconomic standpoint, the conser-
vation of livestock products contributes to sustainable
resource utilisation and food security. Each unit of lost
production means not only economic loss, but also in-
efficient use of invested resources - labour, feed, water,
energy, and capital. In this context, losses in the agri-
cultural sphere become an indicator of systemic im-
balances that hinder the transition to sustainable and
resource-efficient agriculture. Increasing the level of
conservation, on the contrary, forms the prerequisites
for greening production, improving the food balance
and increasing the competitiveness of products in in-
ternal and external markets (Qian et al., 2022).

The factors that determine the level of losses of
livestock products have both biological and techni-
cal-economic nature. One of the most significant is the
microbiological instability of products of animal origin,
which causes their high sensitivity to even minor devi-
ations from the recommended temperature, humidity,
and sanitary storage conditions. In the absence of effec-
tive cooling, freezing, and hermetic packaging systems,
the risk of biochemical decay, deterioration of organo-
leptic characteristics and, as a consequence, commer-
cial unsuitability of the product increases significantly
(Neethirajan, 2020). This is especially critical for dairy
and meat products, which require strict adherence to
temperature standards at all stages of transport and
storage (Sattarov et al., 2025).

Apart from biological constraints, technical and
infrastructural constraints play a major role. In many
countries, especially in developing regions, small and
medium-sized farms face a shortage of modern refrig-
eration facilities with automatic climate control. This
constraint substantially reduces the resilience of ag-
ricultural supply chains, forcing farmers to sell prod-
ucts at shorter lead times and at less favourable prices,
which, in a volatile market environment, reduces their
profitability and increases losses. One example is the
ColdHubs initiative in Nigeria, where farmers rent so-
lar-powered cold rooms at around USD 0.50 per day
per plastic crate. This has saved over 42,000 tonnes of
agricultural produce, minimising spoilage losses and
increased the income of 5,240 smallholder farmers,
retailers, and wholesalers by 50% (How can sustaina-
ble..., 2022). A comparable situation was observed in
Rwanda, where the lack of infrastructure for cold stor-
age resulted in high post-spoilage losses. In response,
the government and international organisations start-
ed to actively adopt energy efficient technologies, in-
cluding solar-powered refrigeration, to improve food
security and income stability for farmers (Twilley, 2022).

Organisational and management aspects also con-
siderably influence product safety. Inadequate staff
qualifications, lack of internal quality control standards,

Kuzenbayeva & Kuzenbayeva

inconsistent logistics processes, and planning errors
lead to the accumulation of losses at production and
marketing interfaces. Furthermore, poorly developed
inter-linkage mechanisms between producers, trans-
port operators, and processing organisations substan-
tially hinder the prompt marketing and processing of
products, reducing their commercial value (Shepherd et
al., 2018). Natural and climatic conditions drastical-
ly affect the safety of livestock products, as extreme
temperature fluctuations create stressful conditions
for animals and complicate the maintenance of opti-
mal microclimate in the places where they are kept. In
Kazakhstan, sharp seasonal temperature fluctuations,
when summer heat can reach 41°C and winter frosts
can drop to -48°C, cause temperature imbalance, which
leads to poor health and reduced productivity of ani-
mals. In southern regions with hot summer tempera-
tures above 30°C and relatively mild winters down to
-3°C, farmers face the need for constant cooling and
ventilation to prevent overheating or overcooling of
produce (Syzdykova, 2024). Despite the use of shade
canopies, fans, and water spray systems, these methods
may not be sufficiently effective and may require exten-
sive energy inputs, which hinders stable climate con-
trol and increases the risk of spoilage, reducing product
quality and shelf life.

Modern approaches to the rational use of livestock
products, which include the introduction of smart stor-
age technologies with automatic microclimate control,
the use of biotechnology to improve product quali-
ty and shelf life, the use of digital systems for mon-
itoring and controlling production processes, and the
development of integrated processing, imply not only
minimising losses but also increasing economic returns
through deeper processing, technological innovation,
and digitalisation of management. In an increasingly
competitive and resource-constrained environment,
the transformation of production models from raw
material-oriented to value-added production is of par-
ticular relevance (Leah et al., 2023). Deep processing of
meat and dairy raw materials produces a wide range of
finished products, from semi-finished products to spe-
cialised food and feed products.

Modern software solutions, including Enterprise
Resource Planning (ER) systems, implemented in ag-
ricultural enterprises of Kazakhstan, contribute to a
marked increase in the efficiency of inventory man-
agement and reduction of product losses. For instance,
Eurasia Group Kazakhstan, an official dealer of agricul-
tural machinery, successfully implemented a project to
migrate to SAP S/4HANA platform, which allowed it to
upgrade its IT infrastructure and stabilise critical busi-
ness processes. According to the company, it is expect-
ed to increase data accuracy by up to 15% and reduce
order processing and warehouse transaction times. This
transition enabled the integration of new SAP functions
and tools, improving resource management and data
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processing agility (SAP S/4HANA migration..., n.d.). Ad-
ditionally, the Sustainable Livestock Development Pro-
gramme for Kazakhstan 2022-2026, supported by the
World Bank, makes provision for the introduction of an
improved animal recording and tracking system. This
will improve the efficiency of veterinary services and
livestock resource management, which helps to reduce
losses and improve product quality (Kazakhstan: Sus-
tainable livestock..., 2021)

In Kazakhstan, where many farms are located in re-
mote or sparsely populated areas, advanced processing
helps to significantly increase profitability by creating
long-Llife products such as cheese, dried meat, and milk
concentrates, which reduces dependence on perisha-
bles (Bogoyavlenskiy et al., 2022). For example, farmer
cooperatives in Zhambyl region are introducing the pro-
duction of kraft cheeses, which not only allows them to
preserve products longer, but also to enter new markets
with higher added value (42 farms of Zhambyl...,n.d.).A
large deep meat processing project is underway in East
Kazakhstan, which helps to reduce logistics costs and
minimise losses during long-distance transport. Con-
struction of a KZT 7.7 bn industrial complex has begunin
the village of Chekoman, Zhanasemey district, Abay re-
gion. The project envisages processing up to 35 tonnes
of meat products per shift, including beef, mutton, and
horse meat, with the production of high-quality sau-
sages, canned goods, semi-finished products, and meat
delicacies. The complex will be equipped with modern
Australian and European technologies ensuring ze-
ro-waste production and compliance with environmen-
tal standards (Construction of a deep..., 2025).

The development of biotechnologies and waste-
free processing should be emphasised among the
promising solutions. The use of enzymatic and micro-
biological methods allows using animal waste - blood,
fat, bones - to produce fodder, biologically active addi-
tives, and fertilisers. These approaches not only reduce
the environmental load but also form closed production
cycles that meet the requirements of sustainable agri-
cultural development (Lainawa et al, 2024). The dig-
italisation of storage and marketing processes is also
becoming a key element of product stewardship. The
implementation of automated systems for monitoring
shelf life, temperature conditions, and logistics flows in
agricultural enterprises can markedly improve the ac-
curacy of management decisions. For example, the use
of big data-based platforms such as IBM Food Trust or
SAP Business Network for Logistics enables real-time
monitoring of product condition and storage condi-
tions, which reduces losses and optimises the distribu-
tion of goods. Thanks to analytical tools, companies can
predict demand fluctuations and adapt production and
logistics, which reduces costs and increases efficiency.

Organisational forms of cooperation, such as
agro-industrial clusters, logistics centres, and agricul-
tural cooperatives, ensure a more efficient allocation of
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resources and bring producers and processors together.
There are already successful examples of vertical inte-
gration in Kazakhstan, where unified value chain man-
agement ensures quality control at all stages, from farm
to consumer.One such example is Zhaiyk Et (n.d.), which
covers all regions of the country and demonstrates the
effectiveness of vertical integration, ensuring economic
sustainability, and quality control of products. Another
example is Aknar PF Group (n.d.), which rehabilitated
and modernised a poultry farm in the Karaganda region,
introducing the concept of a closed production cycle
‘from field to fork’ In regions with extreme climatic con-
ditions, the development of cold chain infrastructure is
critical to ensure the safety of livestock products. Key
elements that must be prioritised included refrigerated
warehouses, refrigerated transport, and energy-inde-
pendent plants that can maintain a stable microclimate
during transport and storage. A study by Carrier Global
Corporation indicates that in developing countries, in-
cluding Kazakhstan, meat losses due to inefficient or
non-existent cold chains are around 10%. This results
not only in economic losses for producers, but also in
lower quality products, which affects their market value
and safety for consumers (BIO Intelligence Service for
the Global Food Cold, 2015). The development of cold
infrastructure, including the construction of modern re-
frigerated warehouses and the introduction of refriger-
ated transport, will significantly reduce product losses,
improve product quality, and increase shelf life.
Greening of the agricultural sector is also becoming
avital area. Sustainable use of resources, waste minimi-
sation, optimisation of logistics, reduction of water, and
energy consumption - all this is becoming part of the
modern paradigm of agricultural production (Mamen-
ko et al., 2024). The implementation of international
environmental standards and certifications not only im-
proves internal efficiency but also opens access to ex-
ternal markets where demands for sustainable products
are increasing (Bhatti et al., 2024). The livestock indus-
try in the Republic of Kazakhstan occupies a prominent
place in the agrarian sector of the country’s economy. It
has historically been one of the key branches of agricul-
ture, providing a sizeable share in agricultural produc-
tion (40%) and being of great significance for food secu-
rity and sustainable economic growth. Table 1 presents
the gross output of agricultural products (services).
Analysis of the data in Table 1 shows a stable trend
of growth in gross output of agricultural products in
the Republic of Kazakhstan in the period from 2015 to
2022, with an increase in volumes from KZT 3,307 bn
to KZT 8,367.7 bn. However, in 2023, a decrease in the
indicator to KZT 7,576.5 bn was recorded, which may
suggest the influence of external economic or climatic
factors. The dynamics of livestock production shows a
positive trend throughout most of the period, with par-
ticularly notable growth observed in 2020-2021. How-
ever, there is a decline in volumes in 2022, followed by




a recovery in 2023 to KZT 3,012.5 bn. This underscores
the vulnerability of the industry to organisational, eco-
nomic, and natural conditions. Against the background
of considerable growth in crop production, live-
stock farming demonstrates less sustainable rates of
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development, which necessitates the need to improve
the efficiency of storage, logistics, and processing of
livestock products as a reserve for stabilisation and
strengthening of the sector. Table 2 presents the gross
output of livestock products by type.

Table 1. Gross output of agricultural products (services) in Kazakhstan for 2015-2023, KZT bn

2015 2016 2017 2018 2019 2020 2021 2022 2023
Agriculture 3,307 3,684.4 4,070.9 44741 5,151.2 6,334.7 7,515.4 8,367.7 7,576.5
Horticulture 1,825.2  2,0476  2,249.2 24115 28177 36873 43872 58083 45524
Animal husbandry 1,469.9 1,621.5 1,810.9 2,050.5 2,319.5 2,637.5 3,117.0 2,545.3 3,012.5
Agricultural services 11.8 15.3 10.8 121 14.0 9.9 11.2 14.2 11.6
Source: compiled by the author of this study based on Bureau of National Statistics (n.d.)
Table 2. Gross output of livestock products in Kazakhstan for 2015-2023, KZT bn
2015 2016 2017 2018 2019 2020 2021 2022 2023
Livestock products 1,4699 1,6215 1,8109 2,050.5 2,319.5 26375 3,117 2,5453 30125
Dairy cattle breeding 597.3 661.1 729.3 822.4 928.9 1,069.5 1,283 812 1,000.6
Breeding of other cattleand 005 4197 4648 5321 6279 7059 825 6499 7245
buffalo breeds
Breeding of horses and other 1 o 4395 1541 1879 2111 2416 2792 3262 3853
ungulate breeds
Breeding of camels and 122 144 144 16.8 187 211 255 29 317
camelids
Sheep and goat breeding 163.5 167.5 1754 198.2 2174 245.2 269.7 257.3 285.5
Pig and piglet breeding 55.8 65.7 75.3 724 64.9 69.5 76.5 61.4 65
Poultry breeding 1236 157.6 183.7 206.3 238.5 2714 344 396.2 505.4
Breeding of otheranimal ;o5 o011 7293 8224 9289 10695 1283 812 1,000.6

species

Source: compiled by the author of this study based on Bureau of National Statistics (n.d.)

Among all areas, the contribution of dairy cattle
breeding is particularly notable, which also showed
growth to KZT 1,283.0 bn in 2021, but recorded a sharp
decline to KZT 812.0 bn in 2022, followed by a partial
recovery in 2023. The “other cattle and buffalo breeds”
category showed comparable dynamics, with fluctuations
in the last two years. Poultry is the most stable and fastest
growing,rising from KZT 123.6 bnin 2015 to KZT 505.4 bn
in 2023, indicating that this sub-sector is highly attractive
for investment and technologically advanced. The growth

in the production of sheep and goats, horses and camels
is also positive, although with smaller absolute values.
At the same time, pig breeding demonstrates stagnation
with insignificant changes, which may be associated with
both consumer preferences and epizootic restrictions.
Overall, the structure of livestock output continues to be
diversified, but requires attention to fluctuations in key
areas, especially in dairy farming, in terms of sustainabili-
ty and effective resource management. Table 3 summaris-
es the production of the key livestock products.

Table 3. Volume of production of the main types of livestock products in Kazakhstan for 2015-2024

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Meat (live weight),
thsd t 1,651.1 1,702 1,7944 1,871.6 1,975 2,0585 21622 1,799.1 19203 19949
Meat (in slaughter
. 931 960.7 1,017.6  1,0594 1,120.6 11,1686 1,231.1 1,044.7 1,120 1,168.7
weight), thsd t
Milk, thsd t 51824 53416 55034 56862 58649 6,0514 6,2472 3,3546 34729 3,6285
Eggs, mn pcs 4,737 4,757.2 5,103 55914 55314 50658 48381 45267 44206 44781
Wool, thsd t 38 38.5 39 39.2 39.5 40.2 41.2 35.6 36.6 36.3
Karakul, thsd pcs 71 4.3 8.1 3 1.4 13 2.1 0.5 0.3 0.2

Source: compiled by the author of this study based on Bureau of National Statistics (n.d.)
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Analysis of Table 3 suggests that the country’s live-
stock industry has developed unevenly: there was a gen-
eral increase in meat and milk production until 2021,
but in 2022 there was a sharp decline in all major items,
especially milk (almost doubled), which may reflect sys-
temic problems in the industry, ranging from logistical
failures to feed shortages or declining productivity.
Volumes subsequently started to recover but have not

reached previous highs. Egg production showed a steady
decline after 2018, from 5,591.4 mn eggs to 4,478.1 mn
eggs in 2024, while wool production stayed relatively
stable. Particularly notable was the almost complete
phasing out of Karakul breeding, reflecting a structural
transformation of livestock production and a shift in fo-
cus towards more profitable or prioritised areas. Table 4
presents the number of the key types of farm animals.

Table 4. Number of livestock and poultry in Kazakhstan for 2015-2024, thsd heads

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Cattle 61839 64132 67642 71509 74364 7850 81924 65363 66168 79767

Shgiztasnd 18,0155 18,1842 18329 18,699.1 19,1557 20,0576 20,8768 18843 18,6674 20,2244
Pigs 887.6 834.2 815.1 798.7 8133 816.7 776.1 509.8 4833 479.7
Horses 20703 22592 24157 26465 28523 3139.8 34898 37902 38512 4353
Camels 1705 180.1 193.1 207.6 216.4 2277 243.4 253.7 264.9 280.5
P°‘;g;‘(’j’sm” 35.6 369 39.9 443 45 433 47.9 457 44.2 457

Source: compiled by the author based on Bureau of National Statistics (n.d.)

The data in the table show stable positive dynamics
in the number of most types of farm animals in Kazakh-
stan, reflecting the overall expansion of the livestock
sector. Cattle and horses show the most significant
growth, with cattle numbers increasing from 6,183.9
thsd heads in 2015 to 7,976.7 thsd heads in 2024, and
horses more than doubling, which can be attributed to
increased demand for meat and dairy products, as well
as expanding exports. The sheep and goat population
also increased despite a slight decline in 2022-2023,
which is likely related to unfavourable weather or eco-
nomic conditions. At the same time, a steady decline in
pig numbers was observed, from 887.6 thsd heads in
2015 to 479.7 thsd heads in 2024, reflecting a structur-
al shift in consumer preferences, religious and cultural
factors, and low profitability of pig production. Camel
numbers are gradually increasing, continuing to be a
niche but stable growth area. Poultry numbers show
volatility with a peak in 2021 and a subsequent decline,
possibly caused by epizootics or changes in housing
and feeding conditions.

Conservation efficiency of livestock production in
Kazakhstan continues to be at an average level, demon-
strating contradictory results due to a complex of struc-
tural, infrastructural, technological, organisational, and
management factors. On the one hand, there is a stable
growth in gross output of livestock products and an in-
crease in the number of cattle, sheep, goats, and horses.
This may suggest an improvement in the basic condi-
tions of livestock breeding, growth of production poten-
tial, and certain investments in the agricultural sector.
Furthermore, there is a positive dynamic in the volume
of meat production (in slaughter weight), which also
suggests partial modernisation of the processing and
storage infrastructure. On the other hand, against the
backdrop of these achievements, significant systemic
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constraints persist, which hinder further growth in
preservation efficiency. The deterioration of the ma-
terial and technical base, especially in the segment of
small and medium-sized farms, limits the possibilities
of long-term storage and compliance with temperature
regimes. Problems with the ‘cold chain’- lack of modern
refrigeration facilities, automated control systems, and
logistics centres — lead to product losses at the stages of
shipment, transportation, and storage. Insufficient digi-
talisation and poor integration of information technol-
ogy into inventory management and logistics processes
Llimit the ability to react quickly to changes in demand,
which is especially critical for perishable products.
Furthermore, fluctuations in milk, egg, and wool
production with an overall increase in animal numbers
indicate an inefficient post-production handling system.
Such volatility may be the result of underestimation of
losses due to storage irregularities, lack of staff, poor
veterinary and sanitary controls, and poor coordination
between production and logistics links. This is especial-
ly true during periods of seasonal temperature fluctua-
tions, when there is an increased risk of product spoil-
age without proper climatic adaptation of warehouses
and transport vehicles. According to the regulations of
the Ministry of Agriculture of the Republic of Kazakh-
stan, the natural loss of meat products during storage
and transport can vary: for instance, when transporting
chilled meat for a distance of up to 100 km, losses of
up to 0.05-0.08% are allowed depending on the season,
and when transporting frozen meat for a distance of
over 1,000 km - up to 0.35% of the cargo weight (Order
of the Minister of..., 2014). These standards factor in
shrinkage, shaking and spoilage of products, but in real
conditions losses may be higher due to the wear and
tear of refrigeration equipment, lack of modern storage
facilities, and non-compliance with sanitary norms.




To improve the efficiency of the agricultural sec-
tor and, specifically, to ensure the safety of livestock
products, the Republic of Kazakhstan is implement-
ing a number of government support measures aimed
at stimulating the modernisation of production and
logistics infrastructure, improving the technological
equipment of farms and reducing product losses at all
stages of the agro-production chain. One of the key in-
struments is state subsidies. In the livestock sector, they
cover support for fodder production, pedigree cattle
breeding, construction, and modernisation of storage
facilities, including refrigeration and processing com-
plexes. The current state programme “Auyl - El besigi”
and other initiatives make provision for preferential
credit and leasing mechanisms (Improving the quali-
ty..., 2019). This allows agricultural producers to pur-
chase modern equipment for storage and processing of
livestock products with deferred payments and at re-
duced interest rates.

The state is also actively promoting investment sub-
sidies aimed at reimbursing part of the costs of building
cold storage facilities, logistics centres, and processing
facilities. Additionally, work is underway to form agro-in-
dustrial clusters and cooperatives, which ensures more
efficient allocation of resources, sharing of infrastructure
and access to larger markets. Special attention is paid
to the digitalisation of the agricultural sector. Systems
of monitoring and electronic accounting of agricultural
products are being introduced, which allows tracking
their movement, condition, and storage periods, thereby
helping to reduce losses. Specifically, the Unified State
Subsidy System (USSS), the Farm Animal Identification
System (FAIS), and the Unified Automated Manage-
ment System for the Agro-Industrial Sector (e-Agricul-
ture) were introduced. These systems allow tracking the
movement, condition, and storage periods of agricul-
tural products, which helps to reduce losses (Kazakh-
stan intensively introducing..., 2025). The development
of transport logistics and export infrastructure are also
among the priority areas of state policy. The creation of
veterinary and sanitary checkpoints, certification labora-
tories and specialised transport routes helps to ensure
compliance with international quality standards in the
transportation and storage of products.

To increase economic efficiency in the sphere of
livestock products safety in the Republic of Kazakh-
stan, it is necessary to implement a targeted and mul-
tidimensional strategy focused on both technological
modernisation and institutional transformation. One of
the key areas is the development of modern infrastruc-
ture for storage and processing of products. A major
part of losses in livestock production is associated with
the lack of proper storage conditions, especially in ru-
ral areas and remote regions. In this regard, it is advis-
able to invest in the construction and modernisation
of refrigerated warehouses, dairy, and meat process-
ing complexes, as well as the introduction of mobile
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cooling systems adapted to the climatic features of
Kazakhstan. The use of energy-efficient solutions and
equipment providing automatic microclimate regula-
tion will help to increase shelf life and preserve the
nutritional properties of products.

An equally significant aspect is the digitalisation
of logistics, accounting, and product quality control
processes. Implementing real-time monitoring sys-
tems - such as temperature sensors, radio frequency
identification (RFID) tags, and automated batch track-
ing platforms throughout the supply chain - will not
only minimise losses but also increase the transparency
of production processes. Modern software solutions, in-
cluding ERP-systems for agricultural enterprises, allow
forecasting demand, managing stocks more efficiently,
and promptly responding to the risks associated with
the violation of storage conditions. These measures
are especially relevant in the context of growing vol-
umes of livestock products and increasing complexity
of logistics routes. Special attention should be paid
to deepening the processing of raw materials. Animal
products should be used as much as possible, includ-
ing by-products, bones, blood, and fat, which can be
converted into meat concentrates, feed additives, gela-
tine, collagen, and organic fertilisers. Such approaches
reduce waste, add value, and open new markets. This
is particularly relevant in Kazakhstan, where there is
often a disconnect between production and processing.
Government subsidies for the purchase of equipment,
tax breaks for processors, and support in accessing ex-
port markets would be a major incentive for the devel-
opment of this industry.

It is also necessary to develop human resources.
It is essential to expand professional education and
training programmes, including courses for farmers
and refrigeration system operators, training in modern
methods of inventory and handling of animal products.
Educational institutions should interact more active-
ly with business and the state, forming applied pro-
grammes focused on the real needs of the agricultural
sector. The next area is the improvement of logistics. To
reduce losses during transportation, it is necessary to
organise logistics centres that follow all sanitary and
temperature requirements. In regions with extreme cli-
matic conditions, especially in the southern and west-
ern regions of Kazakhstan, it is vital to develop “cold
chain” infrastructure. This includes not only the pur-
chase of specialised transport with refrigerated trucks,
but also the establishment of transshipment points
where short-term storage and transshipment can be
provided without risk of product spoilage.

Finally, institutional development - expanding op-
portunities for cooperation between small and medi-
um-sized producers - is of great significance. The cre-
ation of agro-industrial clusters that bring together
farmers, processors, and logisticians will increase eco-
nomic sustainability and reduce costs through economies
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of scale. It is also vital to ensure a favourable regulatory
framework that establishes clear requirements for the
conditions of storage, transportation, and sale of prod-
ucts. Strengthening state control and incentives (includ-
ing grants and tax breaks for compliance with stand-
ards) will create incentives for investment in product
preservation. Overall, the improvement of economic ef-
ficiency in the sphere of livestock product safety should
be based on the integration of innovative solutions,
support from the state, and active involvement of all
participants in the agro-production chain. Such a mod-
el will ensure not only reduction of losses and growth
of profitability but also strengthening of Kazakh-
stan’s position as an export-oriented agrarian power.

DISCUSSION

The analysis revealed that the current infrastructure for
storing livestock products is still not adapted to mod-
ern requirements. Despite the availability of production
facilities, the obsolescence of storage equipment and
non-compliance with sanitary and technical standards
limit the possibilities of effective storage. The identi-
fied correlation between the level of preservation and
the state of infrastructure suggests that problems are
stored not so much in production as in the post-pro-
duction cycle. This means that further development of
the sector should be focused not only on increasing
output, but also on ensuring post-production quality
through the renewal of the logistics and warehousing
base. 0.A. Chukwu and M. Adibe (2022) emphasised that
even with limited technical capacity, acceptable prod-
uct safety can be achieved through accurate adherence
to sanitation and storage standards. They emphasised
operational discipline as a major factor of efficiency. In
contrast, the current findings showed that without re-
newing the infrastructure itself and eliminating wear
and tear, organisational measures have only a tempo-
rary effect. Thus, the present study expressed greater
confidence in the need for physical modernisation,
whereas the researchers proposed a strategy of adapta-
tion to existing conditions.

Regional differences in climatic conditions such as
extreme temperatures, sharp seasonal variations, and
irregular rainfall create a challenging environment for
the storage and transport of products (Vovkotrub et
al., 2024). These factors particularly influence products
with a high degree of sensitivity to external conditions.
The analysis results emphasised the need for flexible
logistics models adapted to concrete climatic zones.
The presence of remote farms and long delivery routes
exacerbate the problem of cold conditions, necessitat-
ing the development of regionally orientated storage
and transport standards. M. Wrobel-Jedrzejewska and
E. Polak (2021) emphasised climate as a background,
but not a determining condition. In their opinion, with
proper technological support (use of mobile refrig-
erators, modular storage facilities) the influence of

Scientific Horizons, 2025, Vol. 28, No. 8

climatic conditions is minimised. Current data, on the
contrary, reflect a substantial influence of continental
climate and geographical remoteness on the level of
losses, especially during transportation. The difference
here lies in the scale of the assessment: the research-
ers analysed individual pilot projects in limited regions
rather than a nationwide system.

The high level of physical deterioration of storage
equipment and the low level of technological equipment
of storage facilities reflect chronic underinvestment in
this part of the agro-industrial complex (Kazhymurat et
al., 2021). Additionally, the lack of qualified personnel
capable of operating modern refrigeration and logistics
equipment exacerbates the problem. Without a system-
atic training programme focused on logistics and stor-
age, even extensive capital investments will have lim-
ited effect. Thus, modernisation must be accompanied
by a parallel digital and educational transformation.
D. Perkumiené et al. (2022) argued that the shortage
of qualified personnel had a more devastating effect
on the storage system than the technical ageing of fa-
cilities. The researchers emphasised that even modern
equipment would not be effective without competent
operators. D.E. Ufua et al. (2022) concluded that im-
proved staffing yields results faster and cheaper than
comprehensive technical modernisation. The present
study agrees with this, but there is a problem in the
complex: not only staffing shortages, but also the dete-
rioration of the base itself limits efficiency.

Poor integration between actors in the logistics
chain, from producer to processor, continues to be a sys-
temic problem. Poor coordination leads to irrational use
of transport resources, disruption of delivery times and,
as a result, increased losses (Danchuk et al., 2023). The
problem also lies in the lack of transparent contractual
relations and uniform logistics standards. Addressing
these challenges requires institutionalisation of in-
teraction between supply chain participants, creation
of cooperation platforms, and logistics consolidation
centres. T. Perdana et al. (2023) investigated horizontal
linkages between farmers, processors and logisticians
within localised clusters. Their findings demonstrat-
ed that losses are almost halved at high cooperative
densities. A-R. Alhassan and M.A. Akudugu (2020) also
found that in the absence of centralised infrastructure,
cooperation replaces government or corporate logistics
solutions. This echoes the current findings on the signif-
icance of establishing cooperative chains. However, the
present study focused on systemic failures (lack of cen-
tralised planning and digital platforms), while the cit-
ed study relied on self-regulating cooperative models.

Government support measures aimed at modern-
ising infrastructure and logistics have a positive but
limited impact due to their uneven coverage and weak
targeting. The results showed that subsidy and conces-
sional financing programmes often do not account for
the specificity of regional logistics needs. Furthermore,




administrative barriers and lack of transparency in re-
source allocation reduce the motivation of sector play-
ers to modernise. This points to the need not only for
financial injections, but also for a revision of support
implementation mechanisms towards greater flexibility
and efficiency. U. Sekaran et al. (2021) argued that cur-
rent forms of state support are working effectively, es-
pecially investment subsidy programmes. Their analysis
was based on data from regions with active implemen-
tation of such programmes. The current study, on the
other hand, criticised the support for being fragmented
and poorly adapted to regional needs.

Despite declarations about the need for digitali-
sation, in practice, technologies are applied point-by-
point and unsystematically. Temperature monitoring,
route tracking, and metering automation are in most
cases either absent or used in a fragmented manner
(Uazhanova et al., 2024). This limits opportunities to
manage risks and improve the efficiency of logistics
processes. Digitalisation should be a key element of
the development strategy: from cargo tracking systems
to platforms for coordinating the actions of all supply
chain participants. This is the only way to ensure the
accuracy, transparency, and sustainability of logistics
infrastructure. M. Khanna (2021) explored the digital
transformation of the agricultural sector. The research-
er analysed the implementation of GPS tracking of
trucking, automated temperature and humidity control
systems in storage facilities, and digital supply man-
agement platforms. M. Khanna highlighted the grow-
ing interest of agribusiness in digitalisation as a way to
optimise costs and improve product safety. According
to M.A. Dayioglu and U. Turker (2021), the level of digi-
talisation is increasing faster than expected and forms
the prerequisites for integrated logistics platforms. The
current study, on the contrary, indicated the fragmenta-
tion and sporadic application of digital solutions. The
present study indicated that digital solutions are im-
plemented in a fragmented manner, most often in pilot
projects or at the level of large farms, while the vast
majority of small and medium-sized agribusinesses do
not have access to such technologies.

A cumulative analysis of all factors confirmed that
the safety of livestock production cannot be ensured
by efforts in one direction, whether it is machinery, or-
ganisation, or legislation. A comprehensive transforma-
tion is needed, combining investments in infrastructure,
human resources, digital technologies, institutional
change, and adaptation to natural conditions. Such an
approach will not only reduce losses but also improve
the overall competitiveness of the sector, creating the
conditions for sustainable development of agricultural
logistics. W. Munro and R. Schurman (2022) considered
that a systems approach is not possible without changes
in the institutional architecture of the agribusiness sec-
tor - first of all, reforms in storage ownership, responsi-
bility allocation, and inter-institutional interaction. The
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present study supported the idea of systematicity but
proposed it as a result of the integration of infrastruc-
tural, managerial, and human resource solutions. The
analysis of the results obtained in comparison with al-
ternative approaches revealed that the efficiency of the
system of storage of livestock products in the agricul-
tural sector depends on a combination of institutional,
technical, and human factors. The integrated approach
continues to be the key condition for increasing product
safety and sustainability of logistics chains.

CONCLUSIONS

Based on the analysis, the study found that extensive
product losses at various stages — from production
to consumption - are conditioned by both biological
properties of animal products and technical and in-
frastructural limitations. Problems in the area of cool-
ing, packaging, and transport are particularly critical.
The lack of modern storage facilities with automatic
climate control results in the need to sell products
quickly, limiting flexibility in supply management and
increasing the share of write-offs. From 2015 to 2023,
there was an increase in gross livestock production
from KZT 1,469.9 bn to KZT 3,012.5 bn with margin-
al fluctuations that suggest the sector is vulnerable
to logistical and climatic risks. Despite an increase in
cattle (from 6.18 mn heads in 2015 to 7.98 mn heads
in 2024) and horses (more than doubling), milk and
egg production figures have been declining - especial-
ly in 2022, when milk production almost halved. This
reflects inefficient storage and post-production pro-
cessing, especially against the backdrop of seasonal
temperature variations and limited access to modern
infrastructure in rural areas.

Modern technologies allow agricultural enterpris-
es to improve efficiency and reduce losses of livestock
products substantially. In Kazakhstan, such measures
are particularly relevant due to the extreme climate.
The use of ERP systems (e.g., SAP S/4HANA in Eura-
sia Group), digital platforms, and advanced processing
(kraft cheeses, dried meat) increases profitability and
sustainability of farms. Vertical integration (Zhaiyk Et,
Aknar PF) ensures control at all stages of production.
Development of the cold chain and ecologisation of the
agro-sector allow improving product quality, reducing
losses by up to 10% and increasing competitiveness
in foreign markets. Overall, the development of deep
processing of raw materials, digitalisation of logistics
processes, modernisation of refrigeration infrastructure,
and development of agro-cooperatives are promising
areas for improving preservation efficiency. In the fu-
ture, it would be advisable to conduct farm-level stud-
ies to identify concrete loss factors and assess the ef-
fectiveness of implemented storage technologies.
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EKOHOMiUHa epeKTUBHICTb 36epe)XXeHHS Ta BUKOPUCTaHHS TBAaPMHHULbKOI
npoaykuii B arpapHOMYy CeKTOpi €KOHOMIKM

Enbmipa Ky3seHb6aeBa

LokTopaHT
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[ynbHapa TynewoBa

KaHanpaT eKOHOMIYHUX HayK, 3aBigyBad Kadeapu
XeTucymncobkuin yHiBepcuTeT iMeHi Inbsica XXaHcyrypoBa
040009, Byn. XXaHcyryposa, 187A, M. TangmkopraH, Pecnybnika KasaxcraH
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AHoTauis. Pobota 6yna cnpsMoBaHa Ha BMBYEHHS WANAXiB MiABULLEHHS €KOHOMIYHOI ePEeKTUBHOCTI arpapHoro
BMPOOHULTBA 33 paxyHOK BAOCKOHaNeHHs cucTeM 6e3nekuM Ta pauioOHaNbHOrO BWKOPUCTAHHA NpPoOAyKLii
TBAapMHHMLTBA. MeToA0M0riYHOK OCHOBOK AO0CAIAXKEHHS BUCTYNaB KOMMAEKCHUIM Nigxid, WO BK/IKYAE aHanis
CTaTUCTUYHUX [OAHWUX, CTPYKTYPHO-OAMHAMIYHUIA Ta MOPIBHANBHMI aHani3, a TaKoX eNleMEeHTW CUCTEMHOro Ta
dakTopHOro aHanisy. Banosui Bunyck npopykuii TBapuHHMLTBA Y KasaxcraHi 36inbwmecs 3 2066,4 mapg TeHre
y 2015 poui po 3012,5 mnpg teHre y 2023 poui. [pn uboOMy yMcenbHiCTb BeAMKOi poraToi xyaobu 3pocna 3
6,18 mnH. ronis y 2015 poui po 7,98 maH. y 2024 poui, a KinbkicTb KOHel 6inblw HixXX nogeoinaca - 3 2,07 no
4,35 MAH. ronie 3a ToM Xe nepiod. PeaynbtaTn aHanisy nokasanu, Wo He3BaXaktumM Ha CTiNKe 3pOCTaHHS NOrois’s
Ta BaNOBOI NPOAYKLIi, edheKTUBHICTb Be3nekun 3aNuLAETLCS Ha cepefHbOMYy piBHI. Lle 3i 3HOCOM X0noaunbHOI
iHdDpacTpyKTypH, CNabknM po3BUTKOM “X0N0A0BOI NaHutora”, AediumMToM KBanihikoBaHMX Kaapis, HELOCTAaTHbOK
LUMdpPOBi3aLi€D NOMCTUYHUX NPOLLECIB i KNiMaTUYHUMK ocobnusocTamu perioHiB. O6carn BupobHMLTBA MONOKa
3HM3MNNCA MalKe BABIYi. BTpatn Ha eTanax 36epiraHHs Ta TPaHCMOPTYBAHHS TaKoX BiAO6GPaXeHi y 3HWXKEHHI
BMpOOHMLTBA f€ub 3 5,59 mnpa wtyk y 2018 poui po 4,48 mnpa y 2024 poui. Y poboTi 06rpyHTOBaHO, LWo
iHBecTMLii y MopepHi3auito iHdpacTpykTypu 36epiraHHs, uMdPOBi3aLilo NOriCTUKM Ta PO3BMTOK rAMOOKOI
nepepobku € He HAaAMipHUMMU BUTpPaATaMM, @ iIHCTPYMEHTOM ONTMUMIi3aLii BUPOOHMYOro npouecy Ta MigBULLEHHS
CTiKocTi arpobisHecy. TakoX 3anponoHOBaHO HaNpsSIMK CTPaTeriYyHoro po3BMTKY: HOpPMyBaHHS arponpoMMCIOBUX
KnactepiB, pO3BMTOK Koomnepauii, MigBUWEHHSA KBanidikauii Kagpis, pO3WMPEHHS AepXaBHOI NIATPUMKM Ta
BMPOBALXKEHHS EKONOMYHO CTIMKMUX TEXHONOTIN. 3p06IEHO BUCHOBOK, WO MigBULLEHHS piBHSA 6e3mnekn NposyKLii
TBapuHHMUTBA B KasaxcTaHi 34aTHe He fiMlle 3HM3UTM BTPaTH, @ M MiABMLMTM peHTabeNbHiCTb rocnopapcrs,
3MiLHMTM NpoAoBO/bYY Be3neky KpaiHu Ta ii eKCNOPTHMIA NoTeHUian

KniouoBi cnoBa: iHQpacTpyKTypa CXOBY; NOFICTUYHI 0OMEXEHHS; LMBPOBi3aLig; KNiMaTUYHi YMOBU; KOHTPO/b SKOCTI
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study found that the implementation of these technologies allowed to reduce fuel costs by up to 60%, fertilisers
by 18-22%, and labour costs by 15-20%. At the same time, wheat yield increased by 50% compared to 2023 and
amounted to 1.38 t/ha. The introduction of drip and sprinkler irrigation on an area of about 84 thousand ha allowed
to reduce water consumption by 20-40% and increase crop stability in drought conditions. Economic efficiency was
confirmed by a high level of payback: typical terms of return on investment in these technologies were 3-5 years
with state co-financing of up to 80%. The regression model showed high explanatory power (R?=0.948), with
the most significant influencing factors being subsidies for drones (+106.51) and digital platforms (+7.29), while
direct funding per 1 ha was not statistically significant (coefficient -0.0004; p = 0.685). The results confirmed the
economic feasibility of innovative approaches to agriculture in Kazakhstan and proved that the effectiveness of
state support depends on its targeting and integration into the institutional environment. The results of this study
can be practically applied by government agencies to optimise subsidy policies, by agricultural enterprises to
justify investments in digital technologies, and by international donors to support scalable, cost-effective solutions

for sustainable agriculture

Keywords: innovation; sustainability; yield; precision farming; profitability

INTRODUCTION

Increasing the efficiency of the agricultural sector of
Kazakhstan in the face of climate change, depletion of
natural resources and rising costs of material and tech-
nical resources is one of the key challenges of mod-
ern agriculture. Crop production is increasingly faced
with problems of reduced soil fertility, water shortages,
high energy intensity of technological processes and
dependence on imported fertilisers and fuel. In such
conditions, the introduction of resource-saving tech-
nologies becomes an effective means of ensuring the
stability of production, reducing costs and increasing
the competitiveness of products. Inefficient use of ag-
ricultural land in Kazakhstan, limited implementation
of innovations and the lack of a unified approach to
the organisation of agricultural enterprise territories
make it difficult to achieve sustainable results. This was
investigated by Y. Anarbayev et al. (2024), who proved
that the transition to internal land management, taking
into account the experience of the USA, China, Japan
and the EU, contributes to increased profitability and
rational use of resources. They proposed public-private
partnerships, subsidies and digital systems as effective
tools. However, there is still a lack of local data on the
economic efficiency of such solutions in different re-
gions and unified assessment methods.

Limited adaptation of agricultural practices to
climate change, low application of water-saving tech-
nologies, and reliance on traditional methods reduce
yield stability (Shahini, 2024). Modelling approaches,
as demonstrated by A. Tkacheva et al. (2024), suggest
that adjusting sowing dates and crop structures can
help mitigate the negative impact of climate change
on grain yields, although the authors did not explore
the economic feasibility of such measures at the farm
level. he potential of digital tools like Internet of Things
and Geographic Information System for improving yield
forecasting and cost management was emphasised by
M. Toguzova et al. (2023), who also pointed to the lack

of infrastructure and trained personnel as major barri-
ers to their adoption. High energy intensity of produc-
tion and dependence on external resources reduce the
economic sustainability of the agricultural sector in
Kazakhstan. X. Luo and A. Kaiyrbayeva (2024) studied
the impact of green energy on the efficiency of agricul-
tural production, noting that the use of solar and wind
installations reduces costs and promotes greening. At
the same time, the study did not consider the econom-
ic payback of such solutions and regional limitations
for their scaling. Low environmental efficiency of ag-
ricultural production and resource depletion compli-
cate sustainable development. Similarly, the work of
N.Suleimenova et al. (2021) underlined the importance
of combining economic incentives and state support to
promote green practices in agriculture, though practi-
cal mechanisms and their cost-effectiveness across dif-
ferent farm types remained unaddressed.

The low efficiency of agricultural production in
Kazakhstan is due to weak infrastructure, lack of irri-
gation, and limited access to technology (Taishykov et
al., 2025). Digitalisation is often proposed as a solu-
tion, and R. Gabdualiyeva et al. (2024) explored its po-
tential through tools like Global Positioning System
(GPS), drones, sensors, and Artificial Intelligence (Al),
showing their capacity to enhance precision and re-
duce operational costs. However, widespread adoption
remains hindered by poor internet coverage, absence
of unified standards, limited digital literacy, and farm-
er reluctance. Despite the presence of over 20 digital
and 170 advanced farms, weak internet coverage, lack
of standards and digital skills, and farmer caution re-
main constraints. Further research is needed into the
incentives and conditions for scaling up digital solu-
tions. The challenge of low productivity and underuti-
lisation of innovation is further complicated by risks to
food security, as discussed by Z. Ospanov et al. (2024),
who stressed the benefits of precision farming and
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sustainable resource management, though without ad-
dressing feasibility for smaller farms or regional dis-
parities. At the same time, there is no analysis of the
economic feasibility for small-scale producers and
regional specificities of implementation. Limited ac-
cess to innovation, inefficient management, and staff
shortages are holding back agricultural productivity
gains. G. Abdikerimova et al. (2024) showed that digi-
tal technologies, such as sensor monitoring and remote
sensing, increase planning efficiency and reduce costs.
However, the study does not cover the economic feasi-
bility of implementation for small farms and ways to
overcome barriers to digitalisation.

Based on the analytical differences in the imple-
mentation of innovative agricultural technologies be-
tween regions of Kazakhstan, this study hypothesised:
the implementation of precision agriculture in the
regions of Kazakhstan provides a statistically signif-
icant increase in the profitability of agricultural pro-
duction at the farm level. The purpose of this study
was to explore the impact of precision agriculture and
resource-saving technologies on the economic perfor-
mance of Kazakhstan’s crop production sector during
2021-2024, with a focus on identifying measurable
improvements in input efficiency, profitability, and in-
vestment returns at the enterprise level. The main ob-
jectives of the study were: to analyse the indicators
of yield, costs and profitability in farms that use re-
source-saving solutions; to assess the impact of the
use of such technologies on reducing the cost of pro-
duction and increasing production efficiency.

MATERIALS AND METHODS
The study was analytical in nature and covered the
period 2021-2024. The study examined the concepts
and classifications of resource-saving technologies
in agriculture in Kazakhstan with the results of ana-
lytical sources (Kazakhstan Adopts Water..., 2025). The
methodological support of the study was focused on
empirical verification of the specified hypothesis re-
garding the impact of precision agriculture on changes
in the profitability of agricultural production in certain
regions of Kazakhstan. Innovative approaches such as
precision agriculture, GPS monitoring, digital crop man-
agement, drip and sprinkler irrigation, remote sensing
and the use of drones were analysed (Food and Agri-
culture Organization, 2023). The main attention was
focused on the practical results of the application of
these technologies in the context of regions, in par-
ticular the northern region (North Kazakhstan, Akmo-
la, Kostanay and Karaganda regions), where precision
agriculture technologies are most actively used. The
Eastern cluster, which includes Pavlodar and East Ka-
zakhstan regions, is marked by the gradual introduction
of Geographic Information System. In the southern and
south-eastern regions (Turkestan, Kyzylorda, Zhambyl,
Almaty regions), the key focus has been on modernising
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growth in response to water scarcity (Nurmaganbeto-
va, 2025; Sowing Campaign 2025..., 2025; Revolution-
izing Kazakhstan’s Agriculture..., n.d.).

To assess economic efficiency, generally accepted
indicators were used: production costs, profitability,
net income, return on investment, resource efficiency
(water, fertilisers), labour productivity (Nurmaganbeto-
va, 2025). The calculation was based on collected sta-
tistical data and a summary of the results of agricul-
tural enterprises that introduced these technologies, In
Akmola, this included companies such as Ivolga Hold-
ing (n.d.), Rodina Agrofirm (n.d.),and TNK Agrofirm (n.d.).
In Kostanay, key enterprises were Agro-Trade Ltd (n.d.)
and Barlau Agrofirm (n.d.). In North Kazakhstan Grain
Industry Corporation (n.d.). In Almaty, companies such
as Zelenyi Dom (n.d.) and KazBeef Ltd (n.d.). In Turke-
stan and Zhambyl, Taraz Sugar Factory LLP (n.d.), and
K-Agro Holding (n.d.). In Kyzylorda, Baikonur Agrohold-
ing (n.d.). These enterprises were selected due to their
documented adoption of GPS navigation, smart irriga-
tion systems, and drone-based monitoring during 2021-
2024. The indicators of net profit, gross income per
hectare, and return on investment in digital platforms
and irrigation systems were also analysed. To achieve
this objective, a multiple linear regression model was
constructed, where the dependent variable represented
the level of digitalisation in large and medium-sized
agricultural enterprises, expressed as the share of
farms using GPS navigation, drones, and electronic field
maps. The independent variables included the amount
of state support per hectare (in KZT), the availability of
irrigation systems (0 - no, 1 - yes), the presence of sub-
sidies for drones (0/1), the introduction of digital plat-
forms (0/1), and a binary variable representing the type
of region (0 - northern regions, 1 - southern regions).
The selection of these parameters was driven by their
documented relevance in national policy reports and
previous studies, which highlight the role of targeted
support instruments and infrastructure development in
advancing digital transformation (Organisation for Eco-
nomic Co-operation and Development, 2023; United
States Department of Agricultural, 2025). The regres-
sion equation is (1):

Digitalyqys =106.51 x Dronesg,, i, +7.29 x
x Digitalpoms — 0-0004 x Support_per_ha -

- 749 x Irrigation — 7.49 xRegion_Type+g, (1)
where Digital,. — share of agricultural enterpris-
es using digital technologies such as GPS navigation,
drones, and electronic field maps in a given region;
Droness,,q, — Presence of a government subsidy pro-
gram for drones (binary variable: 1 if active, O if not);
Digitaly,ms — Presence of digital platforms (such as
cadastral maps, digital field monitoring tools) (1 =im-
plemented, 0 = not implemented); Support_per_ha -
total amount of state support per hectare (in tenge);




Irrigation — availability of government support for ir-
rigation systems (1 =support available, 0 = not avail-
able); Region_Type - region classification (1 =southern
regions, 0=northern regions); € - residual error term of
the model.

The dataset used for the model was compiled from
aggregated regional information on agricultural sup-
port programs and technology implementation rates
during the 2020-2024 period. For each region, the digi-
talisation rate was determined based on the proportion
of enterprises that actively utilise precision agriculture
tools, while the financial and structural variables were.
The regression analysis was conducted using the ordi-
nary least squares method, which allowed for the esti-
mation of the relationship between state policy mea-
sures and digitalisation levels, while controlling for
regional differences. The rationale for constructing the
regression model was to quantify the contribution of
various policy instruments and technological enablers
to the overall digital maturity of the agricultural sector.
By identifying which factors have the most significant
influence on the adoption of digital technologies, the
model provided a robust analytical framework for eval-
uating the effectiveness of current government strate-
gies and for proposing more targeted measures.

RESULTS
Theoretical principles for assessing the effectiveness
of resource-saving technologies in crop production.
The assessment of the effectiveness of resource-saving
technologies in crop production combines several con-
ceptual and methodological approaches. In economic
research, effectiveness is most often evaluated through
profitability indicators, cost reduction, and return on
investment. In the context of sustainable agriculture,
however, the assessment also includes ecological and
operational parameters — such as water use efficiency,
input productivity,and climate resilience. Resource-sav-
ing technologies in crop production in Kazakhstan
demonstrate gradual but steady implementation, sup-
ported by both state support and positive economic
results. One of the main areas is minimal tillage tech-
nologies, in particular no-till, strip-till and reduced till-
age. According to 2016 data, the no-till area amounted
to more than 2.5 million hectares, which was equal to
about 10% of agricultural land. In 2023-2024, the share
of these technologies increased slightly, especially in
the northern regions - Kostanay and North Kazakh-
stan regions, where their effectiveness in preserving
soil fertility and increasing yields has been proven in
practice. At the same time, implementation is hampered
by the need for specialised equipment and insufficient
awareness among farmers (World Bank, 2024a). By
2024, about 60-75% of agricultural enterprises in Ka-
zakhstan use elements of precision agriculture, includ-
ing GPS navigation, electronic field maps and satellite
monitoring. More than 200 digital farms use drones to
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analyse soils and crops in real time, which allows them
to reduce costs for fertilisers, fuel and water. On aver-
age, such technologies allow to reduce operating costs
by 10-15%, and the efficiency of fertiliser use increas-
es by 28-30%. Water conservation is achieved through
smart irrigation, which reduces water consumption by
25% and increases yields by 1.5-2 times compared to
traditional irrigation methods. In 2024, the area of ag-
ricultural land with implemented water-saving tech-
nologies amounted to about 158 thousand hectares,
of which about 44 thousand hectares are under drip
irrigation and 56 thousand are under sprinkler irriga-
tion. This is only 10-15% of the total area of irrigated
land, but the government is actively stimulating their
development, compensating for up to 80% of the cost
of equipment and up to 85% of the cost of water (Ka-
zakhstan Adopts Water..., 2025).

Record grain yields in 2024 in particular, wheat and
barley which exceeded the five-year average by 30%,
and last year’s by more than 50%, are partly explained
by favourable weather conditions, but also indicate
the effectiveness of modern agricultural technologies.
Wheat yields reached 1.38 t/ha — 12% higher than in
the previous month and 50% higher than in 2023. At
the same time, precision agriculture and resource-sav-
ing solutions ensured the stability of production even in
difficult climatic conditions. As part of the digital trans-
formation, 98.8% of the sown area in Kazakhstan has
already been digitised using electronic field maps (Me-
non, 2024). However, the problem of high-quality Inter-
net connectivity for small-scale farmers remains rele-
vant. The Digital Acceleration for an Inclusive Economy
project, supported by the World Bank (2024b), provides
for investments of more than USD 92 million to expand
infrastructure in rural areas. Thus, resource-saving tech-
nologies in crop production in Kazakhstan - from preci-
sion agriculture to smart irrigation - not only increase
the productivity and economic efficiency of farms, but
also form the basis for the sustainable development of
agriculture in the face of climate challenges.

In Kazakhstan’s agricultural sector, the assessment
of economic efficiency in the implementation of new
technologies, particularly resource-saving and digi-
tal innovations, is based on a set of well-established
financial and operational indicators (Tleubayev et
al., 2024). These include profitability, production costs,
net income, return on investment, input efficiency, and
labour productivity. Profitability remains the core in-
dicator, measured as the ratio of net income to total
costs or revenues (Dovgal et al., 2025). It captures the fi-
nancial return from technological investments, such as
GPS-guided equipment or water-saving irrigation sys-
tems. A critical component of this is the cost per unit of
production, often calculated as the cost per ton of grain,
which tends to decrease with optimised input use. Data
from 2020-2024 show that fuel costs can be reduced by
up to 60%, fertiliser costs by around 18-22%, and labour
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costs by 15-20% through the use of precision technol-
ogies and minimal tillage methods. Net income and
gross margin per hectare are also widely used, especial-
ly when assessing performance improvements from the
introduction of automated management systems and
smart farming platforms. These indicators help quanti-
fy the financial impact of improved yields and reduced
losses. For example, the adoption of drip and sprinkler
irrigation on approximately 84,000 hectares by 2024
has not only reduced water usage by 20-40% but also
improved yield stability under drought conditions, no-
tably in Akmola and southern regions (The Government
of Kazakhstan has adopted..., 2024).

Return on Investment is applied to evaluate the
cost-effectiveness of new equipment or digital plat-
forms. Large holdings use investment appraisal meth-
ods such as Net Present Value, Internal Rate of Return,
and Payback Period. According to national programs
and studies such as the Concept of Development of
Agro-Industrial Complex of the Republic of Kazakhstan
for 2021-2030 Years (2021) program supported by in-
ternational partners like the Organisation for Economic
Co-operation and Development (2023), typical payback
periods for technologies like drip irrigation or precision
farming in Kazakhstan range from 3 to 5 years, espe-
cially when subsidies covering up to 80% of installation
costs-are factored in. Input efficiency metrics, such as
fertiliser and water use efficiency, are becoming central
in evaluating the impact of Smart Farming. These indi-
cators show that fertiliser use can be optimised by 28-
30%, while water consumption is reduced by up to 25%,
significantly lowering total production costs and envi-
ronmental impact. For instance, farms using precision
agriculture technologies report up to 30 million tenge
(~USD 70,000) in annual fertiliser savings (Drones help
grow crops..., 2025). Labour productivity is another key
metric, reflecting output per worker. In summary, the

assessment of economic efficiency in Kazakhstan’s ag-
riculture integrates financial performance, input use
optimisation, and investment analysis, all supported
by government policy and data infrastructure that rein-
force the sustainable adoption of innovative technolo-
gies (Siximbayeva et al., 2025).

These findings confirm that Kazakhstan has not only
initiated but also systemically integrated resource-sav-
ing technologies into crop production by combining
economic incentives with digital modernisation. While
large agricultural enterprises benefit most from auto-
mation, satellite mapping, and high-tech irrigation, the
government’s efforts to scale up access - through sub-
sidies and digital infrastructure expansion - are grad-
ually addressing disparities in adoption across regions.
The observed correlation between the implementation
of such technologies and improved yield stability, input
efficiency, and financial performance underscores their
importance not only as tools of economic efficiency but
as pillars of climate resilience and food security.

Status and trends in the implementation of re-
source-saving technologies in agriculture in Kazakh-
stan. In Kazakhstan, the digital transformation of the
agricultural sector, in particular in the direction of GPS
monitoring and precision agriculture, is being active-
ly implemented in all regions of the country. This is
due to both the need to increase production efficiency
and state strategies for the modernisation of agricul-
ture. The use of satellite technologies, sensors, mo-
bile applications and digital platforms ensures precise
management of crops, resources and equipment even
in conditions of limited Internet connection (Pasich-
nyk et al.,2023). Below are examples of the main tech-
nologies used in the industry. Table 1 summarises the
key GPS-based monitoring and digital management
technologies currently adopted in Kazakhstan’s agri-
cultural sector.

Table 1. Main technologies of GPS monitoring and digital management in the agricultural sector of Kazakhstan

Type of technology Example/equipment

Purpose Usage features

GPS collars for livestock Lives’ talk+Samsung

Operates without Internet; cost

Tracking livestock movement under USD 300

GPS/GLONASS for agricultural

) Omnicomm Profi
machinery

Fuel consumption control,
machinery routing

Operates offline; includes fuel
sensors

Satellite monitoring systems FAO+NASA Harvest

Monitoring crop conditions,

yield forecasting Uses Al and satellite imagery

Moisture and composition
sensors

Soil condition sensors

Measuring pH, temperature,
moisture, and chemical soil
composition

Supports irrigation and
fertilisation decisions

Digital farm management

platforms ASTEL, e-Agriculture

Satellite connection enables
use in remote regions

Monitoring livestock,
machinery, and soil condition

Smartphone platforms
(Farmonaut, GeoPard
Agriculture)

Mobile monitoring apps

Convenient for small and
medium-sized farms

Real-time tracking of
machinery and livestock

Remote sensing-based

platforms Farmonaut, satellite services

Field condition analysis,
risk detection, Al-based
recommendations

Covers up to 116 million
hectares; Al for yield
forecasting

Source: compiled by authors based on Food and Agriculture Organization (2023)
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According to the above solutions, farmers are able
to accurately plan agricultural operations, reduce fuel,
water and fertiliser costs. For example, GPS-guided
equipment allows to optimise routes, reducing fuel
consumption by up to 20%, and the use of moisture
sensors allows to reduce water consumption by 25%
and increase yields by up to 30%. In regions such as
North Kazakhstan and Akmola region, the introduction
of satellite systems and elements of precision agricul-
ture has allowed to increase wheat yields by 9.6-19.2%
compared to traditional methods. Digital farms, working
with drones, GPS monitoring and platforms such as Far-
monaut, already cover more than 200 farms across the
country. They not only optimise resource use, but also
provide real-time analytics on the condition of the fields.
In turn,blockchain traceability systems guarantee trans-
parency of supplies and product quality. The role of the
state remains decisive. With the support of the govern-
ment and initiatives such as Digital Kazakhstan and the
development of the Unified State Subsidies System (Ka-
zakhstan intensively introducing..., 2025), digital tech-
nologies are being integrated into the farming environ-
ment, including distance learning modules and satellite
land inspection. Thus, GPS monitoring and digital plat-
forms are not only changing approaches to agricultural
production, but also forming the basis for the sustain-
able development of the country’s agricultural sector.

Regional differences in the implementation of
technological modernisation in the agricultural sector
of Kazakhstan are due to a number of factors, among
which the leading role is played by natural and climatic
conditions, types of crops, infrastructure development
and the level of state support. The level of use of preci-
sion agriculture technologies - such as GPS monitoring,
dronesand smartirrigation systems —varies significantly
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between the northern, southern, eastern and western
regions of the country. The northern region, which in-
cludes the North Kazakhstan, Akmola, Kostanay and
Karaganda regions, is the undisputed leader in the im-
plementation of precision agriculture technologies. This
is due to the presence of large areas of arable land, the
concentration of grain and leguminous crops and signif-
icant state support (Revolutionizing Kazakhstan’s Agri-
culture..., n.d.). By 2025, it is planned to sow more than
4.4 million hectares in North Kazakhstan alone. The re-
gion widely uses GPS navigation technologies, satellite
monitoring, soil moisture sensors, and digital platforms
for agronomic analysis, which can increase yields by up
to 30% and reduce resource costs. Eastern regions, such
as Pavlodar and East Kazakhstan, are gradually intro-
ducing geographic information systems and precision
fertilisers, focusing on optimising the use of water and
fertilisers. However, due to the fragmented structure of
land plots, less mechanisation, and average infrastruc-
ture, the scale of implementation of these technolo-
gies is inferior to the north (Nurmaganbetova, 2025).

Southern and south-eastern regions, such as Turk-
estan, Kyzylorda, Zhambyl, and Almaty, are traditionally
focused on growing water-intensive crops (rice, cotton,
vegetables), which necessitates the modernisation of
irrigation systems. Drip and smart irrigation systems
are being actively introduced here to reduce water
losses, which in some places reach 40%. However, the
level of overall technological modernisation is lower
due to limited infrastructure, small farm sizes, and wa-
ter scarcity. GPS monitoring of pastures, remote sensing
for fodder management, and livestock control are more
relevant here (Sowing Campaign 2025...,2025). Table 2
summarises the implementation of technological mod-
ernisation by region in Kazakhstan.

Table 2. Regional differences in the implementation of precision agriculture technologies in Kazakhstan

Precision agriculture Key focus &

Region use level technologies Example companies/enterprises Challenges
GPS machinery, Ivolga Holding (large private Strong infrastructure, but lack of
Northern High drones, soil sensors, 9 g {targe p digital skills among SME staff; aging
. o agroholding)
satellite monitoring workforce
Digital irrigation, Taraz Sugar Factory LLP, (mixed Water sca.rC|ty, fr{ag.mer)ted fields,
Southern ~ Moderate to Low - : . LS . weak technical training in small and
crop diversification  ownership, irrigation-oriented farm) .
cooperative farms
Geoinformation Grain Industry Corporation, regional  Less mechanisation, limited access
Eastern Moderate systems, precision diversified farms (medium-size to drones; shortage of digital
fertilisation holdings and private producers) specialists
S Ivestock e rarises (orivate farms infrasructor, (ak of copaci
Western Low tracking, remote P P p i pacity

sensing

and cooperatives in Aktobe, West

for adoption among small-scale

Kazakhstan) producers

Note: the classification of precision agriculture use levels in Table 2 was based on the estimated share of large and
medium-sized agricultural enterprises using technologies such as GPS, drones, and digital maps during 2022-2024.
Regions were categorised as “high” if over 70% of enterprises had adopted these tools, “moderate” for 40-70%, and
“‘low” for below 40%. The estimates were derived from regional reports, statistical reviews, and digitalisation programs.
Companies that were used Ivolga Holding, Taraz Sugar Factory LLR, Grain Industry Corporation, Baikonur Agroholding

Source: compiled by authors based on Z. Nurmaganbetova (2025), Sowing Campaign 2025...(2025), Revolutionizing

Kazakhstan’s Agriculture...(n.d.)
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State policy plays a crucial role in technological
modernisation. The northern regions have the highest
level of involvement in modernisation programs: soft
loans, fuel subsidies, seed support, and equipment leas-
ing are provided. In other regions, support is aimed at
modernisation of irrigation, development of vegetable
growing,and transition to more environmentally friend-
ly technologies. Thus, the regional characteristics of Ka-
zakhstan determine not only the choice of agricultural
technologies, but also the pace of their implementation.
The north is characterised by a high level of technology
and mechanisation, while the south and west require
an individual approach, taking into account climatic
challenges and limited resources. Differentiated state
policy allows for effective adaptation of modernisation
measures to the conditions of each region.

Financial support and digital platforms as de-
terminants of innovation in agriculture. In order to
quantify the impact of state support on the level of
digital technology adoption in the agricultural sector
of Kazakhstan, a regression model was constructed,
in which the dependent variable was the level of use
of digital tools (GPS, drones, electronic field maps) in
large and medium-sized agricultural enterprises. Ac-
cording to available data, in the northern regions of
the country (Akmola, Kostanay, North Kazakhstan re-
gions) this indicator is 70-90%, while in the southern
regions (Almaty, Turkestan, Zhambyl, Kyzylorda) it is
widespread mainly among large commercial and irri-
gated farms, but without the specified clear percent-
age limits. The main independent variables used in the
model were: the amount of state support per 1 hectare
(within 40,000-70,000 tenge), the availability of irriga-
tion (0/1), the use of drones (0/1), the introduction of
digital platforms (0/1), and regional type (north/south).
Regression analysis showed a positive relationship be-
tween the level of support and digitalisation. In partic-
ular, in regions where support was more than 60,000
tenge/ha, the share of enterprises that had implement-
ed digital platforms for field mapping and monitoring
reached 85-90%. For example, in the Akmola region,
the use of such technologies covers the absolute ma-
jority of large enterprises. In the southern regions,
where the main focus of subsidies is drip irrigation
and infrastructure modernisation, the average amount
of support in 2024 reached 70,000-80,000 tenge/ha,
including an additional 30,000-40,000 tenge for mod-
ernisation projects, but digitalisation was less com-
plete. The variable “use of digital platforms” turned out
to be particularly important: regions where digital ag-
riculture demonstration centres operate show a signifi-
cantly higher share of GPS and drone use. Thus, as part
of the national digitalisation program, more than 200
farms were equipped with electronic cadastral maps
and Information Technology solutions for field man-
agement in 2024-2025. This corresponds to the mass
implementation in North Kazakhstan, Almaty, Zhetysu,
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Abai and Turkestan regions, where pilot projects were
implemented jointly with Food and Agriculture Orga-
nization (Organisation for Economic Co-operation and
Development, 2023).

The availability of irrigation systems also has a
positive effect: in regions where up to 80% of invest-
ments in drip irrigation are subsidised by the state (as
in Turkestan and Zhambyl regions), digital solutions are
increasingly combined with water consumption control.
In addition, from 2023, the state will compensate 25%
of the cost of drones, which has increased their spread
in southern regions specialising in irrigated crops with
high added income per hectare. Thus, the statistical
analysis confirmed that an increase in subsidies per
hectare, the introduction of digital platforms and ac-
cess to drip irrigation significantly increase the likeli-
hood of using innovations on farms. At the same time,
southern regions demonstrate lower digital maturity
with the same level of funding, indicating the presence
of regional barriers - both infrastructural and educa-
tional - to the use of sophisticated digital solutions
(United States Department of Agricultural, 2025).

To quantify the impact of government support and
structural factors on the level of digital technology
adoption in the agricultural sector of Kazakhstan, a
linear regression model was constructed. The selected
agricultural enterprises demonstrated varying degrees
of digital technology adoption based on their region-
al context and production focus. In Akmola, Ivolga
Holding (n.d.), Rodina Agrofirm (n.d.), and TNK Agro-
firm (n.d.) stand out for their large-scale grain produc-
tion and early implementation of GPS navigation and
electronic field mapping systems. Agro-Trade Ltd (n.d.)
and Barlau Agrofirm (n.d.) in Kostanay also specialise
in cereals but emphasise fuel control systems and ma-
chinery route optimisation. In North Kazakhstan, Grain
Industry Corporation (n.d.) integrated drone technol-
ogies for crop surveillance and precision input use.
In Almaty, Zelenyi Dom (n.d.) and KazBeef Ltd (n.d.)
focused on digital tools for pasture monitoring and
livestock productivity. In water-scarce southern re-
gions like Turkestan and Zhambyl, Taraz Sugar Factory
LLP (n.d.) and K-Agro Holding (n.d.) adopted smart ir-
rigation systems and digital crop planning. In Kyzylor-
da, Baikonur Agroholding (n.d.) led the implementa-
tion of satellite-based monitoring for water efficiency
and field diagnostics. Despite regional distinctions, all
these companies actively applied digital tools-such as
GPS, drones, and electronic field maps-during 2024-
2025, reinforcing Kazakhstan’s movement toward pre-
cision agriculture. The main independent variables
were: the amount of government support per hectare,
the availability of irrigation systems, the drone subsi-
dy, the introduction of digital platforms, and a binary
variable for the type of region (1 - south, O - north).
The key indicators for constructing the regression
model are shown in Table 3.
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Table 3. Key indicators for regression model construction

Region Digital Tech use (%) Support per ha (KZT) Irrigation Drones’subsidy Digital platforms  Region type
Akmola 90 60,000 0 1 1 0
Kostanay 85 58,000 0 1 1 0
North Kazakhstan 88 62,000 0 1 1 0
Almaty 70 75,000 1 1 1 1
Turkestan 65 80,000 1 1 1 1
Zhambyl 60 78,000 1 1 1 1
Kyzylorda 58 77,000 1 1 0 1

Note: in Akmola,this included Ivolga Holding, Rodina Agrofirm,and TNK Agrofirm; in Kostanay - Agro-Trade Ltd and Barlau
Agrofirm; in North Kazakhstan - Grain Industry Corporation and TNK Agrofirm; in Almaty - Zelenyi Dom and KazBeef
Ltd; in Turkestan and Zhambyl - Taraz Sugar Factory LLP and K-Agro Holding in Kyzylorda - Baikonur Agroholding.
The allocation of subsidies and co-financing was often guided by regional agricultural departments based on farm size,
participation in national programs (such as Digital Kazakhstan and the Agro-Industrial Complex Development Concept

2021-2030), and project readiness

Source: compiled by authors based on Organisation for Economic Co-operation and Development (2023), United States

Department of Agricultural (2025)

Based on the regression analysis (formula 1), the
model demonstrated a high degree of explanatory
power, with an R-squared value of 0.948, indicating
that over 94% of the variance in the use of digital tech-
nologies can be explained by the chosen independent
variables. The results of the regression analysis provide
important insights into the drivers of digital technol-
ogy adoption in Kazakhstan’s agricultural sector. Al-
though the coefficient for direct financial support per
hectare was slightly negative (-0.0004), this indicator
was statistically insignificant (p=0.685), indicating that
simply increasing financial allocations does not neces-
sarily lead to greater uptake of digital tools by agricul-
tural enterprises. This finding reflects a broader trend
in agricultural modernisation, where institutional and
infrastructural support mechanisms often play a more
critical role than direct financial inputs. In this regard,
structural and enabling conditions-such as targeted
subsidies for drones and the implementation of digi-
tal platforms-demonstrated much higher significance
in explaining the variation in digitalisation levels.
The presence of drone subsidies, with a coefficient of
+106.51, showed a strong association with technology
adoption, reinforcing the notion that earmarked finan-
cial support for specific innovations has a much greater
transformative potential than untargeted assistance.
Although the p-value of 0.164 indicates statistical cau-
tion, the direction and strength of the relationship are
consistent with empirical observations from the south-
ern regions, where targeted compensation programs
for Unmanned Aerial Vehicles have led to an increase in
drone use, particularly in farms with intensive irrigation
and high-value crops.

Similarly, the variable representing the implemen-
tation of digital platforms (coefficient +7.29) confirmed
that the availability of technological infrastructure and
management systems contributes positively to the ma-
turity of digital transformation. The regional variable
also revealed pronounced spatial disparities: southern

regions,despite receiving equal or greater levels of sup-
port per hectare, lagged by an average of 7.5 percentage
points behind the northern ones in terms of technology
adoption. This underscores the persistence of region-
al barriers - such as limited broadband coverage, lack
of technical expertise, and differing investment priori-
ties-that hinder the effectiveness of policy instruments
in southern Kazakhstan. A similar trend was observed
with the variable representing irrigation, where a neg-
ative coefficient suggests that government-supported
infrastructure development in irrigated zones is not au-
tomatically aligned with digital innovation, often due
to fragmented implementation and focus on physical
assets rather than smart integration.

Collectively, the model demonstrated a high level
of explanatory power (R?=0.948), confirming that digi-
talisation outcomes are strongly influenced by a combi-
nation of institutional design, targeted support instru-
ments, and regional context. These findings suggest
thatincreasing digital maturity in the agricultural sector
requires a strategic mix of financial and non-financial
measures. In particular, future policy should emphasise
integrated support packages that combine investment
in infrastructure with capacity building, training, and
demonstration centres. Moreover, the identified lag in
southern regions indicates a need for differentiated re-
gional strategies tailored to local conditions, techno-
logical readiness, and agricultural specialisation. Ulti-
mately, the study confirms that achieving widespread
adoption of digital technologies in agriculture depends
not merely on the volume of public spending, but on
the precision and coordination of support mechanisms
within the broader innovation ecosystem.

DISCUSSION
The growing need to modernise agricultural produc-
tion and improve its resource efficiency in the context
of climate change, rising production costs, and regional
disparities has led to increased interest in the practical
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application of digital technologies in the agricultural
sector. In Kazakhstan, this issue is particularly relevant
due to the vast territory, diverse climatic conditions,
and the strategic importance of agriculture for national
food security. Unlike the work by P. Boczar and L. Btaze-
jczyk-Majka (2024), which analysed the economic and
energy efficiency of crops in the EU, this study focused
on the practical results of using precision agriculture,
drip irrigation, GPS monitoring and digital solutions. It
was found that these technologies reduced the costs of
fertilisers, fuel and water, increasing yields. State sup-
port, in particular cost compensation, played a key role.
As in the European study, the importance of yield for
economic efficiency was confirmed, but in Kazakhstan
external incentives played a greater role. This study
focused on the cost-effectiveness of implementing re-
source-saving technologies in agriculture in Kazakh-
stan, while A. Biswas et al. (2025) studied the impact
of precision agriculture on climate resilience in India.
Both studies showed that the use of GPS, drones, drip
irrigation, and digital maps reduced resource costs and
increased yields. However, A. Biswas et al. focused on
environmental and climate aspects, while this study
focused on return on investment, profitability growth,
and the role of government support. The studies also
differed in scale: the Indian one covered scenario mod-
elling, while the Kazakh one relied on practical exam-
ples from real farms.

The study by C.D. Pérez-Blanco et al. (2020) explored
economic, social,and environmental efficiency in irriga-
tion strategies, while this research focused on the eco-
nomic feasibility of technologies. Both recognised the
role of water-saving solutions and state support, though
C.D. Pérez-Blanco et al. applied multi-criteria scenari-
os and emphasised farmer participation, whereas this
study relied on practical examples and state-driven ini-
tiatives. Similarly, M. Koengkan et al. (2022) highlighted
the value of innovative technologies for sustainable
agriculture but took a macroeconomic view, focusing
on green energy and Gross Domestic Product growth
in Latin America, unlike the micro-level analysis in Ka-
zakhstan cantered on farm-level efficiency and subsi-
dies. M. Blanco et al. (2021) examined EU water-use
policies and conservation innovations like drip irriga-
tion and soil sensors, with a macroeconomic, regulatory
emphasis. In contrast, the Kazakh study concentrated
on the applied implementation of these tools at the re-
gional level. M.P. Rodriguez-Fernandez et al. (2025) also
addressed regional policy adaptation, but through EU
funding effectiveness, while Kazakhstan’s experience
was grounded in GPS, drones, and irrigation technology.
M.Chen et al. (2024) presented econometric results from
China, reinforcing the role of digital technologies in im-
proving efficiency — an outcome echoed here through
practical, region-specific analysis in Kazakhstan. A. Ser-
rano et al. (2024) stressed regional approaches and
government involvement, using sustainability indices
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and Data Envelopment Analysis, this study focused
more on GPS, Al, and productivity metrics. While A. Ser-
rano et al. considered social impacts, the Kazakh case
prioritised modernisation. F. Frey et al. (2024) empha-
sised social barriers to technology adoption, whereas
this research focused on technical outcomes and di-
rect implementation. Y. Li et al. (2024) and this study
agreed on the relevance of Internet of Things, sensors,
and climate adaptation, though Y. Li et al. relied on
algorithmic modelling, while this study used practical
field data. Overall, the findings confirm that Kazakh-
stan’s digital agricultural transformation-especially in
the north-is supported by government initiatives and
adapted to regional production and climatic conditions.
The study by G. Papadopoulos et al. (2024) outlined
a strategic vision for digital transformation in EU agri-
culture, emphasising social and organisational factors,
while this study focused on practical implementation
of GPS monitoring, sensors, and drones in Kazakhstan’s
regions. These approaches complement each other:
G. Papadopoulos et al. provide a conceptual frame-
work, whereas the Kazakh case offers applied insights.
In both contexts, state support is crucial-through sub-
sidies and programs in Kazakhstan, and through reg-
ulatory and competency-building efforts in the EU. A
similar balance appears in the work of .A. Lakhiar et
al. (2024), which provided a theoretical overview of
GPS, Internet of Things, and satellite monitoring, while
this study demonstrated their real-world application in
Kazakhstan. Both emphasise the importance of digital
skills and state involvement. In the work of C. Che et
al. (2024), digital technologies were analysed as drivers
of sustainable agriculture amid climate risks. While C.
Che et al. used modelling, this study assessed region-
al practices and policy tools, with both confirming the
role of precision agriculture and digital integration.
The relevance of these technologies is also support-
ed by X. Lu et al. (2025), who noted the link between
digitalisation, infrastructure, and political factors. This
complements the regional focus of the current study
on information and communications technologies ef-
fectiveness in Kazakhstan. Similarly, H. Xu et al. (2024)
showed how digital tools enhance spatial efficiency un-
der water constraints in China using Data Envelopment
Analysis; this research echoes those findings through
applied evaluation of support mechanisms. X. Lei and
D.Yang (2024) focused on regional disparities in inno-
vation adoption-highlighting barriers also visible in
Kazakhstan, though from a practical-economic view-
point here. AAA. Al-Shammary et al. (2024) explored
water-saving technologies under arid conditions in
Saudi Arabia. This study expands on those results by
confirming the economic viability of similar approaches
in Kazakhstan, showing how digital tools can improve
resource management across diverse environments.
The results of this study were consistent with the
findings of J. Wang et al. (2024), who emphasised that




technological innovation is a key factor in increasing
agricultural productivity and environmental sustain-
ability. Both works pointed out the need for rational
water use, the development of agroecological practices
and the importance of government support. However,
while J. Wang et al. focused on the spatial analysis of
agricultural efficiency in China’s regions using the Data
Envelopment Analysis model, taking into account geo-
graphical heterogeneity, this study examined applied
cases of innovation implementation at the level of in-
dividual farms without focusing on regional differenc-
es. The study by M. Mirzayev et al. (2024) also shows a
common vision of the positive impact of digital tech-
nologies - in particular Al, remote sensing and cloud
services — on the efficiency of agricultural production.
At the same time, M. Mirzayev et al. covered the macro
level, analysing regional and global trends in Central
Asia, while this study focuses on the micro level - a
practical assessment of the results of digitalisation in
the agricultural sector of Kazakhstan, which allows for
a deeper understanding of the specifics of local tech-
nology implementation. The views of R.R. Shamshi-
ri et al. (2024) coincide with the results of this study
in understanding the significance of digital and green
technologies for the future of agriculture. Both sources
note the potential of innovations in increasing resource
efficiency and reducing environmental burden. Howev-
er, R.R. Shamshiri et al. approach was focused on the
technical aspect of digitalisation in an international
context, while this study focuses on the role of public
policy, the example of Japan, and supporting the de-
velopment of green technologies through institution-
al levers. Summarising the results of the study, digital
technologies play a key role in increasing the efficien-
cy of agricultural production in Kazakhstan. The prac-
tice of implementing solutions based on GPS, sensors,
drones and analytical platforms demonstrates positive
results, provided that proper institutional support and
adaptation to regional characteristics are provided (On-
gayev et al., 2024).

This study demonstrated that the implementa-
tion of digital technologies-such as GPS monitoring,
sensors, drones, and smart irrigation-significantly in-
creased the efficiency of agricultural production in Ka-
zakhstan.The use of these tools led to reduced resource
consumption, improved yields, and higher economic
returns for farming enterprises. Government support,
particularly through subsidies and infrastructure devel-
opment, played a key role in enabling their adoption.
The effectiveness of these technologies depended on
their integration into specific regional conditions and
institutional frameworks.

Bayandin et al.

CONCLUSIONS

The study concluded that the introduction of re-
source-saving technologies in crop production in
Kazakhstan in 2021-2024 had a significant positive
impact on the economic efficiency of agricultural en-
terprises. The practical application of precision agri-
culture technologies, such as GPS navigation, elec-
tronic field cartograms, drones and sensor monitoring,
allowed reducing fuel costs by up to 60%, fertilisers
by 18-22%, and labour costs by 15-20%.An increase in
yield, in particular wheat, by 50% compared to 2023,
to 1.38 t/ha, was also recorded. At the same time, the
reduction in water costs due to the introduction of
drip irrigation amounted to up to 25%, ensuring the
stability of production even in conditions of climatic
challenges.

The key importance in the study was the construc-
tion of a regression model, which made it possible to
somewhat assess the relationship between the level
of use of digital technologies in agriculture and fac-
tors of state support. The model has a high level of
explanatory power (R?=0.948), i.e., more than 94% of
the variations in the level of digitalisation were ex-
plained by the included variables. At the same time,
it was found that direct financing per 1 hectare is not
a statistically significant factor (coefficient -0.0004;
p = 0.685), while targeted support - including drone
subsidies (+106.51) and the introduction of digital
platforms (+7.29) - is significantly more effective in
stimulating innovation. The analysis showed that the
southern regions, despite the larger amount of sup-
port (up to 80,000 tenge/ha), demonstrated a 7.5 pp.
lower level of digitalisation, which negatively indi-
cates the presence of infrastructure and educational
barriers. A limitation of the study was that the re-
gression model covered only large and medium-sized
farms, not taking into account the specifics of small
farms with a low level of digitalisation. Prospects for
future research are to expand the analysis to small
farms, take into account the social factors of technol-
ogy implementation, and build dynamic models of the
impact of digitalisation on agricultural production in
the context of climate change.
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AHoTauif. MeTow [aHOro [AOCNiIKEHHS Oyno BM3HAUMTM, UM NPU3BENIO BMPOBALKEHHS pecypco3bepiraoumx
TexXHonorin y pociuHumuTei Kasaxcrtany B nepion 2021-2024 pp. [0 CTAaTUCTMYHO 3HAYYLLOTO MiABULLEHHS
€KOHOMIYHOI edeKTUBHOCTI Ha piBHI CcinbCcbkorocnodapcbkux nianpuemcts. OCHOBHA YyBara npuainanacs
NPaKTUYHUM pe3y/nbTaTaM 3acTOCYBaHHS iHHOBALiMHMX TEXHOMOTIN, TakKMX gK TOYHE 3emiepobCTBO, MOHITOPUHT
3a [OMNOMOrol cuMcTeMu robanbHOro NO3MLLIOHYBAHHS, LMGPOBE YNpaBiHHA BPOXAEM, KpanefibHe 3pOLUEHHS,
OWCTaHUiMHe 30HAYBAHHS Ta BUKOPUCTAHHS APOHIB. JLOCNifXeHHS NoKa3ano, WO BNPOBAAXKEHHS LMX TEXHOMOrIN
[L03BOJIU/IO 3MEHLUUTU BUTPATM HA Nanueo A0 60 %, nobpuea - Ha 18-22 %, a BuTpati Ha pobouy cuny - Ha 15-20 %.
BonHouac ypoxalHicTb nweHuui 3pocna Ha 50 % nopisHaHo 3 2023 pokoM i ctaHoBuna 1,38 1/ra. BnpoBagkeHHs
KpanenbHOro Ta AOLOBOro 3pOLeHHS Ha naowi 6a13bko 84 TUC. ra LO3BOMMIO 3MEHLUTU CNIOXMBAHHS BoAM Ha 20-
40 % Ta NiaBMLMTK CTIMAKICTb BPOXAKD B yMOBAX Nocyxu. EKOHOMiIYHa edeKkTUBHICTb Byna niaTBEpAXeHa BUCOKMM
piBHEM OKYMHOCTi: TUMOBI TEPMiHM OKYMHOCTI iHBECTULiA Yy Li TeXHonorii CTaHoBMAM 3-5 pokiB i3 AepXaBHUM
cniBdiHaHcyBaHHaM o 80 %. PerpeciiiHa Mofenb nokasana BUCOKY NOSCHIOBaNbHY 34aTHiCTb (R2=0,948), npuuomy
HavBaromiwmmn Gaktopamu BNAnBY bynu cybcuaii Ha gpouun (+106,51) Ta undposi nnatdopmu (+7,29), Toai
K npsMe (iHaHCYBaHHA HA 1 ra He 6yNO CTAaTUCTMYHO 3HAuywmMm (KoediuieHT -0,0004; p = 0,685). Pe3ynbTtati
niaTBepANAN eKOHOMIYHY AOLINbHICTb IHHOBALIMHMX NiAXOAIB A0 CinbCbKOro rocnogapctaa B KasaxcraHi Ta gosenu,
Wo ePeKTUBHICTb AepXaBHOI NIATPUMKM 3aNexuTb BiA, ii LiNbOBOro CNpsSMYBaHHA Ta iHTerpauii B iHCTUTYUiHE
cepenosuile. Pe3ynbTati LbOro AOCAIAKEHHS MOXYTb BYyTU MPAKTUYHO 3aCTOCOBAHI AEpPXaBHUMMK OpraHamu Ans
ONTUMI3aLii NoNITUKM CyBCMAYBAHHS, CiNlbCbKOroCMoAapCbKMMU NiANPUEMCTBAMMU A1 OOIPYHTYBAHHA iHBECTULIN
y undpoBi TeXHONOrii, @3 MiXKHAPOAHUMMU LOHOPaMW ANS MIATPUMKM MacITaBoBaHMX, EKOHOMIYHO edeKTUBHMX
pileHb Ans CTanoro CiNbCbKOro rocnofapcraa
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