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obtained in 2015-2024 from six generations of pigs. The animals were kept under traditional feeding and breeding
conditions at Shubske Farming Enterprise LLC. The variability of the environment was formed under the influence
of changes in feeding, technological, and organisational factors in the farm. To estimate the adaptive parameters,
the Eberhart-Russell method was used, which determined the plasticity coefficient (b) and the stability index
(5%d) of the studied traits. Statistical processing was performed using the SPSS Statistics-22 package. The results
obtained showed significant breed differences. Thus, Landrace pigs showed the best average values of all the
indicators considered, in particular, a significantly higher survival rate of piglets (p <0.001). However, Welsh pigs
showed significantly greater plasticity in terms of survival (b,=1.36), indicating their increased sensitivity to
changes in housing and feeding conditions, while in Landrace pigs this indicator was only b,=0.57. In terms of
survival stability, Welsh pigs were also inferior, characterised by a higher residual variance (5’d,=58.48 vs. 34.03
in Landrace). Based on the obtained data, a statistically significant regression model for assessing the survival of
Welsh piglets was constructed (p=0.005). The results of the study can be used to optimise breeding programmes

and select breeds for specific production conditions

Keywords: suckling piglets; Landrace breed; Welsh breed; environment index; milk feed; regression

INTRODUCTION
The effectiveness of pig breeding is largely determined
by a balanced selection of breeds that optimally meet
specific production conditions and consumer market
requirements. For the correct assessment of reproduc-
tive, productive, and adaptive traits of pigs from differ-
ent genetic groups,itis also advisable to control a num-
ber of environmental conditions, in particular housing
and feeding, including the state of technology at the
farm level or external socio-economic factors in the
country. This approach allows correctly assessing and
predicting the effectiveness of using genetic groups in
specific environmental conditions. This approach has
been emphasized by several researchers. According to
M. Aparicio et al. (2024), feeding sows during gestation
and lactation, and primarily the balance of energy and
nutrients in their diet, affects birth weight, milk pro-
duction and colostrum quality, and consequently piglet
survival. There is also evidence to support the effec-
tiveness of measures that increase and stabilise early
intake of feed other than mother’s milk by piglets (e.g.,
the use of starter mixtures before and after weaning).
In addition, according to M. Wensley et al. (2021), early
introduction to starter feed is also important. Simul-
taneously, O. Korzh (2025) argued that along with the
feeding system, the housing conditions also signif-
icantly affect the realisation of the genetic potential
of pigs, which is expressed in their productivity. De-
viations from recommended management practices,
husbandry, feeding regimes, microclimatic parameters,
and veterinary standards usually negatively affect the
economically useful characteristics of animals. In turn,
A. Kramarenko et al. (2023) conducted empirical stud-
ies of the causes of perinatal mortality and risk factors.
The influence of farrowing order, piglet weight, parity,
season and breed on the risk of stillbirths has been
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established. In addition, R. Shvachka (2021) showed
the influence of local factors, such as climate, feeding
and housing conditions, and farm structure, on the pig-
let survival. The researchers emphasised the expedien-
cy and necessity of adapting international approaches
and recommendations (for example, regarding the op-
timal age of weaning, perinatal management meas-
ures) to local conditions.

The study by R. Zaalberg et al. (2022) showed that
infectious factors such as enteritis, staphylococcal and
viral infections, etc., significantly increase mortality
risks. But the practices of implementing appropriate
veterinary measures, such as vaccination and biosafety
programmes, and early diagnosis of diseases, are im-
portant components of loss prevention, and therefore
confirm their high feasibility and effectiveness. In addi-
tion, B. Tucker et al. (2021) noted that management and
environmental factors play an equally important role.
In particular, farrowing and perinatal management con-
ditions can either promote good piglet survival (with a
high level of care) or lead to significant losses in live-
stock numbers. It was also proven that clear control of
temperature, hygiene of the farrowing site, cross-fos-
tering of piglets, and access to colostrum reduce the
pre-weaning mortality of piglets. Reviews of manage-
ment practices emphasised that standardised perinatal
care protocols are most effective in reducing the gap
between breeds and farms. The age of weaning is also
an important factor.

One of the significant problems of pig breeding,
according to B. Tucker et al. (2021) and R. Zaalberg et
al. (2022), remains high piglet mortality: under com-
mercial conditions, it typically ranges from 8% to 20%
depending on the country, breed, feeding and hous-
ing conditions, management, genetic potential of the



animals, and other factors. This economically useful
trait has a direct economic impact on the efficiency of
pig farming, as it largely determines the overall pro-
ductivity of the herd, and a reduction in piglet mortality
results in lower production losses. Pre-weaning mortal-
ity also varies significantly between farms. Among the
biological and genetic factors that more or less deter-
mine the value of the studied trait, the weight of piglets
at birth, and their morphometric indicators also play
an important role. Low birth weight is associated with
poor thermoregulation, difficult access to colostrum,
and increased mortality. However, simple morphomet-
ric indicators (chest circumference, torso length) can
sometimes be more accurate predictors of viability
than weight itself. Currently, in addition to birth weight,
studies suggest considering complex morphometric in-
dicators and early behavioural or physiological traits
(skin temperature, behavioural responses) as more reli-
able predictors of survival. This helps to more accurate-
ly control the conditions for raising piglets (heat lamps,
cross-fostering, supplementary feeding), identify risk
groups at an earlier stage, and thus promptly intervene
to provide them with appropriate care.

Thus, the study of indicators of pre-weaning piglet
mortality and factors that affect it remains a relevant
area of modern pig breeding. The key variables that
determine the level of survival of young animals are
considered to be the breed, genetic potential, feeding
conditions, housing system, and biological character-
istics of animals. Moreover, contemporary research in
the field of pig breeding pays considerable attention
not only to the analysis of average reproductive and
productive traits, but also to their variability under dif-
ferent conditions of housing and feeding. Insufficient
attention was paid to the analysis of stress resistance,
plasticity, and stability of economically useful traits of
pigs of different genetic groups. Therefore, the purpose
of the study was to determine the level of stability and
plasticity of the number of piglets in the litter at wean-
ing, piglet mortality during the suckling period, and
piglet survival during the suckling period under varia-
ble conditions of housing and feeding.

MATERIALS AND METHODS
The study used data on 822 litters of piglets from Shub-
ske Farming Enterprise LLC, which belonged to the
Welsh (444 litters) and Landrace (378 litters) breeds.
The piglets were reared under conventional suckling
management with their sows until two months of age,
after which they were weaned. Information on the re-
sults of rearing was recorded during 2015-2024; dur-
ing this time, 6 generations of pigs were studied. The
conditions of housing and feeding during the controlled
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period changed under the influence of both on-farm
(compound feed composition, state of the economy;, etc.)
and national (economic, military situation, etc.) factors.
Concurrently, technological and organisational ele-
ments of production were improved. In the end, season-
al and climatic fluctuations also significantly affected
the process of raising piglets. In order to assess the
adaptive properties of sows of the compared breeds, a
mathematical model was applied, which was proposed
by K. Finlay & G. Wilkinson (1963). Later, this model was
slightly improved and supplemented by S. Eberhart &
W. Russel (1966). It was used by the authors to assess
the plasticity and stability of agricultural plant varieties.
Several authors have utilised this model to determine
the adaptive capabilities of agricultural animal breeds.
In particular, E.G. Camargo et al. (2020) used it to eval-
uate the plasticity and stability of litter size and uni-
formity in Landrace pigs. In general, the model defines
parameters of plasticity and stability that can be used
to describe the productivity of breeds, lines, families,
crossbreeds, and other genetic groups of animals in a
number of environments. In the final form in this paper,
the Eberhart-Russell model appeared as follows:

Yj= i+ bil; + &, (1)

where ij - average value of the economically useful
trait of the /-th breed in the j-th environment; u, - av-
erage value of the economically useful trait of the i-th
breed in all environments; b, - regression coefficient,
which measures the degree of reaction (plasticity) of
the i-th breed to various environments; §, - deviation
from the regression of the /-th breed in the j-th envi-
ronment; //. - environment index (average value of the
economically useful trait in the j-th environment).

Therefore, the Eberhart-Russell method was based
on calculating the linear regression coefficient (b) of
individual values of the studied trait (a dependent vari-
able, for example, the number of piglets at weaning) on
the environment index. As an index of the environment
(predictor), the average indicators of the same studied
trait were used, but separately for each generation of
pigs (a total of 6 generations were controlled). In this
case, the regression coefficient b, indicates the level of
plasticity of this feature in the analysed breed, and the
residual variance S?d, indicates the level of stability, re-
spectively. As effective evaluated economically useful
traits in this study, “piglet mortality for the period from
birth to weaning (heads)”, “number of piglets at wean-
ing (heads)’, and “piglet survival rate during the suck-
ling period (%)” were used.

The suckling period was considered as the time
interval from the birth of piglets to their weaning.
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Piglet survival was determined as the percentage ra-
tio of the number of animals that survived to weaning
to the number born alive. Piglet pre-weaning mortality
was calculated by recording the number of dead ani-
mals for the entire suckling period. The pre-prepared
data was processed using the SPSS Statistics-22 ap-
plication software suite. This application used built-in
regression and variance analysis procedures. For each
breed, the values of the plasticity coefficients (b) and
stability coefficients (S’d) were determined, which were
used for further comparison. For each calculated pa-
rameter, the standard error, t-criterion, p-level of signif-
icance, and 95% confidence intervals were determined.
To this end, the values of the corresponding environ-
ment (generation) indices l; for each economically use-
ful trait being evaluated were first calculated and then
added to the database. To do this, the SPSS procedure
“Analyse —» Compare Means — Means” was used, select-
ing the actual evaluated feature and the grouping fac-
tor of the environment - generation.

Regression assessment was performed for each
breed separately by applying the “Analyse — Regres-
sion — Linear” procedure, indicating the estimated
economic and useful trait as a dependent variable
(‘Dependent”), and the environment index - as an

Statistical indicators

in the litter at weaning,

EETH

Number of litter 378

Landrace Arithmetic mean 11.83
Standard error of the arithmetic mean 0.06

Standard deviation 1.13

Number of litter 444

Arithmetic mean 11.32

Welsh . .

Standard error of the arithmetic mean 0.06

Standard deviation 1.20

Number of litter 822

Total Arithmetic mean 11.55
Standard error of the arithmetic mean 0.04

Standard deviation 1.19

Table 1. Main statistical characteristics of the influence of breed on the economic traits of pigs of different breeds

Number of piglets

independent (“Independent”). The “Statistics” tab pro-
vided for activating the “Durbin-Watson”, “Confidence
intervals” and “R squared change” ratings. Therefore,
using the SPSS application package, separate regres-
sion models were calculated for each breed, includ-
ing the values of regression coefficients b, and resid-
ual variances $%d. To assess the degree of influence
of factors in the analysis of variance, the n? indicator
was used. The statistical significance levels of all in-
dicators evaluated in the model were calculated and
then checked. The results were considered statistically
significant at p <0.05. All animal handling procedures
were fully compliant with European legislation (Coun-
cil Directive 98/58/EC, 1998).

RESULTS AND DISCUSSION
Stability and plasticity of adaptive traits
of piglets and their prediction
At the first stage of research, a series of analyses of
variance (ANOVA) of the influence of the breed on such
economically useful features as “piglet mortality for
the period from birth to weaning (heads)”, “number of
piglets at weaning (heads)” and “piglet survival in the
suckling period (%)” were conducted. The results are
presented in Table 1.

Economically useful traits

Survival rate of piglets Piglet mortality
during the suckling for the period from birth
period, % to weaning, heads
378 378
87.81 1.68
0.30 0.05
5.83 0.88
444 444
83.47 2.30
0.36 0.06
7.66 1.18
822 822
85.47 2.02
0.25 0.04
721 1.10

Source: developed by the authors based on the research presented in this paper

It was found that the adaptive traits under study
differed significantly depending on the breed. In par-
ticular, it can be stated that pigs of the Landrace breed
were significantly better (p<0.001) in all analysed char-
acteristics compared to animals of the Welsh breed.
However, the highest degree of influence of the breed
(n?=9.0%) was recorded on the survival rate of piglets
during the suckling period. Belonging to a particular
breed can explain only 4.5% of the variability in the
number of piglets in the litter at weaning and 8.0% of
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the variability in piglet mortality from birth to weaning.
Notably, over time, for the most part, there was a ten-
dency for some improvement in the analysed economi-
cally useful traits. However, a statistically significant ef-
fect of generation was found (p=0.014) only in relation
to the number of piglets in the litter at weaning (heads).
The degree of this impact was n?=1.7%. Possible dif-
ferences in the number of piglets in the litter during
weaning (heads) were recorded between the maternal
generation, on the one hand, and the third, fourth, or



fifth generations, on the other, and between the first
and fourth and first and fifth generations.

According to the Eberhart & Russell ap-
proach (1966) and its interpretation in animal hus-
bandry (Shablia & Shablia, 2025), the regression co-
efficient (b) is a quantitative measure of genotype
plasticity, reflecting the degree of change in the eco-
nomically useful trait of animals in response to chang-
es in environmental conditions. In the case of adaptive
characteristics of piglets, this indicator determines the
breed’s response to changes in environmental parame-
ters, primarily maintenance and feeding. If the plastici-
ty index b, of a particular breed or other genetic group
is close to 1, it is characterised as medium plasticity,
i.e., one in which the level of the studied economically
useful trait fluctuates synchronously with fluctuations
in conditions. Accordingly, the specified value of plas-
ticity of the genetic group indicates satisfactory adapt-
ability within the standard technological parameters of
production. According to the values of b,> 1, the breed
(or genetic group) is classified as highly plastic, which
indicates a pronounced sensitivity to changes in the
conditions of keeping and feeding: an improvement

1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

Number
of piglets
at weaning (heads)

Piglet survival rate
during the suckling
period (%)

Tsereniuk et al.

in the environment in this case is accompanied by a
significant improvement in the evaluated economically
useful trait, while deterioration of conditions can lead
to a noticeable deterioration of the trait. It is advisable
to breed highly plastic genotypes in farms with good
technological parameters, where conditions close to
optimal for the manifestation of breeding inclinations
of animals are created. When b,< 1, the breed is charac-
terised by low plasticity, which means relative stability
of the economically useful trait regardless of fluctua-
tions in environmental factors. Such animals are less
demanding in terms of housing and feeding conditions,
and also retain a certain level of the trait under study
to a greater extent, even under stressful or unfavoura-
ble production conditions. In the course of the conduct-
ed studies, the presence of pronounced interbreeding
differences in the plasticity indicator of the indicator
“survival of piglets in the suckling period” was estab-
lished (Fig. 1). As can be seen, Welsh piglets showed
a more intense response to changes in conditions of
keeping and feeding, which is reflected in the value of
the regression coefficient b, =1.36, while in Landrace
pigs this indicator was only b,=0.57.

Landrace
m Welsh

Piglet mortality
for the period
from birth to weaning (heads)

Figure 1. Plasticity (b) of economically useful characteristics of Welsh and Landrace piglets
Source: developed by the authors based on the research presented in this paper

The data obtained indicate that Welsh pigs can
be classified as highly plastic genotypes for the an-
alysed trait, since the regression coefficient exceeds
one. This means that the survival rate of piglets of
this breed is significantly improved under conditions
of optimal management, balanced feeding, and prop-
er microclimate. However, under unfavourable condi-
tions, Welsh pigs show a noticeable decrease in the
survival rate of young animals, which indicates their
increased sensitivity to external factors. Unlike Welsh
pigs, Landrace pigs are characterised by low plastici-
ty in terms of piglet survival before weaning. Thus,
the regression coefficient is significantly lower than
one, which indicates a weaker response to changes
in environmental conditions. Thus, the survival rate of
Landrace suckling piglets remains more stable even

with fluctuations in the level of feeding, housing or
microclimate, that is, this breed reacts less with this
economically useful trait to both deterioration and
improvement of conditions. This allows considering
the survival rate of Landrace piglets as an indicator
that fluctuates little with conditions, and the Landrace
breed itself in this respect - as adapted more to ex-
tensive or unstable production systems, where the
advantage is given to sustainable productivity, rather
than maximum potential under favourable conditions.

Stability of adaptive traits of piglets

and their prediction

But the Welsh breed, as a genotype that provides a cer-
tain survival rate of piglets from birth to weaning, is an
appropriate choice for intensive growing technologies
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that involve a high level of feeding and care, because
it is in such conditions that its genetic potential for
this trait is most fully revealed. Comparative analysis
of the regression lines of both breeds confirms these
trends: Welsh pigs are characterised by a steeper slope
of the regression line, which indicates greater reactiv-
ity to changes in the index of the environment, while
Landrace pigs have a flatter line, which indicates less
plasticity of the studied trait. Along with the regression
coefficient (plasticity) b, an important element in as-
sessing the response of genotypes to variable feeding
and housing conditions (environment) is an indicator
such as the stability of the trait under study. Within the
Eberhart-Russell model, the stability of an economical-
ly useful trait is interpreted by the value of the residual
variance of the analysed trait (S’d), which characterises
the degree of unpredictability of the genotype response
(a certain breed of pigs in these studies) to changes in
feeding and housing conditions.

The interpretation of this indicator is carried out
according to the following principles: (1) low residu-
al variance (5°d) indicates a high stability of the trait,
its relatively small individual deviations from the re-
gression line, and therefore, the ability of the breed to
maintain in general the relative proximity of individual
values of the trait to those predicted by the regres-
sion model based on the indices of the environment.
(2) High 5’d values, on the contrary, indicate low stabil-
ity, which means increased variability in the genotype’s
response to external influences, more significant indi-
vidual deviations of the trait from the regression line,
and, accordingly, lower predictability of results under
different technological conditions. Notably, the value
of the residual variance $’d, depends on the measure-
ment scales and the features of variation of the eval-
uated traits. Therefore, it is correct to conduct a com-
parative assessment of stability only when considering
the same trait of animals of different genetic groups.
That is why, within the scope of this study, comparing
the stability of each of the economically useful traits
separately for each breed is methodologically justified.

When it comes to estimating the stability (residu-
al variance) of traits of different nature, it is advisable
to use relative values of these traits or dimensionless

Table 2. Model for estimating the number of weaned piglets (heads) of the Welsh breed

coefficients to avoid distortions associated with the
difference in the scale of variation. The analysis per-
formed so far showed that Welsh suckling piglets were
characterised by a higher residual survival variance
(8d =58.48) than Landrace pigs (5’d,=34.03). This indi-
cates greater individual deviations of the actual surviv-
al values of Welsh piglets from the regression line, and
a lower level of predictability of this trait (Fig. 2).

60.00
50.00
40.00
30.00
20.00
10.00

0.00

Landrace Welsh

Figure 2. Stability (S°d) of the survival rate (%)
of suckling piglets of different breeds
Source: developed by the authors based on the research
presented in this paper

The data obtained indicate that the response of
Welsh piglets to changes in environmental conditions
is less stable. Their survival rate from birth to wean-
ing shows wider fluctuations in response to changing
feeding and housing conditions. This may indicate a
more noticeable influence of uncontrolled factors on
the development of the trait under study, or a lower
resistance of the genotype to changing conditions.
Consequently, Welsh suckling piglets are characterised
by increased sensitivity and a significant amplitude of
changes in the survival rate in response to changes in
environmental conditions, which is accompanied by a
noticeable variability of this economically useful trait.
Considering the identified adaptive characteristics, a
statistically reliable regression model was constructed
to estimate the number of weaned piglets (heads) of
the Welsh breed (Table 2). The model had a high signif-
icance (p=0.005) and an average level of explanatory
power (R2=0.017).

95.0% confidence

Predictor Regression coefficient Student’s Slgr:lef:l’cea:nce interval for b
(x) Simpleb  Standard errorb Standard B, t-test - Lower Upper
(%/%) (%/%) (sy/sx) limit limit
Constant -0.298 4.154 -0.072 0.943 -8.462  7.866
Environment index (generations), heads 1.006 0.360 0.132 2.797 0.005 0.299 1.712

Source: developed by the authors based on the research presented in this paper
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The obtained parameters allow using this model
as a tool for analysing the impact of changes in envi-
ronmental conditions on the number of weaned Welsh
piglets, and for predicting this trait in conditions of
unstable technological factors. With regard to such
an adaptive trait as “number of piglets in the litter at
weaning, heads”, the differences between the residu-
al dispersions (stabilities) for the studied breeds were
insignificant; they amounted to $’d = 1.41 for Welsh
pigs and 5*d,=1.26 for Landrace pigs. However, there
were greater differences in terms of “piglet mortality
from birth to weaning™: $’d =1.39 for Welsh pigs and
§?d =0.77 for Landrace pigs. Thus, it is possible to state
more significant deviations of the analysed traits from
the regression line for the Welsh breed compared to
Landrace, which indicates their lower stability. Howev-
er, it was not possible to develop reliable models for
assessing characteristics such as “piglet survival during
the suckling period” and “piglet mortality from birth to
weaning” given the statistical parameters of the sample.

Comparison of the results obtained with data
from other studies
Comparing the results with the data of other research-
ers, it is worth highlighting three aspects: firstly, it is the
applicability and effectiveness of evaluation methods;
secondly, the justification and correctness of attracting
certain factors and economically useful traits to the
model; thirdly, the actual results of evaluation.As for the
estimation methods, it should be noted that the Eber-
hart-Russell model used in the study is a classic and
simple way to estimate plasticity and stability on a sin-
gle medium index. Modern reaction norm models (RNM)
are an extension of the same idea and methodology to
multidimensional environments, allowing for a deeper
understanding, assessment, and prediction of the reac-
tion of economically useful traits, taking into consider-
ation the complex gradient of environmental factors.
According to P.Freitas et al.(2024), who examined the
effect of a number of variables on the manifestation of
the “‘genotype x environment” interaction in pigs, reaction
norms help to better describe the variation of productive
traits in genetic groups under different environmental
conditions, if the interaction of the genotype with the
environment is evaluated, including several traits or re-
action norms in the model. According to the researchers,
this may slightly improve the performance of the model,
although to get an acceptable level of probability, it is
usually necessary to significantly increase the sample
size and improve its quality. Meanwhile, the ‘generations”
used in these studies as environmental indices allow si-
multaneously assessing the complex impact of a wider
range of environmental factors at the level of simpler
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models at an acceptable level of probability. H. Song et
al.(2020) also showed that models of reaction norms, tak-
ing into consideration the ‘genotype x environment” in-
teraction (G x E, which are conceptually equivalent to the
Eberhart-Russell models), improve the prediction of ge-
netically determined economically beneficial traits, such
as the average daily gain and backfat thickness in genom-
ic selection,demonstrating the practical implementation
of the plasticity of genetic effects across environments.

In turn, H. Pham et al. (2025) proposed a simplified
use as an environmental index of geographical and cli-
matic conditions (with two gradations - “temperate” and
“tropical humid” climate), especially for the reproduc-
tive characteristics of pigs, where the resistance of the
genotype to environmental stress factors is key. Thus,
these researchers use a model that is simpler than in
the presented study, but emphasise its effectiveness.
Therefore, it is more appropriate to use similar models
with @ minimum number of environmental indices to
assess the plasticity and stability of genetic groups in
well-defined contrasting gradations of conditions that
change little over time. Testing by S-Y. Chen et al. (2021)
of compromise model organisation allowed the authors
to conclude that it is advisable to use the so-called
‘quantitative environment gradient” to assess the envi-
ronment. This environment index is an aggregate indi-
cator that includes conditions of keeping, feeding, and
management and, according to the researchers, allows
determining how consistently genotypes of different
genetic groups realise their potential under certain
contrasting conditions. F. Tiezzi et al. (2020) suggest in-
cluding directly into the models a set of several dozen
environmental covariates obtained from public weather
station records. This allows fully adjusting the results
for the influence of a complex of climatic factors. Both
of these approaches can also be used to deepen exist-
ing research, even if the volume of data is unprincipled.

Regarding the comparison of the results obtained
in the presented studies of evaluating the actual indica-
tors of plasticity and stability of various genetic groups
with the conclusions of other authors, a certain similar-
ity of the results can be stated. According to O. Tsereni-
uk et al. (2023), differences in plasticity and stability of
different sows in the genetic groups of pigs of Landrace
and Welsh breeds were found. In particular, significant
fluctuations in the values of plasticity and stability of
the indicator “number of weaned piglets” were demon-
strated. According to the researchers, genetic factors and
maternal effects are of great importance for pre-infant
mortality in piglets. In particular, breed differences and
maternal families affect the basic probability of piglet
survival. Ultimately, some maternal families have higher
milk production and better maternal behaviour, which
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increases the chances of survival of the offspring. How-
ever, estimating the average values of plasticity of this
trait for all families, it is close to those established by
current studies. These statements were supported by
T.Chuetal.(2022)and K.Will et al.(2024),who argued that
there was a significant genetic variation in pre-wean-
ing mortality that poses both certain risks and the po-
tential for breeding to improve these rates. In addition,
J. Dekkers (2021) noted that breeding only for prolificacy
without birth weight control can increase risks, which
echoes the topic of this study, which aims to evaluate the
expression of prolificacy during the suckling period. The
researchers proposed to use multivariate and maternal
models (animal models) to identify direct and maternal
genetic effects on survival, which allow separately as-
sessing the contribution of the offspring and mother.

These approaches are basic for breeding work
and individual selection, but it is more appropriate to
use the methods used in this paper to assess the re-
sponse of a genetic group to changing conditions. This
is exactly what E. Camargo et al. (2020) did, assessing
the plasticity and stability of the size and uniformity
of piglets in Landrace breed. In contrast to current re-
search, K-H. Lin et al. (2024) applied the reaction norm
model to assess the effect of ‘genotype x environment”
on Landrace reproductive traits under heat stress (tem-
perature and humidity index), illustrating the plasticity
and variability of genetic parameters under different
microclimate conditions. This allowed assessing the
adaptive potential of individual genetic groups of pigs,
in particular, in relation to compensatory capabilities
under stress factors. As in current studies, the findings
of P. Shablia et al. (2025) showed that methods for as-
sessing plasticity and stability should be actively used
to predict reproducible and other economically useful

it can be stated that in general, pigs of the Landrace
breed were significantly better (p<0.001) in all analysed
characteristics compared to animals of the Welsh breed.
The highest degree of influence of the breed (n?=9.0%)
was recorded on the survival rate of piglets during the
suckling period. Belonging to a particular breed can
explain only 4.5% of the variability in the number of
piglets in the litter at weaning and 8.0% of the vari-
ability in piglet mortality from birth to weaning. Sig-
nificant inter-breed differences were found in terms
of the plasticity of the “piglet survival rate during the
suckling period” indicator. As can be seen, Welsh piglets
showed a more intense response of this trait to changes
in conditions of housing and feeding, which is reflected
in the value of the regression coefficient b,=1.36, while
in Landrace piglets this indicator was only b, = 0.57.

Welsh suckling piglets were characterised by a
higher residual survival variance (5’d,=58.48) than Lan-
drace piglets (5°d, = 34.03). This indicates greater indi-
vidual deviations of the actual survival values of Welsh
piglets from the regression line, and a lower level of
predictability of this trait. A statistically significant re-
gression model was developed to estimate the number
of weaned piglets (heads) of the Welsh breed. The mod-
el had a high significance (p=0.005) and an average lev-
el of explanatory power (R?=0.017). In further develop-
ment of the presented studies, it is planned to evaluate
other breeds and genetic groups of pigs for plasticity and
stability of an expanded range of economically useful
traits, using other organised environmental factors such
as average piglet weight, age, air temperature, and daily
weight gain. This will allow assessing the adaptive po-
tential of genetic groups, in particular, their compensa-
tory capabilities under the influence of stressful factors.

traits. Thus, it has been established that the use of re- ACKNOWLEDGEMENTS
gression models based on fertility and preservation  None.
indicators allows breeds, lines, or families with high
potential for heterosis to be identified. FUNDING
None.
CONCLUSIONS
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fered significantly depending on the breed. In particular, None.
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AHoTauia. Y cTaTTi npeacTaBaeHo pe3ynsTaTv NOPiBHANbHOMO aHai3y aaanTaLiMHUX BNaCTMBOCTEN CBUMHEN NOPia yenbC
i NaHApac 3a TpbOMA KJIOYOBUMM FOCNOAAPCHKO-KOPUCHMMM 03HAKAMM: KiNIbKiCTHO NOPOCAT Y Hi34i Npu BiaNy4YeHHi,
BiAXOAOM MOPOCAT 3a NiACUCHMIA Mepiof Ta BMXMBAHICTIO MOPOCAT Y MiACUMCHUIA nepiod. MeTow AO0CNigKEHHS
6yN0 BM3HAYEHHS PiBHS CTAbINbHOCTI Ta NAACTMYHOCTI aHANi30BaHMX rOCMOAAPCHbKO-KOPUCHUX O3HAK Y 3MiHHMX
YMOBax YTpUMaHHs 1 rogisni. [py LbOMY 3HaYeHHS AOCNIAKEHMX O3HAK Y LMX LWEeCTM MOKOMIHHAX nopocsT 6yno
BMKOPMCTAHO B AKOCTi iHAEKCIB cepenoBuLa. MaTtepianom gns oocniaxeHb CNyrysanu aaHi npo 822 rHisga nopocst-
CUCYHiB, oTpuMaHmx y 2015-2024 pokax Bif WeCTn NOKOJMiHb CBUHEN. TBAPMH YTPMMYBann B YMOBaX TPaAMLIMHOI
TexHosorii roaisni 1 BupolyBaHHs y TOB «®I «LLybcbke». BapiatMBHicTb cepepoBua hopmyBanacs nig BraMBOM
3MiHIOBAHHS rofiBENbHUX, TEXHONOTYHUX | OpraHi3aliMHUX YUHHUKIB Yy rocnogapcTsi. s OUiHBaHHA aganTauiMmHUX
napameTpiB 3aCTOCOBaHO MeToaunky Ebeprapra-Paccena, kotTpa A03BOAMNA BU3HAYMTM KOEDILIEHT nnacTuyHOCTI (b)
Ta NOKa3HMK CTabinbHOCTI (S%d) nocnimkyBaHux 03Hak. (TaTMCTUYHY 06POBKY NPOBEAEHO 3 BUKOPUCTAHHAM NakeTa
SPSS Statistics-22. OTpuMaHi pe3ynsTaTv 3aCBifuYMAM iCTOTHI NOPOAHI BigMiIHHOCTI. JTaHApacK npoaeMOHCTPYBaIM
Kpalli cepeaHi 3HaYeHHS BCiX PO3MSHYTUX MOKA3HMKIB, 30KpeEMa AOCTOBIPHO BULLY BMXMBAHICTb nopocaT (p<0,001).
BoaHouac nopocsata nopoay yensc BUABMAM 3HAYHO Ginbluy MIACTMUHICTb 3a BWKMBAHICTIO (b, = 1,36), WO BKasye
Ha iX MigBULLEHY YYTAMBICTb L0 3MiH YMOB YTPUMaHHS W roAiBAi, TOAI K Y NAHAPACIB Lei MOKa3HWMK CTAaHOBWB
nmwe b;=0,57. 33 CTaBiNbHICTIO BUXMBAHOCTI YEIbCM TAaKOX MOCTYNANMUCSA, XapaKTePU3YIOUUCh BisibLLO 3aNMLWIKOBOIO
ancnepcieto (Szd,.= 58,48 npotn 34,03 y naHapacis). Ha 0CHOBI 0TpMMaHMX AaHMX No6yA0BaHO BipOrigHy perpeciiHy
MoJenb OLHKM BUXMBaAHOCTI nopocat nopoau yensc (p=0,005). Pe3ynbtatv focnigpkeHHs MOXYTb 6yTM BUKOPUCTaHI
ON9 ONTMMI3auii cenekuiiHMX nporpaM Ta BM6opy nopia nig KOHKPETHI yMOBU BUPOOHMLITBA
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Abstract. The aim was to theoretically substantiate and develop practical recommendations for a comprehensive
biotechnological approach to disease prevention, specially adapted to the regional conditions of southern Ukraine.
The materials were processed using methods of theoretical and methodological analysis, systematic and comparative
analysis, analytical and synthetic generalisation, analogy and methodological design of practical recommendations.
As a result of the study, the epizootic process of coccidiosis in piglets in farms in southern Ukraine was interpreted as
being sustained by a combination of the environmental reservoir of Cystoisospora suis oocysts and technologically
induced repeated contamination of bedding and production surfaces. The key factors determining the invasive
pressure in the holding sections are the interaction of the microclimate of the premises with the modes of moistening/
drying of substrates within the technological cycle, in particular during prolonged periods of high temperatures
in the warm season and the presence of local areas of stable moisture. On this basis, prevention is described as
managing the links “source of invasion - environment - susceptible contingent” with priority given to measures
that reduce the persistence of invasive material between batches and limit the re-seeding of the environment. The
Llimits of applicability of monochemical schemes in systems where the environmental component of transmission is
preserved are justified, and the risks relevant to the microbiome, biosafety and environmental consequences of the
prolonged presence of anticoccidial agents are outlined. A criteria-based intervention assessment scheme has been
operationalised through a coordinated set of indicators reflecting parasitological, clinical and production outcomes.An
integrated protocol has been proposed that combines sanitary and hygienic contamination control, biotechnological
interventions, and standardised monitoring based on the “before/after” principle. The practical significance lies
in the possibility of implementing a unified algorithm for prevention and control in farms in southern Ukraine
with reproducible performance evaluation and comparability of effects between sections and production cycles
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INTRODUCTION
Coccidiosis in piglets associated with Cystoisospora suis
is a problem of manageability in the early stages of
rearing in industrial pig farming, since even short-term
enteropathies quickly convert into measurable losses in
productivity (weight gain, feed conversion), an increase
in culling rates and higher costs for treatment and pre-
ventive measures. For the southern regions of Ukraine,
the relevance is exacerbated by a combination of high
temperatures during the warm season and microclimat-
ic conditions in the housing sections (local humidity of
bedding/surfaces, uneven drying between technolog-
ical cycles), which contributes to the preservation of
the environmental reservoir of oocysts and repeated
contamination. Under such conditions, drug prophylaxis
may demonstrate limited stability of effect if techno-
logical transmission routes are not controlled. In ad-
dition, the importance of biosafety and environmental
justification of protocols (impact on intestinal ecology,
selective resistance pressure, consequences of waste
management) is increasing, which determines the need
for integrated solutions with standardised monitoring
of parasitological, clinical and production indicators.

In production conditions, early chemoprophylaxis
of coccidiosis in piglets was considered as one of the
approaches to reducing the intensity of oocyst excre-
tion and the frequency of diarrhoeal syndromes in the
suckling period. In a field study by V. Skampardonis et
al. (2010), the effect of toltrazuril in suckling piglets
with natural infection with Isospora suis was analysed
using productive and epizootological relevant indica-
tors, which allowed linking pharmacological interven-
tion with the course of invasion at the group and farm
levels. Clarifying the role of the environmental reser-
voir of invasion required tools capable of reflecting
not only faecal oocyst excretion, but also the level of
contamination of technological surfaces and critical
areas of the machine. H. Loesing et al. (2025) evaluat-
ed the sponge sampling approach in combination with
real-time PCR for the detection of Cystoisospora suis
in environmental and faecal samples on piglet farms,
which expanded the methodological basis for monitor-
ing by including “‘environmental” samples in the epizo-
otic surveillance system. These results were considered
as a methodological basis for constructing a diagnostic
contour in which the assessment of prevention effec-
tiveness included indicators of environmental contami-
nation along with coprological control data.

In a study by H.G. Araujo et al. (2020) described the
diversity of enteric coccidia in pigs in the semi-arid re-
gion of Northeast Brazil, confirming the presence of
several coccidian agents in the herd and emphasising
the usefulness of species verification in the analysis of
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protozoa. In the context of controlling coccidiosis in
piglets, these data were interpreted as an argument in
favour of differentiated diagnosis, where the detection
of oocysts in faeces was considered taking into account
the potential polyetiological nature of the coccidiosis
background. G. Deak et al. (2024) in a field study on in-
tensive farms in south-eastern Spain simultaneously
evaluated the effectiveness of prophylactic toltrazuril
and the diagnostic detectability of Cystoisospora suis
in 1-3-week-old piglets using flotation-concentration
approaches for oocyst detection. It was shown that oo-
cysts were detected in all farms, and the risk/frequency
of detection was associated with age, the presence of
diarrhoea and certain housing parameters (in particu-
lar, the type of pen flooring), which emphasised the im-
portance of environmental reservoirs and management
alongside pharmacological prophylaxis.

A. Jankowska-Makosa et al. (2023) analysed the
level of parasitic infection in pigs as an indicator of
production sustainability, linking parasitic load to farm
productivity and resource costs. The study demon-
strates the practical feasibility of including parasitic
disease indicators in the “health-productivity-resource
efficiency” assessment system, which allows for the
justification of preventive programmes as an element
of sustainable pig farming management. A. Shrestha et
al. (2015) presented Cystoisospora suis as a model of
mammalian cystoisosporosis, systematising the key
links in pathogenesis and age windows of greatest sus-
ceptibility in suckling piglets. The publication summa-
rises that early damage to enterocytes and disruption
of the mucosal barrier function create the conditions
for clinical diarrhoea and secondary complications,
and therefore control must take into account not only
the pharmacological component, but also environ-
mental factors and husbandry techniques. E. Straberg
& A. Daugschies (2007) experimentally evaluated the
effectiveness of a cresol-containing agent for inacti-
vating oocysts and reducing infectious pressure under
production conditions, demonstrating the suitability of
disinfection as a means of breaking the transmission
cycle. The results justified the inclusion of targeted dis-
infection protocols in control programmes as a tool to
reduce contamination of critical areas of the machine
and bedding. As noted by O.Bohach et al. (2023) in their
work, cases of mixed infections, such as isosporosis
with cryptosporidiosis, require attention. Such associa-
tions of pathogens are characterised by a more severe
clinical course and require the development of special
comprehensive treatment and prevention protocols.
The authors emphasised the importance of accurate
diagnosis of each component of the infestation for the



prescription of effective therapy, as different protozoa
may have different sensitivities to drugs.

The scientific reviews, including the work of
J.P.Dubey & M.Santin (2025), systematise fundamental
knowledge about coccidiosis. The authors stated that
Cystoisospora suis remains the main causative agent
of coccidiosis in piglets worldwide, and its life cycle
and pathogenesis are well studied. In their review,
the authors also discussed current trends in diagno-
sis, prevention and control, providing a comprehen-
sive basis for further research and practical solutions.
An understanding of the geographical distribution of
pathogens is necessary for the development of region-
ally adapted control strategies. The study by H. Han et
al. (2024) focuses on this aspect: the authors conduct-
ed a scoping review of coccidia species parasitising
pigs of the genus Sus and analysed their distribution
worldwide. This work emphasises that the epizootio-
logical picture may vary from region to region, which
is critical for planning effective national and local dis-
ease control programmes.

Despite the large number of publications, most
studies focus on specific aspects of coccidiosis in pigs,
such as the prevalence of the pathogen or the identifi-
cation of risk factors, without simultaneously analysing
biological, technological and regional climatic factors.
Some of the studies are regionally specific or based on
cross-sectional survey data, which limits the possibility
of comparing results between different husbandry sys-
tems. In addition, there is a lack of systematic data in
the literature on comprehensive preventive approaches
combining biotechnological solutions and elements of
production management, as well as a lack of studies
aimed at analysing the specifics of coccidiosis control
in pig farms in southern Ukraine. The aim of the work
was to conduct a theoretical analysis of modern bio-
technological approaches to the prevention and control
of coccidiosis in piglets and to summarise scientific and
production data, taking into account the climatic char-
acteristics of southern Ukraine. To achieve this goal,
three main tasks were identified: to analyse the impact
of specific climatic conditions of the region on the ep-
izootology of coccidiosis; to assess the limitations of
traditional methods of chemical prevention; to system-
atise modern biotechnological solutions (vaccination,
immunostimulation, probiotics and prebiotics) and jus-
tify their adaptation to local production realities.

MATERIALS AND METHODS
The methodological basis of the study was formed
within the framework of a theoretical and empirical ap-
proach and was based on a combination of theoretical
analysis of scientific sources with the generalisation of
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quantitative and qualitative data from previous exper-
imental and field studies and the application of a set
of complementary methods: theoretical and methodo-
logical analysis, system analysis, comparative analysis,
analytical and synthetic generalisation, the analogy
method, and the methodical design of practical rec-
ommendations. This approach was applied taking into
account the climatic and production characteristics of
pig farms in southern Ukraine, which are characterised
by elevated temperatures and conditions that affect the
survival and circulation of Cystoisospora suis oocysts.
The object of the study was the process of prevention
and control of coccidiosis in piglets in industrial pig
farms. The subject of the study was biotechnological
approaches to the control of coccidiosis, in particular
the use of vaccines, probiotics and prebiotics, as well as
the features of their integration into the system of pre-
ventive measures, taking into account regional climat-
ic factors. Data collection and selection for theoretical
and empirical generalisation was carried out based on
publications from 2019-2025, taking into account their
relevance to the topic of Cystoisospora suis control in
pig farming and regional climatic conditions similar to
those in southern Ukraine. The analysis included sourc-
es containing measurable parasitological, clinical and/
or production outputs (oocyst excretion/infestation,
frequency of diarrhoea/enteritis, weight gain, feed con-
version, mucosal morphometry, resistance indicators),
as well as describing the methods of diagnosis, preven-
tion and management used in farms or controlled ex-
periments. Additional criteria were full-text availability,
clarity of design and the ability to compare results on
a ‘control/intervention” or “before/after” basis within
a specific study. The study employed theoretical and
methodological analysis to substantiate the impact of
climatic conditions in southern Ukraine on the life cycle
of Cystoisospora suis, as well as to analyse the immune
and microbiome mechanisms involved in the formation
of antiparasitic protection in pigs. Within this approach,
current ideas about the pathogenesis of coccidiosis, the
interaction of the pathogen with the intestinal microbi-
ome and the immune system of animals were analysed.
This method was applied using regional data from the
Odesa region and generalisations about risk factors and
the spread of invasions (Bohach et al., 2024), as well
as observational data for European farms with similar
climatic conditions and different levels of biosecurity/
hygiene (Nunes et al., 2023).

System analysis was used to integrate data on re-
gional climatic conditions, epizootic pressure, chem-
oprophylaxis limitations, and the potential of bio-
technological solutions into a single cause-and-effect
logic for coccidiosis control. Within this approach,

Ukrainian Black Sea Region Agrarian Science, 30(1), 19-34

21



22

Modern biotechnological solutions in the prevention and control...

production and microclimatic factors were operation-
alised as controllable determinants of invasive pres-
sure, in particular the moistening/drying regime of
substrates, the presence of persistent wet areas (near
drinking troughs, in washing areas and areas where
liquid fractions accumulate), ventilation parameters
and stocking density, which determined the rate of
surface drying and the duration of preservation of in-
vasive material. The effectiveness of preventive strat-
egies was assessed using multiple criteria: taking into
account productive and clinical indicators, changes in
the intestinal ecosystem (microbiome/signs of dysbi-
osis and barrier indicators), biosafety risks (formation/
spread of antimicrobial resistance) and the environ-
mental acceptability of use (persistence of active sub-
stances and potential environmental contamination).
Within this method, sources describing the seasonal/
microclimatic interaction between host and pathogen
and the influence of season, age and management
practices on parasitic diseases in pigs (Fay et al., 2025;
Senanayake et al., 2025), combined with regional ma-
terials on the structure of protozoan invasions and
farm typology (Bogach & Avhitova, 2019).

Comparative analysis was used according to clearly
defined criteria of efficacy and safety, namely: average
daily gains, feed conversion, frequency of diarrhoea
syndrome in risk groups, morphometric indicators of
the mucosa (height of villi in the small intestine) and
indicators of non-specific resistance (in particular, the
phagocytic index). The effectiveness was assessed us-
ing the “before/after” principle by comparing the spec-
ified indicators in comparable groups/conditions. This
method was implemented based on data on the effec-
tiveness of protozoal drugs in cases of associative inva-
sions in regional conditions (Bogach & Avhitova, 2019).
For the biosafety component, data on the risks of re-
sistance selection when using ionophores (Simjee &
Tice, 2023) ecological pathways and consequences of
ionophore persistence in livestock systems (Alam et
al., 2025), and pharmacological characteristics of the
drug group as a basis for biosafety/environmental cri-
teria (Dowling & Baptiste, 2024).

Analytical and synthetic generalisation was used to
convert data from selected publications into a compa-
rable array of indicators and subsequently form gener-
alised conclusions. At the analytical stage, the following
were extracted from each source comparison design
(control/intervention or “before/after”), type of interven-
tion and measured outcomes (oocyst excretion/infesta-
tion, diarrhoea, weight gain, conversion, mucosal mor-
phometry, resistance indicators) were extracted from
each source, together with the direction and magnitude
of the effect. At the synthetic stage, these data were
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coded according to the “target - indicator > outcome”
scheme and summarised (formation of effect intervals
and a minimum set of monitoring indicators), without
conclusions that are not confirmed by the actual indi-
cators presented. Analytical and synthetic generalisa-
tion was carried out on the basis of sources describing
the acquired intestinal immune response to coccidiosis
and the principles of vaccine prophylaxis, antigenic/
immunogenic properties of gametogenic antigens of
coccidia as potential vaccine targets, and features of
antiparasitic immunity in pigs (Baker et al., 1994; Lil-
lehoj & Lillehoj, 2000; Wang et al., 2025). Additionally,
approaches to mucosal vaccines for parasitic infections
and generalisations regarding coccidiosis in pigs rel-
evant to the interpretation of age susceptibility and
immune responses were taken into account (Joachim
& Shrestha, 2019; Kato, 2020). Empirical data on com-
bined regimens (vaccine + probiotic complex) were used
to summarise typical indicators of the effect on produc-
tivity and microbiota under controlled infection (Cai et
al.,2023).To clarify the mechanisms of mucosal protec-
tion and current alternatives to antibiotics, reviews on
advances in the study of immunity in coccidiosis and
antibiotic replacement strategies, as well as data on
the mucosal immune response in gastrointestinal hel-
minthiasis as a comparable model of barrier resistance,
were used (Lee et al.,2022; Palkumbura et al., 2024). For
the block of immunomodulatory approaches and pre-
vention practices, additional sources were considered
that highlighted the role of vaccination in controlling
infections/zoonoses in pigs and data on changes in
immunological parameters when using dietary supple-
ments in pig feed (Klikin et al., 2024; Arutkumaran et
al., 2025). Microbiome-oriented interventions (probi-
otics/prebiotics) were also analysed with quantitative
indicators of productivity, morphofunctional state of
the mucosa and clinical indicators (Agazzi et al., 2020;
Begma, 2023; Kolechko et al., 2023).

The analogy method was used to adapt individu-
al approaches tested in related livestock sectors, with
subsequent adjustments in line with the biological
and production characteristics of pig farming. As part
of this method, the principles of controlling the trans-
mission of Cystoisospora suis through the prophylactic
use of toltrazuril were transferred to the logic of in-
tegrated prevention programmes combining manage-
ment and biological interventions (Lara et al., 2022).
In addition, technologically proven vaccine strategies
against coccidia in poultry farming and framework ap-
proaches to replacing antibiotics in pig/poultry farm-
ing were used as reference examples (Albanese et
al., 2018; Thong & Duc, 2022). The correctness of the
transfer to pig farms was clarified taking into account



clinical and practical provisions regarding restric-
tions on the routine use of antibiotics and strategic
arguments in favour of the development of veterinary
vaccines as a long-term tool for controlling parasit-
ic diseases (Sander et al., 2020; Memon et al., 2022;
Burrough et al., 2025). At the final stage, recommen-
dations were developed aimed at forming a theoret-
ically sound algorithm for the comprehensive use of
biotechnological agents in the coccidiosis prevention
system, taking into account regional conditions.

RESULTS
The influence of climatic conditions
in Southern Ukraine on the formation
of the epizootic situation of coccidiosis
The climatic conditions of southern Ukraine determine
the specifics of the epizootic process of cystoisosporo-
sis in piglets, primarily due to the dependence of the
extra-organism stages of the pathogen on temperature
and humidity. At elevated temperatures combined with
sufficient humidity, the transition of oocysts to the in-
vasive form (sporogony) is accelerated, and in the pres-
ence of moist substrates, the period of their viability
is prolonged. Thus, for farms in the region, it is not so
much the average climatic indicator that is important,
but how the climate is realised within the premises -
through the regime of moistening and drying of litter,
surfaces and equipment between technological cy-
cles. In production conditions, this manifests itself in
the fact that even under the same external weather
conditions, the invasive pressure can vary depending
on ventilation, stocking density, local water sources
(drinking troughs, washing, leaks), accumulation of
liquid manure fractions and the frequency of sanitary
treatment of sections.

The clinical and pathogenetic manifestations of
coccidiosis reinforce this dependence, since damage
to the small intestine in early-age piglets is accom-
panied by a disruption of the barrier function, chang-
es in the architecture of the mucous membrane, and
the development of diarrhoea syndrome. Diarrhoea in
this system has not only clinical significance, but also
epizootic significance: increased moisture content of
faecal masses and increased contamination volume
contribute to the formation of local wet micro-foci in
the pen and increase the likelihood of invasive material
remaining in substrates that do not dry out completely.
Thus, maintaining moisture in the section creates con-
ditions under which rapidly maturing oocysts are pre-
served long enough to ensure repeated contamination
of surfaces and transmission of the invasion between
groups or between successive batches of piglets. For the
southern regions of Ukraine (Odesa, Kherson, Mykolaiv,
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Zaporizhzhia),the warm season is characterised by tem-
perature conditions that shorten the maturation of oo-
cysts, and in the presence of moisture in the substrates,
the viability of the invasive material is maintained
within a time frame sufficient to maintain circulation
within the technological cycle. In practical terms, this
means that the key controllable factor is not the hot
season itself, but the ability of the farm to ensure com-
plete drying of surfaces and bedding between cycles of
detention and to minimise areas of chronic moisture.
It is these points (wet areas of the floor, areas under
drinkers, places where liquid fractions accumulate) that
determine the persistence of contamination and the
re-seeding of the section with invasive material.

Empirical observations for the Odesa region are
consistent with this logic: the infection rate of suck-
ling piglets with Cystoisospora suis at 40.3% reflects the
preservation of invasive material in the environment
and the presence of conditions for its maintenance in
critical areas of the section (Bohach et al., 2024). At
the same time, data from European farms show that
under similar climatic conditions, the spread of the
invasion varies significantly depending on the level
of biosecurity and hygiene, i.e., the climate acts as a
backdrop against which management decisions are
made (Nunes et al., 2023). In this context, technological
variables - the frequency and quality of sanitation, the
organisation of animal flows, adherence to the princi-
ple of “everything is empty - all occupied” principle, and
humidity control in the section - become factors that
either break the chain of transmission or, conversely,
stabilise repeated contamination (Fay et al., 2025; Se-
nanayake et al., 2025). An additional argument in fa-
vour of the decisive role of hydrothermal conditions is
that within the Northern Black Sea region, shifts in the
structure of protozoan invasions are recorded depend-
ing on the humidity of the area. Under conditions of a
summer decrease in the hydrothermal coefficient (0.3-
0.5), the incidence of Isospora suis in suckling piglets
was 27.6% and Cryptosporidium spp. 6.9%, while in more
humid areas (1-1.4), the infestation rate of Cryptosporid-
ium spp. was 18.5% higher (Bogach & Avhitova, 2019).
These ratios indicate that the water regime of the en-
vironment (both at the level of the microclimate of the
premises and at the level of local natural and climatic
differences) can influence not only the intensity of pro-
tozoan load, but also the profile of dominant agents,
which should be taken into account when selecting
prevention priorities.

The dependence of protozoan intensity on the type
of farm is also indicative: the overall infestation rate in
large farms (>100 sows) was 41.5%, in medium-sized
farms (25-100) - 66.1%, in small farms (<25) - 77.9%,
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and the proportion of mixed infections in small farms
reached 36.9%, with mono-infections predominating in
large farms (74.9%). These data support the conclusion
that, given the climatic conditions of the region, or-
ganisational and hygienic practices and environmental
humidity management remain decisive factors in de-
termining the frequency of re-contamination and the
conditions for the transmission of invasive material. As
a result, the combination of warm season temperature
and humidity conditions and the maintenance of mois-
ture in the substrates leads to the formation of con-
stant Cystoisospora suis infestation pressure in farms in
southern Ukraine, which persists due to repeated con-
tamination of sections between technological cycles.

Disadvantages
of traditional chemoprophylactic approaches
in regional conditions
In industrial pig farming, chemoprophylaxis of coccidi-
osis is often perceived as a quick tool for reducing clin-
ical manifestations in risk groups. however, in farms in
southern Ukraine, its effectiveness and acceptability are
determined not only by antiparasitic activity, but also
by systemic consequences that manifest themselves
at the level of intestinal ecology, biosafety and envi-
ronmental safety of production. In a region where tem-
perature loads increase during the warm season and
stable microclimate control in sections becomes more
difficult, any preventive intervention actually works in
conditions of increased sensitivity of piglets to enter-
opathies and dysbiotic shifts. That is why traditional
schemes, which boil down to the routine use of chemo-
prophylactic agents without reference to stress periods,
the structure of invasions and sanitary and hygienic
restrictions of a particular farm, have a predictably nar-
row window of effectiveness and can create secondary
problems that negate the expected preventive result.
One of the key reasons for limited effectiveness in
southern Ukraine is the overlap of pharmacological in-
tervention with heat stress factors. High temperatures
in summer and transitional periods with significant dai-
ly temperature fluctuations are usually accompanied by
changes in feed and water consumption, fluctuations
in intestinal motility, increased microbiota lability, and
changes in the barrier function of the mucosa. Under
such conditions, reducing the invasive load with med-
ication alone does not guarantee clinical stabilisation,
since diarrhoea syndrome in piglets in real produc-
tion conditions is a multifactorial phenomenon and is
maintained by a chain of stress - barrier disruption >
dysbiosis > inflammation, which can persist even with
partial control of the protozoan component. As a result,
prophylaxis formally directed against coccidia during
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the warm season should often be evaluated not only by
the fact of its use, but also by whether it is possible to
prevent the destabilisation of the intestinal ecosystem
and secondary complications that increase the severity
of enteropathies.

The second systemic aspect is the effect of chem-
oprophylaxis, in particular ionophore coccidiostats, on
the intestinal microbiome and, accordingly, on micro-
biome-dependent resistance mechanisms. In prophy-
lactic (subtherapeutic) regimens, such agents can shift
the composition of the microbiota, which is critical in
the context of early age, since during this period the mi-
crobiome is not yet stabilised and easily transitions to a
dysbiotic state under the influence of stressors, changes
in feeding and technological manipulations. The prac-
tical consequence is that even with a decrease in the
protozoan component, colonisation resistance may de-
teriorate, the production of metabolites that support
the epithelial barrier may change, and the susceptibil-
ity to diarrhoeal syndromes or their prolongation may
increase. In southern farms, these risks are further ex-
acerbated by the fact that heat stress and microclimat-
ic factors often increase the frequency of wet areas in
sections, which maintains the background pressure of
enteropathogens and increases sensitivity to any mi-
crobiome shifts. In other words, chemoprophylaxis can
create a paradoxical situation here: antiparasitic inter-
vention is carried out, but the functional prerequisites
for diarrhoea are not eliminated and are sometimes even
exacerbated by undesirable effects on the microbiota.

The third set of limitations is related to biosafe-
ty and antimicrobial resistance. Sources warn that the
use of ionophores creates selective pressure on ente-
rococcus populations and may be associated with mo-
bile genetic elements capable of transferring resist-
ance determinants between bacterial species (Simjee
& Tice, 2023). For farms, this means that a preventive
strategy that does not take into account the biosafety
cost potentially contributes to the formation of a reser-
voir of resistant strains in the intestinal ecosystem of
animals and in housing substrates. In the regional con-
ditions of southern Ukraine, this risk has an additional
practical dimension: during the warm season, increased
humidity in certain areas, intensive washing cycles, ma-
nure removal and contact with technological surfaces
increase the likelihood of microorganisms circulating
between sections and through contaminated objects.
In this logic, antimicrobial resistance ceases to be a
distant problem and becomes a parameter that must
be taken into account when choosing prevention as an
element of risk management in the production system.

The fourth aspect is the environmental component,
which is increasingly being considered as part of the



requirements for the safety of animal husbandry tech-
nologies. According to sources, certain coccidiostats
can persist in the environment after being excreted,
enter water bodies and have toxic effects on aquatic
organisms even at low concentrations, while tradition-
al treatment systems do not always ensure complete
removal of such substances (Alam et al., 2025). For
southern Ukraine, where the practice of applying or-
ganic waste as fertiliser is widespread, this means an
increased likelihood of chronic low-dose exposure in
soil and water systems and a potential impact on mi-
crobial communities in the environment, the ecological
trail of chemoprophylaxis should be considered not as
a secondary ethical argument, but as a real component
of limiting its routine use in the region.

The practical disadvantage of traditional schemes
in southern farms is that they often do not take into
account the structure of protozoan associations and
the pattern of infestation in a particular farm. Empirical
data from monitoring mixed infestations have shown
that effectiveness can vary significantly depending on
the pathogen: for “Brovitacocid’, 66.7 % extensive effec-
tiveness was reported for balantidiasis and 88.9% for
cryptosporidiosis, with simultaneously high indicators
for other protozoa, while for “Amprolev-plus”, 100% ef-
fectiveness was reported for the protozoa studied. In
regional conditions, such differences have direct prac-
tical significance: if a farm is characterised by a sta-
ble association of protozoan agents, monodirectional
prophylaxis for one typical pathogen naturally leaves
room for the preservation of diarrhoeal syndromes and
repeated contamination pressure, especially under con-
ditions of heat stress and microclimate fluctuations.
That is why sources describing the pharmacological
characteristics of drug groups and approaches to their
use emphasise the need for the rational, time-limited
use of chemoprophylactic agents and the correct choice
of regimen depending on farm conditions (Dowling &
Baptiste, 2024). Therefore, for southern Ukraine, it is
crucial that traditional chemoprophylaxis cannot be
considered a self-sufficient universal strategy: its mi-
crobiome consequences, biosafety risks, environmental
constraints, and variability in effectiveness against as-
sociative invasions become significant precisely in con-
ditions of heat stress, when the stability of intestinal
resistance is most vulnerable, and preventive solutions
require maximum alignment with production realities
and controlled indicators.

Immunological mechanisms

of adapted biotechnological control of coccidiosis
Biotechnological approaches to coccidiosis control are
considered through two complementary levels: specific
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(antigen-dependent) immunity and non-specific resist-
ance (innate effector mechanisms and mucosal barrier)
(Lillehoj & Lillehoj, 2000). The specific level is most of-
ten operationalised by markers of intestinal immunity
and morphofunctional characteristics of the mucosa,
while the applied significance is assessed by functional
outputs, primarily by the dynamics of oocyst excretion
and/or clinical manifestations of enteropathy (Baker et
al., 1994; Wang et al., 2025). At the level of evidence, it
is not the isolated increase in a single indicator (e.g.,
IgA or cytokines) that is decisive, but the consistency of
the chain immune indicator > parasitological/clinical
outcome, i.e., the correlation of changes in markers with
changes in oocyst excretion and the severity of diarrhoea.

Vaccine strategies for coccidiosis in related an-
imal systems are described as approaches aimed at
developing local (intestinal) immunity and reducing
the manifestations of invasion through immunological
control of mucosal damage (Joachim & Shrestha, 2019;
Kato, 2020). The role of secretory IgA, gut-associated
lymphoid tissue and cytokine profile as mechanistic ele-
ments of the response is also emphasised, however, the
applied significance for the control of coccidiosis is con-
firmed precisely by functional indicators (oocyst excre-
tion/clinical manifestations/morphological markers of
damage). The statement about “reproduction control” is
correct only when it is linked to a measurable outcome,
i.e., a reduction in oocyst excretion or a decrease in the
severity of enteropathy under conditions of controlled
infection or production observation (Cai et al., 2023).

Non-specific resistance in the context of biotechno-
logical control of coccidiosis is considered a resource
for supporting barrier and effector mechanisms dur-
ing periods of physiological and technological vulner-
ability (early age, weaning, heat stress) when the risk
of enteropathy and microbiota imbalance increases.
Immunostimulatory agents (B-glucans, nucleotides,
and other agents with an immunotraining effect) are
modifiers of phagocytosis and cytokine responses; ac-
cordingly, the phagocytic index and cytokine response
indicators in sources are the most direct indicators of
this level, while the frequency of diarrhoea is used as
a clinically oriented indicator of the total effect at the
intestinal level. According to this logic, immunostimu-
lation is not a substitute for specific prophylaxis, but
rather a tool whose effect should be correctly assessed
through changes in indicators of non-specific resist-
ance and clinical manifestations, rather than through
assumptions about a direct impact on parasitological
outcomes without relevant data.

Data on combined approaches (combining immu-
noprophylaxis with microbiome-oriented interven-
tions) are heterogeneous in design and animal species,
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so such associations are presented as potential and
limited by the scope of the relevant sources. Non-spe-
cific resistance in this context is interpreted as a re-
source for supporting barrier and effector mechanisms
during periods of physiological and technological vul-
nerability. Immunostimulatory agents are described as
modifiers of phagocytosis and cytokine responses, with
the phagocytic index and cytokine response markers
being the most direct indicators, while the frequency
of diarrhoea is used as a clinically relevant summary
indicator. At the same time, immunostimulation is more

often presented as a component of combined pro-
grammes, and that is why its effect should be correctly
assessed through changes in indicators of non-specific
resistance and clinical dynamics, rather than through
assumptions about direct parasitological mechanisms
without appropriate measurements. The generalisation
is @ comparison of mechanistic indicators and function-
al outcomes, and the formulation of cause-and-effect
mechanisms is only acceptable within designs where
the relevant baseline indicators (oocyst excretion/clini-
cal signs/productivity) are available (Table 1).

Table 1. Generalisation of the immunological effects of vaccination and immunostimulants
in the adapted coccidiosis control system

Level
of immunity

Component

of biotechnological control

Main immune targets/
mechanisms (summarised)

Indicators used
in sources

Type of data on which
the summary was based

Mechanistic and applied

Induction of local
intestinal immunity;

Vaccination (live attenuated/ involvement of humoral

antigenic approaches; principles ST [y

. A mucosal) and cellular links;
G R e 1o participation of intestinal
lymphoid tissue
Activation of innate
Non-specific |mmuni1r:gﬁ;l)attc?g;ystems;
Immunostimulants (B-glucans, (innate;

of phagocytosis and
cytokine responses;
support
of effector mechanisms
during periods of stress

Simultaneous influence
on the formation of
antigen-specific response
and increased readiness
of effector mechanisms;
potential synchronisation
of immune and
microbiome factors

maintenance
of the mucosal
barrier)

nucleotides, other immunotraining
agents)

Combined protocols
(vaccination + immunostimulation/  Specific + non-
microbiome-oriented specific
interventions)

Secretory IgA; cell
populations in the
mucosa; cytokine
markers; dynamics
of oocyst excretion

Phagocytic index;
markers of cytokine
response; indicators

of non-specific
resistance; frequency
of diarrhoeal
syndromes as a
clinical indicator

Oocyst excretion;
clinical signs
of enteritis;
resistance/
productivity indicators
(depending
on study design)

data on coccidiosis;
transferability of
principles to other
species, taking into
account the biology
of mucosal immunity

Mechanistic and
experimental data
on immunostimulation;
interpretation for pig
farming, taking into
account stress factors

Data from related/
model studies of
combined interventions
used for mechanistic
interpretation

Source: compiled by the authors based on D. Baker et al. (1994), H. Lillehoj & E. Lillehoj (2000), A. Joachim &

A. Shrestha (2019), H. Kato (2020), F. Wang et al. (2025)

Table 1 correlates the levels of immune response
and the type of indicators: mechanistic markers (se-
cretory IgA, mucosal cell populations, cytokine profiles,
phagocytic index) show the direction of immune mod-
ulation, while applied significance is confirmed only by
functional outputs (primarily oocyst excretion dynam-
ics, frequency of clinical manifestations of enteritis/di-
arrhoea and, if available, productive metrics). This divi-
sion sets limits: statements about a potential reduction
in the risk of transmission or “epizootic load” are linked
to changes in oocyst excretion as a parasitological out-
come, while changes in IgA/cytokines/phagocytosis re-
flect the involvement of the corresponding links of im-
munity without direct automatic transfer to the level of
field efficacy. For combined protocols, the simultaneous
presence of indicators of different nature (oocyst excre-
tion, clinical manifestations, resistance/productivity) is
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recorded, but the statement about the synchronisation
of immune and microbiome factors remains a mecha-
nistic interpretation of related data.

Microbiome-oriented prevention strategies

and their impact on piglet health

Within the framework of systems analysis, the intesti-
nal microbiome was considered as a functional level
through which the barrier properties of the epithelium
and the immune effects of the mucous membrane were
realised. Accordingly, probiotics and prebiotics were in-
terpreted as interventions that could alter the microbi-
al environment of the intestine (colonisation resistance,
metabolite production, local pH changes, synthesis of
antimicrobial peptides) and associated with changes
in the frequency of diarrhoeal syndromes and produc-
tivity indicators in risk groups. Microbiome-oriented



interventions were operationalised through a set of
control indicators that simultaneously reflected barrier
function, clinical manifestation and production effect.
Accordingly, the effectiveness assessment was struc-
tured as a “before/after” comparison based on morpho-
metric markers of the mucosa (villus height), frequency
of diarrhoeal syndromes, and productivity metrics (av-
erage daily gain, feed conversion), which allowed the
impact of microbiome correction to be interpreted not
only mechanistically but also practically.

The logic of “before/after” the implementation of
microbiome-oriented strategies was formalised by
comparing conditions described in the sources as typ-
ical for technologically vulnerable periods (weaning,
diet change, stress loads). In the “before” state, atten-
tion was focused on the combination of two processes:
an increase in the frequency of diarrhoeal syndromes
in risk groups and changes in the morphofunctional
indicators of the mucous membrane, which were used
as proxy indicators of barrier function. In particular, for
prebiotics (MOS/FOS), morphometric data were consid-
ered as one of the operational indicators of the con-
dition of the mucosa: the addition of MOS to weaned
piglets was associated with an increase in villus height
in the small intestine from 450+ 35 pm to 520+ 40 um
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(@ change of +15.6%, p < 0.05) (Agazzi et al., 2020). This
result was interpreted as a change in a parameter re-
flecting the absorption surface and the condition of the
epithelial barrier.

In the “after” state of probiotic and/or prebiotic ad-
ministration, the generalisation was based on quanti-
tative indicators of productivity and feeding efficiency
and on data on the frequency of diarrhoeal syndromes
in risk groups. For Bacillus subtilis-based probiotics in
the feeding of fattening pigs, data were reported on a
12.3% increase in average daily gains in the experimen-
tal group compared to the control (Begma, 2023). Other
studies reported an increase of 8-10% and a change in
feed efficiency of 5-7% when using probiotic complex-
es (Kolechko et al., 2023). Microbiome-oriented inter-
ventions could be reflected in productivity indicators
through the enzymatic activity of probiotic strains and
changes in the proportion of opportunistic microorgan-
isms in the intestinal microbial profile. Information on
combined interventions (immunoprophylaxis + probiot-
ic) in model/related studies, where changes in oocyst
excretion and productivity metrics were recorded, was
considered separately and used as a mechanistic basis
for explaining the potential synchronisation of immune
and microbiome factors in control protocols (Table 2).

Table 2. Predicted changes in piglet health and productivity indicators with the introduction

“Before” status (control/no

Gietoy intervention)

Baseline (according to the

R G R, YT design of a specific study)

Feed conversion Baseline
(kg of feed/kg of gain)
Frequency of diarrhoea - .
syndromes in risk groups Baseline in the risk group

Height of villi

in the small intestine, ym 45035
Indicators
of non-specific resistance Baseline

(e.g., phagocytic index)

of probiotics and prebiotics

“After” status (introduction
of probiotics/prebiotics)

Effect interval according
to sources (estimate)
+8-12% (depending
on the protocol/complex)
-5-7%

(change in feed efficiency)

Increase relative to control

Decrease relative to control

Decrease in frequency
after correction
of the microbiome/resistance

-15-20% (as a clinical indicator
in the protocols used)

520+40 +15.6% (p<0.05)

Increase after implementation

of comprehensive programmes
(wWhere data available)

+20-30% (according to the
ranges given in the sources)

Note: predicted changes were formed as an interpretation of quantitative effects and reflected a “control/experimental”
or “before/after” comparison within specific studies; actual values may vary depending on the age of the animals, diet
composition, husbandry technology, and background epizootic pressure

Source: compiled by the authors based on A.Agazzi et al. (2020), N.Begma (2023),A. Kolechko et al. (2023), . Klikin et al. (2024)

The data in Table 2 summarised the effects of pro-
biotics/prebiotics in the format “functional link - ex-
pected indicator - magnitude of change” and showed
that the most consistently reproducible outcomes in
different protocols were productivity metrics and feed-
ing efficiency (an increase in average daily gains within

+8-12% and a decrease in feed conversion by 5-7%).

The morphometric indicator of the mucosa (villous

height in the small intestine) in the protocol increased
from 450 %35 to 520+ 40 pym (+15.6%; p < 0.05), reflect-
ing a statistically significant change in the morphomet-
ric indicator. A decrease in the frequency of diarrhoeal
syndromes in risk groups was considered a clinical out-
come reflecting the cumulative effect of colonisation
resistance correction and metabolic activity of the mi-
crobiome. At the same time, indicators of non-specific
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resistance (in particular, the phagocytic index) were in-
terpreted as contextually dependent indicators: their
increase was more often described as part of complex
programmes (a combination of immunoprophylaxis
and probiotic interventions).

Practical recommendations for implementation

in farms in Southern Ukraine

The recommendations are formulated as an applied
protocol for the prevention and control of coccidiosis,
combining risk-oriented diagnostics, biotechnological
interventions (vaccination, immunostimulation, probi-
otics and prebiotics) and veterinary and sanitary meas-
ures with quantitative assessment of effectiveness. Im-
plementation of the protocol is advisable provided that
the epizootic situation on the farm is standardised, crit-
ical periods for piglets (farrowing, weaning, episodes of
high temperatures) are planned, and “before/after” indi-
cators are compared to monitor the effectiveness of the
measures taken. For monitoring purposes, it is recom-
mended to determine baseline and control values for
infestation and/or oocyst excretion intensity, frequency
of diarrhoea syndromes in piglets, average daily weight
gain and feed conversion.

Control points should be coordinated with the pro-
duction cycle: baseline indicators should be recorded
before the protocol is launched, and repeat indicators
should be recorded after the initial implementation cy-
cle and subsequently at intervals that allow for compar-
ison of batches under comparable technological condi-
tions. To confirm the pathogen, coprological methods
and/or molecular genetic tests can be used, depending
on the availability of laboratory facilities, and the re-
sults should be used to adjust the frequency of con-
trol and identify priority risk groups. Specific immuno-
prophylaxis, subject to the availability of appropriate
preparations and approved internal regulations, should
be integrated into the standard early rearing protocol,
ensuring coverage of the entire litter and attachment
to the first days of life of piglets in accordance with the
manufacturer’s instructions. The effectiveness of immu-
noprophylaxis should be assessed based on the dynam-
ics of oocyst excretion and/or infestation, the frequency
of clinical manifestations of enteritis or diarrhoeal syn-
dromes, and indirect production indicators, including
average daily gains and feed conversion, which allows
changes associated with intestinal health to be distin-
guished from fluctuations in feeding and management.

Preventive correction of non-specific resistance
should be planned taking into account periods of in-
creased risk, which are determined by the technological
calendar and temperature conditions in the premises.
Immunostimulants should be used in sows during the
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pre-farrowing period, in piglets during weaning, and
during periods of high temperatures when there is a
tendency for an increase in the incidence of diarrhoea
or a deterioration in productivity in risk groups. It is
recommended to evaluate the effect based on the fre-
quency of diarrhoeal syndromes, survival and culling
rates, and, if possible, laboratory indicators of non-spe-
cific resistance in accordance with the internal control
programme. Microbiome-oriented measures should be
implemented as a permanent element of prevention for
risk groups, with an emphasis on weaning, regrouping
and transition to a different diet. It is recommended to
introduce probiotics (in particular,based on spore-form-
ing bacteria compatible with feed production technolo-
gy) and prebiotics (e.g., mannan-oligosaccharides) into
the feed in accordance with the feeding schedule, feed
form, and manufacturer’s instructions. It is advisable to
evaluate effectiveness on a “before/after” basis at the
batch or section level in terms of average daily gains,
feed conversion and diarrhoea frequency, and, if possi-
ble, to additionally take into account indicators of the
condition of the mucous membrane or markers of re-
sistance used in the relevant control protocols.

Veterinary and sanitary measures should be con-
sidered a mandatory component of control, with in-
creased emphasis during the warm season and during
periods of intensive turnover of batches. It is advisa-
ble to ensure mechanical cleaning, washing and dis-
infection, control of litter and technological surfaces
humidity, as well as adherence to the “all empty - all
occupied” principle to reduce the persistence of inva-
sive material between batches. It is separately recom-
mended to organise systematic control of rodents as
a possible mechanical factor of re-contamination of
the environment, and it is advisable to monitor the
effectiveness of the sanitary unit through changes in
infestation and/or oocyst excretion and the frequency
of diarrhoeal syndromes in subsequent batches under
comparable technological conditions.

It is advisable to implement the protocol in stages,
starting with a basic assessment of the epizootic sit-
uation and preparation of organisational conditions,
including coordination of the sampling scheme and en-
suring the temperature conditions for storage of biolog-
ical preparations. After recording the baseline values,
it is recommended to launch the key elements of the
programme, combining immunoprophylactic measures
for piglets with probiotic-prebiotic feeding support,
as well as planning immunostimulation in accordance
with technological events and temperature conditions.
Further monitoring of effectiveness is recommended
2-3 months after the start, comparing “before/after” in-
dicators for oocyst excretion or infestation, frequency



of diarrhoea, average daily gains and feed conversion,
after which it is advisable to adjust the intensity of in-
dividual measures based on the data obtained.

DISCUSSION

In this study, the control of coccidiosis caused by Cystoi-
sospora suis for the conditions of southern Ukraine is
interpreted as a multi-component task, where the clin-
ical effect is determined not only by the action on the
parasite in the body, but also by the intensity of repeat-
ed entry of invasive material from the environment and
the state of the intestinal barrier during technologi-
cally vulnerable periods. The limited self-sufficiency
of chemoprophylaxis is consistent with the empirical
observations of A.A. Lara et al. (2022), where C. suis cir-
culation in the farm persisted despite the prophylactic
use of toltrazuril. In this study, this was interpreted as
a manifestation of the fact that the pharmacological
component mainly affects the endogenous phase of the
parasite, while the exogenous phase (oocysts in sub-
strates) can maintain invasive pressure during repeated
contamination. The results of A.A. Lara et al. (2022) sup-
ported the conclusion that prophylactic regimens lim-
ited to chemoprophylaxis do not always ensure trans-
mission interruption in intensive housing conditions,
especially in the presence of moisture retention areas,
high animal density, and fluctuations in hygiene disci-
pline. Biotechnological tools in this study were consid-
ered not as a replacement for chemoprophylaxis, but
as means that can influence other links in the process.

The summary by G.A. Albanese et al. (2018), based
on poultry farming data, demonstrated the technolog-
ical feasibility of vaccine strategies against coccidia as
a group of parasites and showed that the targeted for-
mation of a local intestinal immune response can be
achieved with the appropriate drugs and administra-
tion protocols. For pig farming, direct transfer is limited,
but a comparable source correlates with the conclusion
of this study regarding the fundamental achievability
of mucosal immunity management as a tool for the
prevention of coccidial infections, provided that it is
adapted to the biology of C. suis and production con-
texts. This study shows that under conditions of techno-
logical stress and temperature load, the stability of the
intestinal barrier can modify the severity of diarrhoeal
syndromes and, therefore, influence the clinical man-
ifestation of coccidiosis. The systematisation of alter-
natives to antibiotics by H.T. Thong & H.V. Duc (2022)
is relevant because it describes the mechanisms of
competitive exclusion, immune modulation and barri-
er function support associated with enteropathologies.
Unlike the authors’ general framework, this study fo-
cuses on the operationalisation of such mechanisms
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through measurable outputs (frequency of diarrhoea,
productivity metrics, mucosal morphometric indicators),
which increases the applied certainty of the criteria for
monitoring and evaluating effectiveness.

Clinical and practical generalisations by E.R. Bur-
rough et al. (2025) highlighted the limitations of rou-
tine antibiotic use due to the risks of dysbiosis and an-
timicrobial resistance and emphasised the priority of
strategies to support gut health and the animals’ own
immune response. In this study, these findings are spec-
ified for coccidiosis in piglets: while maintaining inva-
sive pressure from the intervention environment, which
exacerbates dysbiotic shifts or reduces colonisation re-
sistance, may exacerbate diarrhoeal syndromes such
as the leading clinical phenotype. Thus, the data of
E.R Burrough et al. (2025) are consistent with the con-
clusion of this study on the advisability of shifting the
preventive strategy towards stabilising the barrier func-
tion and resistance, rather than towards long-term med-
ication in the diet. The strategic advisability of vaccine
prophylaxis as a long-term tool for controlling parasitic
diseases is substantiated by V.A. Sander et al. (2020),
who emphasised the potential for reducing the overall
burden of infections without constant pharmacological
treatment. In this study, the authors’ position is used to
argue that the vaccine component (if technologically
feasible) logically fits into control programmes aimed
at reducing parasitological and clinical indicators in
combination with hygiene and management.

Mechanistic data from F.U. Memon et al. (2022)
(bird model) demonstrated the ability of Bacillus subtilis
to modulate the microbiome under conditions of active
Eimeria invasion, indicating the potential of probiotic
interventions to maintain microbial balance during pe-
riods of parasitic load. In this study, these data were
compared with the conclusion that productivity met-
rics and feeding efficiency may be integral indicators of
the effectiveness of microbiome-oriented interventions
in pig farming, although interspecies extrapolation re-
quires caution. Applied evidence for Bacillus spp-based
alternatives to antibiotics is provided by Y. Cheng et
al. (2021), who described the positive effects of fer-
mented products on productivity and digestive health
indicators. The generalisations obtained in this study
about productive outputs as stable indicators of the
effect of microbiome-oriented interventions are con-
sistent with the data from Y. Cheng et al. (2021) on the
evaluation of such interventions through quantitative
production and clinical indicators.

The work of C. Zifan et al. (2023) demonstrated an
approach using recombinant Bacillus subtilis expressing
the coccidian antigen (SAG22). In this study, such solu-
tions were interpreted as a promising technological
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direction for combining the probiotic component and
antigenic stimulus; at the same time, the mechanis-
tic effect of simultaneous modulation of the immune
and microbiome links for pig farming requires separate
confirmation in designs that include parallel direct
measurements of the relevant indicators. In the preb-
iotics section, |.M. Youssef et al. (2024) described the
positive effects of MOS on intestinal morphology and
resistance indicators in model systems. In this study,
these data were correlated with the use of mucosal
morphometric indicators as operational indicators of
barrier status and with the conclusion that nutritional
interventions can increase mucosal resistance during
periods of stress. For pigs, A. Lee et al. (2025) demon-
strated the effectiveness of galacto- and xylooligosac-
charides in manipulating the microbiota and improv-
ing intestinal architecture. This is consistent with the
conclusion of this study on the relevance of prebiotics
as a component capable of influencing the barrier and
thereby indirectly modifying the course of enteropa-
thies in risk groups.

For integrated systems in pig farming, L.M. Gbmez-
Osorio et al. (2025) (using proliferative enteropathy
as an example) demonstrated the effectiveness of
approaches combining vaccination, feed additives
and management measures. The conclusions of this
study are consistent with the authors’ position on
the practical feasibility of protocols, where differ-
ent tools address different risk mechanisms: immune
resistance, intestinal ecology, technological factors,
and environmental contamination. Data from M. Del-
sart et al. (2022) showed that on alternative farms,
hygiene and management can minimise the parasite
load without intensive medication. For this study, this
supports the conclusion that a veterinary and sanitary
unit is a prerequisite, especially in regions with a risk
of persistent invasive material in wet substrates. Ad-
ditionally, E. Labussiére et al. (2022) demonstrated a
modification of the faecal microbiota and associated
physiological/behavioural changes when Saccharo-
myces cerevisiae var. boulardii was used during heat
stress. In this study, these data were considered rel-
evant to the conditions of southern Ukraine, as they
supported the thesis that temperature stress can be
accompanied by changes in intestinal ecology, and
that microbiome-oriented interventions may have
practical significance during periods of high temper-
atures. Thus, the results of this study specified the
above international observations for the conditions
of southern Ukraine, where climatic factors and the
microclimate of the sections create the preconditions
for repeated invasive pressure and increase the rele-
vance of integrated preventive solutions.
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CONCLUSIONS
The study found that the climatic and microclimatic
conditions of pig farms in southern Ukraine, in particu-
lar prolonged periods of high temperatures during the
warm season combined with local moisture in the sub-
strates, create conditions for accelerated sporogony and
prolonged preservation of Cystoisospora suis oocysts in
the environment. Under such conditions, repeated con-
tamination of bedding and technological surfaces is
maintained, and the invasive pressure in piglet housing
sections increases due to insufficient drying between
technological cycles. This justifies the need for a sys-
tematic, rather than episodic, approach to prevention,
focused on managing the links “source of invasion - en-
vironment - susceptible contingent”.

It has been shown that routine chemoprophylaxis in
subtherapeutic regimens has fundamental limitations,
as it does not eliminate the environmental reservoir of
invasion and does not control re-seeding of the envi-
ronment. Additionally, it has been taken into account
that the prolonged presence of chemical anticoccidi-
als may be accompanied by undesirable consequences
for intestinal ecology and biosafety, in particular due to
the modulation of the microbiome and microbiome-de-
pendent components of resistance, selective pressure
on antimicrobial resistance, and environmental aspects
of the persistence of active substances in the ma-
nure-soil-water system. The combination of these fac-
tors makes it advisable to move from monostrategies to
integrated control protocols.

A comprehensive biotechnological approach to the
prevention and control of coccidiosis has been sub-
stantiated, combining immunoprophylactic, immunos-
timulatory and microbiome-oriented interventions with
enhanced veterinary and sanitary measures aimed at
reducing contamination and ensuring substrate drying.
Vaccine strategies are interpreted as a tool for reduc-
ing invasive pressure through the formation of mucosal
antigen-specific protection and potential limitation
of oocyst excretion, immunostimulation - as support
for non-specific resistance during critical periods of
technological and thermal stress, and probiotics and
prebiotics as means of stabilising intestinal ecology
and barrier function. A limitation remains the lack of
comparable field data on the effectiveness of individ-
ual commercial biotechnological products specifically
against C. suis in pigs, which determines the need for
further controlled trials of the protocol with parallel as-
sessment of parasitological, clinical and productive in-
dicators and economic feasibility. Prospects for further
research lie in conducting controlled field trials of an
integrated protocol for the prevention of Cystoisospora
suis in farms in southern Ukraine with simultaneous



Naidich et al.

assessment of parasitological, clinical, productive, mi- FUNDING
crobiome, and ecological safety indicators. None.
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AHoTauif. MeTow focnifxeHHs 6yno TeopeTnyHe 06rPYHTYBAHHS Ta pO3p0o6Ka NPAKTUYHMX peKOMEHAALIN LWoA0
KOMMJIEKCHOTO 6i0TeXHONOrYHOro nigxoay A0 NpodinakTMKM 3aXBOPKOBAHHS, CNeuia/bHO afanToOBAHOMO Ao
perioHanbHMx ymoB lliBgHs YkpaiHW. MaTepianu onpaubOBaHO MeToAaMM TEOPETMKO-METOAONO0MNYHOro aHanisy,
CUCTEMHOrO Ta NOPIBHANILHOIO aHanily, aHaNiTMKO-CUHTETUUYHOIO Y3aranbHEHHS, METOAY aHanNorii Ta MEeTOAUYHOrO
NPOEKTYBAHHS NPaKTUYHUX PpeKOMeHAauin. Y pe3ynbTaTi NpoBefEeHOro AO0CNIAXEHHS eni300TUYHMI npolec
KOKLMAI03y nopocaT y rocnogapcreax iBaHa YKpaiHu iHTEpNpeToBaHO SK TakWK, WO NiATPUMYETHCS MOEQHAHHAM
poBkinnesoro pesepsyapy ooumct Cystoisospora suis Ta TEXHOMOMYHO 3YMOBNAEHOI MOBTOPHOI KOHTaMiHauii
niaCTUIKM 1 BUPOBHMUMX MOBEPXOHb. KMHOYOBUMM UYMHHMKAMM, LLO BM3HAYAOTb iHBA3IMHUM TUCK Y CEKLiAX
YTPUMAHHS, BU3HAYEHO B3AEMOAID MIKPOKNiMATy NMPUMILLEHb i3 pEXXMMaMM 3BOJIOXKEHHS/BUCMXAHHSA CybCTpaTiB
Yy MeXaX TEXHOMONIYHOrO LMKIY, 30KpeMa 3a TPMBANIMX NEPIOAiIB BUCOKMX TEMNEpPaTyp Y TEMUM CE30H i HASBHOCTI
NOKanbHMX 30H CTabinbHOi Bonorn. Ha Wi OCHOBI NPOiNakTUKy OMUMCAHO K KepyBaHHA JIaHKaMU «Kepeno
iHBa3il — cepegoBuEe — CNPUAHATAMBUI KOHTUHTEHT» i3 MPIOPUTETOM 3aXOAIB, WO 3MEHLUYIOTb NEPCUCTEHLIIO
iHBa3iMHOro Matepiany MiX napTiaMu Ta 0OMeXylTb NOBTOPHE 3aciBaHHA cepepoBuwa. OBrpyHTOBAHO Mexi
3aCTOCOBHOCTI MOHOXIMIYHMX CXeM Yy cucTeMax, Ae 30epiraerbCs OOBKINNEBMIA KOMMOHEHT nepefadi, a Takox
OKpEeCNeHO pW3MKK, peneBaHTHi a9 Mikpobiomy, 6iobe3nekn Ta eKONOriYHMX HACNiIAKIB TPMBANOi NPUCYTHOCTI
AHTUKOKLMAIMHUX 3acobiB. OnepauioHanizoBaHO KpUTEpiaibHY CXEMY OLiHIOBAHHS BTPY4YaHb Yepes y3roAXXeHuM
Habip iHAMKaTOpiB, WO BiAOOpaXKalTb MNAPA3UTONOTIYHWUM, KNIHIYHWMIA Ta BMPOOHWYMIA BMXOAOM. 3anpOMNOHOBAHO
iHTErpoBaHMI NPOTOKON, L0 MOEQHYE CaHITAPHO-TIriEHIYHE KepYBAHHS KOHTaMiHaLi€, BiOTeXHONOTIYHI iIHTepBEHLii
i CTaHOAPTU30BaHW MOHITOPUHI 33 MPUHUMNOM «Ao/nicnsa». lNpakTMyHe 3HAYEHHA MNONAraE y MOXAUBOCTI
BMpPOBafKeHHa y rocnogapcteax [liBaHa YkpaiHM YHidikOBaHOro anroputMy npoginakTMKuM Ta KOHTPONO 3
BiATBOPHOBAHWM OLLIHIOBAHHSM Pe3yNbTaTUBHOCTI M 3iCTaBHICTIO ePEeKTiB MiXK CEKLiSIMX Ta BUPOBHUYMMK LMKNAMK

KntouoBi cnoBa: eni3ooTMyHMI TUCK; BaKLUMHALiS; MyKO3abHUI IMYHITET; MPO6iOTUKM; aHTMOIOTMKOPE3UCTEHTHICTb
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Abstract. The study aimed to provide a quantitative assessment of the effects of different concentrations of
indole-3-butyric acid (IBA) and gel-based formulations on the intensity of rhizogenesis in semi-hardwood cuttings
of Picea pungens f. glauca, with the objective of identifying the most effective treatment options. Over a three-year
period (2023-2025), the efficacy of Clonex Green, Clonex Purple, and Clonex Red, as well as aqueous IBA solutions
at concentrations of 1,000, 3,000, and 5,000 mg L*, was evaluated in the propagation of semi-hardwood cuttings
of Picea pungens f. glauca. Cuttings 8-12 cm in length were collected from stock plants up to 10 years of age and
established in a substrate composed of a 1:1 mixture of river sand and highmoor peat. The results demonstrated
that the application of Clonex formulations and IBA significantly increased the rooting percentage compared
with the control treatment, where the mean value was only 5.6%. The highest efficacy was achieved with the
gel formulation Clonex Purple, which resulted in a rooting percentage of 37.8%. High effectiveness (28.9%) was
also observed with Clonex Green and with the aqueous IBA solution at a concentration of 1,000 mg L. It was
found that a further increase in the concentration of pure IBA to 3,000 mg L led to a decrease in rooting to
24.4%, while the application of 5,000 mg L caused a pronounced inhibition of rhizogenesis (11.1%), indicating
a phytotoxic effect. Gel-based stimulants (Clonex) were shown to outperform aqueous solutions, which can be
attributed to prolonged contact of the active substance with the base of the cutting, its gradual release, and
protection against leaching from the substrate. Statistical analysis using analysis of variance confirmed the
significance of the observed differences (LSD0.05 =1.71-1.83). The findings provide a basis for recommending
optimal concentrations of growth stimulants to improve the production of high-quality planting material of
ornamental coniferous species

Keywords: vegetative propagation; plant rooting; auxins; adventitious roots; rooting stimulators

INTRODUCTION

Efficient propagation of ornamental coniferous species
remains a key objective in modern ornamental horti-
culture and forestry. Particular attention is given to blue
spruce (Picea pungens f. glauca), which is widely used in
urban landscaping due to its high ornamental value and
tolerance to adverse environmental conditions. However,
generative propagation does not ensure the preservation
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of its morphological traits, thereby necessitating the
use of vegetative methods. Among these, stem cuttings
represent one of the most promising approaches for
producing uniform planting material, although rooting
efficiency in conifers remains relatively low, which high-
lights the need to develop effective strategies for stimu-
lating rhizogenesis and improving rooting technologies.
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A critical role in the propagation of woody plants
by cuttings is played by phytohormones, particularly
auxins, as demonstrated in study analysing the physio-
logical and molecular mechanisms of adventitious root
formation, where S. Liu et al. (2025) showed that indole-
3-butyric acid (IBA) promotes rhizogenesis by activating
cell division in vascular tissues and initiating the for-
mation of root primordia. This mechanism contributes
to increased rooting percentages and improved root
system morphology, confirming the relevance of IBA ap-
plication in vegetative propagation systems. The stimu-
latory effect of IBA on adventitious root formation has
also been confirmed in experimental study on woody
species, where M.A. Ibrahim et al. (2025), investigating
rhizogenesis in Zanthoxylum beecheyanum, demonstrat-
ed that exogenous auxin application enhances cell di-
vision in the cambial zone and initiates root primordia
development, resulting in higher rooting rates and im-
proved root system architecture compared with untreat-
ed controls. These findings further substantiated the
pivotal role of auxins in regulating rhizogenic processes.

A synthesis of contemporary research indicated
that growth regulators substantially improve the effi-
ciency of vegetative propagation in woody plants, with
S.J. Trueman et al. (2021) demonstrating, through an
extensive analysis of auxin-mediated adventitious root
induction, that exogenous application of IBA increases
rooting success, promotes the formation of a greater
number of roots, and enhances their subsequent devel-
opment, while its effectiveness is strongly dependent
on concentration, physiological status of donor plants,
cutting type, and environmental conditions. This high-
lighted the complex regulatory role of IBA in rhizogen-
esis. Further evidence of the effectiveness of IBA has
been reported in studies on Ficus benjamina, where
Y.P. Zala & M.M. Masu (2025) established that concen-
trations of 1,000-2,000 mg L* significantly stimulate
root formation, increasing root number, length, and to-
tal biomass, with the highest morphological parame-
ters observed at 2,000 mg L%, indicating a pronounced
dose-dependent stimulatory effect.

In contemporary research, considerable attention is
devoted to the use of commercial auxin-based formu-
lations to enhance the rooting of woody plant cuttings.
Among these, Clonex Rooting Gel, containing indole-3-
butyric acid at a concentration of 0.31%, has been wide-
ly investigated. In a study on the clonal propagation of
coniferous species, it was demonstrated by J.B. Silva
Filho et al. (2026), working with Pinus lambertiana and
Pinus ponderosa, that the application of Clonex led to
a marked increase in rooting percentage alongside an
improvement in overall root system development. The
treatment was further associated with the formation of
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a greater number of first-order roots, which positive-
ly influenced the subsequent performance of plant-
ing stock. Importantly, the gel-based formulation was
found to minimise the leaching of the active compound,
thereby ensuring more consistent conditions for the in-
duction of adventitious roots. It was also emphasised
within the study that the effectiveness of rooting stimu-
lants is strongly contingent upon their integration with
an optimal substrate and appropriate environmental
conditions, particularly temperature regime, air humid-
ity, and the physical properties of the rooting medium.

The effectiveness of auxin-containing formulations
has also been confirmed in ex vitro systems, where
A.D. Oakes et al. (2020), analysing rooting in Castanea
dentata, demonstrated that treatment of shoot bases
with Clonex Rooting Gel stimulates adventitious root
formation and improves subsequent acclimatisation
success, indicating its suitability for enhancing both
rhizogenesis and planting material quality. Despite the
substantial body of research on the use of growth reg-
ulators in the rooting of woody plant cuttings, the ef-
fectiveness of rhizogenesis stimulators in the vegetative
propagation of Picea pungens f. glauca remains insuffi-
ciently explored. The aim of this study was to evaluate
the effectiveness of rhizogenesis stimulators in the root-
ing of semi-hardwood cuttings of Picea pungens f. glauca.

MATERIALS AND METHODS

The study was conducted during 2023-2025 to deter-
mine the effect of different rooting stimulators on the
rooting of semi-hardwood cuttings of Picea pungens
Engelm. f. glauca. The experimental methodology was
based on a comparative design incorporating both con-
trol and treatment variants, with the latter involving
the application of different growth regulators.

The experimental design comprised a control treat-
ment without the application of rooting stimulants, in
which cuttings were treated with water prior to plant-
ing, and a series of experimental variants involving the
use of commercial formulations, namely Clonex Green,
Clonex Purple, and Clonex Red. The active ingredient in
these preparations is IBA, present at concentrations of
1,mg L in Clonex Green, 3,000 mg L? in Clonex Purple,
and 8,000 mg L in Clonex Red. In addition, aqueous
solutions of IBA at concentrations of 1,000, 3,000, and
5,000 mg L* were included as separate treatments. The
selection of these products was informed by an anal-
ysis of recent scientific literature, which highlighted
the high efficacy of auxin-based growth regulators in
stimulating adventitious root formation in woody plant
cuttings (Abshahi et al., 2022; Swatbhi et al., 2025; Silva
Filho et al., 2026). The specific concentrations and for-
mulation types were chosen with due consideration of



the biological characteristics of the study species and
the experimental conditions.

Cuttings were collected from stock plants up to 10
years of age. The selection of donor plant age was guided
by methodological considerations, as reported by M. You-
nessi-Hamzekhanlu et al. (2026). Cuttings were taken from
the upper part of the crown. Shoots of medium thickness
were selected for propagation, while both excessively thin
and overly thick shoots were excluded, as the morphomet-
ric characteristics of cuttings have a significant influence
on the intensity of rhizogenesis. In the present study, cut-
tings measured 8-12 cm in length, with a basal diameter
of 0.3-0.5 cm. Cuttings were excised using secateurs with-
out the formation of a “heel”. Collection was carried out
in spring, in early April, prior to the onset of active shoot
growth. The cuttings measured 8-12 cm in length. Follow-
ing selection, the cuttings were transported to the green-
house in a moist environment to prevent desiccation.

Prior to planting, needles were removed from the
basal 2-3 cm of each cutting in order to reduce the risk
of tissue decay and to improve contact between the
cutting base and the substrate. The basal ends were
then briefly treated with Clonex and aqueous solutions
of IBA for 3-5 seconds. Cuttings were inserted into the
substrate to a depth of 2-3 c¢cm. The rooting medium
consisted of a 1:1 mixture of river sand and high-moor
peat. The selection of this substrate was determined by
its high aeration capacity, adequate moisture retention,
and overall suitability for root system development.
Prior to the establishment of the experiment, the sub-
strate was pre-treated to eliminate pathogenic micro-
organisms and weed seeds. The sand component was
thoroughly washed under running water to remove fine
dust and silt particles. After thorough mixing, the sand-
peat substrate was subjected to thermal treatment by
steaming. This procedure was carried out at a tempera-
ture of approximately 90-95°C for 30-40 minutes.

The study was conducted under protected ground
conditions in a greenhouse, allowing for controlled
microclimatic parameters. Air temperature during the
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rooting period was maintained within the range of 25-
30°C, which is considered optimal for the induction of
rhizogenesis in semi-hardwood cuttings of coniferous
species. To prevent overheating during the summer pe-
riod, shading was applied using a polymer shade net,
which reduced solar radiation intensity and helped to
stabilise the temperature regime. Optimal air and sub-
strate moisture levels were maintained using a fine
mist irrigation system. Watering was carried out at
30-minute intervals with a duration of 15 seconds. This
regime ensured a consistently high relative humidity of
85-95%, thereby reducing transpiration, preventing cut-
ting desiccation, and creating favourable conditions for
the formation of adventitious roots.

The experiment was established using a replicated
design. Each treatment comprised 30 cuttings with four
replicates, providing a sufficient sample size for subse-
quent statistical analysis. The total number of cuttings
per treatment therefore amounted to 120. Rooting ef-
ficiency was assessed by recording the number of cut-
tings that had formed a root system by the end of the
rooting period.Evaluation was conducted 120 days after
planting. The study was conducted in accordance with
ethical standards for work involving biological materi-
als (Convention on Biological Diversity, n.d.). Statistical
analysis of the results was performed using Microsoft
Excel, with the data processed as both absolute values
and percentages relative to the total number of cut-
tings in each treatment. The reliability of the obtained
data was assessed using analysis of variance (ANOVA),
which enabled the determination of the effects of the
studied factors on the rooting process of cuttings.

RESULTS AND DISCUSSION
An investigation was conducted to evaluate the effects
of different formulations and concentrations of aux-
in-based treatments on the rooting of semi-hardwood
cuttings of Picea pungens f. glauca. While a graphical
representation of the obtained results expressed as
percentages is shown in Figure 1.

IBA IBA IBA

Red 1,000 mg Lt 3,000 mg L* 5,000 mg Lt

Figure 1. Comparative effectiveness of Clonex preparations and IBA concentrations
on the rooting of Picea pungens f. glauca cuttings (average for 2023-2025)

Source: developed by the author
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The control treatment, in which the cuttings had
been planted without the application of growth stimu-
lators, showed the lowest rooting level throughout the
entire study period: in 2023 only one cutting rooted,
while in 2024 and 2025 two cuttings rooted each year.
On average over the three-year period, only 1.67 cut-
tings rooted out of the total number established per
treatment, which corresponds to 5.6%. This confirmed
the low natural ability of Picea pungens f. glauca cut-
tings to form roots without the use of rhizogenesis
stimulators. In the treatment with Clonex Green, 9 cut-
tings rooted in 2023, 10 cuttings rooted in 2024, and 9
cuttings rooted in 2025. For comparison, in the control
treatment only 1, 2, and 2 cuttings rooted during the
same years. Thus, even with a minimal exposure time of
the preparation (3-5 s), the use of Clonex Green ensured
a 4-5-fold higher rooting level compared with the con-
trol. The average number of rooted cuttings over the
three-year period was 8.67, which corresponded to
28.9%, which indicates the consistently high effective-
ness of this preparation.

The highest rooting values were obtained with the
application of Clonex Purple. In 2023, 12 cuttings root-
ed; in 2024, 11 cuttings rooted; and in 2025, 11 cuttings
rooted. In comparison with the control treatment, where
only 1-2 cuttings rooted, this preparation ensured a
substantially higher rooting level. The average number
of rooted cuttings during the study period was 11.3,
corresponding to 37.8%, which allowed Clonex Purple
to be considered the most effective among the tested
preparations. The high efficacy of Clonex Purple was at-
tributed to both its composition and physical form. The
gel-based formulation ensured uniform coverage of the
cutting base and prolonged contact between the active
substance and plant tissues. This facilitated the gradual
penetration of the growth regulator into cambial and
parenchymal tissues, thereby stimulating the initiation
of root primordia. The combination of an IBA (optimal

auxin) concentration and sustained contact with the
cutting surface resulted in the highest rooting percent-
age (37.8%) being recorded in the treatment involving
Clonex Purple. The application of Clonex Red proved to
be less effective. In 2023, 6 cuttings rooted; in 2024, 7
cuttings rooted; and in 2025, 6 cuttings rooted. Although
these values significantly exceeded those of the control
treatment, they were lower than the results obtained
with the other Clonex preparations. On average over the
three years, 6.3 cuttings rooted, corresponding to 21.1%.

The analysis of treatments involving the applica-
tion of IBA showed that the most effective among the
tested concentrations was 1,000 mg L. In 2023 and
2024, 9 cuttings rooted in this treatment each year,
while in 2025, 8 cuttings rooted, which was signifi-
cantly higher than the control. The average result over
the three-year period was 8.67 rooted cuttings, corre-
sponding to 28.9%.

In the treatment with an IBA concentration of
3,000 mg L?, 8 cuttings rooted in 2023, 7 cuttings in
2024, and 7 cuttings in 2025. Compared with the con-
trol, these values were also considerably higher; how-
ever, they were somewhat lower than those obtained
with the concentration of 1,000 mg L. The average
number of rooted cuttings in this treatment was 7.3,
corresponding to 24.4%.

The lowest results among the IBA treatments were
recorded at the concentration of 5,000 mg L*.In 2023, 3
cuttings rooted; in 2024, 3 cuttings rooted; and in 2025,
4 cuttings rooted. Although these values still exceeded
those of the control treatment, they were substantial-
ly lower compared with the other IBA concentrations,
indicating an inhibitory effect of the excessive auxin
concentration on root formation processes. The average
rooting value in this treatment was only 3.3 cuttings,
corresponding to 11.1%. The summarised quantitative
indicators of cutting rooting over the three-year study
period are presented in Table 1.

Table 1. Rooting percentage of Picea pungens f. glauca cuttings as influenced
by Clonex formulations and IBA concentration (2023-2025)

Number
of cuttings
in the treatment, pcs.

Concentration
mg L*

Treatment
variant

Rooted cuttings, Rooted cuttings, Rooted cuttings,
pcs. (2023)

Control (water) water 30 1
Clonex Green 1,500 30 9
Clonex Purple 3,000 30 12

Clonex Red 8,000 30 6
IBA 1,000 30 9
IBA 3,000 30
IBA 5,000 30 3

LSD 171

0.05

Source: developed by the author
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Average number

of rooted cuttings

pcs. (2024) pcs. (2025) in 2023-2025, pcs.

2 2 1.67

8 9 8.67

11 11 11.33

7 6 6.33

8 8.67

7.33

3 4 3.33

1.83 1.76



Despite the higher concentration of the active
substance in Clonex Red (8,000 mg L%, its applica-
tion proved to be more effective than the aqueous IBA
solution at a concentration of 5,000 mg L. This was
attributed to the sustained release of auxin from the
gel-based formulation, which ensured a more gradual
and controlled effect on cutting tissues, whereas high
concentrations of IBA in aqueous solution tended to
induce phytotoxic effects and inhibit root formation
processes. The decline in rooting efficiency observed at
increased IBA concentrations of 3,000 and 5,000 mg L*
was associated with the phytotoxic effects of excessive
auxin doses. An overabundance of growth regulators
might disrupt the normal course of physiological pro-
cesses within cutting tissues, leading to the inhibition
of cell division and differentiation. At high concentra-
tions, auxins could also induce the formation of necrot-
ic zones in the basal region and disrupt the balance
of endogenous phytohormones. As a result, instead of
stimulating rhizogenesis, a partial suppression of root
system formation occurred, as evidenced in the treat-
ments with 3,000 and 5,000 mg L.

Using the analysis of variance (ANOVA) method,
mathematical processing of the experimental data
confirmed the statistical significance of the effect of
the studied growth stimulators (Clonex preparations
and different concentrations of IBA) on the intensity of
root system formation in Picea pungens f. glauca. The
calculated least significant difference (LSD, ) values
were 1.71 in 2023, 1.83 in 2024, and 1.76 in 2025,
which clearly demonstrated a significant increase in
rooting rates in the treatments with Clonex Purple,
Clonex Green, and the IBA solution at a concentration
of 1,000 mg L* compared with the control, thus ex-
cluding the influence of random experimental error.
A significant improvement over the control was ob-
served with the application of Clonex Green, Clon-
ex Purple, and Clonex Red, as well as with aqueous
IBA solutions at concentrations of 1,000, 3,000, and
5,000 mg L* over the three-year study period. An ex-
ception was recorded in 2024, when the application
of IBA at 5000 mg L did not result in a statistically
significant advantage over the control.

Overall, the results obtained indicate the expedien-
¢y of using auxin-containing formulations in the veg-
etative propagation of Picea pungens f. glauca, as their
application substantially enhances the rooting efficien-
cy of cuttings. Among the treatments studied, Clonex
Purple demonstrated the highest effectiveness. The use
of gel-based stimulants may therefore be recommend-
ed for ornamental horticulture practice, as they provide
more stable conditions for the action of growth regula-
tors and contribute to higher rooting percentages.
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It should also be noted that the rooting efficiency
of cuttings may have been influenced by environmental
conditions, particularly temperature, air humidity, and
light intensity within the greenhouse. Optimal tem-
perature and elevated humidity levels contribute to
reduced transpiration and prevent desiccation of cut-
tings during the period of root system formation. At the
same time, an adequate level of diffused light supports
photosynthetic activity in the tissues, promoting the
accumulation of assimilates required for the develop-
ment of adventitious roots. Thus, the combination of
optimal microclimatic conditions with the use of effec-
tive rhizogenesis stimulants creates favourable prereqg-
uisites for increasing the rooting percentage of Picea
pungens f. glauca cuttings.

The results of the present study were consist-
ent with the findings reported by M.F. El-Banna et
al. (2023), who investigated the influence of IBA on the
formation of adventitious roots in cuttings of Zanth-
oxylum beecheyanum. In that study, it was established
that the application of exogenous auxin stimulated the
rhizogenesis process, resulting in an increase in root-
ing percentage, as well as in the number and length
of roots. In particular, rooting in the control treatments
ranged from approximately 20-25%, whereas treatment
with IBA at a concentration of 500 mg kg increased this
value to 40-45%. The application of a concentration of
1,000 mg kg increased the rooting percentage to 55-
60%, while concentrations of 1,500-2,000 mg kg re-
sulted in 70-80% of rooted cuttings. However, a further
increase in concentration to 2,500 mg kg* was accom-
panied by a decline in rooting efficiency. The results ob-
tained in the study likewise confirmed the pronounced
stimulating effect of auxin-containing preparations on
the formation of adventitious roots, demonstrating op-
timal efficiency at lower concentrations and a decline
at higher concentrations.

Comparable findings regarding the stimulatory
effect of auxin-based formulations on the rooting of
coniferous cuttings have been reported by J.B. Silva
Filho et al. (2026), who, in the course of clonal prop-
agation of Pinus lambertiana and Pinus ponderosa, ap-
plied a gel-based Clonex preparation containing IBA
at a concentration of approximately 0.31%. It was es-
tablished that the use of this formulation resulted in
high rooting performance: in Pinus lambertiana, the
proportion of rooted cuttings reached 80%, whereas
in Pinus ponderosa it was approximately 40%, signifi-
cantly exceeding the control treatments, where rooting
ranged from 10% to 30%. The results were consistent
with this trend, confirming that the gel-based formula-
tion (Clonex Purple) provides superior rooting perfor-
mance compared to the control and aqueous solutions.
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The difference in absolute values can be attributed to
species-specific characteristics.

Important results regarding the role of stimulators
have also been obtained in studies on the rooting of Cu-
pressus macrocarpa cuttings. In the study by Y.A. Abdul-
raahman & M.Z. Ayoub (2023), it was established that
the application of auxin-based growth regulators sig-
nificantly improved the rooting of semi-hardwood cut-
tings of this species. The maximum rooting percentage
in their experiment reached 51.11%, whereas the con-
trol treatment ranged from 26% to 28%, depending on
the experimental conditions. The present findings sim-
ilarly confirmed the positive influence of auxin-based
preparations on the formation of adventitious roots. As
observed in experiment, the maximum rooting efficien-
cy was achieved at lower IBA concentrations and with
the Clonex Purple, while higher doses led to a decline.

The lower rooting level observed in comparison
with the results reported for Cupressus macrocarpa
might be explained by interspecific differences among
the studied plants. Species of the genus Picea are gen-
erally characterised by a lower capacity for adventitious
root formation compared with many other conifer spe-
cies. This is associated with the anatomical character-
istics of their shoots, a higher degree of tissue lignifi-
cation, and lower activity of cambial cells involved in
the formation of root primordia. In the study by M. Sanz
Gallego et al. (2025), it was found that the application
of IBA at a concentration of 4,000 ppm significantly
increased the efficiency of rhizogenesis in cuttings of
Juniperus communis. The maximum rooting percentage
reached 45.6%, whereas in the control treatment it was
23.5%.These results confirmed the important role of ex-
ogenous auxins in stimulating the formation of adven-
titious roots in conifer species. A comparable positive
response to the application of IBA and the commercial
preparation Clonex was observed in the present study.
These differences in results may be attributed to inter-
specific characteristics of the studied plants.

The obtained results were appropriately compared
with the data reported by G.E. Oguzturk et al. (2025),
who investigated the effects of different auxin types
(IBA,NAA,IAA) at concentrations of 1,000; 3,000; 5,000;
and 8,000 ppm on the rooting of semi-hardwood cut-
tings of Photinia x fraseri. In that study, rhizogenesis
exhibited a clearly defined concentration optimum,
with the highest rooting percentage (93.33 + 8.16%)
achieved at an IBA concentration of 5,000 ppm, sig-
nificantly exceeding the control (58.33£7.53%). At the
same time, a reduction in concentration to 1,000 ppm
resulted in decreased rooting (48.33+11.69%), where-
as an increase to 8,000 ppm led to inhibition of the
rooting process.
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The present findings demonstrated a comparable
concentration-dependent pattern, characterised by the
presence of an optimal level and the suppression of
rhizogenesis when this threshold is exceeded. At the
same time, it should be noted that the effective auxin
concentrations reported in the cited study were sub-
stantially higher than those observed in the present
work. This discrepancy is attributable to species-spe-
cific characteristics and differences in physiological
sensitivity to auxins. This was further illustrated by the
control treatments, where the rooting percentage in
the present study was 5.6%. Coniferous species, includ-
ing Picea pungens f. glauca, are generally characterised
by a higher sensitivity to exogenous growth regula-
tors, which consequently narrows the effective range
of their application.

The effects of indole-3-butyric acid (IBA) concen-
trations (4,000; 6,000; and 8,000 mg L) and substrate
composition on the rooting of semi-hardwood cuttings
of Photinia = fraseri were investigated by N.S. Hasan &
Y.H. Hammo (2021). The study demonstrated that the
application of IBA significantly enhanced rooting per-
formance: at a concentration of 4,000 mg L7, the root-
ing percentage reached 43.33%, while at 6,000 and
8,000 mg Ltitincreased to 50.56% and 51.78%, respec-
tively, compared with substantially lower values in the
untreated control. Moreover, when peat was used as the
substrate in combination with 6,000 mg L IBA, rooting
increased to 73.33%, highlighting the critical role of in-
teractions between environmental factors and growth
regulators in the rhizogenesis process. The present re-
sults were consistent with these findings, confirming
the stimulatory effect of IBA on cutting rooting, albeit
with a decline at higher concentrations. This discrep-
ancy was attributed to species-specific characteristics,
as well as differences in the physiological status of the
cuttings and their sensitivity to exogenous auxins. In
addition, the higher rooting performance observed with
Clonex formulations compared with aqueous IBA solu-
tions underscored the importance of the preparative
form, which ensured a prolonged release of auxin and
a more effective realisation of its physiological action.

The influence of different concentrations of
indole-3-butyric acid (0-6,000 ppm) on the rooting of
Corylus colurna cuttings under controlled greenhouse
conditions was investigated by S. Colak et al. (2025).
The study demonstrated that the highest rooting per-
centage (25%) was achieved at an IBA concentration of
5,000 ppm, whereas at 1,000; 2,000; and 6,000 ppm
rooting remained at approximately 15%. The lowest
value (8.3%) was recorded at 4,000 ppm. In addition,
the greatest number of roots per cutting (on average 8)
was observed at 1,000 ppm, compared with only 0.6 in



the control, indicating a pronounced stimulatory effect
of auxin on root system morphogenesis. The present
results partially corresponded to these findings, as they
also confirmed the existence of an optimal concentra-
tion range of IBA for the stimulation of rhizogenesis.
However, in contrast to the cited study, where the
optimum was shifted towards higher concentrations
(5,000 ppm), lower auxin concentrations proved to be
more effective for Picea pungens f. glauca. This differ-
ence was attributable to species-specific characteris-
tics and an increased sensitivity of this taxon to exog-
enous growth regulators.

Furthermore, the use of Clonex formulations result-
ed in higher rooting performance compared with aque-
ous IBA solutions, which highlighted the important role
of the preparative form in enhancing auxin effective-
ness. Overall, the findings supported the species-spe-
cific nature of optimal auxin concentrations and em-
phasised the need to consider both concentration and
formulation when stimulating rhizogenesis. The ap-
plication of indole-3-butyric acid at concentrations of
0; 1,000; 2,000; and 3,000 mg L? in combination with
substrate composition during the rooting of hardwood
cuttings of Cydonia oblonga was examined by R.R.Aziz et
al. (2024). The study revealed that IBA application did
not enhance rhizogenesis efficiency: rooting percent-
ages under auxin treatment ranged from 46% to 47%,
and in some cases decreased to 7-8% depending on the
substrate. In contrast, the control treatment, involving
cultivation in pure river sand without auxin application,
achieved a rooting percentage of 70.83%. These find-
ings indicated the absence of a positive effect of IBA
for this species within the tested concentration range.

The present results differed markedly from these
observations, as a clear stimulatory effect of both aque-
ous IBA and Clonex preparations on the rooting of Picea
pungens f. glauca was established, significantly exceed-
ing the control. The observed discrepancies can be at-
tributed to both species-specific characteristics and dif-
ferences in rooting conditions. Unlike studies in which
the highest rooting performance was achieved in pure
river sand without auxin application, the present exper-
iment utilised a substrate composed of a 1:1 mixture
of river sand and peat, characterised by improved mois-
ture retention and aeration properties. These conditions
likely enhanced the effectiveness of exogenous auxin
and promoted the formation of adventitious roots. Thus,
the efficiency of IBA application was determined not
only by species-specific traits but also by the complex of
rooting conditions, particularly substrate composition.

The results can be appropriately compared with
those reported by K. Harika et al. (2024), who inves-
tigated the effects of different concentrations of
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indole-3-butyric acid (0; 1,000; 1,500; and 2,000 ppm)
on the rooting of semi-hardwood cuttings of Punica
granatum. In that study, the highest rooting percentage
(58.89%) was achieved at an IBA concentration of 2,000
ppm, while the control treatment showed substantially
lower values. Moreover, this concentration resulted in
the greatest number of roots per cutting (12.02) and
the maximum root length (14.14 cm), indicating a pro-
nounced stimulatory effect of auxin on rhizogenesis.

The obtained results were consistent with those
reported in the cited study and confirmed the positive
effect of IBA on cutting rooting. At the same time, it
was established that the optimal concentration for
Picea pungens f. glauca is lower than that reported in
the referenced work, indicating a greater sensitivity of
this taxon to exogenous auxins. However, in contrast
to the cited study, where the optimum was observed at
a higher concentration (2,000 ppm), increasing the IBA
concentration to 3,000 and 5,000 mg L* in Picea pun-
gens f. glauca resulted in a decline in rooting efficiency
(to 24.4% and 11.1%, respectively), indicating a greater
sensitivity of this species to excessive auxin levels. This
was attributed to species-specific characteristics of co-
niferous plants and a more pronounced manifestation
of phytotoxic effects when the optimal concentration of
the growth regulator is exceeded. Thus, the results con-
firmed that the effectiveness of IBA is determined not
only by its presence but also by the precise selection of
concentration and the preparative form of application.

The effects of indole-3-butyric acid (IBA) at con-
centrations of 0; 1,000; 2,000; and 3,000 mg L! in
combination with substrate composition on the root-
ing of Bougainvillea spp. cuttings were investigated by
A.T. Rasul et al. (2025). The study demonstrated that
the untreated control consistently exhibited the lowest
rooting performance regardless of substrate type.Appli-
cation of IBA at 1,000 mg L* increased rooting percent-
age and stimulated shoot development, although it did
not produce maximum values. The highest rooting lev-
el (up to 80.49% in Bougainvillea glabra) was achieved
at 2,000 mg L?, which was identified as the optimal
concentration for the induction of adventitious roots.
Further increasing the concentration to 3,000 mg L*
did not enhance rooting percentage but promoted the
development of a more robust root system, including
greater root number and length. In addition, peat as a
substrate provided the most favourable conditions for
rooting compared with other media.

The present findings partially corresponded to
these results, confirming the stimulatory effect of IBA
on rhizogenesis. However, in contrast to the cited study,
the optimal concentration range appeared to be nar-
rower for Picea pungens f. glauca. Furthermore, whereas
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substrate composition played a significant role in the
cited study, the present results indicated a more pro-
nounced effect of auxin concentration and formulation.
In particular, the use of Clonex preparations ensured
higher rooting performance compared with aqueous
IBA solutions. Overall, the findings confirmed that
rhizogenesis efficiency is governed by a complex inter-
action of factors, among which both the concentration
of the growth regulator and the rooting conditions are
of primary importance.

The obtained results can be compared with those
reported by F.E.F. de Felice et al. (2024), who investi-
gated the effect of different concentrations of indole-
3-butyric acid (0; 1,000; 2,000; and 4,000 mg L) on
the rooting of mini-cuttings of Eucalyptus camaldulensis
collected under arid conditions. The study demonstrat-
ed that the application of IBA significantly enhanced
rhizogenesis: rooting in the control reached 55%,
whereas treatment with 2,000 mg L* IBA increased
this value to 80%, representing the optimal response.
In contrast, concentrations of 1,000 and 4,000 mg L*
did not result in further improvement and were infe-
rior to the optimal treatment, indicating a clearly de-
fined auxin optimum.

The present findings were generally consistent with
these data, as they likewise confirmed the dependence
of rooting efficiency on IBA concentration. Similar to the
cited study, the existence of an optimal concentration
range was identified, beyond which rhizogenesis effi-
ciency decreases. At the same time, although the pres-
ence of an auxin optimum was confirmed, the absolute
values of rooting differ substantially, being markedly
lower for Picea pungens f. glauca. This discrepancy was
attributable to biological characteristics of coniferous
species, which generally exhibit a lower capacity for
adventitious root formation compared with representa-
tives of the genus Eucalyptus.

A comparative analysis of the obtained results with
the data reported by |.S.Negri et al. (2025) indicated that
their study examined the effects of indole-3-butyric
acid concentration and the age of donor plants on the
rooting of Fraxinus excelsior cuttings. It was established
that cuttings collected from juvenile plants exhibited
a rooting percentage of 39.44% without the applica-
tion of stimulants, whereas material derived from ma-
ture trees failed to form roots. In treatments involving
IBA at concentrations of 1-2%, rooting of juvenile cut-
tings ranged from 44.82% to 58.62% after 6 months of
cultivation, increasing further to 58.62-75.86% after 9
months, demonstrating the enhanced effectiveness of
auxin when physiologically young material is used.

The present findings partially corresponded to these
results, as a stimulatory effect of IBA on the rooting
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of Picea pungens f. glauca cuttings was likewise ob-
served, although the overall level of rhizogenesis was
substantially lower. This discrepancy appeared to be
systematic and could primarily be explained by inter-
specific differences, as representatives of the genus
Picea are characterised by a considerably lower mor-
phogenetic potential for adventitious root formation
compared with deciduous species such as Fraxinus ex-
celsior. In addition, the cited study highlighted the criti-
cal role of donor plant age, whereas in the present work
cuttings were obtained from plants up to 10 years old,
which partially mitigates this factor but does not allow
similarly high rooting performance to be achieved. Fur-
thermore, the application of Clonex Purple increased
rooting to 37.8%. However, even this value remained
lower than those reported for Fraxinus excelsior. Overall,
these findings indicated that the effectiveness of aux-
in-based treatments was determined not solely by con-
centration but by a complex interplay of species-spe-
cific traits, physiological status of the source material,
and rooting conditions, which may lead to substantial
variation among studies.

Important findings on the effect of indole-3-butyric
acid on rhizogenesis in coniferous cuttings were re-
ported by M. Abshahi et al. (2022), who investigated
the influence of IBA concentration, substrate type, and
cutting season on the rooting of Juniperus sabina. The
study employed a wide range of IBA concentrations
(0, 1,000, 2,000, 4,000, and 8,000 ppm) in combination
with different substrates and seasonal timings of cut-
ting collection. It was demonstrated that IBA treatment
significantly increased the rooting percentage, root bio-
mass, and morphological characteristics compared with
the control. The maximum rooting rate reached 62% at
a concentration of 1,000 ppm. The results obtained are
broadly consistent with these findings, as both stud-
ies revealed a clearly expressed stimulatory effect of
IBA on adventitious root formation. In particular, the
increase in rooting percentage under the influence of
exogenous auxin, relative to the control, confirmed the
key role of IBA as a regulator of cellular differentiation
and the initiation of root primordia.

At the same time, notable differences were iden-
tified in both the level of effectiveness and the opti-
mal concentrations. In the cited study, rooting per-
centages exceeded 60%, whereas in the case of Picea
pungens f. glauca, the maximum value reached 37.8%
with Clonex Purple and 28.9% with an aqueous IBA
solution (1,000 mg L!). Moreover, in Juniperus sabina,
the effective IBA concentration range was broader
(1,000-4,000 ppm), while in the present study, increas-
ing the concentration to 3,000-5,000 mg L* resulted
in reduced rooting, indicating a narrower optimum and



a higher sensitivity of this taxon to auxin. These dif-
ferences can be attributed to species-specific biologi-
cal characteristics. Representatives of the genus Picea
generally exhibit a lower capacity for adventitious root
formation compared with those of the genus Juniperus,
which is associated with a higher degree of tissue ligni-
fication and lower cambial activity. In addition, the cited
study demonstrated a substantial influence of seasonal
timing and substrate type on rhizogenesis, whereas in
the present work these factors were standardised under
controlled experimental conditions.

The results of the present study are consistent with
the generalisations reported in the review by M. You-
nessi-Hamzekhanlu et al. (2026), which synthesises cur-
rent approaches to the vegetative propagation of spe-
cies within the genus Picea. The authors demonstrated
that the efficiency of rhizogenesis is governed by a
complex interaction of endogenous and exogenous fac-
tors, among which the age of stock plants, the physio-
logical status of cuttings, genotype, and environmental
conditions are of primary importance. It was shown that
cuttings derived from juvenile plants exhibit a substan-
tially higher rooting capacity compared with material
obtained from mature trees, which is associated with
higher metabolic activity and increased sensitivity to
€X0genous auxins.

In the present study, cuttings were collected from
plants up to 10 years of age, which enabled root sys-
tem formation in Picea pungens f. glauca and confirmed
the importance of using physiologically juvenile do-
nor material. At the same time, the recorded rooting
percentages (maximum 37.8%) remained moderate,
which is in agreement with the general conclusion
of the cited authors regarding the relatively low in-
herent capacity of Picea species for adventitious root
formation. The findings of the review further indicate
that the effectiveness of auxins in rhizogenesis de-
pends not only on their application per se, but also on
their concentration, as both insufficient and excessive
doses may reduce rooting or exert inhibitory effects.
In addition, the review emphasised the importance
of interactions between growth regulators and envi-
ronmental conditions, particularly substrate compo-
sition and moisture regime. This was consistent with
the results obtained, where the use of a sand-peat
substrate (1:1), in combination with controlled green-
house conditions, provided a favourable environment
for the action of auxins and the development of ad-
ventitious roots.

CONCLUSIONS
As a result of the conducted research, it was estab-
lished that the rooting of semi-hardwood cuttings of
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Picea pungens Engelm. f. glauca largely depends on
the application of rooting stimulators. In the control
treatment without the use of growth regulators, the
average rooting percentage was only 5.6%, indicating
the low natural capacity of cuttings of this ornamen-
tal form to produce adventitious roots. The applica-
tion of auxin-containing preparations significantly
increased the rooting efficiency of the cuttings. The
highest values were obtained with the use of Clonex
Purple, where the average rooting percentage reached
37.8%. Slightly lower but still relatively high results
were recorded in the treatments with Clonex Green
and an aqueous solution of IBA at a concentration of
1,000 mg L, where the average rooting level was
28.9%. The use of Clonex Red provided an average
rooting percentage of 21.1%.

It was also established that the effectiveness of
IBA largely depends on its concentration. Increasing
the concentration to 3,000 mg L resulted in a de-
crease in the rooting level to 24.4%, whereas the use
of a concentration of 5,000 mg L caused a sharp de-
cline in the number of rooted cuttings, which amount-
ed to 11.1%. This reduction may be explained by the
phytotoxic effect of excessive auxin concentrations
on the tissues of the cuttings. Analysis of variance
(ANOVA) demonstrated that, over the three-year study
period, all treatments showed a statistically signifi-
cant advantage over the control, with the exception
of the treatment involving IBA at a concentration of
5,000 mg Lt in 2024.

The obtained results indicate that the use of
Clonex preparations based on IBA in gel form is more
effective for stimulating rhizogenesis in cuttings of
Picea pungens f. glauca, as this formulation ensures
a more uniform distribution of the active substance
on the cut surface and provides a prolonged effect of
the growth regulator. Prospects for further research
include the improvement of vegetative propagation
techniques for Picea pungens f. glauca, particular-
ly through the study of substrate composition and
the combined application of growth regulators with
other biologically active substances in order to in-
crease rhizogenesis efficiency and obtain high-qual-
ity planting material.
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Bnnue npenapaty clonex Ta iHaonin-3-MacngaHoi KUCNoTU
Ha pu3oreHes XuBLUiB Picea pungens f. glauca

Aunppii bapeHko

AcnipaHT

YMaHcbkunin HauioHanbHUi YHiBepcuteT
20305, Byn. IHcTUTYTCBKA, 1, M. YMaHb, YKpaiHa
https://orcid.org/0009-0006-7990-8338

AHoTauif. MeTol foCnigKeHHs Oyno KinbKiCHe OLiHIOBaHHS BMAMBY Pi3HMX KOHLEHTpALii iHAoNiN-3-MacnsaHoi
KMCNOTU Ta refieBMx NpenapaTiB Ha iIHTEHCMBHICTb pM30reHesy HaniB3aepeB'aHinux xusLis Picea pungens f. glauca 3
BM3HAYEHHAM Hanbinblw ePpeKTMBHMX BapiaHTiB 06pobKK. Y TpupidyHOoMy pocnipxeHHi (2023-2025 pp.) pocniaxeHo
edekTmBHicTb npenapatiB Clonex Green, Clonex Purple, Clonex Red, a TakoX BOAHUX PO3YMHIB iHAONINMACASAHOT
kucnotu (IMK) y koHueHTpauisgx 1000 mr/n, 3000 mr/n Ta 5000 Mr/n npu po3MHOXEHHI HaniB3LepeB'aHINNX XXUBLLIB
Picea pungens f. glauca. XuBLi noxuHow 8-12 cM 3aroToBnSnM 3 MaTouHUX pocauH BikoM Ao 10 pokis. XXusui
BMCaOXKyBanu B CybCTpaT, AKMI CKNaJaBCs i3 CyMili piYyKOBOro nicky Ta BepxoBoro Topdy y cniBBigHoweHHi 1:1. 3a
pesynbTaTaMu A0CNIAXEHb BCTAHOBNEHO, WO 3acTocyBaHHs npenapatiB Clonex Ta IMK icToTHO niaBuLLY€E BiACOTOK
YKOPIHEHHS MOPIBHAHO 3 KOHTPOJIbHMM BApiaHTOM, e CepefHil MOKa3HMK CTaHOBMB nuwe 5,6 %. Hansuuwy
e eKTMBHICTb NpoAeMOHCTpyBaB renesui npenapat Clonex Purple, BUKOpUCTAHHS aHOro npenapary 3abesneynno
YKOpiHeHHS XumBLiB 37,8 %. Bucoky pesynstatusHicTb (28,9 %) Takox 3adikcoBaHo npwu 3actocyBaHHi Clonex Green
Ta BogHoro po3unHy IMK y koHueHTpauii 1000 mr/n. BusiBneHo, wo noganblie NigBULLEHHS KOHLEHTpaLii YncToi
IMK no 3000 Mr/n np13BOAMTb 1O 3HUXKEHHS NMOKa3HMKa [0 24,4 %, a 3acTocyBaHHA KoHueHTpauii IMK 5000 mr/n
CNPUYMHSE NPUTHiYeHHs pu3oreHesy (11,1 %), wo cBia4MTb NPo GITOTOKCUYHY Aito. BcTaHOoBNEHO nepeBary reneBmx
dopm ctumynaTopis (Clonex) Haf BOOAHMMM PO3UYMHAMM, LLO MOSCHIOETHCS MPOMOHIOBAHUM KOHTAKTOM [il04oi
PEYOBMHM 3 OCHOBOI XMBLS, ii NOCTYNOBMM BMBIJIbHEHHAM Ta 3aXMCTOM Bif, BUMMBAHHS i3 cybcTpaty. MateMatnyHa
06pobKa faHMX METOA0M AMCMEPCIMHOrO aHani3y NiagTBepAMNa CTAaTUCTUUHY AOCTOBIPHICTb OTPUMAHUX Pe3y/bTaTiB
(HIPO,05 y mexax 1,71-1,83). OTpuMaHi AaHi L,O3BONSAOTb PEKOMEHAYBATM ONTUMAabHI KOHLEHTPaLii CTUMYNSTOpiB
[ANS NiABULLEHHS BUXOAY SIKICHOrO CaiMBHOro Matepiany LeKopaTUBHUX XBOWHUX Nopiz

KniouoBi cnoBa: BeretaTvBHE PO3MHOXEHHS; YKOPIHEHHS POC/MH; ayKCMHW; aflBEHTMBHI KOPEHi; CTUMynsTopu
KOpeHeyTBOPEHHS!
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Abstract. The study aimed to theoretically substantiate a reproducible engineering approach to selecting
reinforcement routes, incorporating transitions between degradation mechanisms and spatial heterogeneity of
requirements within a part. The methodology was based on sequential transfer of operating conditions into a cause-
and-effect chain “operating conditions - degradation mechanism - critical zone - surface and core requirements -
classoftechnological solution”based oninternationalregulatoryrequirements for steels,parameters of strengthened
layers, corrosion resistance and durability of components. Results showed that the risk of degradation is threshold-
based: when one factor is intensified, it increases moderately and is concentrated mainly in a 2-3 point zone of
integral scale, while simultaneous intensification of two or more factors shifts the system to a 4-5 point zone
due to synergy of corrosion-abrasive and abrasive-fatigue processes. A change in “leading” mechanism has been
identified, from predominantly fatigue under moderate conditions to the dominance of surface combined scenarios
under high conditions, when the stability of the surface layer and its chemical resistance become decisive. The
study substantiated that there are no universal technologies: for parts with a critical core role, volumetric thermal
routes are a priority; for contact areas with soil - local surface strengthening and wear-resistant layers; for contact-
stressed areas - thermochemical solutions; for wet agrochemically active environments - barrier protection. The
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study demonstrated that additive restoration can be used as a preparatory stage with subsequent post-processing
and strengthening, since a reinforced surface layer determines the resource. The practical significance lies in the
fact that the generalised model can be used by design engineers, technologists and agricultural service providers
when designing and restoring tractor and self-propelled machine parts to select a strengthening route class by
correlating operating conditions with the dominant degradation mechanism and the critical area of the part, which

reduces accelerated wear

Keywords: mechanical loads; degradation; abrasive wear; surface layer; technological route; additive manufacturing

INTRODUCTION

Modern tractors and self-propelled agricultural ma-
chines operate under conditions of intensive agricul-
tural use, which combines high mechanical loads, cy-
clic impact, abrasive wear from contact with ground, as
well as prolonged exposure to moisture and chemically
active substances, in particular mineral fertilisers and
plant protection products. Under such conditions, ser-
vice life and reliability of parts are largely determined
not only by design solutions, but also by rational engi-
neering of technologies for strengthening surfaces and
the material basis of assemblies. Therefore, theoretical
analysis of technologies for strengthening parts of trac-
tors and self-propelled machines is becoming increas-
ingly relevant in the context of increasing their durabil-
ity and reducing operational losses.

0. Zubiekhina-Khaiiat (2017) considered surface
plastic deformation processes as efficient tools for im-
proving wear resistance of threaded and worm surfaces
widely used in agricultural machinery components. The
study showed that controlled formation of a hardened
surface layer can significantly reduce wear intensity
without changing the geometry of a part. Further de-
velopment of this direction is demonstrated in a study
by O.Zubiekhina-Khaiiat & D.Marchenko (2018), which
analyses the rigidity of the “machine tool - tool - part”
system during the repair of parts using surface plastic
deformation methods. The results confirmed that the
effectiveness of strengthening in the context of agri-
cultural machinery restoration largely depends on the
stability of the technological system and the correct
selection of processing modes. The issue of restoration
and strengthening of worn parts was also considered
by O. Lymar & D. Marchenko (2022), which substanti-
ates prospects for the use of electric arc restoration
coatings in the repair of machines and mechanisms.
The authors emphasised that such coatings are suita-
ble for parts that operate under conditions of intense
abrasive and corrosive wear, which is characteristic
of an agricultural environment. Furthermore, in stud-
ies by G. Filimonikhin et al. (2021), the analytical ap-
proach to assessing dynamic loads in mechanical sys-
tems emphasises the need to consider real operating

conditions when designing reinforced elements of ro-
tating machine components.

V. Hruban et al. (2025) used finite element analy-
sis methods to assess stress-strain state and optimise
designs of agricultural trailed machines to compare
design parameters with load-bearing capacity and
strength indicators of elements. The results showed
that a combination of rational design, adequate choice
of materials and strengthening technologies can sig-
nificantly increase the durability of elements operating
in harsh field conditions. Modern approaches to sur-
face strengthening are actively developing in the di-
rection of functional coatings application. In particular,
A.S. Kairov et al. (2022) showed that composite nano-
coatings can significantly increase the wear resistance
of tools by forming multilayer structures with improved
tribological properties. The study also emphasised that
this effect is manifested not only in a reduction in wear
intensity, but also in an increase in technological pro-
ductivity due to stabilisation of friction conditions and
a reduction in contact losses. Similar trends are notable
in a comprehensive review by C. Munteanu et al. (2025),
which analysed the use of atmospheric plasma spray-
ing to increase the durability of boron discs. The au-
thors concluded that such coatings are effective for
soil cultivation implements that are subject to intense
abrasive wear. Thermal and thermochemical strength-
ening methods remain the basis for mass-produced
agricultural machinery parts. D. Romek et al. (2024)
addressed use of thermally applied coatings to reduce
wear on agricultural machinery components, confirm-
ing feasibility of combining heat treatment with surface
layers to achieve an optimal balance between hardness
and toughness. An analysis of operating conditions of
self-propelled hydromeliorative machines conducted by
A. Formato et al. (2022) showed that prolonged opera-
tion in a humid environment places increased demands
on corrosion and fatigue resistance of components.
Accordingly, stability of such machines is determined
by the ability of materials and hardened surface lay-
ers to maintain their load-bearing capacity and wear
resistance under prolonged loads. A systematic review
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by J. Hao et al. (2024) addressed the state of research
on strengthening the wear resistance of soil-contact
components of agricultural machines. The study sum-
marised results regarding thermal, laser and coating
technologies, emphasising that the greatest effect is
achieved through a comprehensive approach that com-
bines material selection, local surface strengthening
and adaptation of technology to specific agricultural
operating conditions.

Thus, analysis of scientific sources showed that
the design of technologies for strengthening tractor
and self-propelled machine parts should be based on
consideration of actual agricultural loads, the nature
of wear and tear, and the aggressiveness of the envi-
ronment. A combination of classical thermal methods,
modern surface coatings, laser technologies and the
prospects of additive manufacturing (AM) forms a sci-
entifically sound basis for increasing the service life
and reliability of agricultural machinery under condi-
tions of intensive use. The study aimed to develop and
theoretically substantiate a universal, reproducible ap-
proach to the selection of strengthening technologies,
which determined the optimal route incorporating crit-
ical thresholds of degradation mechanisms and differ-
ent requirements for properties of the surface and core
of a single part.

Primary study objectives included: generalisation
of mechanisms of wear and corrosion of parts in agri-
cultural operation and correlation with requirements
for hardened layer; analysis of hardening technolo-
gies relevant to agricultural machinery, in particular
quenching and tempering, laser surface hardening and
nitriding/nitride coatings for corrosion-prone com-
ponents (pipes, pump housings); identification of ap-
proaches to selection of materials (alloy steels, chro-
mium-containing alloys) and prospects for application
of additive technologies (3D printing) for manufacture
of wear-resistant components with increased require-
ments for accuracy and strength.

MATERIALS AND METHODS
The material basis included international regulatory,
technical documents and software tools for engineer-
ing information processing, which provided a docu-
mented justification for the selection of materials and
technologies for strengthening tractor and self-pro-
pelled machine parts for use inagricultural operations.
Basic source of requirements for steels intended for
hardening and tempering was ISO 683-1:2016 (2016)
standard, which was used for normatively correct co-
ordination of non-alloy steel grades with expected
properties of parts under high mechanical loads and
intensive abrasive wear in field conditions. For groups
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of alloy steels characteristic of critical elements of
transmission and power units, ISO 683-2:2016 (2016)
was applied, which provided a documentary basis for
comparing the choice of material with the need for in-
creased hardenability, stability of structure after tem-
pering and ability to operate under cyclic loads. Since
agricultural exploitation is characteristic of direct
contact of working surfaces with soil, abrasive parti-
cles and corrosive environments, a documentary basis
for description and control of surface-hardened layer
parameters was formed by ISO 18203:2016 (2016). Its
provisions are used for a unified interpretation of the
thickness of the surface-hardened layer as a charac-
teristic that determines the performance of parts in
modes of abrasive and contact-abrasive wear. To ad-
dress corrosive effects of moisture, mineral fertilisers
and pesticides (critical for pipes, pump housings and
housing elements), ISO 9227:2022 (2022) was used
as a regulatory basis for comparing corrosion resist-
ance of materials and coatings using a unified salt
spray test procedure. General regulatory context for
selection of anti-corrosion systems and principles of
their application for steel elements were based on
SO 12944-1:2017 (2017) was used to justify the re-
source suitability of rolling and connection units of
variable loads with the durability of aggregates. Pros-
pects for the use of additive technologies (3D print-
ing) for the manufacture or restoration of wear-re-
sistant components were considered based on I1SO/
ASTM 52900:2021 (2021), which provides termi-
nological and classification consistency in AM. ISO/
ASTM 52920:2023 (2023) was used to justify industri-
al reproducibility of such solutions and requirements
for qualification of processes and production sites.
This method was used to correctly formulate criteria
for the applicability of additive manufacturing/res-
toration specifically for agricultural machinery parts,
incorporating requirements for quality, stability and
repeatability of production results.

Research methodology was based on a combina-
tion of logical-analytical and systematic approaches,
which provided new generalisations regarding the
design of technologies for strengthening parts for
agricultural use. The research was conducted as a se-
quential procedure of interpreting documentary re-
quirements and transferring them into applied engi-
neering logic for the selection of technologies based
on the principle of ‘working conditions - degradation
mechanism - requirements for the surface and core -
technological strengthening route - expected resource
effect’ The first stage involved logical identification of
typical agricultural operating conditions that deter-
mine degradation of parts: high contact and bending



loads, abrasive wear on contact with soil, corrosive
and abrasive action in a humid environment, and the
influence of chemically active substances. Within this
stage, to ensure reproducibility of interpretation of op-
erating conditions, a conditional risk scaling was ap-
plied along three axes of influence: mechanical load,
abrasiveness of soil contact, and corrosive activity of
the environment. The levels “low/medium/high” were
set as qualitative engineering categories: “low” corre-
sponded to modes without prolonged peak loads and
impact, with occasional contact with abrasives and
limited moisture; “medium” corresponded to modes of
regular operation with variable loads, stable abrasive
contact and periodic moistening; “high” corresponded
to modes combining significant contact/impact-cyclic
loads with intense abrasive action and prolonged ex-
posure to moisture and agrochemical agents.

An integral risk score of 1-5 was formed as a gen-
eralised assessment of a combination of three levels:
when one “high” factor dominated, risk was usually
classified as zone 2-3, while simultaneous intensifica-
tion of two or more factors moved the assessment to
zone 4-5, which was interpreted as a threshold transi-
tion to combined degradation scenarios. On this basis,
a list of dominant damage mechanisms (abrasive wear,
contact fatigue, corrosion damage, combined mecha-
nisms) was formed, which was subsequently used as a
“filter” for the appropriate selection of strengthening
technologies. At the second stage, a systematic com-
parison of technological strengthening approaches
with groups of tractor and self-propelled machine parts
was conducted. Thermal strengthening (hardening and
tempering) was interpreted as basic route for parts in
which load-bearing capacity and fatigue endurance in
cross-section are critical (shafts, axles, gear elements),
while local strengthening methods were considered
appropriate for working areas with concentrated wear
or local contact stresses (seats, edges, contact paths),
where it is necessary to increase hardness without
significantly changing the properties of the core. Pro-
tective solutions against corrosion and corrosive-abra-
sive wear were considered a priority for components
operating in wet and chemically active environments
(pipes, pump housings, housing parts), with a focus
on improving corrosion resistance and surface stabil-
ity. In the third stage, the model was developed based
on criteria of intensity and combination of operational
factors, the dominant degradation mechanism, locali-
sation of the critical zone in the part, and distribution
of requirements between the surface and core, as well
as based on reproducibility and technological com-
patibility of the route. The results of structuring the
conditions of agricultural operation were integrated
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by linking typical combinations of load, abrasiveness
and corrosive activity to damage mechanisms and
then transforming this link into a transition rule “con-
dition - mechanism -> critical zone - requirement
profile - technology class” The choice of technologies
was determined for each group of parts according to
what limits the resource: for power elements with a
decisive role of the core, priority was given to volu-
metric routes; for soil-contact and friction zones - to
local surface strengthening and wear-resistant layers;
for contact-stressed zones, solutions combining a hard
surface with a viscous base were given priority; for
parts in a humid agrochemically active environment,
protective barrier approaches were given priority, and
additive restoration was introduced only as a prelim-
inary stage of geometry restoration with mandato-
ry post-processing and subsequent strengthening of
working surfaces.

Generalised correspondence graphs were con-
structed in MATLAB and Microsoft Excel. In MATLAB,
correspondence rules were formalised in the form of
parameterised tables and functional dependencies (for
transparency of logical transitions and reproducibil-
ity of the decision-making scheme), while Excel was
used for tabular coordination of parameters and vis-
ualisation of results in the form of diagrams and cor-
respondence matrices “degradation mechanism - tech-
nology - expected effect”.

RESULTS
Structuring of agricultural exploitation conditions
as factors of component degradation
The results of interpreting agricultural operating con-
ditions showed that the degradation of tractor and
self-propelled machine parts is caused not by indi-
vidual factors, but by their stable combinations, which
determine the dominant mechanisms of damage and
the rate of loss of working capacity. Unlike station-
ary or industrial machines, agricultural machinery op-
erates in an environment with highly variable loads
and external factors, which causes a transition from
single-factor to combined degradation scenarios. The
analysis showed that mechanical loads, abrasive ac-
tion of soil and corrosive activity of the environment
act simultaneously, but with varying intensity depend-
ing on the type of operation, season and functional
purpose of the part. This made it possible to consider
operating conditions as a structured system of factors
rather than a set of separate influences. To summa-
rise the identified patterns, Table 1 was created, which
reflects the characteristic conditions of agricultural
operation and their engineering consequences for the
degradation of parts.
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Table 1. Characteristics of agricultural operating conditions and engineering implications
for the degradation of tractor and self-propelled machine components

Engineering
manifestations
of the environment

Nature of operating

conditions

Low humidity,

Low loads, dry conditions no aggressive impurities

Contact with soil
particles, periodic
moistening
Intensive action

of mineral particles
in the soil

Prolonged contact with
moisture, agrochemicals
A combination of soil,
moisture and chemically
active components

Simultaneous action
of abrasives, moisture
and chemical agents

Medium loads, moderate
abrasiveness

High loads, dry abrasive
environment

Moderate loads,
high humidity

High loads, moisture
and abrasion

Combined extreme
conditions

Moderate static
and variable loads

Contact and bending
loads

High contact stresses,
shock loads

Variable loads
of medium level

High contact, bending
and cyclic loads

Multi-axis variable loads

Main mechanisms
of component
degradation
Fatigue damage
with slow accumulation
of defects

Dominant mechanical
influences

Typical risk areas

Shafts of auxiliary
mechanisms,
body elements

Abrasive wear with local
plastic deformation

Seating areas,
support surfaces

Abrasive and contact-
abrasive wear

Gear transmissions,
working edges

Corrosion and corrosion-
fatigue damage

Corrosion-abrasive wear,
accelerated contact
fatigue
Combined degradation
mechanisms with
nonlinear wear growth

Pipes, pump housings,
housing parts
Working surfaces
of power and
transmission units

Critical elements
of transmissions
and friction units

Source: compiled by authors based on ISO 281:2007 (2007), I1SO 683-1:2016 (2016), ISO 683-2:2016 (2016),
I1SO 18203:2016 (2016), ISO 12944-1:2017 (2017), 1SO 9227:2022 (2022)

Analysis of Table 1 showed that under conditions of
moderate loads and low abrasiveness,degradation of parts
is mainly fatigue or corrosion in nature and develops rela-
tively slowly. When transitioning to modes of intensive in-
teraction with soil, especially in conditions of high humid-
ity and the presence of chemically active components, a
sharp increase in the rate of wear is observed. Under such
conditions, abrasive and corrosive effects are superim-
posed on mechanical stresses, forming combined damage

mechanisms, in particular corrosive-abrasive wear and
accelerated contact fatigue. Most vulnerable are working
surfaces of parts that simultaneously receive loads and
contact aggressive environments, while massive ele-
ments with less surface impact degrade more slowly but
accumulate hidden fatigue damage.To illustrate the inter-
action of key degradation factors, a matrix visualisation of
risks has been constructed to identify areas of transition
from simple to combined damage mechanisms (Table 2).

Table 2. Matrix of risks of part degradation depending on the combination

Corrosive effect/Mechanical loads Low

Low

Average
High 3

of mechanical loads, abrasive and corrosive effects

Average High
2 3

R w—

Note: abrasive impact reflected in the integral risk assessment (1-5)
Source: compiled by the authors based on ISO 281:2007 (2007), I1SO 683-1:2016 (2016), ISO 683-2:2016 (2016),
I1SO 18203:2016 (2016), ISO 12944-1:2017 (2017), 1SO 9227:2022 (2022)

The heat map in Table 2 showed that the integral
risk of degradation increases from 1-2 points (low risk)
in combinations of “low/medium loads + low abrasive-
ness + low corrosive influence” to 4-5 points (high risk) in
the zone where all three factors are high. In transitional
cells, where only one factor is “high” (e.g., high abrasive-
ness with medium loads and medium corrosion), risk is
concentrated mainly at 3 points, i.e., the matrix shows that
isolated intensification of one factor results in a moderate
increase in risk, while combined intensification of two or
more factors moves the system into the 4-5 zone. The key
engineering pattern is that when moving from “one high
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factor”to “two high factors’, risk does not increase linearly
(by 1 point, for example), but jumps to the upper range of
4-5, reflecting the synergistic nature of combined damage
mechanisms (abrasive fatigue and corrosion abrasion).

A generalisation of the structuring of agricultural op-
erating conditions has shown that degradation of tractor
and self-propelled machine parts is mainly a result of a
combination of mechanical loads, abrasive action of soil
and corrosive activity of the environment, rather than the
isolated effect of a single factor. Under conditions dom-
inated by load alone, abrasion alone, or corrosion alone,
damage develops relatively predictably within a single



mechanism, whereas simultaneous intensification of sev-
eral factors shifts working surfaces into a zone of com-
bined scenarios with accelerated wear and fatigue ex-
haustion of the material. Established pattern means that
engineering-correct choice of strengthening technologies
should be based on identification of dominant combina-
tions of factors for a specific group of parts and should en-
sure not only increased hardness, but also stability of sur-
face layer and resistance to corrosion-abrasive interaction
in conditions of moisture and chemically active agents.

Identification of dominant damage mechanisms

under agricultural exploitation conditions

The study established that in agricultural conditions,
degradation of parts rarely occurs through a single

Zubiekhina-Khaiiat et al.

isolated mechanism. Instead, scenarios prevail in which
basic mechanisms - fatigue damage, abrasive wear or
corrosion - interact with each other, forming combined
types of destruction. The nature of this combination de-
pends on the functional purpose of the part, the nature
of contacts, the load regime, and the duration of expo-
sure to an aggressive environment. Therefore, identifi-
cation of the dominant mechanism is considered not as
classification “by feature”, but as an engineering tool for
preliminary selection of strengthening technologies. To
summarise results and formalise transitions between
mechanisms, a comparative characteristic of dominant
degradation scenarios is presented in Table 3, which
can be used to compare them by damage location, load
nature and material property requirements.

Table 3. Comparative characteristics of dominant mechanisms of degradation of tractor
and self-propelled machine parts and their engineering consequences

Dominant mechanism
of degradation

Typical location
of damage
Cross-section

of a part, stress

concentration zones
Working surfaces, edges,

and areas in contact

with the ground

Fatigue damage

Abrasive wear

. Seating positions, gear
Contact abrasive wear couplings
Surfaces with prolonged

Corrosion damage contact with moisture

Cross-section and
surface simultaneously

Corrosion fatigue
damage

Corrosion and abrasive
wear

Working surfaces
of power units

Critical friction

Combined mechanisms
and load zones

Nature of loads

Variable, cyclic,
bending and
torsional

Contact, impact, local

High contact stresses

Moderate variable
loads

Variable loads
of medium level

High contact and
cyclic

Multivariate variables

Engineering requirements
for part properties
High fatigue resistance
of the core, structural
stability

Key operating conditions

Relatively dry conditions,
moderate abrasiveness

Increased surface
hardness, wear resistance

Intensive contact with soil,
dry abrasive environment

High surface hardness
while maintaining
a strong core

Corrosion resistance,
stability of the protective
layer
Compromise
between fatigue strength
and corrosion resistance

A combination of loads and
abrasive action

High humidity,
agrochemicals

Wet environment under
cyclic loading

Moisture + soil + chemically
active agents

High surface hardness
and chemical stability

Comprehensive solutions
for surface and core
strengthening

Simultaneous action
of all factors

Source: compiled by the authors based on 1SO 281:2007 (2007), ISO 683-1:2016 (2016), ISO 683-2:2016 (2016),
I1SO 18203:2016 (2016), ISO 12944-1:2017 (2017),1S0 9227:2022 (2022)

Analysis of the classification presented in Ta-
ble 3 showed that the transition from simple to
combined degradation mechanisms does not occur
gradually, but through a change in the dominant
damage scenario. Under conditions where one factor
significantly prevails, the degradation mechanism
remains relatively predictable and localised. How-
ever, simultaneous intensification of two or more
operational influences causes a qualitative change
in the nature of destruction, in which surface and
volume degradation processes mutually acceler-
ate each other. Figure 1 shows the priority zones of
degradation mechanisms depending on the level of
operating conditions and the functional purpose of

the part. Figure 1 showed a shift in the “centre of
gravity” of degradation from fatigue mechanisms to
surface combined processes as operating conditions
change from low to high. Under low conditions, fa-
tigue damage has the greatest relative significance
(=3), while abrasive wear decreases to =1, corrosion
damage remains at =1, and corrosion-abrasive and
combined mechanisms are practically non-exist-
ent (=0). In medium conditions, there is a “break”
in trend: abrasive wear reaches its maximum (=3),
while fatigue damage decreases to =2, and the cor-
rosion-abrasive component stabilises at a moderate
level (=2), which corresponds to the transition from
predominantly volumetric fatigue to dominance of

Ukrainian Black Sea Region Agrarian Science, 30(1), 46-63

51



52

Designing technologies for strengthening tractor..
surface wear in parts that regularly come into con-  point of view: after a certain threshold of intensity of
tact with soil particles. Further intensification of influences (simultaneous action of loads, abrasives
conditions to high levels causes a jump in priority of and corrosive environments), degradation ceases to
corrosion-abrasive wear and combined mechanisms  be described by a single dominant process and tran-
to upper level (=5), while corrosion damage remains  sitions to a synergistic mode, where rate of perfor-
high (=4) and fatigue mechanism falls to a mini- mance loss is determined by stability of surface layer
mum (=1). This “change of leader” between medium and its resistance to corrosive-abrasive interaction,
and high conditions is critical from an engineering rather than solely by strength of core.
6 5 5

8 > 4 4

s .2 4

£E5 3 3 High conditions

253 N 2 2 Average conditions

E s ) > == | ow conditions

g2 i \1 1 1

%1 \O 5

0 Fatigue damage Abrasive wear Corrosion Corrosion Combined
damage and abrasive wear mechanisms
Mechanisms of degradation
Figure 1. Priority areas for component degradation mechanisms, depending on the level
of operating conditions and the functional purpose of the component

Note: values are presented as conditional priority scores (0-5) obtained through expert interpretation and normative-
engineering ranking of dominant degradation mechanisms depending on the level of operating conditions and functional
purpose of the part

Source: compiled by the authors based on 1SO 281:2007 (2007), I1SO 683-1:2016 (2016), ISO 683-2:2016 (2016),
1SO 18203:2016 (2016), ISO 12944-1:2017 (2017),1SO 9227:2022 (2022)

A summary of the results of identifying domi-
nant damage mechanisms showed that tractor and
self-propelled machine parts are characterised by
a predominance of mixed degradation scenarios, in
which basic processes of fatigue exhaustion, abrasive
wear and corrosion damage do not exist separately,
but form mutually reinforcing combinations depend-
ing on the function of the part, the type of contact
and the duration of exposure to environment. The
study determined that with a change in the oper-
ating mode from conditions where cyclic loading is
dominant to conditions where surface contact with
soil and a wet agrochemically active environment is
dominant, there is a change in “leading” mechanism
and, accordingly, engineering profile of requirements
changes: from priority of resource endurance of core
stability of structure to priority of stability of surface
layer, hardness and chemical resistance. Therefore, it
is advisable to treat the dominant degradation mech-
anism as an engineering “filter” for preliminary selec-
tion of strengthening technologies, which can align
the requirements for the surface and core with the
actual configuration of operational influences for a
specific group of parts.

Ukrainian Black Sea Region Agrarian Science, 30(1), 46-63

Systematic comparison

of technological approaches to reinforcement

with groups of parts and working areas

The study established that even within a single compo-
nent, different areas may be subject to fundamentally
different requirements. Surface layers that are in direct
contact with soil or aggressive environments require
increased hardness, wear resistance and chemical sta-
bility, while the core of the part must be able to with-
stand cyclic and impact loads without losing fatigue
strength. This makes it advisable to use technologies
that provide a gradient of properties or local strength-
ening, rather than uniform modification of the entire
volume. To formalise this approach, Table 4 has been
created, in which groups of parts are compared with the
dominant degradation mechanisms and corresponding
classes of strengthening technologies.

System analysis Table 4 showed that there are
no universal strengthening technologies for agricul-
tural machinery, and effectiveness is determined by
the correspondence between the degradation mech-
anism and the principle of forming the properties of
the surface and core. For parts with predominant fa-
tigue damage, technologies that minimise structural



Zubiekhina-Khaiiat et al.

inhomogeneities and residual stresses in the material
volume are a priority, while for parts operating in are-
as of intense contact with the soil, increasing the wear
resistance of the surface layer, even at the expense

of limited plasticity, becomes crucial. To illustrate the
spatial logic of this approach, a schematic prioritisa-
tion of strengthening technologies by functional areas
of parts is used (Fig. 2).

Table 4. Correspondence of tractor and self-propelled machine parts groups to dominant degradation mechanisms
and strengthening technology classes

Dominant mechanisms
of degradation

Fatigue, corrosion fatigue
damage

Contact abrasive wear

Abrasive, corrosive-
abrasive wear

Group of parts

Key working area

Cross-section, stress
concentration zones

Contact surfaces of teeth

Edge, surface in contact
with the ground

Shafts, axles, spindles
Gear transmissions

Working edges, knives
Housing parts, pipes Quter surface

Friction nodes Contact areas

Corrosion damage

Combined mechanisms

Priority requirements
for properties

High core fatigue Volumetric thermal and
endurance thermomechanical

Hard surface +strong core Surface thermochemical
Maximum surface wear Surfacing, spraying,

Class of strengthening
technologies

resistance composite layers
Chemical stability, surface  Protective and barrier
protection coatings

Resistance to
multifactorial degradation

Combined and hybrid
technologies

Source: compiled by the authors based on 1SO 281:2007 (2007), ISO 683-1:2016 (2016), ISO 683-2:2016 (2016),
I1SO 18203:2016 (2016), ISO 12944-1:2017 (2017),1S0 9227:2022 (2022)

Core (load-bearing zone)
5

4

Housing/external
surfaces

Edges/working parts

== \/olumetric thermal
Coating/anti-corrosion
Local surface

= Additive restoration

==Thermochemical

Contact surfaces
(friction)

Landing gear/coupling

Figure 2. Prioritisation of strengthening technologies by working areas of parts
Source: compiled by the authors based on 1SO 281:2007 (2007), ISO 683-1:2016 (2016), ISO 683-2:2016 (2016),
I1SO 18203:2016 (2016), ISO 12944-1:2017 (2017), 1SO 9227:2022 (2022)

Figure 2 showed that the priority of strengthen-
ing technologies changes with the transition between
working areas of the part. For surface areas that are
in contact with ground and operate in friction mode,
surface and local methods dominate, indicating a deci-
sive role of wear resistance and stability of the surface
layer. In seating and contact areas, the profile becomes
more balanced: surface solutions must be reinforced by
ensuring the strength of the core, which corresponds to
transitional mechanisms of degradation. For areas that
operate in bending/torsion, priority shifts to volumetric
thermal technologies, since resource is determined by
fatigue endurance of material in cross-section.

A summary of systematic comparison of techno-
logical approaches to reinforcement with groups of
parts and working areas showed that technically cor-
rect choice of technology for agricultural machinery

is determined not by the “type of part” as such, but
by the configuration of its working areas and domi-
nant degradation mechanisms, which can vary signifi-
cantly within a single unit. The study established that
surfaces that work in contact with soil or in a humid
agrochemically active environment require priority of
surface layer properties (wear resistance and chemical
stability), while areas that are subject to cyclic and im-
pact loads require priority of core properties (fatigue
resistance and structural stability), therefore, solutions
with localisation of the effect or a gradient of proper-
ties are practically expedient. Thus, the effectiveness of
strengthening in agricultural use is achieved through
the coordination of “working zone - degradation mech-
anism - surface/core properties - technology class’,
rather than through universal application of a single
route to the entire volume of the part.
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Justification of the applicability

of additive manufacturing and restoration

in technological routes for strengthening

Results of engineering analysis showed that additive
technologies should be considered not as an alter-
native to classical strengthening methods, but as a
preliminary stage of the technological chain, which
can restore geometry, form repair allowance and lo-
cally control configuration of material in future con-
tact. Within the scope of the study, additive manufac-
turing/restoration is interpreted as a stage that only
serves a purpose if followed by post-processing and

strengthening, since the surface layer and stability de-
termine the service life of agricultural machinery parts
under conditions of abrasive-corrosive interaction.
The study established that key conditions for applica-
bility are process repeatability and quality control at
the production site, compatibility of the selected addi-
tive material with subsequent strengthening methods,
as well as an economically justified balance between
the cost of restoration and the predicted resource ef-
fect. Table 5 presents the generalised criteria for the
applicability of the additive stage as a component of
the strengthening technological route.

Table 5. Criteria for the applicability of additive manufacturing and restoration of agricultural machinery parts
with subsequent strengthening of working surfaces

Engineering content Potential limitations
of the criterion and risks

Determined whether part functions Non-compliance
as a load-bearing element, a of the AM structure with
friction surface or a housing part load requirements

Assessed whether abrasive, Accelerated deterioration
corrosive or combined due to incorrect route
damage prevails selection
The possibility of restoring shape
without excessive material
build-up is analysed
The ability of AM material
to withstand thermal and
thermochemical processes is tested
Assessed whether fatigue strength
and structural stability are ensured
The need for high hardness, wear
and corrosion resistance
is determined
Stability of results between
batches and sites is analysed

The cost of the AM route is

Engineering opinion
on feasibility
Suitable for parts
with localised areas of wear
or geometric loss

Applicability criterion

Functional purpose of the part

AM is effective when followed
by surface strengthening

Nature of the dominant
mechanisms of degradation

Suitable for medium
and local wear with controlled
allowance

Applicable to steels
compatible with subsequent
hardening
AM is justified if the core is
not critically loaded
AM is considered only
as a preliminary stage
before consolidation
Application is possible
with a qualified process

Excess residual stresses,
structural defects

Degree of wear or loss
of geometry

Compatibility of material
with strengthening operations

Cracks, phase instability,
structural degradation

Reduction in service life
under cyclic loads

Requirements
for core properties

Premature wear without
additional reinforcement

Requirements
for the surface layer

Repeatability and quality
control of the process

The impossibility of
predicting the resource

Economic feasibility
resource effect
Compatibility of AM

Integration into the existing with post-processing

technological route

Repairability

and serial production is analysed

compared with the expected

and strengthening is assessed
The possibility of reusing the route

Suitable for expensive

A QR EEEET or hard-to-replace parts

Complications in the
production cycle

Effective as part
of a combined route

Most effective for repair

Limited scalability and small-batch tasks

Source: compiled by the authors based on ISO 281:2007 (2007), I1SO 683-1:2016 (2016), ISO 683-2:2016 (2016),
I1SO 18203:2016 (2016), ISO 12944-1:2017 (2017), 1SO 9227:2022 (2022)

An analysis of generalisations in Table 5 showed that
the applicability of AM or restoration in agricultural en-
gineering is determined not by the fact that it is possible
to “print/build up” material, but by the fulfilment of a set
of interrelated conditions that set limits of engineering
feasibility of the route. A pattern can be traced: criteria re-
lated to working surface (requirements for hardness, wear
and corrosion resistance) systematically “pull up”the need
for the next stage of strengthening, i.e.,AM in the table is
interpreted as a preliminary operation of restoring geom-
etry or forming a blank, and resource is determined by the
stability of the surface layer after strengthening. At the
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same time, criteria describing core (fatigue endurance,
structural stability under cyclic and impact loads) act as a
limiting filter: when core is critically loaded, the feasibil-
ity of AM decreases as the risks of defects and variability
of properties affect the resource. Separately, there is a
‘critical break” between technical feasibility and industri-
al applicability: even with formal compatibility of mate-
rial and post-processing, the solution becomes justified
only when process repeatability, quality control and inte-
gration into the existing technological route are ensured,
otherwise the resource forecast becomes uncertain. Fig-
ure 3 summarises the sequence of the technological route.
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Figure 3. Generalised diagram of the technological route
‘additive manufacturing/restoration - post-processing - strengthening - operation”

Source: compiled by the authors

According to Figure 3, the technological route is
constructed as a sequential integrated scheme in which
additive manufacturing or restoration is used to form
or restore the geometry of a part, but does not deter-
mine service life independently. After the additive stage,
post-processing is provided to correct accuracy, reduce
roughness and partially stabilise the material structure.
Further strengthening of the working areas is aimed at
the targeted formation of surface and core properties in
accordance with the dominant degradation mechanisms,
while the operational stage reflects the implementa-
tion of the cumulative effect of all previous operations.

A summary of the results of the justification of the
applicability of AM and restoration showed that for ag-
ricultural machinery parts, the AM stage is technically
justified primarily as a preparatory link in a combined
strengthening route, when it is necessary to restore the
geometry, form a repair allowance and locally control
the configuration of the material in the area of future
contact, but final resource is determined not by the
“building up”, but by quality of post-processing and sta-
bility of strengthened surface layer under conditions of
abrasive-corrosive interaction. Key conditions for fea-
sibility are the reproducibility and qualification of the
process at the production site, compatibility of the addi-
tive material with subsequent strengthening operations,
and the technological integration of the route, while for
critically loaded elements with a decisive role of core

properties, AM should be considered a limited solution
due to the risks of structural variability and defective-
ness. As a result, additive manufacturing/restoration
should be treated as a tool for improving maintainability
and resource efficiency only when it works in conjunc-
tion with "AM - post-processing - strengthening”, ensur-
ing a predictable resource effect and an economically
justified balance between costs and expected durability.

An integral conceptual model

for selecting technologies for strengthening parts

for agricultural use

As a result, an integrated conceptual model for select-
ing technologies for strengthening agricultural ma-
chinery parts has been developed, which transfers the
choice of route from a descriptive level to the level of
a reproducible engineering rule. The study established
that the decisive factor is not the name of the part, but
the configuration of the operational impact, which sets
the priority for the formation of properties or the core
(when the resource is limited by volumetric fatigue), or
the surface layer (when the resource is limited by wear
and corrosion interaction), and in combined modes -
the need to combine strengthening principles in a sin-
gle route. Table 6 is presented as a formalised “core”
of the model, which records these transitions between
classes of solutions and provides the same application
logic for different groups of parts and working areas.

Table 6. An integral conceptual model for selecting technological routes for strengthening tractor
and self-propelled machine parts in agricultural conditions
Dominant mechanism Critical working area Engineering requirements

Conditions
of agricultural exploitation

of degradation

Moderate mechanical
loads, low abrasiveness,
limited moisture

Fatigue damage

Variable loads during
periodic contact with the
ground

Abrasive wear

High contact stresses
under dry abrasive
conditions

Contact abrasive wear

of the part

Cross-section
of a part, stress
concentration zones

Working surfaces,
edges, contact areas

Gear couplings,
mounting locations

Priority technological
route for strengthening

Volumetric thermal
or thermomechanical
processes without local
surface supersaturation

for properties

High fatigue resistance,

structural homogeneity

of the core, and minimal
residual stress

Increased surface
hardness, resistance to
microcutting and plastic
deformation

Surface strengthening
or formation of a wear-
resistant layer with
minimal impact on the core

A combination of hard
surface and tough core,
with resistance to contact
fatigue

Thermochemical
or combined surface-
volume technologies
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Conditions
of agricultural exploitation of degradation
Corrosion
and corrosion-fatigue
damage

Moderate loads in humid
and agrochemically active
environments

High
loads + moisture + abrasive

Corrosion and abrasive
wear

Local loss of geometry
while maintaining load-
bearing capacity

Combined wear and
fatigue mechanisms

Dominant mechanism Critical working area
of the part

Surfaces
with prolonged
contact with the

environment

Working surfaces
of power and
transmission units

Localised areas
of contact or wear

Table 6, Continued
Priority technological
route for strengthening

Engineering requirements

for properties

Protective and barrier

coatings or chemical-

thermal methods with
phase composition control

Chemical stability,
corrosion resistance
without loss of
mechanical reliability

Stability of surface layer,
preservation of adhesion
and resistance to the
combined action of the
environment and loads

Combined
or hybrid technologies
with local formation
of functional layers

Additive manufacturing
or restoration -> post-
processing -> targeted

strengthening
of working areas

Restoration of geometry
with subsequent
formation of specified
surface properties

Source: compiled by the authors based on 1SO 281:2007 (2007), I1SO 683-1:2016 (2016), ISO 683-2:2016 (2016),
1SO 18203:2016 (2016), ISO 12944-1:2017 (2017),1S0O 9227:2022 (2022)

Table 6 summarised reproducible logic of selecting
a reinforcement route based on the cause-and-effect
chain “operating conditions - degradation mecha-
nism -> critical zone -> property requirements - tech-
nology class” and showed that a change in the domi-
nant mechanism automatically changes the “focus” of
property formation between the core and the surface.
For modes where the resource is limited by volumetric
fatigue in the cross-section, the solution is reduced to
volumetric thermal strengthening with structural sta-
bilisation of the core (typically - hardening and tem-
pering), while with a shift in degradation to working
surfaces in contact with the ground, priority is given
to surface and local methods that increase hardness
and micro-cutting resistance without critically affect-
ing the base (in particular, local laser hardening or the
formation of a wear-resistant layer). Under high contact
stresses in dry-abrasive conditions, there is a need to
combine a hard surface with a ductile core, which jus-
tifies thermochemical/combined routes, where nitrid-
ing is a technologically relevant example as a way to
strengthen contact areas while preserving load-bear-
ing properties. For wet agrochemically active envi-
ronments, the priority shifts to solutions that provide
chemical stability and barrier protection while main-
taining mechanical reliability (coating and protective
systems), and in the most severe combined scenarios
of “high loads + moisture + abrasion”, only hybrid routes
that combine wear-resistant strengthening with cor-
rosion protection prove to be effective. A separate row
of the model emphasises that additive manufacturing/
restoration is not a self-sufficient strengthening meth-
od and is used as a restoration stage for parts with local
geometry loss, after which the resource is determined
by the quality of post-processing and targeted strength-
ening of working areas.
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Generalisation of the patterns of degradation of
tractor and self-propelled machine parts in agricul-
tural operation has shown that their service life is de-
termined by stable combinations of mechanical loads,
abrasive action of soil and corrosive and agrochemical
activity of the environment. Under moderate condi-
tions, degradation is mainly fatigue or corrosion in na-
ture and develops slowly, while intensive contact with
soil at high humidity and in the presence of chemical
agents thresholds the system into combined scenarios
with a sharp acceleration of wear. The study demon-
strated that with an increase in abrasive and corrosive
components, not only does the strength of the materi-
al become critical, but also the stability of the surface
layer and its resistance to corrosive-abrasive synergy. A
systematic comparison of working areas with technol-
ogy classes confirmed the absence of universal solu-
tions: for areas where the resource is limited by cyclic
stresses, priority is given to core stabilisation routes
through thermal strengthening, while for contact are-
as in soil and wet agrochemically active environments,
local surface strengthening, thermochemical and pro-
tective approaches are preferred. In the most severe
combined regimes, only hybrid routes combining at
least two principles of property formation are effective,
since a separate increase in hardness or only barrier
protection does not cover the range of damage mech-
anisms. Additive manufacturing/restoration is justified
as a preparatory stage for restoring geometry and re-
pair allowance, but the predicted resource is only en-
sured by the combination of “post-processing - target-
ed strengthening”, subject to reproducibility and quality
control. Overall, the results prove that the engineering
choice of strengthening should be based on the config-
uration of factors, threshold transitions of degradation
mechanisms, and spatial heterogeneity of requirements



within a part, which justifies the use of an integral
model as a reproducible decision-making rule.

DISCUSSION
Structuring of agricultural exploitation conditions re-
vealed a threshold nature of degradation: with dom-
inance of one intensive factor, integral risk was con-
centrated mainly within 2-3 points, while simultaneous
strengthening of two or more factors shifted the sys-
tem to the 4-5 point zone, which was interpreted as a
synergistic transition to combined abrasive-fatigue and
corrosion-abrasive mechanisms. A similar non-lineari-
ty in the increase in the danger of operating self-pro-
pelled machines was observed in the conclusions of
L. Marrazzinia et al. (2024), where the riskiness of real
field conditions and their ability to quickly accumulate
critical states in a technical system were addressed.
Change in the dominant degradation mechanisms from
predominantly fatigue under moderate conditions to
the predominance of surface combined scenarios un-
der high conditions correlated with the fact that the
operational heterogeneity of driving modes and vibra-
tion-impact components described by T-A. Oncescu et
al. (2025) formed an uneven load background, which
naturally intensified the transition from “core” endur-
ance processes to critical surface stability. A system-
atic comparison of technological approaches with the
working area of the part showed that there were no
universal routes and that within a single node, the pri-
orities for strengthening varied between the core and
the surface. This conclusion was conceptually support-
ed by a review by E. Fartash Naeimi et al. (2025), which
emphasised the role of new-generation materials in
improving the operational properties of agricultural
machinery, but at the same time recognised the need
for structural and technological adaptation to specific
operating conditions. The effectiveness of local surface
solutions in soil contact areas correlated with the re-
sults of H. Xiao et al. (2025), where laser texturing of
working parts made of 65Mn steel demonstrated an
increase in wear resistance due to controlled surface
modification; in the presented results, a similar logic
was manifested in the priority of local strengthening
for edges and areas of contact with the soil, when an
increase in surface hardness and stability was not ac-
companied by a critical deterioration in the properties
of the core. For components operating in a humid and
agrochemically active environment, a shift in the engi-
neering focus to chemical stability and surface barrier
properties was demonstrated, as the corrosive compo-
nent in combination with abrasives caused accelerated
synergistic degradation. This interpretation confirmed
the conclusions of O.A. Gonzalez Noriega et al. (2025),
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where plasma nitriding demonstrated improved cor-
rosion behaviour of steel in conditions simulating soil
solution; in the results, this corresponded to the prior-
ity of thermochemical solutions for parts such as pipes
and pump housings, where the corrosion factor became
decisive. At the same time, for parts with a critical core
role, routes aimed at increasing fatigue endurance
without excessive “oversaturation” of the surface were
shown to be expedient, which was consistent with the
approaches of S.Q. Lu et al. (2024), where shot peening
parameters were considered as a tool for controlling
the properties of cemented shafts; in the presented
technology selection model, this logic was reflected in
the priority of volumetric thermal and thermomechani-
cal solutions for shafts, axles and power elements.

In the group of technologies focused on contact
stress zones, the need to combine a hard surface and
a ductile core was demonstrated, which was explained
by the nature of contact abrasive wear and the require-
ments for resistance to contact fatigue. This position
correlated with the results of Z. Satbayeva et al. (2024),
where electrolytic-plasma nitriding of medium-carbon
steel demonstrated improved tribological properties;
in the presented conclusions, this corresponded to
the expediency of nitriding as a route for seating ar-
eas and gear meshes. For soil-contact working edges,
the study demonstrated that the greatest effect was
expected from coating and surfacing solutions when
maximum surface wear resistance was required; this
interpretation reflected similar patterns established in
Y. Dilay (2023), where nickel-carbide coatings applied
by atmospheric plasma spraying increased the wear
resistance of cultivator blades. It was emphasised that
the effectiveness of plasma and electrolytic-plasma
treatments was determined by the control of techno-
logical parameters, since they determined the structure
and stability of the hardened layer; this thesis correlat-
ed with the conclusions of B. Rakhadilov et al. (2024)
regarding the parametric sensitivity of the mechanical
and tribological characteristics of steel after electrolyt-
ic-plasma treatment, and the results reflected the re-
quirement for reproducibility and quality control to en-
sure the predicted resource effect. The generalisation
of multifactorial degradation, which addressed materi-
al, soil conditions and dynamic regimes, was consistent
with the review by A. Yazici (2024), in which the wear
of tillage implements was considered as a result of the
interaction of material properties, soil abrasiveness and
contact dynamics. The results were also consistent with
the generalisations of N.H. Ameen (2025), where the
combined action of corrosion and abrasive wear was
considered to be the key mechanism for the accelerat-
ed destruction of agricultural machinery parts and the
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reason why isolated solutions such as “only increasing
hardness” often prove insufficient. A return to the es-
tablished numerical markers showed that it was the
combination of “high loads + moisture + abrasive” that
shifted the degradation to a corrosion-abrasion scenar-
io and formed a jump to 4-5, and the engineering con-
clusion was to prioritise technologies that simultane-
ously provided wear resistance and chemical stability
of the surface, rather than just strengthening the core.
This approach correlated with the review by H. Jiang et
al. (2023), which showed that the stability of self-pro-
pelled machines is a function of design configuration
and modes, and that changing the load condition when
approaching critical modes increases risk factors.

The study demonstrated that the nature of the in-
teraction between the working body and the soil and
the choice of operating modes determined which deg-
radation mechanism became dominant and, therefore,
determined the selection of strengthening technolo-
gies as a “filter” for the critical working area. This logic
confirmed the conclusions of S. Rahaman et al. (2025),
where the analytical design of a self-propelled rota-
ry unit was based on crop parameters and, in fact, on
the formation of contact conditions that determine the
load and wear of working elements. Additional confir-
mation of this was provided by the experimental con-
clusions of L. Tian et al. (2022), where the “wheel-soil”
interaction was taken as the basis for the design of
a self-propelled system for rice fields, which empha-
sised the role of the mechanism of interaction with
the soil as the primary source of load and wear modes.
The study established that the spatial separation of
requirements within the part was decisive: areas that
worked in bending/torsion required priority in terms of
core fatigue endurance, while areas in contact with the
soil required stability of the surface layer. This deter-
mined the preference for gradient and localised solu-
tions over a “solid” modification of the entire volume.
This conclusion was consistent with the development
by J.Li et al.(2025), where a self-propelled unit for gar-
dens on slopes combined several technological oper-
ations and, accordingly, formed nodes of different load
characteristics, which reinforced the need for a differ-
entiated approach to strengthening parts of different
functional areas. Parallel confirmation was provided by
the results of J. Sun et al. (2025), where an intelligent
self-propelled machine was evaluated through model-
ling and application, which emphasised the influence
of mode controllability on load variability; in terms
of the results obtained, this meant that reducing the
randomness of modes could keep the system closer to
moderate risk zones, while field variability contributed
to a transition to combined scenarios.
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The study demonstrated that changing the en-
ergy and mass concept of a self-propelled machine
changed the load profile and, accordingly, the mecha-
nism of component degradation, which made it critical
to match the material and reinforcement route to the
updated operating conditions. This logic was consistent
with the study by L. Xu et al. (2025), where the optimi-
sation of a hydrogen-powered self-propelled machine
was accompanied by experimental verification, i.e., ac-
tual confirmation that design changes require new en-
gineering validation. At the same time, the results of
A.K. Roul & D.Singh (2022) on the stability analysis of
a self-propelled high-clearance platform emphasised
that stability and load mode determine the risk of tran-
sition to critical states; in terms of the numerical mark-
ers obtained, this demonstrated why a deterioration in
stability or an increase in disturbances could shift the
system to 4-5 even without changing the material, and
therefore required not a “universal” reinforcement, but
one adapted to the operating modes. The study deter-
mined that reducing the mass and redistributing the
stiffness of structures changed the stress concentra-
tions and potentially amplified the fatigue component
of degradation, while digitalisation and autonomisa-
tion changed the nature of the modes and the varia-
bility of loads, affecting the probability of transition to
combined scenarios. This approach coincided with the
interpretation by Y.Yu et al. (2025), where the lightening
of the chassis of a self-propelled machine was justified
by finite element analysis, i.e., by fixing stress zones di-
rectly related to the risks of fatigue damage. A parallel
in the study by Q. Liu et al. (2025), devoted to autono-
mous control of agricultural machines, emphasised the
growing role of accuracy and repeatability of modes;
within the scope of the results obtained, this meant the
potential to reduce random load peaks and, accordingly,
reduce the probability of entering zone 4-5 by stabilis-
ing operating modes.

The study determined that for small farms and
prototype solutions, maintainability and resource
predictability remained decisive, which made the
conceptual model of route selection a reproducible
rule. This conclusion was consistent with the study by
A. Ghafoor et al. (2022), where the development of a
prototype self-propelled sprayer emphasised applied
suitability and evaluation, i.e., the need for simple
but reliable technical solutions. The study by G. Sin-
gh et al. (2024) on an ergonomically improved oper-
ator’s workplace emphasised that the human factor
and control modes affect operational loads; in terms
of the patterns obtained, this meant that the une-
venness of the modes could amplify the impact-cy-
clic components and contribute to the transition to



combined scenarios, and therefore required a reserve
of fatigue endurance of the core for critical power
parts. The study determined that for soil cultivation
tools and working edges, the most effective approach
was one in which the surface was given a wear-resist-
ant functional layer with control of structure,adhesion
and tribological behaviour, since it was the surface
that limited the resource in modes of contact with the
soil. This conclusion was consistent with the findings
of H. Nie et al. (2024), where the mechanisms of wear
resistance and the role of coating structure were ana-
lysed for hard carbide coatings applied by high-speed
gas-flame spraying; within the scope of the results
obtained, this corresponded to the priority of coating
and surfacing solutions for working edges. Additional-
ly, a review by A.S. Malvajerdi (2023) on the wear and
coating of soil cultivation tools supported the thesis
of multi-factoriality and the need to select coatings
taking into account the soil and contact dynamics; in
terms of the conclusions reached, this meant that the
choice of reinforcement route should be based on the
configuration ‘operating conditions - degradation
mechanism -> critical zone” rather than on a universal
class of technology.

Thus, the results of the study showed that the
design of technologies for strengthening tractor and
self-propelled machine parts in agricultural conditions
should be based on the interrelated influence of me-
chanical loads, abrasive action of soil, and corrosion
and agrochemical activity of the environment, since
it is their combination that determines the dominant
degradation scenario and requirements for the surface
layer and core. A systematic comparison of working ar-
eas with technology classes confirmed the conclusions
of applied research on the effectiveness of function-
al coatings and controlled surface modification for
soil-contacting elements, where the resource was lim-
ited precisely by the stability of the surface layer under
conditions of friction and abrasive contact.

CONCLUSIONS
Thus, the results of the study showed that the de-
sign of technologies for strengthening tractor and
self-propelled machine parts in agricultural condi-
tions should be based on the interrelated influence
of mechanical loads, abrasive action of soil, and cor-
rosion and agrochemical activity of the environment,
since it is their combination that determines the
dominant degradation scenario and requirements
for the surface layer and core. A systematic compar-
ison of working areas with technology classes con-
firmed the conclusions of applied research on the
effectiveness of functional coatings and controlled
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surface modification for soil-contacting elements,
where the resource was limited precisely by the sta-
bility of the surface layer under conditions of friction
and abrasive contact.

Identification of the dominant degradation mech-
anisms confirmed the typical mixture of scenarios for
agricultural technology: fatigue exhaustion, abrasive
and contact-abrasive wear, and corrosion processes
mutually reinforced each other, and as conditions be-
came more severe, there was a gradual shift in prior-
ity from volumetric fatigue to surface wear and then
to corrosive-abrasive and combined scenarios, which
shifted the engineering focus from a “stable core” to
a “functional surface layer”. A systematic comparison
of technological approaches with groups of parts and
working areas proved the absence of universal routes:
for elements with a resource limited by cyclic stresses
in the cross-section, the priority was volumetric thermal
or thermomechanical solutions with core stabilisation;
for soil-contact edges - the formation of wear-resist-
ant layers and local methods of increasing hardness
without critical deterioration of the base; for areas of
high contact stresses - thermochemical or combined
surface-volumetric technologies with a combination
of a hard surface and a viscous core; for components
in wet and agrochemically active environments - pro-
tective and barrier coatings or chemical-thermal ap-
proaches that ensure chemical stability without loss of
mechanical reliability.

The study determined that additive manufactur-
ing and restoration should be treated as a prepara-
tory stage of a combined route for restoring geome-
try and repair allowance, but the predicted resource
was ensured only by the combination of “additive
stage - post-processing - targeted strengthening”
under conditions of process reproducibility, materi-
al compatibility and controlled quality; for critically
loaded elements, this scheme had limitations due to
the risks of defectiveness and structural variability.
The integral conceptual model formalised the cause-
and-effect chain “operating conditions - degrada-
tion mechanism - critical zone - surface and core
requirements - technological route class” and sub-
stantiated that in the most severe conditions, only
hybrid solutions combining at least two principles
are effective, since isolated hardness enhancement
or barrier protection alone did not cover the entire
spectrum of damage. Prospects for further research
are related to validating the model on a range of real
parts with reference to field conditions, expanding
the compatibility criteria of “material - strengthen-
ing - corrosive environment” for corrosive-abrasive
scenarios, and developing parameterised matrices for
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selecting hybrid routes with industrial repeatability FUNDING
and predictable resource effects. None.
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AHoTauis. MeTolo focnigxKeHHs 6yno TeopeTYHO OBrpyHTYBaTK BiATBOPKOBAHMMI iHXEHEepHUI nigxia Ao Bubopy
MapLpYTiB 3MiLLHEHHS 3 YpaxXyBaHHAM NEpPeXoAiB MiXX MexaHi3MaMu aerpajauii Ta NpoCTOpoBOi HEOAHOPIAHOCTI
BMMOI y Mexax pAeTani. Metomonoria 6a3yeTbCs Ha MNOCNIAOBHOMY MepeHeCeHHi ekcnayaTauiMHUMX YMOB Y
NPUYUHHO-HACNIAKOBUI NAHLIOT «YMOBM pO6OTM — MEXAHI3M Aerpagalii — KpUTMYHA 30Ha — BUMOTM 0 NOBEPXHIi M
CepLeBMHU — KNTAC TEXHOJIOTYHOTO PiLlleHHS» 3 ONMOPOI0 Ha MiXXKHAPOAHI HOPMATUBHI BUMOTU A0 CTanel, napaMeTpiB
3MiLHEHMX LWapiB, KOPO3iMHOI CTIMKOCTI Ta AOBroBiYHOCTI BY3/iB. Pe3ynbtaTt nokasanu, LWo pu3mnK aerpajauii Mae
NOPOroBMi XapaKkTep: Npu NOCUAEHHI OAHOMO YMHHMKA BiH 3pOCTAE NMOMIPHO M KOHLLEHTPYETHCS NEPEBAXKHO B 30HI
2-3 6aniB iHTErpanbHOI WKaNK, TOAI IK OAHOYACHE NiACUNeHHS ABOX i Binblue YUHHUKIB NepeBOAUTb CUCTEMY B 30HY
4-5 6aniB yepes CMHePprito KOPO3iliHO-abpasmnBHUX | abpa3nMBHO-BTOMHMUX NpOLLECiB. BUSBNEHO 3MiHY «NpOBiAHOro»
MEeXaHi3My Bif, MepeBaXHO BTOMHOMO 3a MOMIipHUX PEXWUMIB 00 AOMiHYBaHHS MOBEPXHEBUX KOMOIHOBAHMX
CLEHapiiB 3a BUMCOKUX PEXMUMIB, KOMM BM3HAYaANbHOKW CTA€E CTabiNbHICTb MOBEPXHEBOrO LWApy Ta MOro XiMiyHa
cTinkicTb. O6r'pyHTOBAHO, WO YHiBEPCANbHWUX TEXHOMOFIM He iCHYE: AN AeTaNne i3 KPUTUUHOK PO CepLEBUHU
npiopuTeTHI O6EMHI TEpMiYHi MaplpyTH; AN KOHTAaKTHUX 30H i3 FPYHTOM — JIOKaJbHE MOBEPXHEBE 3MiLHEHHS
Ta 3HOCOCTIMKI LWapW; AN KOHTAaKTHO-HAMpPYXeHUX 30H — TEePMOXIMiYHi pilleHHs; ANS BONOroro arpoxiMmiyHo
AKTMBHOrO cepefnoBuwa — HapepHuii 3axmucT. Mokas3aHo, WO aAMTUBHE BiAHOBMEHHS AOLiNbHE NEpPeBaXHO SK
niAroToBYMi eTan i3 NoAasblUOK NOCTOOPOOKOH Ta 3MiLLHEHHAM, OCKi/IbKM pecypC BM3HAYa€E CaMe 3MillHeHWUN
noBepxHeBuM wWwap. MNpakTMYyHa 3HAYYLWiCTb MONSraE B TOMY, WO y3arasbHeHa MoJeflb MOXe BMKOPUCTOBYBATUCS
iHXXeHepaMm-KOHCTPYKTOPaMMU, TEXHOIOraMuM Ta CEPBiICHUMU CNTy>X6aMuM arpapHOro Npodito NifL Yac NPOEKTYBAHHSA 1
BiHOBJ/IEHHS AeTanei TPaKTopiB i CAaMOXiAHUX MALIMH An5 BUOOPY KN1acy MapLLpYTY 3MiLLHEHHS 33 CMiBBIAHECEHHAM
YMOB eKcnayaTauii 3 LOMiHYIOUYMM MexXaHi3MOM AerpagaLii Ta KpUTUYHOKO 30HOK AeTani, WO 3HUXKYE MMOBIPHICTb
NPUCKOPEHOTO 3HOLYBAHHS

KniouoBi cnoBa: MexaHiyYHi HaBaHTAXXEHHS; Aerpanauif; abpasvBHe 3HOLWYBAHHS; MOBEPXHEBMI LLAP; TEXHONOTIYHUNA
MapLUpyT; alUTUBHE BUrOTOBNEHHS
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Abstract. The transformation of the agricultural sector towards sustainable development requires effective
financial mechanisms to implement environmentally oriented technologies and management practices. The
study aimed to analyse the efficiency and specific features of applying modern financial instruments to promote
resource-saving practices in the agricultural sector and to develop recommendations for their optimal use.
The methodology combined quantitative and qualitative analytical methods, using systemic, comparative, and
statistical analysis of 4 efficiency indicators for financial instruments across 10 countries worldwide for the
period 2020-2024. An Efficiency Composite Index (ECI) was developed based on five key components of resource
efficiency using descriptive statistics, correlation, and multiple regression analysis. The study revealed that green
loans (34.2% of total funding) and government subsidies (28.7%) were the dominant sources among eight types
of financial instruments. Green loans demonstrated the highest efficiency in increasing resource efficiency (82.7
points) and the strongest correlation with reduced water consumption (r=0.89), as shown by the example of the
Danish company Arla Foods, which, after securing a €750 million green loan, reduced its water consumption by
23% and energy by 18%.Government subsidies proved most effective in improving environmental performance
(79.8 points), as confirmed by the experience of the German organic farming support programme. Cluster analysis
identified three groups of countries: “Innovation Leaders” with an average ECI of 86.7 points (Denmark, the
Netherlands), “Stable Performers” with an ECI of 76.4 points (Germany, France, the USA, Canada), and “Developing
Countries” with an ECI of 62.8 points (China, India, Ukraine, Poland). A significant synergistic effect was identified
from the combined use of government subsidies and private investment (synergy coefficient of 1.34) and the
universality of microfinance with the lowest variability between countries (12.7 points difference). Multiple
regression analysis confirmed a statistically significant model (R2=0.78), where the greatest impact on efficiency
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is exerted by the volume of green financing (=0.34) and the share of subsidies in Gross Domestic Product
(B=0.28). The practical significance of the study lies in the potential to apply the developed index to monitor and
evaluate the effectiveness of national financial support programmes for resource efficiency

Keywords: green lending; environmental finance; resource efficiency; subsidy support; efficiency composite index;

synergistic effects

INTRODUCTION

The agricultural sector faces unprecedented challeng-
es: ensuring food security while simultaneously re-
ducing negative environmental impacts and rationally
using natural resources. The intensification of agricul-
tural production has led to significant soil depletion,
water pollution, and reduced biodiversity, underscoring
the need to find effective mechanisms to promote re-
source-saving practices.

Global population growth, which is projected by
the Organisation for Economic Co-operation and De-
velopment and the Food and Agriculture Organization
of the United Nations (OECD-FAQO, 2024) to reach 9.7
billion people by 2050, requires a 60-70% increase in
food production, creating additional pressure on agro-
ecosystems. Studies show that traditional approaches
to financing the agricultural sector do not provide suf-
ficient impetus for the implementation of environmen-
tally oriented technologies and resource-saving prac-
tices. Traditional approaches to agricultural financing
often fail to account for environmental externalities
and the long-term consequences of intensive use of
natural resources. According to FAO (2024) data, this
results in short-term economic benefits being achieved
at the expense of long-term degradation of natural
capital. Consequently, there is a need to develop and
implement innovative financial mechanisms to stimu-
late the adoption of resource-saving technologies and
environmentally oriented management practices. The
concept of green finance is becoming increasingly rele-
vant in the context of the agricultural sector’s transfor-
mation. According to Eurostat (2024) data, this concept
involves the integration of environmental criteria into
financial decision-making processes, which facilitates
the direction of investment into projects that provide
both economic and environmental benefits. Financial
instruments that internalise environmental externali-
ties and create economic incentives for implementing
resource-saving practices are particularly important.

Financial instruments play a key role in the transi-
tion of the agricultural sector to a sustainable devel-
opment model. O. Liubkina et al. (2019) emphasised
the importance of financial mechanisms for promoting
the innovative activity of enterprises, especially in the
context of implementing resource-saving technologies.

Y.Du & W.Wang (2023) investigated the role of green
finance in agricultural development, establishing its
positive impact on reducing environmental pollution.
S. Liu & Y. Wang (2023) analysed the effect of green
financial pilot zones on promoting environmental inno-
vation, demonstrating the significant potential of finan-
cial instruments to transform the agricultural sector.
M. Wang’s (2023) research showed that green finance
policy significantly increases the efficiency of green
innovation in the manufacturing sector, with direct
relevance to agricultural production. A. Mykhailov et
al. (2021) substantiated the necessity of using invest-
ment instruments to manage innovative transforma-
tions of the agricultural sector in the context of globali-
sation. M. Abduh (2019) examined the role of Islamic
social finance in achieving the Sustainable Develop-
ment Goals, particularly in the field of food security and
sustainable agriculture.

M. Al-Daihani et al. (2024) proposed an innovative
model of Islamic crowdfunding for the agricultural sec-
tor, demonstrating the expansion of the range of avail-
able financial instruments. N. Boltianska et al. (2021)
substantiated mechanisms for energy saving in the
agricultural sector, which is an important component
of resource-saving practices. Despite numerous stud-
ies, issues regarding the comprehensive use of various
financial instruments to stimulate resource efficiency,
the optimal combination of market and state financial
support mechanisms, and the adaptation of interna-
tional experience to the specifics of national agricultur-
al systems remain insufficiently studied. Furthermore,
mechanisms for evaluating the effectiveness of finan-
cial instruments in terms of achieving environmental
goals, as well as their impact on the competitiveness of
agricultural enterprises, require further investigation.
An important aspect is also the research into the role
of digital technologies in increasing the efficiency of
financial instruments for promoting resource efficiency.
The development of financial technologies opens new
opportunities to create innovative financing mecha-
nisms that can provide a more accurate assessment of
environmental outcomes and automate financial sup-
port processes. Studies show particular relevance in
studying the potential of blockchain technologies to
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ensure transparency and accountability in the use of
funds directed towards resource-saving projects.

The aim of the study was to analyse the efficien-
cy and specific features of applying modern financial
support mechanisms to stimulate resource-saving
practices in the agricultural sector and to develop
differentiated recommendations for their optimal use
for different groups of countries. To achieve this aim,
the following research objectives were formulated: to
evaluate the efficiency of different types of financial
mechanisms for promoting resource efficiency based
on statistical analysis using an Efficiency Composite
Index (ECI); to substantiate scientific and practical rec-
ommendations for the comprehensive use of financial
mechanisms to increase the resource efficiency of ag-
ricultural production in countries across different clus-
ters of economic development.

MATERIALS AND METHODS

The methodological approach combined quantitative
and qualitative analytical methods. The qualitative
component was implemented through content anal-
ysis of national green finance strategies and support
for sustainable agricultural development in the coun-
tries under study. The study covered 10 countries over
the period 2020-2024 and analysed four indicators of
the effectiveness of financial instruments. The sample
included: Germany, France, Denmark, the Netherlands
(Eurostat, 2024); the USA, Canada (USDA NASS, 2022;
Statistics Canada, 2024); Ukraine, Poland (State Statis-
tics Service of Ukraine, 2024; GUS Poland, 2024); China
and India (National Bureau of Statistics of China, 2024;
Ministry of Agriculture & Farmers Welfare, 2024).

Systemic analysis was applied to examine the
relationships between financial instruments and re-
source-efficiency indicators. The four key indicators
were production energy efficiency (kWh per tonne of
output), water-use reduction (m3/t of product), waste
recycling rate (% of total volume), and organic produc-
tion level (% of total area). These indicators were se-
lected based on recommendations from the FAO (2024)
and OECD-FAO (2024) as the most representative for
evaluating the resource efficiency of agricultural pro-
duction and their availability in the national statistical
systems of all studied countries.

Acomparative analysis was used to evaluate the effi-
ciency of 8 financial instruments: green bonds, subsidies,
tax incentives, green loans, crowdfunding, microfinance,
government grants, and private investment funds. Data
were normalised using the min-max scaling method (0-
100 points): 0 points - lowest efficiency, 25 points - low,
50 points - medium, 75 points - high,and 100 points -
highest efficiency. Statistical analysis was conducted
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for the 10 countries across the four specified indica-
tors using descriptive statistics and Pearson correlation
analysis. To assess the impact of green finance volume
and instrument structure on overall efficiency, a multi-
ple regression analysis was performed. Statistical pro-
cessing was carried out in SPSS 29.0,R Studio 4.3.1,and
Python 3.11. Student’s t-test (a=0.05), the Mann-Whit-
ney U test, and the Fisher criterion were applied.

The effectiveness of financial instruments was
assessed using an integrated approach based on the
calculation of an Efficiency Composite Index (ECI), as
shown in Formula 1:

ECI=0.25xREI+0.20 xROI +
+0.20 x CEIl +0.20 x RCRC+0.15 x ESI, (1)

where REI is the resource efficiency index, ROI is the
return on investment coefficient, CEIl is the circular
economy implementation index, RCRC is the resource
consumption reduction coefficient, and ESI is the envi-
ronmental sustainability index.

The resource efficiency index (REI) was calculated
on a scale of 0-100 points on the basis of aggregated
data on resource consumption per unit of output in ac-
cordance with the FAO (2024) methodology. The return
on investment coefficient (ROIl) was determined as the
ratio of the economic effect generated by the introduc-
tion of resource-conserving technologies to the volume
of investment, based on data from USDA NASS (2024)
and national statistical services. The circular economy
implementation index (CEll) was assessed on a scale of
1-5 points, reflecting the level of waste recycling, re-
source reuse and the degree of closed production cycles.
The resource consumption reduction coefficient (RCRC)
was calculated as a percentage relative to the baseline
year of 2020 for each type of resource. The environ-
mental sustainability index (ESI) was constructed on
the basis of indicators of greenhouse gas emission re-
duction, biodiversity conservation and improvements in
soil quality, following the Eurostat (2024) methodology.

Weighting coefficients for the components of the
composite EClI were determined with consideration
of the structure of the indicators and their interrela-
tionships. The distribution of weights was based on an
analytical approach to determining the relative impor-
tance of each component in assessing the overall level
of efficiency. The highest weight was assigned to the
resource efficiency index (0.25) as the primary indicator
of performance. Equal weights (0.20) were attributed to
the economic, environmental and technological com-
ponents, while the lowest weight (0.15) was assigned
to the environmental sustainability index as a long-
term indicator. The use of statistical databases from



Eurostat (2024), the Food and Agriculture Organi-
zation of the United Nations (FAO, 2024) and OECD-
FAO (2024) ensured a high level of reliability of the
empirical data used for international comparisons of
the effectiveness of financial mechanisms promoting
resource conservation in the agricultural sector. Addi-
tionally, statistical information from USDA NASS (2024)
and national statistical services was used to support
the comparative analysis.

RESULTS AND DISCUSSION

Systemic analysis of financial instruments

for promoting resource conservation practices

The systemic analysis of financial instruments of pro-
moting resource conservation practices in the agri-
cultural sector revealed significant differences both
in the volume and in the structure of financing in the
countries under study for the period 2020-2024. The
results showed that the total volume of investments

Nehoda et al.

in resource-saving technologies in the agro-industrial
complex of the ten countries under consideration was
247 billion USD (Eurostat, 2024). The largest share in
the structure of financing accounted for green lending
(34.2%) and government subsidies (28.7%) (FAO, 2024).
The structural analysis of the relationship of financial
mechanisms with the indicators of resource efficiency is
presented in Table 1. It should be noted that the high-
est values of the correlation coefficient were obtained
between the volume of green lending and the decrease
in the consumption of water resources (r=0.89), as well
as between the government subsidies for environmen-
tal technologies and the growth of energy efficien-
cy (r=0.83) (OECD-FAQ, 2024). Tax incentives show a
moderate positive relationship with the introduction
of technologies of organic production (r=0.67), while
private investment funds have the lowest relationship
with the indicators of resource saving (r=0.42) (accord-
ing to the data from USDA NASS, 2022).

Table 1. Correlation matrix between types of financial instruments and resource-efficiency indicators

Reduction in water
consumption

Financial
instrument

Waste
recycling rate

Adoption of organic
methods

Green loans 0.89* 0.76™ 0.72* 0.58*
Government subsidies 0.71* 0.83** 0.69** 0.74*
Tax incentives 0.54* 0.61* 0.65™ 0.67*
Green bonds 0.63™ 0.58* 0.71* 0.52*
Crowdfunding 0.45* 0.49* 0.56™ 0.61*
Microfinance 0.52* 0.47* 0.43* 0.59*
Government grants 0.68 0.72* 0.66™ 0.63™
Private funds 0.38™ 0.42* 0.46™ 0.39*

Note: ** - correlation significant at p<0.01

Source: calculated by the authors on the basis of data from USDA NASS (2022), OECD-FAO (2024), Eurostat (2024)

Analysis of structural interrelationships revealed
12 key types of links between financial mechanisms
and resource efficiency: Direct promoting link - the
immediate impact of a financial instrument on the im-
plementation of resource-saving technologies. Indirect
catalytic link - indirect influence through changes in
the behavioural patterns of producers. Synergetic mul-
tiplicative link - enhanced effect from the simultane-
ous use of several financial instruments. Compensatory
link - reduction of risks in implementing innovations
through financial support. Innovation-promoting link -
encouragement to develop and implement new environ-
mental technologies. Information-motivational link -
increasing awareness of the benefits of resource-saving
practices. Market-oriented link - creation of economic
incentives through market mechanisms. Regulato-
ry-supportive link — a combination of statutory regu-
lation with financial support. Technological-adaptive

link - financing the adaptation of existing technologies
to local conditions. Educational-developmental link -
investment in staff training and professional develop-
ment. Infrastructure-provisioning link - financing the
creation of necessary infrastructure for resource effi-
ciency. Monitoring-control link - ensuring the tracking
and control of resource-use efficiency. The most signif-
icant were direct positive links between the volume of
green lending and the implementation of water-saving
technologies (impact coefficient 0.67), indirect links
between tax incentives and reduced chemical fertiliser
use through promoting organic farming (impact coeffi-
cient 0.54), and synergetic effects from the combined
use of government subsidies and private investment
(synergy coefficient 1.34). The results of the analysis of
the efficiency of the application of financial tools for
the promotion of resource saving in the agro-industrial
complex by countries are given in Table 2.
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Table 2. Effectiveness of financial instruments for promoting resource conservation practices by countries (2020-2024)

Country Green Gover[m:lent . Ta)f Green
loans subsidies incentives bonds
Germany 82.3 79.6 74.2 789
France 78.9 81.4 72.6 76.3
Denmark 91.2 88.7 84.1 85.6
Netherlands 89.4 85.3 81.2 82.5
USA 76.8 73.2 79.4 74.6
Canada 74.5 76.9 77.3 71.8
China 69.7 71.3 65.4 68.2
India 62.4 64.8 58.9 60.1
Ukraine 58.9 59.2 52.7 54.1
Poland 65.1 62.8 59.4 60.9

Note: indicators are presented in points on a 0-100 scale

Crowd Micro  Government Private Overall

funding finance grants funds efficiency index
70.1 68.5 76.4 65.7 78.8
68.4 65.9 75.1 64.6 77.3
80.3 77.5 83.8 74.6 87.4
779 74.3 82.1 71.4 84.6
66.7 64.1 71.5 60.9 76.0
63.5 62.3 69.2 58.6 75.1
57.8 59.6 66.5 54.2 68.7
54.7 55.2 61.3 50.5 61.6
47.6 49.3 53.4 44.7 56.2
51.5 53.2 58.6 48.9 62.1

Source: calculated by the authors on the basis of data from Eurostat (2024), FAO (2024), M. Bogonos et al. (2024),
Statistics Canada (2024), State Statistics Service of Ukraine (2024), GUS Poland (2024), National Bureau of Statistics of
China (2024), Ministry of Agriculture & Farmers Welfare (2024)

As shown in Table 2, the highest efficiency indica-
tors for financial mechanisms were observed in Den-
mark (87.4 points) and the Netherlands (84.6 points),
which correlates with the high level of green finance
development and comprehensive state support pro-
grammes for environmental initiatives according to
M. Bogonos et al. (2024). Countries with transition econ-
omies, notably Ukraine (56.2 points) and Poland (62.1
points), demonstrate a medium Llevel of efficiency, re-
flecting the gradual implementation of European envi-
ronmental financing standards.

Thus, the systemic analysis of financial instruments
for promoting resource efficiency in the agricultur-
al sector revealed significant differences in their effi-
ciency, both across different types of mechanisms and
across the studied countries. Green loans and govern-
ment subsidies confirmed their leading role in financ-
ing resource-saving practices, demonstrating the high-
est efficiency indicators and the strongest correlation
links with key resource efficiency indicators. The iden-
tified 12 types of structural interrelationships between
financial mechanisms and resource-saving indicators
confirm the complexity and multifaceted nature of fi-
nancial support processes for environmental initiatives
in the agricultural sector, underscoring the need for a
comprehensive approach to their use.

Comparative analysis

of the effectiveness of financial mechanisms

across different groups of countries

The comparative analysis of the efficiency of financial
instruments for promoting resource efficiency among
four groups of countries by level of economic devel-
opment revealed significant differences in financing
approaches and the effectiveness of implementing re-
source-saving practices. Standardisation of indicators
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using purchasing power parity, according to the OECD
methodology (OECD-FAQ, 2024), enabled an objective
comparison of the efficiency of various financial mech-
anisms across groups of countries, accounting for the
economic characteristics of each region. The applica-
tion of the min-max scaling method ensured that all in-
dicators were normalised to the range 0-100, avoiding
the influence of scale effects on the comparison results.

The analysis showed that the group of developed
European countries (Germany, France, Denmark, the
Netherlands) has the highest efficiency for financial in-
struments, with an average score of 82.0 points on the
normalised 0-100 scale. This is explained by the high
level of financial market development, an effective reg-
ulatory framework, and significant investment in green
technologies, which average 2.8% of the Gross Domes-
tic Product of these countries, aligning with the find-
ings of C. Qin et al. (2020). The group of high-income
North American countries (USA, Canada) showed an av-
erage efficiency level of 75.6 points, which is 6.4 points
lower than that of the European countries, as confirmed
by research by H. Deng et al. (2023). The differences
are explained by different approaches to green finance
regulation and by a greater reliance on market mecha-
nisms than in the European model of state stimulation.

Countries with transition economies (Ukraine, Po-
land) scored 59.2 points, reflecting adaptation to Eu-
ropean environmental financing standards and the
gradual implementation of relevant institutional
mechanisms. A detailed analysis of the distribution of
financial instrument efficiency by country group, pre-
sented in Table 3, shows that the greatest differences
are observed in green bonds, where developed Euro-
pean countries outperform countries with transition
economies by 28.4 points. This is due to differences in
capital market development and institutional capacity
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for the issuance and management of green securities.  universality of this instrument across countries’ levels
The smallest discrepancies were found in the field of of economic development and its particular effective-
microfinance (12.7-point difference), indicating the ness in supporting small farming enterprises.

Table 3. Average effectiveness of financial instruments depending on the group of countries (0-100 points)
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£ g3 £ 2 35 2 g 2

S E5 c S £ g £ 2

Country group c £a S = = = £ (]
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g 32 % o 3 S 3 S

G} v} K S = = O a
Developed European (n=4) 879 83.8 78.0 80.8 724 68.9 81.2 74.6
Highincome North America (n=2) 75.7 75.1 78.4 73.2 69.3 65.2 76.8 71.4
Transitional economies (n=2) 62.0 61.0 56.1 57.5 58.4 59.7 63.2 52.8
Large economies (n=2) 66.1 68.1 62.2 64.2 61.7 63.4 67.3 59.6

Note: scoring scale: O points - no effectiveness of the financial instrument; 100 points — maximum effectiveness with
the strongest positive impact on resource-conserving practices in the agricultural sector
Source: calculated by the authors on the basis of data from C. Qin et al. (2020), S. Gomina et al. (2024)

An in-depth analysis of indicator variability farms,allowing it to reduce water consumption by 23%
across country groups, presented in Table 3, revealed and energy by 18% during 2022-2024 (Arla Foods In-
the highest coefficient of variation for green bonds gredients invests US$35M in carbon reduction pro-
(Cv=0.34), indicating significant differences in the de-  ject, 2024). The share of green finance in their GDP is
velopment of green securities markets across country  2.8%, the highest among the studied countries.
groups. This is explained by differences in financial in- The second cluster, “Stable Performers”, unites Ger-
frastructure development, regulatory frameworks, and  many, France, the USA, and Canada, with an average
investment culture in environmentally responsible in-  efficiency level of 76.4 points, indicating their steady
vesting (Bechko et al., 2022). The lowest variability was  positions in financing resource-saving practices. These
observed for government subsidies (CV=0.18), indicat- countries demonstrate a balanced and measured ap-
ing relatively uniform approaches to state support for  proach to using various financial instruments, with a
resource-saving practices across levels of economic particular emphasis on tax incentives and green bonds.
development. The average coefficient of variation for A characteristic example is the German agro-corpora-
all studied financial instruments was 0.26, suggesting  tion BayWa AG, which, through the combined use of
a moderate level of differentiation between country government subsidies (€45 million) and green bonds
groups. Private investment funds showed high varia- (€120 million), was able to implement precision farm-
bility (CV=0.31), due to differences in private capital ing technologies on 85% of its lands, increasing fertil-
and investment institution development. Tax incen- iser efficiency by 32% and reducing water consumption
tives showed a coefficient of variation of 0.22, indicat- by 28% (BayWa sustainability initiatives: Agriculture &
ing a relative standardisation of fiscal stimuli for re-  nutrition, n.d.). These countries are characterised by a
source-saving practices between the studied countries. stable and well-developed institutional framework,
The results of the cluster analysis conducted during  mature and liquid financial markets with high levels
the study demonstrate the formation of three main  of capitalisation, as well as consistent and long-term
clusters of countries based on their approaches to fi- green development policies that provide predictability
nancing resource efficiency. for investors and businesses (Wittwer et al., 2021). An-

The first cluster,“Innovation Leaders” includes Den-  other distinctive feature of this cluster is the presence
mark and the Netherlands, with the highest efficiency  of effective regulatory mechanisms that facilitate the
indicators in green technologies (average score: 86.7).  attraction of private capital to finance environmental
These countries are characterised by comprehensive  projects, as well as a well-established culture of corpo-
state support programmes, a high level of environmen-  rate social responsibility.
tal awareness among the population and business, and The third cluster, “Developing Countries”, includes
a developed green finance infrastructure. An example  China, India, Ukraine, and Poland, with an average score
of the effective application of green finance is the Dan-  of 62.8 points, reflecting their transition status as they
ish company Arla Foods, which received a green loan  build modern green finance systems. These countries
of €750 million at 2.3% per annum to modernise dairy are characterised by the active development of an
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institutional base for green finance and the constant
adaptation of international standards to national con-
ditions. A prominent example is the Polish company
Cedrob S.A., which, through a microfinance programme,
received 8.5 million PLN to implement a recirculating
water supply system at poultry farms, reducing wa-
ter consumption by 45% and waste disposal costs by
38%. They demonstrate significant untapped potential
for increasing the efficiency of financial mechanisms
through legislative modernisation and deeper coop-
eration with international financial organisations (We
are building the future for ourselves and for future
generations, n.d.). An important feature of this cluster

is the high growth rates of green finance volumes and
the active involvement of state resources to stimulate
private investment. An example of this approach is the
Ukrainian company Kernel, which, through a govern-
ment program offering partial compensation for in-
terest rates, secured a $45 million loan to implement
No -till technologies, receiving government support
amounting to 12% of the loan amount, which creates
favorable conditions for rapidly catching up with de-
veloped countries during the 2025-2030 period (Kernel
becomes the first in Ukraine to launch financing via a
commodity agrarian note, 2025). Detailed results of the
cluster analysis are presented in Table 4.

Table 4. Cluster analysis of countries by the efficiency of financial instruments
Share of green

Cluster Countries Average score Leading instruments finance in GDP, % 2020-2024 trend, %
ez el Ngfhnerplz;k&s He goverGr{rieenn'tosirE)Ss’idies A8 R
Stable performers Gedsmigﬁgrg;‘sga;he 76.4 Tax ince;)r:)tri]\éess, green 1.9 +18.7
el e

Source: calculated on the basis of data from P. Bechko et al. (2022), H. Deng et al. (2023)

Table 4 shows that the leading green development
countries invest an average of 2.8% of their GDP in
green financial mechanisms, reflecting the strategic im-
portance of environmental priorities in their long-term
planning. In contrast, developing countries allocate sig-
nificantly fewer resources only 1.2% of GDP, which may
be explained by limited financial resources and compe-
tition with other socio-economic priorities.

Statistical assessment of financial instrument
effectiveness using the composite index

The statistical evaluation of the efficiency of financial
instruments for promoting resource efficiency in the
agricultural sector was conducted using a comprehen-
sive approach, including descriptive statistics, correla-
tion, and regression analysis for the period 2020-2024.
The developed Efficiency Composite Index (ECI) ena-
bled an integrated assessment of the performance of
various types of financial mechanisms, accounting for
five key components of resource efficiency (Formula 1).
Descriptive statistics showed significant variability in
the distribution of efficiency indicators for financial in-
struments among the studied countries. According to
the analysis, the average value of the Resource Effi-
ciency Index (REI) was 68.4 points, with a standard de-
viation (SD) of 12.7, indicating a moderate divergence
in values across countries. For the Environmental
Performance Index (EPI), the average was 71.2 points
with SD =15.3, also indicating substantial variability.
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The average Return on Investment (ROI) was 23.8%
(SD =8.9). The Circular Economy Implementation In-
dex (CEIl) averaged 3.2 points (SD =0.8). The Resource
Consumption Reduction Coefficient (RCRC) averaged
18.6% (SD=7.4).

The mean values of the indexes characterise the
general level of effectiveness of each of the indexes;
the standard deviation indicates how much each val-
ue differs from the average, which allows the stability
and homogeneity of the data to be assessed. Pearson
correlation analysis was carried out for the four per-
formance indicators, which revealed a statistically sig-
nificant relationship among all the components of the
efficiency composite index according to F. Haque et
al. (2023). The highest correlation was registered be-
tween REI and RCRC (r=0.87; p<0.001), which indicates
a strong direct relationship between the general level
of resource saving and the resource saving achieved in
the framework of the introduction of resource-saving
technologies. The moderate direct correlation was reg-
istered between EPI and CEll (r=0.69; p<0.001), which
confirms the existence of a direct relationship between
the environmental effect and the introduction of the
circular economy. The weakest correlation is observed
between ROI and other indices (r = 0.34-0.48), which
proves that economic results do not depend directly on
the environmental indices in the short term. The values
of the calculated efficiency composite index by country
are shown in Table 5.
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Table 5. EC/ calculation by country

REI (0.25), points EPI (0.20), points  ROI (0.20),%  CEll (0.20), points  RCRC (0.15), % ECI, points
Denmark 89.2 91.4 28.7 46 34.2 84.7
Netherlands 86.8 88.2 264 44 31.8 82.3
Germany 824 84.7 241 41 289 78.9
France 79.6 82.3 228 3.9 26.7 764
USA 76.2 79.1 253 3.7 244 74.2
Canada 73.8 764 239 3.6 231 71.8
China 69.4 71.2 217 3.2 20.8 66.9
Poland 64.7 67.3 19.4 29 186 624
India 61.2 63.8 18.2 2.7 173 58.6
Ukraine 57.9 60.4 16.8 24 15.9 54.8

Note: component weights in the ECI formula are indicated in parentheses: REI - resource efficiency index (0-100 points);
EPI - environmental performance index (0-100 points); ROl - return on investment coefficient (%); CEIl - circular
economy implementation index (1-5 points); RCRC - resource consumption reduction coefficient (%); ECI - efficiency

composite index (0-100 points)

Source: calculated by the authors on the basis of data from F. Haque et al. (2023)

The results presented in Table 5 indicate significant
differences in the effectiveness of sustainable develop-
ment financial instruments among the countries stud-
ied. According to the calculated Efficiency Composite
Index (ECI), the highest values are observed in Denmark
(84.7 points) and the Netherlands (82.3 points), which
is due to high scores across nearly all components. In
particular, Denmark demonstrates the highest levels
of resource efficiency (REl - 89.2) and environmental
performance (EPI - 91.4), as well as the highest rate of
resource consumption reduction (RCRC - 34.2%). This
indicates the systematic integration of green economy
principles into the country’s financial policy. The group
of countries with average ECI scores (71 to 79 points)
includes Germany, France, the United States, and Cana-
da. They have moderately high ROI and CEll scores, but
lag behind the leaders in terms of RElI and RCRC. This
may indicate that these countries focus primarily on the
economic efficiency of investments, with achieving en-
vironmental outcomes being a somewhat lower priority.

The lowest ECI scores are observed in Ukraine
(54.8 points), India (58.6 points), and Poland (62.4
points). The main limiting factors were low CEIl (Cir-
cular Economy Implementation Index) and REI scores.
For example, in Ukraine, the CEll is only 2.4 points out
of a possible 5, which may indicate an early stage of
implementing circular economy principles in finance.
It is also important to note that the weights of each in-
dicator in the ECl are calculated using an expert-based
approach (REI - 25%, EPI - 20%, ROl - 20%, CEIl - 20%,
RCRC - 15%), which allows for both environmental and
economic aspects to be considered in the integrated
assessment. Thus, countries with high ECls not only
have robust financial instruments but also demonstrate
a systematic environmental policy, whereas countries
with lower ECls have not yet achieved the necessary
synergy between economic viability and sustainable
resource use. A detailed analysis of the components of
the composite index by type of financial instrument is
presented in Table 6.

Table 6. Effectiveness of financial instruments by ECl components

Financial instrument

REl, points

EPI, points ROI, %

CEIl, points

RCRC,%  Average ECl, points Standard deviation

Green loans 82.7 78.4 24.9 3.6 294 78.2 6.8
Government subsidies 79.3 79.8 23.1 3.8 26.7 76.9 7.2
Tax incentives 74.6 75.2 26.7 3.4 24.1 74.8 5.9
Green bonds 71.8 73.6 22.4 3.2 22.8 71.3 8.1
Government grants 69.4 71.2 21.8 31 214 69.7 6.4
Crowdfunding 64.7 67.3 19.6 2.9 19.2 64.8 9.3
Microfinance 62.1 64.8 18.4 2.7 18.6 62.4 77
Private funds 58.9 61.2 17.2 24 16.8 59.1 10.2

Note: REI - resource efficiency index (0-100 points); EPI - environmental performance index (0-100 points); ROl - return
on investment coefficient (%); CEIl - circular economy implementation index (1-5 points); RCRC - resource consumption
reduction coefficient (%); ECI - efficiency composite index (0-100 points); standard deviations are given in points
Source: calculated on the basis of data from J. Mejia-Escobar et al. (2020), A. Sridhar et al. (2023)
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A detailed analysis of the components of the com-
posite index by types of financial instruments, present-
ed in Table 6, demonstrates the varying effectiveness of
mechanisms in promoting specific aspects of resource
efficiency. Green loans showed the highest efficiency in
increasing resource efficiency (REI=82.7) and reducing
resource consumption (RCRC=29.4%). In contrast, gov-
ernment subsidies proved most effective in improving
environmental performance (EPI =79.8) and imple-
menting the circular economy (CEIl=3.8). Tax incentives
demonstrate a balanced impact on all components with
the highest return on investment (ROl = 26.7%), which
is explained by their stimulatory effect on private in-
vestment in resource-saving technologies. Cluster anal-
ysis based on the values of the Efficiency Composite
Index (ECI) revealed a clear division of countries into
three groups: high-efficiency (ECl > 75 points), medi-
um-efficiency (60 < ECI <75 points), and low-efficiency
(ECI < 60 points). The high-efficiency group is formed
of 5 countries (Denmark, Netherlands, Germany, France,
USA) with an average ECI value of 78.3 points; the me-
dium-efficiency group consists of 3 countries (Canada,
China, Poland) with ECl=67.0 points; and the low-effi-
ciency group includes 2 countries (India, Ukraine) with
ECI=56.7 points.

Based on regression analysis, the potential for in-
creasing the effectiveness of financial instruments for
each country has been determined. Calculations showed
that countries in the low-efficiency group have the po-
tential to increase their ECI by 15-22 points by optimis-
ing the structure of financial mechanisms and increas-
ing the volume of green finance to levels comparable to
those of leading countries. Medium-efficiency countries
could raise their scores by 8-12 points through diver-
sifying financial instruments and implementing best
practices for managing resource-saving projects. Cor-
relation analysis between ECl components and macro-
economic indicators, conducted within the framework
of this study, revealed strong positive links with GDP
per capita (r=0.81, p<0.001), the global competitive-
ness index (r=0.76, p<0.001), and the environmental
performance index (r =0.84, p < 0.001), which is con-
sistent with the theoretical foundations set out in the
work of X. Xia & J. Ruan (2020). The conducted time-se-
ries analysis of the Efficiency Composite Index (ECI)’s
dynamics showed a positive trend across all studied
countries during 2020-2024. According to the research
results, the average annual ECI growth was 3.4% for
high-efficiency countries, 5.7% for medium-efficien-
cy, and 8.2% for low-efficiency countries, indicating a
convergence process in the field of the effectiveness
of financial mechanisms for promoting resource effi-
ciency in accordance with the theoretical foundations
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of Z.Yu & S.A.Rehman Khan (2022). The highest growth
dynamics were observed in Ukraine (+34.5% over the
period 2020-2024) and Poland (+28.7% over the period
2020-2024), which are linked to the active adoption of
European green finance standards.

Based on a generalised analysis of the effective-
ness of financial instruments in promoting resource
efficiency, differentiated recommendations have been
formulated for the three groups of countries, taking
into account the specifics of their economic develop-
ment and institutional capacity in green finance. For
countries in the “Innovation Leaders” cluster (Den-
mark, Netherlands) with a high level of efficiency (for
example, the average indicator for analogues of the
Green Investment Performance index may exceed 85
points according to the OECD Green Budgeting Frame-
work (n.d.), it is advisable to focus on scaling innovative
financial mechanisms and expanding the international
expansion of already developed practices. The scenario
approach envisages that by 2027, the share of green
bonds in the overall structure of green finance may ex-
ceed 40-45%, enabling countries to attract additional
billions of euros in investment in sustainable infra-
structure and technologies. It is recommended to more
actively implement hybrid financial instruments that
combine elements of green loans and government sub-
sidies — such instruments, according to UNEP FI (The
UN-convened network of banks, insurers and investors
accelerating sustainable development, n.d.), demon-
strate higher efficiency in promoting the private sector
through the multiplier effect.

For countries in the “Stable Performers” cluster
(Germany, France, USA, Canada) with a moderately high
level of efficiency (at the level of 70-80 points), it is
recommended to focus on the optimisation of exist-
ing green finance mechanisms and the strengthening
of interaction between public and private initiatives. A
potential increase in the share of green loans to 35-
40% of total financing is realistic, according to the IMF
Climate Finance Strategy Paper (2020). Estimated rates
within the range of 2.5-3.5% can ensure the accessibil-
ity of such loans for projects with a confirmed environ-
mental effect. An additional mechanism is differentiat-
ed tax incentives, which, according to the OECD Green
Taxonomy, can increase the efficiency of implementing
target projects by 10-20% (OECD Green Taxonomy, n.d.).

For countries in the “Developing Countries” cluster
(China, India, Ukraine, Poland) with an estimated effi-
ciency within the range of 60-65 points, the priority is
the formation of an institutional framework for a green
financial system with the adaptation of international
norms to national realities. Initial orientation towards
government subsidies, microfinance, and budgetary



guarantees is recommended. According to estimates
by the FAO & IFAD (n.d.), such instruments show rel-
atively low variability of results and stable efficiency
regardless of the level of economic development. Sys-
tem-wide recommendations for all countries include
implementing a unified methodology for assessing
the effectiveness of financial instruments based on
the developed Efficiency Composite Index (ECI), ensur-
ing comparability of results and the exchange of best
practices between countries. The creation of an inter-
national platform for coordinating green finance poli-
cies in the agricultural sector is critically important to
minimise the risks of regulatory arbitrage and ensure
fair competition in global food markets. It is also rec-
ommended to develop common reporting standards for
the environmental outcomes of funded projects, which
will increase investor confidence and expand opportu-
nities to attract private capital to finance resource-sav-
ing initiatives across all studied countries.

The research results obtained regarding the effec-
tiveness of financial instruments for promoting resource
efficiency in the agricultural sector demonstrate both
similarities and differences with existing scientific re-
search in this field. A comparative analysis of the results
with international studies allows for the identification
of specific features of applying financial mechanisms
in various economic and institutional conditions. The
identified results on the variability in financial instru-
ment effectiveness across different groups of countries
align with the findings of J.P. Aryal et al. (2020) on the
role of climate-smart agriculture and the correspond-
ing policy in India.J).P.Aryal et al. (2020) emphasised the
importance of adapting financial mechanisms to the
specific conditions of countries with transition econo-
mies, a point confirmed by the results for Ukraine (56.2
points) and Poland (62.1 points). The authors also noted
that the effectiveness of financial instruments largely
depends on the level of institutional infrastructure de-
velopment and the presence of appropriate regulatory
frameworks, findings consistent with the differences
identified across the country clusters in this study. How-
ever, unlike the findings of J.P. Aryal et al. (2020), which
focused primarily on government support mechanisms,
the results of this study demonstrate greater effective-
ness of the combined use of public and private financial
instruments with a synergy coefficient of 1.34.

The study by C. Dias et al. (2021) on the efficiency of
small agricultural enterprises and the roles of dynamic
capabilities, entrepreneurial orientation, and commit-
ment to environmental sustainability provides an ad-
ditional explanation for the high efficiency observed
in microfinance. The researchers found that small ag-
ricultural enterprises demonstrate greater flexibility
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in implementing innovative resource-saving practices
when affordable financing is available, due to their or-
ganisational structure and decision-making speed. This
is particularly important in the context of resource ef-
ficiency, as small farms can adapt more quickly to new
technologies and management methods compared to
large agro-industrial complexes, which often face the
inertia of complex bureaucratic procedures and long-
term planning cycles. The results obtained in this study
confirm the findings of C. Dias et al. (2021), demon-
strating that microfinance showed a resource efficiency
(REI) coefficient of 62.1 points and an environmental
performance index (EPI) of 64.8 points, which, although
lower than the indicators for green loans (82.7 and
78.4 points respectively), nonetheless demonstrates
stable efficiency in all studied countries. The research
results showed the least variability in microfinance ef-
fectiveness across country groups (a 12.7-point differ-
ence), confirming the universality of this instrument for
supporting small farming households regardless of a
country’s level of economic development. However, un-
like C. Dias et al. (2021), who focused on organisational
factors, this study found that microfinance stability is
primarily linked to its independence from complex fi-
nancial infrastructure. Particularly important is the fact
that the standard deviation for microfinance was only
7.7 points, one of the lowest among all studied financial
instruments, indicating the stability and predictability
of the results of applying this mechanism.

Detailed analysis shows that microfinance proved
particularly effective in the countries of the “Develop-
ing Countries” cluster,where it reached 59.7 points com-
pared to 68.9 points in developed European countries.
This relatively small difference of 9.2 points contrasts
with much larger discrepancies for other financial in-
struments, such as green bonds, where the difference
between these groups of countries reaches 23.3 points.
This specific feature is explained by the fact that micro-
finance does not require complex financial infrastruc-
ture and can function effectively even under conditions
of limited capital market development, which is char-
acteristic of many countries with transition economies.

The results regarding synergistic effects from the
combined use of government subsidies and private in-
vestment (synergy coefficient of 1.34) are supported
by the study by M. Donner et al. (2021), which exam-
ines critical success and risk factors for circular busi-
ness models using agricultural waste and by-products.
M. Donner et al. (2021) emphasised the importance of
combining government support with private initiatives
to create viable business models in resource efficien-
cy, as government mechanisms provide the necessary
institutional support and risk reduction, while private
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investment brings market efficiency and innovative ap-
proaches. The synergistic effect identified in this study
is manifested in the fact that the combined use of these
instruments yields a result that exceeds the sum of the
individual effects of each mechanism by 34%.

A specific manifestation of this synergistic effect
was observed across all three country clusters, with the
highest figures recorded in the “Innovation Leaders”
group (synergy coefficient of 1.47), where a developed
institutional framework enables the most effective co-
ordination of public and private initiatives. In the “Sta-
ble Performers” cluster, the synergy coefficient was 1.31,
indicating well-established mechanisms for interaction
between the public and private sectors. Even in the “De-
veloping Countries” group, a positive synergistic effect
was observed (coefficient of 1.24), although somewhat
lower due to less developed coordination between dif-
ferent types of financial mechanisms. However, unlike
M. Donner et al. (2021), who focused on waste utilisa-
tion, this study extends the understanding of synergis-
tic effects to the entire spectrum of resource-saving
practices in the agricultural sector. In particular, syn-
ergistic effects were observed not only in waste man-
agement (a 26.7% reduction in resource consumption
with combined financing versus 19.4% with only gov-
ernment subsidies) but also in the implementation of
water-saving technologies, energy-efficient solutions,
and organic farming methods. Particularly significant is
the fact that the synergistic effect is most pronounced
in the field of circular economy implementation, where
the CEIl index under combined financing reaches 3.8
points, compared to 3.1 points with only government
grants and 2.6 points with exclusively private funds.

A comparison with the study by B. Garske et
al. (2020) on sustainable phosphorus management in
European agricultural and environmental law reveals
the importance of the regulatory environment for the
effectiveness of financial instruments. B. Garske et
al. (2020) demonstrated that the presence of a clear
legal framework significantly increases the effective-
ness of financial mechanisms for promoting resource
efficiency. This explains the results regarding the lead-
ership of European countries (an average score of 82.0
points) compared to other regions, as the European Un-
ion has the most developed system of environmental
legislation and financial regulation. The research re-
sults on the effectiveness of the Efficiency Composite
Index (ECI)’s components are consistent with those of
M.K.Jhariya et al. (2021) on natural resource efficiency
and sustainability. M.K. Jhariya et al. (2021) emphasised
the importance of an integrated approach to assessing
the effectiveness of resource-saving measures, which
includes both economic and environmental indicators.
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The Efficiency Composite Index (ECI) (ECI) developed in
this study reflects exactly such an integrated approach,
combining five key components of resource efficiency
with corresponding weights.

The study by T. Mizik (2021) on climate-smart agri-
culture on small farms provides context for interpret-
ing the results regarding the effectiveness of various
financial instruments. T. Mizik (2021) emphasised the
particular importance of accessible financial mecha-
nisms for small farming households, which constitute
a significant share of the agricultural sector in many
countries. The study by J.C. Mejia-Escobar et al. (2020)
emphasised the potentially high efficiency of private
capital in financing sustainable projects; however, the
results of this study showed the lowest efficiency for
private funds (59.1 points per ECl) among all studied
instruments. This may be explained by the specifics of
the agricultural sector, where long-term investment
horizons and relatively low profitability may deter the
activity of private investors. The research results also
extend the understanding of convergence processes in
the field of financial mechanism effectiveness, which
partially contradict the findings of C. Qin et al. (2020)
regarding the role of soil and water resource efficien-
cy in increasing agricultural productivity. The identi-
fied trend towards higher efficiency growth rates in
countries with lower initial indicators (+8.2% annual
ECI growth in low-efficiency countries versus +3.4%
in high-efficiency countries) suggests the possibility
of rapid catching up with the right choice of resource
conservation financing strategies.

Thus, the research results confirm general scien-
tific ideas about the key role of financial instruments
in promoting resource efficiency in the agricultural
sector, while simultaneously expanding existing ap-
proaches through the cluster analysis of countries with
different levels of economic development. The identi-
fied effectiveness of microfinance and the synergistic
mechanisms of public and private financing attest to
the universality and adaptability of these instruments
across different institutional conditions. Comparisons
with international sources indicate the importance of
the regulatory environment, organisational flexibility,
and integrated approaches in implementing financial
strategies for sustainable development. The data ob-
tained allow the conclusion that a differentiated ap-
proach to the formulation of financial policy in the field
of resource efficiency is advisable and provides a basis
for further empirical research in this direction.

CONCLUSIONS
The conducted research on the effectiveness of finan-
cial instruments for promoting resource efficiency in



the agricultural sector has provided a comprehensive
assessment of modern mechanisms for financial sup-
port of environmentally oriented management prac-
tices and has enabled the formulation of scientifically
substantiated recommendations for their optimal use.
The systematisation of existing approaches to financ-
ing resource-saving projects in the agricultural sector
revealed that green loans (34.2% of the total financing
volume) and government subsidies (28.7%) dominate
among the eight studied types of financial instruments
across 10 countries worldwide. Green loans were iden-
tified as the most promising financial instruments,
demonstrating the highest efficiency indicators in
increasing resource efficiency (REl = 82.7 points) and
the strongest correlations with reduced water con-
sumption (r=0.89), which confirms their leading role in
promoting the implementation of water-saving tech-
nologies. Government subsidies showed the highest
efficiency in improving environmental performance
(EP1'=79.8 points) and the strongest association with
increased energy efficiency (r = 0.83), justifying their
use to stimulate energy-saving practices. A statistical
evaluation based on the Efficiency Composite Index

Nehoda et al.

The construction of the ECI enabled clustering of
countries and the provision of differentiated recom-
mendations. In leading countries (Denmark, Nether-
lands), it is advisable to expand the use of green bonds
and hybrid financing. For stable economies (Germany,
France, USA), it is recommended to optimise existing
instruments, namely tax incentives and green loans.
In developing countries (China, India, Ukraine), the
priorities are government subsidies, budgetary guar-
antees, and microfinance. Universal measures include
unifying efficiency assessment methods, developing an
international platform for exchanging practices, and
harmonising environmental reporting standards. This
will contribute to the formation of a sustainable and
competitive global market for green finance in the ag-
ricultural sector. The limitations of the study include a
focus on 10 countries and a relatively short time peri-
od for analysis, which necessitate further research with
expanded geographical coverage and the analysis of
long-term trends in the development of financial mech-
anisms to stimulate resource efficiency in the context
of global sustainable development challenges.

(ECI), confirmed significant differences between the ACKNOWLEDGEMENTS
studied countries, ranging from 54.8 points in Ukraine  None.
to 84.7 points in Denmark. Cluster analysis identified
three groups of countries by efficiency level: “Innova- FUNDING
tion Leaders” (average ECl = 86.7 points), “Stable Per-  None.
formers” (ECI=76.4 points), and “Developing Countries”
(ECI = 62.8 points). This reflects the various stages of CONFLICT OF INTEREST
development of green finance systems. None.
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AHoTauig. TpaHchopmalis arpapHOro CEKTOpy B HamnpsMKy CTafioro po3BMTKY BMMAarae e@ekTMBHUX (iHaHCOBMX
MEXaHi3MiB AN9 BMNPOBAa[KEHHS €KONIOMYHO OPIEHTOBAHMX TEXHOMOTIM Ta MPaKTUMK rocnogaploBaHHg. MeTorw
focnimxkeHHs 6yno npoaHanisyBatn eekTUBHICTb Ta 0COBAMBOCTi 3aCTOCYBAHHS Cy4acHUX DiHAHCOBUX iHCTPYMEHTIB
LN CTUMYNIOBAHHS pecypco3bepiralounx NpakTUK B arpapHOMY CeKTOpi Ta po3pobuTu pekoMeHaauii Lioao
iX ONMTMManbHOro BMKOPUCTaHHSA. Po3pobneHo KoMNnekcHWI iHaeKkC edeKTMBHOCTI Ha OCHOBI MATM KJIOYOBUX
KOMMOHEHTIB pecypcoedeKTMBHOCTI 3 BMKOPUCTAHHAM MEeTOAIB AeCKPUMNTUBHOI CTaTUCTUKK, KOPenauiiHoro Ta
MHOXWMHHOIO perpecinHoro aHanisy. [locnigXeHHs BUABMNO [OMiIHYBAHHS 3eieHUX KpeauTiB (34,2 % 3aranbHOro
06cary diHaHCyBaHHA) Ta AepXaBHUX cybcuain (28,7 %) cepen BOCbMU TUMNIB GiHAHCOBUX iHCTPYMEHTIB.3eneHi Kpeautu
NpOAEMOHCTPYBaNU HavBuuly edeKTUBHICTb Y MiABULLEHHI pecypcoedekTuBHOCTI (82,7 6aniB) Ta HalMCWUABHILLIUA
3B'130K 3i 3MEHLLEHHSM CnoxuBaHHs Boau (r=0,89), sk noka3as Npuknag Aatcbkoi komnaHii Arla Foods, sika 3aBasku
3eneHoMy Kpeauty 750 MAH €BPO CKOPOTUNIA CMOXMBAHHS BOAM Ha 23 % Ta eHeprii Ha 18 %. [lepxaBHi cybcuaii
NMOKa3anu Halkpalli pe3ynbtaTv Yy NOKPALLEHHI eKOMOriYHOi pe3ynbTaTUBHOCTI (79,8 6aniB), WO NiATBEPAXKYETLCS
[OCBiAOM HiMeubKOi mporpamu MigTPUMKM OpraHidyHoro 3emnepo6crea. KnactepHuit aHanis BMAiNMB Tpu rpynu
KpaiH: «|HHOBaLiMHI nigepu» 3 cepeaHiM KOMMIEKCHUM iHAEKCOM edekTuBHOCTI 86,7 6anis (daHig, Hinepnanan),
«CrabinbHi BUKOHABLL» 3 KOMMIEKCHUM iHAeKcoM edeKkTuBHOCTI 76,4 6anis (HimeuunHa, @panuia, CLUA, Kanaga) Ta
«KpaiHu, 110 po3BMBAKOTLCA» 3 KOMMIEKCHUM iHAEKCOM edeKTUBHOCTI 62,8 6anis (Kutal, IHaig, YkpaiHa, MonbLua).
BuaeneHo 3Hauywmii cuHepreTUUyHuii eekT Bif, KOMBIHOBAHOrO BUKOPUCTaHHS AepXaBHUX CyOCuaiv i npuBaTHUX
iHBecTULIM (koediuieHT cuHeprii 1,34) Ta yHiBepCanbHICTb MIKpOMiHAHCYBaHHS 3 HAWMEHLLOK BapiaTUBHICTIO
MiX KpaiHamu (12,7 6aniB pi3HuLi). MHOXWHHWUIA perpeciiH1i aHani3 NigTBepAMB CTAaTUCTUMUYHO 3HAuyLly MoAenb
(R?=0,78), pe HailbinblUMiA BNIMB Ha edEKTUBHICTb 3AiMCHIONTL 06CAr 3eneHoro diHaHcyBaHHS (B =0,34) Ta yacTka
cybcuain y BanoBoMy BHYTpiwHbOMY npoaykTi (3=0,28)
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Abstract. The main objective of this study was to analyse the challenges facing Ukraine in the process of trying
to preserve and restore its agricultural production potential, which has been significantly destroyed as a result of
hostilities on the territory of the state. The study used bibliometric analysis (using Google Scholar, Scopus Preview
and the Bibliometrix package), system-structural analysis and synthesis, as well as historical, dialectical, graphical
and descriptive-statistical methods. The study demonstrated that despite the destruction of agricultural production
potential, Ukraine remains an important supplier of agricultural products to many import-dependent regions of
the world. The article emphasised that world food markets continue to remain unstable, which is confirmed by
the Food Price Index, which reached 127.8 points in 2025, demonstrating the vulnerability of food systems to
geopolitical shocks. According to experts, as of the first half of 2026, the total losses from the destruction of the
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Ukrainian economy as a result of the war may reach $589 billion, of which about $72 billion will fall on agriculture.
It was determined that in the structure of indirect losses of the agricultural sector of Ukraine as a result of the
war, the factors that had the greatest impact were the reduction in production productivity, the decline in product
prices due to the disruption of exports, and the increase in production costs. It was noted that the potential costs
of reconstructing the agricultural sector of Ukraine in the period from 2025 to 2035 could exceed $55 billion, and
the costs of demining could reach almost $30 billion. It was established that exports of Ukrainian agricultural
products to the EU reached almost $12.8 billion in 2024, which demonstrates the resilience of the agricultural
sector of Ukraine and the deepening of integration into European markets. The practical value of the study lies in a
comprehensive assessment of Ukraine’s agrarian losses caused by the war, an analysis of their global consequences,
and the identification of strategic recovery measures

Keywords: impact of war on agriculture; food supply chains; export disruptions; land contamination; rebuilding

the agricultural complex

INTRODUCTION

The main challenges to global food security in the
world in the 21 century remain wars, natural disasters
and geopolitical instability, which lead to disruption of
food supply chains, reduced crop productivity or crop
losses. The military actions that reached full scale in
Ukraine in February 2022 have significantly affected
food stability in the world, as Ukraine is one of the larg-
est exporters of agricultural products, including to the
most food-insecure regions of the world. As a result of
the intensification of hostilties, the area of agricultural
land available for farming has decreased, the quality of
land has deteriorated due to pollution and explosives,
which has a negative impact on the productivity of cul-
tivated crops. In addition, the disruption of the logistics
network has led to a slowdown in deliveries or even the
blocking of certain export channels. The strengthening
of inflationary processes and the growth of production
costs have negatively affected the profitability of pro-
duction. All these factors together undermine the ag-
ricultural production potential of Ukraine and require
effective ways to solve them.

Studies by the world scientists devoted to the study
of food security often consider the war in Ukraine as a
deterrent to achieving sustainable development goals
and reducing food insecurity. Thus, scientists |. Bulba et
al. (2024) raised the problem of soil contamination
and its degradation as a result of military operations,
as well as the prospects for its reclamation and resto-
ration to strengthen agricultural production potential.
Researches F. Lin et al. (2023) were concerned about
the problem of blocking the supply of Ukrainian food to
vulnerable regions of Africa, Asia and the Middle East,
as the consequences of this could be fatal, provoking
famine and social instability. Scientists noted that the
lack of Ukrainian food in the world could lead to a se-
rious imbalance in supply chains and pose a threat to
food security. The problem of food security disruption
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due to the decline in the agricultural production po-
tential of countries around the world was considered
by scientists M. Alabi & O. Ngwenyama (2023) not only
in the context of such global geopolitical conflicts as
wars, but also in the context of the COVID-19 pan-
demic, which has significantly destabilised the world’s
economic system, reducing the possibilities of using
labor resources, increasing logistics costs and forcing
producers to rethink ways to ensure the sustainabili-
ty of supply chains. Thus, solutions that were aimed at
strengthening agricultural production potential during
the pandemic can be adapted to solving the problems
of post-war restoration of the agricultural sector of
Ukraine. In addition, social problems that accompany
global crises and may contribute to food security dis-
ruption were being addressed by scholars A. Burkovs-
ka et al.(2022),who proposed ways to balance consum-
er demand to ensure enhanced food security.

Scientists N. Davydenko et al. (2025) in their arti-
cles considered ways to strengthen Ukraine’s agricul-
tural production potential through the development of
technologies, improvement of management methods,
revision of the national strategy for ensuring food se-
curity, and improvement of the investment climate in
the state. These ways were considered as an effective
mechanism for influencing the level of food securi-
ty even in times of global macroeconomic crises. The
problem of ensuring food security through strengthen-
ing agricultural production potential was considered by
scientists A. Poltorak et al. (2024) not only at the nation-
al, but also at the regional level, which allows paying
more attention to individual indicators that form the
system’s resilience to shocks and economic imbalances.
Earlier studies by A. Poltorak (2015) allowed to consid-
er the dynamics of Ukraine’s path towards strengthen-
ing its agricultural production potential and to identify
successful cases that can be effective in the recovery



period after the end of hostilities. The role of local com-
munities in restoring Ukraine’s agricultural potential is
not left out, as scientists V. Shebanin et al. (2024) paid
special attention to the challenges facing local com-
munities in the process of finding resources to restore
and strengthen agricultural production. Thus, rebuild-
ing infrastructure, restoring soils, and strengthening
interaction with state bodies were considered priority
tasks of the post-war reconstruction period. Scientists
J. Cheng & X.Yu (2024) proposed using cross-sectoral
cooperation as a mechanism for revitalising agricul-
tural enterprises and their technological re-equipment
during the reconstruction period.

Scientists S. Pimenow et al. (2025) have seen great
potential in the agricultural sector in supplying raw
materials for bioenergy plants, which, if this source of
alternative energy was developed, could allow increas-
ing the energy independence of the state, while simul-
taneously improving the environmental friendliness of
the energy sector. Considering experience in the recon-
struction of the agricultural production complex after
military operations, scientists S. Rieznik & H.Lee (2025)
offered the case of South Korea as a successful case
of rebuilding rural areas, intensification of agriculture,
and establishment of effective cooperation between
government bodies at different levels, which ultimately
allowed to ensure a high level of food security in the
country. Thus, modern scientific research conducted by
other scientists emphasised the importance of Ukrain-
ian agricultural production for ensuring world food
security, and also considered possible ways to restore
agricultural potential in the post-war period. The aim
of the study was to analytically prove the importance of
Ukraine in the international food market, as well as to
analyse the problems that Ukraine faces in the process
of preserving and restoring its agricultural production
potential, which was significantly undermined as a re-
sult of hostilities in the country.

MATERIALS AND METHODS
The methodological basis of this study was designed
for a comprehensive analysis of the economic, social
and food consequences of the full-scale war in Ukraine
and the identification of priority areas for the restora-
tion of the country’s agricultural production potential in
the context of ensuring global food security. The study
was based on an integrated combination of general sci-
entific, analytical and applied economic methods that
allow for the assessment of wartime shocks, industry
losses and challenges of post-war recovery. General
scientific methods were used at all stages of the study,
including bibliographic analysis, abstraction, induction
and deduction, synthesis and systematisation, which
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ensured the coherence and logical sequence of the
study. Analytical, statistical and comparative methods
were used to assess changes in Ukraine’s agricultural
production, export indicators and its role in global food
supply chains in the context of military conflict.

Dynamicanalysis of keyindicators within time series
was specifically applied to study changes in agricultural
exports, food price indices and economic losses for the
period from 2000 to 2025, with a special focus on war-
time and the period after 2022. The analysis focused on
the following key indicators such as value and physical
volume of Ukraine’s agricultural exports; export val-
ue to the EU-27 and selected food-import-dependent
countries; FAO Food Price Index (FFPI); estimated direct
and indirect economic losses of Ukraine’s agricultural
sector; recovery and reconstruction needs by sector, etc.
This allowed to identify structural gaps and ways to re-
store Ukrainian agri-food exports. To assess structural
breaks and trend shifts, the study applied autoregres-
sive integrated moving average (ARIMA) modelling for
short-term trend identification. In addition, spatial and
cross-country comparative analysis was conducted at
the level of individual countries and regions to assess
the dependence of food-stressed states on Ukrainian
grain supplies and to compare the scale of losses and
recovery needs across sectors of the economy. The com-
parative sample included countries such as Albania,
Finland, Kyrgyzstan, Congo, Tanzania, Tunisia, Egypt, Tur-
key, Pakistan, Moldova, Somalia, Rwanda, North Kerea,
Georgia, Laos, Azerbaijan, Kazahstan, Benin, Mongolia
and Armenia. The countries were selected according
to high share (over 10%) of wheat and meslin imports
originating from Ukraine and/or Russia. To investigate
causal relationships, a descriptive-analytical approach
was used to interpret the causal relationships between
military actions, land degradation, agricultural disrup-
tion, export restrictions, and fluctuations in global food
security indicators. This approach allowed to go beyond
descriptive statistics and provide an interpretation of
how wartime factors translate into global food price
volatility and supply risks.

A bibliometric analysis was conducted using data
from Google Scholar and Scopus Preview, processed
using the analytical package Bibliometrix (2025)
based on integrated libraries. This allowed to identify
dominant research clusters, thematic trends, institu-
tional contributions, and geographical distribution
of scholarly publications related to war, agriculture,
and food security. The bibliometric search covered
publications from 2000 to 2025 to ensure long-term
trend coverage. However, priority analytical focus
was placed on publications from 2022-2025, reflect-
ing the period of post-2022 war impacts. Frequently
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cited publications that most closely match the re-
search keywords formed the main analytical basis for
the literature review. The search strategy included
the following keywords and combinations: “Ukraine”
& “food security”; “war” & “agriculture”; “agricultural
exports” &“conflict”; “land degradation” & “military
operations”. Inclusion creteria required peer-reviewed
journal articles, indexed in Scopus or widely cited in
Google Scholar with thematic relevance to agricul-
ture, food security, war impacts, or post-conflict recov-
ery. Exclusion criteria eliminated publications unre-
lated to agricultural production or food security. The
empirical part of the study relied on desk-based data
collection, with Statista (2025) serving as the main
international statistical database. These data were
used to analyse the structure of Ukraine’s exports,
the country’s dependence on Ukrainian grain imports,
sectoral economic losses, indirect losses to agricul-
ture, and projected recovery needs. To assess the dy-
namics of world food prices in wartime conditions, a
structural and comparative analysis of index indica-
tors, in particular the food price index, was used. The
graphical method provided visualisation of trends
and relationships, while the abstract-logical method
was used to synthesise statistical results and scientif-
ic evidence. The limitations of the study are related to
the use of secondary data, differences in assessment
methodologies in different international sources, and
the unpredictable nature of the hostilities, which in-
troduces uncertainty into loss estimates and long-
term forecasts. Nevertheless, the applied methodo-
logical approach ensures the reliability, transparency,
and relevance of the results obtained.

RESULTS

Role of Ukraine in global food security and dynamics
of agricultural exports

Ukraine occupies one of the leading places in the
ranking of exporters of agricultural products to the
world market, which is due to its significant agricul-
tural production potential, which is based on large
areas of fertile agricultural lands, a favorable climate,
a sufficient number of qualified labors, a lower lev-
el of production costs, compared to other European
countries. The ability to export a certain number of
agricultural products makes Ukraine to some extent
a guarantor of food security in the world, however,
the conduct of hostilities on the territory of the state
negatively affects its agricultural production poten-
tial, which is accordingly reflected in the state of
food security of countries that depend on the export
of Ukrainian food raw materials. Thus, under these
conditions, the restoration of Ukraine’s agricultural
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production potential becomes not only a national pri-
ority, but also causes concern in a number of coun-
tries in the Middle East, Africa, and Asia that depend
on Ukrainian food supplies. Thus, Figure 1 presents a
comparative characteristic of the dependence of the
most food-vulnerable countries in the world on grain
supplies from Ukraine and Russia as of June 2022.The
data in the figure demonstrate a significant level of
dependence of the considered countries of the world
on grain supplies from Ukraine, which, according to
W. Leal Filho et al. (2023), creates grounds for con-
cern about the food security problems in countries
that will not receive food supplies due to a number
of factors related to hostilities in Ukraine, such as soil
contamination, mining of agricultural lands, reduced
crop yields, increased production costs.
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Kyrgyzstan 7341 0
Congo 73.65 0
Tanzania 70.7 315
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Figure 1. Share of imports from Russia and Ukraine
in total imports of meslin and wheat
as of June 2022, by country
Source: generalised from Statista (2025)

Overall, Figure 1 demonstrates the vulnerability of
a number of countries to shocks caused by disruptions
in food supplies due to hostilities and highlights the
important role of Ukraine in ensuring food stability in
the regions considered. Although a number of countries,
such as Georgia,Azerbaijan, Kazakhstan, Kyrgyzstan,and
Finland, have demonstrated overwhelming depend-
ence on Russian grain exports, countries such as Laos,
Moldova, Tunisia, Somalia, Egypt, Pakistan, Albania, and
others are dependent on grain supplies from Ukraine



and, in the event of a reduction or cessation of supplies,
may find themselves in a serious crisis. Figure 2 shows
how Ukrainian agricultural exports to the European Un-
ion (EU-27) changed from 2015 to 2024, reflecting the
evolution of the value of trade over a decade marked by
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economic reforms, market changes and major geopo-
litical events. Overall, the data show a steady increase
in export volumes, as Ukraine established itself as an
important supplier of cereals, oilseeds and processed
agricultural products to the EU market.

12,8981 49812,835

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Figure 2. Export value of agricultural products from Ukraine to the European Union (EU-27)
from 2015 to 2024, in million U.S. dollars

Source: generalised from Statista (2025)

Starting from a rather modest level in 2015-2016,
when annual exports amounted to around four billion
US dollars, trade began to gain momentum. In 2017,
it exceeded five billion, and by 2019 it was close to
seven. Although 2020 brought a slight decline, the
sector recovered quickly in 2021, reaching a value of
7.6 billion US dollars. The key jump occurred in 2022,
when exports soared to almost $13 billion, a record
high for the entire period. This growth is explained
by the fact that the EU became a strategic route for
Ukrainian exports after the outbreak of the war, as
well as by temporary autonomous trade preferenc-
es that simplified access to the European market. In
2023, volumes decreased slightly, but still remained
at a high level, and 2024 turned out to be another
strong year with exports worth almost $12.8 billion.
This underlines that the EU is Ukraine’s main trad-
ing partner in the agricultural sector. Overall, Figure
2 illustrates not only the resilience and flexibility of
Ukrainian agriculture, but also the increasingly close
integration of Ukrainian agri-food trade into the Eu-
ropean economic space.

Global food price dynamics

under wartime conditions

Long-term sustainable growth confirms that the Eu-
ropean Union serves as a key, reliable and vital mar-
ket for Ukrainian agricultural producers. The cor-
responding permanent integration of Ukraine into
the economic European mechanisms increases its
economic stability, helps to modernise Ukrainian ag-
riculture and proves the need for further strategic

partnership.The Figure 3 illustrates the full structure
of the Food Price Index (FFPI) from 2000 to 2025, in-
cluding the main types of goods, such as dairy and
meat products, sugar, grain, oil. FFPI is used as an
internationally recognised standard to track fluctua-
tions in world food prices. It takes into account a set
of key factors, such as changes in demand, weath-
er anomalies, geopolitical situation, market supply,
trade policy. The Food Price Index (FFPI) in 2025
reached an average value of 127.8 points, which in-
dicates a partial price recovery after the correction
period in 2023 and 2024, as it increased by 4.7%
compared to the previous year. At the same time, one
can observe a significant difference in the dynamics
of prices for certain groups of goods. For example,
the vegetable oils index showed the greatest growth,
reaching 160.1 points. This is explained by a list of
factors such as production deficits in countries ex-
porting these products, high demand for biofuels and
prolonged difficulties in logistics. At the same time,
the dairy index also increased to 150.6 points as a
result of reduced exports and active demand from
the Middle East and Asian countries. The average
annual grain prices were 108.7 points, but their dy-
namics were unstable due to production risks in the
regions (especially Urkaine) and uncertainty about
exports through the Black Sea. At the same time, for
example, the price of sugar, which also amounted
to 108.7 points, demonstrated relative stabilisation
after previous fluctuations. This was due to better
harvests in other key countries, which are also pro-
ducers of this product.

Ukrainian Black Sea Region Agrarian Science, 30(1), 79-91

83



84

Ukraine as a guarantor of world food security...

200
180
160
140
120

100

20

5 v 6 Q&
& PSS
D AR AT AT AT AT A DT A

Dairy

b X
L’ L
A
e A f0Od e Meat

187.8

A O O AN AV AY A S
S I S ARG R SR
DT AT AT AR AT AT AR AR AP

Cereals Vegetable 0ils === Sugars

Figure 3. Annual food price index worldwide from 2000 to 2025, by category

Source: generalised from Statista (2025)

Looking across the full historical series, the data
reveal pronounced periods of volatility, including
the food price surges of 2007-2008, the 2011 peak,
and the unprecedented 2022 price escalation, driven
by global supply chain disruptions and geopolitical
tensions. Subsequent years illustrate both the resil-
ience and fragility of global food markets, as prices
responded to shifting economic conditions, weather
extremes, and policy interventions. Overall, the long-
term trends captured in the table underscore the
structural and cyclical factors that shape food price
movements worldwide. The 2025 results reaffirm
that global food markets remain highly sensitive to
external shocks, emphasising the importance of di-
versified supply chains, sustainable agricultural pro-
duction, and effective international cooperation to
ensure food security and market stability. Overall, the
trends captured in the Figure 3 reinforce the crucial
importance of strengthening food system resilience,
improving supply chain efficiency, and enhancing
global cooperation to minimise the impacts of future
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disruptions and ensure food security for vulnerable
populations worldwide.

Economic losses of Ukraine’s agricultural sector

and recovery challenges

The Figure 4 provides a detailed breakdown of the
estimated economic losses sustained by Ukraine as
a result of the full-scale war began on February 24,
2022. These figures cover the period through June
30, 2026, offering a medium-term outlook on the
war’s financial impact across a wide range of sec-
tors. According to current assessments, commerce
and industry have borne the greatest burden, with
losses approaching 214 billion U.S. dollars, reflect-
ing extensive damage to enterprises, disrupted
supply chains, and diminished production capacity.
The agricultural sector, traditionally a cornerstone
of Ukraine’s economy, follows with losses of rough-
ly 73 billion U.S. dollars, driven by the destruc-
tion of farmland, equipment, storage facilities, and
export infrastructure.
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Figure 4. Estimated economic, social, and other monetary losses of Ukraine from the war
from February 24, 2022 to June 30, 2026, by sector

Source: generalised from Statista (2025)

Other major sectors, including energy, transpor-
tation, and explosive hazards management, have
also incurred significant damage, demonstrating
the broad scope of disruption caused by ongoing
hostilities. Social sectors such as health, education,
housing, and social protection similarly reflect sub-
stantial losses, underlining the profound human-
itarian and societal consequences of the conflict.
Meanwhile, sectors like finance and banking, tele-
communications, justice and public administration,
and emergency response show smaller, yet still
meaningful, economic impacts. In total, Ukraine’s cu-
mulative monetary losses are estimated at 589 bil-
lion U.S. dollars, underscoring the scale of destruc-
tion and the long-term challenges the country faces
in recovery and reconstruction.

The total losses to the Ukrainian economy of
about $589 billion, of which more than $72 billion
is in agriculture, could have a truly devastating effect
if a comprehensive recovery plan is not implement-
ed after the end of hostilities. But the recovery of the
agricultural sector, like other sectors of the national
economy, must be coordinated with the national food
security strategy. But this estimate of losses to the
economy as a whole and to agriculture in particular
is approximate and does not take into account the
factor of the continuation of hostilities for an indef-
inite period. Figure 5 shows an assessment of indi-
rect losses to Ukraine’s agriculture as a result of hos-
tilities. Thus, the most significant losses (more than
34 billion US dollars) are due to a decrease in crop

productivity, which was possible due to a number of
circumstances, such as land degradation, damage to
land reclamation structures, failure to apply fertilisers
due to their untimely delivery or other reasons. The
second factor that influenced the losses in agriculture
was a decrease in the purchase prices for agricultur-
al raw materials on the Ukrainian market due to the
blocking of export supplies. In addition to a decrease
in crop productivity, the productivity of farm animals
decreased, which also led to overall losses in the agri-
cultural sector. In addition, the increase in production
costs caused by inflation, national currency devalua-
tion, disruption of supply chains and others had a sig-
nificant impact on the losses in the agricultural sector.
Additional forced costs for reclamation also increase
the total amount of losses. Altogether, these factors
amount to approximately 70 billion U.S. dollars in
indirect agricultural losses, underscoring how deeply
the war has disrupted Ukraine’s role as a major global
food producer and revealing the long-term challenges
that will shape the sector’s recovery. Figure 6 shows
the projected amount of financial resources needed to
restore individual sectors of the Ukrainian economy.
As can be seen, the needs of agricultural restoration
will require more than 55 billion US dollars, exceed-
ing even the needs of restoring social infrastructure,
education and science, healthcare and other impor-
tant sectors of the country’s economy. A separate item
of restoration costs includes the costs of demining
and disposal of explosive devices, which may amount
to about 30 billion US dollars.
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Figure 5. Estimated indirect losses of agriculture due to the war in Ukraine as of December 2023, by reason category

Source: generalised from Statista (2025)
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Figure 6. Total estimated recovery and reconstruction needs of Ukraine from 2025 to 2035, by sector

Source: generalised from Statista (2025)

Considering that the problem of demining will main-
ly concern fields and agricultural lands, this amount can
also be attributed to the general need for financing for the
restoration of agricultural potential. Thus, if adding up the
costs of restoring agriculture and demining, which also
indirectly relates to the restoration of agricultural poten-
tial,an amount of almost 85 billion US dollars is obtained,
which can be compared only with the costs of restoring
the housing stock after the end of hostilities. The costs
of restoring agricultural production potential may even
exceed the costs of restoring the energy sector, which will

require more than 67 billion US dollars.Thus, it can be seen
that restoring agricultural production potential requires
significant financial resources, the search for which may
be a real challenge for the state budget and other non-
state institutions ready to invest in the restoration of the
agricultural sector of the Ukrainian economy. Restoring
Ukraine’s agricultural production potential will require a
set of actions in response to the challenges that will arise
along the way. Thus, the most likely challenges to restor-
ing Ukraine’s agricultural production potential and pos-
sible solutions to counter them are presented in Table 1.

Table 1. Challenges and solutions for restoring Ukraine’s agricultural production potential

No. Challenges to restoring Ukraine’s agricultural production potential

Possible solutions to them

Soil damage due to hostilities, its degradation, mining of
territories, which may prevent safe cultivation of the soil.
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Conduct systematic measures for demining, soil cleaning,
training farmers on safe soil cultivation practices.



No. Challenges to restoring Ukraine’s agricultural production potential

Disruption of supply chains of key agri-food production inputs,
2 including fertilisers, seeds, agrochemicals, fuel, equipment, and
more, which could negatively impact farmers’ ability to grow crops.

3 Shortage of production workers and specialists due to their

internal displacement or migration, mobilisation.

4 Difficulties in obtaining financing, including credit resources, to
finance measures to restore agricultural enterprises.

Market instability and export blockages, which will negatively
5 affect the motivation of agricultural producers and their ability to

receive the planned income.

Source: generalised by the authors

In general, the challenges summarised in Table 1
can be grouped into resource-related, institutional, and
market-related constraints, which are closely interrelat-
ed. Resource-related constraints, such as land degrada-
tion, pollution, and labor and resource shortages, are
critical because they directly determine the physical fea-
sibility of restoring agricultural production. Institution-
al constraints, including limited access to finance and
the need for effective government support mechanisms,
play a coordinating role in ensuring resource mobili-
sation and implementation of recovery programs. Mar-
ket-related constraints, such as export disruptions and
price volatility, affect producer incentives and income
stability, but depend to a large extent on progress in
addressing resource-related and institutional challeng-
es. Therefore, addressing resource-related challenges
should be considered a priority, as they form the basis for
further institutional and market-based recovery efforts.

DISCUSSION
The findings of this study are consistent with and ex-
tend recent scholarly discussions on the impact of
large-scale armed conflicts on agricultural systems
and global food security. Current research increasingly
emphasises the interconnected nature of production,
environmental, institutional, and market factors, espe-
cially in countries that play a key role in international
food supply chains, such as Ukraine. A significant body
of recent literature confirms the systemic impact of the
war in Ukraine on global food security. W. Leal Filho et
al. (2023) demonstrated that the disruption of Ukrain-
ian agricultural exports has exacerbated food insecu-
rity in import-dependent regions, contributing to price
volatility and supply shortages. Their findings strong-
ly support the findings of this study, which highlight
Ukraine’s continued importance as a global food suppli-
er despite severe production losses. However, while the
authors focused mainly on global impacts, this study
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Table 1, Continued

Possible solutions to them

Implementation of measures to restore logistics
infrastructure, search for alternative export channels.

Carry out measures to automate and mechanise
agricultural production, conduct personnel training, and
implement specialist education programs.

Develop state programs to support agriculture. Attract
financing for agriculture, promote comprehensive financial
advice to farmers.

Develop programs to support agricultural producers,
implement state mechanisms to stabilise prices for
agricultural products. Promote the competitiveness of
agricultural producers.

complements their work by offering a detailed sectoral
and structural assessment of agricultural losses and re-
covery needs in Ukraine.

The causal relationship between armed conflict
and agricultural land degradation is another area
where strong convergence of findings can be observed.
J. Wagner et al. (2025) provided a detailed analysis
of the dynamics of agricultural land abandonment,
re-plowing and reclamation in war-affected regions of
Ukraine, based on remote sensing data. Their study con-
firmed that the intensity of the conflict directly affects
land use patterns and production capacities. These
results fully support the conclusion of this study that
land degradation and inaccessibility are the most im-
portant resource constraints for agricultural recovery. At
the same time, this study extends the methodological
focus of the adorementioned study by quantifying the
economic consequences of land degradation and con-
sidering them in the global context of food security.
Environmental damage and soil contamination were
also addressed by I. Bulba et al. (2024), whose find-
ings highlighted the long-term decline in soil fertility
caused by military operations. This study confirmed this
assessment and further argues that soil restoration is
not only an environmental priority but also a key eco-
nomic prerequisite for the recovery of agricultural pro-
duction. In this aspect, the results are consistent with
recent sustainable development-oriented approaches
that emphasise the importance of ecosystem restora-
tion as a foundation for resilient agri-food systems.

A. Poltorak et al. (2024) showed that regional dif-
ferences in logistics infrastructure and export poten-
tial undermine the economic security of Ukraine’s ag-
ricultural sector. These findings are supported by this
study, which demonstrates that blocked export chan-
nels and price volatility significantly reduce producers’
income expectations. However, unlike the authors, who
focused on regional economic security, this study paid
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more attention to the global consequences of these
disruptions, especially through the food price index and
dependence on international trade. The role of insti-
tutional and social factors in agricultural recovery has
received increasing attention in recent studies. A. Kli-
uchnyk et al. (2025) emphasised the importance of local
communities in rebuilding agricultural infrastructure
after destruction, arguing that decentralised deci-
sion-making increases responsiveness and flexibility.
This finding supports this study’s findings on the need
for multi-level governance in the recovery process. At
the same time, this study extended this perspective by
positioning community participation within a broader
framework that includes financial mechanisms, market
stabilisation, and national food security strategies.

An important additional dimension is provided by
A. Burkovska & A. Burkovska (2025), who analysed the
semantic and narrative aspects of food marketing in the
context of sustainable development. Their study showed
that strengthening the symbolic and communicative
value of national agricultural products can increase
market resilience and consumer trust during crises. Al-
though this study does not focus directly on marketing
strategies, its findings on the need to stabilise agri-
cultural markets and support exporters are consistent
with this perspective. Integrating semantic narratives
based on sustainable development can thus serve as
an additional tool for increasing the competitiveness of
Ukrainian agricultural products in the post-war period.
The role of women’s entrepreneurship in strengthening
the strategic development of Ukraine’s agriculture is
explored by O. Shkarupa et al. (2025), who highlighted
the role of women’s entrepreneurship in strengthening
the strategic development of Ukraine’s agriculture. Their
findings highlighted the untapped human resources,
capital that can contribute to recovery and diversifica-
tion. Although this study focuseed primarily on mac-
roeconomic and structural challenges, the findings do
not contradict this approach, but rather suggest that
inclusive policies can enhance the effectiveness of in-
stitutional and financial support measures. The article
by T. Melnyk et al. (2023) examined the state of food
security in Ukraine at the national and global levels.
Statistical indicators, including FAO data and the Global
Food Security Index, were analysed to assess Ukraine’s
position in comparison with other countries. The study
found that despite significant agricultural potential,
Ukraine lagged behind many developed countries in
several food security indicators due to institutional,
economic, and infrastructural challenges. The research
concluded that improvements in state policy, agri-
cultural infrastructure, and international cooperation
were necessary to strengthen food security in Ukraine.
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The broader normative context of food security is
reflected in the work of N. Rahman & R. Yasin (2022),
who examined the challenges of implementing the
Zero Hunger goal during global crises. Their findings
highlight the vulnerability of children and socially
vulnerable groups to food shortages, reinforcing the
argument that disruptions in Ukrainian agricultural
production have consequences far beyond national
borders. This study adds to this perspective by demon-
strating how production losses and export restrictions
in Ukraine contribute to the volatility of global food
prices, thereby indirectly affecting food access for vul-
nerable populations worldwide. A new direction in the
recent literature explores alternative paths to agricul-
tural recovery through diversification and cross-sec-
toral integration. S. Pimenow et al. (2025) in their study
presented an approach that offers valuable insights
into diversification opportunities through implement-
ing bioenergy projects into national economy recovery
plan. Nevertheless, the bioenergy perspective provided
a promising direction for future research, particularly in
assessing trade-offs between food production and en-
ergy production in the post-conflict period.

A particularly important extension of the glob-
al dimension of this study is provided by L. Zhao et
al. (2025), who developed a cascading failure model to
assess global wheat supply security in the context of
the war in Ukraine. Their research demonstrated that
disruptions in Ukrainian grain exports generate non-
linear chain reactions across interconnected interna-
tional markets, amplifying systemic risks far beyond the
directly affected region. An additional macroeconomic
and methodological dimension is introduced by L. Zom-
chak & T. Kukhotska (2025), who applied an autore-
gressive modelling approach to forecast food prices in
Ukraine under conditions of heightened uncertainty.

Comparative international perspectives further
contextualised the findings of this study. S. Rieznik &
H. Lee (2025), drawing on the experience of rural de-
velopment in war-torn South Korea, demonstrate that
coordinated public policies, long-term investment strat-
egies, and institutional reforms are crucial for successful
agricultural recovery. Their findings support the study’s
argument about the importance of institutional capac-
ity and strategic planning. However, the Ukrainian case
is significantly different in terms of scale, geopolitical
context, and global integration, requiring adapted recov-
ery strategies rather than direct policy transfer. Overall,
the reviewed literature largely supports the key assump-
tions and conclusions of this study. At the same time,
this study makes a significant contribution by synthe-
sising environmental, institutional, market, and social
dimensions into a single analytical framework. Unlike



many existing studies that consider individual aspects
of the problem in isolation, this article clearly identifies
resource constraints as a key driver of recovery, as well
as institutional and market challenges. This hierarchical
interpretation provides a clearer basis for prioritising
policy interventions and allocating financial resources.

CONCLUSIONS

The results of the study showed that the total losses of
the Ukrainian economy as of mid-2026 could amount
to 589 billion US dollars, 72 billion of which will fall on
agriculture. Such losses can have a significant negative
impact not only on the state of food security within the
country, but also affect the level of food security in the
world. The reduction in Ukrainian agri-food exports is
dangerous for a number of countries that are almost
completely dependent on it. However, despite the nega-
tive trends in the destruction of agricultural production
potential, Ukraine is increasing exports of agricultural
products to the European Union.

Among the main causes of indirect losses to the
agricultural production complex of Ukraine, it is worth
highlighting the decrease in crop yields due to pollu-
tion and soil degradation; a decrease in gross harvest

Poltorak et al.

$55 billion. This funding will be required to address
issues related to agricultural land demining and rec-
lamation, restoration of logistics and production infra-
structure, provision of financial support to agricultural
producers, increasing the competitiveness of Ukraini-
an products. The prospect of further research includes
modeling scenarios for the restoration of individual
branches of Ukrainian agriculture in the post-war pe-
riod with the calculation of their economic efficiency. A
separate study is required to study the impact of the set
of economic, social, security and environmental factors
that determine the achievement of food security on the
priority of the restoration of individual elements of the
agro-food complex of Ukraine.
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BUKJIMKM Ha LUNAXY A0 BigHOBNIEHHS arpOBMPO6GHUYOro noTeHuiany
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AHoTauis. [010BHOK METOK LbOro AOCNiMKEHHS BYB aHani3 BUKAMKIB, WO NOCTAOTh nepen YKpaiHOK B MpoLeci
HamaraHHs 36epertv Ta BiZHOBWUTM ii arpOBMPOOHMUMIA MOTeHUias, WO 33a3HaB CYTTEBOrO PyMHYBAHHA BHACNiLOK
BefeHHS 60MOoBMX AiM Ha TepuTopii Aepxasu. Y pocnigkeHHi 6yno BuMKopucTaHo 6ibnioMeTpuyHMin aHanis (i3
BuKopucTaHHam Google Scholar, Scopus Preview Ta nakerta Bibliometrix), CMCTEMHO-CTPYKTYPHUIA aHani3 i cuHTe3,
A TaKOX iCTOPWMYHI, HdianeKkTu4yHi, rpadivyHi Ta OMMCOBO-CTATUCTUYHI MeToaM. [loCnigXeHHS NpoAeMOHCTPYBasno,
WO nompu pyMHYBaHHA arpoBMPOBHMYOro noTeHuiany, YKpaiHa 3anuILa€eTbCs BaXIUMBUMM MOCTAYasbHUKOM
CiNbCbKOrocnoaapcbKoi NpoaykLii ang 6araTbox iMNOPTO3aneXHUX perioHiB CBITy. Y cTaTTi 6yno nigkpecneHo, Lwo
CBITOBi NPOAOBONLYI pUHKM MPOAOBXKYIOTb 3aNULWIATUCA HECTABINbHUMM, O NiATBEPAXKYETLCS [HAEKCOM NPOA0BONABYNX
uiH, sk pocar 127,8 nyHktn y 2025 poui, 4EMOHCTPYHOUYM BPA3AMBICTb MPOAOBOSIBYMX CUCTEM A0 rEONONITUYHUX
LUOKIB. 3@ OLiHKAaMM eKcnepTiB, CTAaHOM Ha nepuwy nonosuHy 2026 poKy CyKynHi BTpaTH Bif, pyMHYBaHb YKPAiHCbKOT
€KOHOMiKM BHACNiQOK BitHUM MOXYTb CArHyTM 589 mnpp monapis, 3 gknx 6ausbko 72 miappa Aonapis npunagatmMe
Ha CiNbCbKe rocnoaapcTeo. BusHaueHo, Wo B CTPYKTYpi HENPSAMMX BTPAT Ci/ibCbKOrONOAAPCbKOro cekTopy YKpaiHu
BHACNMIAOK BiAHW HAMBINbLWINIA BNIMB MaM YUHHUKU CKOPOYEHHS NMPOAYKTUBHOCTI BUPOOHULITBA, 3HMXKEHHS LiiH Ha
NPOAYKLi0 Yepe3 MOopyLeHHS eKCMOpTy Ta 3POCTaHHS BUPOOHMYMX BUTPAT. 3a3HAYEHO, WO MNOTEHLIAHI BUTPaTU
Ha PEeKOHCTPYKLit0 arpapHoro cektopy YkpaiHu B nepiog 3 2025 no 2035 poku MOXyTb nepesBulLiMTH 55 mnpg
[onapiB, @ BUTPATU HA PO3MiHYBaHHS cAarHyT mamxke 30 mMapa gonapis. BcTaHOBNEHO, WO eKCNopT YKPAiHCbKOI
arpapHoi npoaykuii go €C pocar marixe 12,8 mnppg, gonapis CLUA 'y 2024 poui, wWo LEMOHCTPYE CTiMKICTb arpapHOro
cekTopy YKpaiHM Ta nornubneHHs iHTerpauii 40 €BPONEMCbKMX PUMHKIB. [paKTUYHA LiHHICTb AOCNIOKEHHS MONSrae
Y KOMMEKCHIM OUiHLI arpapHMx BTpaT YKpaiHW, CNPUYMHEHMX BIiAHOW, aHani3i ixHix rnobanbHMX HacnigkiB Ta
BM3HAYEHHI CTpaTeriYyHMX 3aX0A4iB BiAHOB/IEHHS
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Abstract. The article emphasised the importance of inventory as a means of assessing and maintaining the
property potential of agricultural enterprises amidst increasing business risks and environmental instability.
The purpose of the study was to deepen the theoretical and methodological foundations of stock management
in agricultural enterprises from the perspective of its functional significance in property potential management.
The study’s methodology included general scientific and specialised methods, such as analysis and synthesis,
observation, generalisation, grouping, and the institutional approach. The study examined the composition
and structure of property potential in agricultural enterprises, identified the specific features of inventory for
individual asset groups taking into account sectoral characteristics, and systematised the functions of inventory
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within the property management system. The results demonstrate that inventory ensures consistency between
the actual condition of assets and accounting data, improves the quality of managerial decisions, and minimises
the risk of property loss by performing interrelated control, informational, analytical, and managerial functions.
The study classified the main risks of property potential loss into organisational, accounting, technical, and
external categories and proposed effective, inventory-based mechanisms to limit them. Additionally, the study
developed methodological approaches to differentiate inventory procedures, considering the specifics of
biological assets and production stocks. The necessity of a differentiated, risk-oriented approach to organising
inventory procedures was substantiated. The practical significance of the results lies in the possibility to use
the recommendations to strengthen internal control, plan asset renewal strategically, and improve property
management efficiency in agricultural enterprises

Keywords: internal control; asset management; accounting information; biological assets; risk minimisation;

production stocks

INTRODUCTION
Modern agricultural production operates under condi-
tions of critical vulnerability of its asset base, which is
caused not only by market instability but also by specif-
ic industry factors: the biological nature of the assets,
their geographical dispersion, and the seasonal nature
of their use. In the context of disrupted logistics chains
and growing security threats, the traditional reliance
solely on documentary accounting data becomes insuf-
ficient, as it often leads to a distorted view of the actual
state of resources. The lack of an effective system for
physical verification of assets leads to risks of hidden
losses, waste of supplies, and inefficient use of equip-
ment, which directly threatens the financial stability
of agricultural producers. This highlights the need to
rethink existing management tools capable of ensur-
ing not only the recording of asset availability but also
their qualitative assessment and physical preservation.

One of the key tools for asset management is inven-
tory, which goes way beyond a mere formal data recon-
ciliation. Researchers S.V. Bardash & N.P. Kuzyk (2021)
convincingly demonstrate how a strictly limited under-
standing of inventory as just an accounting method is
invalid, emphasising its independent significance with-
in a company’s capital control system. Developing this
idea in the context of industry-specific characteristics,
researchers OV. Leha et al. (2025) determined that in
agricultural enterprises, inventory takes on the form of
a comprehensive internal control method that allows
not only for confirming the presence of resources but
also for evaluating the effectiveness of their use at var-
ious stages of the operational cycle.

Ensuring the accuracy of accounting information
remains a critical aspect. According to LV. Hutsalenko
& Yu.M. Nykitenko (2023), inventory serves as a safe-
guard for the reliability of financial statements, mini-
mising information risks for stakeholders. At the same
time, researcher N.S. Marushko (2023), considering the

internal control system as a mechanism for preventing
fraud, pointed out that regular inventory procedures
create effective barriers against abuse and the illegal
disposal of assets, which is critical for ensuring the
economic security of the enterprise. A separate body of
research is devoted to the specific nature of agricul-
tural assets, which significantly complicates valuation
procedures. In particular, in the work by P. Campos-Ller-
ena et al. (2025), based on a systematic review of the
application of international standards, the complexities
of accounting for and valuing biological assets were
analysed; these assets require adaptive approaches to
inventory due to biological transformation processes.
The current challenges associated with war and
uncertainty have given rise to new scholarly perspec-
tives on the role of inventory in asset preservation. A
group of researchers led by V. Lytvynenko et al. (2024)
justified the use of asset and liability inventory as a ba-
sic tool for restoring accounting in agricultural enter-
prises affected by military operations. At the same time,
researchers V. Zhuk et al. (2023) developed approaches
to assessing war-related losses in agribusiness, where
inventory is viewed as the primary procedure for re-
cording losses and establishing an evidentiary basis. In
light of the above, it is timely to deepen the theoretical
and methodological foundations for the application of
inventory in agricultural enterprises from the perspec-
tive of its role in assessing and preserving asset po-
tential. This necessitates the generalisation of scientific
approaches, the clarification of the functional purpose
of inventory, and the determination of its place in the
asset management system of agricultural enterprises.
The aim of the study was to expand the theoretical and
methodological foundations for the application of in-
ventory in agricultural enterprises, taking into account
its functional role in managing asset potential, as well
as to systematise the functions of inventory and the
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risks of asset loss, and to justify methodological ap-
proaches to their minimisation.

MATERIALS AND METHODS

The methodological basis of the study consisted of a
combination of general scientific and specialised re-
search methods, the application of which enabled a
comprehensive solution to the set tasks. The method
of theoretical generalisation and the abstract-logical
method were applied to reveal the essence of inventory
and the transformation of its role in modern economic
conditions. Using the method of analysis and synthesis,
the significance of inventory as a key tool for assessing
and preserving the asset potential of an agricultural
enterprise was substantiated, and causal relationships
between the quality of accounting information and the
effectiveness of management decisions were identified.
The observation method was used to evaluate existing
organisational approaches to inventory, documenting
its results, and identifying deficiencies in the internal
control system that affected the reliability of account-
ing data. Methods of specification, grouping, and com-
parison were employed to systematise approaches to
inventory within the enterprise’s accounting and control
system, which enabled the classification of identified
problems and the formulation of research conclusions.
Assignificant place in the research methodology was oc-
cupied by the functional approach, which was applied
to identify and thoroughly substantiate the control,
informational, analytical, and managerial functions of
inventory. This allowed to view inventory not as a stat-
ic procedure, but as a dynamic process that provides
management with relevant information. The study also
employed a risk-based approach and elements of factor
analysis. These methods made it possible to system-
atise the internal (organisational and accounting) and
external risks of asset loss at agricultural enterprises,
assess the extent of their impact, and identify effective
inventory mechanisms to mitigate them.

An institutional approach was applied to critical-
ly analyse the legal framework governing inventory of
assets and liabilities. A content analysis was conducted
of the provisions of Law of Ukraine No. 996-XIV (1999)
and Order of the Ministry of Finance of Ukraine
No. 879 (2014). To account for the specifics of wartime
and approaches to recording losses, provisions regard-
ing the determination of damage caused to Ukraine as
a result of armed aggression (Resolution of the Cabinet
of Ministers of Ukraine No. 326,2022) were additionally
utilised. Furthermore, the methodological framework
was supplemented with methods of applied manage-
rial and regulatory-analytical analysis. Their applica-
tion provided a rationale for specific methodological
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approaches to the organisation and frequency of in-
ventory for certain asset groups (biological assets, pro-
duction inventories), and also served as the basis for
formulating strategic management decisions aimed at
preserving, updating, and restoring the property poten-
tial of an agricultural enterprise under conditions of un-
certainty. The analysis of regulatory requirements was
supplemented by a synthesis of scientific approaches
to the classification of asset management risks and the
organisation of inventory procedures. Based on the re-
sults obtained, a logical grouping of risk factors was
carried out according to the nature of their manifesta-
tion and the scope of their impact on individual compo-
nents of the asset base. This enabled the development
of an analytical classification of risks and correspond-
ing inventory mechanisms for their minimisation, sys-
tematised in the tables in the following section.

The procedures for assessing the actual condition
of assets as part of inventory are examined with regard
to their economic nature and accounting specifics. For
fixed assets, the process includes a physical inspection,
reconciliation of inventory numbers with accounting re-
cords, and analysis of technical documentation and cer-
tificates of suitability or defects. For production invento-
ries, methods of physical recounting or weighing were
applied, as well as monitoring of storage conditions and
shelf life. Regarding biological assets, an inspection of
their actual condition, reconciliation with primary move-
ment documents, and recording of losses or seasonal
deviations were taken into account. The information
base for the study consisted of scientific publications on
the issues of asset inventory, internal control, and man-
agement of enterprises’ property potential, published
primarily between 2008 and 2025. Sources were se-
lected based on criteria of thematic relevance, scientific
novelty,and methodological significance for the agricul-
tural sector. The theoretical provisions and conceptual
approaches outlined in the works of M.Ya. Demianenko
& VV. Chudovets (2008), N.M. Mezentseva et al. (2020),
0.S. Vysochan et al. (2024), and other researchers, were
used as the basis for summarising scientific positions
and constructing analytical generalisations. These sys-
tematic approaches served as the basis for the struc-
tural-logical generalisations presented in Tables 1-5.

RESULTS

The asset potential of an agricultural enterprise

and the role of inventory in its assessment

The asset potential of an agricultural enterprise is shaped
by a combination of tangible, intangible, and financial
resources that ensure the continuity of the production
process and form the basis for achieving strategic de-
velopment goals. Within the structure of this potential,



fixed assets, production inventories, biological assets,
and other property elements occupy a special place;
their effective use determines the enterprise’s level of fi-
nancial stability and its ability to adapt to changes in the
external environment. Under these conditions, a reliable
assessment of asset potential becomes a key manage-
ment challenge, the resolution of which is impossible
without the proper organisation of inventory procedures.

Inventory ensures that the actual quantity and con-
dition of assets match the accounting records, thereby
providing an objective picture of the company’s actual
asset base. Unlike a purely accounting-based approach,
which relies on data from registers and financial state-
ments, inventory allows for a direct assessment of the
physical condition of assets, their degree of wear and
tear, suitability for further use, and participation in the
production process. It is this feature that determines its
significance as a tool not only for control but also for the
assessment of property resources in a broader economic
context (Vysochan & Vysochan, 2018). For agricultural
enterprises, inventory has additional significance due to
the specific nature of their asset structure. The presence
of biological assets, the seasonality of production, and
the dependence of performance on natural and climat-
ic conditions complicate the process of assessing asset
potential and increase the risk of distorting accounting
information. Under such conditions, inventory serves as
a mechanism for determining the value and actual con-
dition of assets, which is particularly important for mak-
ing management decisions regarding production plan-
ning, cost optimisation, and ensuring the continuity of
the enterprise’s operations. The information obtained as
a result of inventory procedures is used as an analytical
basis for making management decisions regarding the
optimisation of the asset structure and improving the
efficiency of their use. The results of the audit may serve
as a basis for determining the feasibility of repairing,
modernising, or writing off assets, adjusting procure-
ment and inventory policies, and strengthening inter-
nal controls over the preservation of property. Inventory
serves both a control and an informational-analytical
function within the enterprise management system.

The practical significance of inventory is evident
in typical management situations that arise in the
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activities of agricultural enterprises. If surpluses or dis-
crepancies are identified in production inventories, the
results of the audit can serve as a basis for adjusting
inventory levels and revising logistics decisions. The
identification of unserviceable or obsolete fixed assets
justifies decisions regarding their modernisation or
write-off. Recording losses or deviations in the condi-
tion of biological assets may necessitate adjustments to
production plans and internal control measures. Inven-
tory results allow for the identification of both available
resources and property losses, surpluses, and unused or
inefficiently utilised assets. This creates the conditions
for adjusting accounting data, revising management
approaches, and increasing the transparency of infor-
mation regarding the company’s financial condition. In
this context, inventory serves an informational function,
providing enterprise management with relevant data
to assess the level of asset potential and determine
directions for its preservation and development (Dem-
ianenko & Chudovets, 2008). An analysis of the compo-
sition of an agricultural enterprise’s asset potential in-
dicates that its structure is heterogeneous and requires
a differentiated approach to evaluating individual asset
groups. Fixed assets form the material basis of produc-
tion, production inventories ensure the continuity of the
operational cycle, and biological assets combine the
characteristics of property and the results of produc-
tion activities. Inventory allows for the reconciliation of
accounting figures for each of these asset groups with
the actual state of the assets, which is a necessary con-
dition for an objective assessment of the enterprise’s
overall asset potential. In general, inventory should
be viewed as a system-forming tool for assessing the
asset potential of an agricultural enterprise, which en-
sures the reliability of accounting information, improves
the quality of management decisions, and creates an
information basis for further analysis of the efficiency
of asset utilisation. It is at this stage that the basis for
the implementation of the control and management
functions of inventory is formed, which determines its
significance in the process of preserving the enterprise’s
asset potential. A summary of scientific approaches to
determining the composition and structure of an en-
terprise’s asset potential is systematised in Table 1.

Table 1. Composition and structure of an agricultural enterprise’s asset base

Component Assets and Identification

Inventory Procedures/Verification Tests

Analytical Interpretation

of the Asset Base Characteristics

Buildings, structures,

Fixed assets machinery, equipment

Actual presence; reconciliation of inventory numbers
and technical passports; assessment of technical condition
and suitability; confirmation of rights to the asset

for the Assessment

Form the material basis
of production

Recounting/weighing; reconciliation of batches

Raw materials,
supplies, fuel

Production
inventories

and storage locations; assessment of storage conditions
and shelf life; verification that inventory levels meet

Ensure operational
continuity
production needs
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Component Assets and Identification

Inventory Procedures/Verification Tests

Table 1, Continued
Analytical Interpretation

of the Asset Base Characteristics

for the Assessment

Inspection and confirmation of quantitative indicators

Biological assets Plants, livestock

Intangible

Didfier 2 and circulating assets

(Livestock/area); reconciliation with movement records;
assessment of condition and losses; recording
of seasonal variations

Documentary reconciliation of rights and availability;
confirmation of the reality of balances; verification
of contracts/registers; clarification of asset classification

Combine production
and financial functions

Supplement the overall
asset potential

Source: compiled by the authors based on M.Ya.Demianenko & V.V.Chudovets (2008),0.5.Vysochan & 0.0.Vysochan (2018)

The structure of an agricultural enterprise’s asset
base is multifaceted and requires a systematic approach
to assessment. The results of the inventory ensure that
the actual status of individual asset components aligns
with accounting data, thereby forming the information-
al foundation for a comprehensive analysis of the asset
base. At this stage, inventory goes beyond a purely con-
trol procedure and takes on a managerial dimension,
as it allows for the identification of structural imbal-
ances, opportunities to improve the efficiency of asset
utilisation, and potential threats to their preservation.
This determines the relevance of further consideration
of the functional significance of inventory in the asset
management system of an agricultural enterprise.

Functions of inventory
in the asset potential management system
of an agricultural enterprise
Inventory in the asset management system of an agricul-
tural enterprise performs interrelated functions that en-
sure the practical implementation of asset potential as-
sessment based on actual data. Its functional content can
bereasonablyconsidered throughthe lens of control,infor-
mational, analytical, and managerial components, which
together form a methodological basis for decision-mak-
ing regarding the preservation and use of assets (Demi-
anenko & Chudovets, 2008; Vysochan & Vysochan, 2018).
The control function consists of establishing the
compliance between the actual availability of assets
and accounting data, as well as verifying adherence to
storage conditions. Its result is the recording of devia-
tions (shortages, surpluses, spoilage), identification of
their causes, and the creation of grounds for corrective
managerial actions. Within this function, stock-taking
serves as a tool to ensure material responsibility and

Function

Informational Result

Recording the actual availability

Control and condition of assets

Updated data on quantity, quality,
and condition of assets
on the stock-taking date

Informational
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Table 2. Functions of inventory and their significance in managing the asset potential of an agricultural enterprise
Function Manifestation
Control-Evaluation Result

Identifying deviations (shortages/
surpluses/spoilage) and their causes

Confirming the reliability
of accounting indicators

discipline in asset preservation, which is critically im-
portant for resource-intensive types of agricultural ac-
tivities (Demianenko & Chudovets, 2008).

The informational function is implemented by
generating relevant information about assets as of a
specific date, particularly regarding their quantitative
and qualitative characteristics and condition. Such data
improve the quality of managerial information support,
as they allow the comparison of accounting evaluations
with the actual parameters of assets, reducing the risk
of decision-making based on incomplete or distorted
information (Vysochan & Vysochan, 2018).

The analytical function of inventory lies in the abil-
ity to assess the structure of assets, their usability, the
degree of asset involvement in the production process,
and the identification of reserves to enhance the effi-
ciency of asset utilisation. Inventory results provide an
empirical basis for analysing asset dynamics, justifying
decisions on optimising inventory composition, assess-
ing the feasibility of repairing or replacing fixed assets,
and refining organisational parameters for storage and
accounting (Mezentseva et al., 2020).

The managerial function ensures the transforma-
tion of inventory data into managerial decisions aimed
at preserving and developing asset potential. Based on
this function, measures are determined to strengthen
internal control, improve accountability procedures, op-
timise resource provision, reduce losses, and increase
the efficiency of asset use within the enterprise’s oper-
ational activities. In this context, stock-taking serves as
a feedback tool, enabling the adjustment of manage-
rial influences according to the actual state of assets
(Mezentseva et al., 2020). The functional significance of
inventory in managing the asset potential of an agricul-
tural enterprise is summarised in Table 2.

Managerial Application

Loss prevention;
strengthening financial responsibility

Improving the quality
of management decisions
and resource planning
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Function Manifestation
Control-Evaluation Result

Identification of inefficiently used
or unsuitable assets

Function

Informational Result

. Indicators for analysing asset
Analytical structure and utilisation
Basis for adjustments

Managerial in asset management policies

Monitoring the implementation
of decisions based
on stock-taking results

Table 2, Continued

Managerial Application

Identifying efficiency reserves;
optimising the asset structure

Implementing measures to preserve
and develop asset potential

Source: compiled by the authors based on M.Ya.Demianenko & V.V.Chudovets (2008),0.S.Vysochan & 0.0.Vysochan (2018),

N.M. Mezentseva et al. (2020)

The systematisation of stock-taking functions in-
dicates its comprehensive role in forming managerial
influence on the asset potential of an agricultural enter-
prise. The interrelated implementation of control, infor-
mational, analytical, and managerial functions creates
conditions for timely identification of factors threaten-
ing asset preservation, as well as for justifying manage-
rial decisions aimed at minimising losses and enhancing
asset utilisation efficiency. This underscores the need
for further research on risks of asset potential loss and
the role of inventory in their prevention and mitigation.

Risks of asset potential loss in agricultural enterprises
and the role of inventory in their minimisation
The asset potential of an agricultural enterprise is af-
fected by a complex of risks arising both within the
internal environment and under external influences.
These risks vary in nature and impact, but collectively
they can lead to direct and indirect asset losses, reduce
reproductive capacity, and deteriorate financial perfor-
mance. In this context, stock-taking acts not only as a
tool for recording the consequences of risks but also as
a mechanism for their early detection and limitation.
Internal risks to asset potential include organisa-
tional,accounting,and managerial risks associated with
deficiencies in the internal control system, breaches of
material responsibility, untimely updating of account-
ing data, and improper organisation of asset storage. In
agricultural production, such risks are exacerbated by
the territorial dispersion of assets, numerous storage
locations for material values, and the seasonal nature
of certain asset groups. Stock-taking allows these risks

to be localised by establishing the actual state of as-
sets, verifying storage conditions, and identifying devi-
ations from established norms.

External risks are related to the impact of mac-
roeconomic, institutional, and climatic factors. Market
price fluctuations, changes in the regulatory framework,
emergencies, and adverse weather conditions directly
affect the preservation and valuation of assets in ag-
ricultural enterprises. In such conditions, stock-taking
plays a stabilising role by updating accounting data and
providing an informational basis for adapting manage-
rial decisions to changes in the external environment.

A separate group includes risks associated with phys-
ical wear and moral obsolescence of assets, which is typi-
cal for technically complex and capital-intensive property.
The lack of timely information on the real technical condi-
tion of fixed assets leads to inefficient resource use, high-
er maintenance costs, and reduced production productiv-
ity. Stock-taking enables the identification of such risks
through assessing asset suitability for further use and jus-
tifying the feasibility of repair, modernisation, or write-off.

Information-related risks also pose a significant
threat to asset potential, arising from discrepancies
between actual asset conditions and accounting data.
Such discrepancies distort analytical results, compli-
cate the evaluation of asset utilisation efficiency, and
reduce the validity of managerial decisions. In this case,
stock-taking serves as a tool to restore informational
reliability by adjusting accounting indicators to the ac-
tual state of resources. A generalised classification of
risks and corresponding stock-taking mechanisms for
their mitigation is presented in Table 3.

Table 3. Risks of asset potential loss in agricultural enterprises and inventory mechanisms for their mitigation

Typical Manifestations

Potential Consequences

Risk Group

and Sources

Violations of storage
conditions, weak
internal control

Discrepancy between

Organisational

Accounting  actual and accounting errors in managerial calculations;
data financial losses due to unreliable data
Physical wear and Accelerated asset retirement; increased

Technical moral obsolescence repair costs; reduced productivity

of assets

for Asset Potential

Physical losses, spoilage,
unauthorised movement;
reduced asset reproductive capacity

Distorted asset valuations in reports;

and reliability of production processes

Stock-Taking Safeguards and Control Actions

Inspection of storage locations; reconciliation
of responsible personnel; stock-taking records;
recording violations and directives

Reconciliation of registers and actuals;
documentary confirmation of balances;
reflecting stock-taking results in accounting

Assessment of technical condition; suitability/
defect certificates; clarification of useful life;
decisions on repair/write-off
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Typical Manifestations
and Sources
Distorted data

for analysis and
management

Risk Group

Informational

Influence of market

External and natural factors

Potential Consequences
for Asset Potential

Incomplete reflection of assets;
loss of resource control; reduced quality
of planning and analysis

Asset depreciation/loss due to force
majeure; need to adjust valuations
and plans; increased restoration costs

Table 3, Continued

Stock-Taking Safeguards and Control Actions

Verification of accounting completeness;
identification of unrecorded assets; elimination
of duplicates; updating inventory cards

Recording losses and damages; documenting
causes; adjusting value/condition; forming
grounds for managerial recovery measures

Source: compiled by the authors based on M.Ya.Demianenko & V.V.Chudovets (2008),0.5.Vysochan & 0.0.Vysochan (2018),

N.M. Mezentseva et al. (2020)

The identified risk groups and inventory mecha-
nisms for their limitation confirm the need for a differ-
entiated approach to organising inventory procedures,
taking into account the specifics of the assets and the
operating conditions of agricultural enterprises. This
necessitates the generalisation of methodological
approaches to inventory, aimed at increasing its ef-
fectiveness in the process of assessing and preserving
property potential.

Methodological principles for organising inventory

The effectiveness of inventory as a tool for assessing
and preserving the asset potential of an agricultur-
al enterprise largely depends on the methodological
approaches to its organisation and implementation.
The industry-specific nature of agricultural production
necessitates the adaptation of general inventory pro-
cedures to the characteristics of assets, conditions of
their use, and the seasonal nature of activities. This en-
tails the differentiation of approaches to inventorying
individual asset groups and determining the optimal
frequency of its execution. One of the key methodolog-
ical prerequisites is a clear identification of inventory
objects, taking into account their economic purpose
and role in forming the asset potential. For fixed assets,
primary importance is given to evaluating their techni-
cal condition, degree of wear, and suitability for further
use. Production stocks require control not only in terms

of quantitative indicators but also regarding storage
conditions, usage periods, and compliance of actual
balances with normative production needs. Biological
assets demand a special approach, as they combine the
properties of property and the results of the production
process, which complicates their inventory assessment.
An important methodological aspect is determining the
frequency of conducting inventory. For agricultural en-
terprises, it is advisable to combine mandatory annual
inventories with selective or unscheduled checks dur-
ing periods of increased risk of asset loss. This approach
allows for the timely detection of deviations in asset
status, reduces information gaps between actual and
recorded asset conditions, and increases the operation-
al efficiency of management decisions.

The methodological effectiveness of inventory is
also determined by the level of coordination of the
actions of inventory commissions, the quality of doc-
umentary recording of results, and the extent of their
subsequent use in management. Formalisation of in-
ventory procedures, clear assignment of responsibility,
and provision for analytical processing of the obtained
data create the prerequisites for transforming inventory
from a formal control procedure into an effective tool
for managing asset potential. A summary of methodo-
logical approaches to conducting inventory of the asset
potential of an agricultural enterprise, taking into ac-
count industry-specific features, is presented in Table 4.

Table 4. Methodological approaches to inventory of the components of the asset potential of an agricultural enterprise

Inventory Object
Fixed assets
Inventories

Biological assets
Other assets

Methodological Requirements and Managerial Focus
Assessment of technical condition and serviceability. Justification for renewal and modernisation
Control of quantities and storage conditions. Optimisation of stock levels and reduction of losses
Consideration of biological and seasonal factors. Ensuring continuity of production
Verification of compliance with accounting records. Improvement of information reliability

Source: compiled by the authors based on M.Ya.Demianenko & V.V.Chudovets (2008),0.S.Vysochan & 0.0.Vysochan (2018),

N.M. Mezentseva et al. (2020)

The formulated methodological approaches to
conducting inventory, taking into account the sectoral
specifics of agricultural enterprises, create a basis for
the practical use of its results in the process of asset
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management. Further analysis should be directed at de-
termining managerial decisions made based on invento-
ry results and assessing their role in preserving and re-
storing the asset potential of an agricultural enterprise.



Managerial decisions based on the results of inventory
of the asset potential of an agricultural enterprise
The results of inventory form the informational basis for
making managerial decisions aimed at preserving and
restoring the asset potential of an agricultural enter-
prise. Their practical significance lies in the possibility
of timely adjustment of managerial actions taking into
account the actual condition of assets, identified devia-
tions, and available reserves for increasing the efficien-
cy of property use. In this context, inventory acts as an
element of integrating accounting information into the
enterprise management system. One of the key direc-
tions of using inventory results is substantiating man-
agerial decisions regarding the renewal, modernisation,
or disposal of assets. Data on the technical condition
of fixed assets, their degree of wear, and suitability for
operation make it possible to determine the feasibili-
ty of capital investments, optimise repair and main-
tenance costs, and prevent irrational use of resources.
This is particularly important for agricultural enterpris-
es where a significant share of asset potential is con-
centrated in machinery and production infrastructure.
The results of inventory are also used to optimise
the management of production inventories and other
current assets. The identification of surpluses, shortag-
es,or slow-moving inventories creates the prerequisites

Dubinina et al.

for revising procurement policies, improving logistics
processes, and reducing the level of losses during the
storage and use of material resources. In this way, in-
ventory contributes to increasing operational efficien-
cy and preserving the asset potential of the enterprise.
An important direction in the use of inventory data is
strengthening the system of internal control and mate-
rial responsibility. Information about the identified de-
viations makes it possible to identify problematic areas
in the organisation of accounting and control, clarify
the responsibility of officials,and implement preventive
measures aimed at preventing repeated losses of prop-
erty. This contributes to the formation of a discipline of
asset preservation and increases the level of manage-
rial responsibility. The application of inventory results
in managing the asset potential also has a strategic
dimension. Generalised inventory data can be used to
assess long-term trends in changes in the structure of
assets, determine the priorities of investment develop-
ment, and form programs for restoring the asset poten-
tial. In this aspect, inventory ensures feedback between
the current condition of property and the strategic
goals of the development of an agricultural enterprise.
The main directions of using inventory results in man-
aging and preserving the asset potential of an agricul-
tural enterprise are summarised in Table 5.

Table 5. Use of inventory results in managing the asset potential of an agricultural enterprise

Vector
of using inventory results

Fixed asset management
Stock management
Internal control
Strategic planning

Content of managerial interventions

Renewal, repair, write-off of assets
Optimisation of the volume and structure of inventories
Strengthening responsibility and control
Formation of property development programs

Expected effect for the asset potential

Increasing the efficiency of property use
Reduction of losses and costs
Prevention of repeated losses

Preservation and restoration of asset potential

Source: compiled by the authors based on M.Ya.Demianenko & V.V.Chudovets (2008),0.S.Vysochan & 0.0.Vysochan (2018),

N.M. Mezentseva et al. (2020)

The systematic use of inventory results in manageri-
al activities demonstrates its practical value as a tool for
preserving and developing the asset potential of an agri-
cultural enterprise. The alignment of inventory data with
operational and strategic managerial decisions ensures
greater justification of management actions aimed at min-
imising property losses, optimising the structure of assets,
and strengthening internal control. This creates the basis
for further scientific interpretation of the obtained results
in the context of comparing them with the conclusions
of other studies and determining prospects for the devel-
opment of inventory practices in agricultural enterprises.

DISCUSSION
The obtained results indicate the expediency of a
conceptual reconsideration of the role of inventory in

the management system of an agricultural enterprise.
The interpretation of the results points to the trans-
formation of inventory from an auxiliary procedure for
reconciling accounting data into an independent tool
for managing asset potential. Such an approach cor-
responds with contemporary scientific discussions on
strengthening the functions of internal control, while
at the same time reflecting the sectoral specificity of
Ukraine’s agricultural sector.

Considering inventory as the foundation of internal
control correlates with the results of foreign studies on
asset management in emerging markets. N.Y. Accostupa
Huaman & P.O. Vega Espilco (2023) note that insuffi-
cient control over fixed assets leads to financial losses
and a decline in the liquidity of enterprises. The ob-
tained results expand this thesis taking into account
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the agricultural specificity, where the territorial disper-
sion of assets and production risks increase the prob-
ability of losing control. Unlike approaches focused
mainly on financial consequences, this study emphasis-
es organisational and technical risks that directly affect
production potential. The position of Ukrainian schol-
ars also demonstrates similar tendencies. O.V. Leha et
al. (2025) define inventory as a comprehensive method
of internal control in agricultural enterprises. Their ap-
proaches to assessing the efficiency of resource use at
different stages of the operational cycle are consistent
with the results of this study. A. Sakun (2024) empha-
sises the importance of informational support for con-
trol, the source of which is the verification of the actu-
al condition of assets. The argument of S.V. Bardash &
N.P. Kuzyk (2021) regarding the limitation of interpret-
ing inventory only as a method of accounting supports
a broader understanding of its managerial role.

In international research, considerable attention
is paid to the problem of discrepancies between ac-
counting data and the actual condition of inventories.
A. Shabani et al. (2021) point to the negative impact
of accounting inaccuracies on planning and operation-
al costs, while I.R. Destro et al. (2023) establish a rela-
tionship between the frequency of inspections and the
efficiency indicators of distribution centers. In the agri-
cultural sector, this problem is complicated by the bio-
logical nature of assets and the seasonality of produc-
tion. This may be explained by the influence of natural
losses and transformations that require the adaptation
of standard procedures. The proposed differentiation of
inventory measures for biological assets corresponds to
the position of T. Rohova (2023) regarding the specifics
of verifying living organisms.

The issue of digitalisation of inventory procedures
is also actively discussed in contemporary literature.
L.E. Fotoh (2025) draws attention to the gradual im-
plementation of alternative digital methods for col-
lecting evidence, while M. Salehi Shahrabi (2023)
demonstrates the effectiveness of RFID technologies
in reducing errors compared with manual counting.
Ukrainian researchers L. Frundina & O. Artiukh (2020)
emphasise the necessity of computerising the inventory
process. At the same time, the results of this study indi-
cate that for the agricultural sector a complete refusal
of physical verification is premature. The position of
O.M. Bondarenko & L.O. Rudenko (2022) regarding the
improvement of inventory audit methodology is sup-
ported; however, the expediency of combining digital
tools with professional assessment of the actual condi-
tion of assets is emphasised.

A separate direction of discussion concerns the val-
uation of biological assets. In a systematic review of
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the application of the IAS 41 standard, P. Campos-Ller-
ena et al. (2025) emphasise the problem of subjectivity
in determining fair value. The obtained results indicate
that a well-organised inventory can reduce the level
of such subjectivity through the verification of prima-
ry data. Similar approaches are supported by LV. Hut-
salenko & Yu.M.Nykitenko (2023), who link the reliabil-
ity of information with the completeness of inventory
procedures. Under conditions of martial law, inventory
takes on additional importance. European studies, in
particular Z. Gotas (2020), consider inventory mainly
under stable market conditions. In contrast, Ukrainian
scholars V. Lytvynenko et al. (2024), O.S. Vysochan et
al. (2024), and O.P. Kolisnyk et al. (2025) emphasise the
role of inventory in restoring accounting and docu-
menting losses. In this context, inventory may be con-
sidered as a mechanism for forming an evidentiary base
regarding force majeure circumstances, which is also
consistent with the approaches of V. Zhuk et al. (2022)
and S.Y. Maksymov (2023). The integration of inventory
into the system of economic security corresponds with
the concept of internal control by N. Marushko (2023)
and the classification of inventory challenges proposed
by N.M. Mezentseva et al. (2020). The comparison of the
research results with contemporary scientific approach-
es from 2020-2025 indicates a strengthening tendency
toward expanding the functional content of inventory.
The obtained generalisations demonstrate its impor-
tance as a tool for risk management, ensuring economic
security, and maintaining the reliability of asset infor-
mation. The practical implications lie in the necessity of
implementing risk-oriented inspections, adapting pro-
cedures to biological specificity, and combining phys-
ical control with digital technologies. Consideration of
these aspects creates the foundation for the further for-
mulation of the final provisions of the study.

CONCLUSIONS
Inventory has been defined as an integrated element
of the asset management system of an agricultural
enterprise that ensures the alignment of the actual
condition of assets with accounting data and increases
the validity of managerial decision-making. It has been
proven that this instrument forms a reliable informa-
tion base for management, significantly reduces infor-
mation gaps between accounting and actual indicators,
and strengthens the controllability of property resourc-
es under conditions of uncertainty. The systematisation
of the functional significance of inventory made it pos-
sible to reveal its role through the interaction of con-
trol, informational, analytical, and managerial compo-
nents. It has been established that the comprehensive
implementation of these functions ensures the timely



identification of deviations in the condition of assets,
the identification of internal reserves, and the enhance-
ment of the effectiveness of internal control, transform-
ing inventory from a formal procedure into an effective
management mechanism.

The classification of risks of loss of property poten-
tial into organisational, accounting, technical, informa-
tional, and external categories made it possible to de-
termine the potential of inventory in preventing them.
It has been established that regular verification of as-
sets contributes to the detection of shortages, spoil-
age, obsolescence, and inefficiently used assets, which
minimises unproductive losses and provides manage-
ment with up-to-date data for responding to threats.
The substantiation of methodological approaches to
the adaptation of inventory procedures demonstrated
the need to consider the sectoral specifics of agricul-
tural production, primarily seasonality and the bio-
logical nature of assets. The proposed differentiated
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approach to inventory objects, along with the combi-
nation of scheduled inspections and selective control
in high-risk areas, creates conditions for improving the
effectiveness of assessment and the preservation of
property potential. Prospects for further research are
associated with the quantitative substantiation of the
economic effect of implementing risk-oriented inven-
tory procedures and the study of the impact of invento-
ry on the turnover and profitability indicators of assets
of agricultural enterprises.
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AHoTauia. Y cTaTTi 0B6rpyHTOBaHO pofib iHBEHTapM3aLii K iHCTPYMeHTa OUiHKM Ta 36epexeHHs MaiHOBOro
noTeHLiany arpapHoro MignpuMEMCTBA B YMOBAX 3POCTAHHA PU3MKIB rOCNoAapcbKoi AissIbHOCTI Ta HeCcTabinbHOCTI
30BHILLUHBLOrO CcepenoBuLa. MeTo pgocnigkeHHs 6yno nornnbneHHs TeOPeTUKO-METOAMYHMX 3aCaf 3aCTOCYBaHHS
iHBEHTapuM3auii B arpapHuMx MignpMEMCTBAX i3 MO3MLIN 1i QYHKLIOHANbHOTO 3HAYE€HHS B ynpasAiHHIi MalMHOBWUM
noTeHuianoM. MeToaonoriyHy OCHOBY AOC/IAXKEHHS CTAHOBWAM 3arajibHOHAYKOBI Ta crewiasbHi METoAM, 30KpeMa
aHani3 i CUHTE3, CNOCTEPEXKEHHS, Y3ara/ibHEHHS, FPYMYBaHHSA Ta iIHCTUTYLIMHMI Nigxia. JlocnifKeHo cknag, i CTpykTypy
MalHOBOro MoTeHLiany arpapHoOro nmignpueEMCTBA, BU3HAYEHO 0COBAMBOCTI iHBEHTapuM3aLlii OKpeMux rpyn akTuBiB
3 YpaxyBaHHAM rany3eBoi cneumndiku, a TaKOX CUCTEMATU30BAHO (YHKLIT iHBEHTapu3aLii B CUCTEMI YNpaBAiHHA
MaiHOM. Y poboTi L0BefeHO, WO iHBEHTapM3aL,is BUKOHYE B3AEMONOB3aHi KOHTPO/IbHY, IHPOPMALLHY, aHaNiTUYHY
Ta yNpaBniHCbKy QYHKLiT, aKi 3a6e3neyyoTb Y3roakKeHHs GakTUYHOrO CTaHy aKTUBIB i3 AaHMMKM Byxrantepcbkoro
06/1iKy, MiaBMLLYIOTb 9KiCTb YNPaBAiHCbKMX pilleHb i CMPUSOTb MiHiIMi3auii pu3mkiB BTpaTh MaiHa. Y poboti 6yno
KNacMdiKOBaHO OCHOBHI PU3WMKWM BTpaTM MAMHOBOrO MOTEHLiANYy HA OpraHi3auiviHi, 061iKoBi, TEXHIYHI 1 30BHILLHI
Ta 3anNpoMOHOBAHO Ai€Bi iHBEHTapU3aLiMHI MexaHi3Mu ix obmexeHHs. KpiM Toro, po3po6ieHo MeToaMyHi niaxoam
[0 audepeHuiauii iHBeHTapu3aLiiMHMX npoueayp, SKi BpaxyBanu cneundiky 6ionorivHMx akTuBiB i BUPOOHMUMX
3anacie. O6GrpyHTOBaHO [AOUINbHICTb AMdEpPEHLIMOBAHOrO Ta PU3MK-OPIEHTOBAHOrO niaxody A0 oOpraHisauii
iHBeHTapu3auiiHux npouenyp. [MpakTMyYHe 3HaYEHHS OTPMMAHMX PEe3YNbTATIB MONAran0 B MOXAUBOCTI BUKOPUCTAHHS
3aMponoOHOBaHUX PeKOMEeHAauin AN NOCUNEHHS BHYTPIWHbOrO KOHTPOO, CTPATEriYHOrO NniaHyBaHHS OHOB/IEHHS
AKTMBIB Ta NiABMULLEHHS eDEeKTUBHOCTI YNPaBAiHHS MAaMHOM arpapHMX NiaANpUEMCTB

KniouoBi cnoBa: BHYTPILLHiM KOHTPOJIb; yNPaBiHHA akTMBaMu; 061ikoBa iHhopMaLig; 6ioNnoriyHi akTMBM; MiHiMi3aLig
pY3KKiB; BUPOOHMUI 3anacu
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Abstract. The study aimed to identify the characteristics of the digitalisation of accounting and tax processes in
agricultural enterprises, whilst assessing its impact on financial performance. The study was based on a systematic
approach, as well as generalisation, descriptive-analytical, structural-logical and statistical methods to examine
enterprise information systems and digital tax administration services. The results of the study showed that the
level of digitalisation of tax administration exceeds 98% for electronic filing,and the volume of electronic document
flow has grown from 34.5 million documents in 2022 to over 82 million in 2024. In the electronic value-added tax
administration system in 2024, tax invoices totalling approximately UAH 2,744 billion were processed, of which
around UAH 54 billion (approximately 1.97 %) were initially blocked, whereas, following unblocking procedures, the
actual amount of blocked value-added tax stood at around UAH 14 billion, corresponding to approximately 0.5% of
the total amount. An analysis of MHP’s operations revealed a rise in revenue from USD 1,647 to USD 2,635 million
(+60%) and capital expenditure from USD 92 to USD 210 million (+128%) in 2021-2025, alongside a reduction in
net debt from USD 1,164 to USD 900 million. Kernel has achieved a reduction in net debt from USD 836 million
to USD 143 million (-83%), as well as the automation of processing up to 240,000 electronic consignment notes
per season and a reduction in document verification time by 80%. Areas for improvement include the integration
of accounting systems with tax services, the use of cloud technologies and analytical tools, and the automation of
data processing to enhance data consistency and accelerate accounting processes. The practical significance of the
study is determined by the possibility of its results being used by agricultural enterprises to optimise accounting
and tax processes, improve the efficiency of financial flow management and reduce costs

Keywords: automation; document management; administration; efficiency; monitoring; analytics

INTRODUCTION

The transformation of economic processes, determined
by digital technologies, is accompanied by a shift in
approaches to the generation, processing and trans-

mission of financial information within enterprises.

In agriculture, these processes are combined with the
specific nature of production, characterised by season-
ality, the presence of biological assets, dependence on
natural and climatic conditions, and the use of state
support programmes, which place additional demands

Article’s History:

on accounting and tax procedures. The functioning of
accounting and tax administration in such conditions
involves the processing of significant volumes of het-
erogeneous data, the need to comply with regulatory
requirements, and ensuring consistency between finan-
cial and tax information.

The growth in data volumes, the increasing com-
plexity of accounting procedures, and the need for
the rapid generation of management information are
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driving a transformation in approaches to the organi-
sation of accounting processes within agricultural en-
terprises. Research into the automation and digitalisa-
tion of management accounting has been conducted by
S. lhnatenko & I. Tomashuk (2024), who examined the
implementation of digital technologies, in particular
Enterprise Resource Planning (ERP) systems, the Inter-
net of Things (loT), Big Data, cloud services and analyti-
cal tools,as well as their impact on the processes of col-
lecting, processing and systematising information. The
authors found that the use of digital solutions ensures
faster data processing, greater accuracy of accounting
information, the ability to integrate various information
systems and expand analytical management functions,
as well as facilitating the optimisation of document
flow and the application of new technologies, in par-
ticular blockchain, for data protection and transparen-
cy. A comparison of traditional and digitised account-
ing systems was conducted by O. Yakubyshyn (2025);
in particular, specialised software products, electronic
document management and reporting services were
characterised, and directions for the transformation
of accounting processes under the influence of digital
technologies were outlined. The findings indicated that
digitalisation facilitates the automation of data pro-
cessing, the generation of real-time reports, the inte-
gration of accounting systems with tax administration
services, and an increase in the transparency and relia-
bility of information; however, it is accompanied by cy-
bersecurity risks, the need to modernise infrastructure,
and rising demands on staff qualifications.

The growth in the volume of digital data is driving
a transformation in approaches to the organisation of
accounting and taxation, as explored by I. Balaniuk &
T. Ivanyuk (2022). The paper explored the application
of cloud technologies, artificial intelligence, blockchain,
big data and the Internet of Things in accounting and
taxation consultancy, as well as their impact on the au-
tomation of information processing and changes to ac-
counting procedures. The study established those digi-
tal solutions reduce data processing time and minimise
errors, whilst requiring the updating of professional
competencies. Theoretical approaches to the digital
transformation of accounting systems, as researched
by O.L. Polyova et al. (2024), revealed the application
of information technologies, automated solutions and
software products for the collection, processing and
analysis of financial and operational data, and identi-
fy directions for the integration of accounting systems
with management processes. As a result, the study es-
tablished that the use of digital technologies ensures
an increase in the efficiency of accounting processes, a
reduction in the time taken to process information, an
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improvement in the quality of financial reporting, and
the integration of accounting and management sys-
tems, as well as creating conditions for the generation
of analytical and predictive information in real time.

The need to transition to digital forms of account-
ing, reporting and taxation is determined by the growth
in data volumes, the need to automate information pro-
cessing and ensure the accuracy of financial indicators.
The introduction of digital technologies, as identified
by N. Brazil et al. (2023) in their study ensured the ac-
celeration of information collection, processing and
analysis, reduce the number of errors in reporting and
automate routine operations, as well as facilitating the
transition from paper documents to electronic formats,
which enhances the efficiency of accounting systems
and the transparency of interactions with regulatory
authorities. At the same time, it has been established
that digitalisation expands access to information, en-
sures data integration and improves compliance with
tax requirements, including the use of electronic re-
porting and digital platforms for public services. The
application of digital solutions in production and man-
agement processes, as identified by V. Lesiuk (2021),
helped to reduce the number of operations, minimise
paper-based document flow, decrease the number
of errors and increase labour productivity, as well as
enabling the use of innovative tools, in particular ro-
botic systems, sensors and analytical models for man-
agement decision-making. The study also established
that digitalisation encompasses both the automation of
internal processes and the integration of technologies
into production activities, which improves economic ef-
ficiency and competitiveness of enterprises.

The growing volume of financial information, the
need to improve the accuracy of accounting data and
to ensure the timely preparation of reports necessitate
the use of digital technologies in business operations.
The organisation of accounting in the agricultural sec-
tor, considering the impact of digital technologies, was
studied by P. Nesenenko (2022), who examined the ap-
plication of automated accounting systems, electronic
document management and information platforms for
processing financial data. The findings indicated that
the use of digital solutions enhances the efficiency
of accounting processes, ensures the timely prepara-
tion of reports, reduces labour costs associated with
information processing, and strengthens control over
financial transactions.

At the same time, further research is required into
the integration of accounting and tax services, data
consistency, the refinement of digital transformation
methodologies, the assessment of the impact of tech-
nology, and the assurance of information security. This
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study aimed to identify the specific features of the
digitalisation of accounting and tax processes in agri-
cultural enterprises and to determine their impact on
financial results. To achieve this objective, the follow-
ing tasks were set: to analyse approaches to the im-
plementation of digital technologies in the accounting
and tax processes of enterprises; to investigate tools
for the automation of accounting operations and tax
administration in agriculture; and to assess the impact
of digitalisation on the financial results of Myronivsky
Hliboproduct (MHP) and Kernel.

MATERIALS AND METHODS

The study was empirical in nature and covered the pe-
riod 2021-2025, with additional data from January-Feb-
ruary 2026. The chosen time frame was determined by
the need to cover the period of implementation of dig-
ital solutions in the accounting and tax records of agri-
cultural enterprises, including transformational chang-
es after 2022, as well as the opportunity to track the
dynamics of financial indicators and the development
of digital services in the medium term; the inclusion of
data for early 2026 has made it possible to reflect the
current level of use of electronic services.

The study employed a systematic approach to
analysing the organisation of accounting processes in
agricultural enterprises, within which accounting was
viewed as a set of interrelated processes determined
by the specific nature of production and external oper-
ating conditions. The method of generalising scientific
approaches was used to justify the feasibility of apply-
ing digital technologies and to identify directions for
the transition to electronic data processing and remote
control of business operations (Oleynikova & Dolzhen-
ko, 2020). The analysis of the software products
Business Automation Software (n.d.), MeDoc (20243;
2024b) and SAP Business One (n.d.) was conducted
using a descriptive-analytical research method to de-
termine their functional capabilities, level of automa-
tion and compliance with tax regulation requirements.
A functional-instrumental approach was used to study
ERP systems, within the framework of which the in-
tegration of financial, managerial and tax accounting
was assessed, as well as the possibilities for creating
a unified information environment for the enterprise
(Shyhun & Zhuravel, 2021).

The study analysed the use of digital tax adminis-
tration services by Ukrainian enterprises in 2022-2024,
identifying the mechanisms for taxpayers’ interaction
with the State Tax Service and the specific features of
its electronic services. The analysis of the function-
ing of the electronic value-added tax administration
system was conducted using the structural-logical
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analysis method, which addressed procedures for reg-
istering tax invoices and adjustment calculations, the
mechanisms for monitoring compliance with the “first
event” principle, as well as the processes of blocking
and subsequently unblocking documents in the Unified
Register of Tax Invoices. To assess the scale of blocking
and the volume of value-added tax, the method of sta-
tistical analysis of open data was used, analysing the
following indicators:

number of taxpayers for whom the registration
of tax invoices/adjustment calculations (TI/AC) has
been blocked;

total number of blocked tax invoices/correction
notes;

amount of value added tax (VAT) on blocked tax
invoices/correction notes;

proportion of blocked documents out of the to-
tal number submitted for registration;

volume and proportion of unblocked tax invoic-
es/credit notes;

amount of VAT following the unblocking proce-
dures;

total amount of VAT submitted for registration in
the Unified Register of Tax Invoices.

This has made it possible to describe the charac-
teristics of how the electronic value-added tax admin-
istration system operates in tax administration prac-
tice (Potaeva, 2025). MHP (2021; 2022; 2023; 2024;
2025) was selected for the case study due to the scale
of its operations, its vertical integration and its use
of comprehensive digital systems. For MHP, the imple-
mentation of the SAP Suite 4 High-Performance Ana-
Llytic Appliance (S/4HANA) system, which includes the
Run Intelligent Sustainable Enterprise (RISE) model,
was considered. The SAP Material Management (MM)
and SAP Production Planning (PP) modules were an-
alysed separately. Additionally, SAP SuccessFactors
was considered in combination with the proprietary
vZoo system using the functional analysis method,
which can be used for investigation of the integration
of production, financial and management processes.
The dynamics of MHP’s financial indicators (revenue,
earnings before interest, taxes, depreciation and am-
ortisation (EBITDA), operating profit, net profit, capi-
tal expenditure (CAPEX), net debt, Net Debt/EBITDA)
for 2021-2025 were analysed based on consolidated
financial statements.

For Kernel (2021; 2022; 2023; 2024; 2025), the
implementation of Microsoft Dynamics NAV (Navision)
2018 and its integration with KernelEDocs, based on
Microsoft SharePoint, were examined. The use of Mi-
crosoft Dynamics 365 Business Central in international
divisions was analysed separately using the functional



analysis method, which was used the investigation of
the digital integration of business processes. The auto-
mation of electronic consignment notes was analysed
using the process analysis method, which addressed
changes in settlement times with carriers, the accura-
cy of source documents, the workload on accounting
departments, and document loss (Tarasovsky, 2026).
The dynamics of Kernel’s financial indicators (revenue,
EBITDA, operating profit, net profit, net debt, Net Debt/
EBITDA) for 2021-2025 were analysed based on finan-
cial statements using statistical analysis and the cal-
culation of relative indicators (2021/2025, 2024/2025),
which made it possible to assess changes in financial
indicators over time.

Based on the results obtained, a generalisation
method was applied to identify areas for improving the
digitalisation of accounting and tax processes for MHP
and Kernel, which was used for development of ap-
proaches to enhance the efficiency of financial informa-
tion processing. A limitation of the study is that the anal-
ysis is based on open data and aggregated indicators of
digital services, which limits the detail of the assess-
ment of the enterprises’ internal accounting processes.

RESULTS AND DISCUSSION

State of digitalisation in the accounting

and tax functions of agricultural enterprises in Ukraine
The operations of agricultural enterprises are charac-
terised by dependence on natural and climatic condi-
tions, the seasonal nature of production, and a signif-
icant volume of business transactions, which create
specific conditions for the organisation of accounting
processes. Such activities are accompanied by a height-
ened level of risk and require the processing of large
volumes of diverse information, which complicates the
preparation of reliable financial and tax figures. The
specific features of agricultural production necessitate
the accounting for biological assets, land resources,
as well as a significant number of settlement trans-
actions related to tax liabilities and state regulation.
Under these conditions, the organisation of accounting
processes requires constant updating of information,
prompt processing, and ensuring consistency between
different types of data. As noted by L. Oleynikova &
[. Dolzhenko (2020), the digitalisation of accounting
involves a transition to processing information in elec-
tronic format, which was used for accounting opera-
tions to be conducted in real time, increases manage-
ment flexibility, and can be used for remote monitoring
of financial and economic activities. The use of digital
solutions helps streamline accounting processes, re-
duce the labour intensity of information processing and
improve the reliability of the data.

Ivanenko

In Ukraine, localised software products adapted to
the requirements of national legislation and the spe-
cific features of tax regulations are used for accounting
purposes. The most widely used systems are Business
Automation Software (n.d.), which is used for recording
transactions, settlements with counterparties, invento-
ry management, payroll and the preparation of statuto-
ry reports, as well as MeDoc (2024a; 2024b), which pro-
vides electronic document management, registration of
tax invoices and submission of reports to regulatory au-
thorities. For medium and large enterprises, SAP Busi-
ness One (n.d.) is used, combining financial accounting,
logistics, inventory management and analytical tools
within a single ERP system. In particular, as noted by
M. Shyhun & A. Zhuravel (2021), the use of SAP facil-
itates the creation of a unified enterprise information
environment, the synchronisation of financial, manage-
ment and tax accounting, as well as the standardisation
of accounting processes and the expansion of analyti-
cal capabilities, enabling the use of accounting data for
management decision-making. Alongside this, Ukraini-
an software products have become widespread, nota-
bly Dilovod (n.d.), MASTER (n.d.) and Debet Plus (n.d.a;
n.d.b), which provide financial accounting, processing of
source documents, inventory management, settlements
with counterparties and the preparation of statutory
and tax reports in accordance with current regulato-
ry requirements. Bookkeeper (n.d.), Navkolo (n.d.) and
SMARTFIN.UA (n.d.) are also used to automate account-
ing procedures, including sales accounting, payroll cal-
culation, determination of tax liabilities and prepara-
tion of reports for regulatory authorities.

These systems differ in terms of functionality, ar-
chitecture and level of automation, as well as their fo-
cus on different user categories - ranging from sole
traders and small businesses to medium-sized and
large companies. They support integration with elec-
tronic document management, banking services and
other information systems, ensuring data exchange,
reconciliation of financial information and reduced
transaction processing times. Additionally, they provide
for the generation of analytical reports, control of fi-
nancial flows and adaptation to changes in legislation
through the updating of functional modules. Due to
restrictions on the use of Russian software, business-
es are transitioning to the use of BAS and Ukrainian
solutions, whilst large companies are implementing
international systems with localisation, in particular
SAP (Human capital management software, n.d.) or
Odoo (n.d.). The functional capabilities of such systems
cover the automation of core accounting processes, in-
cluding the processing of source documents, inventory
management, payroll calculation, tax calculations and
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the preparation of financial statements. In particular,
these systems provide for the automatic generation of
balance sheets, income statements, and declarations
for value-added tax, income tax and the unified so-
cial contribution, as well as supporting electronic sig-
natures and the submission of reports via integrated
modules. The use of electronic document management
involves the creation, signing and exchange of source
documents in electronic form in accordance with cur-
rent legislation, which reduces the time taken to pro-
cess information and minimises errors.

The agricultural sector utilises specialised config-
urations, notably Business Automation Union (n.d.) and
Debet Plus (n.d.a), which address specific features of
accounting for biological assets, production processes
in crop and livestock farming, as well as the seasonal
nature of these activities. Such systems facilitate the
recording of harvests, land cultivation costs, animal
movements, the generation of analytical data by crop
and production unit, as well as the automation of tax
calculations, covering specific tax regimes. Depend-
ing on the organisation’s needs, both cloud-based and
on-premises solutions are used. Cloud services provide
real-time access to accounting data and do not require
on-premises infrastructure, whereas on-premises sys-
tems provide full control over data and are predom-
inantly used by large organisations. In practice, it is
common to combine different solutions, in particular
the use of on-premises accounting systems alongside
cloud-based e-reporting services, which ensures a com-
plete cycle of financial and tax information processing.

Businesses in Ukraine made extensive use of the
State Tax Service’s digital services between 2022 and
2024 to automate reporting, monitor payments and
conduct tax transactions, including the Taxpayer’s Elec-
tronic Account, the electronic VAT administration sys-
tem and electronic cash registers (e-Receipt) (Main De-
partment of the..., 2019), which were integrated with
accounting systems such as BAS, SAP and MeDoc. The
Electronic Taxpayer’s Office served as the central tool
for real-time interaction with tax authorities and facil-
itated the submission of returns, the exchange of mes-
sages, access to register data and the monitoring of the
status of settlements with the budget.

The electronic VAT administration system ensured
the registration and verification of tax invoices and ad-
justment calculations, monitored compliance with the
“first event” principle, and tracked registration limits. In
2024, on average, the registration of tax invoices and
adjustment calculations was blocked each month for
approximately 24,000 taxpayers, accounting for around
15% of those submitting tax invoices/adjustment cal-
culations for registration. In total, around 2.33 million
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tax invoices and adjustment calculations were blocked
over the year, amounting to nearly UAH 54 billion in
VAT. At the same time, taxpayers subsequently con-
firmed the right to register 1.75 million tax invoices
and adjustment calculations (around 71% of those
blocked), corresponding to a VAT amount of approxi-
mately UAH 40 billion (74% of the blocked volume). Of
these, 1.66 million tax invoices/correction calculations
were unblocked by State Tax Service commissions, ac-
counting for approximately 95% of the documents sub-
mitted for review. The total value of VAT submitted for
registration in the Unified Register of Tax Invoices in
2024 amounted to approximately UAH 2,744 billion, of
which approximately UAH 54 billion was blocked, and
following the unblocking procedures — approximately
UAH 14 billion, which corresponded to roughly 0.5% of
the total VAT amount (Potaeva, 2025).

MeDoc (2024a; 2024b) served as a key tool for
electronic reporting and document management, facil-
itating the registration of tax invoices in the VAT Elec-
tronic Administration System, the exchange of source
documents, and the submission of reports. The volume
of electronic document flow through this system grew:
the number of documents sent stood at 34.5 million in
2022 and 73 million in 2023, and in 2024 exceeded 82
million, which is 13% more than in 2023. In 2024, busi-
nesses submitted approximately 10 million tax returns,
with over 98% of returns for legal entities and sole
traders being submitted electronically. In particular,
in January-February 2026, 347,620 returns were filed
in the Lviv region, 98% of which were submitted elec-
tronically (Main Department of the..., 2026). The total
volume of electronic documents also included over 80
million source documents in electronic document man-
agement systems. In January-February 2025, the rate of
tax returns submitted electronically remained stable at
around 98% for both legal entities and individuals. At
the same time, the proportion of electronic tax returns
submitted by citizens rose from 77% in January-Feb-
ruary 2025 to 82% for the same period in 2026. The
digitalisation of tax administration has also influenced
the organisation of tax control. In 2024, 3,242 audits
were planned, of which over 60% were conducted in
the form of documentary analysis using digital data
without visiting the taxpayer. In the first nine months
of 2024, 5,483 documentary audits of sole traders were
carried out, a 26% decrease compared with 2023, re-
sulting in additional tax assessments of approximately
UAH 10 billion (Prasad, 2024).

A comparison revealed that L. He et al. (2024) and
the present study both examined the impact of digital
technologies on agricultural enterprises, albeit with dif-
ferent focuses. This study focused on the digitalisation



of accounting and tax administration, specifically pro-
cess automation, electronic document management
and integration with State Tax Service (STS) services.
In contrast, L. He et al. analysed the impact of digital
finance on ‘green” innovations and the role of corpo-
rate social responsibility. The common feature was that
digitalisation was viewed as a factor in increasing effi-
ciency, reducing information asymmetry and improving
management. At the same time, the differences lie in
the methods and level of analysis: this study employed
a descriptive-analytical approach using statistical indi-
cators of system performance, whereas L. He et al. uti-
lised econometric modelling of panel data.

A similar line of reasoning was evident when com-
paring this study with that of X. Gao & R. Gao (2024),
although the focus shifted from internal processes to
the functioning of the agricultural supply chain. Whilst
in this study digitalisation ensured the consistency of
accounting and tax data, X. Gao & R.Gao (2024) viewed
digital financial inclusion as a factor of resilience, in-
fluencing access to financial resources and the ability
of entities to withstand external risks. What remained
common was the perception of digitalisation as a mech-
anism for optimising information flows and access to
resources. However, the level of analysis differed: the
micro-level of the enterprise versus the meso-level of
the sectoral chain, which also necessitated the use of
different research tools.

Extending this comparative framework using the
findings of W. Li et al. (2025) highlighted another di-
mension of digitalisation: innovation. Whilst in this
study digital solutions ensured the accuracy of ac-
counting data and the automation of reporting, W. Li et
al. (2025) linked digital financial inclusion to an in-
crease in enterprises’ innovative activity, by overcom-
ing financial constraints and stimulating investment in
research and development. The convergence lay in the
recognition of the role of digital technologies in en-
hancing efficiency and access to resources, whilst the
differences manifested in the focus of the analysis and
the methods employed - ranging from describing the
functioning of digital services to identifying causal re-
lationships based on panel data. In the study by Y. Liu et
al. (2024), the focus shifted even further - to assessing
the performance of enterprises in a foreign trade con-
text. In contrast to the analysis of internal accounting
processes, the authors investigated the impact of digi-
tal transformation on the quality and safety of agricul-
tural exports, emphasising the role of digital platforms
and technologies in ensuring product standards. The
common thread remained the idea of increasing effi-
ciency and improving data management; however, the
difference lay in the shift from the internal organisation
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of information to the assessment of the results of en-
terprises’ activities using econometric methods.

A comparison with the study by S.Jin & Z.Zhong (2024)
revealed yet another level of generalisation - the macro-
economic level. Whilst this study viewed digitalisation as
a tool for organising accounting and tax administration,
S.Jin & Z. Zhong (2024) analysed the impact of digital
financial inclusion on the total factor productivity of ag-
riculture, covering sectoral integration and rural devel-
opment. Both approaches recognised the role of digital
technologies in improving resource efficiency but dif-
fered in scale: from the analysis of internal enterprise
processes to the quantitative assessment of productivity
based on econometric models. The operations of agricul-
tural enterprises were subject to specific requirements
regarding the organisation of accounting, which neces-
sitated the use of digital tools to process large volumes
of data. The use of accounting systems and STS services
ensured the automation of accounting and tax process-
es, as well as the integration of financial information.
Statistical indicators show the dominance of electronic
reporting and significant volumes of electronic docu-
ment flow. At the same time, during the tax administra-
tion process, there were instances of tax invoices being
blocked, which required additional action on the part of
taxpayers to confirm transactions.

Assessment of the impact of digital technologies

on accounting and tax processes

MHP operates as a vertically integrated agro-indus-
trial holding, within which crop production, livestock
farming and processing are combined into a single
production and logistics chain, which imposes specific
requirements on the organisation of accounting and tax
processes (MHP considers the EU..., 2025). This struc-
ture necessitates the processing of significant volumes
of data relating to the production of raw materials, their
transformation into finished products and their sale on
domestic and foreign markets, where exports account
for approximately 55% of total sales.

Digitalisation of accounting processes at MHP has
been implemented using the unified ERP system SAP
Suite 4 High-Performance Analytic Appliance (S/4HA-
NA), which integrates financial, management and pro-
duction accounting within a corporate framework. The
system covers all of the company’s business processes,
including finance, logistics, procurement, human re-
sources and production, and can be used for parallel
financial and tax accounting in real time. Using the
RISE with SAP model combines infrastructure, account-
ing processes and analytical tools within a single en-
vironment, covering both the company’s Ukrainian and
European assets. The organisation of accounting within
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the SAP system involves the automation of key areas,
including inventory management, payroll, cost account-
ing and production processes. In particular, the SAP MM
module handles inventory, procurement and warehouse
operations with integration into production process-
es; SAP SuccessFactors automates HR accounting and
payroll processing with the relevant tax calculations;
whilst the Financial Accounting/Controlling modules
handle financial accounting, budgeting, cost allocation
and reporting. Production accounting is implemented
via the SAP PP module in conjunction with the compa-
ny vZoo system, which integrates data on production,
resource usage and product quality into a single ac-
counting system (“MHP” implements a system..., 2021).

The consolidation of accounting data at MHP is im-
plemented centrally via SAP S/4HANA, which ensures
the automatic integration of financial, operational and
production information from various departments and
legal entities. The use of the SAP Master Data Govern-
ance module standartises master data before process-
ing, ensuring consistency of information at the group
level. This approach eliminates the need for manual

data aggregation and can be used for generation of
consolidated reports in real time. The tax function in
MHP is integrated into a single ERP system and imple-
mented as a component of financial accounting. The
automation of tax processes covers the calculation of
tax liabilities, the preparation of tax returns and the
verification of business transactions against tax legis-
lation. Due to the integration of accounting and tax ac-
counting, tax figures are generated automatically based
on source data, reducing the need for additional data
processing and ensuring consistency between financial
and tax data. MHP’s digital infrastructure forms a uni-
fied information environment within which accounting,
control and data processing are conducted at all stages
of the production cycle. The summary of MHP’s financial
and investment indicators for 2021-2025 is based on
the company’s consolidated financial statements, ena-
bling an assessment of changes in the scale of opera-
tions, profitability, investment activity and debt burden.
The trends in these indicators reflect the recovery of
operational activities following 2021 and the subse-
quent expansion of the business (Table 1).

Table 1. Trends in MHP’s financial and investment indicators for 2021-2025

Indicator 2021 2022

Revenue, million USD US 1,647 1,876
EBITDA, million USD US 519 275
Operating profit, million USD US 416 176
Net profit, million USD US 377 -269
CAPEX, million USD US 92 106

Net debt, million USD 1,164 1,186

Net Debt/EBITDA 2.09 2.94

2023
2,294
329
247
122
150
1,050
3.19

2024 2025 2021/2025,% 2024/2025, %
2,262 2,635 160 116
437 455 88 104
346 313 75 90
141 215 57 152
180 210 228 117
950 900 77 95
2.17 1.98 95 91

Source: compiled by the author based on MHP (2021; 2022; 2023; 2024, 2025)

Table 1 show that between 2021 and 2025, MHP
expanded the scale of its operations whilst simulta-
neously restructuring its financial profile. Revenue in-
creased from USD 1,647 million to USD 2,635 million
(+60%), whilst EBITDA decreased from USD 519 million
to USD 455 million (-12%), reflecting the impact of
external factors in 2022 and the subsequent recovery
of operating activities. Capital expenditure rose from
USD 92 million to USD 210 million (+128%), indicat-
ing an expansion of investment activity and the im-
plementation of technological solutions. At the same
time, net debt decreased from USD 1,164 million to
USD 900 million (-23%), and the Net Debt/EBITDA ratio
decreased from 2.09 to 1.98, reflecting an improvement
in financial stability. In 2025, compared with 2024, rev-
enue grew by 16%, whilst EBITDA increased by 4% and
net profit increased by 52%.

The expansion of MHP’s operations between 2021
and 2025 was accompanied by an increase in the volume
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of financial and tax transactions, reflected in a 60%
rise in revenue and a more than twofold increase in
capital expenditure. The increasing complexity of the
business structure, in particular the integration of
production segments and the implementation of in-
vestment projects, necessitates the maintenance of
parallel accounting and tax records, cost accounting
by responsibility centres, and the monitoring of invest-
ment flows. The dynamics of EBITDA and the Net Debt/
EBITDA ratio reflect the changing demands on the fi-
nancial management system and the need for analyt-
ical data processing to monitor liquidity and debt ob-
ligations. In such circumstances, the use of integrated
ERP systems, in particular SAP S/4HANA, ensures the
automation of accounting processes, the consistency
of financial and tax information, and the generation
of reports in real time, reflecting the changing role of
digital technologies in the accounting and tax func-
tions of the enterprise.



Kernel (2021; 2022; 2023; 2024; 2025) utilises a
centralised model for the digitalisation of accounting
and tax functions, based on a single Microsoft Dynam-
ics NAV 2018 ERP system implemented for the manage-
ment company and key subsidiaries, including Kernel
Trade. This system provides integrated management
of financial, operational and accounting processes, in-
cluding procurement, sales, inventory management,
cash flow and intercompany settlements. The system
architecture is complemented by integration with the
KernelEDocs electronic document management plat-
form based on Microsoft SharePoint, which can be used
for automation of the creation, approval, signing and
storage of source documents, as well as supporting the
use of qualified electronic signatures. For international
divisions, Microsoft Dynamics 365 Business Central is
used with data synchronisation to the central system,
forming a connected hybrid information infrastruc-
ture. The implementation of the ERP system has led
to changes in the parameters of accounting and tax
processes, resulting in a reduction in the time taken to
prepare financial statements by an average of 5 days, as
well as a reduction in audit costs due to built-in control
mechanisms. Centralised verification of counterparties
using integrated services has reduced the number of
transactions with high-risk partners by approximate-
ly half, which has had an impact on tax and financial
risk parameters. The automation of cash flow manage-
ment ensures liquidity and cash flow planning based
on data from the accounting system. The digitisation
of procurement and document management process-
es has accelerated the processing of transactions with
grain suppliers by an average of three times, whilst
also ensuring transparency in mutual settlements and
monitoring of contractual obligations within trading
operations. The ERP system implements full tracking
of inventory costs, eliminating situations where, be-
fore the system’s implementation, approximately 20%
of costs were not automatically reflected in accounting
and planning. Built-in Bl tools can be used to generate
financial and management reports online, providing ac-
cess to analytical information for decision-making at
various management levels (The results of the imple-
mentation..., 2024).

As part of the digitalisation of its logistics and
accounting processes, Kernel has scaled up the use
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of electronic consignment notes (e-TTN), integrating
around 1,000 partner haulage companies, 6,000 driv-
ers, and over 400 dispatchers and weighbridge oper-
ators into a single digital system. The introduction of
e-waybills facilitated the transition from paper-based
document flow to an electronic format for primary
documents used in accounting and tax records. As a
result, the time taken to settle accounts with carri-
ers has been reduced: whereas previously payment
took 5-7 days due to the need to process paper doc-
uments, this process takes place much more quickly
following the introduction of the digital system. In
addition, the time taken to verify the accuracy of pri-
mary documents has been reduced by approximately
80%, reflecting the automation of control procedures
and a reduction in the workload on accounting de-
partments. The use of e-TTN has also eliminated doc-
ument losses that occurred with paper-based docu-
ment flow: in a single season, the company generates
around 240,000 waybills when moving agricultural
products between internal warehouses. The integra-
tion of e-TTN into the digital infrastructure, particu-
larly in conjunction with the Microsoft Dynamics NAV
2018 ERP system and the KernelEDocs electronic
document management platform, ensures the auto-
matic generation of source documents, their approv-
al, signing with a qualified electronic signature, and
subsequent use for tax reporting. Thus, the digital-
isation of logistics operations is directly integrated
into the accounting and tax systems, ensuring data
consistency, reducing information processing times
and improving the controllability of business trans-
actions (Tarasovsky, 2026).

Overall, Kernel’s digital transformation encompass-
es accounting, tax processes, document management
and management analytics, creating a unified informa-
tion environment for processing financial data. The use
of the Microsoft Dynamics NAV ERP system, combined
with integrated services, ensures the consistency of ac-
counting data, the automation of calculations, control
over financial flows, and support for management deci-
sion-making processes. The financial statements reflect
the dynamics of Kernel’s financial indicators for 2021-
2025, which characterise changes in the scale of opera-
tions, the structure of financial flows and the company’s
debt burden (Table 2).

Table 2. Trends in Kernel’s financial indicators for 2021-2025

Indicator 2021 2022

Revenue, million USD US 5,647 5,332
EBITDA, million USD US 929 220
Operating profit, million USD US 792 677
Net profit, million USD US 513 -41

2023
3,455
544
753
299

2024 2025 2021/2025,% 2024/2025,%
3,581 4,115 73 115
381 466 50 122
604 361 46 60
168 238 46 142
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Table 2, Continued
2022 2023 2024 2025 2021/2025,% 2024/2025,%
1,488 595 281 143 17 51

2021
836

Indicator
Net Debt, million USD US
Net Debt/EBITDA 0.9 6.8 1.1 0.7 0.3 33 43

Source: compiled by the author based on Kernel (2021; 2022; 2023; 2024; 2025)

Table 2 show that between 2021 and 2025, Kernel’s
operations were characterised by significant fluctua-
tions in financial results, accompanied by a reduction
in debt levels and a transformation in the structure of
cash flows. Revenue decreased from USD 5,647 mil-
lion to USD 4,115 million (-27%), reflecting changes in
logistics conditions and export volumes, whilst EBITDA
decreased from USD 929 million to USD 466 million
(-50%), indicating rising costs and instability in the op-
erating margin. In 2022, the company recorded a loss
(USD -41 million), followed by a recovery in profitability
to USD 238 million in 2023-2025. At the same time, the
most significant changes occurred in debt management:
net debt fell from USD 836 million in 2021 to USD 143
million in 2025 (-83%), and the Net Debt/EBITDA ratio
decreased from 0.9 to 0.3.In 2022, this ratio rose to 6.8,
reflecting a sharp deterioration in financial stability;
however, it subsequently decreased rapidly, indicating
active management of liquidity and cash flows.

Changes in the scale of operations, high volatility
in financial results, and significant volumes of transac-
tions involving inventory, export contracts and finan-
cial instruments necessitate an integrated approach
to accounting and tax reporting. The use of a single
Microsoft Dynamics NAV 2018 ERP system centralises
data on procurement, sales, cash flow and settlements
with counterparties, enabling the generation of con-
sistent financial and tax information. Integration with
the KernelEDocs electronic document management
system and the use of built-in Bl tools ensure the au-
tomation of source document processing, control of
tax liabilities and the ability to generate analytical
reports promptly.

A 49% reduction in net debt in 2024-2025 alone,
as well as a reduction in the Net Debt/EBITDA ratio to
0.3, demonstrates the use of digital tools for liquidi-
ty management, cash flow planning and financial risk
control. At the same time, the 15% growth in revenue
and 22% growth in EBITDA in 2025 were accompanied
by increased demands on data processing speed and
the synchronisation of accounting processes across
departments. Thus, the dynamics of Kernel’s financial
indicators in 2021-2025 reflect a transition to a model
in which the digitalisation of accounting and tax func-
tions ensures the integration of financial flows, the au-
tomation of accounting procedures and real-time con-
trol of operations in a changing external environment.
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An analysis of the interrelationships between
approaches to the digitalisation of the agricultural
sector revealed that its interpretation varied depend-
ing on the scope of the study, ranging from internal
business operations to systemic transformations with-
in the industry. In this study, digital solutions were
viewed as a tool for streamlining accounting and tax
processes, ensuring the consistency of financial data
and improving the efficiency of its processing. At the
same time, E.N. Sadjadi & R. Fernandez (2023) inter-
preted digitalisation as a multidimensional phenom-
enon encompassing the infrastructure, technologies
and socio-economic conditions of the agricultural sec-
tor’s functioning. Thus, the convergence resided in the
recognition of the impact of digital technologies on
management and productivity, whilst the divergence
manifested itself in the scale, from the applied level to
a comprehensive overview analysis.

This difference in levels of analysis was also evident
when compared with the findings of B. Garcia-Corne-
jo et al. (2025); however, in this case, the focus shifted
to assessing the efficiency of farms. Whilst in this study
digitalisation ensured the accuracy and integration of
accounting processes, B. Garcia-Cornejo et al. linked it
to the use of management accounting practices and In-
formation and Communication Technologies as factors
in improving productivity. Both approaches agreed on
the role of information systems in improving resource
management but differed in their methodology: a de-
scription of how the systems function versus a quanti-
tative assessment of effectiveness.

The study by M. Cerna & J. Pokorny (2024) proved to
be more closely related in terms of subject matter, as it
also analysed changes in accounting and tax processes
under the influence of digital technologies. However,
whilst this study focused on the practical application of
digital tools by enterprises, M. Cerna & J. Pokorny (2024)
examined these processes through the prism of the
regulatory environment and institutional changes. As
a result, digitalisation emerged as a common subject
of analysis, but with varying levels of detail - ranging
from the applied level to the generalised institutional
context. In the study by H. Fu & T. Ramayah (2025), dig-
ital transformation was explained through the behav-
ioural and competency characteristics of enterprises. In
contrast to the technology-oriented approach of this
study, the authors linked the outcomes of digitalisation



to levels of financial literacy, digital orientation and or-
ganisational learning. In both cases, the impact of digi-
tal technologies on efficiency and management was ac-
knowledged, but the differences lay in the explanatory
mechanisms: technological integration versus behav-
ioural-econometric analysis of transformation factors.

Further broadening of the comparison, based on the
study by M. Sauvagerd et al. (2024), transitioned from
enterprise level to that of agri-food systems. Whilst in
this study digital technologies facilitated the optimisa-
tion of internal procedures, M. Sauvagerd et al. (2024)
viewed them as the foundation for transforming mar-
ket structures and platform-based interactions within
the sector. Despite the different scales, both approach-
es converged in their interpretation of digitalisation
as a tool for improving data management and process
coordination, whilst the differences lay in the focus -
internal operations versus systemic changes in the in-
dustry. In the study by Y. Yuan et al. (2024), digitalisation
was linked not only to the organisation of processes
but also to areas of business development, in particular
‘green” transformations. This created a logical transi-
tion from managerial aspects to strategic business out-
comes. What remained common was the perception of
digital technologies as a factor in improving efficiency
and access to resources; however, the difference lay in
the shift in emphasis from accounting procedures to
economic and environmental outcomes, which were as-
sessed using quantitative methods.

An analysis of two agribusiness companies has
shown that the implementation of digital solutions in
accounting and tax functions is linked to an increase
in transaction volumes and a growing complexity of
business processes between 2021 and 2025. Changes
in revenue, EBITDA, investment activity and debt bur-
den were accompanied by an increase in the number
of financial and tax transactions, which required the
automation of accounting procedures and the centrali-
sation of data. The use of ERP systems ensured the inte-
gration of accounting, logistics and financial processes,
the automatic generation of reports and data consist-
ency across departments. This created the conditions
for faster information processing, control of business
transactions and management of financial flows in a
changing external environment.

Areas for improving the digitalisation of accounting
and tax processes

The enhancement of digitalisation in accounting and
tax processes at MHP and Kernel involves the further
development of data integration within the existing
ERP systems and the expansion of their functionality
in line with the growth in transaction volumes. At MHP,
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the use of SAP S/4HANA ensures the consolidation of
financial, production and logistics data, whilst at Kernel,
a centralised model based on Microsoft Dynamics NAV
2018 combines accounting, document management
and analytics. Further improvements involve deepening
the integration of these systems with external services,
in particular tax platforms, using Application Program-
ming Interfaces (APIs), which streamline the transfer of
data to e-administration systems without duplication
of information or manual intervention.

The development of digital solutions at MHP and
Kernel should be viewed in the context of the transi-
tion to cloud-based architectures, which ensure the
scalability of accounting systems and data synchroni-
sation across departments. At MHP, this can be achieved
through the continued use of the RISE with SAP mod-
el, which integrates Ukrainian and international assets
into a single accounting environment, whilst at Kernel,
the transition from Dynamics NAV to Dynamics 365
Business Central creates the conditions for the unifica-
tion of accounting processes between the parent com-
pany and international divisions. This approach ensures
real-time data processing and reduces dependence on
local infrastructure, which is particularly relevant given
the growth in financial flows and the geographical ex-
pansion of operations.

The improved efficiency of accounting and tax
processes in the companies studied is linked to the in-
creased use of analytical tools. At MHP, the integration
of SAP modules with production systems can be used
for generation of detailed information on costs and op-
erational performance, whilst at Kernel, the use of Busi-
ness Intelligence reporting provides real-time access
to financial indicators and liquidity monitoring. Further
development involves the implementation of models
for forecasting tax liabilities, analysing cash flows and
assessing financial risks based on accumulated data,
ensuring a transition from recording transactions to
analytical management.

Advances in digitalisation are also linked to the au-
tomation of routine operations, which has already been
partially implemented in both companies. At Kernel,
the introduction of a “payment factory” and centralised
approval procedures has accelerated the processing of
financial transactions, whilst at MHP, the automation
of accounting via SAP modules reduces the number of
manual operations. Further development involves the
use of robotic process automation (RPA) for processing
source documents, verifying tax data and generating re-
ports, which reduces the labour intensity of accounting
procedures and improves the accuracy of calculations.

The integration of logistics processes with account-
ing and tax records is a distinct area of improvement,
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which is particularly evident in Kernel through the im-
plementation of electronic consignment notes. Scaling
e-waybills to involve thousands of participants in the
logistics process automatically records product move-
ment transactions in the accounting system, reducing
document processing time and ensuring data consist-
ency. At MHP, a similar effect is achieved through the
integration of SAP’s production and logistics modules;
however, further development may involve expanding
the use of electronic source documents and their direct
integration with tax systems.

Further improvements to digitalisation involve
the development of data management systems, in-
cluding the standardisation of reference data and
accounting processes. At MHP, this is achieved using
SAP Master Data Governance (n.d.), which ensures
data consistency across departments, whilst at Kernel,
centralised accounting can create a single informa-
tion base for financial and tax reporting. Expanding
these approaches reduces the number of errors, im-
proves data quality and ensures consistency between
different types of accounting.

From a modelling perspective, the effectiveness of
digitalisation can be represented as a function of the
relationship between transaction volume, the level of
automation, and the time spent on data processing. In
the case of MHP, a 60% increase in revenue in 2025
compared to 2021 was accompanied by a rise in the
volume of accounting transactions, requiring a corre-
sponding increase in the level of automation to main-
tain efficiency. At Kernel, where financial indicators
were highly volatile, the use of an ERP system reduced
debt levels and ensured liquidity control, which can be
interpreted as the result of optimised financial data
processing. Formalisation of these processes addressed
the impact of digital solutions on the performance of
accounting systems and justified further investment in
their development.

A separate area of focus is the development of in-
tegration with government tax services, which involves
the automatic exchange of data between ERP systems
and the State Tax Service’s platforms. The study shows
that the volume of electronic document flow and re-
porting is increasing, creating the conditions for a tran-
sition to fully digital interaction with regulatory au-
thorities. For MHP and Kernel, this means the ability to
automatically generate tax figures based on accounting
data and reduce the number of operations associated
with reporting. Thus, the areas for improving digitalisa-
tion at MHP and Kernel are linked to deeper integration
of ERP systems, the transition to cloud technologies,
the use of analytical tools and automation, as well as
the development of interaction with tax services. This
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ensures the consistency of financial and tax data, reduc-
es information processing time and improves the effi-
ciency of accounting process management as the scale
of operations grows.

An analysis of the relationship between digitalisa-
tion and business performance revealed varying inter-
pretations of this process. In this study, digitalisation
was interpreted as a tool for streamlining accounting
and tax procedures, ensuring the consistency of finan-
cial data and the automation of reporting, whereas
K. Valaskova et al. (2025) shifted the focus to the stra-
tegic dimension, linking digital transformation to finan-
cial results through mechanisms of strategic alignment.
Thus, the common thread remained the idea of improv-
ing management efficiency, although the level of anal-
ysis shifted from operational to strategic.

This difference in the scope of the analysis was also
evident in the study by S. Nain et al. (2025), where dig-
italisation was viewed not as a technological solution,
but as a combination of organisational and behavioural
factors that shape business outcomes. In this context,
the present study appeared more applied in nature, as
it focused on specific tools - ERP systems and digital
tax administration services. At the same time, both ap-
proaches converged in their interpretation of digital
technologies as a means of optimising data processing
and enhancing management transparency.

This broadening of the analytical perspective
was further evident in the study by R.R. Shamshiri et
al. (2024), where digitalisation extended beyond ac-
counting processes and was linked to the transforma-
tion of production using the Internet of Things (loT),
drones and artificial intelligence. Whereas in this
study, digital solutions streamlined financial flows and
tax control, in the work of R.R. Shamshiri et al. (2024),
they altered the very logic of agricultural production,
focusing on productivity and sustainability. Neverthe-
less, in both cases, digitalisation served the function
of processing large volumes of data and supporting
decision-making.

Another avenue for the development of digi-
tal tools was presented in the study by Q.H. Pham &
K.P. Vu (2024), in which digitalisation was integrated
with innovative business models and digital forensic
accounting. In contrast to this approach, the present
study remained within the scope of regulatory and ac-
counting functions, whereas Q.H. Pham & K.P.Vu (2024)
viewed digital tools as a foundation for internationali-
sation and innovation. What remained common was the
improvement in the quality of information and control,;
however, differences emerged in focus, ranging from
operational support to strategic business development.
N. Hendriyetty et al. (2022) interpreted digitalisation



at an even more generalised level, emphasising the
transformation of the accounting profession itself and
changes in taxation models within the digital econ-
omy. In this context, this study reflected the practical
dimension of implementing digital solutions, whilst
N. Hendriyetty et al. (2022) established the theoretical
foundation for these changes. Despite the difference in
approaches, both positions converged in their interpre-
tation of digitalisation as a process that alters informa-
tion processing mechanisms, enhances its accuracy, and
transforms the financial data management system.
The digitalisation of accounting and tax processes
at MHP and Kernel was enhanced through deeper inte-
gration of ERP systems, the expansion of their function-
ality, and interaction with external services. The tran-
sition to cloud architectures and the use of analytical
tools ensured real-time data processing and improved
the quality of financial information. The automation
of operations, including the use of RPA and electronic
document management, helped to reduce the labour
intensity of accounting procedures and minimise errors.

CONCLUSIONS

A summary of the study results indicates that the digi-
talisation of accounting and tax functions in Ukraine’s
agricultural sector is accompanied by a shift towards
integrated information systems, an increase in the vol-
ume of electronic document flow, and a higher level
of automation in financial processes. The study found
that the use of ERP solutions, the State Tax Service’s
electronic services and electronic document manage-
ment systems can be used for processing of significant
volumes of data, ensures the consistency of financial
and tax information, and reduces the time required to
prepare reports.

Statistics confirm the high level of digitalisation
in tax administration. In 2024, over 98% of tax returns
were submitted electronically, and the total number of
electronic documents exceeded 80 million. The number
of documents in the MeDoc system increased from 34.5
million in 2022 to over 82 million in 2024, reflecting
the rapid growth of electronic document flow. At the
same time, the VAT electronic administration system
processed significant volumes of transactions: in 2024,
tax invoices and credit notes totalling approximately
UAH 2,744 billion were submitted for registration, of
which around UAH 54 billion (approximately 1.97%)
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was initially blocked. However, following the unblock-
ing procedures, the actual amount of blocked VAT was
approximately UAH 14 billion, which corresponded to
roughly 0.5% of the total amount.

An MHP’s analysis showed that between 2021-
2025, revenue growth from USD 1,647 million to
USD 2,635 million (+60%) was accompanied by a shift
in the dynamics of operating indicators, notably a de-
crease in EBITDA from USD 519 million to USD 455
million (-12%), which reflected the impact of external
factors in 2022 and the subsequent recovery of opera-
tions. At the same time, the reduction in the Net Debt/
EBITDA ratio from 2.94 to 1.98 reflects improved fi-
nancial management efficiency, achieved through the
integration of accounting and analytical functions into
SAP S/AHANA. At Kernel, digitalisation was reflected in
the optimisation of accounting and logistics processes:
a reduction in reporting preparation times by 5 days,
a reduction in document verification time by 80%, and
the automation of processing up to 240,000 electronic
consignment notes per season. The company'’s financial
indicators also demonstrate this transformation: a re-
duction in net debt from USD 836 million in 2021 to
USD 143 million in 2025 (-83%) and a decrease in the
Net Debt/EBITDA ratio to 0.3 in 2025.

The further development of digitalisation involves
the integration of ERP systems with tax services via
APIls, the transition to cloud-based solutions, and the
increased use of Bl tools for forecasting tax liabilities
and analysing cash flows. The automation of routine
processes, the integration of logistics data (e-waybills)
and the standardisation of data management ensure
the consistency of accounting information and a re-
duction in processing time. Future research prospects
involve broadening the scope of analysis, in particular
by conducting a more in-depth assessment of the ef-
fectiveness of the digitalisation of accounting and tax
processes based on a broader empirical foundation.
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AHoTauis. MeToto gaHoro JocnigxeHHs 6yno BU3HaveHHs ocobnusocTer LMdpoBi3auii byxrantepcbkoro o6niky
Ta NOAATKOBMX MPOLECIB arpapHMX NiANPUMEMCTB 3 OLIHIOBAHHAM ii BNAMBY Ha (iHAHCOBI pe3ynbrath. Y Mexax
LOCNIAKEHHS! 3aCTOCOBAHO CMCTEMHUI MigXif, METOA, y3arafbHEHHS, ONMCOBO-aHANITUYHWUIA, CTPYKTYPHO-NOTIYHMIA
Ta CTAaTUCTUYHUI MEeTOAM ANS AOCNIAKEHHS iIHDOPMALLIAHUMX CUCTEM MNIANPUEMCTB i LMD POBMX CEPBICIB MOAATKOBOMO
aAMIHICTpyBaHHA. Pe3ynbTatv AOCAIOXKEHHS MOKasanwu, WO piBeHb uudposizaLii NoaaTkoBOro agMiHiCTpyBaHHS
nepesuLLye 98 % enekTPOHHOIO NOAAHHS 3BITHOCTI,a 06CAr eNleKTPOHHOT0 OKYMeHT006iry 3pic 3 34,5 MNIH AOKYMEHTIB
y 2022 poui no noHag 82 maH 'y 2024 poui. Y cuctemi eneKTpoHHOro agMiHiCTpyBaHHS NoAATKY Ha AOAAHY BapTiCTb y
2024 poui 6yno 06pobneHo NoAaTKoOBi HaKNagHi Ha cymy 6Au3bko 2,744 mnpp, rpH, 3 SKMX NepBUHHO 3a6/10KOBaHO
6nu13bko 54 mnppa rpH (npnbnusHo 1,97 %), Toai ax nicnga npouenyp po3bnokyBaHHS dakTnuHMiM 06car 3abnoKoBaHOro
nofatky Ha A0AaHy BapTiCTb CTaHOBMB 6amM3bko 14 mnppg rpH, wo Bignosigano npubnusHo 0,5 % Big 3aranbHoi
cymu. AHanis pisnbHocti komnaHii MXT1 3acBigunB 3poctaHHs Bupyuku 3 1,647 no 2,635 mnH pgon. CLUA (+60 %)
Ta kanitanbHuUx iHBecTuuin 3 92 no 210 mnH pon. CLWA (+128 %) y 2021-2025 pokax npu 0AHOYACHOMY 3HUXKEHHI
yucroro 6opry 3 1,164 no 900 maH pon. CLUA. Y komnaHii Kernel BCTaHOBNEHO CKOpOUYeHHsI yuctoro 6opry 3 836
0o 143 mnn pon. CLUA (-83 %), a Takoxx aBTOMaTM3aLito 06pobku o 240 TUC. eneKTPOHHMX TOBAapHO-TPAHCNOPTHUX
HaK/AAHMX 33 CE€30H i CKOPOYEHHS Yacy nepeBipkM AOKYMeHTiB Ha 80 %. HanpsiMu BoOCKOHaneHHs nepenbdayatotb
iHTerpauito 0bnikoBMX CMUCTEM i3 MOAATKOBMMM CepBiCaMM, BUKOPUCTAHHA XMapHWMX TEXHOJOTIM, aHaNITUYHMX
{HCTPYMEHTIB Ta aBTOMaTM3aL,it0 06poOKM AaHUX ANS NiABULLEHHS Y3ro4KEHOCTI iHPpopMaLii i WBUAKOCTI 06/1iKOBMX
npouecis. [pakTMYHE 3HAYEHHS OOCNIIKEHHS NONSra€E y MOXAUBOCTI BUKOPUCTAHHS MO0 pe3ynbTaTiB arpapHUMHu
niANpMEMCTBaAMMU NS ONTMMI3aLii 06NMiKOBMX i MOAATKOBMX MPOLLECIB, NiABULWEHHS €(PEKTUBHOCTI YMNpaBiHHA
(iHAHCOBMMM MOTOKAMM Ta 3HUXKEHHS BUTPAT
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Abstract. The current economic development, characterised by accelerated globalisation, digitalisation, and
transformation of social relations, poses new challenges for local communities, while opening up opportunities
for their innovative development, which makes it critically important to develop adapted strategies to increase
competitiveness in the context of decentralisation reform and structural transformations in Ukraine. The purpose
of the article was to develop an innovative strategy to enhance the competitiveness of territorial communities
in the Black Sea economic region. The limitations of the traditional “triple helix” model (‘university-government-
business”) for the Ukrainian context were analysed, and the necessity of implementing the “‘quadruple helix”
approach,whichincludes civil societyasakeyelement,are substantiated.An integrated innovation model consisting
of five core components - innovation strategy, innovation ecosystem, innovation infrastructure, innovation
culture, and innovation management system - was proposed. A comprehensive algorithm for implementing the
innovation strategy, covering twelve sequential stages from comprehensive diagnostics to the institutionalisation
of innovation activities, was presented. Special attention has been given to the development of territorial
competence centres, mechanisms of adaptive strategic planning, and inter-territorial innovation alliances based
on public-private partnerships. Specific proposals for implementing the innovation strategy in the short term (1-2
years) and long term (5-10 years), taking into account the unique characteristics of the region’s local communities,
are outlined. The research results confirmed that successful implementation requires systematic coordination
among stakeholders, leadership from local self-government bodies, and flexible responses to changes in the
external environment. The proposed approach is shown to provide comprehensive solutions to challenges in the
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field of innovation-driven development through the integration of strategic planning, institutional development,

and the practical execution of implemented measures

Keywords: competitiveness; innovation strategy; innovation ecosystem; ‘quadruple helix” model of innovative

development; strategic planning

INTRODUCTION

Contemporary global development is characterised by
accelerated globalisation, digitalisation, and transfor-
mation of social relations, presenting territorial com-
munities with new challenges whilst opening oppor-
tunities for advancement. Traditional approaches to
regional development, predominantly based on mac-
roeconomic indicators and sectoral policies, prove in-
sufficient for ensuring sustainable and balanced devel-
opment at the local level. Therefore, there is a need to
develop strategy of the development of territorial com-
munities, which require the application of innovative
approaches to mechanisms for ensuring the develop-
ment of territories and ensuring their competitiveness
in the current conditions of transformation.

It is confirmed by the views of N. Gavkalova et
al. (2023), who analysed territorial development effec-
tiveness within Ukraine’s regional policy framework,
demonstrating that development prospects depend on
strategies accounting for global digitalisation trends
and innovation levels in developed economies. Howev-
er, it has been scientifically proven that there are cer-
tain limitations and peculiarities in innovative devel-
opment that need to be taken into account. P. Marques
& K.Morgan (2021) critically examined the limitations
of regional innovation concepts that rely too heav-
ily on the experiences of advanced regions, arguing
that such approaches neglect the realities of less-de-
veloped regions. They highlighted the importance of
understanding formal institutional dynamics to avoid
culturally deterministic explanations of underdevel-
opment, stressing that firm-level innovation alone is
insufficient to generate regional growth. R. Chornyi et
al. (2025) analysed the consequences of war for
Ukraine’s innovation-industrial regional development,
identifying systemic technological lag and widening
disparities between central and peripheral regions.
Their study emphasised that enterprise relocation and
industrial park development, supported by legislative
improvements, foster diversification and competition.
They concluded that effective state support mecha-
nisms are essential to stimulate innovation diffusion,
strengthen regional business environments, and en-
hance national resilience.

|. Tomashuk & |. Tomashuk (2023) examined the
strategic foundations of innovation-driven territorial
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community development, emphasising entrepreneur-
ship as the main catalyst of local economic transforma-
tion. Their study highlighted that a favourable business
climate and integrated innovation structures, such as
technology parks and incubators, are essential for fos-
tering competitiveness and sustainable growth. F. Fi-
danoski et al. (2023) can be presented as a broader re-
flection on innovation development models. Their work
illustrates how the Triple Helix framework (built on the
interaction of academia, industry, and government) re-
mains a milestone in knowledge-based economies, yet
still faces efficiency challenges. This underscores the
need for innovation models that not only stimulate
technological progress but also integrate social partici-
pation, and institutional adaptability. Such perspectives
reinforce the argument that territorial development
strategies must evolve toward inclusive, resilient, and
sustainable innovation systems, which include state,
business and science. Meanwhile, analysing various
views on the formation of the foundations of innovative
development A. Zarichniak et al. (2025) investigated re-
gional innovation models through comparative analysis
of EU and US experiences, critically examined how con-
cepts developed in advanced regions may inadequately
address the realities of less-developed territories. The
authors emphasised the need for context-sensitive ap-
proaches that account for local institutional dynamics
and resource endowments rather than direct transfer of
Western models.

Taken together, these scholarly perspectives con-
firmed that innovation-driven territorial development
requires strategies that combine global trends with
local realities, integrate entrepreneurship with insti-
tutional adaptability, and foster collaboration among
government, business, and academia. This provides a
strong rationale for applying the Triple Helix model
as the foundation for designing an innovation strategy
that enhances the competitiveness of territorial com-
munities in Ukraine. However, most studies either fo-
cus on general innovation models in advanced econ-
omies or analyse Ukraine’s territorial development in
broad terms, without tailoring innovation strategies to
the unique challenges of coastal and border regions,
such as uneven resource distribution, infrastructural
gaps, and external shocks. Furthermore, there is limited



integration of the Triple Helix model into practical
mechanisms for strengthening competitiveness at the
community level, particularly in regions undergoing
transformation and recovery. This study aimed to devel-
op an integrated innovation strategy for enhancing the
competitiveness of territorial communities in the Black
Sea economic region.

MATERIALS AND METHODS

The research employed a comprehensive methodolog-
ical approach combining theoretical analysis, empirical
investigation, and strategic planning techniques. The
study focused on territorial communities within the
Black Sea economic region of Ukraine, selected due to
their strategic importance and diversity of development
characteristics. The analytical framework integrated
several methodological approaches. Comparative anal-
ysis examined the applicability of international innova-
tion models, particularly the triple and quadruple helix
concepts, to Ukrainian conditions. Systems analysis fa-
cilitated understanding of interactions among different
components of the territorial innovation system and
their collective impact on competitiveness. The strate-
gy for enhancing the competitiveness of local commu-
nities based on innovation was developed through a
systematic multi-stage procedure.

The case study method was employed to examine
practical applications of innovation helix models in
territorial development contexts Theoretical frame-
work analysis - critical examination of existing inno-
vation models (triple helix, quadruple helix) and their
applicability to Ukrainian territorial communities, in-
cluding assessment of structural differences between
Western and post-socialist innovation ecosystems.
Stakeholder identification - systematic identification
of key actors in territorial innovation systems: govern-
ment bodies, educational and scientific institutions,
business sector, and civil society, with analysis of their
roles, capacities, and interaction patterns. Component
definition - determination of essential elements for
the integrated model including: innovation strategy
formulation mechanisms, innovation ecosystem ar-
chitecture, innovation infrastructure requirements, in-
novation culture development approaches, and inno-
vation management systems. Integration mechanism
design - development of coordination and cooperation
mechanisms ensuring synergistic interaction among
model components, including adaptive planning pro-
cedures, partnership frameworks, lobbying and coordi-
nation structures, joint financing schemes, and moni-
toring systems. Priority area selection - identification
of key sectors for innovation implementation (educa-
tion, medicine, infrastructure, social protection, social
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programs) was based on territorial specificities and
community development needs. Implementation al-
gorithm development - formulation of a twelve-stage
sequential implementation process through iterative
consultation with practitioners, local government rep-
resentatives, and academic experts, ensuring practi-
cal applicability whilst maintaining theoretical rigour.
Temporal perspective differentiation - development of
short-term (1-2 years) and long-term (5-10 years) im-
plementation scenarios with specific measures, time-
lines, resource requirements, and expected outcomes
for each perspective. Validation through expert consul-
tations. Strategic planning methodology incorporated
scenario development for long-term perspectives, par-
ticipatory planning techniques involving stakeholder
engagement, and adaptive planning approaches al-
lowing for flexibility in responding to environmental
changes. The participatory approach included work-
shops and consultations with representatives from lo-
cal self-government bodies, business associations, ed-
ucational institutions, and civil society organisations.

Data collection methods included semi-structured
interviews with key stakeholders in territorial commu-
nities conducted between March and June 2025 with
a total of 220 respondents representing 21 territorial
communities of the Black Sea economic region, includ-
ing Vasylivska, Nechaianska, Chohodarivska, Dolynska,
Kochubeiivska, Borozenska, Halytsyn’ivska, Stepivska,
Uspenivska, Shyriaiivska, Novoolesk’sandrivska, Tiahyn-
ska, Yelanetska, Veselynivska, Vylkivska, Ovidiopilska,
Vysokopilska, Chornobaiivska, Kryvoozierska, Tarutyn-
ska, and Bilozierska, with 10 to 12 respondents per
community. By occupational profile, the sample was
distributed across five broad sectors: the education sec-
tor (teachers, educators, lecturers, and school directors)
accounted for 54 respondents (24.5%); the business
and commercial sector (entrepreneurs, construction
workers, retail workers, accountants, farmers, and phar-
macists) for 64 respondents (29.1%); the public admin-
istration sector (civil servants and directors of munici-
pal enterprises) for 28 respondents (12.7%); healthcare
(physicians and nurses) for 16 respondents (7.3%); and
other categories, including pensioners, unemployed
persons, military personnel, and security guards, for
the remaining 58 respondents (26.4%). This broad oc-
cupational diversity reflects the heterogeneous social
structure of the surveyed communities and ensures a
representative range of perspectives on local innova-
tion capacity and development needs.

Case Study Selection. Two international cases
were selected for comparative analysis using a pur-
posive selection protocol based on three criteria:
documented application of triple or quadruple helix
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models in a territorial development context; availa-
bility of published peer-reviewed assessments of both
outcomes and limitations; and contrasting institution-
al environments to maximise analytical diversity. The
Berlin-Adlershof Science City (Germany) was select-
ed as a benchmark case of a well-resourced, govern-
ment-driven triple helix implementation in a mature
market economy, widely cited in helix model literature
and subject to critical evaluation regarding resource
asymmetries among stakeholders. The Flottsund
Bridge project (Uppsala, Sweden) was chosen as a con-
trasting case in which triple helix collaboration explic-
itly failed due to inadequate civil society engagement,
thereby illustrating the rationale for transitioning to
a quadruple helix framework. Both cases are drawn
from leading scholarly publications and provide com-
plementary empirical evidence directly relevant to the
Ukrainian context analysed in this study. The synthesis
of theoretical frameworks with empirical findings en-
abled development of an integrated innovation model
specifically adapted to the characteristics of Ukrainian
territorial communities, addressing the structural lim-
itations identified in the comparative analysis while
leveraging constitutional provisions regarding civil
society’s role in governance.

RESULTS

International experience demonstrates both the poten-
tial and limitations of helix innovation models in terri-
torial development contexts, providing critical insights
for Ukrainian territorial communities. The Berlin-Adler-
shof Science City in Germany exemplifies successful tri-
ple helix implementation in a well-resourced environ-
ment, where by 2016 the science and technology park
hosted over 1,000 companies and scientific institutions,
attracting 15,996 employees and 6,524 students. Suc-
cess factors included sustained government financial
support from project inception, establishment of WISTA
as a public-private partnership entity managing park
operations and technology centres, and long-term stra-
tegic planning fostering linkages among universities
(Humboldt University), industry, and government struc-
tures (Alhowaily, 2021). However, even in this success-
ful case, significant challenges emerged: stakeholder
interactions remained resource-dependent, with Hum-
boldt University’s participation constrained by limited
financial and recruitment capacities compared to in-
dustrial actors, and absence of an independent fusion
organisation at the intersection of the three helices
hindered autonomous operation (Taratori et al., 2021).
These limitations in a developed German context
foreshadow even greater challenges in resource-con-
strained Ukrainian settings.
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The Flottsund Bridge renovation project in Uppsa-
la, Sweden, illustrates the critical importance of civil
society integration from early planning stages. Orig-
inally designed following the triple helix model with
collaboration among the Regional Development Office,
academic researchers, and renewable energy technolo-
gy developers, the project ultimately failed to achieve
its innovation commercialisation objectives due to
late and ineffective citizen engagement (Garcia-Teran
& Skoglund, 2019). Open meetings intended for dia-
logue devolved into one-way communications, with
residents feeling excluded from decision-making pro-
cesses (Taratori et al., 2021). This case underscores fun-
damental limitations of triple helix approaches that
treat citizens merely as end-users rather than active
co-creators, validating the necessity of quadruple he-
lix frameworks incorporating civil society as a founda-
tional pillar rather than a supplementary element - a
lesson particularly relevant for Ukrainian communities
where constitutional principles emphasise citizens as
sovereignty bearers.

Analysis reveals significant limitations in directly
applying the traditional triple helix model to Ukraini-
an territorial communities, validated by the challenges
observed even in successful Western implementations
like Berlin-Adlershof. Each element of the model op-
erates under different paradigms compared to highly
developed Western countries where the concept orig-
inated. Regarding universities, Western institutions
represent financially robust entities providing not only
educational services but engaging extensively in sci-
entific and technical practices. They possess resources
to attract foreign specialists with relevant expertise,
significantly accelerating innovation development
timelines, and to recruit students through merit-based
selection supported by substantial scholarships (Mill-
er et al., 2016; Machado et al., 2024). The resource
asymmetries observed in Berlin-Adlershof, where even
Humboldt University faced participation constraints,
magnify exponentially in Ukrainian contexts. Ukraini-
an educational institutions, whilst maintaining strong
academic traditions, operate under different systemic
conditions. Rather than “university” as the sole inno-
vation generator, the Ukrainian context requires con-
sidering “education” more broadly as the foundation
encompassing secondary education, vocational train-
ing, higher education institutions, National Academy of
Sciences establishments, research institutes, and other
scientific organisations conducting fundamental and
applied research.

The business component demonstrates even more
pronounced differences. Western business evolved
systematically over centuries, developing from small



entrepreneurial structures to transnational corpora-
tions, with founders often graduating from the same
prestigious academic institutions (Todeva & Panayio-
tis, 2017). This historical continuity facilitated organic
integration between education and business, with cor-
porations investing in research activities and partici-
pating in educational institution governance boards
(Hasche et al., 2019). Ukrainian business remained rela-
tively passive regarding personnel training and modern
innovation development within domestic educational
institutions, preferring to adopt foreign technologies.
Economic difficulties and population decline, particu-
larly in peripheral territories, resulted in closure of fi-
nancially unsustainable rural schools and reduction
of social infrastructure networks - challenges absent
from successful Western triple helix implementations.
Government structures in countries where the triple
helix functions effectively, exemplified by the United
States, demonstrate sophisticated integration between
education, business, and policy-making. Elite institu-
tions like Yale University (founded 1701, endowment
42 billion USD) and Harvard University (founded 1636,
endowment 50 billion USD) have prepared numerous
American presidents and political leaders (Stiglitz et
al., 2013). Ukrainian government institutions lack com-
parable historical experience and financial resources,
failing to create conditions enabling highly educated
youth to access prestigious institutions, establish insti-
tutional-level cooperation between business and uni-
versities, or position themselves as primary customers
and promoters of innovations.

Given these structural limitations observed in
Ukrainian contexts and validated by challenges en-
countered even in successful Western triple helix im-
plementations, this research advocates implementing
the quadruple helix model, incorporating civil society
as the fourth element (Fig. 1). The Flottsund Bridge
case demonstrated that excluding citizens from early
planning stages undermines project success even in
well-resourced Swedish contexts; this risk intensifies
in Ukrainian communities where citizen engagement
can compensate for governmental and business sec-
tor weaknesses. The Constitution of Ukraine (1996) es-
tablished that “the bearer of sovereignty and the sole
source of power in Ukraine is the people”, making civil
society’s role fundamentally important and providing
unique constitutional legitimacy absent in Western
contexts where civil society functions as supplemen-
tary rather than foundational. Citizens simultaneously
serve as primary creators, promoters, and users of in-
novations (Carayannis & Evangelos, 2016), positioning
them as the determining element in the innovation de-
velopment model.
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Competitiveness of the territorial community

ﬁ

Scientific and educational
institutions

Business

Authorities (state legislative
and executive bodies,
local self-government)

The community as the main
provider and recipient
of innovation

Innovations, technological
changes, innovative ideas |

Figure 1. The innovative foundations
of the socioeconomic development of territorial communities
Source: compiled by the authors

The innovation approach to territorial develop-
ment must encompass not only traditional economic
linkages but a broad spectrum of interactions among
different territorial stakeholders: business, scientific
institutions, educational establishments, public or-
ganiiations, and government bodies (Morawska et
al., 2024). These relationships manifest as industrial
clusters, innovation ecosystems, enterprise networks,
scientific-production complexes, and creative indus-
tries. Contemporary productive relations focus not
exclusively on material goods production but also on
knowledge generation, information processing, cul-
tural value creation, and social innovations. The re-
search proposes an integrated innovation model for
socio-economic development of territorial communi-
ties based on systematic approaches and considering
interconnections among different innovation types,
stakeholders, and management levels. The model
comprises five key components working in synergy
(Fig. 2). The innovation strategy component includes
long-term community development vision, strate-
gic priorities, goals and objectives, indicator systems
comprising specific key performance indicators (KPls)
such as: the number of newly registered startups per
year (target: 5-10 per community annually); the vol-
ume of investment in research and development as a
percentage of the community’s budget (target: 2-3%);
the number of joint university-business innovation
projects implemented (target: at least 3 per year); the
proportion of residents engaged in innovation-related
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educational programmes (target: 10% of working-age
population); and the number of patents and intellec-
tual property objects registered by community-based
entities (target: 2-5 per year), and monitoring mech-
anisms. Critical elements involve identifying unique

competitive advantages and their purposeful devel-
opment. Strategy formulation requires comprehensive
auditing of community potential, including human re-
sources, material-technical base, financial capabilities,
and distinctive territorial advantages.

Improving the competitiveness of local communities

Socio-economic
development

Improving the
quality of life

Achieving performance indicators
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Figure 2. The principles of implementing the mechanism for the socio-economic development
of territorial communities based on innovation

Source: compiled by the authors

The innovation ecosystem encompasses the net-
work of interactions among community functioning par-
ticipants: government bodies, business, educational and
scientific institutions, public organisations, and citizens.
Effective implementation requires establishing coop-
eration platforms as permanently operating structures
ensuring coordination of different actors’ activities, in-
formation exchange, and joint project planning and
implementation. These platforms function both in tra-
ditional forms (councils, commissions, working groups)
and digital formats (online platforms, mobile applica-
tions). Innovation infrastructure includes physical and
virtual resources necessary for innovation development
and implementation: business incubators, coworking
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spaces, technology parks, administrative service cen-
tres, digital platforms, and communication and informa-
tion systems. Development involves creating territorial
competence centres specialising in developing unique
sectoral skills and knowledge, where each community
concentrates efforts on 2-3 key directions best corre-
sponding to its natural, historical,and human resources.

Innovation culture encompasses the system of val-
ues,norms, and attitudes promoting innovation genera-
tion and implementation. This requires special training
programmes, experience exchange mechanisms, and
systematic efforts to develop entrepreneurial thinking
among the population. Practical implementation in-
cludes organising educational seminars and trainings



on innovation entrepreneurship, digital literacy, and
participation in public initiatives. The innovation man-
agement system covers structures, processes, and in-
struments ensuring planning, coordination, implemen-
tation, and evaluation of innovation projects. Essential
elements include creating specialised departments
or development agencies responsible for innovation
activities in the community, establishing procedures
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for assessing and selecting innovation initiatives, and
forming special innovation development funds financed
from various sources including state programmes, do-
nor funds, and community internal reserves. Success-
ful implementation requires a systematic algorithm
encompassing twelve sequential stages, each building
upon previous achievements whilst maintaining flexi-
bility for adaptation to changing conditions (Fig. 3).

Goal: stable and long-term economic growth
with high-quality socio-economic indicators

Education Structural changes Development policy Centres
of excellence
Medicine Adaptive
Infrastructure Interaction between the state, education planning

and science, business and society

Social protection

Lobbying
and coordination
mechanisms

Social programs

Creating a
scale effect

Partnership

Social programs
Joint financing

o Marketing
and monitoring

Problems
of innovative socio-economic development

Development of an effective innovation strategy;
systematic approach, active role of local authorities

The goal of supporting innovation

Increasing competitiveness

Economic growth

Figure 3. Strategy for enhancing the competitiveness of local communities based on innovation

Source: compiled by the authors

Stage one involves conducting comprehensive
diagnostics of the territorial community’s innovation
potential, including analysis of available resources,
infrastructure, human capital, and existing innovation
practices. This stage encompasses SWOT analysis of
the innovation environment, identification of key stake-
holders, and determination of baseline competitive ad-
vantages, with particular attention to assessing read-
iness levels among local government, business, and
civil society for innovation transformations. A SWOT
analysis of the innovation environment of territorial
communities in the Black Sea Economic Region, con-
ducted as part of this diagnostic stage, is presented
in Table 1. The analysis reveals that whilst the region
possesses significant structural advantages - including
its strategic coastal location, established higher edu-
cation institutions, and an active civil society sector -
these are counterbalanced by persistent weakness-
es such as insufficient university-business linkages,

underdeveloped innovation infrastructure, and limited
local budget autonomy. At the same time, the grow-
ing availability of international reconstruction fund-
ing represents tangible opportunities, whilst ongoing
armed conflict and widening intra-regional disparities
between big cities and peripheral communities remain
critical threats requiring strategic attention. Stage two
focuses on formulating strategic vision for community
innovation development considering global trends and
national priorities. The strategic planning process must
base itself on participatory principles, engaging broad
circles of interested parties including business repre-
sentatives, scientific community, public organisations,
and active residents. The outcome should clearly de-
fine long-term innovation development goals and main
directions for their achievement. Stage three develops
a detailed implementation plan with specific tasks,
execution timelines, necessary resources, and success
indicators. The plan includes creating institutional
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architecture supporting innovation activities, particu-
larly forming specialised structural subdivisions with-
in local self-government bodies, establishing advisory
councils on innovations, and developing partnership

networks. An important plan component involves de-
signing stimulus and support systems for innovation
initiatives, including financial mechanisms, tax prefer-
ences, and administrative services.

Table 1. SWOT Analysis of the innovation environment of territorial communities
in the Black Sea economic region of Ukraine

Strengths EELGETES

= Strategic location on the Black Sea coast enabling cross-
border trade, logistics, and access to EU and Near East markets;
« Presence of higher education institutions with R&D potential;
« Diverse natural and agricultural resources creating niches for
agro-innovation and eco-tourism;

« Active civil society organisations and NGO sector engaged in
community development;

= Decentralisation reform expanding local self-governance
authority and financial resources;

= Established port infrastructure in Odesa

and Mykolaiv providing logistical foundation

for trade-oriented innovation clusters;

« Rich cultural and historical heritage offering comparative
advantage for creative industries

and cultural tourism innovation;

« Presence of vocational training institutions and secondary
specialised schools forming a pipeline for technically skilled
workforce

= Significant population decline and brain drain, especially from
peripheral communities;

« Limited financial autonomy of local budgets and weak
investment climate;

= Insufficient university-business linkages; low business
investment in R&D and innovation;

= Underdeveloped innovation infrastructure (absence of
technology parks, incubators);

= Low digital literacy and innovation culture among the general
population;

= Fragmented governance and insufficient inter-community
coordination, limiting the scale of jointly implemented
innovation initiatives;

= Weak intellectual property protection mechanisms and limited
awareness of patent procedures among local innovators and
entrepreneurs;

« Absence of systematic monitoring and evaluation frameworks
for innovation policy effectiveness at the community level

Opportunities Threats

= Access to international reconstruction and innovation funding
(EU, USAID, World Bank) supporting post-war recovery;

« Ukraine’s EU accession process driving alignment with
European innovation policies and standards;

« Growing national interest in smart specialisation and cluster
development as tools for regional competitiveness;

= Digital transformation initiatives providing opportunities for
e-governance and remote innovation collaboration;

« Post-war return migration creating

a potential entrepreneurial workforce;

= Reconstruction-driven demand for innovative construction
materials, energy-efficient technologies,

and smart urban planning solutions;

= Expansion of remote work and distributed innovation models
reducing geographic disadvantages of peripheral communities;
= Potential to develop renewable energy projects (wind and solar)
along the Black Sea coast, attracting green technology investment

Source: compiled by the authors

Stage four establishes innovation infrastructure
encompassing physical, informational, and institutional
components. Physical infrastructure involves creating
technology parks, business incubators, coworking spac-
es,and technology transfer centres. Informational infra-
structure must ensure access to modern digital technol-
ogies, high-speed internet, and specialised information
resources. Institutional infrastructure includes form-
ing networks of organisations providing consulting,
educational, and financial services to innovators and
entrepreneurs. Stage five develops human capital as
the primary driver of innovation activity. This process
includes education system modernisation considering
innovation economy needs, developing continuous
learning and qualification improvement programmes,
and creating mechanisms for attracting and retaining
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« Ongoing armed conflict causing infrastructure destruction,
population displacement, and economic instability;

= Risk of continued brain drain and loss of skilled human
capital essential for innovation ecosystems;

« Widening disparities between large urban centre and peripheral
communities in access to resources and innovation support;

= Institutional instability and frequent changes in regulatory
environment reducing investor confidence;

« Limited administrative capacity of small communities

to design and implement complex innovation strategies

without external support;

= Dependence on centralised state funding with high
vulnerability to budget cuts and shifting national priorities
during wartime;

« Cybersecurity threats and risks of digital infrastructure attacks
undermining e-governance and innovation platform operations;
= Growing competition from other regions and countries for
international grant funding and qualified innovation personnel

talented specialists within community territory. Particu-
lar attention requires forming entrepreneurial culture
and developing innovation thinking skills among the
population through educational programmes, trainings,
and mentoring initiatives.

Stage six activates research activities at the territo-
rial level through creating local research centres, sup-
porting applied research oriented toward solving spe-
cific community problems, and developing partnership
relations with academic institutions. An important com-
ponent involves forming systems for ordering research
work from local self-government bodies and local
enterprises, ensuring demand for innovation develop-
ments and stimulating their practical implementation.
Stage seven creates favourable regulatory environ-
ment for innovation activities through improving local



normative acts, simplifying administrative procedures
for enterprises conducting innovation activities, and
establishing mechanisms for rapid response to in-
novators’ needs. This stage also includes developing
monitoring and evaluation systems for regulatory pol-
icy effectiveness with possibilities for prompt adjust-
ments upon identifying deficiencies or emergence of
new challenges. Stage eight develops financial support
for innovation activities through diversifying financing
sources, including budgetary funds, private investments,
grant financing, and crowdfunding. Particular atten-
tion requires creating local innovation support funds,
developing microcrediting for startups, and attracting
business angels and venture investors. An important
component involves forming guarantee and insurance
systems for innovation projects to reduce investor risks.
Stage nine advances innovation commercialisation sys-
tems through creating technology transfer centres, pat-
ent agencies, intellectual property consulting servic-
es, and marketing agencies specialising in innovation
product promotion. This stage also envisions forming
cooperation networks between developers and poten-
tial innovation consumers, including organising exhibi-
tions, conferences, and business meetings.

Stage ten integrates the territorial community into
regional, national, and international innovation net-
works through participation in joint projects, experi-
ence exchange, engagement in international cooper-
ation programmes, and creating partnership relations
with other innovation territories. This facilitates access
to new knowledge, technologies, and sales markets, sig-
nificantly enhancing local innovation competitiveness.
Stage eleven establishes monitoring and evaluation
systems for innovation strategy effectiveness through
developing key indicators, regular analysis of achieved
results, and strategy correction corresponding to exter-
nal environment changes. The monitoring system must
include both quantitative indicators and qualitative
measures reflecting social and ecological aspects of
innovation development. Stage twelve institutionalis-
es innovation activities through consolidating achieved
results in local strategic documents, creating perma-
nently operating innovation support mechanisms, and
forming continuous improvement culture. This ensures
sustainability of territorial community innovation de-
velopment and its capacity to adapt to future challeng-
es and opportunities.

The short-term perspective (1-2 years) aims to
create fundamental foundations of the integrated in-
novation model through simultaneous development
of all key components. Initial efforts focus on com-
prehensive audit of community potential, establishing
coordination councils for innovation development,
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creating basic physical and virtual resources for sup-
porting innovation activities,and organising education-
al programmes for population capacity building. This
period emphasises implementing 2-3 demonstration
projects simultaneously engaging all innovation mod-
el components, serving as success stories motivating
further resident participation in innovation processes.
The long-term perspective (5-10 years) directs efforts
toward full-scale implementation of the integrated
innovation model ensuring systematic territorial com-
munity transformation. The innovation strategy evolves
into a dynamic strategic management system based on
continuous monitoring of external environment chang-
es and automatic priority adjustment. Created analyti-
cal centres grow into foresight research centres focus-
ing on future development scenario forecasting rather
than retrospective analysis. Strategic decisions utilise
big data and complex analytical models ensuring high
planning accuracy.

The innovation ecosystem in strategic perspec-
tive transforms into a sustainable cooperation net-
work spanning multiple territorial communities and
integrating into national and international innovation
networks. Cooperation platforms acquire inter-region-
al character, ensuring resource, knowledge, and best
practice exchange among different territories. Within
the economic region, joint research centres, inter-com-
munity investment funds, and mutual learning systems
emerge, enabling the community to become an active
centre for diffusion of innovation solutions and tech-
nologies to other regions and countries. Innovation
infrastructure evolves into comprehensive technolo-
gy parks, business incubators, and technology transfer
centres, with territorial competence centres integrating
educational, scientific, and production activities, ensur-
ing preparation of highly qualified personnel at region-
al and national levels. The created network of special-
ised laboratories and research centres serves multiple
regions’ needs. Innovation culture becomes an integral
part of community residents’ thinking, with small and
medium businesses forming foundations for further in-
novation activities and job creation. Participatory budg-
eting of innovations significantly expands, with bonus
systems for stimulating innovation more broadly inte-
grated into various aspects of public life. The innova-
tion management system evolves into professional ter-
ritorial development services applying modern project
management methods for optimising decision-making
processes. Multi-level coordination systems ensure
coherence of actions at local, regional, and national
levels, facilitating integration of economic efficiency,
social justice, and ecological responsibility through
interaction of all five innovation model components,
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ensuring sustainable competitiveness and high quality
of life for residents in long-term perspective.

Considering common characteristics among terri-
torial communities in the Black Sea economic region,
ensuring coordination of their innovation develop-
ment proves essential. This realises through creating
inter-territorial innovation alliances uniting communi-
ties around joint development projects, formed accord-
ing to geographic, sectoral, or thematic principles and
directed toward solving common challenges or imple-
menting large-scale initiatives. Alliance advantages in-
clude possibilities for joint project financing, enhanced
social engagement, coordinated efforts for innovation
commercialisation, and lobbying common interests at
higher management levels, creating scale effects for
small territorial communities. The social component
of the innovation strategy for ensuring competitive-
ness implements through loyalty programme systems
stimulating resident participation in community inno-
vation projects, aligned with the Presidential Decree
of Ukraine No. 487/2021 (2021). Citizens may receive
benefits or bonuses for participating in solving local
problems, implementing rationalisation proposals, and
innovation activities, usable for obtaining discounts
on utilities, participating in educational programmes,
or purchasing local goods and services. This system
integrates with participatory innovation budgeting
principles, where portions of community budget funds
direct toward financing projects selected by residents
through public voting systems, ensuring openness and
government accountability to the public. The market-
ing aspect of the proposed innovation strategy in-
cludes creating territorial innovation brands based on
unique community characteristics and achievements
(Oleksiuk et al., 2021). Each territory develops its own
identification system for innovation products and ser-
vices created or improved within its territory, integrat-
ing with the “innovation tourism” concept. The latter
envisions attracting external parties to participate in
territorial innovation projects through volunteer and
grant programmes, participation in scientific research,
and testing new products and services, creating addi-
tional opportunities for innovation financing and form-
ing positive community image.

Lobbying common interests at higher management
levels represents a strategic mechanism for resource
and influence consolidation, enabling small territorial
communities to achieve synergetic scale effects in in-
novation development and competitiveness contexts.
This approach must base itself on network governance
concepts envisioning formation of horizontal and ver-
tical linkages among different government levels and
civil society (Vasiuk & Haievska, 2023). Small territorial
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communities with individually limited resources and
political influence achieve significantly greater effec-
tiveness through creating coalitions and alliances,
alongside public control over management decision
adoption and implementation. Lobbying effectiveness
increases through developing comprehensive com-
munication strategies including preparing analytical
materials, presentations, and proposals demonstrating
potential advantages of developing and implementing
innovation goods and services for entire regions or the
state. Important aspects include engaging scientists,
educators, enterprises, and public organisations, pro-
viding additional legitimacy and scientific substantia-
tion to initiatives advanced by government bodies and
local self-government, alongside creating favourable
normative-legal environments stimulating small and
medium business development, innovations and en-
trepreneurship, strengthening leadership potential in
communities, and preparing qualified specialists ca-
pable of effectively representing alliance interests at
various government levels.

DISCUSSION

The findings of this research reveal fundamental sys-
temic differences between innovation ecosystems in
developed Western economies and Ukrainian territorial
communities, necessitating conceptual adaptation rath-
er than direct model transfer. While Western innovation
models have evolved within stable institutional envi-
ronments characterised by mature market mechanisms,
well-established financial infrastructure, and robust
regulatory frameworks, Ukrainian territorial communi-
ties operate under fundamentally different conditions.
These conditions are shaped by ongoing institutional
transformation, significant resource constraints, limit-
ed administrative capacity at the local level, and the
unprecedented challenges posed by wartime realities.
The divergence manifests across multiple critical di-
mensions of ecosystem architecture, including stake-
holder capabilities and roles, resource availability and
allocation mechanisms, governance structures and
decision-making processes, innovation culture and en-
trepreneurial mindset, as well as patterns of inter-in-
stitutional collaboration. Consequently, successful in-
novation development in Ukrainian contexts requires
not merely adjusting implementation parameters of
Western frameworks, but reimagining their foundation-
al assumptions to account for specific local capabilities,
institutional peculiarities, historical development tra-
jectories, and the unique governance structure emerg-
ing from decentralisation reforms.

Responding to these contextual specificities, the
results of this study present an integrated innovation



model for the socio-economic development of terri-
torial communities in Ukraine’s Black Sea Economic
Region, encompassing five synergistic components -
innovation strategy, ecosystem, infrastructure, culture,
and management - implemented through a twelve-
stage algorithm with short-and long-term perspectives.
This model extends the quadruple helix framework by
integrating civil society as a foundational element,
overcoming structural asymmetries in the Ukrainian
context compared to Western triple helix examples
(Fritsch & Wyrwich, 2021), such as resource constraints
in education, business passivity, and governmental in-
tegration gaps observed in cases like Berlin-Adlershof
and Flottsund Bridge. Unlike traditional approaches, it
emphasises inter-territorial alliances, loyalty programs
aligned with national civil society strategies, and mar-
keting through innovation brands, promoting resilience
amid wartime disruptions and decentralisation (Roman
& Fellnhofer, 2022; Stephens, 2025).

The centrality of civil society in this adapted frame-
work finds strong empirical support in recent scholar-
ship. P. Gonzalez-Martinez et al. (2023) and highlighted
that civil society acts as a fundamental mediator in
regional innovation systems, shaping the effectiveness
of science, technology, and innovation policies. Their
findings confirmed that greater citizen involvement
and strong human capital significantly enhance innova-
tion outcomes, highlighting the influential role of local
governments and communities in fostering sustainable
development. Building upon these theoretical founda-
tions, several recent studies have validated and extend-
ed elements of the proposed approach. O. Kushnerov et
al. (2025) applied the Quadruple Helix to form target
indices for 1,469 territorial communities in Ukraine,
training a neural network on socio-economic and secu-
rity data. Results demonstrated high synergy efficiency
among government, business, science, and civil society,
validating ecosystem and monitoring (stage 11) with
predictive accuracy. This work considers this approach
valid for management digitalisation, but differ with se-
quential 12-stage algorithm adapted to wartime reali-
ties, as opposed to their neural network model.

Expanding the theoretical scope further, Kravchen-
ko (2025) substantiated Triple/Quadruple/Quintuple
Helix as the foundation for community innovation de-
velopment, analysing their applicability to decentrali-
sation. The author noted that the Quintuple Helix inte-
grates an ecological dimension, validating innovation
culture and long-term perspective (5-10 years). This
aligns with stakeholder emphasis, but this work ex-
pands it with practical alliances and loyalty programs,
addressing gaps in their theoretical base. E. Samara et
al. (2023) applied a system dynamics approach to the
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development of a Regional Innovation System (RIS).
Their methodology highlights the importance of view-
ing RIS as a complex, interconnected structure com-
posed of multiple subsystems and measurable factors,
where innovation emerges from dynamic interactions
among institutions and policies. This systemic perspec-
tive aligns with current approach to building an inno-
vation model: both emphasised that competitiveness
and regional development cannot be explained by iso-
lated actions, but require an integrated framework that
captures the interdependencies between government,
business, academia, and society.

Geographic specificity also emerges as a critical
consideration in model adaptation. M. Cybulska (2024)
tested spiral cooperation within the dualism of centre
and periphery, finding that peripheral municipalities
value state-business ties most for growth. This periph-
eral orientation corresponds to the proposed individual
regional consideration of the Black Sea economic region
(stage 1), which expands in successive stages absent
from their analysis. Furthermore, Ukrainian scholarship
on network governance provides conceptual alignment.
N. Vasiuk & L. Haievska (2023) examined the essence
of network management as horizontal coordination
among state, business, NGOs, and citizens, highlighted
public authorities’ role in facilitating trust and resource
exchange. Unlike their purely theoretical approach
lacking practical implementation frameworks, current
model innovates with a 12-stage algorithm integrated
into the quadruple helix for territorial communities,
tailored to wartime realities and Black Sea decentral-
isation, while extending their ideas through concrete
innovation infrastructure and loyalty mechanisms.

Translating these theoretical insights into prac-
tical application, the quadruple helix approach ad-
dresses concrete challenges in Ukrainian communities.
Government capacity limitations can be compensated
through active civil society engagement in innovation
identification, priority setting, and implementation
monitoring. Business sector passivity may be overcome
through citizen initiatives, social entrepreneurship, and
cooperative models. Educational institution resource
constraints can be supplemented through communi-
ty-based learning initiatives and knowledge-sharing
platforms.The research provides actionable frameworks
for territorial community leaders and policymakers. The
integrated model and implementation algorithm offer
concrete guidance moving beyond abstract discourse to
specific operational steps. Recognition that successful
strategies require cultural transformation alongside in-
stitutional change informs capacity-building priorities.
Inter-territorial cooperation mechanisms demonstrate
that resource-constrained communities can enhance
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competitiveness through strategic alliances, challeng-
ing deficit-focused narratives and highlighting oppor-
tunities for collective action and mutual benefit. These
results contribute to emerging scholarly discourse on
context-specific innovation model development in
transition economies, particularly those experiencing
simultaneous challenges of structural transformation,
decentralisation reform, and geopolitical disruption.

CONCLUSIONS
This research demonstrated that implementing inno-
vation strategies for ensuring territorial community
competitiveness represents a complex multi-stage
process requiring systematic approaches and coordi-
nated efforts from all interested parties. The proposed
integrated innovation model responds to systemic gaps
through five synergistic components. The innovation
strategy component ensured alignment between ter-
ritorial aspirations and available resources through
comprehensive auditing. The innovation ecosystem ad-
dressed coordination failures through permanent coop-
eration platforms functioning in traditional and digital
formats. Innovation infrastructure through territorial
competence centres represents strategic response to
resource scarcity, with communities concentrating on
key directions rather than attempting comprehensive
coverage. Innovation culture development address-
es fundamental challenges that institutional changes

through innovation alliances creates synergistic ef-
fects, enabling resource sharing, experience exchange,
and coordinated advocacy at higher governance levels.
The twelve-stage implementation algorithm provides
practical guidance from initial diagnostics through in-
stitutionalisation, ensuring systematic progress whilst
maintaining flexibility for local adaptation. Short-term
and long-term perspectives outline concrete pathways
from establishing foundational elements to achiev-
ing full-scale transformation into innovation-driven
communities. The proposed approach ensures com-
prehensive solutions for innovation development
challenges through combining strategic planning, in-
stitutional building, and practical implementation of
specific measures. This enables territorial communities
not merely to adapt to contemporary challenges but to
form their own competitive advantages based on in-
novation potential and effective utilisation of available
resources, ultimately contributing to enhanced quality
of life and sustainable development in the Black Sea
Economic Region. Future research should examine con-
flict management mechanisms among stakeholders,
relationships between innovation strategy and social
equity outcomes, and comparative studies in other
post-socialist economies. Quantitative metrics need re-
finement beyond economic indicators to capture social,
cultural, and environmental dimensions.
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NMPUYOPHOMOPCbKOIro €KOHOMIUHOro paoHy Ha iHHOBaLiMHUX 3acagax

JlloaMuna MenbHUK

[OKTOp eKOHOMIYHMX HayK, npodecop
YMaHCbKMI HaLiOHANbHUI YHiBEpPCUTET
20300, Byn. IHcTMTYTCBKA, 1, M. YMaHb, YKpaiHa
https://orcid.org/0000-0003-2498-5556

lfeHHapin HikoneHko

AcnipaHT

YMaHCbKMI HaLiOHaNbHUI YHiBEPCUTET
20300, Byn. IHcTMTYTCBKA, 1, M. YMaHb, YKpaiHa
https://orcid.org/0009-0000-9316-866X
Bitaniit Cropoxyk

AcnipaHT

YMaHCbKUIM HauiOHanbHUI yHiBEpCUTET
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AHoTtauia. CyyacHMIA eKOHOMIYHMIM PpO3BMTOK, WO XapaKTepU3YETbCA MNPUCKOpPeEHO rnobanisauieto,
undpoBizauield Ta TpaHCHOPMaAUIE COUiaNbHMX BIAHOCMH, CTaBUTb Mepen TepuTOpiaibHUMKU TpOMagaMM
HOBi BMKJIMKM, BOAHOYAC BiAKPMBAKYM MOXAMBOCTI AN iX iHHOBALIMHOrO PO3BMTKY, WO POOUTb KPUTUUHO
BaX/IMBMM PO3pO6NEHHS afanTOBaHMX CTpaTeriv NiABULLEHHS KOHKYPEHTOCMPOMOXHOCTI B yMOBax pedopmu
JelueHTpanisauii Ta CTpyKTypHUX TpaHcdopMmauin B YkpaiHi. MeTow cTatTi 6yno po3pobneHHs iHHOBALiAHOI
cTpaterii A9 NiABULLEHHS KOHKYPEHTOCNPOMOXHOCTI TepuTopianbHux rpomag Yy [IpuyopHOMOpCbKOMY
€KOHOMiYHOMY paioHi. [IpoaHanizoBaHo 0OMexeHHs TpaaMLiAHOT Moaeni «noTpilHOI chnipani» («yHiBepcuTeT-
ypag-6i3Hec») AN yKpaiHCbKMX YMOB Ta OOIrpYHTOBYE HeOOXigHICTb BMPOBALXKEHHS NiAXo4y «4YeTBEPHOI
cnipani», WO BKJOYAE TPOMaAsSHCbKE CYCMiNbCTBO K KAKOYOBMIM eneMeHT. Y AOCNigXKeHHi 3anponoHOBaHO
iHTerpoBaHy iHHOBAUiMHY MOAeNb, WO CKNAAAETbCA 3 MATM OCHOBHMX KOMMOHEHTIB: iHHOBALiMHOI cTpaTerii,
iHHOBALiMHOI eKoCMCTeMM, IHHOBALIMHOI IHPPACTPYKTYpPU, IHHOBALIMHOI KyNnbTypuM Ta CUCTEMWM YNpPaBJiHHA
iHHoBauiamu. [peacTaBNeHO KOMMAEKCHUMI anropuTM peanisauii iHHOBaUiMHOT cTpaTerii, wo oxonntwe 12
NoCNifoOBHMX €TaniB Bif KOMMJEKCHOI AiarHOCTMKM A0 iHCTUTYLioHani3auii iHHoBaLiiHOI aianbHocTi. Ocobnuea
yBara npugineHa poO3BUTKY TEpPUTOpPiaNbHUX LEHTPIiB KOMMETeHLUii, MexaHi3MiB afanTMBHOro CTpaTeriyHoro
NAaHyBaHHS Ta MiXTEPUTOPianbHMUX IHHOBALIMHMX aNbSHCIB HA OCHOBi LEPXaBHO-MPMBATHOrO NApTHEpPCTBa.
Y cTaTTi BUKNAAEHO KOHKPETHI Mponos3uuii Wwoao peanisauii iHHOBALIAHOI cTpaTterii B KOPOTKOCTPOKOBin (1-2
pOKM) Ta fLOBrocTpokoBin (5-10 pokiB) nepcnekTUBi 3 ypaxyBaHHAM YHiKaNbHUX XapaKTepUCTUK TEPUTOPiaNIbHUX
rpomapg, panoHy. Peaynbtati fOCNiAXEHHS NiATBEPAMM, WO ANS YCMiWHOI peanisauii HeobxigHa cucteMaTuyHa
KOOPZMHALifN MiX 3aLikaBNeHUMU CTOPOHAMMU, NifepCcTBO 3 HOKY OpraHiB MiCLLEBOrO CaMOBPSAYBAHHS Ta FHy4Ke
pearyBaHHS Ha 3MiHW B 30BHiLLHbOMY CepefoBUILI. 3aNpPONOHOBaHMUI Niaxin 3a6e3nevye KOMMAEKCHI pilleHHS
ON9 BUKAMKIB y chepi IHHOBALIMHOIO pPO3BUTKY WASIXOM iHTerpauii ctpaTeriyHoro naaHyBaHHS, iHCTUTYLLIMHOTO
PO3BMTKY Ta NPAKTUYHOI peani3auii KOHKPEeTHMX 3aX04iB

KntouoBi cnoBa: KOHKYpPEHTOCNPOMOXHICTb; iIHHOBALiMHA CTpaTerisi; iHHOBAL,iMHA eKOCMCTEMA; MOAENb «YETBEPHOI
cnipani» iHHOBALIMHOIO PO3BUTKY; CTpATeriyHe NaaHyBaHHS
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