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Abstract. The article presents the results of studies on the effect of the resource-saving strip tillage technology
Mzuri Pro-TIL on the formation of productivity of winter wheat of the Duma Odeska variety under conditions
of natural and artificial moisture in the south of Ukraine. The aim of the research was to assess the impact of
the Mzuri Pro-TIL technology on the growth, development and productivity of winter wheat under natural and
irrigated conditions in southern Ukraine compared with the conventional cultivation technology. A set of generally
accepted scientific methods was employed, including analysis and synthesis for theoretical generalisation of the
material, as well as laboratory and field methods to obtain reliable empirical data under controlled and natural
conditions. The influence of the studied technologies on plant growth and development, stand formation, yield
structure components and grain yield of winter wheat was analysed. It was established that the application of the
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The impact of Mzuri Pro-TIL technology on winter wheat productivity...

Mzuri Pro-TIL technology creates favourable conditions for the autumn development of winter wheat, promotes
increased tillering, higher stand density and greater intensity of linear plant growth during the growing season.
Under irrigation, the positive effect of the technology was enhanced, as evidenced by increased plant height, a
greater number of productive stems and improved formation of generative organs. The Mzuri Pro-TIL technology
ensured higher values of spike length and weight, number of spikelets and grains per spike, grain weight per spike
and thousand-grain weight compared with the conventional tillage system. The average grain yield under the
Mzuri Pro-TIL technology amounted to 5.70 t/ha under natural moisture conditions and 6.56 t/ha under irrigation,
exceeding the conventional technology by 0.83 and 0.68 t/ha, respectively. The obtained results confirm the
feasibility of the integrated application of modern strip tillage technology and optimisation of the water regime as
an effective approach to increasing the productivity of winter wheat in the south of Ukraine

Keywords: strip tillage; plant height; thousand-grain weight; tillering coefficient; Duma Odeska; irrigation; yield

INTRODUCTION

Winter wheat is still strategically important in the
crop rotation in southern Ukraine; however, in recent
years there has been a decline in its yield and a de-
terioration in grain quality, which often fails to meet
food standards. The main causes are increased abiotic
stresses (moisture deficit, high temperatures, uneven
rainfall) combined with biotic factors that negatively
affect yield formation. The aridisation of the region’s
climate makes the development and implementation
of adaptive, resource-efficient cultivation technologies
particularly relevant, aimed at the efficient use of soil
moisture, the preservation of soil fertility and the stabi-
lisation of high-quality grain production.

One way to adapt agriculture to climate change,
protect soil from erosion and achieve high yields of
winter crops is to adopt new technologies, primarily
those aimed at minimising tillage (the use of surface
loosening technology (Mini-TIL) and zero tillage (No-
TIL), strip tillage systems using Mzuri Pro-TIL technol-
ogy, and a transition to rain-fed farming. Another ap-
proach involves the rational use of water for irrigation
and the adoption of innovative irrigation methods (drip
and subsurface). Strip tillage using the Strip-TIL system
from Mzuri Pro-TIL involves working a narrow 12 cm-
wide strip of soil, leaving crop residues on the surface
between rows (24 cm, 36.4 cm or 58 cm depending on
the setting), which allows moisture and organic matter
to remain in the soil, as well as helping to increase the
earthworm population, significantly improve soil biota
composition, enhance soil structure, and more. The use
of Mzuri Pro-TIL sowing units creates an ideal seedbed
for achieving synchronised plant emergence, enabling
crops to withstand climatic stresses and maximise their
genetic potential.

The Mzuri Pro-TIL seed drill operates on the prin-
ciple of precision strip tillage, combining the cutting of
crop residues, loosening of the seedbed and the simul-
taneous application of fertiliser to a specified depth.
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Roll-down ensures optimal seed-to-soil contact, which
improves germination rates and sowing uniformity. Re-
search by I|. KoZeniauskas (2021) has shown that such
strip tillage has a positive effect on the soil’s agro-
physical properties, reduces energy consumption dur-
ing tillage, helps preserve soil structure and minimises
the negative impact on the environment. In turn, this
improves resource efficiency and crop yield stability,
which is particularly important under conditions of lim-
ited moisture and intensive farming. Such precise lo-
calised application helps preserve soil structure, reduce
energy costs for tillage and increase crop productivity.

In recent scientific research, considerable atten-
tion has been paid to assessing the effectiveness of
resource-saving soil cultivation technologies in the
context of increasing climate instability. In particular,
the study by V. Shebanin et al. (2025) conducted a com-
prehensive assessment of the economic efficiency of
winter wheat cultivation using the Mzuri Pro-TIL tech-
nology. The authors found that the implementation of
this technology reduces production costs by cutting
the number of operational steps, reducing fuel con-
sumption and optimising the use of mineral fertilisers
through their localised application to the root zone of
the plants. Research has also demonstrated that the
Mzuri Pro-TIL technology contributes to increased yield
stability of winter wheat, particularly under conditions
of insufficient and erratic moisture supply, which is
characteristic of southern Ukraine. The authors empha-
sise that leaving plant residues on the soil surface and
minimising disturbance to its structure have a positive
effect on the soil’s hydration regime, reduce moisture
loss through evaporation and improve the efficiency of
rainfall utilisation.

According to research by O. Mayorov & M. Tse-
khmeystruk (2021), it has been established that the
conventional method of wheat cultivation involves soil
preparation, sowing, crop management and harvesting.



Soil preparation involves ploughing, cultivation and
harrowing to create a uniform seedbed, which provides
optimal conditions for seed germination and root sys-
tem development. Sowing is carried out in accordance
with sowing dates and rates, whilst crop management
includes fertiliser application, protection against weeds,
pests and diseases, and soil moisture control. Harvest-
ing is aimed at minimising grain losses and preserving
grain quality. Research by V. Hakhula & Y. Kiruta (2023)
have shown that conventional farming also improves
aeration, mixes organic matter and distributes moisture
evenly, but intensive tillage can compact the lower soil
layers, contribute to erosion and reduce fertility, as well
as requiring high energy and material costs. Thus, con-
ventional farming ensures stable yields, but is limited
in terms of preserving long-term soil fertility and the
efficient use of resources.

The importance of state support for the introduc-
tion of innovative technologies in agriculture is par-
ticularly significant under martial law, when ensuring
food security and economic stability is paramount. The
Mzuri Pro-TIL technology aligns with these priorities,
as it helps to increase yields, promote the efficient use
of resources and reduce production costs, even under
adverse conditions. Scientific research, notably the
work of Z.Ding et al. (2020) and M. Habib-Ur-Rahman et
al. (2022), confirm that resource-saving technologies
enable increased wheat productivity, reduced tillage
and preservation of soil structure, which positively im-
pacts the fertility and environmental sustainability of
agricultural production. At the same time, the issue of
the economic efficiency of applying the Mzuri Pro-TIL
technology in the Ukrainian agricultural sector requires
further study, in particular an assessment of implemen-
tation costs and potential yield increases. Taking these
aspects into account will enable a well-founded recom-
mendation for the large-scale application of the tech-
nology in southern Ukraine to enhance the productivity
and economic stability of agricultural production. The
aim of the research was to determine the impact of the
Mzuri Pro-TIL technology on the growth and develop-
ment of winter wheat under natural and artificial irri-
gation conditions in southern Ukraine, compared with
conventional technology.

MATERIALS AND METHODS
The study was conducted between 2022 and 2024 at
the experimental field of the Educational, Scientific
and Research Centre of Mykolaiv National Agrarian
University, located in the southern soil and climate
zone of Ukraine. The soil of the experimental plot is a
southern chernozem of medium humus content, with a
humus content in the arable layer of 2.8-3.2%; the soil
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solution pH is close to neutral. The climate of the zone
is characterised by insufficient moisture, high air tem-
peratures in summer and an uneven distribution of
precipitation throughout the year. The study utilised
the soft winter wheat variety “Duma Odeska”, which
was entered into the State Register of Plant Varieties
Suitable for Distribution in Ukraine in 2017. The vari-
ety is characterised by high yield potential, adaptabil-
ity to the soil and climatic conditions of the Steppe
and Forest-Steppe zones of Ukraine, and resistance to
major diseases and abiotic stress factors, in particu-
lar drought and low temperatures (State Register of
Plant Varieties..., 2024). The winter wheat was sown
on 10 October at a seeding rate of 2.5 million seeds
per hectare.

The experimental design included cultivation vari-
ants using the Mzuri PRO-TIL technology: Factor A: tech-
nology: 1 — Mzuri PRO-TIL, 2 - conventional; Factor B:
irrigation method: 1 - natural, 2 - irrigation. The area of
the sown plot was 1.2 ha, and the plot area was 0.5 ha.
The experiment was repeated three times, with plots
arranged in a sequential design. The agronomic practic-
es for growing the crops under study were standard for
the Southern Steppe region of Ukraine, with the excep-
tion of the factors under investigation. The Mzuri-ProTil
technology involved the use of a specialised seed drill,
which in a single pass provided localised soil loosen-
ing, application of mineral fertilisers and precise seed
sowing. The row spacing under strip tillage technology
was 12 cm between rows within a strip and 36.4 cm
between adjacent strips. Conventional technology in-
volved a full cycle of primary and pre-sowing soil cul-
tivation using traditional agricultural practices and a
standard crop management system.

In the irrigated treatments, a sprinkler irrigation
system using front-type sprinkler equipment was em-
ployed. Irrigation was carried out in accordance with
the biological requirements of the crop during the crit-
ical growth and development stages of winter wheat
(tillering, stem elongation, heading, and grain filling).
Soil moisture was monitored using the thermostat-
ic-gravimetric method by taking soil samples from the
arable layer (0-30 cm) prior to irrigation. Moisture con-
tent was determined as a percentage of the mass of
absolutely dry soil. The criterion for irrigation was a
reduction in soil moisture to 70-75% of the minimum
moisture capacity (MMCQ) Irrigation rates were set on a
case-by-case basis depending on actual soil moisture,
meteorological conditions and the crop’s growth stage.
Water application was recorded based on the sprin-
kler's technical specifications and irrigation duration,
followed by a calculation of the total irrigation rate for
the growing season.

Ukrainian Black Sea Region Agrarian Science, 30(2), 9-19
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Growth parameters for the autumn growing season
of winter wheat were determined during the 2022-
2023 period, and for the spring growing season during
the 2023-2024 period. Plant height was determined by
measuring the distance from the soil surface to the tip
of the ear (excluding awns) in 20 representative plants
at each plot using a measuring ruler; the average value
of the indicator was calculated based on the results. The
number of stems was determined by counting the total
number of productive stems in a sample of 20 plants in
each experimental treatment, followed by conversion
to an average per plant. Ear width was measured with a
vernier caliper at the central part of the ear. To improve
accuracy, three consecutive measurements were taken
of each ear with slight rotation around the axis,and the
maximum value was recorded; the arithmetic mean for
the sample was entered into the tables. The length of
the ear was determined from the base to the tip (ex-
cluding awns), with the results subsequently averaged.

The bushiness coefficient was defined as the ratio
of the total number of developed stems to the number
of plants in the sample. To this end, 20 representative
plants were selected from each plot, the total number
of stems (productive and non-productive) was counted,
and the average per plant was calculated by dividing
the total number of stems in the sample by the num-
ber of plants counted. The number of spikelets per ear
was determined by counting their total number on 20
representative ears selected from each experimental
treatment; the data obtained were averaged. The num-
ber of grains per ear was determined by threshing each
of the 20 selected ears individually, followed by manual
counting of the grains and calculation of the average
value. The grain weight per ear was determined by in-
dividually threshing 20 ears selected from each experi-
mental treatment on a representative basis. The grains
obtained from each ear were weighed individually on
electronic scales to an accuracy of 0.01 g. The aver-
age value of the indicator was calculated based on the
measurement results. The weight of 1,000 grains was
determined in accordance with current methodological
guidelines: two samples of 500 grains each were taken
from the average grain sample, weighed on electron-
ic scales, after which the obtained value was doubled
and the average calculated; the results were reported
to an accuracy of 0.1 g (DSTU ISO 520:2015, 2015).
Grain yield was determined using the total accounting
method by harvesting from the accounting area of each
plot, followed by conversion to 1 ha and adjustment to
standard grain moisture content (14%). The experimen-
tal data obtained during the studies were subjected to
mathematical and statistical analysis using the special-
ised software ‘Agrostat”. To determine the influence of
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the studied factors and their interaction on the produc-
tivity indicators of winter wheat, methods of analysis of
variance (ANOVA) were applied. The statistical signifi-
cance of differences between the mean values of the
variants was determined using the significance criteri-
on at a significance level of p<0.05.

RESULTS AND DISCUSSION

The results of the studies reflect the impact of the
Mzuri Pro-TIL technology on the yield potential of win-
ter wheat under natural and artificial irrigation con-
ditions in southern Ukraine. The analysis of the data
obtained was carried out taking into account the spe-
cific soil and climatic conditions of the study area, the
hydrothermal regime during the observation years,
and the biological characteristics of the Duma Odeska
cultivar. The main focus is on assessing the response
of winter wheat plants to the application of the re-
source-saving strip tillage technology, which combines
local loosening with the simultaneous application of
mineral fertilisers, compared to the traditional tillage
system.The research results indicate that the use of the
Mzuri Pro-Til technology creates more favourable con-
ditions for plant growth and development during the
autumn growing season, which is crucial for the forma-
tion of winter wheat yield potential. The retention of
plant residues on the soil surface, the improvement of
its agrophysical properties and the more efficient use
of soil moisture, particularly under conditions of limited
moisture, had a positive effect on the initial stages of
the crop’s organogenesis.

It is the autumn growth of plants and the level of
vegetative mass development prior to the cessation of
vegetative growth that determine the intensity of till-
ering, winter hardiness and the subsequent course of
growth processes in spring. In this regard, the next stage
of research is aimed at assessing the state of growth
processes in Duma Odeska winter wheat prior to winter
set-in under various tillage technologies and irrigation
regimes, which allows us to substantiate the impact of
the Mzuri Pro-Til technology on the realisation of the
crop’s productive potential. At the beginning of the third
ten-day period of November, the winter wheat was in
the tillering stage, which is critical for the formation
of the plant stand and the crop’s potential yield (Ta-
ble 1). Under the Mzuri Pro-TIL technology, the height
of winter wheat plants under natural moisture condi-
tions was 21.1 cm, whilst under irrigation conditions it
increased to 23.5 cm. A similar trend was observed for
the tillering coefficient, which increased from 2.5 to 3.1
units. The number of stems using this technology also
increased - from 665.0 to 736.3 stems when switching
from natural moisture to irrigation. Under the traditional
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technology, an increase in all studied indicators was
observed under the influence of irrigation: plant height
increased from 20.1 to 21.9 cm, the tillering coefficient
from 1.8 to 2.2 units, and the number of stems from
688.1 to 841.0. Moreover, the difference between the

technologies was statistically significant (p <0.05), indi-
cating the effectiveness of Mzuri Pro-TIL in the forma-
tion of productive stems and the preparation of winter
wheat for overwintering in the conditions of the South-
ern Steppe of Ukraine.

Table 1. Growth status of Duma Odeska winter wheat crops before winter set-in (average for 2022-2023)

Indicator

Technology (factor A)

Irrigation method (factor B)

plant height,cm
tillering coefficient, units
number of stems, pcs.
plant height,cm
tillering coefficient, units
number of stems, pcs.

Mzuri Pro-TIL

Conventional

Source: compiled by the authors

Meanwhile, the data in the table shows that, with
the Mzuri Pro-TIL technology, the initial plant density
was slightly lower than with the traditional method.
However, due to the higher tillering coefficient and bet-
ter plant survival during the autumn growing season,
this technology ensured the formation of a more uni-
form and potentially productive stand. This indicates
increased crop adaptability and more efficient utilisa-
tion of the plants’ biological potential. Analysis of the
obtained indicators suggests that the plants were in
good physiological condition: the leaf area was suffi-
cient for effective photosynthesis, and the root system
was adequate to ensure water and nutrient uptake. The

natural irrigation
21.1+061 23.5+0.68
2.5+0.07 3.1+0.09
665.0+19.2 736.3+21.3
20.1+0.58 21.9%0.63
1.8%0.05 2.2£0.06
688.1£19.9 841.0+24.3

high level of plant development in irrigated plots con-
firms the effectiveness of supplementary irrigation in
increasing potential yield.

During the first ten days of May, agrometeorologi-
cal conditions for winter wheat growth were satisfacto-
ry. At the same time, due to a lack of rainfall, there was
a rapid depletion of available moisture from both the
topsoil and subsoil layers. On irrigated plots, a single
sprinkler irrigation was carried out at a rate of 300 m3/
ha. More developed plants consumed moisture and nu-
trients more intensively, outpacing the growth of weak-
ened plants and increasing their suppression by shad-
ing them from the sun (Table 2).

Table 2. Growth dynamics of winter wheat crops depending on irrigation method
and cultivation system (average for 2023-2024), cm

Growth
and development stages

stem elongation

ear emergence
milk ripeness

stem elongation

ear emergence
milk ripeness

Technology (factor A)

Mzuri Pro-TIL

Conventional

Source: compiled by the authors

Studies have shown that the Mzuri Pro-TIL culti-
vation technology delivers consistently higher shoot
growth in winter wheat compared to the tradition-
al system at all key stages of development - from
stem elongation to milk ripeness. Supplementary
irrigation significantly increases plant height, par-
ticularly in the early (stem elongation) and late (milk
ripeness) stages, highlighting the importance of op-
timal water supply for the formation of a productive
canopy and the realisation of yield potential. The
difference between the technologies was statistical-
ly significant (p < 0.05), and irrigation increased all

Irrigation method (factor B)

natural irrigation
409+1.18 46.9%1.35
76.2%2.20 80.5%2.33
90.4+2.61 96.8+2.80
31.3%£0.90 37.8+1.09
67.3£1.94 75.9%2.19
86.9%2.51 92.6%2.67

growth parameters compared to natural moisture,
demonstrating the effectiveness of Mzuri Pro-TIL in
enhancing growth intensity and the formation of pro-
ductive winter wheat stems. The greatest increase in
plant height was observed during the milk ripeness
stage, highlighting the critical importance of water
management and modern technologies for maxim-
ising the crop’s genetic potential. The data demon-
strate the effectiveness of an integrated approach,
where the application of advanced technology is
combined with optimised irrigation, ensuring better
development of morphological traits and the plants’
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potential yield. Many factors influence the yield of
winter wheat, including irrigation methods and

cultivation techniques. Depending on these, different
plant densities are formed (Table 3).

Table 3. Plant density of winter wheat at the stage of full grain maturity, depending
on irrigation method and farming practices (average for 2023-2024), plants/m?

Indicator

Technology (factor A)

Irrigation method (factor B)

total number of stems
including productive stems
total number of stems

Conventional

Mzuri Pro-TIL ; : .
including productive stems

Source: compiled by the authors

In plots with natural moisture levels, the highest
plant density was observed during the stem elongation
and heading stages, when temperatures rose. Research
findings indicate that the plant density of winter wheat
was influenced by both cultivation practices and weather
conditions. Thus, the highest plant density of 714 plants
per 1 m? was achieved by the Duma Odeska crop under
irrigation and Mzuri Pro-TIL. Studies determined that a
greater number of productive stems were formed in irri-
gated plots using the technologies under investigation.
Overall, winter wheat crops produced a higher number
of productive stems using the Mzuri Pro-TIL technology,
both under natural moisture conditions and on irrigat-
ed plots, which was 82 plants/m? and 81 plants/m? re-
spectively more than with the traditional technology. The
plant density of winter wheat at full maturity was higher
with the Mzuri Pro-TIL technology compared to the tradi-
tional system, with irrigation increasing plant density,and
the difference between the technologies was statistically
significant (p<0.05), confirming the effectiveness of Mzuri
Pro-TIL in the formation of productive winter wheat stems.

The higher number of productive stems at the stage
of full grain maturity achieved using the Mzuri Pro-TIL
technology is due to a combination of agrobiological and
technological factors. First and foremost, this system in-
volves minimal disturbance of the soil profile and the re-
tention of plant residues on the surface, which promotes

natural irrigation
565%16.3 625+18.1
501+14.5 562%16.2
648+18.7 714%20.6
583+16.8 643+18.6

better moisture accumulation and retention, stabilisation
of soil temperature,and activation of microbiological pro-
cesses. Under such conditions,a more developed root sys-
tem forms, the efficiency of nutrient utilisation increases,
and moisture losses are reduced, which has a positive
effect on autumn tillering and the preservation of shoots
during the winter period. As a result, a larger proportion
of the stems formed in autumn do not die off but sur-
vive until the ripening phase and realise their productive
potential. Thus, the Mzuri Pro-TIL technology ensures a
denser stand and a greater number of productive stems
compared to the traditional system, regardless of the irri-
gation method. Irrigation further increases plant density,
boosting both the total number of stems and the num-
ber of productive ones, which confirms the importance of
water management in achieving high crop yields. Overall,
combining modern cultivation technology with optimal
moisture management promotes more efficient utilisation
of plant potential and the formation of a more productive
stand, which is a key factor in increasing winter wheat
yield. The second key indicator of winter wheat produc-
tivity is the grain weight per ear. In the studies conducted,
this ranged from 1.03 g using conventional technology
under natural moisture conditions to 1.56 g using the
Mzuri Pro-TIL technology on irrigated plots, demonstrat-
ing a significant increase in productivity when modern
technology and optimal water supply are applied (Table 4).

Table 4. Performance indicators for winter wheat at the stage of full grain maturity,
depending on irrigation method and cultivation technology (average for 2023-2024)
Mzuri Pro-TIL technology

Conventional technology

Indicator Irrigation method Irrigation method
natural irrigation natural irrigation
Ear length, cm 10.3£0.30 11.5+0.33 9.5+0.27 10.1£0.29
Ear width, cm 1.4+0.04 1.5+£0.04 1.1+0.03 1.1+0.03
Ear weight, g 3.43+0.10 3.53%£0.10 2.25%0.07 3.15%0.09
Number of spikelets per ear, pcs. 20+0.58 22+0.64 17+0.49 19+0.55
Number of grains per ear, pcs. 54+1.56 60+1.73 48+1.39 56+1.62
Grain weight per ear, g 1.49+£0.04 1.56+0.05 1.03£0.03 1.08+0.03
Weight of 1,000 grains, g 42.5%1.23 45.8%1.32 34.0£0.98 354+1.02

Source: compiled by the authors
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The highest values for ear length (11.5 cm) and
width (1.5 cm) were recorded in winter wheat grown
using the Mzuri Pro-TIL method with irrigation. Under
natural moisture conditions, these figures are slight-
ly lower (10.3 cm and 1.4 cm respectively). The con-
ventional technology yields smaller ear parameters: a
length of 9.5-10.1 cm and a width of 1.1 cm, regardless
of moisture conditions. This indicates the positive impact
of modern technology and supplementary water supply
on ear formation. The Mzuri Pro-TIL technology produc-
es a higher ear weight: 3.43 g under natural moisture
conditions and 3.53 g with irrigation, whereas with the
conventional technology, ear weight ranges from 2.25
to 3.15 g. The number of spikelets per ear and grains
per ear was also higher with Mzuri Pro-TIL, particular-
ly on irrigated plots: 22 spikelets and 60 grains per ear

compared to 19 spikelets and 56 grains per ear with
conventional technology under irrigation. Irrigation im-
proved all indicators of winter wheat productivity com-
pared to natural moisture supply, and the difference
between the technologies was statistically significant
(p <0.05), which substantiates the effectiveness of Mzuri
Pro-TIL in the formation of productive ears and the in-
crease in winter wheat grain yield under the conditions
of the Southern Steppe of Ukraine. All these factors also
influenced the grain yield of winter wheat. The research
results indicate that the use of Pro-TIL technology en-
sures higher yields in all years of the study and under
both moisture regimes, particularly when combined with
irrigation (Fig. 1). This points to more efficient use of
soil moisture and more favourable conditions for yield
formation compared to conventional tillage technology.

t/ha
9 8.18
8 695 7.13 6.56
7 5.88

5.56 5.7

493

2 4.45 417 262 487 W natural
4 irrigation
3
2
1
0 Mzuri Pro-TIL Conventional Mzuri Pro-TIL Conventional Mzuri Pro-TIL Conventional

2023 2024

average for 2023-2024

Figure 1. Winter wheat grain yield by cultivation method
and irrigation method (average for 2023-2024), tonnes per hectare

Source: compiled by the authors

In 2023, under natural irrigation conditions, the
yield using the Mzuri Pro-TIL technology was 6.95 t/
ha, which exceeded the corresponding figure for the
conventional technology (5.56 t/ha) by 1.39 t/ha. Un-
der irrigation conditions, an increase in yield was ob-
served in both variants; however, the highest value was
recorded specifically for the Mzuri Pro-TIL technology -
8.18 t/ha, whereas for the conventional technology it
was 7.13 t/ha. This indicates the higher efficiency of the
energy-saving technology when combined with irriga-
tion. In 2024, the overall yield level was lower com-
pared to 2023. Under natural moisture conditions, the
yield using the Mzuri Pro-TIL technology was 4.45 t/ha,
whereas with the conventional method it was 4.17 t/ha.
Under irrigation conditions, yields increased to 4.93 t/
ha (Mzuri Pro-TIL) and 4.62 t/ha (conventional technol-
ogy). The advantage of the Mzuri Pro-TIL technology re-
mained, although the difference between the variants
was less pronounced than in 2023.

The average data over two years confirm the con-
sistent advantages of the Mzuri Pro-TIL technology.

Under natural irrigation conditions, the average yield
was 5.70 t/ha, which is 0.83 t/ha higher than that
achieved with conventional technology (4.87 t/ha). Un-
der irrigation conditions, the average yield using the
Mzuri Pro-TIL technology reached 6.56 t/ha, whereas
with the conventional method it was 5.88 t/ha. Ac-
cording to the results of the analysis of variance, it
was determined that the NIRO5 for factor A was 0.25 t/
ha, and for factor B - 0.37 t/ha. Joint studies demon-
strate that strip tillage technologies contribute to a
comprehensive increase in winter wheat productivity.
Thus, D. Xu. (2022) found that Strip-TIL improves plant
growth, nitrogen use efficiency and yield in a rice-
wheat rotation, which is consistent with improved stem
development in trials using the Mzuri Pro-TIL technol-
ogy. Similarly, Q. Wang et al. (2024) demonstrated that
the combination of Strip-TIL and periodic deep loosen-
ing promotes better nitrogen uptake and higher winter
wheat productivity. Furthermore, D. Hobson et al. (2022)
noted the positive impact of strip tillage on root sys-
tem development, photosynthetic parameters and grain

Ukrainian Black Sea Region Agrarian Science, 30(2), 9-19

15



16

The impact of Mzuri Pro-TIL technology on winter wheat productivity...

filling, which influences 1,000-grain weight and overall
yield. Finally, a meta-analysis indicates a general trend
towards higher crop yields with Strip-TIL compared to
conventional technology.

At the same time, as noted by V. Havrysh et al. (2020),
the introduction of energy-saving technologies in agri-
culture is a priority area for improving production effi-
ciency. The Mzuri Pro-TIL technology fully meets these
requirements, as it reduces the number of passes made
by machinery across the field, ensuring the rational use
of energy resources and cutting production costs. Unlike
traditional precision farming systems, which focus on
high-precision seed and fertiliser application, Mzuri Pro-
TIL offers a comprehensive approach: simultaneous strip
tillage, fertiliser application and seedbed preparation.
Such integration of operations not only reduces energy
and material costs but also increases crop yields, making
the technology economically viable and promising for
large-scaleimplementation in resource-efficient farming.

Recent scientific research indicates that the adop-
tion of resource-saving soil cultivation techniques,
particularly strip tillage, plays a key role in enhancing
the adaptability of agricultural production to arid con-
ditions. According to G. Taye et al. (2024), minimising
mechanical disturbance to the soil helps reduce mois-
ture loss through evaporation and curb erosion pro-
cesses, which is particularly important for regions with
unstable moisture conditions. Improving soil structure
enhances its water permeability and water-holding ca-
pacity, creating more favourable conditions for plant
growth and yield formation.

Research findings confirm the conclusions of
M. Lozinskiy et al. (2021) that grain weight per ear is a
key factor in winter wheat productivity, and show that
the Mzuri Pro-TIL technology increases grain weight
and 1,000-grain weight through strip tillage, local-
ised fertiliser application and the retention of plant
residues. These findings are consistent with those of
M. Rozewicz et al. (2024), who noted improvements in
soil porosity and aeration, reduced compaction and
stimulation of the root system, which increases the ef-
ficiency of water and nutrient use.

The use of resource-saving techniques in winter
wheat cultivation, in particular strip tillage systems,
helps to increase productivity and make more efficient
use of soil moisture,as well as ensuring that the genetic
potential of the varieties is realised, which is particular-
ly important when growing wheat following sunflowers
in the Southern Steppe region of Ukraine (Gamayuno-
va et al., 2022). Similar results were obtained in studies
by M. Korkhova et al. (2023), where it was established
that optimising stubble tillage improves the agrophys-
ical properties of the soil and contributes to increased
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winter wheat productivity. The results obtained are
consistent with the data presented and confirm the ef-
fectiveness of the Mzuri Pro-TIL strip tillage technolo-
gy, which ensures better moisture retention and higher
crop yields in the conditions of the Southern Steppe
of Ukraine. Water availability and nutrient supply are
key factors in determining winter wheat yield, as they
influence the intensity of growth processes and the re-
alisation of the varieties’ productive potential. Research
shows that increasing moisture levels and optimising
mineral nutrition contribute to a significant increase
in the yield of winter wheat varieties (Gamayunova et
al., 2022; Korkhova & Panfilova, 2024). In the condi-
tions of the Southern Steppe of Ukraine, where crop
productivity may decline due to climatic constraints or
external factors such as armed conflict, the application
of adaptive technologies becomes extremely relevant
(Nasibov et al., 2024). Combining the Mzuri Pro-TIL
strip-till technology with natural or artificial irrigation
ensures more efficient use of soil moisture and nutri-
ents, creating favourable conditions for increasing win-
ter wheat productivity in the region.

The results of the studies are consistent with the
findings of Q. Chen et al. (2021), who demonstrated that
minimised and strip tillage improve soil physico-chem-
ical properties, conserve moisture and promote root
system development, thereby increasing the yield of
field crops. Furthermore, K. Song et al. (2019) demon-
strated that combining minimum tillage with the return
of crop residues improves soil structure, stabilises or-
ganic carbon and increases crop yields. In current stud-
ies, the Mzuri Pro-TIL technology, which combines strip
tillage, localised fertiliser application and the retention
of plant residues, ensured optimal soil water and nu-
trient conditions, increased the density of productive
stems and grain weight, leading to higher winter wheat
yields. This confirms that the integration of modern till-
age technologies, taking into account varietal charac-
teristics and water regime, effectively realises the crop’s
productive potential.

CONCLUSIONS
Studies conducted in Ukraine between 2022 and 2024
have shown that the Mzuri Pro-TIL technology creates
favourable conditions for the growth of the Duma
Odeska winter wheat, ensuring consistently higher
linear plant growth, greater tillering and stem densi-
ty compared to the conventional tillage system. This
demonstrates the effectiveness of the resource-saving
strip tillage technology, which combines localised soil
loosening with the application of mineral fertilisers, in
shaping the morphological characteristics of the crop.
Irrigation significantly increases plant productivity,



particularly during critical development stages - stem
elongation and milk ripeness. Additional water supply
promotes the formation of a more productive canopy,
active shoot growth and the effective utilisation of the
variety’s genetic potential. The use of Mzuri Pro-TIL
technology in combination with optimal water supply
stimulates the formation of larger and more productive
ears, increasing their length, width, weight, number of
spikelets and grains per ear, as well as the weight of a
single grain and the weight of 1,000 grains. These fac-
tors directly contribute to an increase in the potential
yield of winter wheat.

According to the results of two years of observa-
tions, the average winter wheat yield using the Mzuri
Pro-TIL technology was 5.70 t/ha under natural irriga-
tion and 6.56 t/ha under artificial irrigation, exceeding
the figures for conventional technology by 0.83 and
0.68 t/ha respectively. This confirms the effectiveness
of an integrated approach, where modern tillage tech-
nology is combined with optimised water management.
The use of Mzuri Pro-TIL technology ensures a higher
number of productive stems, a denser stem stand and
better grain-filling of the ears, which are key factors
in increasing the yield and stability of winter wheat

Shebanin et al.

production in the southern region of Ukraine. The re-
search results demonstrate the importance of the com-
bined effect of agronomic practices: combining a mod-
ern tillage system with optimal water supply allows
the variety’s potential to be realised to the fullest and
enables the effective use of available natural resourc-
es. In the future, a detailed study is planned to inves-
tigate the impact of the Mzuri Pro-TIL technology and
various irrigation regimes on grain quality indicators,
including morphological, physiological and technologi-
cal characteristics. This will enable a more comprehen-
sive assessment of the effectiveness of an integrated
approach to winter wheat cultivation and optimise the
farming system to improve grain yield and quality in
the southern region of Ukraine.
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Bnnue TexHonorii Mzuri Pro-TIL Ha NpoayKTUBHICTb NWEeHULi 03UMOI
3a YMOB NPUPOAHOIO Ta LUTYYHOrO 3BOJIOXKEHHSA NiBAHSA YKpPaiHU
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AHoTauif. Y cTaTTi HaBeAeHO pe3ynbTaTy JOCNiAKEHb BNIMBY PeCypCcoOLWafHoi TeEXHONOrii CMyroBoro o6pobiTky
rpyHTy Mzuri Pro-TIL Ha ¢popMyBaHHS NPOAYKTUBHOCTI NiUeHuLi 03umMoi copTy [lyma ogecbka 3a yMOB NPUPOAHOIo
Ta WTYYHOro 3BONOXEHHS B YMOBax MNiBAHSA YKpaiHu. MeTo focnifxeHb 6yno OuiHUTM BNAMB TexHonorii Mzuri
Pro-TIL Ha picT, pO3BMTOK i NPOAYKTMBHICTb MLIEHWULiI 03MMOI 33 YMOB MPMPOAHOrO Ta WTYYHOrO 3BONIOXKEHHS
niBaHs YKpaiHM MOPIBHAHO 3 KAACMYHOK TEXHOJONIEW BMpPOLLYBAHHSA. [1ng npoBeaeHHs [OCHigKeHHs 6yno
BMKOPUCTAHO KOMIIEKC 3arajibHOMPUAHATUX HAYKOBUX METOAIB, 30KPEMA aHani3 i CMHTe3 AN TeOPeTUYHOro
y3ara/ibHEHHSI MaTepiany, a Takox NabopaTopHi 1 NObOBI METOAM A5 OTPUMAHHS AOCTOBIPHUX EMMiIPUYHUX AAHUX
Yy KOHTPONbOBAHMX i NPUPOAHUX YMOBAX. Y npoueci NpoBefeHHs AOC/iAKEHb 3aCTOCOBYBAM 3ara/ibHONPUNAHATI
HayKOBi METOAM, 30KpeMa aHani3 i CUHTE3, @ TAKOXX KOMMAeKC nabopaTopHMX i N0NIbOBUX MeToAiB. [TpoaHanizoBaHo
BMMB AOCNILXKYBAHUX TEXHONONM Ha PIiCcT i pO3BUTOK POCAUH, POPMYBaHHA CTEBM0CTOD, eIEMEHTU CTPYKTYpH
BPOXal0 Ta YPOXAMHICTb 3epHa MeHuUi 03MMoi. BcTaHOBNEHO, WO 3acTtocyBaHHS TexHonorii Mzuri Pro-TIL
CTBOPIOE CMPUSATAMBI YMOBM A1 OCIHHbOIO PO3BUTKY MWEHUL 03UMOIi, CNPUKE NiIABULLEHHIO KYLIMCTOCTI, LWiNbHOCTI
cTebn0CTO Ta IHTEHCMBHOCTI NiHIMHOTMO POCTY POC/AMH YNPOAOBX Beretauii. 33 YMOB 3pOLUEHHS MO3UTUBHUN
edeKT TeXHONOrii NOCMIBABCS, WO NPOSBAAN0CS Y 36iNblUeHHi BUCOTU POCAUH, KiNIbKOCTIi NPOAYKTUBHUX cTeben Ta
KpawoMy hopMyBaHHI reHepaTUBHMX opraHiB. TexHonoria Mzuri Pro-TIL 3ab6e3neynna BULLi NOKA3HUKU LOBXUHU
M Macu KONOoCa, KiNbKOCTI KOMOCKIB i 3epeH y KONoCi, MacK 3epHa 3 konoca Ta Macn 1 000 3epeH MOpiBHAHO 3
TpafuMLIHOK cucTeMoto 06pobiTky rpyHTY. CepenHs ypoXalHicTb 3epHa 3a TexHonorii Mzuri Pro-TIL ctaHoBMNa
5,70 1/ra 3a NnpupoAHOro 3BOJIOXEHHS Ta 6,56 T/ra 3a 3poLeHHs, wo BignosigHo Ha 0,83 i 0,68 1/ra nepesuwyBano
NMOKa3HMKM KNAacU4YHoi TexHosnorii. OTpuMaHi pesynbTaTu NigTBEPAXKYHOTb AOLINbHICTb iIHTEFPOBAHOIO 3aCTOCYBAHHS
Cy4YacHoi CMyroBoi TexHonorii 06pobiTKy FpyHTy Ta OMTMMi3aLii BOOHOIO pexuMy gk edeKTUBHOro Hampsamy
NiABMLLEHHS NPOAYKTUBHOCTI MWEHULi 03MMOI B YMOBaX NiBAHS YKpaiHu

KniouoBi cnoBa: cMyrosuit 06pobiToK IpyHTY; BMCOTA POC/IMH; Maca TuUCAdi 3epeH; KoediuieHT kywucrtocTi; dyma
0[4,eCbKa; 3pOLLIEHHS; YPOXKarHiCTb
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Abstract. The aim of the study was to evaluate the effectiveness of different herbicide treatments in suppressing
the growth, development, and regenerative capacity of the invasive species Heracleum sosnowskyi Manden.
The study was carried out using four variants: control without herbicides, Slash KE (1.5 L/ha), Roundup Max
RK (4.0 L/ha), and combined application of Elumis OD (2.0 L/ha) and Roundup Max RK (2.5 L/ha). To assess
herbicide effects, plant morphometric parameters (height, stem diameter, leaf area), phenological stages (stem
elongation, budding, flowering), and the number of regenerative shoots were recorded over a 30-day observation
period. Results showed that control plants exhibited high growth rates, significant increases in morphometric
parameters, and active generative activity, including the formation of regenerative shoots. Application of single
herbicides led to partial suppression of growth and generative development, while regenerative shoots still
formed, although in smaller quantities compared to the control. The most pronounced effect was observed
under the combined application of Elumis OD (2.0 L/ha) and Roundup Max RK (2.5 L/ha). In this variant,
plant height, stem diameter, and leaf area were reduced to minimal values, the generative cycle was almost
completely blocked, and the number of regenerative shoots remained stable or decreased, indicating complete
suppression of the regenerative mechanisms of Heracleum sosnowskyi. The practical significance of the results
lies in the fact that combined herbicide treatment can be an effective method for controlling this invasive
species in agroecosystems and semi-natural habitats, preventing its spread and reducing the negative impact
on agricultural productivity

Keywords: chemical control; physiological response; morphometric analysis; phenological changes; weed
management

INTRODUCTION

The invasion of alien plant species represents a major
global ecological challenge, with far-reaching conse-
quences for both the structure and functional integrity
of natural and semi-natural ecosystems. These species
can drastically alter plant community composition,
leading to homogenisation of habitats and loss of na-
tive biodiversity. According to C. Fritsch et al. (2025),
the expansion of invasive plants not only changes the
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species composition of phytocenoses but also disrupts
trophic interactions, including herbivore-plant and
predator-prey relationships, ultimately reducing the ca-
pacity of ecosystems to provide essential services such
as nutrient cycling, pollination, and soil stabilisation.
A.Rysiak et al. (2021) further emphasised that the com-
bination of increasing anthropogenic pressure, such as
land-use change, agricultural intensification, and urban
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expansion, together with ongoing climate change, cre-
ates favourable conditions for invasive species. These
species often exhibit high phenotypic plasticity, rap-
id growth rates, and superior reproductive strategies,
which confer significant competitive advantages over
native plants and facilitate their rapid spread and stable
establishment in previously uncolonised areas. Moreo-
ver, the ecological impact of invasions is not limited to
plant communities; it cascades across multiple trophic
levels, affecting microbial communities, invertebrates,
and even higher vertebrates, thereby reshaping ecosys-
tem functionality and resilience over both short and
long temporal scales.

In Ukraine, the spread of invasive species has be-
come particularly concerning, as highlighted by H. Kor-
pita (2025), due to intensive landscape transformation
driven by urbanisation, infrastructure development,
and changes in agricultural practices. These anthro-
pogenic changes lead to the reduction of traditional-
ly cultivated areas and the fragmentation of habitats,
while the destruction of natural barriers - such as
hedgerows, forests, and riverine corridors - removes
critical constraints that previously limited the expan-
sion of alien plants. As a result, invasive species such
as Heracleum sosnowskyi are able to rapidly colonise
new territories, establish dense populations, and out-
compete native flora, creating significant ecological
and socio-economic challenges.

Among alien flora, Heracleum sosnowskyi Manden. is
considered one of the most aggressive and ecologically
destructive species. E. Grzedzicka (2022) highlighted its
high ecological plasticity, rapid growth, and significant
seed productivity, which enable the formation of dense
monodominant stands that displace native species, re-
duce herbaceous biodiversity, and disrupt natural veg-
etation regeneration, while also posing socio-econom-
ic risks due to the phototoxic furanocoumarins in its
aerial parts. Current control methods for Heracleum sos-
nowskyi include mechanical, agronomic, biological, and
chemical approaches. A. Judzentiené et al. (2026) em-
phasised that simple mechanical mowing or digging of-
ten fails to achieve long-term suppression because the
plant can actively regenerate from underground organs.
Biological control, although promising, remains limited
in practical application. Therefore, systemic herbicides
are regarded as one of the most effective strategies for
controlling this invasive species, especially in large or
difficult-to-access areas.

As noted by E. Borska et al. (2025), the effectiveness
of herbicides should not be evaluated solely by pop-
ulation reduction. Systemic chemical action triggers
physiological disruptions, including inhibited growth,
altered morphogenesis, and phenological shifts,
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ultimately reducing the plant’s recovery capacity.
A. Cerevkova et al. (2024) stressed that a comprehen-
sive, multi-level evaluation of plant responses is nec-
essary for an objective assessment of chemical control
efficacy. International studies also provide valuable in-
sights. D.P.Barrett et al. (2021) demonstrated that herbi-
cide treatments applied at early growth stages achieve
the greatest effectiveness, while later stages are much
less responsive to chemical control. L.S. Pile Knapp et
al. (2023) further showed that research on Heracleum
sosnowskyi extends beyond control efforts to explor-
ing biomass utilisation and potential beneficial appli-
cations. Additionally, C.S. Rodriguez et al. (2024) and
S. Kalisz et al. (2021) analysed invasion dynamics and
practical management measures, including mechanical
and chemical methods, emphasising the importance of
integrated approaches that combine quantitative and
qualitative evaluations of plant responses.

The scientific literature clearly demonstrates the
active and multifaceted development of research de-
voted both to the spread dynamics of Heracleum sos-
nowskyi and to a deep evaluation of its significant
ecological impact, as well as the search for the most
effective control methods. Among these, chemical ap-
proaches, particularly herbicide treatments, consist-
ently occupy a central role. At the same time, ongo-
ing efforts to develop radically new approaches and
expand existing invasion management models further
emphasise the continuous and critical relevance of
this topic for modern science. The aim of this study
was to determine the effectiveness of systemic herbi-
cides and their combinations in suppressing growth,
generative development, and regenerative potential
of Heracleum sosnowskyi.

MATERIALS AND METHODS

The study was conducted during 2020-2025 in nat-
ural phytocenoses of the Western Forest-Steppe of
Ukraine. The objects of investigation were biennial
and perennial plants of Heracleum sosnowskyi. Field
observations were carried out on plots with relatively
uniform vegetation density, ensuring the comparabil-
ity of obtained results. Herbicide treatments were ap-
plied at the rosette stage and during the initial phases
of intensive vegetative growth, which are considered
the most sensitive to systemic herbicides. This timing
of application allowed the evaluation of the maximum
biological effect of the herbicides at the early stages
of H. sosnowskyi development. The control treatment
involved no herbicide application. The working solu-
tion was applied using a tractor-mounted sprayer
with controlled pressure to ensure uniform coverage
of the plants (Table 1).
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Table 1. Herbicides, application rates and active ingredients used in the experiment

Herbicide

Variant

Application rate

Active ingredient

| Control (without herbicide application)

Il Slash 1.5 L/ha

5 g/L Halauxifen-methyl; 120 g/L clopyralid

I Elumis+Roundup Max 2.0 L/ha+2.5 L/ha 30 g/L nicosulfuron; 75 g/L mesotrione + 450 g/L glyphosate (acid equivalent)

\% Roundup Max 4.0 L/ha

Source: developed by the author

The physiological state of plants was evaluated
based on visual and morphological traits. The analysis
included assessment of growth inhibition, disruption
of morphogenesis in vegetative organs, the rate of die-
back in apical and lateral growth points, and the plants’
ability to regenerate after chemical treatment. Physio-
logical changes were recorded 7, 14, and 30 days after
herbicide application. During this period, observations
included the appearance of leaf blade deformities,
changes in growth intensity, partial or complete loss of
turgor, development of chlorosis and tissue necrosis, as
well as cessation of central shoot growth. The physio-
logical effect of herbicides was determined by the na-
ture and rate of symptom manifestation, allowing eval-
uation of the systemic activity of the compounds even
in the absence of quantitative biochemical indicators.

Morphometric analysis was conducted to quanti-
tatively assess the biological effectiveness of chemi-
cal control on Heracleum sosnowskyi. During the study,
plant height, stem diameter at the base, leaf surface
area (calculated from linear measurements of leaves),
and the number of regenerated shoots after treatment
were determined. Measurements were carried out on
fixed monitoring plots before herbicide application and
30 days after treatment. The obtained data were used
for comparative analysis between control and treated
variants. Morphometric parameters allowed an objec-
tive assessment of the degree of growth inhibition, dis-
ruption of structural organisation, and the plants’ re-
generative capacity following chemical exposure.

Phenological observations were performed to de-
termine the effects of herbicides on the developmental
rhythm and generative cycle of Heracleum sosnowskyi.
Throughout the growing season, the timing of key de-
velopmental phases was recorded, including regrowth,
stem elongation, bud formation, and flowering, as well
as shifts in phenological phases following herbicide
treatment. Particular attention was given to delays or
complete suppression of flowering processes and dis-
ruption in the formation of generative organs. Plants
that failed to transition to the generative phase af-
ter treatment were considered a key indicator of high
chemical control efficacy. Morphometric data were
analysed using variance statistics to determine mean
values and relative changes compared to the control.
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450 g/L glyphosate (acid equivalent); 551 g/L as potassium salt of glyphosate

The technical effectiveness of herbicides was assessed
based on the degree of plant growth suppression and
the reduction in their regenerative capacity.

The methodology was developed based on a com-
bination of peer-reviewed scientific literature, tech-
nical reports, and legal frameworks. Sources such as
A. Cerevkova et al. (2024), E. Borska et al. (2025), and
A.JudZentiené et al. (2026) provided guidance on evalu-
ating herbicide effects and systemic activity in invasive
plants. The study was conducted in compliance with
current ethical guidelines for plant research. Obser-
vations and herbicide applications were carried out in
natural habitats without causing irreversible damage
to surrounding ecosystems or endangered species. Ad-
ditionally, all plant collections and interventions ad-
hered to the CITES (Convention on international trade
in endangered species of wild fauna and flora) (n.d.),
confirming that no protected or regulated species were
impacted during the study. The choice of these sourc-
es was justified by their international recognition, rel-
evance to the research objectives, and applicability to
invasive plant management under field conditions.

RESULTS AND DISCUSSION

The study of systemic herbicides on Heracleum sos-
nowskyi demonstrated pronounced growth inhibition
and disruption of morphogenesis. Visual assessment
of physiological traits showed that by the 7" day af-
ter treatment, plants began to exhibit leaf deforma-
tion, reduced turgor, and slowed apical growth. Symp-
toms intensified by the 14" day, with partial dieback
of lateral shoots and the appearance of chlorosis and
tissue necrosis. By 21-30 days, in treatment Il (Elumis
0D, 2.0 L/ha + Roundup Max RK, 2.5 L/ha), most plants
experienced complete dieback of growth points, and
regenerated shoots were weak and did not form gen-
erative organs. Treatments Il (Slash KE, 1.5 L/ha) and
IV (Roundup Max RK, 4.0 L/ha) exhibited less intensive
growth suppression with a greater delay, confirming
their limited systemic activity.

Data from Table 1 indicate significant differences in
the growth and development of Heracleum sosnowskyi
depending on the treatment applied. In the control,
throughout the observation period, plants showed inten-
sive growth with steady increases in all morphometric



parameters. By the 14" day, plant height nearly doubled
compared to the 7™ day, reaching 90 cm by the 30t day.
Similar dynamics were observed for stem diameter and
leaf area, indicating high adaptive capacity and active
vegetative growth in the absence of herbicide influ-
ence. The number of regenerated shoots in the control
also steadily increased, confirming the significant re-
generative potential of Heracleum sosnowskyi.
Application of Slash caused moderate inhibition of
growth processes. Although increases in height, stem
diameter, and leaf area continued throughout the ob-
servation period, growth rates were significantly lower
than in the control. By the 30t day, plant height in this
treatment was more than twice as low as in the con-
trol, and leaf area decreased nearly threefold. The num-
ber of regenerated shoots also increased more slowly,
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indicating partial limitation of regenerative capacity,
though without complete cessation of growth.

The most pronounced inhibitory effect was ob-
served in the combined treatment of Elumis OD, 2.0 L/
ha+Roundup Max RK, 2.5 L/ha. This treatment showed
a clear trend of gradual reduction in all morpho-
metric parameters over time. Plant height decreased
from 22 cm on day 7 to 14 cm on day 30, indicating
not only growth suppression but also degradation of
aboveground biomass. Similar dynamics were observed
for stem diameter and leaf area, reflecting disruption
of photosynthesis and formation of vegetative organs.
The number of regenerated shoots in this treatment
remained minimal throughout the period, confirming
effective blocking of Heracleum sosnowskyi's regenera-
tive mechanisms (Table 2).

Table 2. Morphometric parameters of Heracleum sosnowskyi

Treatment Day Height (cm)
7 25%2
Control 4 4554
21 65%5
30 907
7 23%2
14 303
Slash KE. 1.5 L/ha 21 3524
30 40+4
7 22%2
Elumis OD. 2.0 L/ha +Roundup 14 20%2
Max RK. 2.5 L/ha 21 172
30 14+2
7 242
14 353
Roundup Max RK. 4.0 L/ha 1 4544
30 55%5

Source: developed by the author

In the treatment with Roundup Max RK alone
(4.0 L/ha), pronounced but less intensive growth sup-
pression was observed compared to the combined
herbicide application. Although all parameters in-
creased over time, their absolute values remained
substantially lower than in the control. By the 30" day,
plant height, stem diameter, and leaf area were main-
tained at levels indicating partial inhibition of growth
processes, while the ability for vegetative regenera-
tion was retained, as evidenced by the increase in the
number of regenerated shoots.

Overall, the results indicate that Heracleum sos-
nowskyi exhibits high growth activity and significant
regenerative potential in the absence of herbicide ap-
plication. Herbicide treatments suppressed plant mor-
phogenesis to varying degrees, with the most effective
being the tank mixture of Elumis OD (2.0 L/ha)+Roundup

Stem diameter (cm)

Leaf area (cm?)

Regenerated shoots

1.5%0.2 180%20 0.5%0.1
25%0.3 350£35 1.0£0.2
3.8%0.4 600%55 1.8%0.3
5.0£0.5 90080 2804
1.4+0.2 160£18 0.4%0.1
1.8%0.2 220%25 0.60.2
21%03 260+30 0.7%0.2
24%0.3 30035 0.8+0.2
1.3+0.2 150+18 0.3*0.1
1.2£0.2 135+16 0.26+0.1
1.0+0.1 115+14 0.22%0.1
0.8+0.1 90+12 0.2%+0.1
1.4%0.2 17020 04%0.1
2.0%0.2 260%30 0.7%0.2
26%0.3 340+35 1.0+£0.3
3.2%0.3 42040 1.3%0.3

Max RK (2.5 L/ha), which provided a consistent re-
duction in morphometric parameters and minimised
regenerative processes. This treatment can be consid-
ered the most promising for controlling the spread of
the invasive species Heracleum sosnowskyi in agro- and
semi-natural ecosystems.

The data also clearly demonstrate the significant
impact of herbicides on the phenological develop-
ment of Heracleum sosnowskyi. In the control, most
plants completed all stages of organogenesis: 100%
reached the stem elongation phase, 90% reached
bud formation, and 85% reached flowering. Appli-
cation of Slash KE (1.5 L/ha) substantially restricted
the transition of plants to subsequent phenological
phases. The proportion of plants in the stem elon-
gation phase decreased to 45%, more than halving
compared to the control. Only 25% of plants reached
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bud formation, and flowering was observed in just
5%, indicating strong suppression of generative
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Figure 1. Dynamics of growth (a), leaf area development (b), and regenerated shoots (c) of Heracleum sosnowskyi
after treatment with different herbicides

Source: developed by the author

The most pronounced effect was observed in the
treatment with the tank mixture of Elumis OD (2.0 L/
ha) + Roundup Max RK (2.5 L/ha). In this case, only 35%
of plants reached stem elongation, which is 65% lower
than in the control. Only 15% of plants reached bud for-
mation, and the transition to flowering was complete-
ly blocked (0%). These results indicate full cessation
of generative development under combined herbicide

120
100

80

60 85

40

20 . 25 .
0

Control Slash KE, 1.5 L/ha

m Stem elongation

+ Roundup Max RK, 2.5 L/ha
B Budding

treatment. In the treatment with Roundup Max RK alone
(4.0 L/ha),suppression of phenological development was
less pronounced but remained significant. Stem elonga-
tion occurred in 50% of plants, bud formation in 30%,
and flowering in 10%. Compared to the control, this rep-
resents an 8.5-fold reduction in the proportion of flow-
ering plants, indicating a strong, though not complete,
limitation of the species’ reproductive capacity (Fig. 2).

B O 30 10

Elumis OD, 2.0 L/ha + Roundup Max RK,
4.0 L/ha

Flowering

Figure 2. Effect of herbicides on the phenological phases of Heracleum sosnowskyi (%)

Source: developed by the author
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A comprehensive analysis of physiological, mor-
phometric, and phenological parameters showed that
the highest efficacy in controlling Heracleum sosnowskyi
is achieved through the combined application of Elumis
OD (2.0 L/ha) and Roundup Max RK (2.5 L/ha). This tank
mixture causes maximal growth suppression, delays
generative development, and almost completely blocks
regenerative capacity. Application of a single herbicide
was less effective, due to the limited spectrum of action
and slower systemic activity of individual compounds.

The results demonstrated the high effectiveness
of systemic herbicides in controlling Heracleum sos-
nowskyi. Physiological observations revealed that this
treatment rapidly suppresses apical and lateral growth,
causes leaf deformation, turgor loss,and tissue necrosis
within 7-14 days after application. Morphometric pa-
rameters confirmed these findings: plant height, stem
diameter, and leaf area were reduced by 45-53%, and
regenerated shoots were almost absent after 30 days.
Phenological observations indicate complete blockage
of transition to the generative phase, preventing seed
formation and the establishment of a seed bank.

The results of the study showed that the most ap-
propriate phase for the use of systemic herbicides is
the rosette stage and the initial stages of intensive
vegetative growth. During this period, plants showed
increased sensitivity to the action of herbicides, which
ensures maximum growth inhibition, disruption of mor-
phogenesis and prevention of the formation of genera-
tive organs. Treatment at later stages, when the formed
stems and leaves have already reached a significant
mass, turned out to be less effective, since the plants
partially retain the ability to regenerate and contin-
ue to enter the generative phase. It is considered that
combining the chemical method with the mechanical
one can significantly increase control effectiveness.Pre-
liminary mowing or cutting of the above-ground mass
allows to reduce the density of the thickets and at the
same time improves the penetration of the working
solution of the herbicide into the plant tissues. This ap-
proach not only increases the speed and depth of sys-
temic action, but also prevents seed dispersal, which is
especially important in urban and communal areas.

Based on the data obtained, a practical step-by-
step control scheme for municipal services can be de-
veloped. It involves early detection of Heracleum sos-
nowskyi rosettes in the spring, the use of mechanical
thinning where possible, and subsequent treatment
with systemic herbicides in the early growth phase.
Monitoring plant regeneration after 2-3 weeks allows
for an assessment of the effectiveness of the initial
treatment, and re-treatment of those shoots that have
survived ensures complete blocking of regenerative

Korpita

mechanisms and prevents population recovery. The
results also showed that a single treatment is often
insufficient for complete control, especially in dense
or perennial populations. Re-treatment 2-4 weeks
after the initial herbicide application is necessary to
eliminate residual shoots and prevent the formation
of a soil seed bank. The combined application of Elu-
mis OD (2.0 L/ha) and Roundup Max RK (2.5 L/ha)
provides maximum growth suppression, blocking of
generative development and almost complete elimi-
nation of regenerative capacity, making this approach
the most promising for the control of H. sosnowskyi in
agro- and semi-natural ecosystems. The integration of
mechanical methods with a stepwise treatment strat-
egy increases the long-term effectiveness and stabil-
ity of control, reducing the risk of re-spreading of the
invasive species.

These results were consistent with numerous
Ukrainian and international studies, but a more de-
tailed comparison provides additional insights. I. Shu-
var et al. (2025) investigated the efficacy of system-
ic herbicides based on glyphosate, both alone and in
combination with acetochlor or mesotrione, on per-
ennial invasive species of Apiaceae and Asteraceae, in-
cluding Heracleum sosnowskyi and Solidago canadensis.
They measured growth suppression, morphometric
changes, and generative development. Their results
showed that combined herbicide treatments not only
reduced leaf area and inhibited growth points but also
effectively blocked the transition to generative phases,
which aligns closely with received findings regarding
the superior efficacy of the Elumis OD + Roundup Max
mixture. It is widely accepted that early application
during the rosette or early vegetative stage is critical
for maximum effect.

In this direction, . Gazoulis et al. (2022) also worked,
who studied the effect of systemic herbicides on Her-
acleum mantegazzianum populations. The authors
found that the use of glyphosate-containing prepara-
tions in the early phases of plant development pro-
vides a significant reduction in biomass, and also sig-
nificantly inhibits the formation of generative organs.
The researchers emphasised that the effectiveness of
control increases significantly in the case of combining
herbicides with different mechanisms of action, which
confirms the feasibility of using tank mixtures for the
control of H. sosnowskyi.

J. Soler & J. Izquierdo (2024) focused on the com-
parison of single versus combined systemic herbicide
applications on invasive perennial plants. J. Soler &
J. Izquierdo (2024) quantified morphometric parame-
ters and regenerative potential over a 30-day period,
demonstrating that tank mixtures produce faster and
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more pronounced reductions in leaf area, stronger inhi-
bition of apical and lateral growth, and near-complete
suppression of regenerative shoots. These results cor-
roborated present observations that combined treat-
ments achieve greater systemic activity than single
herbicides, confirming the advantage of multi-com-
pound approaches in controlling H. sosnowskyi.

Similar results were obtained by W-T. Gao &
W-H. Su (2024), who studied the regeneration abili-
ty of invasive perennial species after treatment with
systemic herbicides. The authors found that the use of
combined herbicide preparations contributes to the
faster destruction of the photosynthetic apparatus of
plants and significantly more effectively inhibits the
formation of new shoots compared to single-compo-
nent preparations. Therefore, this indicates the advan-
tage of using tank mixtures for the control of aggres-
sive invasive species.

X.Ye.et al. (2023) and I. Gruss et al. (2025) analysed
herbicide sensitivity across different developmental
stages of invasive plants. Both studies found that ro-
sette-stage plants exhibit the highest susceptibility,
while later stages such as stem elongation or bud for-
mation show partial resistance due to more developed
tissue and reduced systemic uptake. The current results
are fully consistent with this pattern, as treatments ap-
plied in the early vegetative phases in the study per-
formed achieved the greatest growth inhibition and
almost complete blocking of generative development,
while treatments in later stages were less effective.

Similar conclusions were obtained by L. Bobulska et
al. (2025), who studied the ecological features of inva-
sive plants and their response to control measures. The
authors emphasise that young plants of invasive spe-
cies are characterised by significantly higher sensitivity
to herbicides due to a less developed root system and
more active processes of transport of active substances
in tissues. This explains the higher efficiency of treat-
ments carried out in the early phases of vegetation.

A. Valino et al. (2023) investigated single-com-
pound herbicide applications on perennial inva-
sive species, reporting only partial growth inhibition
and slower systemic action. While author confirmed
the potential of glyphosate-based treatments, their
findings highlighted the limitations of single-herbi-
cide approaches. These observations are consistent
with previous findings, where single-herbicide treat-
ments (Slash KE or Roundup Max alone) suppressed
growth and delayed development but did not com-
pletely prevent regeneration or flowering. Therefore,
tank mixtures are considered preferable for achieving
comprehensive control of H. sosnowskyi. In addition,
recent studies have provided new perspectives on
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integrated and stepwise control strategies. For ex-
ample, T. Zalnierius et al. (2025) examined the combi-
nation of chemical and mechanical methods in field
populations of invasive plants, including H. sosnowskyi,
and demonstrated that sequential mowing followed by
systemic herbicide application significantly enhances
suppression, reduces seed production, and minimis-
es reinfestation risk. This complements the present
findings and supports the practical recommendation
to integrate mechanical removal with early chemical
treatment, particularly in urban or semi-natural areas.
K. Stowinski et al. (2024) evaluated phenological shifts
in invasive species under herbicide treatment. The
study demonstrated that early application of system-
ic herbicides not only delays or suppresses flowering
but also reduces seed viability and limits long-term
population establishment. These findings are directly
consistent with the observations: the tank mixture of
Elumis OD + Roundup Max completely blocked flower-
ing and generative organ formation in H. sosnowskyi,
confirming both immediate growth suppression and
prolonged inhibition of reproductive capacity.
Similarly, T.I. Kose et al. (2025) investigated the ef-
fectiveness of combined herbicide applications on per-
ennial invasive plants,including Heracleum species. They
found that tank mixtures significantly reduce leaf area,
suppress apical and lateral growth points, and limit re-
generative potential, particularly when applied during
early vegetative stages. These results align closely with
this study, reinforcing the conclusion that early, com-
bined chemical treatments provide the most reliable
control of H.sosnowskyi, effectively minimising both veg-
etative and generative regeneration. Finally, |. Gruss et
al.(2025) investigated the economic efficiency of chem-
ical control of invasive perennial plants. Authors found
that early application of systemic herbicides reduces
the frequency of repeated treatments, lowers manage-
ment costs, and prevents establishment of persistent
seed banks. Thus, the results confirmed that timely early
herbicide applications significantly reduce the need for
re-applications, demonstrating the advantage of com-
bination treatments in terms of cost and effectiveness.
Overall, the reviewed literature generally supported
the present findings that systemic herbicides, particular-
ly in tank mixtures, are most effective when applied at
early vegetative stages. While single-herbicide applica-
tions provide partial control, combined treatments max-
imise growth inhibition, block generative development,
and minimise regenerative potential. The consensus
among these studies reinforces the importance of early
detection, timing, and integrated chemical-mechanical
strategies, which is consistent with the observed phys-
iological, morphometric, and phenological responses



of H. sosnowskyi in the present study. The study con-
firmed that combined herbicide application is the most
effective method for chemical control of Heracleum
sosnowskyi under field conditions, providing maximal
growth suppression, blocking generative development,
and significantly reducing regenerative capacity. The
results are consistent with international research and
can be used to develop practical recommendations for
managing invasive populations of Heracleum sosnowskyi.

CONCLUSIONS

The study demonstrated that Heracleum sosnowskyi ex-
hibits high growth activity and a pronounced regener-
ative potential under control conditions (without her-
bicide application). After 30 days, plant height reached
907 cm, stem diameter was 5.0+ 0.5 cm, leaf surface
area amounted to 900+ 80 cm?, and the number of re-
generative shoots increased to 2.8 £ 0.4, indicating in-
tensive vegetative growth and recovery capacity. Appli-
cation of the herbicide Slash EC at a rate of 1.5 L/ha
significantly suppressed plant growth. On the 30t day,
plant height decreased to 40 *4 cm, stem diameter to
2.4+0.3 cm, leaf area to 300+ 35 cm?, and the number
of regenerative shoots was reduced to 0.8 £0.2.

Treatment with Roundup Max SL at rates of 2.5-
4.0 L/ha resulted in moderate growth inhibition. On
day 30, plant height reached 55 *5 cm, stem diam-
eter was 3.2 £0.3 cm, leaf surface area amounted to
420 %40 cm?, and the number of regenerative shoots
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Analysis of phenological development revealed
that in the control treatment, 100% of plants reached
the stem elongation stage, 90% entered the budding
stage, and 85% reached flowering. Application of Slash
EC (1.5 L/ha) reduced these values to 45%, 25%, and
5%, respectively, while treatment with Roundup Max SL
(4.0 L/ha) resulted in 50% stem elongation, 30% bud-
ding, and 10% flowering. In contrast, the tank mixture
of Elumis OD (2.0 L/ha) and Roundup Max SL (2.5 L/ha)
completely blocked the flowering stage (0%) and signif-
icantly limited stem elongation and budding (35% and
15% of plants, respectively).

The obtained results indicate that the combined
application of Elumis OD (2.0 L/ha) and Roundup Max
SL (2.5 L/ha) provides the most effective suppression
of growth, generative development, and regenerative
processes of Heracleum sosnowskyi, whereas the use
of single herbicide treatments is less effective due
to a narrower spectrum of action and slower sys-
temic activity.Future research should focus on eval-
uating the long-term effects of repeated herbicide
applications on soil seed banks and the potential
development of herbicide resistance in Heracleum
sosnowskyi. Additionally, studies could explore inte-
grated management strategies that combine chem-
ical, mechanical, and biological control methods to
optimise both ecological and economic efficiency in
different habitat types.

was 1.3%0.3, indicating partial suppression of vegeta- ACKNOWLEDGEMENTS
tive growth and generative development. The highest  None.
efficacy was observed with the tank mixture of Elumis
0D (2.0 L/ha) and Roundup Max SL (2.5 L/ha). Under this FUNDING
treatment, plant height on the 30" day was reduced to  None.
14 =2 cm, stem diameter to 0.8 +0.1 cm, leaf surface
area to 90% 12 c¢m?, and the number of regenerative CONFLICT OF INTEREST
shoots remained minimal at 0.2 +0.1. None.
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Korpita

BnnmB rep6iumpis Ha picT Ta po3BUTOK
iHBasuBHoro Bupy Heracleum sosnowskyi Manden.

laHHa KopniTta

KaHamaaT cinbCbKOrocnoaapcbKMx Hayk, AOLEHT

JIbBIBCbKMI HaLLiOHANbHKI YHIBEPCUTET BETEPUMHAPHOI MeanLMHM Ta BiotexHonorii iMeHi C. 3. DKULbKOro
80831, syn. Bonogumupa Benwukoro, 1, M. lybnauu, YkpaiHa

https://orcid.org/0000-0002-0908-0129

AHoTauia. Metowo pocnigpkeHHs 6yno ouiHUTUM edeKTUBHICTb pi3HUX repbiumaHnx 06poboK WoA0 MPUTHiYeHHS
pOCTY, pPO3BUTKY Ta pereHepaLiiHux 3fibHocTeN iHBasilMHoro Buay Heracleum sosnowskyi Manden. JocnigxeHHs
BMKOHAHO 3 BMKOPUCTAHHSIM YOTMPbOX BapiaHTiB: KOHTponb 6e3 repbiumgis, Cnaw KE (1,5 n/ra), Paynpan Makc
PK (4,0 n/ra), a Takox koMbiHoBaHe BHeceHHs Entomic Of, (2,0 n/ra) Ta Paynpan Makc PK (2,5 n/ra). Ing ouiHku
edekTy repbiunais BU3Ha4YanM MOPPOMETPUYHI MOKA3HUKM POCAMH (BMCOTA, AiameTp cTebna, maowa NMCTKiB),
deHonoriyHi dasu (ctebnyBaHHs, ByTOHI3aLif, UBITIHHA) Ta KiNIbKiCTb BiAHOBHUX MAroHiB y AMHAMILLi CNOCTepexeHb
npotarom 30 pi6. Pe3ynbtaTt nokasanu, Wo y BapiaHTi KOHTPO POC/IMHU XapaKTepmn3yBanucs BUCOKUMU TeEMMNaMU
POCTY, 3HAaYHUM 30iNbLIEHHAM MOPPOMETPUYHUX MOKA3ZHUKIB Ta aKTUBHOK FreHEPaTUBHOK AiNIbHICTHO, BK/OYHO 3
($hOpMyBaHHSAM BiJHOBHMX NaroHiB. 3aCTOCYBaHHS OAMHOYHUX repbiumnaiB NpM3BENo A0 4YaCTKOBOrO MPUrHIYEHHS
poOCTy Ta reHepaTMBHOIO PO3BWUTKY, NPU LbOMY BiAHOBHI MaroHW YTBOPKOBANMCSA, XO4a M Yy MEHLWIN KinbKOCTi
NMOPiBHSHO 3 KOHTponeM. Hanbinbw BupakeHWi edekT cnocTepiraBcs 3a KOMBIHOBAHOro BHeceHHs repbiumais
Entomic Of1 (2,0 n/ra) Ta PayHpan Makc PK (2,5 n/ra). Y ubomy BapiaHTi BUCOTa pOC/uH, AiaMeTp cTtebna Ta niowwa
JINCTKIB 3HMXKYBANMUCS A0 MiHIMaNbHUX 3HAaY€Hb, FEHEPATUBHUI LMK NPAKTUYHO 6/10KYBABCS, @ Ki/bKiCTb BiHOBHMX
NaroHiB 3anuwanacs crabinbHow abo 3MeHWyBanacs, WO CBiAYUTb MPO MOBHE MPUrHIYEHHS pereHepalinHUX
MexaHi3MiB Heracleum sosnowskyi. [lpakTU4He 3HaYeHHS OTPUMaHMUX pe3ynbTaTiB MONSArae B TOMY, WO KOMBOiHOBaHa
repbiumaHa ob6pobka Moxe 6yTM ePEeKTMBHMM METOAOM KOHTPOMK iHBA3iMHOIMO BMAY B arpoekocucteMax i
HaniBNpUpoOAHMX Yriaasx, 3anobiratoun MOro NOWMPEHHIO Ta 3MEHLYYM HEraTUBHUIM BNAUB HA MPOAYKTUBHICTb
CiNbCbKOroCNnoAapCbKMX KynbTyp

KniouoBi cnoBa: XiMiYHWMI KOHTPOSb; dizionoriyHa peakuis; MOpPOMETPUUYHUIA aHani3; (GEHONOriYHi 3MiHu;
KOHTpONb Byp'siHiB
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Abstract. One of the most effective methods of genetic improvement in pigs is crossbreeding, which, when based
on carefully selected breed combinations, contributes to increased productivity and reduced costs in pig production.
The aim of the study was to assess the influence of different maternal genotypes, when crossed with terminal
boars of the MaxGrow line, on growth parameters, weight gain, final live weight of piglets and the level of heterosis
under commercial pig farming conditions. Experimental studies were conducted on three groups of pigs comprising
purebred, crossbred (V2 Large White x %2 Landrace of English selection) and specialised sows from Genesus, using
terminal boars of the MaxGrow line. This approach ensured an objective assessment of the influence of the maternal
genotype on the growth parameters of the offspring under conditions of a standardised paternal component. It was
established that the sows’ genotype is a determining factor in growth rate, daily weight gain and final live weight
of the piglets. The highest values for absolute (107.37 kg), average daily (596.5 g) and relative (32.3%) weight gains
throughout the entire rearing period were observed in pigs of the Genesus x MaxGrow genotype, indicating the
effective realisation of the heterosis effect. Crossbred animals occupied an intermediate position (104.6 kg; 578.7 g
and 32.0% respectively), demonstrating a consistent advantage over the purebred control (100.82 kg; 560.1 g and
30.5% respectively). The results of the growth index assessment and two-way analysis of variance confirmed the
dominant role of genotype (38.0-56.0%) in the formation of productive traits and the high reliability of the data
obtained. It was concluded that the use of MaxGrow terminal boars in combination with specialised and crossbred
maternal lines is a scientifically sound and technologically feasible approach to improving breeding programmes in
commercial pig farming. It can be utilised by breeding specialists and pig farm technologists to optimise industrial
crossbreeding schemes with the aim of increasing the growth rate of young stock and the efficiency of pork production
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INTRODUCTION

Rational improvement of breeding programs in pig
farming is a necessary condition for ensuring the sta-
ble development of the industry and increasing its eco-
nomic efficiency. In the system of artificial insemination
of pigs at production complexes, the leading role be-
longs to breeding boars, since they largely determine
the level of realisation of the hereditary potential of the
offspring. In this regard, the scientifically substantiated
selection of boars for use in crossbreeding schemes is
of decisive importance for obtaining competitive prod-
ucts and meeting modern market requirements.

According to S.Vaishnav et al. (2025), selection and
mating systems are integral components of improve-
ment programs for any pig breed. Various parameters,
such as the choice of traits, their number, and genetic
properties, especially the level of heritability, must be
taken into account when making decisions regarding
selection in the breeding herd. The choice of breeds
for the breeding method, namely purebred breeding
or crossbreeding, is also a very important technique.
Different crossbreeding systems are practiced in order
to utilise the effects of heterosis and complementarity
in pig farming. As indicated by S.P. Turner et al. (2024),
optimisation of pig breeding programs is an important
prerequisite for achieving sustainable and econom-
ically efficient pork production. In artificial insemina-
tion technologies for pigs, the role of breeding boars
is undoubtedly key, since they are an integral factor of
genetic potential. Therefore, the correct selection of
boars for crossbreeding is important for maintaining
high-quality pork production and adapting to constant-
ly changing market requirements. Y. Steyn et al. (2021)
concluded that crossbreeding is one of the key tools in
pig breeding. When properly applied, it allows pork pro-
ducers to genetically increase production efficiency and,
accordingly, reduce production costs. The widespread
use of crossbreeding is due to the fact that offspring
obtained from mating animals of different breeds are
usually characterised by higher viability, faster growth
rates, and better productivity indicators compared with
purebred animals. The advantage of crossbred offspring
over the average indicators of its purebred parents is
defined as heterosis, or hybrid vigour.

According to P. Nevrkla et al. (2021), pig breeding
is influenced by a number of factors, among which one
of the most important is the genotype of sows, which
is half determined by terminal boars. The selection of
appropriate genotypes for mating is one of the deci-
sive factors. The criteria for choosing an appropriate
breeding combination are the results of testing hybrid
populations. Their main principle is the selection of ge-
netically optimal populations for specific conditions. In
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addition, the phenotypic level of expression of param-
eters of live weight and growth intensity of young pigs
is also significantly influenced by sows - the maternal
genetic effect. According to M.C. Fabbri et al. (2024),
crossbreeding can be an effective strategy for increas-
ing the value of local pig breeds as well. Since it can
reduce homozygosity and, as a consequence, provide
hybrid vigour to improve physical condition and pro-
ductive traits. In addition, P. Duenk et al. (2021) proved
that the crossbreeding system can be used to reduce
the level of inbreeding in offspring. Another advantage
of crossbreeding is the manifestation of heterosis, also
known as hybrid vigour. Hybrid vigour is a phenome-
non in which the performance of crossbred individuals
exceeds the average performance of the parental lines.
Hybrid vigour is the opposite of inbreeding depression,
and inbreeding generally leads to a greater number of
gene pairs in an individual being homozygous. Cross-
breeding, on the contrary, generally leads to a greater
number of gene pairs being heterozygous. Crossbreed-
ing is regularly used in many commercial pig farming
systems because, in general, the offspring are more ro-
bust, with better indicators of growth and development.

As indicated by R. Pereira-Pinto et al. (2025), pig
growth indicators, expressed by daily gain, feed conver-
sion efficiency, and lean meat content, have significant-
ly improved due to selection and continue to improve
thanks to available genetic and breeding approaches. In
addition, pig crossbreeding has a progressive effect on
such characteristics as growth rate, feed efficiency, and
reproductive indicators due to hybrid vigour (heterosis).
A.S. Kramarenko et al. (2024) report that the origin of
boars and sows affects not only the productive traits of
pigs but also reproductive qualities, stillbirth rate, and
piglet mortality after farrowing. The authors note that
boars of the Pietrain breed, which are used as terminal
sires, have better fertilising ability and a higher number
of piglets at birth. The studies of P. Nevrkla et al. (2021)
describe the effect of crossbreeding on the growth in-
tensity of piglets, mainly on live weight at birth and sub-
sequent growth energy. Nevertheless, studies analysing
the influence of terminal boars on the growth intensity
of piglets before and after weaning are rare, although
their influence may be significant, since they account
for 50% of the genetic potential of piglets. This is what
aroused interest in determining the influence of the use
of terminal boars on the growth intensity of piglets dur-
ing the suckling period and after weaning, in particu-
lar on indicators of live weight at birth and subsequent
growth dynamics, taking into account their contribution
to the realisation of the genetic potential of the off-
spring. Therefore, the aim of the study was to determine
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the effect of using terminal boars of the MaxGrow line
in combination with different maternal genotypes on
the live weight of piglets at birth, growth intensity dur-
ing the suckling period and after weaning, as well as on
the level of realisation of genetic potential and the het-
erosis effect under conditions of industrial pig farming.

MATERIALS AND METHODS
The studies were conducted on the facilities of Agri-
cultural LLC “Promin” in Pervomaisk Raion during the
period of 2025. For this purpose, three groups of pigs
were formed using purebred sows, crossbred sows of
the Large White breed (LW) and Landrace (L) obtained
from English selection (1/2LW x 1/2L), and sows of the

Table 1. Scheme of formation of experimental groups of pigs

Indicator
I (control)
n 50
Sow breed LW
Boar breed MaxGrow

Source: developed by the authors

The control group (I) consisted of the offspring
of Large White (LW) sows, while the Il experimen-
tal group included crossbred animals (%2 Large
White x ¥2 Landrace of English selection), and the Ill
group consisted of pigs of the Genesus genotype. In
all groups, boars of the MaxGrow line were used for
insemination, which made it possible to objectively
assess the influence of the paternal factor and the
role of crossbreeding in the formation of produc-
tive traits of the offspring. The experimental groups
were formed according to the principle of analogous
groups by random assignment, and their feeding and
housing conditions were completely identical. The
growth intensity of the experimental piglets was
monitored by individual weighing at birth, at one
month of age, and at 60-,90-, 150-, and 180-day ages
using platform industrial scales TV1 “Tekhnovahy”.
According to the generally accepted methodology,
absolute, average daily, and relative gains in the live
weight of piglets were calculated. The main indices
of the intensity of organism formation were evaluat-
ed according to the methods described in K.V. Har-
matiuk (2022). The index of organism formation in-
tensity (At) according to the formula:

W3-Ws

__W-w,
A4t 0.5(Wz+Ws)’ (1)

T 0.5(Wp+Wy)

where W,, W, i W; are live weight at a certain age; 0.5 is
a coefficient. The index of uniformity of pig growth (/)
according to the formula:
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Genesus company; the breeding scheme is presented in
Table 1. The selection of the studied breeds was deter-
mined by their availability at the specific farm on the
basis of which the research was conducted. The forma-
tion of experimental groups was carried out according
to the principle of analogous groups with random dis-
tribution of animals, while feeding and housing condi-
tions for all groups were identical. The used genotypes
MaxGrow and Genesus belong to commercial terminal
lines; their exact breed composition and genetic struc-
ture are a commercial secret. In the practice of breeding
research, such genotypes are identified by trade names,
and comparative analysis is carried out in order to de-
termine their productive efficiency.

Group

Il (experimental)

11l (experimental)

50 50
1/2LWx1/2L Genesus
MaxGrow MaxGrow
I, =——xDG )
U g4t ’

where At is the intensity of organism formation; DG is
the average daily gain for different age intervals; 1 -
coefficient, in calculations shows how much the index
deviates from 100%. The index of growth tension (/) of
the pigs according to the formula:

I = “; x DG, (3)

R

where At is the intensity of organism formation; AD -
average daily gain for different age intervals; RG - rela-
tive gain for different age intervals. The role of the pre-
sented indices of organism formation intensity, growth
uniformity, and growth tension lies in the objective
assessment of the characteristics of growth processes
of animals at different stages of their development.
These indicators make it possible to determine the
rate of organism formation, establish the uniformity of
live weight increase, and assess the degree of growth
tension during individual age periods. The use of these
indices allows a more complete characterisation of the
biological features of animal growth, identification of
the influence of genotypic factors on the intensity of
their development, and substantiation of the effec-
tiveness of the applied technological solutions in the
system of rearing and fattening. Such indicators are
important criteria in evaluating productivity and pre-
dicting the further growth and development of animals.
All statistical processing was carried out based on the
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methodologies presented in the manual by R.R.Sokal &
F.J.Rohlf (1995), using the free-ware software JAMOVI v.
2.6.19 (Navarro & Foxcroft, 2025).

To evaluate the strength of the influence of differ-
ent factors — genotype (factor A) and age period (factor
B) - on the growth and development of young pigs, a
two-factor analysis of variance (ANOVA) was used with
subsequent post-hoc analysis based on Fisher’s crite-
rion for multiple comparisons. The Shapiro-Wilk test
was applied to verify normality: for group 1 - p=0.011,
for group - 2 p=0.017, for group 3 - p=0.0067. In all
three groups p is greater than 0.05. Therefore, it was
concluded that all samples have a normal distribution.
Taking into account that the paternal factor (MaxGrow
boar) was constant, the variation was formed due to
the maternal genotype and age period. The evaluation
was performed using the values of the sum of squares
of deviations (SS), mean squares (MS), the actual val-
ue of Fisher’s criterion (F_,), the level of significance

cri

Age, months

| (control)
Sow breed w
Boar breed MaxGrow
At birth 155 1.56+0.033
1 month 153 9.04+0.335
2 months 147 21.92+0.4%4
3 months 145 37.93+0.539
5 months 144 78.46%0.84
6 months 142 102.38+1.12

Note: *=p<0.05; **=p<0.01; **=p<0.001
Source: developed by the authors

At one month of age, the live weight of piglets in
all experimental groups increased 5.7-5.9 times com-
pared to birth weight, which indicates a high intensity
of growth during the suckling period. During this pe-
riod, animals obtained as a result of crossbreeding, as
well as piglets from specialised meat maternal forms,
tended to have higher live weight indicators; however,
the difference compared with the control animals re-
mained statistically insignificant. This indicates a lim-
ited manifestation of genetic differences in the early
postnatal period under the conditions of using Max-
Grow terminal boars. Beginning from two months of
age, when the role of the animal’s own genotype in the
formation of growth processes increases, intergroup
differences intensified significantly. Piglets of the Il
experimental group (Genesus x MaxGrow) significant-
ly (p < 0.05) exceeded the control group in live weight,
which indicates the effective realisation of the genet-
ic potential of the specialised meat genotype under
the conditions of the rearing period and confirms the

Table 2. Dynamics of live weight of piglets of different genetic origin, kg

160
157
155
150
146
146

(p), and the proportion of factor influence (n?) (Kram-
arenko et al., 2019). Animal handling procedures fully
complied with European legislation (Council Direc-
tive No. 98/58/EC, 1998; Nalon & Stevenson, 2019).
The research protocol was approved by the bioethics
committee in accordance with the standards of good
clinical practice regarding the protection and humane
treatment of experimental animals.

RESULTS AND DISCUSSION
The dynamics of the live weight of pigs of different
genotypes during the rearing period from birth to 6
months of age were studied. It was established that at
birth piglets of all groups were characterised by almost
identical live weight, which ranged within 1.56-1.59 kg,
and the difference between the indicators was statis-
tically insignificant. This indicates the homogeneity of
the experimental population at the start of the experi-
ment and the validity of further comparisons (Table 2).

Group

| (experimental) HINEGEERE]]
1/2LIWx1/2L Genesus
MaxGrow MaxGrow
1.58+0.041 158 1.59+0.013
9.15+0.329 147 9.37%0.364
22.65+0.335 143 23.37+0.401°
38.69+0.581" 138 39.38+0.563"
80.12+0.79° 137 82.35+0.88"
105.74+1.08 135 108.961.15°

expediency of using terminal crossbreeding. At three
months of age,both piglets of group I ((*2LW x ¥5L) x Max-
Grow) and those of the Ill experimental group already
demonstrated a statistically significant advantage over
the control animals. This indicates a positive effect of
combining maternal forms with terminal boars, which
is manifested in higher rates of live weight gain during
the phase of intensive growth. The most pronounced
intergroup differences were recorded in the final peri-
od of rearing - at 5-6 months of age. At 6 months, the
live weight of pigs of the Il experimental group ex-
ceeded the control by 3.36 kg (3.3%), while animals of
the Il group exceeded it by 6.58 kg (6.4%) with a sta-
tistically significant difference (p < 0.05). The obtained
results convincingly confirm the higher genetically
determined growth potential of pigs of the Genesus
genotype and the effectiveness of using terminal cross-
breeding with MaxGrow boars, as well as the expedi-
ency of involving crossbred maternal forms (V2LW x 14L)
under industrial pork production conditions (Fig. 1).
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Figure 1. Growth curves of live weight of piglets of different genetic origin

Source: developed by the authors

The constructed graph clearly demonstrates the
parallel nature of growth in animals of all groups at an
early age and the gradual divergence of the curves start-
ing from 2-3 months of age. The curve of the Il exper-
imental group is positioned above the others through-
out the entire rearing period, visually confirming the
advantage of the Genesus crossbred genotypes in terms
of live weight. The Il experimental group occupies an
intermediate position between the control and the Il
group, demonstrating consistently higher growth rates

compared to purebred Large White pigs. Live weight gain
is one of the key indicators characterising growth inten-
sity and the efficiency of realising the genetic potential
of pigs during the rearing process. The analysis of abso-
lute, average daily, and relative gains allows for an ob-
jective assessment of the influence of genotype on the
formation of productive traits. The data presented in Ta-
ble 3 reflect the dynamics of absolute, average daily,and
relative live weight gains of pigs of different genotypes
during the rearing period from birth to 6 months of age.

Table 3. Dynamics of live weight gains of piglets of different genetic origin

Age, months Group
| (control) Il (experimental) 11l (experimental)
Sow breed (A% 1/2LW x 1/2L Genesus
Boar breed MaxGrow MaxGrow MaxGrow
Absolute gain, kg
birth-1 month 155 7.48+0.34 160 7.57%0.32 158 7.78%0.31
1-2 months 153 12.88+0.41 157 13.50+0.38 147 14.00+0.36°
2-3 months 147 16.01+0.52 155 16.04+0.49 143 16.01+0.47
3-5 months 145 40.53+0.87 150 41.43+0.81° 138 42.97+0.79
5-6 months 144 23.92%0.69 146 25.62+0.65 137 26.61+0.63
The whole period 149 100.82+1.12 154 104.16+1.09 145 107.37+£1.15
Average daily gain, g
birth-1 month 155 249.3+11.3 160 252.3+10.7 158 259.3+10.3
1-2 months 153 429.3£13.7 157 450.0£12.6 147 466.7+12.0°
2-3 months 147 5337173 155 5347+16.4 143 533.7+15.7
3-5 months 145 675.5+14.5 150 690.5+13.5 138 716.2+13.2
5-6 months 144 797.3%23.0 146 854.0+21.7° 137 887.0%21.0°
The whole period 149 560.1+6.2 154 578.7+6.1 145 596.5+6.4
Relative gain, %
birth-1 month 155 479.5+18.2 160 479.1%£17.6 158 489.3£16.9
1-2 months 153 142551 157 1475+438 147 149.4+46
2-3 months 147 73.0£2.6 155 70.8+2.4 143 68.5+2.3
3-5 months 145 106.9+3.8 150 107.1+£3.6 138 109.1+£3.4
5-6 months 144 30.5%1.1 146 32.0+1.0° 137 32.3+0.9°

Note: *=p<0.05; ™=p<0.01; **=p<0.001
Source: developed by the authors

During the suckling period (birth-1 month), the
absolute live weight gain of piglets in all groups was
practically the same and ranged from 7.48 to 7.78 kg,
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while intergroup differences did not reach the level
of statistical significance. This indicates similar initial
growth conditions and the absence of a significant
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genotype effect at an early age. Beginning from the
period of 1-2 months, animals of the Il experimen-
tal group (Genesus x MaxGrow) showed a significantly
higher absolute gain (+1.12 kg; p<0.05) compared with
the control, indicating a faster realisation of the geneti-
cally determined growth potential after weaning. At the
age of 3-5 and 5-6 months, pigs of groups Il and Il
also significantly exceeded the control values, with the
greatest intergroup differences observed in animals of
the Genesus genotype. Over the entire rearing period
from birth to 6 months of age, the absolute gain in the
control group was 100.82 kg, while in animals of the Il
and Il experimental groups it amounted to 104.16 and
107.37 kg, respectively, which is 3.3% and 6.5% higher
compared with the control group (p<0.05).The analysis
of average daily gains revealed a similar pattern in the
growth dynamics of pigs when crossbreeding schemes
using MaxGrow terminal boars were applied. During
the suckling period, no significant intergroup differenc-
es were found, indicating a relatively similar realisation
of growth potential at the early stages of postnatal de-
velopment regardless of genotype.

However, already at the age of 1-2 months, pigs of
the Il experimental group (Genesus x MaxGrow) were
characterised by significantly higher average daily gains
compared with the control animals (466.7 vs. 429.3 g;
p < 0.05), which indicates a more effective interaction
between the maternal meat genotype and the terminal
paternal component during the post-weaning period.
During the phase of intensive growth (3-5 months), the
average daily gains of pigs in the Il ((*2LW x %4L) x Max-
Grow) and Il experimental groups significantly exceed-
ed those of the control group by 15.0-40.7 g (p < 0.05).
The obtained data indicate a positive effect of industrial
crossbreeding and a better ability of crossbred and spe-
cialised meat genotypes to efficiently utilise feed nutri-
ents during the period of maximum growth intensity. In

Age, th
ge, months | (control)

LW
MaxGrow

Sow breed
Boar breed

Table 4. Intensity of body formation in young pigs

the final fattening period (5-6 months), the advantage
of animals obtained through terminal crossbreeding
schemes became even more pronounced, confirming
the stability of the heterosis effect at later stages of
ontogenesis. On average, for the entire rearing period,
the average daily gain of pigs in the control group was
560.1 g,whereas in animals of the Il and 1l experimental
groups it amounted to 578.7 and 596.5 g, respectively,
which significantly exceeded the control value (p<0.05).

The analysis of relative live weight gains also con-
firmed the established patterns. At an early age, inter-
group differences were insignificant, indicating a limited
manifestation of genetic advantages during the suck-
ling period. However, during the periods of 1-2 and 3-5
months, pigs of the Il experimental group, obtained from
specialised maternal forms in combination with terminal
MaxGrow boars, significantly exceeded the control group
in relative gains (p<0.05). At the age of 5-6 months, both
the Il and Il groups maintained significantly higher in-
dicators of relative gain, which indicates a prolonged
and stable advantage of crossbreeding schemes using
terminal boars throughout the entire rearing period. The
index-based evaluation of growth indicators represents
a generalised approach to analysing the intensity, ten-
sion, and uniformity of body formation in animals during
ontogenesis. The application of indices makes it possible
to comprehensively characterise the course of growth
processes at different age periods. Therefore, the indices
of body formation intensity, growth tension, and growth
uniformity were studied in crossbred pigs of different
maternal origins. It is important to note that all experi-
mental animals, except those of the control group, were
obtained from crossbred sows and inseminated with
boars of the MaxGrow line, which ensured the uniformity
of the paternal genotype and made it possible to objec-
tively assess the effect of crossbreeding and hybridisa-
tion on the characteristics of growth processes (Table 4).

Group
Il (experimental)
1/2LW x 1/2L
MaxGrow

11l (experimental)
Genesus
[\ EV(E Y

index of organism formation intensity

0-3 months 152 0.55+0.02 157 0.53+0.02 149 0.52+0.02°
0-6 months 149 0.55+0.02 154 0.53+0.02 145 0.52+0.02°
index of growth tension
0-3 months 152 2.14+0.09 157 2.12+0.09 149 2.06+0.08
0-6 months 149 1.82+0.06 154 1.87+0.06 145 1.91+0.06
index of growth uniformity
0-3 months 152 0.47+0.02 157 0.47+£0.02 149 0.49+0.02°
0-6 months 149 0.55+0.02 154 0.53+0.02 145 0.52+0.02

Note: *=p<0.05; **=p<0.01; **=p<0.001
Source: developed by the authors
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The analysis of the body formation intensity index
indicates that during the period of 0-3 months its value
in pigs of the control group was 0.55,whereas in animals
of the Il and IIl experimental groups it was 0.53 and
0.52, respectively. The decrease in the body formation
intensity index in pigs of the Genesus genotype was sta-
tistically significant (p <0.05), which indicates relatively
more intensive growth rates during the post-weaning
period compared with the early stage of ontogenesis.
A similar pattern was observed over the entire rearing
period (0-6 months), where the lowest value of the body
formation intensity index was also characteristic of the
[Il experimental group (Genesus x MaxGrow). This indi-
cates an earlier and more pronounced shift in growth
phases in pigs of this genotype. The growth tension in-
dex during the period of 0-3 months was the highest
in animals of the control group (2.14), while in cross-
bred pigs of the Il (Y2LB x ¥2L x MaxGrow) and Il (Gene-
sus x MaxGrow) groups it decreased to 2.12 and 2.06,
respectively. The significantly lower value observed in
pigs of the Genesus genotype (p < 0.05) indicates less
abrupt fluctuations in growth intensity within the ear-
ly postnatal period. At the same time, during the 0-6
month period an opposite trend was observed: the
growth tension index in animals of the Il group was
significantly higher than in the control (1.91 vs. 1.82;
p < 0.05). This indicates a more intensive course of

growth processes on average throughout the entire
rearing period and confirms the higher genetically de-
termined growth potential of pigs of this genetic com-
bination. The growth uniformity index during the period
of 0-3 months was practically identical in pigs of the |
and Il groups (0.47), whereas in animals of the Il exper-
imental group it was significantly higher and amounted
to 0.49 (p<0.05). This indicates a more uniform course
of growth processes at an early age in pigs of the Gene-
sus genotype. However, over the entire rearing period
(0-6 months), the growth uniformity index in pigs of
the Il group was the lowest (0.52), which, in combina-
tion with the increased growth tension index, indicates
a more intensive but less uniform pattern of growth
on average throughout the entire ontogenetic period.

To evaluate the influence of genotype (factor A) and
age period (factor B) on the main growth indicators of
pigs, a two-factor analysis of variance was performed.
The results indicate that the genotype of the animals
had a statistically significant effect on the live weight
of pigs.The F_, value for factor Awas 21.69 at p=0.044,
confirming the significance of differences between the
groups. The share of genotype influence in the total
variability of the trait was high and amounted to 56.0%,
indicating the leading role of hereditary factors in the
formation of live weight under conditions of identical
paternal origin (Table 5).

Table 5. Two-factor analysis of variance of the influence of genotype and age period on pig growth indicators

Factor Ss df MS F,. p 12
Live weight
A - genotype 1,844,431.343 2 883,749.134 21.68857442 0.044035832 56.0
B - age 31,230.13548 1 28,361.1527 0.663452385 0.563954488 35.0
Random factors 64,518.44444 2 35,161.1462 9.0
Total variability ~ 1,738,817.721 5
Absolute gain (0-6 months)
A - genotype 0.066633333 2 0.03431557 288.5613127 0.003778430 55.0
B - age 0.001066667 1 0.00114448 7.135886421 0.088169365 37.0
Random factors 0.000233333 2 0.00011337 8.0
Total variability 0.066633333 2 0.03431557 221.5613127 0.003778430
Average daily gain (0-6 months)
A - genotype 3,728.553333 2 2,927.26668 35.64455364 0.038136508 38.0
B - age 2,411.662211 1 5,946.13287 0.533442532 0.632297979 21.3
Random factors 0.11100317 2 5,551.24856 40.7
Total variability 3,969.333333 5

Source: developed by the authors

The influence of the age period (factor B) on the live
weight indicator under conditions of using MaxGrow
terminal boars proved to be statistically insignificant
(F,.=0.66; p=0.564), and its share in the structure of
total variability amounted to 35.0%. This indicates that
within the analysed age intervals, changes in live weight

were less pronounced compared with intergenotypic
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variability caused by the characteristics of maternal
origin. The small share of random factors in the to-
tal variability (9.0%) indicates high uniformity of the
experimental livestock and the correctness of the ex-
perimental design under conditions of a standardised
paternal factor. The analysis of absolute gain over the
entire rearing period showed a very high and statistically



significant influence of genotype when using terminal
crossbreeding schemes. The value of F_, for factor A
(genotype) was 288.56 at p=0.0038, and the share of
its influence reached 55.0% of the total variability of
the trait. The obtained results convincingly confirm the
decisive role of the maternal genotype in the formation
of growth intensity in offspring under conditions of us-
ing MaxGrow terminal boars, which ensures the max-
imum realisation of the genetic growth potential. The
influence of the age period was less pronounced and
statistically insignificant (F_,=7.14; p=0.088), although
its share in the total variability amounted to 37.0%,
which indicates the presence of a tendency toward age
differentiation of gains within the studied period. The
minimal share of random factors (8.0%) indicates the
stability of trait manifestation and the high repeatabil-
ity of results within the terminal crossbreeding system.

According to the average daily gain indicator, a
statistically significant influence of genotype was also
established under the condition of using MaxGrow ter-
minal boars. The value of F_, for factor A was 35.64 at
p =0.038, which confirms the presence of significant
intergenotypic differences in the realisation of growth
potential. The share of genotype influence in this case
was 38.0%, which indicates its substantial, although
somewhat smaller role compared with absolute gain.
The influence of the age period proved to be statisti-
cally insignificant (F_,=0.53; p=0.632), and its share in
the total variability amounted to 21.3%, which indicates
the secondary nature of this factor in the formation of
average daily gains within the analysed period. At the
same time, the relatively significant share of random
factors (40.7%) may be associated with individual char-
acteristics of animal growth, physiological differences in
the utilisation of feed nutrients, and adaptive responses
of the organism during different phases of ontogenesis,
even under conditions of a uniform paternal genotype.
Improving productivity is a common goal of both prac-
titioners and scientists in the field of animal husband-
ry and pig production in particular. This improvement
is achieved through crossbreeding and the selection
of the best predecessors (Dotché et al., 2019). Piglets
obtained as a result of crossbreeding become heterozy-
gous at all loci, while their original parental breeds are
homozygous for another allele. When crossbreeding is
used to create a new synthetic line, two or more pa-
rental breeds can be mated in rotation. The resulting
offspring can then be interbred in each generation. After
several generations, the animals will become genetical-
ly uniform, and this population can be considered a new
terminal line. The development of such terminal lines is
an important aspect in the management of genetic di-
versity during the selection process (Ganteil et al., 2021).
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Positive effects of crossbreeding and the use of
terminal boar lines are also indicated by M. Cao et
al. (2026), who note that if there is a certain relation-
ship between animal productivity and their genotype,
then prolonged breeding of pigs in a closed population
over several generations under strong selection pres-
sure for a limited number of traits leads to lower genet-
ic diversity and a higher deficit of heterozygotes, which
may result in inbreeding depression. This can be avoid-
ed through the use of terminal lines in crossbreeding
to increase herd heterozygosity. The use of hybrid pigs
in the breeding process was investigated by J. Zhou et
al. (2024), who found that the productive qualities of
pigs significantly improved through the combination
of Pietrain and Yorkshire populations and their recip-
rocal hybrid crossbreeding. The researchers note that
the inclusion of the hybrid population in genomic
prediction may improve the accuracy and reliability
of prediction compared with the baseline model that
uses only purebred animal data. The results of studies
by L. De Prekel et al. (2025) emphasise the importance
of selecting terminal sire lines when considering heat
stress management, since the use of terminal lines in
pig production can play a decisive role in improving
strategies for mitigating the negative effects of heat
stress on productivity.

In the studies of M.Kremez et al.(2024), it was estab-
lished that hybrid piglets outperformed their crossbred
counterparts from direct crossbreeding in average daily
and absolute gains, live weight at the end of the rearing
period, and survival rate. At the same time, they con-
sumed more feed during the rearing period compared
with their crossbred and purebred peers and had better
feed conversion. This is also confirmed by the data of
the present study. According to G. Kadirvel et al. (2023),
in the pork production system of the Eastern Himalayan
mountain region, crossbred pigs demonstrated better
growth rates and larger litter size at birth and wean-
ing than purebred local pigs. Therefore, the researchers
believe that the application of crossbreeding and hy-
bridisation will increase productivity and reproductive
capacity of pigs.

D. Baranovskyi & O. Tkachuk (2024) established
that pig production can be effective when pigs are
used in different combinations. Thus, crossbred piglets
had high growth energy indicators and were charac-
terised by good slaughter and meat-fat qualities. The
researchers recommend combining Large White sows
with boars of the Landrace, Duroc, and Pietrain breeds.
The improvement of growth indicators of local pigs
in Benin through crossbreeding is also reported by
C. Bankolé et al. (2025). The authors emphasise that
the most productive exotic breeds adapted for use in
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tropical environments are Large White, Landrace, Du-
roc, and Pietrain. Among the mentioned breeds, Pie-
train demonstrates a high potential for crossbreeding
and exhibits the highest heterosis effect on live weight
indicators. The obtained results demonstrate that Pi-
etrain pigs can be used in crossbreeding schemes to
improve the growth indicators of local pigs in Benin.
H.Wen et al. (2026) also indicate the necessity of apply-
ing different crossbreeding models when developing
breeding programs, since there are significant differ-
ences in genetic diversity, population structure, and or-
igin within Duroc subpopulations and between Duroc
and other pig breeds. The observed levels of inbreed-
ing in Duroc subpopulations indicate the need for bet-
ter management of genetic diversity within the breed
and the application of different variants of crossbreed-
ing and hybridisation when working with this popula-
tion, which fully corresponds with the statements of
previous researchers.

Thus, crossbreeding programs are widely used
to improve the overall production performance of
pigs while maintaining higher productivity only in F1
crossbred offspring. However, due to the breakdown
of epistatic complexes in the F2 generation, improve-
ment and stabilisation of the obtained heterosis based
on additive and dominant breed effects is a significant
challenge. Therefore, in order to ensure the most stable
manifestation of heterosis over several generations or
to create specialised hybrid lines, it is advisable to eval-
uate different breed combinations and implement the
lower level of the hybridisation pyramid, which involves
the use of three-breed commercial pigs obtained by in-
seminating two-breed sows with terminal boars.

CONCLUSIONS
The results of the conducted studies convincingly
indicate that under the conditions of applying in-
dustrial crossbreeding schemes using terminal Max-
Grow boars, the leading factor determining growth
intensity, the pattern of gain formation, and the final
live weight of young pigs is the maternal genotype.
Standardisation of the paternal component made it
possible to objectively assess genetically determined
differences between the groups and to minimise the
influence of random factors. The highest values of
absolute (100.82 kg, which is 6.5% higher compared
to the control), average daily (596.5 g, which is 6.5%
higher than in the control group), and relative gains
throughout the entire rearing period were characteris-
tic of pigs of the Genesus x MaxGrow genotype, which
confirms their high genetic growth potential and the
effective realisation of the heterosis effect under ter-
minal crossbreeding conditions. Crossbred animals
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(YaLW x ¥5L)xMaxGrow occupied an intermediate posi-
tion, demonstrating a stable advantage over the con-
trol pigs (3.3% and 1.5%, respectively), which indicates
the expediency of using combined maternal forms in
industrial pork production schemes. The results of the
growth index evaluation according to the methodol-
ogy of V.P. Kovalenko complement the obtained data
and indicate a significant influence of maternal origin
on the intensity (0.52-0.55), tension (1.82-1.91), and
uniformity of offspring body formation (0.52-0.55).
Pigs of the Genesus x MaxGrow genotype were charac-
terised by more balanced growth at an early age (0.49)
and higher intensity of growth processes on average
(0.52) over the entire rearing period, which is biolog-
ically and technologically expedient for intensive fat-
tening systems and confirms the effectiveness of its
use for assessing growth intensity.

Two-factor analysis of variance confirmed that gen-
otype is the leading factor in the variability of growth
indicators (nx?= 38.0-56.0%), whereas the age period
within the experiment did not exert a statistically sig-
nificant influence (nx?=21.3-37.0%), although in some
cases a tendency toward an increase in its share in the
structure of total variability was observed. The low or
moderate share of random factors (nx?=8.0-40.7%) in-
dicates the high reliability of the experiment and the
correctness of the applied biometric methods. Summa-
rising the obtained results, it can be concluded that the
use of terminal MaxGrow boars in combination with
specialised and crossbred maternal forms is an effec-
tive breeding-technological approach that ensures in-
creased growth intensity of young pigs and promotes
the maximum realisation of the genetic potential of
pigs under conditions of intensive industrial pig pro-
duction. A promising direction for further research is
the combination of traditional zootechnical evaluation
methods witeth molecular-genetic and bioinformat-
ic approaches for identifying markers associated with
growth intensity and the manifestation of the hetero-
sis effect in the offspring of Genesus x MaxGrow and
(Y2LW x 15L) x MaxGrow genotypes.
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AHotauiga. OgHuMM i3 Hanbinbl edeKTUBHUX METOLIB FeHETUYHOrO MOAIMWEHHS CBMHEM € CXpeLlyBaHHS, sike 3a
06rpyHTOBaHO NifibpaHMx NOEAHAHb NOPIA CMPUSE 3POCTAHHI0 MPOLYKTUBHOCTI T 3HWXXEHHIO BUTPAT Ha BUPOOHMLTBO
CBMHWMHKU. MeTol pocnigkeHb 6yn0 OLiHWUTM BMMB Pi3HUX MATEPUHCBKUX FEHOTMMIB Y MOEAHAHHI 3 TEPMiHANbHUMM
KHYypaMu niHii MaxGrow Ha NOKa3HWKKM pOCTY, MPUPOCTU, KiIHLLEBY XMBY Macy MOIOAHSKY Ta piBeHb NPOSIBY reTepo3ncy
33 YMOB MPOMMUC/IOBOrO BEAEHHS CBMHAPCTBA. EKCnepMMeHTanbHi AOCNIAKEHHS NPOBEAEHO HAa TPbOX rpyrnax CBUHEW,
CPOPMOBAHUX i3 YUMCTOMOPOAHMX, NOMICHUX (V2 Benmka Bina x V2 naHapac aHMINCbKOI cenekwii) Ta crnewianizoBaHUX
CBMHOMATOK KOMMaHii Genesus 3a BMKOPWUCTAHHS TepPMiHANbHUX KHYpIiB NiHii MaxGrow. Takui nigxip 3abesneuns
0OEKTUBHY OLLIHKY BMNAMBY MAaTEPUHCLKOTO FEHOTMMY Ha MOKA3HMKM POCTY MOTOMCTBA 3a YMOB CTaHAAPTU30BAHOMO
6aTbKiBCbKOro KOMMOHEHTa. BcTaHOBNEHO, WO reHoTUn CBMHOMATOK € BW3HAYaNbHUM UYMHHUKOM iHTEHCUMBHOCTI
pocTty, GOpMyBaHHS NMPUPOCTIB i KiHLEBOI XXMBOIi Macu MONOAHSKY. Harveuuli 3HauveHHs abcontotHux (107,37 «r),
cepenHbonobosux (596,5 r) i BigHOCHMX (32,3 %) NpMPOCTiB YNPOLOBX YCbOro Mepiogy BMPOLLYBAHHS BiA3Ha4YeHO
y CBMHel reHotuny GenesusxMaxGrow, WO CBig4MTb Npo epekTUBHY peanisauito retepo3mcHoro edekty. MNomicHi
TBAPWHM 3aManu NpoMixkHe nonoxeHHs (104,6 kr; 578,7 rta 32,0 % BianoBigHo), AEMOHCTPYOUM CTabinbHy nepesary
Hag, unctonopoaHum koHTponeM (100,82 kr; 560,1 r tTa 30,5 % BignoBigHO). Pe3ynbtaTi iHAEKCHOI OLHKM poCTy Ta
[BOdAKTOPHOro AUCNepCinHOro aHanisynigTeepanan npoBigHy ponsreHotnny(38,0-56,0 %)y bopMyBaHHI NpoayKTUBHMX
03HAK | BUCOKY HAAIMHICTb OTPUMAHMX AaHMX. 3p0ONEHO BUCHOBOK, LLIO BUKOPUCTAHHSA TEPMiHANbHMX KHYpiB MaxGrow
Y NOEAHAHHI 3i Ccnewuiani3oBaHUMK Ta NOMICHUMMU MaTEPUHCbKUMK HOPMaMM € HAYKOBO OBIPYHTOBAHMM i TEXHONIOMYHO
[OOLINbHMM HaNpsAMOM YAOCKOHANEHHS CenekUiMHMX MporpaM y NpOMMCIOBOMY CBMHAPCTBI. [ocnibkeHHs Moxe byTn
BMKOPUCTaHO daxiBUSIMM 3 CenekLuii Ta TeXHO0raMmn CBMHAPCbKMX roCnoaapcTB ANS ONTUMI3aLii CxeM NpoMUCIOBOro
CXpeLlyBaHHS 3 METOK MiABULLEHHS iHTEHCUMBHOCTI POCTY MOJSIOOHSIKY Ta e(deKTMBHOCTI BUPOOHMUTBA CBUHWMHM
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Abstract. This study aimed to determine the optimal conditions for pre-sowing seed preparation and sowing depth
to improve soil germination of Thuja plicata. The study was conducted using Thuja plicata seed material collected
in the National Dendrological Park “Sofiyivka” of the NAS of Ukraine to evaluate seed quality, germination, and the
effects of different pre-sowing treatments using standard methods. The results demonstrated significant effects
of collection time, germination temperature, pre-sowing treatments, and sowing depth on seed performance.
Seeds collected in autumn from standing trees showed higher germination energy (35.4-39.2%) and laboratory
germination (44.4-48.7%) compared with seeds collected in winter from the snow surface, which demonstrated
lower values of germination energy (27.1-31.6%) and laboratory germination (34.3-39.1%). Germination at +25°C
increased germination energy and final laboratory germination compared with room temperature (18-20°C). Soil
germination was strongly influenced by sowing depth and pre-sowing treatments. The highest soil germination
(43.2 £ 2.1%) was recorded at a sowing depth of 0.5 cm after 30-day snow stratification, which exceeded the
control treatment (32.7 £ 1.8%). Water soaking for 12 hours also improved germination, reaching 39.3+1.9% at the
same sowing depth. Increasing sowing depth to 2.0 cm resulted in a sharp decline in soil germination, reaching
10.1+1.2% after snow stratification and complete absence of seedlings in the control treatment. Snow stratification
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also accelerated seedling emergence, reducing the time to first emergence from 14 days in the control to 12 days.
These findings indicate that autumn seed harvesting, 30-day snow stratification, and shallow sowing (0.5-1.0 cm)
provide the most favourable conditions for successful germination and seedling establishment of Thuja plicata

Keywords: introduced taxon; conifer reproduction; stratification methods; adaptive capacity; planting material

production

INTRODUCTION

Seed propagation remains an important method for the
large-scale reproduction of woody plant species and
the production of planting material for forestry and or-
namental horticulture. The use of seeds allows the pro-
duction of genetically diverse and well-adapted plant-
ing material, which often develop stronger root systems
and demonstrate greater ecological stability during
early growth stages. For introduced coniferous species,
the optimisation of seed propagation techniques is par-
ticularly important, since successful seedling establish-
ment determines the efficiency of introduction and the
long-term stability of cultivated populations. Therefore,
understanding the factors that regulate germination
and early seedling development is a key prerequisite
for improving nursery technologies and ensuring the
successful cultivation of introduced species.

Recent studies demonstrate that seed dormancy is
a complex physiological mechanism that regulates the
timing of germination and allows plants to synchronise
seedling emergence with favourable environmental
conditions. P. Awasthi (2023) investigated the ecologi-
cal role of dormancy in forest plant species and demon-
strated that dormancy regulates germination timing
through physiological mechanisms that respond to en-
vironmental signals. The author showed that dorman-
cy release is strongly associated with temperature and
moisture conditions and concluded that appropriate
dormancy-breaking treatments significantly improve
germination synchrony and seedling establishment.
Y.Song et al.(2023) analysed the influence of cold strati-
fication on germination behaviour in several coniferous
species. Their experimental results showed that strati-
fication not only increases the percentage of germina-
tion but also expands the optimal temperature range in
which germination occurs. The authors concluded that
cold stratification modifies physiological processes in
the embryo, thereby improving germination energy and
accelerating early seedling development.

B. Kohinoor et al. (2024) examined the role of
pre-sowing treatments in improving seed performance
under stress conditions. Their experiments demonstrat-
ed that seed priming and other preparatory treatments
enhance germination uniformity and increase toler-
ance to both biotic and abiotic stress factors during the
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initial stages of seedling growth. According to the au-
thors, pre-sowing treatments stimulate metabolic ac-
tivity in seeds and promote faster transition from dor-
mancy to active germination. Environmental factors
also play an important role in regulating germination
processes. J. Wang et al. (2024) investigated the rela-
tionship between dormancy type and environmental
signals controlling germination in forest plants. Their
study showed that temperature fluctuations and mois-
ture availability act as key environmental cues that
determine the timing and success of germination. The
high effectiveness of snow stratification confirms the
findings of Y.Song et al. (202 3), who identified cold strat-
ification as a key practice for improving conifer seed
germination. Recent genomic studies further confirm
the reproductive stability of Thuja plicata populations.
Research conducted in European forest stands demon-
strated that western redcedar maintains high genetic
diversity from adult trees to offspring, indicating stable
reproductive processes even under introduction condi-
tions, as reported by L. Guillardin et al. (2025). The com-
bined analysis of all experimental factors demonstrates
that successful cultivation of Thuja plicata from seeds
under introduction conditions requires an integrated
technological approach. The use of high-quality seeds
harvested in autumn, appropriate storage conditions,
effective pre-sowing treatments-particularly snow
stratification-and shallow sowing ensures higher soil
germination, more uniform seedling emergence, and
improved seedling quality.

A. Ferras et al. (2025) applied a time-to-event an-
alytical approach to study temperature-dependent
germination patterns in forest species. The researchers
demonstrated that germination dynamics differ signif-
icantly among species and reflect ecological adapta-
tion to specific environmental niches. Their findings
indicated that analysing germination timing provides
valuable information about physiological dormancy
status and species-specific ecological strategies. Seed
germination and early seedling establishment are par-
ticularly sensitive to environmental conditions in intro-
duced species. Despite the progress achieved in recent
studies, there is still limited empirical evidence regard-
ing the combined influence of seed harvesting time,



temperature regime, storage conditions, and specific
pre-sowing treatments on soil germination and seed-
ling establishment of Thuja plicata under open-field
conditions. Most available studies focus on general
physiological aspects of dormancy or laboratory ger-
mination responses, while practical aspects of nursery
cultivation remain insufficiently investigated. There-
fore, the present study aimed to determine effective
pre-sowing treatments and optimal sowing depth that
improved soil germination and early seedling develop-
ment of Thuja plicata under open-field conditions.

MATERIALS AND METHODS

The study was conducted using seeds of Thuja plicata re-
produced at the National Dendrological Park “Sofiyivka”
of the National Academy of Sciences of Ukraine. Seeds
were collected from mature generative trees growing
under introduction conditions in the park. After collec-
tion, the seed material was cleaned and air-dried at
room temperature (18-20°C) until constant weight was
achieved. Seed sowing quality parameters, including
thousand-seed weight, germination energy, and germi-
nation capacity, were determined according to current
interstate standards and generally accepted methodol-
ogies used for forest reproductive material. Laboratory
germination tests were carried out in Petri dishes on
moistened filter paper. Each experimental treatment in-
cluded 100 seeds with four replicates. The filter paper
was moistened with distilled water and maintained at
constant humidity throughout the experiment. Germi-
nation was evaluated under two temperature regimes:
room temperature (18-20°C) and constant temperature
conditions in a thermostat (+25°C). To assess the effect
of seed collection time, seeds were collected in two pe-
riods: in autumn from standing trees immediately after
cone maturation and in winter from the surface of the
snow cover beneath the trees.

Seed germination was monitored daily to de-
termine the timing of seedling emergence. The first
seedlings appeared within 12-24 days depending
on the treatment. The final count of soil germination
was carried out 30 days after sowing, when no further
emergence of seedlings was observed. The date of the
first emergence was recorded as the day when the first
visible radicle protrusion was observed in at least one
seed within a replicate. Germination energy was deter-
mined on the day corresponding to the peak of inten-
sive germination, while final laboratory germination
was recorded at the end of the observation period. Soil
germination was evaluated under open-field conditions
in the experimental nursery plot of the dendrological
park. Sowing was performed in the second ten-day pe-
riod of April. To determine the effect of sowing depth,
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seeds were sown at depths of 0.5, 1.0, 1.5, and 2.0 cm.
Seeds were covered with a substrate consisting of turf
soil and sand mixed in a 3:1 ratio, which ensured suf-
ficient aeration and moisture retention. During the
experiment, the substrate maintained stable structure
and moisture conditions; no significant surface crusting
or excessive compaction was observed, which allowed
normal seedling emergence under shallow sowing con-
ditions. Each experimental variant included four repli-
cates of 100 seeds each, allowing quantitative assess-
ment of soil germination and seedling emergence.

Additionally, experiments were conducted to de-
termine the effectiveness of different pre-sowing seed
treatments. Although Thuja plicata seeds do not exhibit
strict physiological dormancy, pre-sowing treatments
may improve germination uniformity and accelerate
seedling emergence. The following pre-sowing treat-
ments were tested: snow stratification for 30 days,
soaking in water for 12 hours, storage in moist sand,
storage in moist peat, and untreated seeds used as the
control treatment. For storage in sand and peat, seeds
were mixed with moist substrate at a ratio of 1:3 (seed:
substrate). The moisture content of the substrates
was maintained at approximately 60-70% of full wa-
ter-holding capacity. The containers with the seed-sub-
strate mixture were stored at a temperature of 3-5°C
for 30 days, which corresponds to conditions of cold
moist stratification.

To evaluate seedling performance, morphological
observations of emerging seedlings were conducted
throughout the germination period. Seedlings were ex-
amined for uniformity of emergence, vigour, and gener-
al morphological condition. Qualitative characteristics
used in Table 2 were defined as follows: “uniform” refers
to dense and evenly distributed seedlings with well-de-
veloped hypocotyls and cotyledons; “well-developed”
indicates vigorous seedlings with normal morphology
and strong tissues; “satisfactory” describes seedlings
with normal development but slightly reduced density;
“sparse” denotes a low density of seedlings with une-
ven distribution; “weakened” refers to seedlings with
elongated hypocotyls, thin tissues, or delayed develop-
ment; “single” indicates the presence of isolated indi-
vidual seedlings; and “absent” means that no seedlings
were observed. In addition to visual assessment, a basic
morphological analysis of seedlings was performed, in-
cluding measurements of hypocotyl length and overall
seedling vigour, which allowed comparative evaluation
of seedling development under different treatments.

Statistical analysis of the experimental data was
performed using generally accepted methods. Mean
values (M) and standard errors (¥*m) were calculated
for each experimental treatment. The least significant
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difference (LSD, ;) was determined to evaluate statisti-
cally significant differences between treatments.

RESULTS AND DISCUSSION
In accordance with the research program, the effect of
the time of collection of forest reproductive materi-
al and the temperature regime of germination on the
germination of Thuja plicata seeds was studied. Prior to
the germination experiments, the basic sowing quality
indicators of the seed material were evaluated. In par-
ticular, the thousand-seed weight was determined as
an important indicator of seed fullness and potential

viability. The average thousand-seed weight of Thuja
plicata seeds collected from generative trees in the Na-
tional Dendrological Park “Sofiyivka” was 1.26 g. This
value indicates satisfactory seed development and fill-
ing of the reproductive material. Adequate seed mass
is generally associated with higher germination energy
and improved seedling vigour, since larger seeds usual-
ly contain greater reserves of nutrients required for the
initial stages of germination and early seedling devel-
opment. The results of laboratory germination depend-
ing on seed collection time and temperature regime are
presented in Table 1.

Table 1. Laboratory germination of Thuja plicata seeds depending
on seed collection time and germination temperature

Seed origin Germination temperature, °C
Seeds collected in autumn +18-20
from standing trees +25
Seeds collected from the surface +18-20
of the snow cover +25

Source: developed by the authors

The data presented in Table 1 indicated that the
technical germination and germination energy of
Thuja plicata seeds depend significantly on both the
timing of seed collection and the temperature regime
during germination. The laboratory germination of
Thuja plicata seeds ranged from 34.3 to 48.7%, while
germination energy varied between 27.1 and 39.2%.
The analysis of laboratory germination parameters
revealed substantial differences between seeds har-
vested at different times. Seeds collected in autumn
directly from standing trees showed consistently high-
er germination energy and final laboratory germina-
tion compared with seeds collected in winter from the
surface of the snow cover. This can be explained by
the more favourable physiological condition of au-
tumn-harvested seeds, which complete maturation un-
der relatively stable environmental conditions and are
less exposed to damaging abiotic factors. Seeds that
overwinter on the soil surface are exposed to repeated
freeze-thaw cycles, excessive moisture, and prolonged
low temperatures, which may lead to partial degrada-
tion of reserve substances and physiological ageing
of the seed. Similar physiological changes associated
with the deterioration of Thuja plicata seeds during
storage, as well as the influence of seed maturity and
storage conditions on the viability of forest reproduc-
tive material, have been noted in the studies of V. Ter-
skikh et al.(2008) and in classical works on forest seed
production (Debryniuk et al., 1998). Similar effects of
temperature on the viability and germination of coni-
fer seeds were also reported in experimental studies
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Laboratory germination, %

Germination energy, %

354 44.4
39.2 48.7
27.1 34.3
31.6 39.1

by B. Hawkins et al. (2003). The obtained germination
values are also consistent with earlier experimental
data for introduced coniferous species, where consid-
erable variability of germination parameters depend-
ing on seed maturity and environmental conditions
was reported (Smahliuk, 1976; Marynych, 1998).

The temperature regime during germination exert-
ed a pronounced influence on both the rate and extent
of seed germination. Germination at +25°C resulted
in higher germination energy and slightly higher final
laboratory germination compared with room tempera-
ture conditions (18-20°C). Elevated temperatures inten-
sify metabolic activity, promote faster imbibition, and
accelerate enzymatic processes associated with the
mobilisation of reserve compounds. However, observa-
tions of seedling morphology indicated that excessively
high temperatures may negatively affect early growth
stages, as seedlings developed elongated hypocotyls
and weaker tissues. Similar sensitivity of Thuja plicata
seedlings to environmental conditions during early de-
velopment has been reported in experimental studies
analysing seedling growth under different light regimes
(Wang et al., 1994). Such morphological responses are
typical for seedlings developing under accelerated met-
abolic conditions. Therefore, the temperature of +25°C
can be considered optimal primarily for laboratory as-
sessment of germination potential, where the objective
is to determine the maximum viability of seeds. How-
ever, for practical nursery cultivation and the produc-
tion of high-quality planting material, more moderate
temperature conditions (18-20°C) appear preferable



because they provide a better balance between germi-
nation intensity and the formation of morphological-
ly stronger seedlings. These observations correspond
with the reproductive biology of Thuja plicata described
by J. Owens & M. Molder (2011), who emphasised the
sensitivity of early seedling development to environ-
mental conditions. Recent reviews of the biology and
ecological characteristics of western redcedar also in-
dicate that environmental factors during germination
significantly influence seedling establishment and
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subsequent growth (Antos et al., 2016; Aldana et
al., 2023). The depth of seed placement significantly
affects the processes of germination and subsequent
seedling development.Under deeper sowing conditions,
seeds are supplied with a more stable moisture regime;
however, seedlings experience greater mechanical re-
sistance when penetrating the soil layer, which may de-
lay or prevent emergence. The influence of pre-sowing
treatments and sowing depth on soil germination of
Thuja plicata seeds is presented in Table 2.

Table 2. Soil germination of Thuja plicata seeds depending on pre-sowing treatment method and sowing depth

Pre-sowing seed

Sowing depth, cm

Soil germination, %

Time to first b . . .
ime to first emergence Seedling characteristics

treatment (M £m) days

0.5 32.7+1.8 14 sparse
et (L) 1.0 25416 16 weakened

1.5 18.5+1.4 18 single

2.0 - absent

0.5 43.2%2.1 12 uniform

Snow stratification 1.0 40.1+2.0 13 well-developed

(30 days) 1.5 371%19 15 satisfactory
2.0 10.1+1.2 21 weakened

0.5 39.3+1.9 13 uniform
Water soaking 1.0 356+1.8 14 satisfactory
(12h) 1.5 28.9+1.6 16 weakened

2.0 87+1.1 22 single
0.5 354+1.7 14 satisfactory

Storage in sand 1.0 31.2%+1.6 15 sparse
1.5 24615 17 weakened

2.0 6.3£0.9 23 single
0.5 33916 14 satisfactory

Simme D e 1.0 29.8+1.5 15 sparse
1.5 22714 18 weakened

2.0 5.1+0.8 24 single

Source: developed by the authors

The obtained experimental data indicated a sig-
nificant influence of both pre-sowing seed treatment
methods and sowing depth on the formation of Thuja
plicata seedlings under soil conditions. Regardless of the
treatment variant, an increase in sowing depth from 0.5
to 2.0 cm resulted in a clear decrease in soil germination
rates. The first seedlings appeared between 12 and 24
days after sowing, depending on the treatment. Snow
stratification accelerated seedling emergence com-
pared with the control treatment. The final assessment
of soil germination was carried out 30 days after sow-
ing, when no further seedling emergence was observed.
The highest soil germination values were recorded at a
sowing depth of 0.5 cm. Under these conditions, snow
stratification for 30 days proved to be the most effective
treatment, resulting in 43.2 £ 2.1%, which significantly
exceeded the control variant (32.7 = 1.8%). A further in-
crease in sowing depth to 2.0 cm resulted in a sharp
decline in soil germination in all experimental variants.

In the control treatment, seedling emergence was ab-
sent. Even with the application of pre-sowing treat-
ments, germination values remained low and did not
exceed 10.1*£1.2% in the snow-stratified variant. The
lowest soil germination was recorded for seeds stored
in peat - only 5.1 #0.8%, indicating the unfavourable
nature of combining this preparation method with deep
(2.0 cm) seed placement. The decline in soil germination
with increasing sowing depth agrees with observations
by J. Young & C. Young (1993) and N. Khadduri (2007).

Pre-sowing treatments significantly enhanced soil
germination and seedling emergence. Among the test-
ed methods, 30-day snow stratification proved to be the
most effective,resulting in the highest and most uniform
germination. This treatment likely mimics natural win-
ter conditions, facilitating the physiological after-rip-
ening of seeds, activation of hydrolytic enzymes, and
increased permeability of the seed coat. Consequently,
stratified seeds exhibited faster emergence and greater
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resistance to unfavourable early-spring environmental
conditions. Water soaking for 12 hours and storage in
sand or peat also positively affected germination; how-
ever, their effectiveness was lower compared with snow
stratification, indicating only partial alleviation of dor-
mancy mechanisms. Similar physiological mechanisms
of dormancy release in conifer seeds have been widely
discussed in modern studies of seed dormancy and ger-
mination ecology (Baskin & Baskin, 2014).

Sowing depth was identified as one of the most
critical agrotechnical factors influencing seedling estab-
lishment. Shallow sowing at a depth of 0.5 cm provided
optimal conditions for oxygen diffusion, moisture availa-
bility, and rapid emergence, resulting in the highest soil
germination rates across all treatments. As sowing depth
increased to 1.0 and 1.5 cm, soil germination gradually
declined, likely due to increased mechanical resistance
of the substrate and depletion of seed reserves before
emergence. At a depth of 2.0 cm, seedling emergence
was extremely limited or completely absent, even when
pre-sowing treatments were applied. This clearly indi-
cates that deep sowing creates unfavourable conditions
for Thuja plicata seeds and should be avoided in nursery
practice. The influence of sowing depth observed in the
present study corresponds with recommendations pro-
vided in propagation protocols for Thuja plicata, where
shallow sowing depths are considered optimal for en-
suring successful seedling emergence (Plant Propagation
Protocol for Thuja plicata, 2021). Experimental studies in-
vestigating the combined effects of light and stratifica-
tion on conifer seed germination have also demonstrated
that environmental conditions and substrate character-
istics strongly influence germination dynamics in this
species (Young & Young, 1993; Shlapak & Vitenko, 2010).
N. Khadduri (2007) analysed the influence of sowing
conditions on the emergence and early growth of conifer
seedlings in nursery environments. The study demon-
strated that sowing depth and substrate characteristics
significantly affect seedling emergence rates and survival
during the initial stages of development. The author con-
cluded that optimisation of sowing conditions is essen-
tial for improving the efficiency of seed propagation in
conifer nurseries. Further insights into germination ecol-
ogy were provided by C. Schopmeyer (1974), who ana-
lysed germination responses of forest tree species under
different environmental conditions. Their study showed
that variations in temperature and moisture availability
significantly influence germination success and seed-
ling vigour. The authors emphasised that understanding
species-specific germination requirements is essential
for developing effective nursery cultivation techniques.
The conducted studies demonstrated that the sowing
quality and soil germination of Thuja plicata seeds are
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determined by a complex interaction of biological and
technological factors, including the time of seed harvest-
ing, germination temperature, pre-sowing treatments,
storage conditions, and sowing depth. Each of these fac-
tors plays a specific role in regulating seed viability, dor-
mancy release,and seedling establishment,which is espe-
cially important for introduced woody species cultivated
outside their natural range. These results are consistent
with general patterns reported for introduced coniferous
species and emphasise the necessity of adapting sowing
techniques to the biological characteristics of the species.

CONCLUSIONS
The sowing quality and germination performance of
Thuja plicata seeds were significantly influenced by
the timing of seed harvesting, germination tempera-
ture, pre-sowing treatments, and sowing depth, which
confirms the multifactorial nature of seed viability and
early seedling establishment under introduction condi-
tions. The interaction of these biological and techno-
logical factors determines not only the final germina-
tion percentage but also the rate of emergence and the
initial quality of seedlings, which are critical parame-
ters for successful nursery production. Seeds collected
in autumn directly from standing trees consistently
exhibited higher germination energy and laboratory
germination than seeds harvested in winter from the
surface of the snow cover. This highlights the impor-
tance of timely seed collection immediately after phys-
iological maturation, when seeds are less affected by
adverse abiotic factors such as prolonged low tempera-
tures, excess moisture, and freeze-thaw cycles. The use
of high-quality autumn-harvested seed material there-
fore represents a key prerequisite for achieving stable
and predictable germination results. Germination un-
der a constant temperature of +25°C enhanced both
germination energy and final laboratory germination;
however, the negative effects observed on early seed-
ling morphology suggest that excessively high temper-
atures may compromise seedling quality. As a result,
moderate temperature regimes appear more suitable
for producing physiologically balanced and morpho-
logically robust planting material intended for practi-
cal use. Under open-field conditions, soil germination
is generally lower than laboratory germination, reflect-
ing the influence of fluctuating environmental factors.
Nevertheless, soil germination can be substantially
improved through the optimisation of storage condi-
tions and the application of appropriate pre-sowing
treatments, demonstrating the necessity of adapting
laboratory-based findings to real nursery environments.
Among the tested treatments, 30-day snow stratifi-
cation proved to be the most effective, significantly



increasing soil germination and ensuring more uni-
form and synchronous seedling emergence compared
with water soaking or storage in sand and peat. Sowing
depth was identified as a critical agrotechnical factor
influencing seedling establishment. Shallow sowing at
depths of 0.5-1.0 cm provided optimal conditions for
oxygen availability, moisture supply, and rapid emer-
gence, whereas deeper sowing at 2.0 cm resulted in a
sharp decline in germination and should therefore be
considered unsuitable for nursery practice. Overall, the
combined application of autumn seed harvesting, snow
stratification, and shallow sowing can be recommended
as an effective and scientifically justified technological
approach for the propagation of Thuja plicata from seed

Ivashchenko et al.

in nursery and open-field conditions. Future research
should focus on assessing the subsequent growth dy-
namics, physiological stability, and field survival of
seedlings produced under these optimised conditions
in order to further refine cultivation recommendations.
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AHoTauia. MeTolo focnigpxkeHHs 6yno BU3HAUYEHHS ONTUMabHUX YMOB NepeanociBHOi 06p0o6KKU HACiHHS Ta IMMOUHM
nociBy ANs MiABULLEHHA CXOXOCTI HacCiHHA Tyl 3BuyanHoi (Thuja plicata) y rpyHTi. locnigpkeHHs npoBoamnocs 3
BMKOPWMCTAHHSM HaCiHHEBOro MaTepiany Tyi 3BMuYaiiHoOi, 3ibpaHoro B HauioHanbHOMY AeHOPONOriYyHOMY napky
«CodiiBka» HAH YkpaiHu, 3 MeTOI OLiHKM SIKOCTi HaCiHHS, CXOXOCTi Ta BM/AMBY Pi3HUX METOLIB NnepennoCiBHOI
06pobKM 33 LONOMOrol CTaHAAPTHWMX METOAIB. Pe3ynbTaTM Mokaszanu 3HaYyHW BNAMB 4Yacy 36o0py, Temnepatypu
NpOPOLLYBaHHS, NepesnociBHUX 06pobneHb Ta MUOUHM NOCiBY HA NOKA3HMKM HACiHHA. HaciHHS, 3ibpaHe BoCeHM 3
XMBUX AepeB, NOKA3as0 BULLY EHEPrito NPOpoCcTaHHs (35,4-39,2 %) Ta nabopaTtopHy cxoxicTb (44,4-48,7 %) NopiBHAHO
3 HaCiHHAM, 3i6paHUM B3WMKY 3 MOBEPXHIi CHIry, ike NMPOAEMOHCTPYBANO HUXYi MOKA3HUKMU eHeprii MPOpOCTaHHS
(27,1-31,6 %) Ta nabopatopHoi cxoxocTi (34,3-39,1 %). [popollyBaHHs npu TeMnepatypi +25°C nigBULLMN0 eHeprito
NPOPOCTaHHS Ta KiHLEBY 1abopaTOPHY CXOXiCTb NMOPIBHSAHO 3 KiMHaTHOW TeMnepaTypoto (18-20°C). Ha cxoxictb y
FPYHTI 3HAYHMI BNAMB Manu mMubuHa NociBy Ta nepeanociBHi 06pobku. Hameuwwa cxoxicTb y rpyHTi (43,2 2,1 %)
6yna 3adikcoBaHa npu rnbuHi nocisy 0,5 cm nicng 30-aeHHOI CHiIroBOI cTpaTUdikaLii, WO NepeBULLUIO0 MOKA3HUKK
KOHTPOJSIbHOTO BapiaHTy (32,7 £1,8 %). 12-rooMHHe 3aMO4YyBaHHS Y BOAi TAaKOX MOKPALLMIO CXOXiCTb, iIKa Aocarna
39,3 £ 1,9 % npu Tin camii rnMbuHi nociy. 36inbWweHHs rMMbuHM nociey Ao 2,0 cM Npu3Beno A0 Pi3KOro 3HUXKEHHS
CXOXOCTi B PYHTI, IKa Nicng CHiroBoi cTpatudikaii ctaHosuna 10,1+1,2 %, a B KOHTPONbHOMY BapiaHTi — 10 MOBHOI
BiACyTHOCTI cxofiB. CHiroBa cTpaTudikaLlis TakoX MPUCKOPUNIA CXOXKEHHS CXOLiIB, CKOPOTMBLUM Yac 4O MepLioro
CXomeHHs 3 14 pHiB y KoHTponi Ao 12 pHis. Lli pe3ynstati cBig4aTth Npo Te, WO OCiHHIM 36ip HaciHHA, 30-0eHHa
cHiroBa ctpatudikauia Ta Hernmbokui nocie (0,5-1,0 cm) 3abe3nevyioTb HAKCNPUATAMBILWI YMOBM AN YCMILUHOMO
NpopOCTaHHA Ta BKOPiHEHHS cxoais Thuja plicata

KniouoBi cnoBa: iHTPOAYKOBAaHUIM TAaKCOH; PO3MHOXEHHSI XBOMHMX; MeToaM cTpaTudikalii; afanTMBHa 34aTHICTb;
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Abstract. The purpose of the research was to study the effect of including 1.0% of the feed fibre supplement in
the diets of pregnant and lactating sows on the course of farrowing, reproductive performance, growth intensity
and survival of piglets, as well as the economic efficiency of production. The study was conducted under the
conditions of an industrial pig complex on two groups of sows formed according to the principle of analogues.
The control group received standard compound feed according to physiological condition, while the sows of
the experimental group additionally received the fibre supplement JELUVET® at a dose of 10 kg/t of compound
feed. Feed conversion was recalculated per one weaned piglet and per 1 kg of piglet weight gain. It was
established that the use of fibre reduced the proportion of farrowings with complications by 2.83% and decreased
expenditures on preventive and therapeutic measures by 72.16 UAH per sow (34.4%). Number born alive piglets
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in the experimental group increased by 0.58 (4.1%), and the total number of piglets born per farrowing exceeded
the control by 0.51 (3.4%). The average weight of stillborn piglets decreased by 1.07 percentage points, while the
litter weight of piglets at birth increased by 1.06 kg (5.7%) and at weaning by 2.92 kg (3.5%), without a negative
effect on individual piglet weight gains. The use of the supplement did not increase total feed consumption;
however, it reduced feed expenditure per 1 kg of piglet weight gain by 0.21 kg (3.3%) and per one weaned piglet
by 1.71 kg (4.2%). Economic evaluation showed that the additional profit per sow amounted to 622.07 UAH,
which confirmed the economic feasibility of using the fibre supplement. The obtained results indicated that the
inclusion of 1.0% fibre supplement in the diet of pregnant and lactating sows improved the course of farrowing,
increased prolificacy and the total productivity of piglet litters, promoted efficient feed utilisation, and ensured a

significant economic effect

Keywords: piglets; pregnancy; lactation; dietary fibre; economic efficiency

INTRODUCTION

Intensive pig breeding aimed at increasing reproduc-
tive productivity and prolificacy of sows has led to sig-
nificant changes in their physiology, especially during
the critical periods of pregnancy and lactation. Under
conditions of modern intensive production, animals are
subjected to excessive metabolic stress, which mani-
fests in disorders of the digestive and endocrine sys-
tems, an increased incidence of constipation, compli-
cations during farrowing, and significant body weight
losses during lactation. This, in turn, negatively affects
the survival and viability of offspring, reduces the
growth intensity of piglets, increases perinatal mortali-
ty rates, and creates serious economic and ethical chal-
lenges for modern pig production.

Analysis of publications showed that increasing
the content of dietary fibre in the diet of pregnant and
lactating sows is one of the promising approaches for
correcting digestive function, intestinal microbiota, and
reproductive performance of animals during periods
of increased stress. In their studies, J. Hu et al. (2021),
D.S. Rosero (2024), and Y. Ji (2025) demonstrated that
the inclusion of high-fibre components in the diet con-
tributed to improved intestinal motility and reduced
the incidence of constipation in sows during the final
phase of pregnancy and in the first days of lactation.
This improvement was accompanied by increased
voluntary feed intake during lactation, which is a key
factor for maintaining energy balance and optimal ani-
mal productivity. C.A. Montoya et al. (2023) and S. Oh et
al. (2024) confirmed a positive correlation between a
high dietary fibre content in the diet and stabilisation
of the intestinal microbiota, which had an indirect ef-
fect on reducing oxidative stress indicators and im-
proving reproductive results. The study by C.A. Mon-
toya et al. (2023) examined the mechanisms of fibre
influence on intestinal microbiota and SCFA (short-
chain fatty acid) production. The authors showed that
different types of fibre differently modulate microbial
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composition, which directly affects the immune status
and energy metabolism of sows during periods of preg-
nancy. This emphasises the importance not only of the
total fibre level, but also of its qualitative composition
and fermentation properties.

Research data from Y.K.Adi et al. (2022) and Y. Liu et
al. (2022) showed that the addition of dietary fibre to
the diet during the final phase of pregnancy reduces
the incidence of constipation and contributes to short-
ening the duration of farrowing, which positively af-
fects animal welfare and reduces the likelihood of com-
plications. Simultaneously with the above-described
positive effects of fibre supplementation, T. Feyera et
al. (2021) and R. Boonprakob et al. (2024) reported in
their works a positive effect of high-fibre diets on re-
ducing the proportion of stillborn piglets and increas-
ing postnatal survival rates, but they emphasised the
high variability of results depending on the type of fi-
bre, its level, and duration of application. These studies
highlight the potential of differentiated use of fibres,
but at the same time indicate the complexity of opti-
mising such practices in farm management. Correction
of the fibre composition of the diet, as noted by T. Ped-
ersen et al. (2020) and D. Lu et al. (2022), contributes to
increased satiety, improved intestinal microbiota, and
increased production of short-chain fatty acids (SCFA),
which ensures a reduction in farrowing duration by
5-12% and a decrease in the incidence of complications
by 2-4%, increasing piglet viability and voluntary feed
intake by sows during lactation.

Thus, the analysis of modern publications from
2020-2025 shows that although most studies are de-
voted to the influence of dietary fibre on digestive
function and certain reproductive indicators of sows,
the issues of the optimal combination of soluble and
insoluble fibres, taking into account their fermenta-
tion properties, dietary energy density, and long-term
effects on sow productive cycles and the economic



efficiency of pork production remain insufficiently stud-
ied. In addition, there are insufficient studies evaluat-
ing the economic aspects of introducing specific fibre
sources into industrial practice while maintaining or
increasing reproductive productivity, which determined
the relevance of conducting this research. Therefore, its
aim was to study the effect of adding the feed supple-
ment as a source of dietary fibre to the basal diet of
pregnant and lactating sows on the course of farrow-
ing, reproductive performance, growth and survival of
piglets during the suckling period, as well as on the
economic efficiency of pork production.

MATERIALS AND METHODS

The study was conducted under the conditions of Re-
producer No. 2 of the Limited Liability Company (LLC)
“Scientific and Production Enterprise ‘Hlobyne Pig Com-
plex™ of Kremenchuk District, Poltava Region, Ukraine,
during the period from February 6 to July 4, 2025. All
animal handling procedures fully complied with the
requirements of Council Directive 98/58/EC (1998).
The research protocol was approved by the Bioeth-
ics Commission of Sumy National Agrarian University
(certificate No. BT2025/07/19-02), in accordance with
the standards of good clinical practice regarding the
protection and humane treatment of experimental an-
imals. To accomplish the assigned tasks, two groups of
sows were formed according to the principle of paired
analogues, taking into account age, live weight, and
farrowing number. The number of animals in the ex-
periment in each group was 320 heads, which corre-
sponded to one weekly technological group. During
pregnancy and the suckling period, the sows of the
experimental group received standard compound feed
for pregnant and lactating sows with the addition of
the feed product JELUVET® in the amount of 10 kg per
1 ton of compound feed, in accordance with the recom-
mendations of the supplier company.

Animals of the control group received compound
feed with similar nutritional value, but without the ad-
dition of JELUVET®. Throughout the entire experimen-
tal period, all technological, veterinary-preventive, and
zoohygienic measures were carried out according to
the same scheme for both groups of animals in accord-
ance with the housing technology adopted at the enter-
prise. During the pregnancy and suckling periods, dai-
ly clinical monitoring of the health status of the sows
was conducted, with recording of cases of physiological
disorders. During the farrowing period, the operator of
the farrowing unit registered in the stall card near each
stall, with subsequent transfer to the research journal,
the number of farrowings with complications, as well as
their main causes. Simultaneously, upon completion of
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farrowing in each stall, which was determined by pla-
centa expulsion, the total number of piglets born was
recorded, including live-born, weak (non-registered),
stillborn, and mummified piglets.

After the birth of piglets, sow prolificacy was de-
termined as the number of live-born piglets, and their
live weight was also determined by weighing the litter
using automatic scales of the Dutch company MS Pigs-
cale (MS Schippers) with a division value of 0.005 kg.
Supplementary feeding of piglets from the 2™ day of
life until weaning at 21 days was carried out using the
liquid milk replacer Optikee Milk with the help of the
Cullina Mix Pro feeding kitchen. Throughout the entire
suckling period, the number and body weight of pig-
lets that were removed were recorded, with indication
of the reasons for removal. At weaning, the number
of piglets in each litter was recorded, and the litter
weight was determined using MS Pigscale, on the ba-
sis of which the average body weight of piglets was
calculated separately for the control and experimental
groups. Based on the number of born alive piglets and
the number of piglets at weaning, the survival rate un-
til weaning was calculated by dividing the number of
piglets at weaning by the number of born alive piglets
at birth, which was expressed as a percentage. Record-
ing of compound feed consumption by sows during the
pregnancy and suckling periods was carried out daily
using torsion scales installed under the feed temporary
storage bunker.

The amount of fed pig milk replacer was record-
ed automatically according to the data of the feeding
kitchen processor. Based on the obtained indicators of
sow productivity and piglet survival in the control and
experimental groups, the economic efficiency of us-
ing the feed product JELUVET® was calculated, taking
into account the cost of the preparation, feed expendi-
tures, piglet output, and survival in accordance with the
methodology for determining the economic efficiency
of scientific research in pig production (Khmelnychyi et
al., 2023). For this purpose, based on the research data
on the quantity of feeds of different formulations and
the price excluding value-added tax per unit of feed of
the corresponding formulations provided by the farm
accounting department for the research period, the cost
indicators of feeds, milk replacers, and feed additives
were determined. Based on these data, the feed cost of
maintaining one sow was calculated (by dividing the
gross cost of all feeds consumed by the sow by their
quantity at the end of the study); similarly, the feed
cost of a piglet litter, one weaned piglet, and a unit of
weight gain were calculated.

Expenditures on preventive and therapeutic meas-
ures were determined by dividing the gross expenditures
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on these measures in a specific technological (exper-
imental) group obtained from primary zootechnical
and accounting records by the number of sows, piglets,
and their gross weight gain. To test the null hypothe-
sis regarding the absence of differences between the
control and experimental groups of pigs, Student’s
t-test for independent samples was used. At the same
time, estimates of arithmetic means and their statis-
tical errors were determined. Differences between
group means were considered significant at the fol-
lowing significance levels: p < 0.05 for the first level,
p<0.01 for the second level,and p<0.001 for the third

level. Statistical processing of the obtained data was
performed using methods of variation statistics (Kra-
marenko et al., 2019) with the help of the MS Excel
spreadsheet editor.

RESULTS AND DISCUSSION
The addition of 1.0% of a fibre feed supplement to the
diet of pregnant and lactating sows significantly affect-
ed the course of farrowing, the health status of sows,
and the level of production costs compared to the con-
trol group, which received a standard diet according to
physiological condition (Table 1).

Table 1. Proportion of farrowings with complications and expenditures on preventive
and therapeutic measures for sows under different feeding strategies

. Group
Indicator .
| control Il experimental

Number of sows at the beginning of the experiment, heads 315 314

Proportion of farrowings with complications, % 11.7 8.9
Expenditures on preventive and therapeutic measures per sow, UAH 209.97 137.81
Expenditures on preventive and therapeutic measures per piglet, UAH 17.87 15.45

Piglet survival during the suckling period, % 93.37+1.131 93.64%1.071

Source: developed by the authors

The proportion of farrowings with complications
in the sows of the experimental group decreased by
2.8 percentage points. The obtained data indicate a
positive effect of the fibre supplement on the course
of the parturition process, which is consistent with
the results presented in Table 2 regarding the re-
duction in the proportion of stillborn piglets. The
decrease in the frequency of complicated farrowings
was directly reflected in the level of expenditures on
preventive and therapeutic measures. Thus, expendi-
tures per sow in the experimental group decreased
by 72.16 UAH or 34.4%. A similar trend was observed
when calculating expenditures per piglet: in the ex-
perimental group they were 2.42 UAH or 13.5% lower.
The piglet survival rate during the suckling period in
both groups was high and did not differ statistical-
ly; however, it showed a tendency to increase in the

experimental group-being higher by 0.27 percentage
points. Despite the absence of a significant differ-
ence, the combination of slightly higher survival and
higher prolificacy in the experimental group ensured
an overall increase in piglet output per sow. Taken
together, the obtained results indicate that the in-
clusion of a fibre additive in the diet of sows during
pregnancy and lactation improves sow welfare by re-
ducing the proportion of complicated farrowings, im-
proving the overall physiological state of the animals,
and significantly reducing expenditures on veterinary
preventive and therapeutic measures without nega-
tively affecting piglet survival. This emphasises both
the biological and economic feasibility of using die-
tary fibre in sow feeding. The addition of dietary fibre
also indirectly affected the reproductive performance
of sows (Table 2).

Table 2. Reproductive performance indicators of sows under different feeding strategies

. Group
Indicator )
| control Il experimental
Total number of piglets born per farrowing, heads 15.16%0.133 15.67+0.171°
Prolificacy, heads 14.08+0.127 14.66+0.162"
Number of stillborn piglets per farrowing, heads 1.08 1.01
Proportion of stillborn piglets per farrowing, % 5.40 4.33
Number of weak non-registered piglets per farrowing, heads 1.14 1.18
Proportion of weak non-registered piglets per farrowing, % 7.52 7.56
Number of mummified piglets per farrowing, heads 0.26 0.33
Proportion of mummified piglets per farrowing, % 1.72 211
Birth weight of registered piglets, kg 1.31+0.011 1.33+0.009
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Indicator

Litter weight of born alive piglets at birth, kg
Number of piglets in litter at weaning, heads
Body weight of one piglet at weaning, kg
Litter weight of piglets at weaning, kg

Note: *=p<0.05; **=p<0.01; ***=p<0.001
Source: developed by the authors

The total number of piglets born per farrowing in
the experimental group was higher by 0.51 or 3.4%
compared to the control group (p <0.05).A similar trend
was observed for prolificacy, which in sows of the ex-
perimental group exceeded the control by 0.58 or 4.1%
(p<0.01). The key factor contributing to the increase in
prolificacy in the experimental group was a reduction in
the number and proportion of stillborn piglets. The av-
erage number of stillborn piglets per farrowing in sows
receiving the tested fibre additive decreased by 6.5%,
and their proportion decreased by 1.07 percentage
points. Against the background of the reduced number
of stillborn piglets, a higher output of live-born piglets
was recorded in the experimental group. The number
of weak (non-registered) piglets per farrowing did not
differ significantly between groups, indicating the ab-
sence of a negative effect of the increased fibre level on
the viability of newborn animals. A similar pattern was
observed for mummified fetuses. The use of the fibre
additive led to a tendency toward an increase in pig-
let birth weight. The average birth weight of registered
piglets in the experimental group was 0.02 kg or 1.5%
higher than in the control. Against the background of
higher prolificacy, this resulted in a significant increase
in litter weight of live-born piglets at birth-by 1.06 kg
or 5.7% (p<0.001).

In the subsequent suckling period, the positive ef-
fect of fibre consumption was also observed. The number

Indicator

Absolute weight gain per piglet, kg

Average daily gain per piglet, g
Relative growth rate per piglet, %
Absolute weight gain of piglet litter, kg
Average daily gain of piglet litter, kg

Source: developed by the authors

A similar trend was observed for the average
daily weight gain of the litter, which in sows of the
experimental group was higher by 0.06 kg or approx-
imately 2.0%. The revealed differences are primarily

Table 3. Growth intensity of piglets in litters of sows under different feeding strategies

Table 2, Continued

Group
| control Il experimental
18.44+0.213 19.50+0.196™
13.14+0.143 13.73+0.114"
6.35+0.071 6.29+0.059
83.44+1.191 86.36+1.125

of piglets per litter at weaning in the experimental
group was higher by 0.59 or 4.5% compared to the con-
trol (p<0.01).At the same time, the average body weight
of one piglet at weaning did not differ significantly
between groups, indicating the absence of a negative
effect of larger litter size on individual piglet growth.
However, due to the higher number of piglets per litter,
an increase in litter weight at weaning was observed in
the experimental group — by 2.92 kg or 3.5% compared
to the control group. Thus, the inclusion of 1.0% dietary
fibre supplement in the diet of sows during pregnancy
and lactation contributes to a reduction in the propor-
tion of stillborn piglets, an increase in prolificacy, and
an increase in litter weight at birth and weaning, with-
out adversely affecting individual piglet growth perfor-
mance. At the same time, it was noted that the addition
of the specified supplement did not negatively affect
the growth rate of piglets during the suckling period,
while leading to certain differences in the distribution
of productivity between individual and litter-level indi-
cators (Table 3). The absolute weight gain per piglet in
the experimental group was lower by 0.08 kg or 1.6%
than in the control. A similar trend was observed for
average daily gain and relative growth rate. However,
analysis of litter growth indicators as a whole showed
the opposite pattern. The absolute weight gain of the
piglet litter in the experimental group was higher by
1.87 kg or 2.9% than in the control group.

Group
| control Il experimental
5.04£0.073 4.96+0.056
23372 228%6.1
131.59+1.058 130.18+1.003
64.99+1.091 66.86+1.007
3.01+£0.008 3.07+0.011

explained by the larger number of piglets per lit-
ter in the experimental group, as shown in Table 2.
Under conditions of a larger litter size, the average
individual weight and growth rate of a single piglet
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are naturally somewhat reduced due to competition
for maternal milk; however, the total productivity of
the litter increases. Thus, the use of the studied fibre
additive indirectly contributed to an increase in the
total output of live weight of piglets per sow during
the suckling period. The obtained results are consist-
ent with physiological concepts regarding the effect
of dietary fibre on the course of farrowing, colostrum

secretion, and lactation stability, which collectively
ensure better realisation of the reproductive poten-
tial of sows even under slightly lower individual pig-
let growth rates. The addition of dietary fibre to the
diet of sows did not lead to an increase in total feed
intake over the experimental period, while positively
affecting feed conversion indicators in relation to the
obtained production (Table 4).

Table 4. Feed intake of different feed formulations by sows and piglets under different feeding strategies

. Group
Indicator )
| control Il experimental
Amount of feed consumed during pregnancy, kg 362.89 355.31
Average daily feed intake during pregnancy, kg 2.93 2.87
Amount of feed for lactating sows consumed, kg 168.48 171.35
Average daily feed intake during lactation, kg 7.80 7.86
Total feed intake, kg 531.37 526.65
Amount of JELUVET® supplement consumed per sow, kg 0.00 5.16
Total feed substances consumed per sow, kg 531.37 531.81
Feed consumed per weaned piglet, kg 40.44 38.73
Average daily feed intake over the experimental period, kg 3.65 3.65
Feed consumed per 1 kg piglet weight gain, kg 6.37 6.16
Milk replacer consumed per litter of piglets, kg 2.94 3.46
Milk replacer consumed per 1 kg piglet weight gain, g 35.3 40.1

Source: developed by the authors

During the pregnancy period, sows of the experi-
mental group, which were fed a bulkier diet, consumed
7.58 kg or 2.1% less compound feed compared to their
analogues in the control group. This occurred due to the
greater volume of the compound feed. Accordingly, the
average daily feed intake during this period decreased
by 0.06 kg or 2.0%. The obtained results indicate more
stable functioning of the digestive tract and better sati-
ety of the ration due to structural fibre. During the lacta-
tion period, conversely, a tendency toward slightly high-
er feed intake was observed in sows of the experimental
group (by 2.87 kg or 1.7%), which was due to by the larg-
er number of piglets in their litters. The average daily
feed intake during this period was also higher in the
experimental group (by 0.06 kg or 0.8%), which is phys-
iologically justified given the higher number of piglets
per litter and greater nutritional demand for lactation.

Despite these differences, the total amount of feed
consumed over the experimental period was practi-
cally the same between groups when taking into ac-
count the consumption of the feed supplement in the
amount of 5.16 kg per sow. An important indicator of
feeding efficiency is feed expenditure per unit of pro-
duction. Feed expenditure per weaned piglet in the ex-
perimental group was 1.71 kg or 4.2% lower than in
the control group. A similar advantage was observed
for feed expenditure per 1 kg of piglet weight gain,
which decreased in the experimental group by 0.21 kg
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or 3.3%. The average daily feed intake over the entire
experimental period was identical in both groups and
amounted to 3.65 kg, indicating the absence of an ef-
fect of the fibre additive on the overall feeding intensi-
ty. The different number of piglets per sow during the
suckling period also resulted in different consumption
of pig milk replacer. Its consumption in the experimen-
tal group was slightly higher - by 0.52 kg or 17.7% com-
pared to the control group. Accordingly, milk replacer
costs per 1 kg of piglet weight gain increased by 4.8
g or 13.6%. This is explained by the larger number of
piglets in the litters of the experimental group and in-
creased competition for maternal milk, which required
partial compensation through supplementary feeding.
Overall, the use of the studied dietary fibre sup-
plement in the feeding of pregnant and lactating sows
allows for improved feed efficiency in piglet produc-
tion, reduced feed costs per unit of output, and ensures
stable feed intake without energy overconsumption,
which is an important factor in the economic feasibil-
ity of such a feeding strategy. Differences in feed in-
take and its price influenced the economic outcomes
of applying different feeding strategies for sows during
pregnancy and lactation (Table 5). The use of the ad-
ditive was accompanied by a certain increase in direct
feed costs; however, these costs were partially offset by
increased reproductive and production efficiency. Dur-
ing pregnancy, the cost of feed consumed by sows in the
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experimental group was 66.7 UAH or 2.1% lower. This
is consistent with the data in Table 4 regarding slightly

Indicator

Cost of feed consumed during pregnancy, UAH
Cost of lactation feed consumed, UAH
Cost of JELUVET® additive used, UAH
Cost of all feed consumed per sow, UAH
Cost of milk replacer per litter, UAH
Cost of milk replacer per weaned piglet, UAH
Cost of milk replacer per 1 kg piglet weight gain, UAH

Cost of all feed consumed by sow and piglets per litter, UAH
Cost of all feed consumed by sow and piglets per weaned piglet, UAH
Cost of feed consumed per 1 kg piglet weight gain, UAH

Total feed and veterinary costs, UAH
Source: developed by the authors

At the same time, during the lactation period, feed
costs in the experimental group increased by 33.8
UAH or 1.7% compared to the control group. Addition-
ally, the cost of the used feed supplement must be
taken into account, which amounted to 290.0 UAH per
sow, whereas such costs were absent in the control
group. As a result, the total cost of all feed consumed
per sow in the experimental group was 257.1 UAH or
5.0% higher than in the control group. A similar dif-
ference was observed for the indicator of feed cost
consumed by the sow and piglets per litter, which in
the experimental group was 315.2 UAH or 5.7% high-
er than in the control group. However, when recalcu-
lated per unit of production, the difference between
the groups was much less pronounced. The cost of
feed consumed per weaned piglet in the experimen-
tal group was only 5.0 UAH or 1.2% higher than in the
control group. Similarly, the cost of feed per 1 kg of
piglet weight gain increased by 2.4 UAH or 2.8%. Costs
associated with the use of milk replacer were higher
in the experimental group, which corresponds to the
data presented in Table 4. The cost of milk replacer
per litter increased by 58.12 UAH or 17.6%, and per
weaned piglet by 3.15 UAH or 12.5%. Milk replacer

Table 5. Cost of feed consumed by sows and piglets under different feeding strategies

lower feed intake by sows in the experimental group
during pregnancy.

Group
| control Il experimental
3,193.4 3,126.7
1,988.1 2,021.9
0.0 290.0
5,181.5 5,438.6
331.13 389.25
25.20 28.35
5.09 5.82
5,512.6 5,827.8
419.5 424.5
84.8 87.2
5,722.60 5,965.65

costs per 1 kg of piglet weight gain also increased by
0.73 UAH or 14.3%. The summarising indicator of the
economic assessment was the total cost of feed and
veterinary preparations, which in the experimental
group was 243.05 UAH or 4.2% higher.

Thus, the use of the dietary fibre supplement led
to a moderate increase in direct costs associated with
feeding and management; however, considering the
reduction in the proportion of complicated farrow-
ings, lower expenditures on veterinary measures,and a
higher output of viable piglets, such costs are econom-
ically justified. The obtained results indicate the ap-
propriateness of evaluating the effectiveness of fibre
additives not only based on absolute costs but also us-
ing integrated indicators of reproductive and produc-
tion performance, since the outcome of commercial pig
production is not only physiological parameters and
animal welfare but also the concrete economic feasi-
bility of using a particular feeding strategy. Therefore,
the data in Table 6 are relevant, summarising the eco-
nomic results of using the dietary fibre supplement in
the feeding of pregnant sows and reflecting the inte-
grated impact of changes in reproductive, productive,
and cost indicators.

Table 6. Economic efficiency of using the dietary fibre additive

Indicator

Market value of weaned piglet litter, UAH
Additional value of weaned piglet litter, UAH

Additional costs for feed and veterinary preparations, UAH

Additional profit per sow, UAH
Additional profit per weaned piglet, UAH
Additional profit per 1 kg of piglet weight gain, UAH

Source: developed by the authors

Group

| control Il experimental
24,6979 25,563.1

0 865.12

0 243.05

0 622.07

0 45.31

0 9.13
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The market value of the weaned piglet litter in the
experimental group increased to 25,563.1 UAH, which
provided an additional litter value of 865.12 UAH or
+3.5%. The obtained increase in value was primarily
due to the higher number of weaned piglets and the
greater total litter weight, as shown in Tables 2 and 3.
At the same time, the application of the supplement
was accompanied by additional costs for feed and vet-
erinary preparations in the amount of 243.05 UAH per
sow, which corresponds to the results presented in Ta-
bles 4 and 5. The main components of these costs were
the price of the supplement itself, slightly higher ex-
penditures on lactation feed and milk replacer, as well
as total preventive measures costs. However, despite
the higher costs associated with the use of the addi-
tional fibre additive, the comparison of additional rev-
enues and costs indicates a clearly expressed positive
economic effect of its use. Thus, the additional profit
per sow in the experimental group amounted to 622.07
UAH, which exceeds the additional costs by more than
2.5 times. Per unit of production, this provided an addi-
tional income of 45.31 UAH per weaned piglet and 9.13
UAH per 1 kg of piglet weight gain.

As a result of the study, it was established that the
addition of dietary fibre to the diet of pregnant and
lactating sows had a positive effect on the course of
farrowing. A reduction in the proportion of compli-
cated farrowings was observed, which in turn led to a
decrease in the number of stillborn piglets. The addi-
tion of dietary fibre indirectly affected the reproductive
performance of sows. Animals receiving this feed sup-
plement had higher prolificacy by 0.58 (4.1%; p <0.01),
a higher number of piglets at weaning by 0.59 (4.5%;
p<0.01),and higher litter weights at birth and at wean-
ing by 1.06 kg (5.7%; p<0.001) and 2.92 kg (3.5%), re-
spectively, compared to their counterparts that did not
receive the supplement. These results are consistent
with the findings of B. Liu et al. (2021) and G. Cong et
al. (2025), who showed that increased fibre content in
the late gestation phase contributes to reduced farrow-
ing duration, decreased incidence of constipation, and
increased prolificacy. The obtained results also align
with studies by Y. Adi et al. (2022), Y. Liu et al. (2022),
and R. Boonprakob et al. (2024), which demonstrated
that increasing dietary fibre content during late ges-
tation and early lactation was associated with a 3-8%
reduction in constipation incidence, a shortening of
farrowing duration by 0.5-1.2 hours, and an increase of
0.3-0.7 live-born piglets. In experiments by T. Feyera et
al. (2021), fibre supplementation reduced perinatal
piglet mortality by 3.9%, while Y. Li et al. (2021) re-
ported an increase in litter weight of born alive piglets
by 1.1 kg at birth and 2.9 kg at weaning. Researchers
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T. Pedersen et al. (2020) and D. Lu et al. (2022) also
noted improved nutritional status of the fetus and off-
spring health with increased fibre intake.

The results of B. Liu et al. (2021) and A. Grahofer
& K. Plush (2023) also confirmed that an increase in
litter size, under adequate nutritional support, does not
reduce total litter productivity. The addition of dietary
fibre to sow diets positively affected feed conversion
efficiency, while the total feed intake over the exper-
imental period did not differ significantly between
groups. Improvements in feed conversion and stabili-
sation of feed intake during lactation due to structural
fibre, which influences intestinal motility, microbiota
formation, and sow appetite, were confirmed by the
findings of H.Jo & B. Kim (2023). At the same time, no
negative effects of dietary fibre supplementation were
observed, such as those reported by Y. Li et al.(2021) and
X.Liu et al.(2024) - namely reduced dietary energy den-
sity and feed palatability, which negatively affect fetal
growth and litter parameters. Despite positive physio-
logical effects, the economic aspects of fibre inclusion
remain insufficiently studied. P. Zhou et al. (2025) noted
the need to evaluate costs of ingredients, fibre inclu-
sion, and long-term benefits such as reduced piglet
mortality, increased lactation feed intake,and improved
productivity in subsequent reproductive cycles.

H. Jo & B. Kim (2023) described interconnected
mechanisms of fibre action, including the mechanical
effect of insoluble fibre, which increases satiety and re-
duces behavioural stress. ). Moturi et al. (2022) reported
that fermentation of soluble and partially fermentable
fibres in the large intestine produces SCFAs (acetate,
propionate, butyrate), which regulate metabolism, ap-
petite, and inflammatory processes. Similarly, R. Jha et
al.(2019) and E.Rinninella et al. (2019) noted that mod-
ulation of the gut microbiota increases the abundance
of Prevotellaceae and Ruminococcaceae, altering SCFA
profiles and inflammatory markers, thereby supporting
optimal performance during late gestation and milk
production. Overall, the results of the study confirm the
conclusions of the aforementioned researchers, indi-
cating the economic feasibility of rational dietary fibre
inclusion to optimise costs and increase profitability
of pork production. Thus, the use of 1.0% dietary fibre
supplement in sow feeding is an effective strategy for
improving their health and reproductive performance,
especially during late gestation and early lactation.

CONCLUSIONS
It was established that the inclusion of 1.0% of the fi-
bre feed supplement in the diet of pregnant and lactat-
ing sows significantly affects the course of farrowing,
reproductive performance, and economic efficiency of



production. The proportion of farrowings with compli-
cations in the experimental group decreased by 2.8%
compared to the control group, which was accompa-
nied by a reduction in the number of stillborn piglets
by 6.5% and a decrease in their proportion by 1.07
percentage points. As a result, prolificacy in the exper-
imental group increased by 0.58 or 4.1%, and the total
number of born alive piglets per farrowing increased
by 0.51 or 3.4% (p <0.05). The increase in total litter
weight at birth amounted to 1.06 kg or 5.7% more, and
at weaning by 2.92 kg or 3.5% more than in the control
group. Despite slightly lower absolute individual pig-
let weight gains during the suckling period (-0.08 kg or
-1.6% compared to the control), total litter productivity
increased. It was found that the total feed intake during
the pregnancy period decreased by 7.58 kg or 2.1% in
the experimental group, while average daily feed intake
decreased by 0.06 kg or 2.0%.

During lactation, there was a tendency toward an
increase in feed intake by 2.87 kg or 1.7%, with aver-
age daily intake increasing by 0.06 kg or 0.8%, which
is explained by the larger number of piglets per litter
and the increased nutritional requirements for lacta-
tion. Feed expenditure per weaned piglet decreased

Luhovyi et al.

ket value of the weaned piglet litter in the experimental
group increased by 865.12 UAH or 3.5%, which ensured
an additional profit of 622.07 UAH per sow and 45.31
UAH per weaned piglet. Thus, the results of the study
demonstrated that the inclusion of 1.0% of the fibre
supplement in the diet of pregnant and lactating sows
increases reproductive performance, improves animal
welfare, reduces the proportion of complicated farrow-
ings and stillborn piglets, promotes piglet growth and
survival, and enhances feed utilisation efficiency and
the economic profitability of production. Promising di-
rections for further research include optimising doses
and the ratio of soluble and insoluble fibres in diets,
as well as evaluating long-term effects on productivity
and production economics.
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BnnmB AoaaBaHHA K/TiITKOBUMHHOI KOPMOBOI f06aBKU
Ha 6naronosiyyysi CBMHOMATOK, iX BiATBOpPIOBasibHY NPOAYKTUBHICTb
Ta eKOHOMIYHi NOKa3HMKU onopocy
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AHoTauis. MeTow pocnigxeHb 6yno BuBYEHHS BNAMBY BkoveHHS 1,0 % KOpMOBOI KNiTKOBMHHOI A06aBKM A0
paLioHiB MOPOCHUX i MiACMCHMX CBMHOMATOK HA nepebir onopocy, BiATBOPKOBabHI MOKA3HMKM, IHTEHCMBHICTb
pocTy Ta 36epexeHiCTb NOPOCHT, @ TaKOX E€KOHOMIiYHY edeKTMBHICTb BMpPOOHMUTBA. JocnigkeHHS NpoBeeHO B
YMOBax MPOMMCIOBOr0 CBMHOKOMMIEKCY Ha ABOX rpynax CBMHOMATOK, COPMOBaHMX 3a MPWMHLMMNOM aHanOriB.
KoHTponbHa rpyna oTpuMMyBana CTaHAAPTHMI KOMOIKOPM BignoBigHO A0 (i3i0foriyHOro CraHy, a CBMHOMAaTKM
[OCNiQHOI rpyny [0AAaTKOBO OLEPXYyBanu KNiTKOBUMHHY Ao6aBky JELUVET® y nosi 10 kr/T koMbBikopMy KOPMOBOIi
KOHBEpCIii y nepepaxyHKy Ha OfHe BiAny4yeHe nopocs Ta Ha 1 kr npupocTy nopocsT. BctaHoBneHo, Wo 3acToCyBaHHS
KNITKOBMHM 3MEHLLYBANO YaCTKy ONOPOCIB 3 YCKNAAHEHHAMM Ha 2,83 % Ta 3HWXKYBaNO BUTPATM Ha NpodinakTUYHi
Ta NiKyBanbHi 3axoam Ha 72,16 rpH Ha ofHy cBMHOMATKY (34,4 %). baratonnigHicTb y AOCNiAHIM rpyni 3pocna Ha
0,58 ron. (4,1 %), a 3aranbHa KiNbKiCTb HAPOAXXEHWX NOPOCSAT HA OAUH ONOPOC NepeBuLLyBana KoHTponb Ha 0,51 ron.
(3,4 %). CepenHs Maca MepTBOHAapOMKEHUX NOpocaT 3Hu3munacs Ha 1,07 B.n., @ Maca rHisga XXmBUxX NOpocsT npu
HapomkeHHi nigsuwunaca Ha 1,06 kr (5,7 %), a npu BignyyeHHi — Ha 2,92 kr (3,5 %), 6e3 HeraTMBHOro BM/IMBY Ha
iHAMBIAYaNbHI NPUPOCTU NOPOCAT. 3aCTOCYBaHHA [,00aBKU He 36inbluyBano 3arajibHe CMOXMBAaHHSA KOpMIB, NpoTe
3MeHLWYBano BUTpaTH KopMy Ha 1 kr npupocty nopocsat Ha 0,21 kr (3,3 %) Ta Ha oaHe BianyyeHe nopoca Ha 1,71 kr
(4,2 %). EkoHOMIiYHa OUuiHKa NoKaszana, Wo A0AATKOBWUIA MpUOYTOK Ha OAHY CBMHOMATKYy CcTaHOBMB 622,07 rpH, wo
niaATBEPAMNO0 €KOHOMIYHY AOUINbHICTD BUKOPUCTAHHA KNITKOBMHHOI A006aBKU. OTpUMaHi pe3ynbTatv CBigumau, wo
BK/IOYEHHS 1,0 % KNiTKOBMHHOI [06aBKM 40 paLioOHYy MOPOCHUX i MiACMCHUX CBMHOMATOK MOKpalLyBano nepebir
onopocy, NiaBuwyBano 6araTonnigHICTb Ta CyMapHy MPOAYKTMBHICTb THi3ga MOpoOCAT, Cnpusno edeKTMBHOMY
BMKOPUCTAHHIO KOPMIB i 3a6e3nevyBano 3HaYHWIA EKOHOMIYHUI edeKT
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Abstract. The aim of the study was to determine the energy effect of adaptive regulation of water supply modes
and control of pumping equipment in the irrigation process. The study used analytical and balance methods,
instrumental measurements of pressure, flow, and electricity consumption. Energy costs for irrigation remained
(1,288 kWh/ha) with an average pump operating time of 9.6 h/day, which indicated the complete dependence of
the systems on pumping supply (100%). The spatial scale of irrigation was significantly reduced - to about 100
thousand ha in 2023 and 40.5 thousand ha in 2025, which corresponded to only 10-20% of the pre-war potential
(approximately 600 thousand ha). This condition was accompanied by losses of water (32-35%), energy (at least
30%) and critical wear of networks (over 75%). Optimisation of hydraulic modes provided a significant reduction
in the load on the system, which was manifested in a reduction in the operating pressure from 0.60 to 0.42 MPa,
a decrease in the power consumption of pumps from 56 to 39 kW and a decrease in the specific energy intensity
of pumping from 430 to 305 kWh/1,000 m>. The introduction of automated control using a sensor network
(humidity and pressure sensors) increased the adaptability of irrigation, increasing the frequency of irrigation
adjustments from 1 to 6 times/day. This allowed reducing water supply during rainy periods by 35%, reducing
seasonal energy consumption from 210 to 150 MWh and identifying 6 hidden leaks, which together confirmed
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the effectiveness of the transition to managed energy-saving modes of operation. The practical value of the study
lies in the possibility of its use by water management organisations, agricultural enterprises and designers of
land reclamation systems to reduce energy consumption, optimise irrigation modes and increase the efficiency of

operation of existing infrastructure

Keywords: soil moisture sensors; water consumption; loss reduction; irrigation adjustments; network wear

INTRODUCTION

The relevance of this study is due to the growing de-
pendence of the efficiency of agricultural production
on irrigation in conditions of increased variability of
climatic factors and instability of water supply. Irriga-
tion is increasingly considered as a technological tool
for stabilising yields and optimising the use of water
resources. At the same time, the importance of the en-
ergy component of pumping water is increasing, which
forms a significant share of operating costs. At the cur-
rent stage of the operation of irrigation systems, the
issue of increasing the energy efficiency is gaining par-
ticular relevance due to the need for rational use of
existing infrastructure and limited possibilities for its
rapid modernisation. The issues of this study are due to
the preservation of non-adaptive hydraulic operating
modes of pumping stations, significant energy losses
during water transportation and insufficient level of
automation of irrigation network management. Oper-
ation of systems with fixed pressure-flow parameters
makes it difficult to coordinate water supply with ac-
tual irrigation needs and leads to overconsumption of
electricity. Limited implementation of sensor monitor-
ing and adaptive control algorithms reduces the pos-
sibilities of operational optimisation of water supply
modes. The combination of these factors forms sys-
temic limitations of irrigation energy efficiency, which
require targeted scientific analysis and substantiation
of engineering solutions.

As part of the research on irrigation energy supply,
0. Sadovoy et al. (2024) substantiated the possibility
of using solar energy installations to power sprinkler
systems. The proposed solutions outlined ways to in-
crease the energy autonomy of pumped water supply.
In the works on electrical support of irrigation sys-
tems, O. Sadovoy et al. (2023) calculated the optimal
geometric parameters of electrical control devices. The
analysis demonstrated the importance of coordinating
the design characteristics of the equipment with the
operating modes of irrigation networks. In the direc-
tion of engineering optimisation of technical systems,
V. Hruban et al. (2025) used finite element methods to
assess the stress-strain state of agricultural machin-
ery. The modelling performed allowed determining
approaches to increasing the operational reliability of

structural elements. Taking into account the develop-
ment of measurement technologies, J. Liu et al. (2024)
systematised modern sensor solutions for controlling
the parameters of hydraulic valves and systems. The
above generalisations formed the basis for increas-
ing the accuracy of monitoring and controllability of
hydraulic processes.

Within the framework of research on intelligent
control of hydraulic systems, PM. Bhagwat et al. (2024)
considered the use of adaptive control algorithms to
reduce energy costs. The proposed approaches indi-
cated the possibility of increasing the efficiency of
hydraulic systems by optimising control effects. In the
field of electro-hydraulic drives, R. Jin et al. (2024) de-
veloped artificial intelligence (Al)-oriented variable
speed and displacement drive modules. The results
presented demonstrated the potential of intelligent
control for energy saving in complex hydraulic systems.
In the field of multi-criteria optimisation of pumping
modes, B. Brentan et al. (2024) considered approach-
es to controlling pumping stations in water distribu-
tion networks, taking into account energy, quality and
operational constraints. The proposed control model
provided a balance between energy efficiency and sys-
tem stability. Based on artificial intelligence methods,
L.R.Salvino et al. (2022) developed a water distribution
network control system using artificial neural networks.
The applied approach allowed adapting pump oper-
ating modes to variable loads with an orientation to-
wards reducing energy costs.

Within the framework of a general review, Y. Ji et
al. (2023) systematised the directions for increasing
the efficiency of hydraulic turbines in energy recovery
processes. The analysis outlined the potential for en-
ergy recovery in hydraulic and water management sys-
tems. From the perspective of industrial digitalisation,
K. Sumit et al. (2022) investigated the implementation
of Industrial Internet of Things technologies in hydrau-
lic presses for the purpose of energy saving. The pro-
posed solutions were based on continuous data collec-
tion and adaptive adjustment of equipment operating
modes. In the field of mobile hydraulic systems, P. Fre-
sia et al. (2022) analysed combined drive speed control
and centralised power supply as tools for increasing
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energy efficiency. The considered concepts identified
the possibilities of reducing energy losses through co-
ordinated control of drive systems. At the level of digi-
tal hydraulics, I. Azzam et al. (2022) studied approaches
to reducing energy consumption in hybrid hydraulic
transmissions. The use of discrete flow control ensured
an increase in the overall efficiency of systems without
complicating the design scheme.

The quantitative assessment of the energy effect
of the combination of hydraulic mode optimisation,
inverter control and intelligent control in real irriga-
tion networks remained insufficiently studied. The aim
of the study was to quantitatively assess the impact of
hydraulic mode optimisation, inverter control and au-
tomated control on the energy efficiency of pumping
water in irrigation systems. The objectives of the study
were to analyse the energy characteristics of pumped
water supply, assess the effect of optimising hydraulic
modes using inverter pumps, and determine the impact
of automation and sensor monitoring on the energy
consumption of irrigation systems.

MATERIALS AND METHODS

Research conditions and objects of observation

The research was carried out in 2023-2025 on the basis
of the scientific park of the Mykolaiv National Agrar-
ian University “Agroperspectiva” with the involvement
of a sample of typical operating sprinkler systems in
southern Ukraine, which were operated exclusively
with pumped water supply and functioned on central-
ised pressure networks. The sample included 8 pump-
ing stations (n=8) and 12 irrigation systems (n=12)
with centralised pumping stations and pressure-type
distribution networks, focused on ensuring the opera-
tion of frontal action (linear move), circular action (cen-
tre pivot), drum sprinkler systems (hose reel irrigators),
as well as on-farm hydrants. The study combined the
generalisation of open statistical materials on the func-
tioning of irrigation systems in Ukraine with an exper-
imental and computational assessment of the effects
of optimising hydraulic regimes. Initial data on energy
consumption, water supply volumes and spatial scales
of irrigation were used to form baseline levels of indi-
cators and normalise results without interfering with
the operational modes of the facilities. The research
was carried out in compliance with the European Code
of Conduct for Research Integrity (All European Acade-
mies, 2023), which regulated the ethics, transparency,
and reproducibility of scientific research.

The analysis was carried out on existing sprinkler
systems in southern Ukraine, which were operated
with pumped water supply and were based on centrif-
ugal pumping units of horizontal and vertical design
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with a nominal flow of 80-150 m3/h and a head of 40-
70 m. Such pumping equipment was selected due to
its typical application in land reclamation networks,
constructive versatility and technical suitability for the
implementation of frequency control without replacing
pumps. Pump operation modes were controlled using
Danfoss VLT® AQUA Drive FC 202 (Danfoss, Denmark)
and Schneider Electric Altivar Process ATV630 (Schnei-
der Electric, France) inverter drives, focused on water
supply and wastewater systems. The use of these drives
was due to the support for pressure stabilisation, built-
in energy optimisation functions, and compatibility
with sensor networks of irrigation systems.

Power consumption parameters
in pump irrigation systems
Total electricity consumption by pumping stations (mil-
lion kWh) was formed on the basis of aggregated data
for each studied pumping station, with subsequent
statistical generalisation. The initial values of energy
consumption were taken into account separately for
each facility (n stations), after which descriptive sta-
tistics methods were applied - summation, calculation
of average values and interval estimation of variation
(standard deviation, coefficient of variation). The spe-
cific energy intensity of water pumping (kWh/1,000 m3)
was determined on the basis of generalised official
statistical materials of state water resources manage-
ment bodies of Ukraine based on the results of the Ir-
rigation season 2025 (2025). The data were formed by
aggregating reporting information from pumping sta-
tions on actual electricity consumption and volumes of
supplied water.

The specific energy consumption of water supply
(kWh/m?3) was calculated by formula:

E, =2, M
where E, - specific energy consumption of water supply,
kWh/m?>; E, , - total electricity consumption by pumping
units for the calculation period, kWh; V - actual volume
of water supplied for the same period, m®. Electricity
consumption per 1 ha of irrigation (kWh/ha) was deter-
mined by formula (1).

The maximum daily energy intensity of the supply
was determined as the ratio of the maximum daily elec-
tricity consumption by pumps to the corresponding dai-
ly volume of supplied water according to the formula:

_ Ed,max
Emax - Vg ’ (2)
where E_ - maximum daily energy intensity of water
supply, kWh/m?/day; E, ... — maximum daily electricity

,max



consumption by pumping units, kWh; V, - daily volume
of water supplied on the corresponding peak load day,
m>. The average duration of pump operation per day
was determined instrumentally, for this purpose the
Fluke 1738 Power Logger electricity analyser (USA)
was used.

Scale and structure

of irrigation infrastructure operation

The actual area of irrigation in 2023 (thousand hec-
tares) was determined based on analytical materials
from agricultural information resources and industry
reviews that summarised official data on the actual
operation of irrigation systems after 2022 (In Ukraine,
the area..., 2024).

The total area of irrigated land in 2025 (thousand
hectares) and the number of regions with active irri-
gation were determined based on official information
reports from central executive bodies and state infor-
mation agencies that summarised the results of the
functioning of the land reclamation infrastructure (In
Ukraine, the total area..., 2025). The area with con-
cluded water supply contracts (thousand hectares)
was determined based on data from industry analyt-
ical reviews formed on the basis of information from
irrigation system operators and water users (Ukraine is
increasing the area..., 2025).

The average irrigation area per region (thousand
hectares/region) was determined by the calculation
method using the formula:

Aug =2, )
where A, - average irrigated area per region, thousand
ha/region; A,, — total area of irrigated land, thousand
ha; N - number of regions with active irrigation. The
share of the pre-war irrigation level (%) was deter-
mined according to the source data containing an esti-
mate of the pre-war base level and current areas (The
first step..., 2026).

Operational condition and resource losses
of water management networks
The pre-war potential of irrigated areas (thousand
hectares) was determined based on generalised an-
alytical materials of agricultural and water manage-
ment surveys that characterised the design capacity
of Ukraine’s land reclamation infrastructure until 2022
(In Ukraine, the area..., 2024). Water losses during
transportation (%) were determined by the balance
method using the formula:

Vin=Vour

L,, = f Yo 5 100, 4)

in
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where L, - water losses during transportation, %; V,, -
volume of water supplied by the pumping station to the
network, m?; V, . - volume of water recorded at the final
water intake points, m3.

The share of energy losses in pumping systems
(%) was determined based on the results of industry
scientific research and generalised technical and eco-
nomic assessments of the efficiency of pumping sta-
tions (Stashuk et al., 2024). The degree of wear of irri-
gation networks since the beginning of 2022 (%) was
determined in specialised industry analytical materials
(Irrigation in Ukraine 2026..., n.d.). The share of sys-
tems without automated control (%) was determined
by the inventory method based on the analysis of the
presence of frequency converters and regulators in the
pumping stations.Automated systems included stations
equipped with frequency converters of the Danfoss VLT

Aqua Drive FC 202 type (Denmark).

The impact of pressure regulation

and frequency control of pumps

The comparison was performed between the operat-
ing modes of pumping stations before optimisation,
which were characterised by fixed pressure-flow pa-
rameters, and after optimisation, in which the regu-
lation of the operating pressure and flow was carried
out by inverter drives taking into account the hydrau-
lic conditions of the network. Monitoring in the “be-
fore optimisation” mode lasted 30 days, in the “after
optimisation” mode - 30 days; the parameters were
recorded in 5-minute increments, which formed 288
measurement intervals per day for each station. The
analysis was performed for no less than 10 repetitions
of stabilised operating cycles in each mode; the crite-
rion for a stable hydraulic state was considered to be
a deviation of the operating pressure of no more than
£3% and a flow of no more than #5% for at least 20
minutes of continuous operation.

The operating pressure in the network (MPa) was
determined by direct measurement using digital strain
gauge pressure sensors WIKA A-10 (Germany) and Sie-
mens SITRANS P320 (Germany), installed in the con-
trol nodes of the pressure pipelines. The obtained val-
ues were used as input parameters for calibrating the
hydraulic model of the network in the Environmental
Protection Agency Network Evaluation Tool (EPANET),
which allowed specifying the spatial distribution of
pressures and head losses.

The average water flow rate (m?/h) was determined
from the readings of electromagnetic flow meters Sie-
mens MAG 5100W (Germany) or ultrasonic flow meters
Endress+Hauser Prosonic Flow W (Switzerland), mount-
ed on the pressure pipelines. The values were averaged
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over stable hydraulic conditions, which ensured the rep-
resentativeness of the data for further calculations. The
power consumption of the pumps (kW) was determined
from the instantaneous values of active power recorded
by three-phase electrical energy analysers Fluke 435-11
(USA) or stationary meters Schneider Electric PM8000
(France), with subsequent integration over time.

The specific energy intensity of pumping
(kWh/1,000 m?) was determined by the formula:

E, = % x 1,000, (5)
where E, - specific energy intensity of pumping, kWh/
1,000 m?; E,, - integrated electricity consumption by
pumping units,kWh; V-total volume of pumped water,m?.

Hydraulic head losses (m) were determined as the
difference between the total head at the outlet of the
pumping station and the head at the control nodes of
the network, taking into account the results of model-
ling in EPANET 2.2 (U.S. EPA), where the calculation in
the Extended Period Simulation mode, actual lengths
and diameters of pipelines, roughness coefficients for
pipe material, nodal flows, specified boundary condi-
tions based on measured pressure and flow values, as
well as a simulation time step of 5-10 min were used.
This approach allowed combining the results of field
measurements with a computational analysis of the
distribution of losses along the network.

Intelligent regulation of water supply

under changing conditions

Comparisons were made between the operating modes
of irrigation systems without automation, based on
fixed water supply settings, and modes with automa-
tion, in which control was carried out on the basis of
sensor monitoring and adaptive control algorithms. The
input variables of the algorithm were the deviation of
soil moisture from the established target range and
the deviation of pressure in the network from the giv-
en setpoint, while the control effect was implemented
by changing the frequency of rotation of pumps with
inverter drives through the correction of the parame-
ters p,,, or Q,,.. The fuzzy rule base was formed in the
form of conditional dependencies of the type: if soil
moisture decreased below the standard interval at an
allowable pressure level,a moderate increase in supply
was carried out; optimisation of solutions was carried
out according to the criterion of minimising specific
energy consumption while simultaneously observing
the restrictions on the limit pressure and agrotechni-
cally allowable humidity. The number of soil moisture
sensors and wireless pressure sensors (units) was de-
termined by the inventory method based on the actual
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configuration of the sensor network of the irrigation
system. The installed capacitive soil moisture sensors
Decagon EC-5 (Meter Group, USA) and wireless strain-re-
sistive pressure sensors WIKA A-10 (WIKA Alexander
Wiegand SE, Germany), integrated into the network con-
trol nodes and pump groups, were taken into account.

The frequency of irrigation mode correction (times/
day) was determined by the calculation method as the
number of changes in the water supply control param-
eters during the daily interval. The calculation was per-
formed according to the formula:

fo="5 (6)
where f. - frequency of correction of irrigation modes,
times/day; n. - number of corrections of control pa-
rameters during the observation period; t — duration
of the observation period, day. Corrections were initiat-
ed by rule-based and adaptive control algorithms that
combined rule-based control and fuzzy logic control.
Threshold conditions were formed based on the devi-
ation of soil moisture from the target interval and ex-
ceeding the permissible pressure limits in the network,
while the fuzzy algorithm ensured a smooth change in
pump flow and head in transient modes.

The change in water supply on rainy days (%) was
determined by analytical method as the relative differ-
ence between the average daily water flow in the ab-
sence of precipitation and on days with precipitation
25 mm/day, which were classified as rainy according to
the established threshold criterion. The water supply
volumes were determined by the readings of electro-
magnetic flowmeters Siemens SITRANS MAG 5100W
(Siemens AG, Germany) installed on pressure pipelines.
The seasonal energy consumption of the system (MWh)
was determined by integrating the instantaneous val-
ues of the active electric power of the pumping units
for the entire growing season. The generalised calcula-
tion was carried out by formula:

T
Frwn = | PO d, )

0
where £, - seasonal energy consumption of the sys-
tem, MWh; P(t) - instantaneous active power of pump-
ing equipment, kW; T — duration of the growing season,
h. Power measurements were performed using three-
phase PowerLogic PM8000 electricity analysers (Sch-
neider Electric, France).

The detected pipeline leaks (units/season) were
determined by the hydraulic method, based on the
analysis of the discrepancy between the calculated and
measured parameters of pressure and water flow. For
this purpose, a comparison of the results of network



modelling in the EPANET 2.2 software environment
(U.S. EPA) with the actual data of pressure sensors and
flow meters was used, with local anomalies being con-
sidered as indicators of possible leaks. The given indi-
cators were given as average values for intervals of sta-
ble hydraulic regime, and the variability of the results
was assessed by the range of fluctuations and, by the
standard deviation, which ensured the correct statisti-
cal representation of numerical data.

RESULTS
Energy consumption assessment
of water pumping transportation
The analysis of energy consumption within the stud-
ied systems allowed forming a quantitative character-
istic of the functioning. The total energy consumption
by pumps was 51.5 million kWh. The obtained value
indicated the energy costs for supporting the water
supply system throughout the entire growing sea-
son. The value of energy consumption showed a low
correlation between the actually irrigated area and
its physical characteristics. At the same time, the ob-
tained indicator was consistent with the fact that the
inertia of the operating modes of pumping stations, in
which a decrease in water supply was not accompa-
nied by a proportional change in pump power or oper-
ating time, led to an increase in the energy intensity of
the irrigation process in the studied irrigation system.
Thus, the energy consumed by pumps did not corre-
spond consistently to the actual load of the system.
The specific energy intensity of the water pumping
process was 393.7 kWh/1,000 m?, which reflected the
energy costs for water transportation under the estab-
lished hydraulic conditions. The obtained values con-
firmed the influence of all factors that formed energy
costs in the studied area. Energy costs were based on
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pressure losses in pumping stations, on the lack of cor-
relation of pump operating modes and on the techni-
cal condition of the system pipelines. Therefore, in this
form, this analysis of the indicator confirmed that the
cause of energy costs was mainly associated with the
hydraulic mismatch of the irrigation system, and not
with an increase in the need for water supply for irri-
gation. This level of specific energy intensity indicated
the possibility of reducing electricity costs without re-
ducing irrigation volumes in this case. The specific en-
ergy consumption of water supply was 0.394 kWh/m?,
which determined the energy costs for transporting a
unit of water. The obtained value reflected the average
value of all elements of the system, from pumps to
the final water distribution nodes. Thus, the analysis
of this indicator confirmed that the established oper-
ating mode of the pumps achieved stability of water
supply. In this case, the pumps exceeded the optimal
pressure parameters, which indicated a non-adaptive
approach to resource optimisation during the opera-
tion of pumping stations.

The integral value of electricity consumption per
unit area was 1.288 kWh/ha, which quantitatively re-
flected the energy costs of irrigation per unit of pro-
duction. The obtained value reflected the integral im-
pact of the duration of operation of pumping stations,
pumping modes and irrigated areas. Analysis of the
value of the obtained indicator showed that electricity
consumption bypassed the issue of resource improve-
ment of the irrigation system in favour of ensuring its
economic benefit. At the same time, even with mini-
mal deviations from the pump operation settings, an
increase in electricity consumption per hectare of pro-
duction was observed in the study area, which nega-
tively affected the sustainability of the irrigation sys-
tem in terms of changes in its consumption (Table 1).

Table 1. Energy characteristics of pumped water supply in irrigation systems of Ukraine (2025)

Indicator (unit) Value
Total electricity consumption 515
by pumping stations (million kWh) :
Specific energy consumption 393.7
of pumping (kWh/1,000 m?®) ’
Specific energy consumption 0.394
of water supply (kWh/m?) :
Electricity consumption per 1 ha 1288
of irrigation (kWh/ha)
Average pump operation time 96
per day (hours) .
Maximum daily energy consumption 0.47
of supply (kWh/m?*/day) :
Share of pump supply 100

in irrigation (%)

Note

Generalised operational data of pumping stations that provided water supply
in functioning irrigation systems during the 2025 growing season

The value is given in terms of the volume of water actually supplied and reflects the
relationship between energy consumption and water flow in pumping networks

Normalised energy characteristic of pump flow, used to compare operating modes
of systems regardless of the spatial and production scales

Given in relation to the area of land in 2025 actually involved in irrigation

during the period under study

Average value obtained during the period of active operation
of pumping equipment during the growing season

Characteristics of system operating modes under conditions

of increased daily water supply intensity

Reflects the structure of water supply within the studied irrigation systems
in the absence of alternative water supply sources

Source: compiled by the authors based on Irrigation season 2025: Over 40 thousand hectares of Ukrainian lands provided

with water (2025)
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The generalisation of the obtained results al-
lowed establishing that the energy characteristics of
the pumped water supply were determined by a com-
bination of high total energy consumption, increased
specific energy intensity of pumping and significant
electricity consumption per irrigation area. The set of
numerical values obtained indicated that the existing
hydraulic modes were not optimised in terms of energy
efficiency and did not take into account the real needs
of irrigation. The results of this section confirmed the
feasibility of further analysis of the impact of pressure
optimisation, modernisation of pumping equipment
and the introduction of automated control as tools for
reducing energy consumption.

Spatial characteristics and management organisation
of irrigation

The actual irrigation area in 2023 was approximately
100,000 hectares. This indicator reflected the physical
scale of operating irrigation systems in the post-crisis
period and characterised the level of use of the existing
infrastructure. The result obtained indicated that irriga-
tion was carried out in limited and heterogeneous are-
as, which made it difficult to establish stable hydraulic
regimes. In this situation, pumping stations operated at
sub-maximum capacity, and water supply regimes were
often determined by the local needs of individual are-
as, rather than by agreed management schemes. The
established scale of irrigation confirmed the existence
of a gap between the potential of irrigation infrastruc-
ture and the level of its use. In 2025, the total area of
irrigation decreased to 40.5 thousand hectares, which
reflected a further narrowing of the spatial coverage
of irrigation. This indicator characterised the transi-
tion of the system to a localised mode of operation, in
which irrigation was carried out in limited areas with-
out the possibility of uniform load distribution between

network elements. Such a concentration of irrigation in
limited areas led to an increase in the uneven oper-
ation of pumping stations and complicated the appli-
cation of centralised approaches to optimising water
supply. The result showed that the spatial narrowing of
irrigation was accompanied by a loss of flexibility in the
management of hydraulic regimes.

The area of land with formalised water supply con-
tracts was about 40,000 hectares, which reflects the
organisational level of readiness of irrigation systems
for operation. This indicator characterised the volume
of areas for which formalised water use conditions
were organised and which had access to pumped wa-
ter supply. The result showed that the majority of actu-
ally irrigated areas operated within the framework of
formalised contractual relations. However, the spatial
boundaries remained narrow. As a result, the organi-
sational structure of water supply was aimed at sup-
porting a minimally sufficient irrigation infrastructure,
rather than at fully utilising the capabilities provided
by existing networks. This approach created conditions
under which pumping stations operated in modes that
did not allow for optimal distribution of flows in space.
The share of actual irrigation from the pre-war level
was 10-20%, which was explained by the use of dif-
ferent bases of comparison - the design potential of
the systems or the actually operated areas in previ-
ous years. The obtained indicator indicated the loss of
most of the pre-war irrigation potential and a sharp
reduction in the scale of infrastructure use. Under
these conditions, spatial planning of irrigation lost its
systematicity,and pumping stations were operated un-
der conditions of uneven and limited load. The analysis
confirmed that the current scale of irrigation does not
allow realising the design advantages of centralised
water supply networks and does not significantly re-
duce specific energy costs (Table 2).

Table 2. Spatial and organisational scale of irrigation operation in Ukraine (2023-2025)

Indicator (unit) Value

Actual irrigation area in 2023 ~100
(thousand hectares)

Total area of irrigated land

in 2025 (thousand hectares)
Number of areas

with active irrigation (units)

Area with concluded water supply ~40

contracts (thousand hectares)
Share of pre-war
irrigation level (%)

Average irrigated area per region ~10
(thousand hectares/region)

40.5

4

Note

The indicator reflected a sharp reduction in irrigation after 2022.
The area limitation reduced the efficiency of using existing infrastructure

The value characterised the current level of irrigation restoration.
It remained significantly lower than the pre-war potential
The indicator showed a high regional concentration of irrigation in Zaporizhia, Kirovohrad,
Mykolaiv and Odesa regions. The main load fell on a limited number of regions

The indicator reflected the real volume of functioning systems.
It testified to organisational readiness for irrigation

The value indicated the loss of a significant part of the potential.
This necessitated the modernisation of existing systems

The indicator was used to assess the scale of the load on regional systems.
It was applied in modelling pumping modes

Source: compiled by the authors based on In Ukraine, the area of irrigated land has decreased sixfold (2024), In Ukraine,
the total area of irrigated land exceeded 40 thousand hectares (2025), Ukraine is increasing the area of irrigated land:
Contracts for 40 thousand hectares have been signed in four regions (2025), The first step: The irrigation market in
Ukraine has begun to recover (2026)
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The summary of the results allowed establishing
that the spatial and organisational scales of the irri-
gation system during the studied period were distin-
guished by a significant reduction in area, localised
water supply and limited integration of areas into a
single system. The combination of small actual irri-
gation areas with narrow but formalised water use
zones created conditions under which pumping sta-
tions operated outside the optimal operating modes.
The numerical values obtained as a result of the
analysis indicate that spatial restrictions and the or-
ganisational structure of the irrigation system had
a significant impact on the operation of pumping
equipment and contributed to an increase in specific
resource consumption.

Network wear and loss of water and energy resources

The level of water losses during transportation was
32-35%, which characterises the scale of the discrep-
ancy between the volume of water supplied by pump-
ing stations and the amount of water actually used for
irrigation. This indicator was formed as a result of the
cumulative effect of long open channels, worn pipe-
lines and leakage of network elements. Under such
conditions, water transportation was associated with a
systematic decrease in its useful flow along the entire
length of the irrigation system. The established level
of water losses meant that a significant part of the
pumped water supply did not participate in irrigation,
which led to an increase in the total volume of water
supply and a corresponding increase in the load on the
pumping equipment. The physical condition of the net-
works was characterised by a degree of wear of 275%.
This indicator reflected the degree of degradation of
the main structural elements of the irrigation infra-
structure, including pipelines, channels, valves and
connecting nodes. Under such conditions, the network
operated mainly outside its design parameters, which
determined the instability of hydraulic conditions. The

Khramov et al.

wear of the infrastructure was accompanied by an in-
crease in the roughness of the internal surfaces, local
deformations and a partial loss of throughput in some
areas.As a result, water was supplied under conditions
of increased head losses, which required maintaining
increased operating parameters of the pumping units.

The share of energy losses in pumping systems
was 230%, which reflected the ratio between the to-
tal electricity consumption and its useful part spent
directly on water supply, and included the costs of
overcoming the hydraulic resistance of the network,
pressure losses in pipelines, pump operation beyond
the optimal efficiency coefficient, and additional ener-
gy costs associated with the instability of the modes.
This indicator was formed under conditions of incon-
sistency of the operation of pumps with the actual
hydraulic characteristics of the network, as well as
the need to compensate for pressure losses in worn
sections of the network. Under such conditions, part
of the electricity was spent on supporting operating
modes not related to the useful transportation of wa-
ter, which increased the total energy consumption of
irrigation. The established share of energy losses re-
flected the structural inefficiency of the system due
to the combination of the technical condition of the
network and the operating modes of pumping units.
A comprehensive analysis of the obtained indicators
allowed outlining the nature of the relationship be-
tween the technical condition of irrigation networks
and resource losses. High levels of water losses gen-
erated increased pumping costs, which were accom-
panied by increased energy consumption to support
such losses. The high degree of infrastructure dete-
rioration determined the instability of hydraulic re-
gimes and limited the precise regulation. The share
of energy losses in pumping systems reflected the
consequences of such operation, when the efficien-
cy of electricity use decreased due to compensation
for technical and hydraulic deficiencies (Table 3).

Table 3. Technical condition and resource losses of irrigation networks in Ukraine

Indicator (unit) Value Note
Pre-war potential of irrigated areas ~600 The indicator characterised the design capacity of the systems. The difference
(thousand hectares) with the actual areas indicated the degradation of the infrastructure
. PN ) The value reflected physical losses in channels and pipelines.
Water loss during transportation (%) 32-35 These were associated with filtration and excess pressure
Share of energy losses 30 The indicator indicated inefficient operation of pumping equipment.
in pumping systems (%) i Its decrease was expected with optimisation of operating modes
Degree of wear of irrigation networks 75 The value indicated a critical technical condition of the networks,
at the beginning of 2022 (%) (%) ” which led to an increase in hydraulic and energy losses
Share of systems 85 The value indicated the predominance of manual control.

without automated control (%)

This reduced the adaptability of the systems to weather conditions

Source: compiled by the authors based on In Ukraine, the area of irrigated land has decreased sixfold (2024),V.A. Stashuk et
al. (2024), Irrigation in Ukraine 2026: Prices, competition for water, state support and new irrigation technologies (n.d.)
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Thus, the results of the study reflected the set of
technical and operational characteristics of irrigation
networks, within which water and energy losses were
formed during water pumping. The established values
of water losses, the degree of physical wear of the in-
frastructure and the share of energy losses outlined
the real parameters of the networks’ functioning in the
studied period and determined the nature of the inter-
action between the technical condition of the system
and its operating modes. The results obtained recorded
the existing limitations of the functioning of irrigation
networks, which affected the level of resource load and
operating conditions of pumping equipment.

Adjustable pumping modes and reduction

of hydraulic losses

After the formation of optimised hydraulic operating
modes, the operating pressure in the irrigation network
was set at 0.42 MPa. This parameter indicated the ad-
justment of the pump operating modes using frequen-
cy modulation, which allowed stabilising the hydraulic
conditions in the network. The irrigation network oper-
ated at this pressure level without loss of fluid flow, and
the load on its elements was uniform along the supply
path. The operation of the network in such conditions
of reduced pressure was associated with a decrease
in local head losses and stabilisation of flow patterns.
The formation of this operating pressure demonstrated
the possibility of irrigation systems operating without
the use of redistributed head reserves characteristic of
standard operating modes. The electrical load on the
pumping system in conditions of optimised hydraulic
operating modes was 39 kW. This value reflected the
stability of the pumps during the water supply process
in the absence of peak overload. The pumping system
operated with soft frequency modulation without sharp
fluctuations in electricity consumption. Compliance of
the pump operating modes with the actual needs of
water supply ensured the stability of energy consump-
tion during the water supply process. The recorded
electricity consumption was manifested as a transfor-
mation of the energy consumption pattern from pulsed
to uniform, which had a positive effect on the energy
balance of irrigation.

The specific energy consumption for water trans-
portation under conditions of optimised hydraulic op-
erating modes was 305 kWh/1,000 m3. This parame-
ter indicated the ratio of energy consumption to the
supplied volume, which was maintained within the
established hydraulic operating modes. The achieved
level of this parameter became possible due to the
correlation between the reduced operating pressure
and the operation of pumping equipment within the
parameters close to its design capacity. Water trans-
portation under these conditions had a reduced level
of unproductive energy consumption associated with
the overcompensation of head reserves. The achieved
level of specific energy consumption demonstrated a
new level of energy efficiency in the process of water
supply for the needs of existing irrigation networks.
Based on these indicators, it was possible to charac-
terise changes in the energy properties of pumping
irrigation networks under optimised hydraulic oper-
ating modes. Reducing the operating pressure creat-
ed conditions for reducing electrical loads directed at
pumping systems, which is manifested in reducing the
values of electricity consumption. Stabilising the op-
erating modes of pumping equipment simultaneously
ensured the creation of a uniform picture of energy
consumption and reducing energy losses associated
with the use of incongruent operating modes. The re-
corded level of specific energy consumption included
both changes in relative units, which improves the
understanding of the efficiency of water supply re-
gardless of the scale of the network. The presented
numerical indicators characterised the increased en-
ergy efficiency of irrigation network by adjusting the
operating modes without changing the physical pa-
rameters of the pumps of irrigation networks. The op-
eration of pumping systems under optimised pressure
and inverter control ensured a better match between
the hydraulic properties of irrigation infrastructures
and the ratio of head and flow of pumps. The oper-
ation of irrigation infrastructures under these condi-
tions-maintained modes as close as possible to the
design ones, minimising the energy requirements for
irrigation caused by technical shortcomings of drain-
age infrastructures (Table 4).

Table 4. Effect of pressure optimisation and use of inverter pumps

Before After

Indicator (unit)

optimisation optimisation
Working pressure in the

network (MPa) ey tez
Average water flow (m*/h) 120 92
Hydraulic head loss (m) 19 11
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Pressure reduction eliminated excess hydraulic losses.

Optimisation was achieved through modelling in EPANET

The indicator reflected the transition to the optimal supply mode.
This prevented excessive water and energy consumption

The reduction in losses indicated an increase in network efficiency.

This had a positive effect on pump efficiency
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Before After

Indicator (unit)

Table 4, Continued

optimisation optimisation

Pump power consumption 56 39

(kW)
Specific energy consumption
of pumping (kWh/1,000 m3)

Source: compiled by the authors

430 305

Thus, the results of the study outlined the quan-
titative parameters of the energy effect achieved as
a result of optimising hydraulic modes and using in-
verter control of pumping equipment. The established
values of operating pressure, consumed electric power
and specific energy intensity of pumping determined
new operational limits of pumping water supply within
the existing irrigation systems under adjusted operat-
ing modes. The set of the above parameters reflected
the change in the nature of the system’s energy con-
sumption and formed a quantitative basis for further
assessment of the impact of automated control, sensor
monitoring and intelligent regulation algorithms on ir-
rigation modes and total energy costs in the conditions
of the actual technical condition of the networks.

Sensor monitoring as the basis

of dynamic irrigation modes

The number of soil moisture sensors in the system was
24 units, which provided spatially detailed tracking of
the state of moisture within the irrigated areas. This dis-
tribution of the sensor network created a continuous ar-
ray of data on spatial and temporal changes in moisture
detected and distributed in the air to adjust irrigation
modes. The established density of sensors compensat-
ed for the uneven moisture state in soil conditions and
microrelief of the irrigated area, thereby minimising
the need for irrigation according to averaged schemes.
Adaptive irrigation schemes and the amount of water
supplied to plants corresponded to the needs. Under
these conditions, the risk of over-watering reduced the
unproductive energy consumption associated with the
operation of the pumping station. The irrigation system
for supporting and monitoring hydraulic parameters
included 18 wireless pressure sensors distributed in
a spatially distributed network along the supply and

Without automation

(traditional control With

Indicator (unit)

without adaptive
algorithm)

Number of soil moisture
sensors (units)

Number of wireless pressure
; 2 18
sensors (units)

Table 5. The impact of automation, sensors, and Al control on irrigation modes

automation

The indicator reflected the direct energy effect of the optimisation.

The reduction corresponded to a level of 20-30%

The indicator was used to compare system operation scenarios.

It confirmed the effectiveness of the optimisation

distribution sections. This configuration allowed for re-
al-time control of the pressure supply rate throughout
the network, which allowed for dynamic regulation of
the pump and equipment. Stable hydraulic conditions
created under these conditions reduced the need to
maintain an excess supply of hydraulic pressure. This
constant and stable configuration of the pressure sen-
sor network created uniform water transport conditions
that evenly distributed energy consumption to the
pumping station, instead of concentrating unproductive
electricity consumption.

The number of irrigation mode adjustments per day
was 6, which characterised the high level of adaptabil-
ity of the Al-based control system. These changes oc-
curred in response to soil moisture sensors and weath-
er sensors connected through Al-driven algorithms.
Under these conditions, the water supply management
was adjusted to provide reduced irrigation according to
strict schedules. Regular irrigation mode adjustments
up to six times a day allowed the pumps to operate as
needed. Given this practice, electricity consumption was
levelled without the peak loads that are usually caused
by traditional control systems. The seasonal electrici-
ty consumption for this automated irrigation manage-
ment system was 150 MWh. This figure represented
the total electricity consumption calculated during the
growing season. This value stabilised at a fixed level
after the conditions of energy supply to the irrigated
plants stabilised. This new seasonal energy consump-
tion curve stabilised as a result of adapted pumping
stations and pumps, dynamic pressure correction and
non-invasive control of irrigation modes based on ar-
tificial intelligence. Such seasonal energy consumption
with automation minimised electricity consumption
peaks and evenly distributed consumption patterns
over time (Table 5).

The use of sensors ensured that irrigation was adapted
to the plants’ needs, reducing water overspending

Increasing the number of sensors allowed the system
to be monitored in real time, which reduced energy losses
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Without automation

Table 5, Continued

Indicator (unit) (traditional control With
without adaptive  automation
algorithm)
Frequency of irrigation mode 1 6
correction (times/day)
Change in water supply on 0 -35
rainy days (%)
Seasonal energy consumption
of the system (MWh) 210 150
Pipeline leaks detected 0 6

(units/season)

Source: compiled by the authors

Thus, the results of the study outlined the quanti-
tative parameters of the impact of automation, sensor
monitoring and Al-control on the energy consumption
of irrigation systems within the studied period. A com-
bined consideration of the above parameters made it
possible to characterise the change in the system op-
erating modes under the conditions of applying adap-
tive control schemes based on continuous collection
and processing of operational data. Spatially detailed
sensor monitoring formed the information basis for
regulating water supply in accordance with the current
soil condition and hydraulic conditions of the network,
while Al-control algorithms provided for prompt cor-
rection of the operating modes of pumping equipment.
The established values of the number of sensors, the
frequency of mode correction and seasonal electricity
consumption determined new operating conditions for
the functioning of irrigation systems under intelligent
control schemes. The frequency of corrections deter-
mined the dynamics of the operation of pumping units
and the nature of the energy load during the day, while
seasonal energy consumption reflected the integrated
result of the action of automation and intelligent con-
trol within one vegetation cycle.

DISCUSSION
The results obtained showed that the optimisation of
hydraulic modes in combination with inverter control
of pumping equipment contributed to a significant
change in the energy properties of pumped water sup-
ply. Stabilisation of the operating pressure in the net-
work created conditions for the rejection of excess pres-
sure reserves inherent in traditional operation schemes
without violating the stability of hydraulic modes. This
approach was consistent with modern ideas about en-
ergy-saving management of irrigation systems, where
maintaining coordinated pressure-flow parameters is
considered a key factor in reducing pressure losses and
mechanical loads on network elements. Changing the
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The indicator reflected the flexibility of management.
Frequent corrections increased the accuracy of water supply

Automation allowed the water supply to be reduced
during favourable weather conditions, which had
a direct energy-saving effect

The indicator characterised the total effect of automation and
Al management. Its decrease indicated an increase in efficiency

The use of thermography allowed detecting hidden leaks,
which reduced unproductive water and energy losses

nature of the operation of pumping equipment from
discrete to adaptive ensured the alignment of the ener-
gy profile of water supply. Inverter control made it pos-
sible to coordinate the operating modes of pumps with
actual hydraulic conditions, which reduced unproduc-
tive electricity consumption and increased operational
stability. The generalisation of energy characteristics in
relative indicators reflected an increase in the efficiency
of water transportation within the existing infrastruc-
ture without the need for its structural modernisation.
In the context of energy efficiency analysis of hydraulic
systems, the works of R. Dindorf et al. (2023) and Y. Eba-
da et al. (2025) considered individual technical aspects
of optimisation. R. Dindorf et al. generalised models of
hydropneumatic accumulators as a tool for reducing
energy losses, however, the study was of a survey nature
and did not cover the operating modes of pumping net-
works with variable loads. Y. Ebada et al. focused on in-
creasing the efficiency of centrifugal pumps and reduc-
ing cavitation in laboratory conditions, but the analysis
was limited to a single unit without taking into account
network hydraulics. In contrast to these approaches, in
this study, energy parameters were estimated for the
entire water supply system, which made it possible to
trace the relationship between optimised pressure, flow
stabilisation and reduction of unproductive losses in
real irrigation conditions.

From the perspective of optimising water supply
modes, G. Tardy et al. (2024) and Y. Pang et al. (2024)
analysed the possibilities of reducing energy consump-
tion in technical systems with controlled hydraulic
parameters. G. Tardy et al. applied optimisation ap-
proaches to the design of energy-efficient power trans-
missions of mobile equipment, however, the study was
limited to closed loops with regulated operating cycles.
Y. Pang et al. simulated irrigation planning scenarios to
reduce energy costs, however, the emphasis was on the
calendar and agrotechnical irrigation schedule without
a detailed analysis of the hydraulic behaviour of the



network. In this study, the optimisation was performed
for an open pumping system with variable flow rates
and pressure modes, which allowed combining pres-
sure regulation, inverter control and sensor monitoring
and evaluating the combined effect in real conditions
of long-term seasonal operation. In the field of intelli-
gent control of hydraulic systems, I. Azzam et al. (2023)
and L. Li et al.(2025) developed algorithmic approaches
to optimisation. |. Azzam et al. proposed automated se-
lection of pump operating modes, but the control was
based mainly on the internal parameters of the equip-
ment. L. Li et al. increased energy efficiency by optimis-
ing flows in manipulators, without taking into account
external natural factors. In this study, intelligent control
was integrated with spatially distributed soil moisture
and pressure sensors, which ensured the adaptation of
water supply modes to real irrigation needs and formed
a systemic approach that was not implemented in the
above works.

In the field of experimental evaluation of pumping
equipment, the works of L. Manservigi et al. (2023) and
M. Yanikoren (2025) analysed local ways to increase
energy efficiency. M. Yanikoren investigated the energy
consumption of gear pumps using the Taguchi meth-
od, focusing on the influence of design parameters on
the efficiency of a single unit, but without taking into
account the interaction of the pump with an extended
pipeline network. L. Manservigi et al. considered the
use of the pump as a turbine to reduce pressure losses,
but the approach was focused on reducing local leaks
and did not cover variable water supply modes. In this
study, the optimisation was carried out at the level of
the entire irrigation system, which allowed evaluat-
ing the integrated energy effect of pressure regulation
and inverter control under real operating conditions.

In the context of hybrid hydraulic drives, F. Kha-
jvand et al. (2023) and V.H. Nguyen et al. (2025) focused
on increasing energy efficiency through energy recovery
in mobile equipment. F. Khajvand et al. implemented a
serial hybrid hydraulic drive scheme aimed at accumu-
lating and reusing braking energy, however, the analysis
remained limited by the conditions of repeated motion
cycles and did not take into account the variability of
the hydraulic load in space V.H.Nguyen et al. investigat-
ed the concept of double energy recovery in hydraulic
cylinders of working bodies, paying primary attention
to the kinematic and power characteristics of individ-
ual nodes, while spatially distributed pressure losses
and the features of the operation of extended networks
were not analysed. Unlike the above approaches, in this
study, energy efficiency was increased without the use
of recuperation circuits, through adaptive control of
water supply modes, which allowed reducing energy
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costs without complicating the structural scheme of
the system. From the perspective of intelligent control
and optimisation, M. Bhola et al. (2023) and S. lyer et
al. (2025) applied algorithmic methods to improve the
efficiency of hydraulic systems. S. lyer et al. optimised
the geometric parameters of the impellers of pumps
for thermal plants, focusing on improving the aerohy-
drodynamic characteristics of the units, however, vari-
able network operating modes and the impact on total
energy consumption were not considered. M. Bhola et
al. used machine learning methods to control the hy-
drostatic transmission of a loading machine, but the
object of the study remained a closed system with
predefined operating scenarios. In the presented study,
intelligent control algorithms were integrated with
spatially detailed sensor monitoring of soil moisture
and pressure in the network, which ensured the adap-
tation of water supply modes to external natural and
operational factors and formed a more universal and
scalable approach to increasing the energy efficiency
of irrigation systems.

In the field of water transportation optimisation
and network management, M. Bayatloo et al. (2023)
and J. Jafari-Asl et al. (2024) examined approaches to
reducing energy and resource losses. J. Jafari-Asl et
al.used an extended optimisation framework to reduce
the ecological footprint of water supply, focusing on
mathematical redistribution of flows in the network,
but the analysis was model-based and did not include
adaptive real-time pump control. M. Bayatloo et al. in-
vestigated a pump operating as a turbine, taking into
account polymer additives to increase energy recovery,
but the emphasis was on the experimental character-
istics of a separate unit without integration into the
irrigation system. Against this background, this study
was distinguished by the fact that energy efficiency
was achieved through systematic optimisation of pres-
sure and water supply in a branched network with-
out the use of additional energy-generating circuits.
In the context of operational planning and agro-en-
ergy, M. Dini et al. (2022) and T.A. Jensen et al. (2025)
analysed the management aspects of energy use.
M. Dini et al. optimised pump schedules in water dis-
tribution systems to increase hydraulic efficiency, but
the study focused on time planning without taking into
account sensor-based monitoring of field conditions.
TA. Jensen et al. summarised approaches to increas-
ing the energy efficiency of agricultural operations, fo-
cusing on technology and management, but without
detailing hydraulic irrigation regimes. In this study,
the combination of optimised pump regimes with
spatially detailed data allowed directly linking energy
consumption to actual irrigation needs, which was not
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implemented in the above works.

From the standpoint of intelligent control and
integrated energy systems, T.H. Nguyen et al. (2023)
and T. Chanchayanon et al. (2024) applied modern al-
gorithmic solutions. T.H. Nguyen et al. used a Neural
Network Fractional-Order Proportional-Integral-De-
rivative Controller (NN-FOPID) to improve the per-
formance of an independent flow metering system,
but the study remained within the control of valve
nodes. T. Chanchayanon et al. considered the inte-
gration of geothermal heat pumps in the concept of
“smart cities”, focusing on building energy systems.
In contrast to these approaches, in this study, intelli-
gent control algorithms were aimed at adapting the
pumped water supply to changing natural conditions,
which ensured the applicability of the results to irri-
gation systems without changing the design scheme.
The results obtained showed that the combination of
hydraulic mode optimisation, inverter control and in-
telligent control provided a systemic increase in the
energy efficiency of pumped water supply by match-
ing the pressure-flow characteristics of the network
with real irrigation conditions, which differed from
the local or model approaches presented in most of
the analysed studies.

CONCLUSIONS
The work performed a comprehensive analysis of the
energy, hydraulic, and organisational parameters of the
functioning of irrigation systems in Ukraine with a fo-
cus on pumped water supply in 2023-2025. It was found
that under conditions of complete dependence of irri-
gation on pumping stations (100%), the total electricity
consumption reached 51.5 million kWh, and the specific
energy intensity of pumping was 393.7 kWh/1,000 m?
with a specific energy consumption of 0.394 kWh/m?.
The recorded consumption of 1,288 kWh/ha and the
average pump operation duration of 9.6 h/day indicat-
ed a high level of energy load on the system, with a
maximum daily energy intensity of 0.47 kWh/m?3/day.
Spatial analysis showed a sharp reduction in the scale
of irrigation from about ~100 thousand ha in 2023 to
40.5 thousand ha in 2025, which corresponded to only
10-20% of the pre-war potential (~600 thousand ha).

Irrigation remained concentrated in 4 regions with an
average load of ~10 thousand ha/region, and the area
with concluded water supply contracts was ~40 thou-
sand ha. Such concentration increased operational risks
against the background of water losses of 32-35%, en-
ergy losses of at least 30%, network wear of over 75%
and the share of systems without automated control of
over 85%.

Optimisation of hydraulic modes using invert-
er pumps and modelling in EPANET ensured a tran-
sition from an operating pressure of 0.60 MPa to
0.42 MPa, a decrease in average water flow from 120
to 92 m3/h and a reduction in head losses from 19 to
11 m. This was accompanied by a decrease in pump
power consumption from 56 to 39 kW and a decrease
in specific energy intensity of pumping from 430 to
305 kWh/1,000 m3, which corresponded to an energy
effect of 20-30% without intervention in the network
design. Introduction of automated and Al-control us-
ing 24 soil moisture sensors and 18 wireless pressure
sensors provided an increase in the frequency of irri-
gation mode corrections from 1 to 6 times/day. This
allowed reducing water supply on rainy days by 35%,
reducing seasonal energy consumption from 210 to
150 MWh and detecting 6 hidden pipeline leaks per
season. The limitations of the study include the lack
of a complete set of operational data for 2024, which
limited the possibility of continuous interannual in-
terpretation of the results obtained. Further research
should be focused on expanding the functionality of
intelligent control, integrating predictive water con-
sumption models and assessing the long-term im-
pact of automation on the reliability and resource of
pumping equipment.
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NiasuwieHHA eHeproedpeKTUBHOCTI AOLLYBaJIbHUX CUCTEM 3POLUEHHS
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i napamMmeTpiB HacOoCHOro o6s1agHaHHSA
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AHoTauif. MeToto focnigkeHHs 6yn0 BU3HAUUTM eHepreTUYHMI ebekT afanTMBHOIO PerynoBaHHS pexxumiB nogavi
BOAM Ta KEpyBaHHS HAaCOCHMM 06nagHAHHAM y Npoueci 3poweHHs. Y AOCNiAKEeHHI 3aCTOCOBYBAIM aHANITUYHUIA i
6anaHcoBUIi METOAM, IHCTPYMEHTANbHI BUMiPIHOBAHHS TUCKY, BUTPAT i €NeKTPOCNOXMBAHHSA. EHepreTuyHi BUTpaTH
Ha 3poweHHsa 3anuwanuca (1 288 kBt-rop/ra) 3a cepenHboi TpuBanocti poboTn Hacocis 9,6 roa/moby, wo
BKa3yBaslo Ha MOBHY 3aN€XHiCTb CUCTEM Bif, HacocHoi nogadi (100 %). MpocTopoBi MacwTabu 3poLEHHS iCTOTHO
ckopoTunnca — o 6aunsbko 100 Tnc. ra 'y 2023 poui Ta 40,5 Tmc. ra y 2025 poui, wo Bignosigano nuwe 10-20 %
[OBOEHHOrO noteHuiany (npubamsHo 600 Tnc. ra). Takuit cTaH CynpoBOAXKYBaBCA BTpaTamMu BoaM (32-35 %), eHeprii
(He meHwe 30 %) i KPUTUYHUM 3HOLIEHHAIM MepeXx (MoHag, 75 %).0nTumisauig rigpaBniuHuX pexumis 3abesneunna
CYTTEBE 3HMXKXEHHS HABAHTAXEHHS HA CUCTEMY, L0 NPOSIBUNOCS Y CKOPOYEeHHI poboyoro Tmcky 3 0,60 no 0,42 MIa3,
3MEHLUEHHI CNOXMBAHOI MOTY>KHOCTI HAacocCiB 3 56 A0 39 kBT Ta 3HMXKEHHI NUTOMOT EHEPrOEMHOCTI NepeKayvyBaHHS
3 430 po 305 kBt-rog/l 000 M3 YnpoBagXeHHsi aBTOMATM30BaHOrO0 KepyBaHHSI i3 BMKOPUCTAHHAM CEHCOpPHOI
Mepexi (LaT4MKM BOMOrOCTi Ta TUCKY) NiABULLMAO aLaNTUBHICTb 3POLUEHHS, 30iNbLUMBLLM YACTOTY KOPEKLi nonuey
3 1 po 6 pasis/poby. Lle n03BOAMNO 3MEHIWMTU noJady BOAM Y OOWOBI nepiogn Ha 35 %, CKOPOTUTM CE30HHEe
eHeprocnoxuaHHa 3 210 po 150 MBT-rog Ta BMSBUTM 6 MPUXOBAHMX BUTOKIB, WO B CYKYMHOCTI MiATBEPAUSIO
e(EeKTMBHICTb Mepexoay A0 KEPOBAHUX EHEProowafHMX PEXMUMIB ekcnayaTauii. [pakTMyHa LiHHICTb fOCNILXKEHHS
nongara€ B MOXIIMBOCTI MOro BMKOPWCTaHHSA BOLOroCMOAApPCbKMMM OpraHisauisMu, arponifinpuemMcTtBamMu Ta
NPOEKTYBaNbHNKAMU MENIOPATUBHUX CUCTEM LS 3HUXKEHHS €HEProCNOXMUBAHHS, ONTUMI3aLlii PEXUMIB 3pOLLEHHS
M NigBuLLEHHS ePEeKTUBHOCTI ekcnayaTauii icHyr4oi iHbpacTpyKTypu
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Abstract. The study was aimed at determining the impact of electrical, thermal and mechanical loads on the
durability of polymer and nanocomposite insulation of high-voltage circuit breakers used in pumping stations
and grain drying complexes in Ukraine. The methodology combined numerical modelling of electrostatic and
thermal fields in three-dimensional structures of insulation units, accelerated thermal cycling and mechanical
tests, partial discharge analysis according to international standards, thermographic control, microstructural
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insulation undergoes the most intense degradation: after cyclic loads, the specific resistance decreased by 47.5%,
the breakdown voltage by 25.7%, and the average service life was about 380 hours. For nano-filled material with
silicon dioxide, the decrease in specific resistance was limited to 17%, breakdown voltage - 9.8%, with an increase
in average resource to 715 hours. The highest stability was demonstrated by insulation with hexagonal boron
nitride and internal shielding, for which changes in electrophysical parameters did not exceed 7.3% for specific
resistance and 7.1% for breakdown voltage, the partial discharge onset voltage reached 5.5 kV, and the average
resource was about 912 hours. Numerical and experimental results showed a decrease in the peak electric field
strength from 8.6 to 5.4 kV/mm and maximum temperatures from 96.2 to 78.8°C after 1,000 start-up cycles.
The use of controlled starting modes made it possible to reduce starting currents from 5.6 |, to approximately
2.1 In and to reduce the integral thermal load on the insulation by 61.5%. A technical and economic assessment
showed a reduction in the total cost of ownership over six months from USD 280 to USD 50 per insulation unit,
confirming the practical feasibility of introducing nanocomposites and controlled starting modes in agro-industrial
electric drives. The practical significance of the results obtained lies in the formation of criteria for the selection of
materials and operating modes of electric drives in order to increase the reliability of switching equipment in agro-
industrial electromechanical systems and the use of modelling and diagnostic approaches to predict degradation
and optimise the design of insulation units

Keywords: partial discharges; epoxy resin; electrothermal load; dielectric strength; recoverable voltage; frequency

regulation; microstructural defects

INTRODUCTION

In modern agro-industrial electrical systems, the relia-
bility of high-voltage circuit breakers is determined by
electromechanical load conditions, in which insulation
components are subjected to starting currents, thermal
fluctuations and vibrations. Such conditions create an
environment in which polymer dielectrics demonstrate
a decrease in resource stability, which necessitates the
study of the complex influence of electrical, thermal,
and mechanical factors on polymer and nanocompos-
ite insulation. Within the framework of early diagnosis
approaches, one of the methods under study is infra-
red thermography. In the work of M. Silnyk & V. Fed-
ynets (2025), a correlation was established between
temperature irregularities and areas of potential elec-
trical instability, which determines the possibility of
using this method to assess the technical condition of
insulation components. The results obtained indicate
that thermal anomalies correlate with areas of elec-
trical defect formation, therefore thermographic mon-
itoring can be used as a tool for early control of the
insulation condition of circuit breakers.

This diagnostic paradigm is being expanded in
the field of electrophysical processes: a study by
A.A. Shcherba et al. (2023) found that the presence of
non-sinusoidal voltages increases the activity of par-
tial discharges (PD) in polymer dielectrics. The results
obtained indicate a relationship between the nature of
the voltage and the intensity of defect zone formation
during repeated switching. In the field of insulation
resource behaviour research, the work of O. Zidane et
al. (2025) showed that repeated impulse overvoltages

cause the accumulation of microdefects in the inter-
turn insulation of electrical machines. The study noted
that it is the pulsed nature of the voltage, rather than
the prolonged action of nominal modes, that forms
the main degradation patterns of the material. Simi-
lar trends were recorded in A. Stavinskiy et al. (2022),
which analysed the unevenness of thermal fields in
transformer nodes. The results showed that the design
parameters of magnetic conductors determine the spa-
tial distribution of temperature and affect the condition
of adjacent dielectric elements.

In the mechanical dimension, M.V. Matvienko et
al. (2023) investigated the role of interphase layers of
lower stiffness, which create the conditions for stress
concentration and microcrack formation under vibra-
tion loading. The authors demonstrated that repeated
mechanical loads lead to progressive destruction pre-
cisely in the interphase regions. Mechanical and ther-
mal effects also included the results of O.M. Kostin et
al. (2022), which describe the uneven effect of thermal
fields associated with arc processes on the surface lay-
ers of dielectric materials in switching devices. In the
context of switching devices, these results explained
the nature of defects that form during frequent starts
of electric drives.

The understanding of the constructive impact on
the condition of insulation systems has been expanded
in the study by A. Stavinskii & D. Koshkin (2021), which
showed that changing the configuration of steel trans-
former packages alters the distribution of heat flows in
its nodes. It was found that local temperature increases
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affect the rate of ageing of adjacent polymer elements,
which is characteristic of equipment with long thermal
cycles. Further development of this direction is pre-
sented in O.B. legorov et al. (2025), which analysed the
impact of optimising the windings of synchronous re-
active generators on electromagnetic and thermal pro-
cesses. The work establishes that a change in design
can reduce field unevenness and increase the stabili-
ty of insulating materials in long-term operation. The
starting modes of asynchronous electric drives with
centrifugal loads are described in V.H. Lysiak & M.Y. Oli-
inyk (2021), which establishes the dependence of ther-
mal processes on the hydrodynamic parameters of the
flow. The results showed that changes in hydrodynamic
conditions directly affect the intensity of electric drive
heating, which is characteristic of pumping stations
where the load is formed precisely by the dynamics of
the liquid medium. At the level of microdynamics of
structures, the study by I. Biliuk et al. (2023) analysed
the influence of the accuracy of movement control on
the vibration loads transmitted to the insulation nodes
and determining their structural stability. The analysis
found that even minor fluctuations can cause accel-
erated accumulation of microdefects in the material.
For systematic load control, I.I. Yaremak & V.S. Kosty-
shyn (2020) proposed an approach in which the opti-
misation of the operating modes of electromechanical
complexes reduces the amplitude of peak impacts and
stabilises the operational condition of the insulation.
Despite a wide range of works, scientific discourse
has considered only certain aspects of the action of elec-
trical, thermal, or mechanical factors; at the same time,
their integrated action in the conditions of agro-indus-
trial electric drives has not been sufficiently studied.
In particular, there is a lack of comprehensive studies
that reconcile the effects of partial discharges, ther-
mal cycling, starting pulses, and microvibrations in the
context of nanocomposite materials. This necessitates
experimental and numerical analysis aimed at deter-
mining the patterns of degradation and assessing the
impact of design and material modifications. In this re-
gard, the aim of the study was to establish the patterns
of behaviour of polymer and nanocomposite insula-
tion of high-voltage circuit breakers in dynamic modes
of operation of electric drives to assess the impact of
electrical, thermal and mechanical loads, as well as
the role of frequency converters and structural charac-
teristics of composites on the durability of insulation.
The aim of the study was to establish the patterns
of degradation of polymer and nanocomposite insula-
tion of high-voltage circuit breakers under the action
of electrical, thermal and mechanical loads character-
istic of the dynamic operating modes of agro-industrial
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electric drives.To achieve this aim, three objectives were
set: to establish the patterns of degradation of the elec-
trophysical parameters of insulation under the action
of dynamic electrothermal and mechanical modes; to
evaluate the influence of silicon dioxide (SiO,) and hex-
agonal boron nitride (h-BN) on the stability of electrical
strength, thermal profile and nature of microstructural
defects; to determine the effectiveness of frequency
converters in reducing starting and thermal loads and
in increasing the service life of high-voltage insulation
in agro-industrial electric drives.

MATERIALS AND METHODS

The study was conducted between March and October
2025 in laboratory and production conditions, which
ensured accurate reproduction of the electromechan-
ical loads characteristic of high-voltage vacuum circuit
breaker operation. The study included three material
systems: unfilled epoxy resin (EP), a composite with
dispersed silicon dioxide (NP), and a composite with
hexagonal boron nitride (NC). The dispersed particles
of SiO, and h-BN had a diameter of 80-120 nm and
a mass fraction of 8%. The samples were prepared by
casting followed by thermal stabilisation at 130°C and
vacuum drying for 72 hours in a Memmert GmbH drying
oven (Memmert GmbH, Germany). Material constants, in
particular relative dielectric permeability (er), thermal
conductivity (A) and density (o) for EP (epoxy polymer),
NP (nanofilled polymer) and NC (nanocomposite), were
determined based on laboratory measurements and
used as input parameters for finite element method
(FEM) models. Electrostatic and thermal modelling of
insulation nodes was performed using ANSYS Max-
well and ANSYS Icepak software environments (ANSYS
Inc., USA) based on three-dimensional (3D) geometric
models of VD4 series vacuum circuit breaker insulators
(ABB/Hitachi Energy).

The study was conducted in five interrelated stag-
es. At the first stage of the study, the basic electrical
and thermal characteristics of materials were deter-
mined in accordance with ASTM standards, in particu-
lar dielectric strength (ASTM D149-20, 2020), electri-
cal resistance and conductivity of insulation (ASTM
D257-14, 2021), thermal diffusion (ASTM E1461-13,
2022) and sample preparation conditions (ASTM D618-
21,021), which ensured the formation of reliable initial
parameters for further numerical modelling and com-
parative analysis. The electrophysical characteristics
of the insulation were measured in accordance with
IEC 60270:2025 (2025) on a high-voltage test rig from
Haefely Test AG (Switzerland), recording partial dis-
charges, their onset and extinction voltages, time-fre-
quency spectra of pulses and their evolution after



various numbers of load cycles. Phase-resolved partial
discharge (PRPD) analysis was performed in accordance
with the recommendations of IEC 60270:2025 for the
classification of discharge types and the determina-
tion of the phase reference of pulses. The breakdown
strength was determined by the method of increasing
sinusoidal voltage with a gradient of 2 kV/s.

At the next stage of the study, switching overvoltag-
es and transient recovery voltage (TRV) parameters were
evaluated. The relevant parameters were determined in
accordance with the requirements of the IEC 62271-
100:2021 (2021) series of standards by reproducing the
pulse modes characteristic of vacuum circuit breakers
in systems with frequent electric drive starts. Controlled
pulses were generated on a Haefely Test AG device with
front and duration fixed in accordance with the stand-
ardised TRV zones. The parameters obtained were used
to model the field strength and thermal peaks in the
insulation nodes. In the third stage of the study, the in-
fluence of dynamic operating modes was evaluated by
loading insulation samples with 1,000 starting cycles,
which made it possible to simulate the cumulative ef-
fect of impulse electrothermal loads characteristic of
the operation of electric drives in pumping, ventilation
and grain drying systems. The starting processes were
reproduced on an ABB M3AA electric motor (ABB Group,
Italy) with a power of 7.5 kW in direct-on-line starting
mode and in a configuration with a Danfoss VLT FC302
frequency converter (Danfoss A/S, Denmark).

The fourth stage of the study involved thermo-
graphic analysis and verification of thermal models
of insulation nodes by assessing the impact of the
frequency converter on electrical and thermal loads.
To do this, direct-on-line (DOL) and frequency-con-
trolled drive start-up modes were compared, recording
start-up currents, PD parameters in accordance with
IEC 60270:2025, and the spatial-temporal tempera-
ture distribution according to data from a FLIR T660
thermal imager. The starting currents were recorded
with Chauvin Arnoux current clamps (Chauvin Arnoux,
France) with a time resolution of 1 ms, and the temper-
ature fields were monitored with a FLIR T660 thermal
imager (FLIR Systems Inc., USA) with a temperature
sensitivity of 0.03°C. Based on the obtained thermo-
grams, spatial maps of thermal fields in static and dy-
namic modes were formed after a specified number of
starting cycles, which made it possible to identify areas
of local overheating, evaluate their geometry, and track
the evolution of thermally stressed areas during the
loading process. To quantitatively assess the impact of
different start-up scenarios, the maximum temperature
deviations (AT) obtained from thermographic measure-
ments and thermal modelling in ANSYS Icepak were
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compared for DOL and frequency converter start-up
modes. This ensured the verification of thermal models
and allowed the assessment of the effectiveness of fre-
quency control in terms of reducing thermal loads on
insulation components.

In the fifth stage of the study, accelerated ageing,
microstructural and reliability analysis methods were
applied to comprehensively assess the degradation
processes and service life of insulation materials. Ac-
celerated operational ageing was implemented by
thermal cycling in the range of 25-95°C with alter-
nating heating and cooling phases, while the samples
were additionally subjected to mechanical microvibra-
tion on a TIRA TV 51144 vibration stand (TIRA GmbH,
Germany) with an amplitude of 0.4-0.7 mm in the fre-
quency range of 10-80 Hz. Microstructural changes
were recorded using a JEOL JSM-1T200 scanning elec-
tron microscope (JEOL Ltd.,Japan), which enabled anal-
ysis of cracks, interphase defects and adhesion failures.
Tracking resistance was determined in accordance
with IEC 60587:2007 (2007) on an ELLAB TRK6 (ELLAB
Group, Italy) installation, and dielectric spectroscopy
was performed on a Novocontrol Alpha-A (Novocontrol
Technologies, 2020, Germany) analyser. The service life
of insulation materials was evaluated using Weibull
curves in the ReliaSoft Weibull++ v9 software environ-
ment (ReliaSoft Corporation, USA). Statistical process-
ing of experimental data was performed in OriginPro
2024 (OriginLab Corporation, USA) using Student’s
t-test, Mann-Whitney U-test and 95% confidence inter-
vals at a significance level of p <0.05. Economic cal-
culations were performed using the total cost of own-
ership (TCO) model, which took into account the cost
of materials, replacement frequency, emergency down-
time, and the impact of frequency control on extending
equipment life. The assessment was performed for a
fixed six-month operating interval, which correspond-
ed to approximately 180-220 start-up cycles in typical
operating modes of pumping stations and grain drying
complexes and included maintenance costs, replace-
ment of degraded insulation components, and losses
associated with equipment downtime. A further as-
sessment of the five-year operating cycle was carried
out by extrapolating the 6-month TCO values obtained.

RESULTS

The influence of dynamic electrical modes on changes
in the electrophysical parameters of insulation

A comparative analysis of experimental results re-
vealed differences in the values of specific resist-
ance and breakdown voltage between the studied
material systems after exposure to pulsed electri-
cal modes. The data obtained reflected the unequal
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response of EP, NP and NC materials to identical elec-
trical influences, which made it expedient to compare
them in a post-loading state. The differences identi-
fied were systematic in nature and could be traced in
several electrophysical indicators. The set of meas-
ured parameters formed individual electrophysical
profiles for each material, suitable for quantitative

Material type Specific resistance before

(Ohm-m) (Ohm-m)

EP 1.2x10% 6.3x10%

NP (Si0,) 3.5x10% 2.9x10%
NC (BN) 4.1x10% 3.8x10%

Table 1. Breakdown voltage and specific resistance indicators before and after exposure to impulse modes (EP, NB NC)
Specific resistance after

intermaterial comparison. The generalised results of
measurements of specific resistance and breakdown
voltage before and after electrical loading are given
in Table 1. The data presented was used as an ini-
tial empirical array for further analysis of changes in
the electrophysical characteristics of materials in the
post-loading state.

Breakdown voltage before  Breakdown voltage after

(kV) (%)
18.7 13.9
225 20.3
24.1 224

Source: compiled by the authors based on ASTM D149-20 (2020),ASTM D257-14 (2021), IEC 60270:2025 (2025)

According to Table 1, all materials studied showed
a decrease in electrophysical characteristics after load-
ing compared to the initial values. At the same time, the
scale of these changes differed significantly between
materials, which made it possible to identify clear dif-
ferences in the nature of the transformation of their
electrophysical properties. EP epoxy resin experienced
the greatest decrease in electrophysical characteristics
after impulse loading: its specific resistance decreased
by 47.5% and its breakdown voltage by 25.7%. These
changes were accompanied by an increase in the inten-
sity of partial discharges, recorded in accordance with
the registration criteria of the IEC 60270:2025 (2025)
standard, which reflected the formation of local mi-
crochannels of increased electrical conductivity and a
gradual weakening of the dielectric barrier in the pol-
ymer matrix. For the NP (nanocomposite with silicon
dioxide), the amplitude of changes was more moderate:
the specific resistance decreased by 17%, and the break-
down voltage by 9.8%. The highest stability was demon-
strated by the NC (nanocomposite with hexagonal bo-
ron nitride), where the decrease in these parameters
was 7.3% and 7.1%, respectively. The difference in the
magnitude of deviations between EP,NP and NC reflect-
ed the material-dependent nature of degradation pro-
cesses — from the maximum sensitivity of unfilled resin
to the increased stability of nanocomposites due to the
influence of the filler on the interphase structure and
charge localisation mechanisms. Despite the recorded
changes, for all materials studied, the breakdown volt-
age after loading remained within the ranges defined by
baseline measurements in accordance with ASTM D149-
20 (2020), and the specific volume resistance values did
not exceed the functionally acceptable limits regulated
by ASTM D257-14 (2021). Control tests after 1,000 cy-
cles showed no signs of progressive or avalanche-like
degradation: the values of electrical strength and
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specific resistance stabilised and did not show fur-
ther decline. This indicated that even with increased
PD activity, the post-load transformation of the elec-
trophysical properties was local and non-cumulative.

A comparative analysis showed that EP was charac-
terised by the greatest amplitude of changes, while NP
and NC nanocomposites were noted for their increased
resistance to impulse modes due to the stabilising ef-
fect of interphase regions and the barrier role of the
nanofiller. The increase in PD activity was common to
all the materials studied, but its scale depended on the
composition of the composite: the introduction of SiO,
or BN fillers led to a decrease in the density of local de-
fect regions, which manifested itself in less pronounced
changes in the parameters of partial discharges. The
results obtained quantitatively reflected material-de-
pendent differences in the change in specific resistance,
breakdown voltage, and partial discharge intensity for
EP,NP,and NC in the post-loading state. For nano-filled
systems, the deviation values were lower compared to
epoxy resin, which was confirmed by the recorded pa-
rameters. The presented data outlined the quantitative
relationships between the studied material systems
and reflected the peculiarities of their behaviour under
post-loading conditions.

Results of modelling electrostatic

and electrothermal fields in switch nodes

Numerical 3D-FEM modelling of electrostatic and elec-
trothermal fields in the insulation nodes of a high-voltage
switch allowed to identify characteristic spatial features
of the distribution of electric field strength and tem-
perature. Local maxima of both quantities were formed
mainly in areas with variable curvature geometry and
contrasting dielectric properties of materials. In the basic
EP configuration, increased electric field values were ob-
served at the inner radii of the ribs, at the polymer-metal



transitions, and in areas of local changes in the geomet-
ric profile. Parametric variations in geometry, in particu-
lar changes in the radius of curvature, channel depth,and
the presence of internal cavities, led to a redistribution of
the vector field and a shift in the areas of local maxima.
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To clearly demonstrate the spatial differences in
the distribution of electric field strength and temper-
ature among the three configurations studied, com-
parative maps of the electric and thermal fields were
provided (Fig. 1).
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Figure 1. Maximum values of electric field strength and temperature for EP, NP and NC materials
Source: compiled by the authors based on ASTM D149-20 (2020), ASTM D257-14 (2021), IEC 60270:2025 (2025)

As shown in Figure 1, the maximum electrical
and thermal parameters varied sequentially depend-
ing on the material configuration of the node. For the
base material EP, the highest peak values of electric
field strength and temperature were recorded, reach-
ing approximately 8.6 kV/mm and 96.2°C, respective-
ly. The lowest values of both parameters were ob-
served for the NC configuration, where the maximum
electric field strength did not exceed 5.4 kV/mm, and
the temperature was about 78.8°C, indicating a more
uniform electro-thermal distribution in this system

under the simulation conditions. Such a coordinated
change in electrical and thermal indicators indicated
the existence of a relationship between the concen-
tration of the electric field and local heat generation
in the switch nodes. Quantitatively, this manifested
itself in a gradual decrease in the maximum values
of the electric field strength and the corresponding
peak temperatures in the direction from EP to NC.
The generalised quantitative values of the peak elec-
trothermal parameters for all configurations are giv-
en in Table 2.

Table 2. Maximum E-field and temperature values at key points of the nodes (three types of geometry)

Configuration

EP (basic) 8.6
NP (SiO2) 6.1
NC (BN) 5.4

E-field, max (kV/mm)

Temperature, max (°C)
96.2
87.5
78.8

Source: compiled by the authors based on IEC 62271-100:2021 (2021), IEC 60270:2025 (2025)

Analysis of Table 2 showed a consistent relationship
between node configuration and electrical and thermal
load levels. The values of 5.4 kV/mm stress and 78.8°C
temperature obtained for the NC configuration indicat-
ed the influence of internal screens and the BN layer on
the redistribution of the electric field and the formation
of heat-conducting zones. The transition from EP to NP
and NC was accompanied by a decrease in maximum
electrical and temperature indicators, which was con-
sistent with changes in geometry and material compo-
sition. The NP configuration demonstrated the effect
of the SiO, nanofiller on field distribution equalisation
and heat dissipation improvement compared to EP,
while NC was characterised by lower integral param-
eters due to a combination of material and design fac-
tors. A comparison of these options demonstrated the

existing relationship between the internal structure,
the properties of the materials used, and the behav-
iour of the node under combined electrical and thermal
loads. The obtained dependence indicates the need to
consider several material and design parameters when
designing high-voltage insulation components operat-
ing in variable electromechanical modes.

Thermographic analysis of damage

and overheating areas

The thermographic results obtained after 1,000 start-
up cycles under electrothermal load conditions re-
flected the spatial distribution of temperature along
the surface of the insulation assembly in the post-load
state and characterised its integral thermal behaviour.
Temperature fields were recorded along the entire
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length of the unit surface, which made it possible to
record temperature variations within a single coordi-
nate axis. The thermographic images obtained made
it possible to assess the integral thermal state of the
insulation structure after cyclic loading and to iden-
tify characteristic areas with elevated temperatures.
To summarise the results and provide a comparative
analysis, the temperature distribution was presented
as a linear temperature profile, which allowed for a
comparison of the thermal behaviour of different ma-
terial configurations within a single coordinate system.
A graphical representation of the temperature distri-
bution along the surface of the insulation unit after
1,000 start-up cycles is shown in Figure 2.
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Figure 2. Temperature distribution graph along the surface
of the insulation unit after 1,000 cycles
Source: compiled by the authors

According to the data shown in Figure 2, after
completing 1,000 start-up cycles for all studied mate-
rial configurations, a clearly pronounced temperature
maximum was recorded in the central part of the in-
sulation node, located at a distance of approximately
4 c¢cm from the initial coordinate. In the edge zones of
the surface, the temperature values systematically de-
creased, resulting in the formation of a stable dome-
shaped temperature distribution profile along the axis,
characteristic of the post-load quasi-stationary thermal
state of the insulation structure. The overall config-
uration of the temperature profiles was similar for EP,
NP and NC materials, indicating the reproducibility of
the spatial structure of the thermal field at a constant
node geometry regardless of the material composition
of the insulation. At the same time, the absolute tem-
perature levels showed clear intermaterial differences.
For EP epoxy resin, the maximum recorded tempera-
ture reached about 98°C, for NP nanocomposite — about
89°C, while for the NC configuration it did not exceed
80°C. Throughout the entire range of coordinates stud-
ied, the temperature values for EP remained higher than
those for nano-filled systems, which was clearly visible
in the linear temperature profiles. The minimum tem-
perature values along the surface of the insulation node
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were also material-dependent and amounted to about
90-91°C for EP, 82-83°C for NP, and 74-75°C for NC.

Accordingly, the temperature difference along the
node axis was approximately 7°C for EP, about 6°C for
NP, and about 5°C for NC, which quantitatively reflected
different levels of thermal unevenness under the same
geometric conditions and load regime. Analysis of the
shape of the temperature profiles revealed the pres-
ence of local temperature increases along the surface
of the insulation node, the spatial position of which
was similar for all material configurations. At the same
time, the amplitude of these local maxima significantly
depended on the material: the largest deviations were
observed for EP, smaller ones for NP, while for NC they
were minimal. This led to different degrees of tem-
perature heterogeneity of the insulation surface after
cyclic electrothermal loading. A comparative analysis
of temperature profiles showed that with a decrease
in maximum temperatures in nano-filled systems, the
temperature gradient along the surface of the insula-
tion node also decreased. EP was characterised by the
largest temperature difference, NP by a moderate one,
while NC by a minimal one.

The results obtained made it possible to quantita-
tively characterise the level of temperature heterogene-
ity for each material configuration in the post-loading
state and to use these parameters for further compar-
ison with the electrophysical indicators of insulation.
The spatial consistency of the experimentally recorded
temperature maxima with the results of electrothermal
modelling confirmed the reproducibility of the formed
temperature profiles and their stability after multi-cy-
cle loading. In general, the thermographic results quan-
titatively reflected the material-dependent differences
in the thermal regime of insulation nodes for EP,NP and
NC after 1,000 start-up cycles. For EP epoxy resin, the
highest peak temperatures and the greatest uneven-
ness of the temperature field were recorded, while for
nano-filled systems NP and NC, a consistent decrease in
maximum temperatures and smoothing of temperature
gradients along the surface of the insulation node was
observed, indicating a more stable thermal behaviour
of these materials in the post-loading state.

The effect of frequency converters on insulation loads
A comparative analysis of DOL starting and starting us-
ing a Danfoss VLT FC302 frequency converter revealed
fundamental differences in the nature of the electro-
mechanical and electrothermal load on the insulation
nodes of high-voltage circuit breakers. The use of a fre-
quency converter led to the transformation of the start-
ing process from a short-term pulse mode to a con-
trolled quasi-stationary mode with a gradual increase



in voltage and current, which significantly affected the
distribution of the electric field and current loads in
polymer and nanocomposite insulation. This change in
the starting mode resulted not only in a decrease in the
peak amplitudes of the electrical parameters, but also
in @ modification of the time structure of the transition
process, determining a different nature of the action of
electrical and electromechanical loads on the insulat-
ing elements in the initial phase of operation and re-
ducing the intensity of extreme influences critical for
the degradation mechanisms of the material. Under
direct-on-line start-up conditions, peak instantaneous
currents in the range of 5.3-5.8 /, were recorded, ac-
companied by increased levels of electrostatic stresses
in the interphase regions of insulating materials and
local inhomogeneities of the electric field. Such condi-
tions corresponded to an increase in the electrothermal
load on the insulation nodes, which manifested itself in
an increase in temperature, the formation of tempera-
ture gradients, and an increase in the intensity of par-
tial discharges in the first start-up cycles. Starting via a
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frequency converter was characterised by a smoothed
load profile due to a gradual increase in voltage and
current: the starting current amplitude decreased to
1.9-2.3 | ,while there was a decrease in switching over-
voltages and temperature peaks in the initial stage
of equipment operation. A quantitative assessment
showed that the average starting current in DOL mode
was about 5.6 / , while when using a frequency convert-
er, its value was in the range of 1.9-2.3 | throughout
the entire transition process.

The reduction in current loading was accompanied
by a decrease in transient recovery voltage (TRV) am-
plitude and the voltage rise rate (dV/dt), which are key
characteristics of electrical stress acting on insulation
assemblies during start-up. The combination of the re-
corded changes reflects the differences in electrome-
chanical start-up conditions for the two scenarios and
their impact on insulation element loading. The com-
parative parameters of the starting modes for direct-
on-line starting and starting using a variable frequency
drive (VFD) are summarised in Table 3.

Table 3. Parameters of high-voltage electric drive starting modes for DOL and VFD starts

Parameter DOL
Average starting current, [/, 5.6
Amplitude of switching transient 28-3.4
recovery voltage (TRV), kV e
Voltage rise rate dV/dt, kV/us 0.95-1.20

QOutput voltage waveform

Start-up duration, s 0.35-0.45
Duration of current above 3 /,, ms 160-190
Peak insulation temperature 92-98

during the first 10 cycles, °C

Pure sinusoidal waveform,
voltage step at energisation

VFD (Danfoss VLT FC302)
21
1.1-14

0.18-0.25

Pulse-width modulation (PWM) modulation
with high-frequency pulses, smooth voltage ramp-up

1.8-24
18-25

71-78

Source: compiled by the authors based on IEC 62271-100:2021 (2021)

Analysis of the data presented in Table 3 showed
that the use of a frequency converter significantly
changed the electromechanical start-up profile of the
high-voltage electric drive. The highest starting cur-
rent values were observed in direct starting mode and
reached about 5.6 /,, while when using a frequency con-
verter, they decreased to a level not exceeding 2.1 /.
This reflected a significant reduction in the impulse
current load in the regulated start mode. A similar trend
was observed for switching overvoltages. In DOL mode,
the maximum TRV values reached approximately 3.4 kV,
while during start-up via a frequency converter, they
decreased to a level of about 1.1 kV. At the same time,
the voltage rise rate in direct start mode reached val-
ues of about 1.2 kV/us, while in regulated mode it de-
creased to about 0.2 kV/us. This indicated a significant
mitigation of electrical transient processes when using
frequency control. Analysis of the time characteristics

of the start showed that direct start was implemented
as a short-term but sharply pulsed mode, while start
using a frequency converter was characterised by a
longer duration and reduced peak values of electrical
parameters. Particularly indicative was the reduction in
the time the current remained at levels exceeding 3 / ;
from approximately 190 ms in DOL mode to about 20
ms in regulated start mode. These changes were ac-
companied by a decrease in peak insulation tempera-
tures recorded in the initial phase of equipment opera-
tion. The results of thermographic measurements were
consistent with the differences in electrical modes and
confirmed the formation of different types of electrical
and thermal loads on insulation nodes during direct
and controlled starts. According to the data obtained,
the peak insulation temperatures in the first start-up
cycles when using a frequency converter were 18-
22°C lower compared to the direct start mode. For an
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integrated assessment of the accumulated thermal
load, a comparison of temperature increments AT for
both start-up scenarios was made, the results of which
are presented in Figure 3.

30
9 20
5 10
0 DOL VFD
Start-up mode
AT (°C)

Figure 3. Comparison of thermal load on insulation (AT)
for two start-up modes
Source: compiled by the authors

The data shown in Figure 3 demonstrated sig-
nificant differences in the accumulated thermal load
of insulation nodes for two electric drive start-up
scenarios, caused by the different nature of tran-
sient electrical modes. In DOL mode, the maximum
average thermal overload exceeded the baseline by
24.7°C, reflecting the intense pulsed nature of the
electrothermal impact on insulation materials in the
initial operating cycles and the formation of localised
overheating zones. In contrast, when using a frequen-
cy converter, the temperature increase decreased to
9.5°C, which indicated a limitation of peak thermal
loads due to the controlled increase in current and
voltage and a more uniform distribution of heat flows
in the insulation elements. Thus, the regulated start-
up resulted in a 61.5% reduction in the temperature
increase AT, which reflected a decrease in the elec-
trothermal load on the polymer and nanocomposite
insulation in the starting modes. The decrease in the
amplitude AT when operating with a frequency con-
verter was consistent with the parameters of electri-
cal processes recorded during starting tests. Lower
values of starting currents, switching overvoltage
amplitudes and voltage rise rates dV/dt led to a re-
duction in electrical losses and local heat generation
in the interphase areas of insulation materials. As a
result, a thermal regime with less pronounced tem-
perature peaks compared to the direct start-up mode
was formed in the insulation nodes. The results ob-
tained showed that the use of a frequency converter
changed the thermal response of the insulation nodes
from impulsive to stabilised with lower values of in-
tegral temperature overload. The recorded quantita-
tive differences reflected the influence of the starting
mode on the electrothermal state of the insulation
and the role of the controlled electromechanical load
in the formation of the thermal operating conditions
of high-voltage circuit breakers.
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Mechanical degradation of insulation

and microstructural analysis of materials

During accelerated tests simulating the actual oper-
ating conditions of high-voltage circuit breakers in
pumping stations and grain drying installations, typical
manifestations of surface degradation of polymer and
nanocomposite insulation were recorded, caused by the
combined action of operational factors. The formation
of degradation damage occurred under the influence of
thermal fluctuations, PD activity, mechanical vibrations,
as well as impulse starting modes characteristic of the
operation of electric drives of agro-industrial equip-
ment under variable loads. These factors created an
uneven electrothermal and mechanical impact on the
insulation materials, which contributed to the initiation
and development of surface defects. Microstructural
analysis of the sample surfaces, performed using scan-
ning electron microscopy (SEM, JEOL JSM-IT200), re-
vealed fundamental differences in the mechanisms and
morphology of damage for the three material systems
studied: EP (unfilled epoxy matrix), NP (nano-filled poly-
mer) with SiO, particles,and composite structure with a
NC (boron nitride shielding layer). EP was characterised
by the presence of developed track formations with car-
bonised edges, accompanied by a branched network of
microcracks, indicating intensive surface degradation.
The NP material, in turn, showed a significantly lower
density of damage, which manifested itself in the form
of limited local micropores and isolated linear defects
without the formation of continuous track channels. In
the NC configuration, only isolated submicron damage
was recorded, localised mainly in the near-surface zone
at the boundary between the BN layer and the poly-
mer matrix, with no signs of through-track or defect
coalescence into extended degradation structures. The
quantitative distribution of the frequency of defects is
shown in Figure 4.
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Figure 4. Frequency of detection of microstructural defects
after thermal and vibration tests
Source: compiled by the authors

The data shown in Figure 4 showed that the
epoxy system (EP) was characterised by the high-
est frequency of surface microdefects, exceeding



40 pores and cracks per 100 mm?, which indicated
the intensive development of degradation process-
es under combined electrothermal and mechanical
loading. The recorded damage density for EP was ap-
proximately 2.3 times higher than the corresponding
values for the SiO, nanocomposite (NP) and more
than five times higher than for the NC (BN-shield-
ed configuration). This quantitative distribution was
consistent with differences in degradation mecha-
nisms, confirmed by SEM observations. EP was char-
acterised by the formation of deep track channels
with carbonised edges and developed secondary
microcracks, which contributed to further concentra-
tion of the electric field and acceleration of surface
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destruction. The NP material showed limited areas of
defects, which were mainly represented by isolated
micropores and linear surface cracks without the for-
mation of continuous track structures. The smallest
number of localised damages in the NC system was
due to the action of the BN shielding layer, which
contributed to the equalisation of local electrical and
thermal stresses, reduction of electric field gradients
at the interphase boundary, and suppression of the
initiation and development of through tracking. For
an additional assessment of the resistance of mate-
rials to surface degradation, tracking resistance tests
were carried out, the results of which are presented
in Table 4.

Table 4. Tracking resistance of insulating materials under standard loading conditions

Configuration Time to breakdown, min

EP (basic) 9.3

21.8

>30 (no breakdown)

NP (Si0,)
NC (BN+ shielding layer)

Nature of damage

Deep carbonised tracks
Localised surface tracking marks

Absence of continuous tracking

Comparative Tracking Index (CTI) class
IIb (100-175 V)

lla (175-250 V)
1 (2250 V)

Source: compiled by the authors based on IEC 60587:2007 (2007)

A comparison of the values in Table 4 demon-
strated fundamental differences between the three
material systems. The EP material was characterised
by the shortest time to breakdown (=9.3 min), accom-
panied by the formation of deep carbonised tracks.
The NP material showed an increase in the time to
breakdown and the appearance of only surface trac-
es, indicating increased tracking resistance due to the
modification of the interphase region with SiO, parti-
cles. The NC configuration demonstrated the highest
tracking resistance: no conductive channel forma-
tion was observed during the test, and the material
was classified as CTI Class | - the level required for
high-voltage systems with increased surface reliabil-
ity requirements. The results obtained indicated the
presence of significant material-dependent differenc-
es in the nature of microstructural degradation and
tracking resistance of the studied insulation systems
under combined operational loads. The EP was char-
acterised by the highest frequency of surface micro-
defects, intensive development of secondary microc-
racking and the formation of deep carbonised tracks
under the action of thermal, electrical and mechanical
factors. The SiO, nanocomposite showed a reduction
in the number and length of defects, as well as an in-
crease in the time to breakdown compared to EP, indi-
cating the effect of stabilisation of the interphase re-
gion and slowing down of degradation processes. The
configuration with a BN shielding layer was charac-
terised by the lowest density of localised damage and

the absence of through-tracking within the standard
tests according to IEC 60587:2007 (2007), confirming
the high surface stability of this system. The recorded
quantitative differences reflected the specifics of deg-
radation mechanisms for the three material systems
and determined their behaviour under typical operat-
ing loads of agro-industrial electrical complexes.

Resource assessment and parameter dispersion
(Weibull analysis)

The Weibull analysis method was used to quantita-
tively assess the durability of insulating materials
and the statistical dispersion of failure parameters
during cyclic testing. This approach made it possible
to describe the probabilistic nature of failures and
establish the relationship between the accumulat-
ed cyclic load and the frequency of breakdowns. The
initial data for the analysis were the experimentally
recorded values of the number of cycles to failure for
each sample of EP, NP and NC insulating materials.
Based on these data, statistical processing was per-
formed to construct generalised probability curves for
each material system. The resulting curves reflected
the change in the probability of failure depending on
the level of accumulated cyclic load. The constructed
Weibull curves allowed for a comparative assessment
of the resource and the nature of the distribution of
failures between the materials under study. The gen-
eralised results of the analysis in the form of model
Weibull curves are shown in Figure 5.
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Figure 5. Weibull curves for insulation materials based on cyclic test results
Source: compiled by the authors

As shown in Figure 5,the EP epoxy material demon-  probability values were recorded for the NC nano-
strated the highest probability of failure across the composite throughout the entire cyclic loading range
entire range of cyclic loading studied, which was re-  studied. In the range of 300-400 cycles, it did not ex-
flected in the sharply rising shape of the Weibull curve  ceed about 0.05, and in the range of 800-900 cycles,
compared to the NP and NC nanomodified systems.Al- it reached only 0.55-0.6, which reflected a significant
ready in the early cycle range, approximately 300-400, shift in the resource of this material towards higher
the failure probability for EP reached values of about  values of cyclic fatigue. A clear gap between the EP,
0.5, indicating a significant proportion of early failures NP and NC curves indicated a systemic difference in
and a limited initial life of the material. In the range the nature of damage accumulation and failure reali-
of average operating hours, approximately 800-900 sation for different material configurations. A general-
cycles, the EP curve practically approached the level ised analysis of representative sections of the Weibull
of 0.95-1.0, which corresponded to almost complete  curves confirmed that the epoxy material EP was char-
failure in the studied sample. The nano-filled polymer acterised by the highest proportion of early failures,
NP was characterised by a flatter Weibull curve trajec-  the nano-filled polymer NP occupied an intermediate
tory and its systematic shift towards higher resource  position in terms of reliability, while the nanocompos-
values. In the early cycle zone, the failure probability ite NC demonstrated the lowest probability of failure
for NP did not exceed approximately 0.15, while in the  at the same levels of cyclic loading. The quantitative
range of 800-900 cycles it was about 0.8, which indi-  results of the evaluation of the Weibull parameters 3
cated a more uniform distribution of operating time and n for the three types of materials are given in Ta-
to failure and a reduced proportion of premature fail-  ble 5, which made it possible to formalise the identi-
ures compared to epoxy resin EP. The lowest failure fied differences in terms of statistical reliability.

Table 5. Shape (B) and scale (n) parameters of dispersion for three types of insulation

Material type B (shape coefficient) n (average service life, hours)
EP (epoxy) 1.52 380
NP (SiO,) 2,63 715
NC (BN) 341 912

Note: the value of the scale parameter n was obtained by converting the number of cycles to failure into time resources
under steady-state operation with a fixed start frequency; data for a temperature of 95°C was obtained within a separate
thermally loaded series

Source: compiled by the authors

The data in Table 5 showed significant differenc-  hours. Compared to EP, the resource of NP increased
es in the resource characteristics of the three insula- by approximately 1.9 times, and the resource of NC by
tion configurations studied under cyclic thermoelec- 2.4 times, which indicated a fundamentally different
tric loading conditions. For the EP epoxy system, the  nature of degradation processes in these material sys-
average resource was about 380 hours, which corre-  tems. Analysis of the Weibull distribution parameters
sponded to the lowest durability among the materials showed that the EP epoxy configuration was charac-
studied. For the NP nano-filled polymer, an increase in  terised by the lowest values of the B shape parameter,
the average resource to 715 hours was recorded, while  which corresponded to a significant statistical dis-
for the NC nanocomposite, the resource reached 912  persion of the resource and the presence of an early
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failure zone. This behaviour indicated the dominance
of local defects and uneven degradation development
in the polymer matrix. For the NP configuration, the 8
value increased, reflecting a decrease in the variabil-
ity of the time to failure and a more stable nature of
degradation processes. The highest B values were re-
corded for the NC nanocomposite, which correspond-
ed to the most compact distribution of the resource
and the absence of a pronounced early failure zone.
The results of tests at an elevated ambient tempera-
ture (95°C) showed a decrease in the scale parameter
n for all configurations studied, but the intensity of
this decrease varied significantly. For EP, the value of
n decreased to 290 hours, indicating the high sensi-
tivity of the material to thermoelectric loads. For NC,
the n parameter remained at a level not lower than
840 hours, confirming the significantly higher thermal
stability and resource stability of nanocomposite insu-
lation. The NP configuration occupied an intermediate
position between EP and NC, demonstrating moder-
ate resource degradation at elevated temperatures.
A comparative analysis showed that the NC config-
uration combined the highest values of the 3 and n
parameters among all the materials studied, which
corresponded to the maximum resource and minimum
variability of the time to failure. The NP configuration
was characterised by intermediate resource indicators,
while EP demonstrated the lowest resource and the
greatest statistical dispersion. The results obtained al-
lowed to conclude that the durability and stability of
insulation materials were determined by microstruc-
tural homogeneity and the effectiveness of interphase
interaction. The NC configuration demonstrated the
highest B and n values, indicating low resource varia-
bility and high safety margin, making it most suitable
for use in high-voltage switches for agricultural and
industrial applications.
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Resistance of insulating materials to partial discharges
under load

The PD data obtained showed differences in the behav-
iour of the three insulation systems under the influence
of cyclic electromechanical loading. For EP epoxy in-
sulation, after 500 cycles, a sequential increase in the
amplitude and frequency of pulses was recorded, indi-
cating the formation of local microdefects and areas
of increased electrical stress. At the 1,000-cycle stage,
the amplitudes of partial discharges in EP reached the
maximum values among the materials studied, and the
recorded pulses were characterised by an ordered phase
structure and an extended amplitude range, reflecting
the development of intense electrophysical processes
in the material. In the NP nanocomposite with SiO, in-
clusions, the increase in discharge activity was recorded
at significantly later stages of loading and had a lower
intensity. The pulses showed lower peak values, occurred
irregularly, and were recorded mainly at the end of the
cycles. This dynamic indicated a more uniform distribu-
tion of the electric field and a slower development of
localised defects in the material without the formation
of stable discharge activity channels. The NC compos-
ite with a BN layer and internal shielding showed the
lowest level of partial discharges throughout the test
period. The pulses were at the background noise level
or below the detection threshold, and after 1,000 cycles,
no pulse grouping or amplitude jumps were recorded.
This behaviour corresponded to the increased structur-
al stability of the material, in which the BN layer and
shielding elements ensured the equalisation of the elec-
tric field and reduced sensitivity to accumulated defects.
The differences found between the materials reflected
different mechanisms of their microstructural stability
and ability to counteract localised electrical process-
es under cyclic loading. Typical PD oscillograms of the
three materials after 1,000 cycles are shown in Figure 6.
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Figure 6. Pulse activity of partial discharges in various insulating materials (after 1,000 cycles)
Source: compiled by the authors based on IEC 60270:2025 (2025)

According to the results of Figure 6, for EP,the max-
imum pulse amplitude reached 280 pC at a frequency

of about 35 pulses/s. This intensity corresponded to the
presence of structural inhomogeneities, micropores,
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and interphase disturbances. In NP, the amplitude did
not exceed 145 pC, and the pulses were single in na-
ture. For NC, the amplitudes of partial discharges were
in most cases below the registration threshold, which
confirmed the high homogeneity of the dielectric struc-
ture and the effective operation of internal shielding
elements. A comparison of the experimental data with
the results of modelling in ANSYS Maxwell confirmed
that in EP, the maximum electric fields were concen-
trated at the joints of the edges and local cavities. It

was these geometric features that contributed to the
initiation of partial discharges. In NC, internal shield-
ing equalised the stress at critical points, reducing the
probability of breakdown and the formation of dis-
charge channels. This explained the lower amplitude
of partial discharges and the absence of significant de-
fects even after 1,000 cycles. To quantitatively assess
PD resistance, the initiation voltage (PDIV) and extinc-
tion voltage (PDEV) were determined. The results are
shown in Table 6.

Table 6. Electrical parameters of partial discharges after 1,000 cycles

Configuration PDIV, kV
EP (basic) 3.6
NP (SiO,) 4.7
NC (BN+ shielding layer) 5.5

PDEV, kV voltage hysteresis (AU), kV
2.4 1.2
3.8 0.9
5.0 0.5

Source: compiled by the authors based on IEC 60270:2025 (2025)

As shown in Table 6, the NC configuration demon-
strated the highest resistance to partial discharges,
with a PDIV of 5.5 kV, which was 53% higher than that
of EP. The hysteresis value AU for NC was 0.5 kV, the
lowest among all the investigated materials, reflecting
only a minor change in breakdown voltage under cy-
clic loading. The NP configuration incorporating SiO,
exhibited intermediate PDIV and AU values, indicating
partial electric field equalisation and enhanced ther-
mal stability of the matrix compared with EP. Analysis
of the PRPD distributions showed that surface partial
discharges with pronounced phase correlation pre-
dominated in EP and NP, whereas in NC most pulses
remained at background level or below the detection
threshold, without signs of clustering or amplitude
surges. The phase-resolved pulse distribution in NC
was characterised by low PD intensity across all in-
vestigated cycles, while EP and NP exhibited peak ac-
tivity within specific phase intervals. The combination
of high PDIV values, low hysteresis AU, and minimal
pulse activity demonstrated that the NC composite
with a BN layer and internal shielding maintained
stable electrophysical parameters after 1,000 loading
cycles. These characteristics support the applicability
of NC in high-voltage circuit breakers operating un-
der variable and high-stress conditions in pumping

stations and grain-drying complexes, ensuring more
uniform electric field distribution and reducing the
likelihood of local defects and the development of
breakdown channels.

The economic feasibility of introducing new materials
and frequency converters

To provide a generalised and systematic presentation
of the obtained experimental results, a comparative
assessment was performed on the technical and eco-
nomic indicators of high-voltage insulation units oper-
ated within the electric drives of pumping stations and
grain drying complexes under cyclic loading conditions.
The analysis incorporated PD parameters, specifically
the PDIV, AU, average amplitude-frequency character-
istics of partial discharges, and the proportion of sam-
ples exhibiting microstructural damage. In addition to
electrophysical indicators, economic parameters were
included in the comparison, represented as the TCO
over a fixed operating period. These indicators charac-
terised insulation units with different material config-
urations under identical operating conditions, allowing
for a comparison of their technical state and economic
costs during the initial stage of operation. The summa-
rised values of the relevant parameters following a six-
month cyclic load are presented in Table 7.

Table 7. Technical and economic performance of high-voltage insulation units under a 6-month cyclic loading period

et pony sy Pl
EP (without VFD) 3.6 15 28
NP (without VFD) 4.8 1.0 12
NC (without VFD) 5.5 0.5 3
EP + VFD 36 15 28
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Average PD Average PD repetition TCO
amplitude, mV rate, pulses/min over 6 months, USD
220 45 280
160 30 140
80 12 50
220 45 150
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Material Proportion of samples

PR L with damage, %

configuration

NP +VFD 4.8 1.0 12
NC + VFD 5.5 0.5 3

Table 7, Continued

Average PD Average PD repetition TCO
amplitude, mV rate, pulses/min over 6 months, USD
160 30 70
80 12 50

Note: economic indicators are given in USD per high-voltage insulation unit

Source: compiled by the authors

Analysis of the data in Table 7 showed that the
insulation materials studied differed significantly in
terms of their combined electrophysical characteristics
and total operating costs during the first six months
of cyclic operation. Within the interpretation of the
results obtained, the five-year operating period corre-
sponded to a total load equivalent to approximately
18,000-22,000 electric motor starts in variable oper-
ating modes, taking into account scheduled technical
inspections, routine downtime and unscheduled shut-
downs associated with insulation degradation and
component failures. EP epoxy insulation was charac-
terised by the lowest partial discharge initiation volt-
age values and the highest operating costs among all
configurations considered. Already during a six-month
period of operation, EP showed significant voltage hys-
teresis (AU=1.5 kV) and the formation of microstructur-
al damage in 28% of samples. The increased values of
the average partial discharge amplitude (220 mV) and
frequency (45 pulses/min) correlated with the develop-
ment of surface and interphase defects characteristic
of the electrical ageing processes of the polymer ma-
trix. The combination of these factors resulted in total
cost of ownership of USD 280 over a six-month period,
which, when extrapolated to a five-year operating cy-
cle, corresponded to USD 620-780 per insulation unit,
taking into account several replacements and losses
associated with emergency equipment downtime. For
nano-filled polymer NP with SiO, filler, other quantita-
tive ratios of electrophysical and economic parameters
were established. An increase in the partial discharge
initiation voltage to 4.8 kV and a decrease in the voltage
hysteresis to 1.0 kV were accompanied by a decrease in
the proportion of damaged samples to 12%. The aver-
age values of the amplitude and frequency of partial
discharges (160 mV and 30 pulses/min, respectively)
indicated a less intense degradation process compared
to epoxy insulation. This was directly reflected in the
economic indicators: the TCO for six months was USD
140, and the projected costs for a five-year operating
cycle were in the range of USD 280-350. The most fa-
vourable technical and economic characteristics were
demonstrated by the NC nanocomposite with a BN layer
and internal shielding. The partial discharge initiation

voltage reached 5.5 kV with a minimum voltage hys-
teresis (AU=0.5 kV), accompanied by low partial dis-
charge intensity: the average amplitude did not exceed
80 mV, and the frequency was about 12 pulses/min. The
proportion of samples with microstructural damage did
not exceed 3%, which was consistent with the uniform
distribution of the electric field and limited develop-
ment of degradation processes. Under these conditions,
the TCO for a six-month period was USD 50, and the
cost for a five-year operating cycle was estimated at
USD 90-120 without the need for scheduled replace-
ment of the insulation unit. A comparative analysis of
configurations using frequency converters showed that
their use did not change the established electrophysi-
cal parameters of insulating materials, but significantly
affected economic indicators by reducing the number of
hard start-up modes, reducing the amplitude of short-
term overvoltages, and reducing the frequency of emer-
gency and unscheduled equipment shutdowns. Within
the scope of the analysis, the total cost of ownership
was formed by the costs of scheduled and unscheduled
maintenance, replacement of degraded components,
and losses associated with downtime, while maintain-
ing clear differences between EP, NP, and NC materials
throughout the entire life cycle of operation

DISCUSSION
The results of electrical, thermal and mechanical meas-
urements showed that polymer dielectrics demonstrate
different sensitivity to dynamic load modes, and the
behaviour of nanocomposite systems is determined by
the ability of their interphase structure to compensate
for local peaks of stress and temperature. A 25-30% re-
duction in the breakdown voltage of epoxy insulation
after cyclic electrothermal loading and a corresponding
decrease in specific volume resistance correlate with
the “moisture-heat-defect” model described by J. Ma et
al. (2023), which established that hygrothermal effects
cause hydrolytic destruction of the ester bonds of the
epoxy matrix, degradation of interphase areas, and ac-
cumulation of microdefects, which determine the ac-
celerated deterioration of electrophysical characteris-
tics and a reduction in the service life of the insulation
material. The difference in structural stability between
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the epoxy system and nanocomposites confirms the
mechanisms described by F. Wiesbrock (2014), which
emphasised that nanofillers form a modified interphase
zone with increased resistance to the concentration of
electrical and mechanical stresses. The decrease in the
amplitude of the breakdown voltage drop in materials
with SiO, and BN is consistent with the author’s ap-
proach, which links the stability of electrophysical pa-
rameters with the damping of local overvoltages in a
nanostructured environment. This correlation provided
a basis for further analysis of the behaviour of nano-
composites in more complex modes with a combina-
tion of partial discharges, thermomechanical loads and
high-frequency voltage components.

The increase in the intensity of degradation pro-
cesses in polymer insulation under the action of re-
peated impulse influences correlates with the con-
clusions of M. Ghassemi (2019), which stated that fast
voltage fronts and repeated high-frequency pulses
create conditions for accelerated electrothermal de-
struction. The similarity lies in the observation of a pat-
tern: the greatest deterioration in parameters occurs in
systems without nanomodification, where there are no
mechanisms for dissipating electrical peaks. The sce-
narios of insulation depletion under the action of fast
pulses described by the author are consistent with the
observed difference between EP, NP and NC in terms of
breakdown voltage, specific resistance and partial dis-
charge activity. The presence of thermal anomalies in
areas of sharp geometric changes and at polymer-met-
al boundaries is consistent with the trends identified
by M. Hu et al. (2022), where it is emphasised that lo-
cal thermal maxima are an early marker of interphase
destruction and gas evolution. The recorded tempera-
ture peaks in the joint areas and in the insulation ribs
demonstrate the same pattern: areas of reduced ther-
mal conductivity and field concentration become cen-
tres of thermochemical destruction. The coordination
of the identified mechanisms confirmed the importance
of thermographic monitoring in high-voltage systems.
The formation of localised areas of elevated tempera-
ture in the polymer matrix is consistent with the results
of O. Sakhno et al. (2025), which showed that online
diagnostics of high-voltage equipment under operat-
ing voltage allows the detection of thermal anomalies
caused by the concentration of electrical and thermal
stresses in insulation nodes. The authors noted that the
spatial distribution of temperature can serve as an in-
dicator of areas of potential electrical instability, which,
during prolonged operation, transform into centres of
partial discharge activation. In the study, these provi-
sions were extended to the level of materials science,
which was confirmed by the analysis of thermographic
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profiles of polymer and nanocomposite samples and
their correlation with the quantitative parameters of
partial discharges.

The observed increase in the intensity of partial dis-
charges under the action of cyclic electrothermal load-
ing demonstrates a clear dependence on the frequency
and shape of the pulses, which is consistent with the
conclusions of Q. Li et al. (2015). The authors showed
that high-frequency components accelerate the forma-
tion of microcavities and increase the intensity of PD
activity already in the early stages of ageing, which is
consistent with the increased sensitivity of unmodified
polymer systems to initiation processes. The tendency
of epoxy resin to sharply decrease the “non-discharge
stability” interval completely repeats the patterns de-
scribed in high-frequency modes of electrothermal
ageing. The spatial displacement of defect zones to-
wards areas with an uneven electric field and reduced
heat dissipation properties is consistent with the re-
sults of Y.Wu et al. (2022), where it was proven that the
combination of geometric inhomogeneities and local
thermal maxima increases the probability of degrada-
tion channel formation. The mechanism described by
the authors - “‘geometric field concentration - local
overheating - microcrack - gas-filled cavity” - fully
explains the fixed trend of increased partial discharge
activity in joint and edge areas. The mechanisms pre-
sented in the study are consistent with the interpre-
tation of the shift of the maximum discharge area as
a consequence of interphase instability. The identified
relationship between the frequency of trigger pulses,
the amplitude of PD activity, and geometric features
repeats the results of D. Verginadis et al. (2021), where
it is noted that a combination of electrical and struc-
tural factors determines the specific discharge energy
and degradation rate. The authors showed that even
moderate pulses in the presence of a heterogeneous
polymer structure form accelerated destruction sce-
narios, which is consistent with the observed chang-
es in the structure of EP samples. The refined model
of action shows that the combination of solid surface
defects with impulse loading creates a stable mecha-
nism for the development of discharge erosion, which
determines the specific discharge energy and the rate
of material degradation. The peculiarities of the effect
of distorted voltage on the acceleration of electrical
ageing correspond to the patterns described by D. Fa-
biani & G.C. Montanari (2001). The authors demonstrat-
ed that harmonic components and voltage distortions
significantly increase the rate of destruction of polymer
insulation due to the nonlinear amplification of electri-
cal stresses in interphase zones. The detected chang-
es in the frequency spectrum of discharge activity are



consistent with the authors’ statement regarding the
critical role of high-frequency components as factors
determining the resource stability of insulation.

The synergistic action of amplitude and frequen-
cy distortions explains the accelerated deterioration
of the parameters of epoxy samples. The reduction in
stress gradients and thermal peaks in nanocomposite
structures is consistent with the trends described by
L. Lusuardi et al. (2019), where it was proven that sys-
tems optimised for operation with inverter drives have
improved resistance to dynamic modes. The authors
emphasised that the correct choice of material can sig-
nificantly reduce the level of partial discharges in sys-
tems with PWM voltage, which is consistent with the
observed difference between EP and NC in the intensi-
ty of discharge activity after 1,000 start-up cycles. The
mechanism is based on the ability of nanocomposites
to smooth out local electrical peaks, which in tradition-
al materials become triggers for early breakdown. The
increased stability of electrical strength and reduced
variability (Weibull B) in NP and NC samples is consist-
ent with the concept of nanodielectrics presented by
W. Liu et al. (2018). The work emphasised that nanopar-
ticles form a modified interphase region with optimised
polarisation, which increases the material’s resistance
to stress and discharge erosion. The observed increase
in the B parameter is consistent with the authors’ state-
ment regarding the increase in structural homogeneity
and the reduction in the number of defective channels,
which in polymer systems without nanomodification
remain one of the main sources of degradation.

The further increase in resistance to cyclic load-
ing in BN samples correlates with the conclusions of
T. Tanaka (2025), which presents a modern interpreta-
tion of the “two-layer interphase structure” mechanism
that provides improved dielectric permeability and sta-
bility during repeated temperature fluctuations. The
increase in breakdown voltage and reduction in losses
are consistent with the author’s model, which explains
that nanoparticles with high thermal conductivity are
capable of reducing local temperature peaks, which are
the main factor in the thermoelectric degradation of
polymers. The enhancement of dielectric properties in
BN-modified samples and their reduced sensitivity to
impulse loads are consistent with the results of A. Al-
soud et al. (2025). The authors showed that rare earth
oxide nanoparticles form stable heat dissipation chan-
nels, which significantly reduces local overheating and
accelerated ageing. The obtained Weibull coefficients
B and n are consistent with the concept that thermally
stable nanofillers act as barriers to microcrack devel-
opment. The identified patterns of changes in the ther-
mal profile and PD activity in frequent start-up modes
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are consistent with the review by A.A. Razi-Kazemi &
K.Niayesh (2021),which emphasised that the most dan-
gerous scenarios for switching equipment are precise-
ly dynamic modes with repeated pulses. The authors
noted that the combination of electrical peaks and vi-
bration loads forms accelerated degradation trajecto-
ries, which explains the faster reduction in the service
life of traditional polymers. The dynamic nature of the
load, caused by the peculiarities of hydraulic processes
in pumping systems, is consistent with the conclusions
of V.S.Kostyshyn & I.I. Yaremak (2017), where it is prov-
en that optimising modes can significantly reduce peak
electromechanical effects. The observed reduction in
thermal instability when working with frequency con-
verters repeats the trends described by the authors,
who emphasised the ability of optimised control to
reduce the amplitude of transient processes. The en-
ergy effect of using frequency drives and the reduction
in costs associated with insulation degradation are
consistent with the results of L. Elmahni et al. (2021),
which proved that frequency control in pumping sys-
tems provides a significant reduction in heat genera-
tion and an increase in overall efficiency. The similarity
is explained by the mechanism of reducing starting
currents and stabilising the operating point of the unit.
The assessment of the economic feasibility of using
new materials and frequency control is consistent with
the approach of N. Dutta et al. (2023), who demonstrat-
ed that digital life cycle analysis methods can reveal
hidden operating costs. The reduction in costs over the
long term confirms the authors’ key conclusion about
the dependence of system durability on the nature of
load modes. The identified effectiveness of resource
and economic solutions correlates with the conclu-
sions of K. Zhang et al. (2026), who noted the impor-
tance of combining technical and environmental and
economic criteria when selecting energy technologies.
The reduction in operating cycle costs and the increase
in energy efficiency are consistent with the patterns
described by the authors.

The systematised results show that the combina-
tion of nanomodified insulation structures and reg-
ulated start-up modes forms a coordinated circuit of
electrothermal processes, in which the amplitude of
partial discharges, thermal gradients and the number
of microstructural defects are reduced. Such dependen-
cies correlate with established experimental models of
nanodielectrics, where interphase layers determine the
distribution of field intensity and local heat dissipation
parameters. The observed increase in the  parame-
ter in the Weibull curves is consistent with the mech-
anisms of resource stabilisation of composites with
highly thermally conductive fillers described in the
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world literature. The reduction in starting current load
when using frequency regulation corresponds to the
technical and operational patterns according to which
a decrease in impulse electrical and thermal effects
leads to a reduction in the rate of defect accumulation
in polymer dielectrics. The set of comparisons collected
demonstrates the formation of a structurally consistent
picture of degradation processes, reflecting key trends
in research on high-voltage insulation and systems
with electromechanical cycles of increased dynamics.

CONCLUSIONS
The study allowed for a comprehensive characterisa-
tion of the degradation and reliability of polymer and
nanocomposite insulating materials of high-voltage
vacuum circuit breakers in dynamic operating modes
of electric drives of pumping stations and grain dry-
ing complexes. It has been established that the com-
bination of impulse starting loads, cyclic thermal
effects and mechanical vibrations creates critical op-
erating conditions in which the ability of the material
to limit localised electrophysical and microstructural
degradation processes is decisive. It has been shown
that an epoxy matrix without fillers is characterised by
the highest sensitivity to dynamic modes. After cyclic
loading, the specific resistance decreased by more than
47%,the breakdown voltage by more than 25%, and the
activity of partial discharges was accompanied by the
formation of tracking structures and a significant loss
of resource. Nanofilling with silicon dioxide provides
a moderate improvement in performance: the specific
resistance decreased by about 17%, and the breakdown
voltage by 9.8%, while the development of partial dis-
charges was limited and unstable without the forma-
tion of stable discharge channels. The highest stability
was demonstrated by the configuration with hexagonal
boron nitride and internal shielding, for which the re-
duction in specific resistance and breakdown voltage
did not exceed 7.1-7.3%, the partial discharge initiation

voltage reached 5.5 kV, and no through-tracking was
formed in standard tests. Numerical 3D-FEM model-
ling combined with thermography showed a consistent
decrease in peak electric field strength from 8.6 kV/
mm for EP to 5.4 kV/mm for NC, and maximum tem-
peratures from approximately 96°C to 79°C after 1,000
start-up cycles. Weibull analysis confirmed significant
differences in durability: the average life of epoxy in-
sulation was about 380 hours, while for nanocompos-
ites it increased to 700-900 hours with a simultaneous
decrease in statistical dispersion. It was found that the
use of frequency converters reduces starting currents
from about 5.6 /, to 2.1 /, and reduces the integral tem-
perature increase of the insulation by 61.5%, forming
a stabilised thermal regime. A technical and economic
analysis showed that the TCO over a six-month period
decreases from about 280 USD for epoxy insulation to
about 50 USD for BN-containing configurations, with a
multiple reduction in projected costs over a five-year
operating cycle.

The results obtained indicate the promise of inte-
grating composites with highly thermally conductive
fillers and frequency control to optimise the operation
of agro-industrial systems, in particular pumping sta-
tions, fan modules, grain drying units and greenhouse
installations. Further research should focus on analys-
ing the behaviour of composites in ultra-long cycles,
modelling degradation under stochastic loads, expand-
ing the range of nanofillers, and developing predictive
models for digital technical diagnostic systems.
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AHoTauia. [ocnifxeHHsa Oyno cnpsMoOBaHE Ha BM3HAYEHHS BMUIMBY ENEKTPUYHMX, TEMNOBUX i MeXaHiYHUX
HaBAHTAXXEHb HA [AOBrOBIYHICTb NOAIMEPHOI Ta HAHOKOMMO3MTHOI i30M15Lii BMCOKOBOJILTHUX BMMMKAYIB, LWLO
3aCTOCOBYHOTLCS Y HACOCHUX CTaHLLISIX | 38pHOCYLWMABbHUX KOMMNAeKcax YkpaiHu. MeToaonorisa noeaHyBana YmcenbHe
MOLENOBAHHS eIeKTPOCTaTUUYHUX | TEMJIOBUX NOJIIB Y TPUBMUMIPHUX KOHCTPYKLISIX i3015LiMHUX BY3/1iB, MPUCKOPEHI
TEPMOLMKNIYHI Ta MexaHi4yHi BMNpOOYBaHHS, aHani3 4acTKOBMX PO3PAAIB 33 MIXKXHAPOAHMMM CTaHOAPTaMM,
TepMorpadiyHMin KOHTPONb, MIKPOCTPYKTYPHI AOCAIAXEHHS Ta CTaTUCTUUYHY OLHKY pecypcy Ha OCHOBiI KpUBMX
HaAiMHOCTI. YCTaHOBMEHO, WO TpaaMLiiiHa enokCcuAaHa i3015ui9 3a3Ha€e HaWbinbw iHTEHCMBHOI Aerpagauii: nicns
LUMKNIYHUX HAaBAaHTaXXeHb MUTOMMIA ONip 3MeHLLYBaBCA Ha 47,5 %, npobueHa Hanpyra — Ha 25,7 %, a cepenHin pecypc
CTaHoBMB 61M3bko 380 rogmH. Jns HAHOHANOBHEHOrO MaTepiany 3 AiOKCUMAOM KPEMHIIO 3HUXKEHHS MUTOMOFO OMNopy
obmexysanocs 17 %, npobusHoi Hanpyrn — 9,8 %, npu 36inblueHHI cepefHboro pecypcy oo 715 roguH. Hansuiy
CTabiNbHICTb NPOAEMOHCTPYBaNa i30M14Li9 3 rekCaroHasbHWM HITPMAOM O6OpYy Ta BHYTPIWHIM eKpaHyBaHHSM, As
SKOi 3MiHM enekTpodi3nyYHMX NapameTpiB He nepesuLlyBanu 7,3 % 3a nutoMmum onopoM i 7,1 % 3a npobuBHO
Hanpyro, Hanpyra No4aTky YacTKoBUX po3psaiB gocarana 5,5 kB, a cepepHin pecypc ctaHoBuB 6113bko 912 roamH.
YucenbHi Ta ekcnepuMeHTaNbHi pe3ynbTaTy MOKa3anu 3HUXEHHS NiKOBOT HaNPyXXeHOCTi eNeKTp1yHoro nons 3 8,6 oo
5,4 kB/MM i MakcuManbHux TeMnepaTyp 3 96,2 oo 78,8°C nicns 1 000 nyckoBMX LMKAiB. 3aCTOCYBAHHS KEPOBAHMX
NMYyCKOBUX PEXUMIB 403BOSIUN0 3MEHLIMUTM MYCKOBI CTpyMK 3 5,6 In no npnbnunsHo 2,1 In Ta 3HU3UTKM iHTErpanbHe
TEMI0BE HABAHTAXEHHS i30nauii Ha 61,5 %. TexHiko-eKOHOMiYHa OUiHKa 3aCBigYMna 3MEHLUEHHS CYMapHOIi
BapPTOCTi BONOAIHHA 3a wicTb Micauis 3 280 po 50 ponapis CLUA Ha oguH i30n4UiAHMIA BY30A, WO MiATBEPLXKYE
NPaKTUYHY [OOLINbHICTb BMNPOBAMXKEHHS HAHOKOMMO3WTIB i KEPOBAHMUX PEXMMIB MYCKYy B arponpoMUCIOBUX
enekTponpusofax. [pakTMyHa 3HAYYLLiCTb OTPUMAHUX Pe3ynbTaTiB nondrae y GopMyBaHHi KpuTepiiB aAns subopy
MaTepianie Ta pexxumiB poboTM eNneKTpoOnpUBOAIB 3 METOH NiABULLEHHS HAAIMHOCTI KOMYTALIMHOrO 06N1agHaHHS B
arponpoMUCIIOBUX eNeKTPOMEXAHIYHUX CUCTEMAX Ta BUKOPUCTAHHS MOLENIOBAbHUX | AiarHOCTUYHKUX NiAXOAIB ANg
NPOrHO3yBaHHA Aerpajalii M onTUMi3aLii KOHCTPYKLIM i30M1ALIMHUX BY3NiB

KniouoBi cnoBa: 4acTKoOBi po3psiaM; €NOKCMAHA CMOJA; ENEeKTPOTEN/IOBE HABAHTAXEHHS; Li€NEeKTPUUYHA MiLHICTb;
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Abstract. This study aimed to evaluate the effectiveness of innovative technological solutions in enhancing
microbiological safety, maintaining quality, and promoting the efficient use of raw materials. Methods employed
included high hydrostatic pressure, low-frequency ultrasonic treatment,active and modified-atmosphere packaging,
and thermal treatment (including microwave treatment, boiling and blanching). Cultural, chromatographic,
spectrophotometric and gravimetric methods were also used to analyse the quality and safety indicators of raw
materials. High hydrostatic pressure was found to selectively inactivate microflora without causing significant
protein denaturation. A level of 300 MPa was found to ensure the sanitary stabilisation of chilled products.
Meanwhile, an intensified regime of 400 MPa for five minutes on gilthead seabream fillets reduced mesophilic
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aerobic microflora to 3.2 log CFU/g while preserving textural properties. For bivalve molluscs, the technologically
significant level required for the complete separation of muscles from shells without mechanical intervention was
found to be 310 MPa. The potential for intensification using low-frequency ultrasound at 25-40 kHz was calculated
to provide controlled intensification of cavitation and mass transfer. Using a working frequency of 32.5 kHz for 15
minutes reduced the marinating time of fish fillets by 50-67% with no signs of structural destruction. A study of
active packaging and a modified gas atmosphere revealed stabilisation of the physicochemical indicators over a
storage period of 10 days: a moisture content of 65.6-68.9%, a reduction in pH to 6.59 and a water-binding capacity
of 71.74%. This indicates preservation of the functional activity of the protein matrix. Drying of fish raw material
made it possible to obtain a protein concentrate with a moisture content of 9-10% and a protein mass fraction of
up to 66.7%; a water-binding capacity coefficient of 4.9 demonstrated the high hydration potential of the powder.
Microwave treatment reduced microflora to 3.5-4.2 log while ensuring better nutrient preservation. Supercritical
extraction was characterised by a lipid yield of up to 12-15% and a high-quality extract. The results may be used in
the meat- and fish-processing industries to improve the safety, stability and efficiency of raw-material processing

Keywords: sanitary condition; protein fractions; fermentation process; water-binding capacity; protein fraction

INTRODUCTION

There is a growing need for innovative technologies to
process meat, fish and seafood that can ensure microbi-
ological stability, extend shelf life and preserve the bio-
logical value of products. Given the current production
challenges, it is particularly important to combine the
safety, functionality and economic efficiency of techno-
logical processes. Using high hydrostatic pressure, ul-
trasonic treatment, active packaging, controlled drying
and microbiological monitoring systems enables prod-
uct quality to be improved without harsh thermal re-
gimes being applied. Comprehensive analysis of these
approaches is important to optimise production, reduce
raw material losses and increase sector competitive-
ness. This study addressed the issue of contradictions
between intensifying technological processes and pre-
serving the structural and functional characteristics of
food raw materials. Traditional processing methods can
result in a reduction in nutritional value, changes in
texture,and inadequate control of microbiological risks.
At the same time, the absence of a systematic approach
to combining physical treatment methods, packaging
solutions and regulatory control makes it difficult to
ensure stable quality in the final product. There is also
a need to substantiate process parameters that reduce
energy consumption and production losses without
compromising safety.

In the context of the economic mechanisms that
govern the operation of food enterprises, O. Petro-
va et al. (2025) analysed marketing strategies aimed
at increasing competitiveness. They found that inte-
grating innovative processing technologies with mar-
ket-based management tools created the prerequisites
for sustainable production development. O. Mykhalko et
al. (2025) investigated the influence of the sex and
pre-slaughter weight of pigs on carcass characteristics

when assessing the morphological factors of meat
quality. The results revealed a correlation between the
physiological parameters of the animals and the struc-
tural characteristics of the muscle tissue.

A. Zagorulko et al. (2023) studied the use of dried
semi-finished products with a high degree of readiness
for the improvement of minced product formulations.
They showed an increase in the stability of textur-
al properties and the technological uniformity of the
products. Biochemical aspects of post-slaughter indica-
tors of bull muscle tissue under corrective diet were
studied by O.S. Yaremchuk et al. (2022). The data ob-
tained reflected the effect of provision of protein and
vitamins on the chemical composition of meat.

G.L. Russo et al. (2024) summarised modern
non-thermal technologies for treating aquatic biore-
sources in the field of marine processing innovations.
They described the potential of high hydrostatic pres-
sure and combined methods for preservation of quality
and safety of the product.A. Subash et al. (2024) studied
the implementation of Industry 4.0 solutions in seafood
processing management systems in respect to the dig-
italisation of technological processes. The importance
of automated monitoring, data analytics for improving
production efficiency was stressed.

C.N. Ravishankar & K. Elavarasan (2024) classified
novel methods of primary and secondary processing
of fish with respect to modernisation of technolog-
ical operations in the fish industry. They pointed out
the prospects for combining mechanical, thermal and
non-thermal methods for preserving the texture and
nutritional value of products. A. Getahun et al. (2025),
summarising technologies for the preservation of
aquatic bioresources, studied methods for improving
the productivity of fish farming and extending the
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shelf life of fish. Their work stressed the importance of
integrated chilling, drying and packaging methods to
minimise microbiological spoilage.

A.Ali et al. (2022) reviewed the current methods of
fish products preservation and discussed the nutrition-
al value, preservation methods and processing tech-
nologies of fish. They showed that chilling, freezing,
vacuum packaging and modified atmosphere packag-
ing slow down microbiological processes and oxidative
changes, thus helping to maintain product quality and
safety during storage. I. Olesen et al. (2023) studied the
role of aquaculture and agriculture towards a closed-
loop bioeconomy for the development of circular food
systems. The research focused on efficient resource use
and waste reduction in supply chains.

In the context of the digital transformation of the
meat industry, Q. Sun et al. (2025) examined the chal-
lenges associated with the intellectualisation of pro-
duction processes. They outlined opportunities for
introducing sensor systems and automated quality
control under industrialised conditions. Regarding the
integration of Industry 4.0 technologies in seafood pro-
cessing, A. Hassoun et al. (2022) summarised contem-
porary methods of combining preservation techniques,
analytical monitoring, and digital management. They
demonstrated that combining non-thermal methods
and analytical platforms improves process controllabil-
ity and the stability of the final product. However, the
comprehensive integration of high hydrostatic pressure,
ultrasonic treatment, active packaging and drying into
unified technological chains, with simultaneous assess-
ment of microbiological safety, functional properties
and resource efficiency, remains insufficiently studied.

This study aimed to substantiate innovative tech-
nologies for processing meat, fish and seafood by as-
sessing their impact on microbiological stability, qual-
ity, and raw material efficiency. The study aimed to
analyse the technological regimes of high hydrostatic
pressure and ultrasonic intensification in meat and fish
processing, assess the effectiveness of active packag-
ing, modified gas atmospheres and drying in preserving
physicochemical indicators, and summarise the criteria
of microbiological control as a prerequisite for the sta-
bility of fermentation technologies.

MATERIALS AND METHODS
The study was conducted from 2023 to 2025 at the Ed-
ucational and Scientific Laboratory for the Processing of
Livestock Products and Food Technologies at Mykolaiv
National Agrarian University in Mykolaiv, Ukraine. Ana-
lytical generalisation and structuring of technological
indicators were carried out within the departmental
research area concerning innovative technologies for
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processing meat, fish and seafood. The study analysed
data on European seabass fillets (Dicentrarchus labrax),
mussels (Mytilus spp.) and oysters (Crassostrea spp.), as
well as pork, beef and poultry meat. These species were
selected due to their significant share in global pro-
duction and consumption, their sensitivity to innovative
processing methods such as high hydrostatic pressure,
ultrasound and modified gas atmospheres, and the
availability of standardised quality and safety indica-
tors, which enabled the results to be compared correct-
ly. The provisions of the European Convention for the
Protection of Vertebrate Animals Used for Experimen-
tal and Other Scientific Purposes (1986) were observed
during the study. Experimental data were used and in-
terpreted with due regard for the principles of humani-
ty, transparency and scientific integrity.

The parameters of high hydrostatic pressure and
the corresponding technological indicators for fish
and seafood were derived from the literature source
of O.A. Pivovarov et al. (2024). The effect of a modified
gas environment, namely nitrogen and carbon dioxide
mixtures, was not included in the analysis since the
source data only provided the pressure and treatment
duration parameters. The processing parameters for
European seabass fillets (Dicentrarchus labrax), mussels
and oysters were defined as standardised pressure and
exposure intervals that ensured microbiological and
technological stability without thermal influence. The
standard procedure for inhibiting vegetative bacteria
involved applying a fixed pressure level for a short pe-
riod at room temperature, and this was adopted as the
basic processing procedure. The High-Pressure Process-
ing (HPP) regime for European seabass fillets (Dicen-
trarchus labrax) was developed taking into account the
morphological features of the muscle tissue and its wa-
ter-retaining properties. These factors determined the
intensity and duration of the treatment.

The total number of mesophilic aerobic bacteria in
the fillets was determined by plating them on nutrient
media after pressure treatment and counting the re-
sulting colony-forming units, providing a quantitative
characterisation of the antimicrobial effect. The HPP
regime for processing mussels was set with higher
pressure values and shorter exposure times, taking the
characteristics of mollusc microbiota into account. The
proportion of Gram-positive microflora in mussels af-
ter HPP treatment was determined by differentiating
isolates according to their morphological and tinctori-
al properties using Gram staining. This made it possi-
ble to establish the structure of the microbial popula-
tion. The pressure ensuring complete separation of the
oyster muscle from the valve - that is, 100% shuck-
ing — was defined as the minimum level of isostatic



compression at which complete tissue separation oc-
curred without mechanical intervention. The threshold
pressure at which the colour of oysters’ changes was
determined by gradually increasing the pressure and
visually and instrumentally recording changes in the
tissue’s optical properties, which made it possible to
establish the limit for preserving the natural colour.
The indicators were presented with due regard to units
of measurement, namely MPa, min, log CFU/g and %,
without additional recalculation.

The parameters of high-efficiency high-intensity
ultrasound (HIUS) for meat marinating were systema-
tised based on a specialised article by V. Danylevych et
al. (2025). The optimal ultrasound frequency range and
recommended ultrasonic marinating duration for meat
were defined as the limits within which cavitation ef-
fects increase muscle fibre permeability and accelerate
marinade component diffusion without disrupting tis-
sue structural integrity. The working frequency range of
HIUS with antimicrobial properties and the duration of
high-efficiency ultrasonic treatment in food technolo-
gy were defined as the technological parameters that
characterise the intensity of the cavitation effects dur-
ing the processing of raw meat and fish. Cavitation ef-
fects under the specified regime were characterised by
the formation of short-term mechanical impulses that
opened the inter-fibre spaces without disrupting the
sarcolemma’s integrity. The selected processing interval
intensified mass transfer without accumulating excess
moisture or destabilising the tissue’s structure. Reduc-
ing the marinating duration was achieved by comparing
the process duration under standard conditions with
that under ultrasonic treatment, using an acceleration
coefficient. Quality preservation was monitored using
organoleptic and physicochemical indicators, while the
antimicrobial effect was assessed based on changes in
surface microflora. Based on a comparative assessment,
the working frequency was defined as 32.5 kHz, dur-
ing which cavitation effects were observed without any
signs of coagulation changes, muscle fibre destruction
or excessive moisture release. At lower frequency val-
ues, local overload of the tissue by cavitation impulses
was observed, whereas at higher values the intensity of
mass transfer decreased. The average working frequen-
cy was determined as the midpoint of the interval (1):

favg — fmin‘;fmax’ (1)
where f, - is the average working frequency of ultra-
sound; f,,, — is the minimum frequency value within the

range; f,.,, — is the maximum frequency value within the
range. The average treatment duration was determined
analogously to formula (1).
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The possible reduction in marinating time was as-
sessed using the acceleration coefficient, which reflect-
ed the multiplicity of the reduction in process duration.
The relative reduction was determined using formula (2):

R= (1 - %) X 100%, (2)

where R - is the relative reduction in process time; k -
the process acceleration coefficient, that is, the multi-
plicity of the reduction in duration. This approach en-
sured a unified comparison of regimes without changing
the limits of interpretation of the primary data.

The physicochemical indicators of the meat after
storage were determined based on the data presented
in the scientific publication by A.l. Marinin et al. (2025).
This publication presents the results of measuring the
moisture content, pH values, and moisture-retention
capacity (MRC) of the samples after 10 days of storage.
Chicken fillets were selected for investigation in the
study due to their homogeneous muscle tissue structure
and high sensitivity to changes in storage conditions,
ensuring a valid comparison of the effects of packaging.
Control samples were compared with samples contain-
ing oxygen absorbers and samples stored in a modified
gas atmosphere, all under identical storage conditions.
The moisture content of the control samples after 10
days, the moisture content with one oxygen absorber,
the moisture content under a modified gas atmosphere
(MGA), and the moisture content with two oxygen ab-
sorbers were determined as indicators for quantita-
tively assessing water content in muscle tissue under
different packaging conditions. These values were then
used to determine the extent of moisture loss during
storage, assess the effectiveness of the packaging’s bar-
rier properties and establish the impact of the oxygen
environment on the product’s water retention stability.

The acid-base state of the muscle tissue was de-
termined based on the pH values of the control sam-
ples, the samples containing one oxygen absorber, the
samples in the modified gas atmosphere and the sam-
ples containing two oxygen absorbers after ten days of
storage. These values were then used to quantify bio-
chemical changes in the tissue, particularly reflecting
the intensity of post-slaughter processes, the activity of
endogenous enzymes, and the potential development
of microflora depending on the gas composition of the
environment. This approach ensured a standardised
comparison of indicators between packaging variants
under identical exposure conditions.

The functional state of the protein-water matrix
was determined based on MRC indicators in control
samples and samples containing one or two oxygen
absorbers, or in a modified gas atmosphere. The MRC
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values served as a quantitative measure of the muscle
proteins’ ability to retain immobilised water in the pres-
ence of storage factors, enabling an evaluation of the
preservation of intermolecular interactions within the
protein-water complex. Comparing the obtained val-
ues made it possible to determine the effectiveness of
different types of packaging in maintaining the tissue’s
structural stability.

The moisture content of the product after drying at
100°C and 70°C, the protein mass fraction at 100°C and
50°C, and the water absorption coefficient at 50°C after
drying with water at 55°C were taken as basic character-
istics of the stability and functionality of the fish protein
concentrate. These indicators enabled a comprehensive
assessment of the influence of the dehydration temper-
ature regime on the structural state of the dry matter,
the preservation of the protein fraction, and the tech-
nological suitability of the resulting product. The differ-
ence in moisture content was calculated as follows (3):

AW = W75 — Wigo, (3)

where AW~ is the difference in moisture content,p.p. (per-
centage points); W,, - the moisture content of the prod-
uct after drying at 70°C; W,, - is the moisture content of
the product after drying at 100°C. The increase in protein
mass fraction was calculated analogously to formula (2).

The relative increase in protein was calculated
as follows (4):

AP,y = 201100 100%, )

100

where AP, - the absolute increase in protein mass
fraction; Py, — is the protein mass fraction after drying
at 50°C; P,y — is the protein mass fraction after drying
at 100°C. The formulae were applied to obtain derived
values without changing the primary indicators.

The microbiological acceptability criteria were
developed using materials from a study of the mi-
croflora of imported frozen fish by M.D. Kukhtin &
ZN. Malimon (2024). The number of psychrotrophic
microorganisms was determined using the cultur-
al method, involving inoculation onto nutrient media
and incubation at reduced temperatures. This made it
possible to quantitatively assess cold-resistant forms
of microorganisms. Samples containing >5 x 10* CFU/g
of psychrotrophic microflora and the threshold value
for comparing psychrotrophs were used as the basis for
microbiological criteria to detect and quantify the level
of cold-resistant contamination in raw materials. These
indicators ensured the identification of microorganisms
capable of growing at low temperatures, which is es-
sential for predicting their growth during refrigerated

Ukrainian Black Sea Region Agrarian Science, 30(2), 96-114

storage. The acceptance-control scheme - comprising
a sampling plan (n), the permitted number of “margin-
al” samples (c), a threshold level (m) and a limit level
(M) = was interpreted as a formalised system for inter-
preting results. This ensured a standardised assessment
of whether raw material batches conformed to estab-
lished safety criteria. This approach not only records the
fact that regulatory limits have been exceeded, but also
classifies the level of risk depending on the distribution
of values in the sample and the ratio of acceptable to
limit indicators.

The proportion of positive cases for first- and sec-
ond-generation aminoglycosides, as well as the nali-
dixic acid detection indicator, were used to determine
the prevalence of undesirable microbiological traits.
Analysing these proportions enabled us to evaluate the
sanitary condition of imported or processed raw mate-
rials and consider the potential impact of antimicro-
bial resistance on the controlled fermentation process.
The values obtained were summarised as averages for
representative observation intervals corresponding to
stable process conditions. The level of variation was
assessed by analysing the fluctuation ranges and cal-
culating the standard deviation, ensuring a statistically
robust presentation of the quantitative characteristics.

The samples were processed using a Panasonic
NN-GD37 microwave oven (Japan, 700-900 W): boil-
ing in an aqueous medium at 100°C, then blanching
at 85-95°C in a Memmert WNB14 water bath (Germa-
ny). A Testo 108 thermocouple (Germany) was used to
monitor the temperature regime, ensuring the compa-
rability of thermal effects between regimes. Reduction
in mesophilic aerobic bacteria was determined using
the cultural method with inoculation onto meat-pep-
tone agar, followed by incubation at 30°C for 48 hours
in a Binder BD 115 thermostat. The obtained data were
used to characterise quantitatively changes in microbi-
al load under the influence of processing.

Vitamin retention was determined using high-per-
formance liquid chromatography with an Agilent 1260
Infinity chromatograph (USA) and detection in the ap-
propriate spectral ranges. The retention percentage
was calculated as the ratio of the content after process-
ing to the initial value, according to formula (5):

= Lafter o 100%, 5)

Cbefare

where R - vitamin retention; C,,, . - is the content be-
fore processing; C,, - the content after processing.
The content of omega-3 fatty acids was determined
by gas chromatography using an Agilent 6890N instru-
ment (USA) after preliminary derivatisation. The indi-

cators obtained were used to analyse changes in the



lipid composition depending on the processing regime.
Product mass loss was determined by the gravimetric
method using Sartorius Entris Il analytical balances
(Germany), by weighing before and after processing.

The percentage of losses was calculated according
to formula (6):

L =" % 100%, (6)
mo
where L - is mass loss; m, - is the mass before pro-
cessing; m, - is the mass after processing. Textural
characteristics were studied by the penetration meth-
od using a TA.XTplus texture analyser (Stable Micro
Systems, Great Britain). The values obtained were used
to characterise changes in the structural organisation
of the tissue. The processing duration was recorded
using a Testo 174 digital timer (Germany). The data
were taken into account when establishing the rela-
tionship between exposure duration and changes in
the studied indicators.

Extraction was carried out using a Waters Corp.
(USA) SFE-500 supercritical fluid extraction system,
with carbon dioxide in the supercritical state at con-
trolled pressures and temperatures. The process param-
eters were maintained by an automated control system
to ensure stable extraction conditions. The extraction
yield was calculated using the gravimetric method and
Sartorius Entris Il analytical balances (Germany). The
calculation was performed according to formula (5).
The obtained values were used to assess the efficiency
of the extraction of the lipid fraction.

The content of eicosapentaenoic acid (EPA) was de-
termined by gas chromatography after the methylation
of fatty acids, using a 6890N Agilent chromatograph
(USA). These results were then used to analyse chang-
es in the composition of polyunsaturated fatty acids
during extraction. Docosahexaenoic acid (DHA) content
was determined using the same method. These results
were considered when evaluating the preservation of
biologically valuable components of the lipid complex.
The concentration of tocopherols was determined using
high-performance liquid chromatography (HPLC) with
an Agilent 1260 Infinity system (USA) and a fluorescence
detector. These data were then used to characterise the
vitamin content of the extract. The carotenoid concen-
tration was determined using a Shimadzu UV-1800 spec-
trophotometer (Japan) at the wavelength of maximum
absorption. These results were then used to evaluate the
composition and stability of the pigments and bioactive
compounds. Antioxidant activity was determined using
the DPPH method with 2,2-diphenyl-1-picrylhydrazyl
and a Shimadzu UV-1800 spectrophotometer. The
calculation was performed according to formula (7):
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CX50

IG5 = &%, %)

where IC, - the concentration providing 50% inhibi-
tion of radicals; C - is the concentration of the sam-
ple studied; and / - is the percentage of inhibition. The
values obtained were used to assess the antioxidant
potential of the extract.

RESULTS

Non-thermal stabilisation of seafood by high pressure
Within the tested range of hydrostatic-effect param-
eters, critical pressure levels were identified that fa-
cilitated microbiological stabilisation without com-
promising the structural integrity of the tissue. It was
determined that an overall control processing level of
300 MPa was sufficient to achieve vegetative microbio-
logical suppression in fish fillets. This value effectively
reduced the microbial load in fillets without causing
any significant structural changes to the muscle tissue.
The preserved muscle texture and the absence of inten-
sive protein denaturation emphasised the selectivity of
hydrostatic pressure towards microbial membrane cells
compared to the relative stability of muscle proteins.
Morphological analysis of the samples showed that
the matrix was dense and did not show signs of water-
iness or fibre destruction. The cut surface had retained
its typical sheen and no excessive exudation of liquid
from the samples was observed. Meanwhile, the mus-
cle fibres clearly showed their differentiation. Thus, the
threshold for the achievement of sanitary stabilisation
and the preservation of sensory quality was 300 MPa.
Moreover, no significant loss of structural integrity of
muscle fibres was detected under the processing condi-
tions of 400 MPa for 5 min, which proves the possibility
of intensification of the regime without critical texture
changes. Under the given regime, no significant chang-
es in fillet colour were also observed, which suggests
that pressure has a limited effect on myoglobin com-
plexes and pigment structures. The density of the tissue
was similar to that of the controls and the elasticity
of the muscle fibres was maintained under mechani-
cal load. The water-binding capacity did not decrease
sharply, confirming the absence of deep structural re-
arrangements in the protein-water matrix. Thus, the
hydrostatic impact in this regime had a predominantly
biocidal effect without a critical influence on the func-
tional properties of the protein.

A more detailed analysis was performed on Euro-
pean seabass fillets (Dicentrarchus labrax) processed
under a standard high-pressure environment. As a re-
sult, the total count of mesophilic aerobic bacteria was
reduced by 3.2 log CFU/g. The magnitude of this de-
crease showed a significant reduction of contamination

Ukrainian Black Sea Region Agrarian Science, 30(2), 96-114

101



102

Innovative approaches to processing meat...

and confirmed the high efficiency of non-thermal treat-
ment. After exposure to pressure, a sharp decrease in
viable colony forming units was observed. On the other
hand, a gradual increase in microflora was observed in
the control samples during storage. The HPP-treated
samples showed stable indicators with no intensive mi-
crobial proliferation. Also, the condition of the muscle
structures after processing was assessed. The integrity
of the fibre was preserved and no significant clouding
of the tissue or loss of natural moisture was noted. The
lack of pronounced protein coagulation points to a dif-
ference in the mechanism of action of hydrostatic pres-
sure and thermal exposure, the latter usually leading to
the formation of a dense coagulation structure. Thus,
the effect on microbial cells was selective, with muscle
protein complexes remaining relatively stable.
Particular attention was paid to bivalve molluscs,
especially oysters. Under the influence of high pres-
sure, the muscle automatically separated from the
valve. It was determined that complete separation of

the muscle tissue was ensured without mechanical
damage when a level of 310 MPa was reached. This
occurred due to the disruption of the adhesive inter-
actions between the muscle fibres and the inner sur-
face of the valve under the action of uniform isostatic
compression. At the same time, the muscle retained
its anatomical shape and no fragmentation or tearing
occurred. It was established that increasing the pres-
sure to above 310 MPa caused changes to the oysters’
optical characteristics, as evidenced by an increase in
whiteness and a decrease in tissue transparency. This
was accompanied by increased light scattering, which
was associated with the rearrangement of protein
complexes at a structural level. These changes were
interpreted as resulting from the partial restructuring
of protein structures and the compaction of sarcoplas-
mic elements. However, within the applied regimes,
these effects were not accompanied by the develop-
ment of a foreign odour, mucus degradation, or tissue
delamination (Table 1).

Table 1. Technological regimes of high hydrostatic pressure and their effect on seafood

Indicator Number/range

300 MPa, “several
minutes”, room
temperature

Typical regime
for inhibiting vegetative bacteria

HPP regime for processing European

seabass fillets (Dicentrarchus labrax) 400 MPa x5 min

Reduction in the total number
of mesophilic aerobic bacteria
in European seabass fillets after HPP

3.2 log CFU/g

HPP regime for processing mussels 500 MPa x 2 min

Proportion of Gram-positive microflora

0,
in mussels after HPP treatment Bl
Pressure ensuring complete separation
of the oyster muscle from the valve, 310 MPa
or 100% “shucking”
Threshold pressure after which the 300 MPa

colour characteristics of oysters change

Note

Demonstrated the achievement of a sanitarily acceptable level

without the use of thermal load. Confirmed the possibility
of non-thermal stabilisation of chilled products

Reflected an intensified regime for the dense muscle tissue

of marine fish. Demonstrated the adaptation of parameters depending

on the type of raw material

Indicated a multiple reduction in viable microflora. Confirmed the
achievement of a stabilising effect without complete sterilisation

Demonstrated the application of a higher pressure level
for molluscs with naturally more complex microbiota.
Indicated a short-term but intensive effect

Demonstrated a shift in the ratio of microbial groups towards more

resistant forms. Indicated the selective nature
of the effect of isostatic compression

Reflected the threshold level for achieving a technological effect
without mechanical intervention. Confirmed structural rearrangement

of tissue-attachment zones

Demonstrated the sensitivity of protein-pigment complexes
to increased load. Indicated the need to control regimes
in order to preserve marketable appearance

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

Thus, the results demonstrated that high hydro-
static pressure within the specified limits had a pro-
nounced antimicrobial effect while preserving the
physicochemical and morphological characteristics of
fish and seafood. In particular, a reduction in microbial
load of 3.2 log CFU/g was recorded at a pressure lev-
el of 300 MPg, indicating the effective suppression of
vegetative microflora without achieving sterility. The
applied regimes did not result in any critical structural
changes to muscle tissue, such as loss of density, ex-
cessive moisture release or formation of a coagulated
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texture. There was no sharp shift in acidity indicators
or disruption of the natural colour, indicating preser-
vation of the biochemical balance of the protein-wa-
ter system. The morphological stability of the tissues
indicated the absence of deep denaturation of my-
ofibrillar proteins and the preservation of the struc-
tural organisation of muscle fibres. Taken together,
the results demonstrate the potential for integrating
HPP into fish and seafood processing technologies to
maintain product quality and safety without altering
its natural structure.



Ultrasonic enhancement of diffusion

and structural changes

Analysis of the ultrasonic treatment parameters
showed that applying a 32.5 kHz frequency generat-
ed stable cavitation in the marinade’s liquid medium.
Under this acoustic influence, the intensive formation
and implosion of microbubbles occurred, accompanied
by local pressure and temperature fluctuations at a mi-
croscopic level. The cavitation cavities formed micro-
jets capable of temporarily increasing the permeability
of tissue barriers. This activated diffusion processes
and reduced intratissue resistance to the penetration
of dissolved components. Consequently, muscle fibres
became more uniformly saturated with salts and func-
tional ingredients than under conventional marinat-
ing conditions. At the same time, the tissue structure
remained stable without any signs of delamination
or excessive loosening. A frequency of 32.5 kHz was
characterised by sufficient cavitation activity, with no
coagulation changes, muscle fibre destruction or ex-
cessive moisture release, indicating preservation of the
protein matrix’s structural integrity.

The effect of acoustic waves in this regime was ac-
companied by short-term mechanical impulses. These
impulses did not disrupt the integrity of the sarco-
lemma. However, they contributed to the opening of
inter-fibre spaces. This functional effect did not result
in a loss of the tissue’s natural density. The surface of
the samples remained even, with no visible clouding
or wateriness. The results indicated that the cavitation
process could be controlled and was in line with the
technological requirements for preserving the struc-
ture of protein raw materials. The average duration of
the ultrasonic treatment was 15 min, which ensures
the full realisation of the technological effect within
the selected regime. In this period a gradual and sta-
ble increase of the mass transfer between the liquid
and solid phase was observed. Diffusion was activated
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and there was no accumulation of excess moisture in
the tissue or local oversaturation zones. The concen-
tration gradients between the outer and inner zones
decreased, showing a more uniform distribution of the
marinade components over the whole volume of mus-
cle tissue.No intensive release of tissue fluid or signs of
degradation of sarcoplasmic structure were observed.
The orientation and elasticity of the muscle fibres did
not change even after the treatment was over. Thus, 15
minutes were enough to increase the process without
exceeding the permissible acoustic load.

Comparative evaluation of the duration of the
technological cycle showed that the use of ultrasound
can reduce marinating time by up to 50%. The process
duration was reduced by half, which pointed to a sig-
nificant increase in the mass transfer rate and a more
rapid achievement of the required saturation level. In
parallel, there were no negative changes in qualitative
characteristics of the product. Organoleptic assessment
revealed no external odours or colour changes and the
texture was homogeneous and elastic. The reduced
time did not lead to any destructive changes in the
protein structures, not excessive softening or loosen-
ing. The preservation of the physicochemical proper-
ties demonstrated the effectiveness of the ultrasonic
intensification on quality loss prevention. Furthermore,
partial suppression of surface microflora was observed
in the working frequency range of the HIUS with an-
timicrobial action. Although total inactivation was not
achieved, an attenuation of the initial microbial growth
intensity during storage was observed. This was in-
terpreted as a consequence of the mechanical impact
of cavitation waves on the cell membranes of micro-
organisms, increasing their sensitivity to the external
environment. Meanwhile, the tissue’s structural organ-
isation remained unchanged, indicating the selectivity
of the ultrasonic action and its predominant focus on
the liquid phase and microbial cells (Table 2).

Table 2. Ultrasonic treatment of meat and fish raw materials: Parameters and generalised calculated regimes

Indicator Value
Optimal ultrasound frequency range )
for meat marinating LAl
Recommended duration 10-20 min
of ultrasonic marinating
Working frequgncy range qf HIUS with 20-47 kHz
antimicrobial action
Duration range of high-efficiency _ .
ultrasonic treatment in food technologies 25 - 30 min
Calculated average working ultrasound 325 kHz

frequency for marinating

Note

Defined the limits of stable cavitation activity in an aqueous medium.
Demonstrated the effectiveness of a low-frequency regime

for processing protein raw materials

Reflected the interval within which the structural integrity of the tissue
was preserved. Indicated the possibility of controlling the acoustic load

Demonstrated the sensitivity of microorganisms to low-frequency
acoustic oscillations. Indicated the potential for selective influence

on surface microflora

Demonstrated the versatility of the technology for different types
of products. Indicated the adaptability of regimes depending

on the structure of the raw material

Reflected a compromise between cavitation intensity and tissue stability.
Confirmed the appropriateness of using the mean value of the range
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Indicator Value

Calculated average duration .
of ultrasonic treatment 15 min
Estimated possible reduction in marinating  ¢( (o,

time when ultrasound is applied

Table 2, Continued
Note

Demonstrated that the time was sufficient for the acoustic effect

to occur without signs of overload. Indicated a balance
between process speed and product quality

Demonstrated the potential for accelerating the technological cycle.

Confirmed an increase in the intensity of mass transfer

Source: compiled by the authors based on V. Danylevych et al. (2025) and formulae (1-2)

The frequency of 32.5 kHz for 15 minutes resulted
in stable marinating without disturbing the structural
integrity of muscle fibres, confirmed the results. The re-
duction of the technological process by 50% showed
the prospect for increasing the efficiency of the produc-
tion cycle with the preservation of the physicochemical
properties of the raw material. The parameters of ultra-
sonic treatment were chosen so as to ensure controlled
cavitation effect, uniform penetration of functional
components and stability of textural indicators. The ob-
tained data confirmed the possibility of using HIUS as a
method of intensification of the processes in meat and
fish processing with the preservation of product quality.

Packaging technologies

with a controlled storage atmosphere

The control samples had a moisture content of 65.6%
after ten days of storage, which is a natural tendency of
chilled meat to gradually lose moisture during storage.
No active components were present in the packaging,
but a moderate reduction in moisture content with
slight compaction of the surface layers of the tissue
was observed. There was no sharp drying or crust for-
mation at the same time, although the texture was less
elastic than in the initial state. This indicated the nor-
mal course of physico-chemical changes under normal
conditions of packaging.

The moisture content at the active packaging con-
ditions of two oxygen absorbers was 68.9%, which
was higher than the control group. This was evidence
of the decrease of the intensity of evaporation and
suppression of oxidation processes in the tissue. The
higher level of retained moisture indicated that the
protein-water matrix had become stable and that dehy-
dration had been reduced. The surface of the samples
was flat with no indication of overcompaction or loss

of shine. This suggests that two oxygen absorbers con-
tributed to maintaining the muscle tissue in a balanced
hydration state during storage.

The pH value under modified gas atmosphere was
determined to be 6.64, which was greater than the
other packaging conditions, indicating a more stable
acid-base state. Relatively low pH level was observed
to slow down autolytic processes and limit the activity
of microflora. At the same time, there were no sharp
changes of acidity which could have a negative impact
on the taste of the product. The pH stabilisation un-
der modified gas atmosphere conditions confirmed the
efficiency of the control of the gas composition inside
packaging in restriction of undesirable biochemical
changes. The maximum MRC value was 71.74% in sam-
ples with two oxygen absorbers under the studied con-
ditions. This suggests that muscle tissue can still retain
intracellular and intercellular water even after long
term storage. The high level of MRC indicated stability
of structural protein complexes and small changes of
denaturation. The samples showed satisfactory elastici-
ty and did not release too much moisture when subject-
ed to mechanical force, which means that the tissue is
functionally intact.

A comparative analysis of these indicators made it
possible to determine that active packaging using ox-
ygen absorbers and modified gas atmosphere had dif-
ferent effects on the stability parameters of meat. The
control samples were characterised by a lower level of
retained moisture and lower MRC, which corresponded
to the natural course of changes during storage. By con-
trast, the use of two oxygen absorbers contributed to
the preservation of hydration properties and structural
stability. The modified gas atmosphere, in turn, ensured
acidity stability, which was important for maintaining
microbiological and biochemical equilibrium (Table 3).

Table 3. Physicochemical quality indicators of broiler chicken fillets after 10 days of packaging

Indicator Value

Moisture content of control

samples after 10 days, % 65.6
Moisture content with one 66.2
oxygen absorber, % :
Moisture content
under MGA, % 66.62
Moisture content with two 68.9

oxygen absorbers, %
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Note

Demonstrated the natural dynamics of moisture loss during storage.
Reflected the baseline level of dehydration changes without additional stabilising factors

Indicated a moderate reduction in the intensity of oxidative processes.
Demonstrated partial stabilisation of the internal packaging environment
Demonstrated the influence of controlled gas composition on the hydration state of the tissue.
Indicated preservation of the balance between evaporation and internal moisture diffusion

Demonstrated the most stable water balance among the studied variants.
Indicated effective limitation of oxidative and dehydration changes



Indicator Value
pH of control samples 6.89%
after 10 days R
pH with one oxygen 6.78
absorber after 10 days :
pH under MGA
after 10 days 6.64
pH with two oxygen 6.59
absorbers after 10 days :
MRC - control
after 10 days, % 69.54
MRC with one oxygen 70.98
absorber after 10 days, % ’
MRC under MGA
after 10 days, % 70.75
MRC with two oxygen 71.74

absorbers after 10 days, %

Petrova et al.

Table 3, Continued
Note

Reflected the course of autolytic processes under standard storage conditions.
Demonstrated the absence of regulation of the internal gas environment
Indicated the inhibition of undesirable biochemical reactions. Demonstrated the influence
of reduced oxygen content on acid-base equilibrium
Demonstrated stabilisation of the environment due to controlled gas composition.
Indicated a decrease in the intensity of microbiological changes
Demonstrated the most pronounced effect in restraining oxidative processes.
Indicated the maintenance of a more stable biochemical state of the tissue
Reflected the standard level of water retention without additional technological factors.
Demonstrated a gradual reduction in the functional activity of proteins
Indicated improved structural stability of protein complexes.

Demonstrated the preservation of intermolecular bonds in the tissue
Demonstrated the maintenance of water-retention properties
under controlled-atmosphere conditions. Indicated a reduction in degradation changes
Demonstrated maximum preservation of the functional ability of the tissue to retain water.
Indicated stabilisation of the protein-water structure during storage

Source: compiled by the authors based on A.l. Marinin et al. (2025)

A comprehensive interpretation of the results
showed that stabilising the key physicochemical indi-
cators of meat during storage was possible by combin-
ing control of the gas environment with active pack-
aging components. An increase in moisture content to
68.9% and an increase in MRC to 71.74% under active
packaging conditions confirmed the preservation of the
tissue’s functional properties. A pH value of 6.64 under
a modified atmosphere indicated a reduction in unde-
sirable biochemical changes. These results showed that
active packaging and controlling the gas composition
of the environment were key to stabilising the quality
of meat products without affecting their structure.

Thermal drying in fish protein concentrate technology

When dried at 100°C, the product had a moisture con-
tent of 9%, indicating deep dehydration of the raw ma-
terial. The results confirmed the successful removal of
free and partially bound water and ensured stability of
the concentrate during storage. The low moisture con-
tent reached inhibited the microbiological activity and
minimised the enzymatic processes. Simultaneously,
partial thermal modification of the protein structures
was observed under the elevated temperature condi-
tions, which was reflected in a slight compaction of the
powder particles. The structure of the product was still
homogeneous, without clumping, but the texture was
denser than in variants obtained at lower temperatures.
The drying at 50°C gave the protein mass fraction of
66.7% which indicates a high concentration of nitro-
gen-containing compounds in the final product. A mod-
erate temperature regime helped to maintain the native
structure of protein molecules and minimised changes
in denaturation. Compared to intensive thermal treat-
ment, the lower temperature allowed to preserve the
functional properties of the protein, especially its

solubility and hydration capacity. The results obtained
show that it is possible to obtain concentrates with a
higher biological value by using gentle drying methods.
The powder showed a structure of looser consistency
with a homogeneous distribution of particles.

The water-absorption coefficient was 4.9 when the
concentrate was dried at 50°C, which indicates the abil-
ity of the powder to reconstitute actively in an aque-
ous medium. This suggests that the spatial arrange-
ment of the protein macromolecules is retained and
that there are sufficient hydrophilic groups for inter-
action with water. The high-water absorption capacity
indicates that the concentrate can be applied for food
products, especially emulsion and paste-like formu-
lations. Hydration of the powder led to a homogene-
ous mass without insoluble aggregates, suggesting no
significant protein coagulation. The intensive thermal
regime caused a lower moisture content which posi-
tively affected the storage period, but was associated
with partial structural changes of the protein. On the
other hand, a moderate temperature was found to be
helpful in maintaining a high protein mass fraction
and improving hydration properties. The protein con-
tent of 66.7% and the water absorption coefficient of
4.9 confirmed the functional activity and technological
versatility of the concentrate in the relation. It was also
demonstrated that decreasing the drying temperature
did not significantly increase the residual moisture, and
the final product was stable under normal storage con-
ditions. The structural integrity of the protein fractions
ensured that the concentrate could be used further
in technologies for enriching products of animal and
combined origin. The results obtained demonstrated
the feasibility of optimising the temperature regime as
a key factor in determining the quality of fish protein
concentrate (Table 4).
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Table 4. Fish protein concentrate after drying: indicators

Indicator Value Note
Moisture content of the 9% Indicated a deep level of dehydration and minimal risk of microbiological activity.
product when dried at 100°C ° Indicated the formation of a stable dry matrix of the product
Moisture content of the 10% Demonstrated a gentler regime of moisture removal. Indicated the preservation
product when dried at 70°C ° of some structurally bound water
Protein mass fraction 65.8% Reflected the concentration of protein fractions after intensive thermal exposure.
at 100°C e Indicated the formation of a dense protein structure in the powder
Protein mass fraction 66.7% Indicated greater preservation of nitrogen-containing components. Demonstrated
at 50°C R the favourable effect of a moderate temperature regime on nutritional value
Moisture difference: 1 Demonstrated the sensitivity of the indicator to changes in drying temperature.
70-100°C P-p- Indicated the dependence of dehydration on the intensity of thermal load
. Demonstrated the advantage of a gentle regime in preserving protein components.
5 = o
e Indicated the influence of temperature on the concentration ratios of dry substances
Relative increase ~1.37% Demonstrated a small but stable difference in product composition.

in protein at 50°C

Water-absorption coefficient
at 50°Cdrying, water at 55°C

Source: compiled by the authors based on formulas (3-4)

Thus, the combination of deep dehydration under
an intensive temperature regime, increased protein
fraction concentration under moderate drying, and
the product’s high hydration capacity confirmed the
technological effectiveness of the process as part of
waste-free fish raw material processing. The applied
regimes enabled the production of a stable, powdered
concentrate with minimised microbiological activity
that preserved the functional properties of proteins.
It was also demonstrated that varying the drying
temperature enabled control over the relationship
between dehydration levels and the preservation of
native protein characteristics. The resulting concen-
trate was characterised by a homogeneous, dispersed
structure; an absence of signs of thermal damage; and
an ability to form stable systems after reconstitution
in an aqueous medium.

Microbiological monitoring

in fermented food systems

A threshold level of 10,000 CFU/g was defined as
the limit for microbial contamination beyond which
the raw material would be considered unsatisfacto-
ry for further technological processing. The microbial
load below this threshold was not a critical risk for
the stability of the fermentation process. The values
of indicators at the level of or below the threshold
level testify to the controlled state of microflora and
compliance with basic sanitary requirements. How-
ever, exceeding this level may affect the competitive
interaction of microorganisms during fermentation,
which decreases the predictability of biotechnologi-
cal reactions. Thus, the limit of 10,000 CFU/g is suf-
ficient to guarantee stable initial conditions for the
application of starter cultures or probiotic strains. A
Llimit level of 50,000 CFU/g was considered as critical.
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Indicated the potential for optimising the drying regime

49 Indicated the high hydration capacity of the powder. Demonstrated the suitability
’ of the concentrate for use in reconstituted food systems

Above this limit the raw material sanitary conditions
were considered unacceptable. Concentrations equal
to or higher than this threshold showed a significant
increase in the microbial population and the poten-
tial to disrupt microbiological equilibrium. In the do-
main of fermentation technologies, it was a threat of
the dominance of undesirable microflora which could
influence the quality of the final product. Likewise,
high levels of contamination made it difficult to pre-
dict the metabolic activity of the target cultures, since
foreign microorganisms could compete for nutrient
substrates. The 50,000 CFU/g limit allowed for the
clear separation of batches of raw material according
to safety criteria, which helped in decisions on their
technological suitability.

The proportion of positive cases for first- and sec-
ond-generation aminoglycosides was 46.7 %, reflecting
how frequently the corresponding traits were detect-
ed among the analysed isolates. This level indicates a
high prevalence of the relevant characteristics in the
microbial population of the studied raw material. This
is significant for fermentation technologies since re-
sistant strains could affect the course of biochemical
processes and the effectiveness of selective microflo-
ra control. Furthermore, it emphasised the importance
of introducing standardised criteria for selecting raw
materials in order to minimise the risk of undesirable
microbial interactions. Adhering to the threshold level
of 10,000 CFU/g ensured the predictability of target
culture development, while preventing the limit level
of 50,000 CFU/g from being exceeded minimised the
risk of microbiological instability. Taking into account
the proportion of positive cases (46.7%) also made it
possible to assess the potential structure of the mi-
crobial community and its influence on the biotechno-
logical cycle (Table 5).
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Table 5. Safety standards in fermentation production systems

Indicator

Samples with psychrotrophic
microflora >5 x 10* CFU/g
were more numerous

Threshold for comparing
psychrotrophs in the conclusion

Sampling plan (n)

Permitted number
of “marginal” samples (c)

Threshold level (m)

Limit level (M)

Proportion of positive cases:

Value

2.6 times

5x10* CFU/g
n=>5
c=3
m=10,000 CFU/g

M=50,000 CFU/g

Note

Demonstrated the predominance of cold-resistant microorganisms
in the contamination structure. Indicated the risk of their activation
during refrigerated storage

Defined the critical limit for assessing microbial load.
Indicated the standardisation of criteria for interpreting results

Demonstrated the use of a regulated sample for batch control. Indicated the
representativeness of sanitary-condition assessment

Demonstrated the acceptable level of variability of indicators within the
sample. Indicated control of permissible deviations from the standard

Defined the limit of microbiological stability of the raw material. Indicated
the permissible level of contamination for further technological processing

Demonstrated the critical concentration of microflora requiring corrective
measures. Indicated the limit of batch unacceptability

Demonstrated the prevalence of the corresponding characteristics
among isolates. Indicated the need to take this factor into account

first- and second-generation 46.7+0.7%
aminoglycosides
Proportion of positive cases: 19£02%

nalidixic acid

when selecting starter cultures

Demonstrated the presence of specific properties in part of the microbial
population. Indicated the need for additional monitoring

of microorganism susceptibility

Source: compiled by the authors based on M. Kukhtin & Z. Malimon (2024)

The results obtained demonstrated that microbio-
logical safety not only served as a sanitary criterion, but
also as a key technological prerequisite for predictable
fermentation processes. The initial microbial composi-
tion of the raw material directly determined the nature
of interspecies interactions, the rate of development of
starter cultures and the direction of metabolic trans-
formations. Controlled contamination levels ensured
the dominance of target microorganisms, resulting in
the desired organoleptic and physicochemical profile.
On the other hand, exceeding the established limits,
could cause a competition displacement of the techno-
logical cultures, modification of acid accumulation and
development of undesirable metabolites. Adherence to
regulatory limits and regular monitoring of microbial
composition allowed consistent initial conditions for
fermentation. A regulated approach to sampling, inter-
preting indicators and making decisions of batch suita-
bility minimised variability in the results. This enhanced
the reproducibility of biochemical processes, particular-
ly the hydrolysis of proteins, the formation of organic
acids, and the development of textural properties. Con-
trolling the microbial load also decreased the chanc-
es of a secondary microflora developing, which might
affect product preservation during subsequent storage.

Changes in product quality characteristics

under microwave exposure

The reduction in mesophilic aerobic bacteria was 2.8-
3.5 log CFU/g,which indicates the intensity of the effect
of the electromagnetic field on microbial cells. This de-
gree of reduction indicates disruption of the cell mem-
branes and intracellular structures of microorganisms

under the influence of rapid heating and uneven energy
distribution in the aqueous medium of the tissue. The
treatment reduced the number of viable microorgan-
isms without the need for long thermal loading, thus
Llimiting the development of secondary microbiological
processes during further storage. The vitamin retention
was estimated at 75-88%, which indicates the degree
of conservation of thermolabile components. This is
due to the shorter time of thermal exposure and ab-
sence of long contact with water, which generally
causes leaching of water-soluble compounds. The mi-
crowave heating conditions have minimised diffusion
losses, since the heating was mainly through internal
energy absorption and not through heat transfer from
the external environment.

The retention of omega-3 fatty acids was deter-
mined to study changes in fatty acid composition,
which was 85-92% of the original proportion. This indi-
cated limited oxidation of lipid fraction during process-
ing. The shorter heating time and the lack of prolonged
contact with oxygen reduced the possibilities of oxi-
dative reactions, which usually lead to the destruction
of polyunsaturated fatty acids. Thus, the lipid complex
was preserved with a higher level of structural stability
than traditional heat treatment methods. The textural
properties of the product were not significantly altered
after treatment, indicating that the muscle fibres were
not disrupted. Uniform heating throughout the entire
volume of the product prevented the formation of tem-
perature gradients between the surface and the inter-
nal layers. Therefore, there was no local overheating or
overdrying of the tissue, which could have resulted in
compaction or destruction of the protein matrix. The
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retention of elasticity and structural density shows the
control of the thermal effect. The processing time was
reduced, which also led to limited product mass losses.
The rapid energy transmission into the interior of the

product preserved the moisture in the tissue and de-
creased the intensity of evaporation from the surface.
This helped to retain juiciness and prevented the for-
mation of an overly dry texture (Table 6).

Table 6. Assessment of the effect of microwave treatment on product quality
Indicator Microwave treatment Boiling

Blanching

Reduction in mesophilic aerobic bacteria, log CFU/g 2.8-3.5 2-2.6 1.5-21
Vitamin retention, % 75-88 55-70 60-75

Omega-3 fatty acid content, % of initial level 85-92 70-85 75-88
Product mass loss, % 4-8 10-18 8-14

Textural characteristics, density, arbitrary units 4.2-4.8 3.5-4.2 3.8-4.5
Processing duration, min 3-8 15-25 5-10

Source: compiled by the authors based on formulas (5-6)

Thus, the results of the study confirmed that micro-
wave treatment simultaneously reduced the microbial
load and preserved the biologically active components
while maintaining the structural integrity of the food
raw materials. It was established that exposure to the
electromagnetic field promoted the rapid heating of the
product’s internal layers without forming significant tem-
perature gradients, thereby limiting local overheating
and tissue damage. The obtained data reflected the spe-
cific nature of microwave heating, consisting of combin-
ing a short-term thermal effect with minimising destruc-
tive changes to the product’s protein and lipid systems.
In particular, the preservation of protein functionality
and lipid stability occurred due to the shortened thermal
exposure duration and limited oxidative processes. This
type of treatment preserved internal moisture, stabilised
textural characteristics and reduced nutrient losses.

Lipid composition formation

under supercritical extraction conditions

The extraction yield was 15-25%, reflecting the inten-
sity of mass transfer between phases and the effective-
ness with which carbon dioxide interacted with the
components of the raw material. This level of extraction
indicated penetration of the extractant into the tissue’s
microstructure and the uniform extraction of lipid com-
ponents, without residual zones of unextracted materi-
al forming. Formation of a stable yield was associated
with process conditions in which the density of the su-
percritical fluid provided sufficient solvating capacity
for non-polar compounds. The fatty acid composition
was characterised by an eicosapentaenoic acid content

of 12-20%, reflecting the concentration of polyunsatu-
rated fatty acids in the extract’s structure. This demon-
strated the selectivity of the process towards individual
fatty acid groups, which were preserved without signs
of thermal degradation. Meanwhile, the docosahexae-
noic acid content remained stable, confirming the ab-
sence of significant destructive effects during extrac-
tion. This stability can be attributed to the inertness of
the medium and limited contact with oxygen.

The tocopherol concentration was 20-45 mg/100 g,
which reflected the accumulation of natural antioxi-
dants in the lipid fraction. The presence of these com-
pounds indicates that temperature- and oxygen-sen-
sitive components are preserved, which is related to
the process conditions without intensive heating. The
extract also contained carotenoids, which confirms that
the technology is able to extract pigment compounds
without changing their chemical structure. The antiox-
idant activity determined by the DPPH test using the
IC50 value was in the range of 0.4-0.9 mg/mL. This cor-
responds to the functional ability of extract to interact
with free radicals. This is evidence of the formation of
an antioxidant complex, the activity of which is mani-
fested in the inhibition of radical reactions. This activ-
ity was associated with the interaction of tocopherols
and carotenoids. The analysis of combined indicators
revealed that supercritical CO, extraction provided
formation of the stable, functional lipid extract. This
process was characterised by the uniform extraction
of components without major structural modifications,
which was different from conventional procedures us-
ing high temperatures or organic solvents (Table 7).

Table 7. Assessment of the efficiency of supercritical extraction and lipid composition

Indicator Value Note
Extraction yield, % of raw-material mass 8-15 Reflected the efficiency of l|pld-fra.ctlon.e.xtrgctlon
and completeness of raw-material utilisation
Eicosapentaenoic acid (EPA) content, % of total fatty acids ~ 12-20 Cleimelaiiie) e gondiu e [l

Ukrainian Black Sea Region Agrarian Science, 30(2), 96-114

of polyunsaturated fatty acids in the extract
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Table 7, Continued

Indicator Value Note
Docosahexaenoic acid (DHA) content, % of total fatty acids ~ 15-25 Confirmed the preservation of biologically valuable
components during extraction

. ) Indicated the presence of natural antioxidants
Tocopherol concentration, mg/100 g 20-45 in the obtained product
Carotenoid concentration, mg/100 g 3-10 Reflected the content of pigment Fompounds

with antioxidant properties
Antioxidant activity, IC50, DPPH, mg/ml 0.4-0.9 Demonstrated the ability of the extract

Source: compiled by the authors based on formulas (5-7)

Thus, the results of the study confirmed that su-
percritical CO, extraction provided a combination of
effective lipid-fraction extraction and preservation of
biologically active components. The process was ac-
companied by uniform mass transfer between phases
and selective extraction of target compounds without
disrupting their chemical structure, which was due to
the inertness of the medium and limited thermal expo-
sure. It was established that the obtained extract was
characterised by compositional stability, the absence of
signs of intensive oxidative transformations and pres-
ervation of the functional properties of its components.
The formation of these characteristics occurred due to
controlled process parameters that ensured a coordi-
nated combination of the solvating capacity of the flu-
id and the stability of the extracted compounds. This
course of extraction confirmed the possibility of obtain-
ing a product with a preserved fatty-acid profile and
stable physicochemical properties, creating prerequi-
sites for its further use in food technologies without
additional stabilisation stages.

DISCUSSION
The results obtained confirmed the feasibility of using
non-thermal technologies to stabilise protein raw ma-
terials in a controlled manner. Determining the thresh-
old level of hydrostatic impact at which microbiological
stability was achieved without noticeable changes in
texture showed that it is possible to combine sanitary
safety with preserving consumer properties. The sig-
nificant decrease in mesophilic microflora in European
seabass fillets (Dicentrarchus labrax) showed the selec-
tive impact of high hydrostatic pressure on microbial
cellular structures while preserving muscle protein
stability. Separating the oyster muscle from the valve
using this technology expanded the method’s function-
al capabilities by combining sanitary treatment with
optimisation of primary processing. Ultrasonic intensi-
fication revealed a distinct mechanism of action aimed
at activating mass transfer and diffusion processes.
Forming a controlled cavitation effect in a liquid medi-
um increased tissue permeability without destroying it.

to neutralise free radicals

Optimising the treatment duration promoted the uni-
form distribution of functional components throughout
the muscle fibres’ thickness and enabled the techno-
logical cycle to be shortened without loss of quality.
The absence of signs of excessive softening or struc-
tural rearrangement confirmed the functional nature of
the acoustic effect.

In the context of microbiological stability in ag-
uaculture, PK. Sarker (2023), and |. Mohd & S.T. Mush-
tag (2025) examined safety and productivity issues
in the fish sector. However, they did not integrate
non-thermal technologies into the processing struc-
ture. PK. Sarker examined the role of microorganisms
in feed and technological strategies for preventing con-
tamination during the rearing stage, emphasising the
importance of biosecurity in aquaculture. However, the
mechanisms of post-slaughter stabilisation of muscle
tissue and the influence of physical factors on protein
structure were not analysed. Meanwhile, I. Mohd &
S.T. Mushtaq concentrated on enhancing productivity
and food security by expanding aquaculture practices;
however, the technological aspects of preserving fillet
quality were not given detailed consideration. In the
present study, safety was considered at the processing
stage by establishing threshold hydrostatic impact re-
gimes to ensure microbiological stabilisation without
disrupting texture. Unlike the cited works, this study
substantiated the selectivity of pressure effects on mi-
crobial cells while preserving the protein-water matrix,
combining sanitary and structural quality criteria.

D.L. Chan et al. (2024) and F.R. Cedeno et al. (2025)
examined innovations in cellular and fermenta-
tion-based production in the field of alternative protein
systems without comparison to traditional raw mate-
rials. D.L. Chan et al. explored in detail the technical,
commercial and regulatory barriers to the development
of the cellular agri-industry for seafood, focusing on
such issues as bioreactor scaling, medium standard-
isation and the regulatory control of new products.
Meanwhile, microbial proteins and cultivated meat
have been described as promising sustainable alter-
natives by F.R. Cedeno et al. who emphasised on the
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climate and resource-saving benefits of fermentation
approaches. However, these studies did not provide a
comparative evaluation of natural muscle tissue after
physical impact that could enhance safety without a
total redesign of the product. This work confirms the
possibility of intensification of technological process-
es without violation of the morphological integrity of
fibres and stability of the protein matrix. This approach
shows the advantage of the evolutionary improvement
of traditional raw materials over their radical replace-
ment, combining safety, functionality, and preservation
of natural characteristics.

In the field of seafood preservation, the work of
A.Rabiepour et al. (2024) and T.Yi-Li et al. (2025) sum-
marised methods for extending shelf life, but did not
detail the structural selectivity of physical impacts.
A. Rabiepour et al. categorised contemporary preserva-
tion techniques, such as chilling, modified atmospheres,
and combined barrier technologies. However, isostatic
compression was primarily considered as a potential
option, without providing a detailed morphological
analysis of the tissue. T. Yi-Li et al. analysed tuna pro-
cessing in terms of nutritional value, safety, and pros-
pects for industry development, paying particular at-
tention to traditional thermal and packaging solutions.
This study not only demonstrated the stabilisation of
microbiological indicators, but also the preservation of
the textural organisation of fillets and the controlled
changes to the optical properties of bivalve molluscs.
Additionally, combining high hydrostatic pressure with
ultrasonic intensification of mass transfer was found to
have a synergistic effect, ensuring a reduction in the
technological cycle without disrupting the protein-wa-
ter structure. This integrated model goes beyond de-
scriptive storage approaches to form a comprehensive
quality management system.

In the field of processing waste from the fish in-
dustry, the work of K.K. Krishnani et al. (2022) and
A. Vaishnav et al. (2025) examined the valorisation
of secondary raw materials, but did not focus on the
structural stability of food products. K.K. Krishnani et
al. analysed the possibility of obtaining metallic and
non-metallic nanoparticles from animal- and fish-de-
rived waste, emphasising the environmental benefits
of reusing these materials. However, their work mainly
focused on agrotechnological applications and did not
examine the preservation of muscle tissue or the micro-
biological safety of food products in detail. A. Vaishnav
et al., meanwhile, focused on fish protein hydrolysates
as ingredients for the food and non-food sectors, em-
phasising the functional properties of peptide fractions.
However, the structural integrity of the primary raw ma-
terial before hydrolysis was not analysed. The present
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study combines valorisation with stabilising natural
tissue through non-thermal effects to ensure the pres-
ervation of sensory characteristics prior to further pro-
cessing. This approach creates a more comprehensive
technological process, from safe stabilisation to func-
tional application.

In the context of the biotechnological valorisation
of marine by-products, the work of S.A. Siddiqui et
al. (2025) and A. Rahman et al. (2025) summarised fer-
mentation and processing strategies without integrat-
ing physical intensification methods. S.A. Siddiqui et
al. examined fermentation approaches for extracting
valuable nutrients from seafood waste, with a focus
on biochemical transformation mechanisms. A. Raha-
man et al. described the range of applications for ma-
rine by-products following technological processing,
with a focus on the circular economy. However, neither
study analysed the preliminary stabilisation of the raw
material in terms of its selective effects on microflora
and protein complexes. The present study combines
hydrostatic treatment and ultrasonic intensification
to control microbial load and accelerate mass trans-
fer. This integration improves the quality of the initial
raw material prior to fermentation or hydrolytic stag-
es, thereby expanding the practical suitability of the
technological model.

In the field of future protein system transforma-
tions, the work of S.Albrektsen et al.(2022) and A.Chan-
drababu & J. Puthumana (2024) set out the potential
for alternative production methods, though neither
study provided details on post-slaughter tissue stabi-
lisation. A. Chandrababu & J. Puthumana analysed the
potential of cellular and genetically modified systems
to create the “future” of meat and seafood, with a focus
on food security. S. Albrektsen et al. examined resourc-
es for sustainable feed production in salmon aquacul-
ture, focusing on the raw material base. In both cases,
the focus was on production or the biotechnological
component, and the mechanisms of physical stabi-
lisation of natural muscle tissue were not disclosed.
This study demonstrated that applying controlled hy-
drostatic impact and acoustic intensification improves
microbiological safety without compromising textural
and sensory properties. This model does not replace
the natural product, but improves its quality, mak-
ing it more applicable to real production. The results
confirmed the technological feasibility of using high
hydrostatic pressure and ultrasonic intensification to
improve microbiological safety without disrupting the
morphological stability of muscle tissue. The selectiv-
ity of physical impacts on microbial cells while pre-
serving the structural and functional properties of the
protein matrix was also demonstrated. This approach



ensures optimisation of the technological cycle and
improvement of product quality, forming an integrated
model of modern fish raw material processing.

CONCLUSIONS

This study comprehensively analysed the effective-
ness of modern physical and combined technologies
for processing meat and fish raw materials in terms of
microbiological stability, physicochemical quality, and
technological feasibility. Assessment of high hydro-
static pressure regimes showed that applying 300 MPa
inhibits vegetative microflora without thermal loading.
In contrast, applying 400 MPa for five minutes to Dicen-
trarchus labrax fillets reduced mesophilic aerobic bac-
teria by 3.2 log CFU/g. For mussels, using 500 MPa for 2
minutes resulted in the formation of 91% Gram-positive
microflora, confirming the selective nature of the effect.
Complete oyster-muscle separation was achieved at
310 MPa; exceeding 300 MPa caused changes in colour
characteristics. Ultrasonic treatment at frequencies be-
tween 25 and 40 kHz for 10-20 minutes produced the
best conditions for cavitation effects. An average fre-
quency of 32.5 kHz for 15 minutes balanced mass trans-
fer intensity with tissue structure preservation. The
potential reduction in marinating time was 50-67%,
indicating intensification of the technological process.
A study of packaged broiler chicken fillet samples after
10 days of storage showed that the moisture content
of the control samples was 65.6%, whereas using two
oxygen absorbers increased this to 68.9%. The pH value
decreased from 6.89 to 6.59 when two absorbers were
used, indicating stabilisation of the biochemical state.

The water-binding capacity increased from 69.54%
to 71.74%, which confirms an improvement in the func-
tional properties of the protein structures. During the
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drying of the fish protein concentrate, the moisture con-
tent was found to be 9% at 100°Cand 10% at 70°C, while
the protein mass fraction reached 66.7% under moderate
conditions. A water-absorption coefficient of 4.9 charac-
terised the powder’s high hydration capacity. A sampling
plan of n=5 and criteria of m=10,000 and M =50,000
CFU/g was used for microbiological control, making it
possible to standardise safety assessment. The propor-
tion of isolates with characteristics related to amino-
glycosides was 46.7%, compared to 19% for nalidixic
acid, which highlights the importance of considering the
microbial profile during subsequent fermentation. Ad-
ditionally, it was established that microwave treatment
reduced the microbial load to 3.5-4.2 log while preserv-
ing up to 75-88% of nutrients, whereas supercritical
extraction was characterised by a lipid yield of 12-15%
with a high content of biologically active components.

The study’s limitations are associated with the use of
defined physical processing regimes and a limited num-
ber of raw material types, which restricts the generalisa-
tion of the obtained results to other food systems. Fur-
ther research should focus on expanding the range of raw
materials, optimising combined processing regimes, con-
ducting long-term assessments of changes during stor-
age, and providing technical and economic justifications
for the industrial implementation of these technologies.

ACKNOWLEDGEMENTS
None.

FUNDING
None.

CONFLICT OF INTEREST
None.

REFERENCES
[1] Albrektsen,S. Kortet,R.,Skov,PV.,Ytteborg,E.,Gitlesen,S.,Kleinegris,D., & @verland,M.(2022).Future feed resources
in sustainable salmonid production: A review. Reviews in Aquaculture, 14(4), 1790-1812. doi: 10.1111/raq.12673.

[2] AL, A., Wei, S., Ali, A, Khan, I., Sun, Q., Xia, Q.

y =X X

Wang, Z., Han, Z,, Liu, Y., & Liu, S. (2022). Research progress

on nutritional value, preservation and processing of fish — a review. Foods, 11(22), article number 3669.

doi: 10.3390/foods11223669.

[3] Cedeno, F.R., Olubiyo, OJ., & Ferreira, S. (2025). From microbial proteins to cultivated meat for alternative
meat-like products: A review on sustainable fermentation approaches. Journal of Biological Engineering, 19,
article number 44. doi: 10.1186/513036-025-00509-9.

[4] Chan,D.L.,Lim,PY.,Sanny,A., Georgiadou, D., Lee,A.P., & Tan,A.H. (2024). Technical, commercial, and regulatory
challenges of cellular agriculture for seafood production. Trends in Food Science & Technology, 144, article

number 104341. doi: 10.1016/.tifs.2024.104341.

[5] Chandrababu,A., & Puthumana,J. (2024). CRISPR-edited, cell-based future-proof meat and seafood to enhance
global food security and nutrition. Cytotechnology, 76, 619-652. doi: 10.1007/s10616-024-00645-y.

[6] Danylevych, V., Pasichnyi, Y., Shubina, A., & Petryna, A. (2025). Ways of improving the technology of marined
semi-finished poultry meat using ultrasound. Food Technologies, 31(2), 179-189. doi: 10.24263/2225-2924-

2025-31-2-16.

Ukrainian Black Sea Region Agrarian Science, 30(2), 96-114

111


https://doi.org/10.1111/raq.12673
https://doi.org/10.3390/foods11223669
https://doi.org/10.1186/s13036-025-00509-9
https://doi.org/10.1016/j.tifs.2024.104341
https://doi.org/10.1007/s10616-024-00645-y
https://doi.org/10.24263/2225-2924-2025-31-2-16
https://doi.org/10.24263/2225-2924-2025-31-2-16

112

Innovative approaches to processing meat...

[7] European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes. (1986, March). Retrieved from https://rm.coe.int/168007a67b.

[8] Getahun, A., Kechero, Y., & Yemane, N. (2025). Review on fish production enhancement and preservation
technologies.Veterinary Sciences: Research and Reviews,11(1),54-70.doi: 10.17582/journal.vsrr/2025/11.1.54.70.

[9] Hassoun, A, et al. (2022). Seafood processing, preservation, and analytical techniques in the age of Industry
4.0. Applied Sciences, 12(3), article number 1703. doi: 10.3390/app12031703.

[10] Krishnani, K.K., Boddu, V.M., Chadha, N.K., Chakraborty, P., Kumar, J., Krishna, G., & Pathak, H. (2022). Metallic and
non-metallic nanoparticles from plant, animal, and fisheries wastes: Potential and valorization for application in
agriculture. Environmental Science and Pollution Research, 29, 81130-81165. doi: 10.1007/s11356-022-23301-4.

[11] Kukhtin, M.D., & Malimon, ZV. (2024). The microflora of frozen fish imported into Ukraine. Ternopil: Ivan Puluj
Ternopil National Technical University.

[12] Marinin, A.l., Shevchenko, O.Yu., Pasichnyi, V.M., Svyatnenko, R.S., Garmash, D.V., & Bortnichuk, O.V. (2025).
Research of the efficiency of active packaging for the storage of broiler chicken white meat. Scientific Notes
of V.I. Vernadsky Taurida National University. Series: Technical Sciences, 36(2), 195-199. doi: 10.32782/2663-
5941/2025.2.1/28.

[13] Mohd, I., & Mushtag, S.T. (2025). Aquaculture for improving productivity, income, and nutrition. In I. Ahmed
& I. Ahmad (Eds.), Aquaculture: Enhancing food security and nutrition (pp. 373-385). Cham: Springer.
doi: 10.1007/978-3-031-92858-1 18.

[14] Mykhalko, O., Povod, M., Gill, M., Tsereniuk, O., Trybrat, R., Birta, G., & Krygina, N. (2025). Influence of sex and pre-
slaughter weight of pigs on their carcass quality. In G.E. Marginean (Ed.), Books of abstracts of the international
conference ‘Agriculture for life, life for agriculture” (pp. 119-120). Bucharest: CERES Publishing House.

[15] Olesen, I., Bonaldo, A., Farina, R., Gonera, A., Hughes, A.D., Navrud, S., Orsini, F., Parma, L., & Zornoza, R. (2023).
Moving beyond agriculture and aquaculture to integrated sustainable food systems as part of a circular
bioeconomy. Frontiers in Marine Science, 10, article number 1178014. doi: 10.3389/fmars.2023.1178014.

[16] Petrova, O., Tribrat, R., Shevchuk, N., & Ziuzko, A. (2025). Economic analysis of marketing strategies to improve
the competitiveness of food industry enterprises in the agro-industrial complex. Ekonomika APK, 32(3), 58-68.
doi: 10.32317/ekon.apk/3.2025.58.

[17] Pivovarov, O.A., Kovalova, O.S., & Koshulko, V.S. (2024). [nnovative technologies for processing fish, fish waste,
non-fish products and seafood. Dnipro: Dnipro State Agrarian and Economic University.

[18] Rabiepour, A., Zahmatkesh, F., & Babakhani, A. (2024). Preservation techniques to increase the shelf life
of seafood products: An overview. Journal of Food Engineering and Technology, 13(1), 1-24. doi: 10.32732/
jfet.2024.13.1.1.

[19] Rahaman, A., Kumari, A., Zeng, X.A., Korin, A., Khalifa, I., & Magsood, S. (2025). Processing of marine derived
by-products and their applications: A review. Waste and Biomass Valorization, 17, 2525-2541. doi: 10.1007/
$12649-025-03236-w.

[20] Ravishankar, C.N., & Elavarasan, K. (2024). Innovations in fish processing technology. In K. Bansal, W. Lakra &
H. Pathak (Eds.), Transformation of agri-food systems (pp. 205-221). Singapore: Springer. doi: 10.1007/978-981-
99-8014-7_16.

[21] Russo, G.L., Langellotti, A.L., Torrieri, E., & Masi, P. (2024). Emerging technologies in seafood processing:
An overview of innovations reshaping the aquatic food industry. Comprehensive Reviews in Food Science
and Food Safety, 23(1), article number e13281.doi: 10.1111/1541-4337.13281.

[22] Sarker, PK. (2023). Microorganisms in fish feeds, technological innovations, and key strategies for sustainable
aquaculture. Microorganisms, 11(2), article number 439. doi: 10.3390/microorganisms11020439.

[23] Siddiqui, S.A., Lakshmikanth, D., Pradhan, C., Farajinejad, Z., Castro-Munoz, R., & Sasidharan, A. (2025).
Implementing fermentation technology for comprehensive valorisation of seafood processing by-products:
A critical review on recovering valuable nutrients and enhancing utilisation. Critical Reviews in Food Science
and Nutrition, 65(5), 964-991. doi: 10.1080/104083%98.2023.2286623.

[24] Subash, A., Ramanathan, H.N., & Sostar, M. (2024). From catch to consumer: Enhancing seafood processing
management with Industry 4.0 innovations. Discover Food, 4(1), article number 43. doi: 10.1007/s44187-024-
00115-6.

[25] Sun, Q., Yuan, Y., Xu, B., Gao, S., Zhai, X., Xu, F., & Shi, J. (2025). Innovative technologies reshaping meat
industrialization: Challenges and opportunities in the intelligent era. Foods, 14(13), article number 2230.
doi: 10.3390/foods14132230.

Ukrainian Black Sea Region Agrarian Science, 30(2), 96-114


https://rm.coe.int/168007a67b
https://dx.doi.org/10.17582/journal.vsrr/2025/11.1.54.70
https://doi.org/10.3390/app12031703
https://doi.org/10.1007/s11356-022-23301-4
https://elartu.tntu.edu.ua/bitstream/lib/44668/1/Mikroflora_zamorozhenoyi_ryby_importovanoyi_v_Ukrayinu_2024.pdf
https://doi.org/10.32782/2663-5941/2025.2.1/28
https://doi.org/10.32782/2663-5941/2025.2.1/28
https://doi.org/10.1007/978-3-031-92858-1_18
http://dspace.puet.edu.ua/handle/123456789/15548
http://dspace.puet.edu.ua/handle/123456789/15548
https://doi.org/10.3389/fmars.2023.1178014
https://doi.org/10.32317/ekon.apk/3.2025.58
https://dspace.dsau.dp.ua/server/api/core/bitstreams/22418dad-93f7-432a-a378-ef1562823966/content
https://dspace.dsau.dp.ua/server/api/core/bitstreams/22418dad-93f7-432a-a378-ef1562823966/content
https://doi.org/10.32732/jfet.2024.13.1.1
https://doi.org/10.32732/jfet.2024.13.1.1
https://doi.org/10.1007/s12649-025-03236-w
https://doi.org/10.1007/s12649-025-03236-w
https://doi.org/10.1007/978-981-99-8014-7_16
https://doi.org/10.1007/978-981-99-8014-7_16
https://doi.org/10.1111/1541-4337.13281
https://doi.org/10.3390/microorganisms11020439
https://doi.org/10.1080/10408398.2023.2286623
https://doi.org/10.1007/s44187-024-00115-6
https://doi.org/10.1007/s44187-024-00115-6
https://doi.org/10.3390/foods14132230

Petrova et al.

[26] Vaishnav, A, Lal, )., Mehta, N.K., Mohanty, S., Yadav, K.K., Priyadarshini, M.B., Debbarma, P., & Singh, S.K. (2025).
Unlocking the potential of fishery waste: Exploring diverse applications of fish protein hydrolysates in food
and nonfood sectors. Environmental Science and Pollution Research, 32, 30042-30086. doi: 10.1007/s11356-
025-36244-3.

[27] Yaremchuk, O.S., Razanova, O.P,, Skoromna, O.l., Chudak, R.A., Holubenko, T.L., & Kravchenko, 0.0. (2022).
Post-slaughter indicators of meat productivity and chemical composition of the muscular tissues of bulls
receiving corrective diet with protein-vitamin premix. Regulatory Mechanisms in Biosystems, 13(3), 219-224.
doi: 10.15421/022228.

[28] Yi-Li, T., Juhari, N.H., Jambari, N.N., Rozzamri, A., Nor-Khaizura, M.A., & Ismail-Fitry, M.R. (2025). Tuna and tuna
products: A review of the nutrition, processing, safety, and future prospects. Fisheries Science, 91, 657-678.
doi: 10.1007/s12562-025-01878-2.

[29] Zagorulko, A., Zagorulko, A., Yancheva, M., Yakovets, L., Zheliyeva, T., Skoromna, O., Sushko, L., Kainash, A., &
Tytarenko, N. (2023). Improving the production technique of meat chopped semi-finished products with the
addition of dried semi-finished product with a high degree of readiness. Eastern-European Journal of Enterprise
Technologies, 11(122), 6-14. doi: 10.15587/1729-4061.2023.276249.

IHHOBaUiMHI Niaxoau o nepepobku M'aca, pubu Ta MOpenpoayKTiB
Ang nipBUWeHHA ePeKTUBHOCTI arpapHOro BUPo6HMLUTBa

OneHa MetpoBa

KaHanaaT cinbCbKOroCnoaapCbKnx Hayk, AOLEHT
MMKONAiBCbKMI HALLIOHANbHWI arpapHuiA yHiBepcuTeT
54008, syn. leopria loHragse, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0001-8612-3981

Hartangs WeBuyk

[oktop dinocodii, LoueHT

MWKONaiBCbKMI HALIOHANbHWIA arpapHuUiA YHiBepCuTeT
54008, syn. leopria loHragse, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-5845-2582

PycnaH Tpubpar

KaHanaaT CinbCbKOrocnoaapCbKnx Hayk, AOLEHT
MMKONaiBCbKMI HALIOHANbHMIA arpapHuUiA YHiBepCuTeT
54008, Byn. leopria loHragse, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-6710-570X

Jlapuca AryHoBa

KaHonoaT TEXHIYHMX HayK, OOLEHT

Opecbkuit HaUioOHaNbHUI TEXHONOTIYHMIA YHIBEPCUTET
65039, Byn. KaHatHa, 112, m. Opeca, YkpaiHa
https://orcid.org/0000-0002-6708-7396

€sreH bapkapb

KaHampaT cinbCbkorocnoaapcbKnx Hayk, AOLEHT
MuKONaiBCbKMI HALLIOHANbHWIA arpapHuiA yHiBepcuTeT
54008, syn. leopria loHragse, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-0692-5392
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Mikpodnopu 6e3 BupaxeHoi peHaTypauii 6inkis. byno BusHauveHo, wo piseHb 300 Mlla 3abe3neuye caHiTapHy
cTabinizauio 0XonomKeHoi Npoaykuii, Toai gk nocunexnnii pexxum 400 MlMa x5 xB ana ¢ine nopano 3abesneuye
3HWXKeHHS Me30dinbHOT aepobHoi Mikpodniopu o 3,2 log KYO/r 3i 36epexeHHIM TeKCTYpHUX BNacTMBOCTeN. ng
[BOCTYNIKOBUX MOJIOCKIB TEXHOMOMYHO 3HAYYLLMM piBHEM [N MOBHOMO BiAAiNneHHs M43iB Big naHuupa 6e3 6yab-
SKOro MexaHiyHoro BTpy4aHHs 6yno 310 Mlla. bynu po3paxoBaHi MOXNMBOCTI iHTEHCM®iKaLiT HU3bKOYACTOTHUM
ynbTpa3Bykom (25-40 ki) ansg 3abe3nevyeHHs KOHTPONbOBAHOI iHTeHcUdiKaLii KaBiTauii Ta MacoobMiHy. Poboua
yactota 32,5 kly Ta TpmBanictb 15 xB 3abe3neuymnn CKOpOYEHHS Yacy MapuHyBaHHS pubHoro dine Ha 50-67 %
6e3 03HaK CTPYKTYPHOro pyMHYyBaHHS. [LOCNigXEeHHS aKTMBHOI yNakoBKM Ta MoAMGiKOBaHOI razoBoi atMocdepu
BMSABMNO CTabinizauito i3aMKo-XiMiYHMX nokasHuKiB npoTarom 10 gHiB 36epiraHHs: BMIcT Bosiorn 65,6-68,9 %,
3HWXKeHHa pH po 6,59, Bopossa3ywua 3paTHicT 71,74 %, wo cBigunTb Npo 36epexeHHs (YHKLiOHANbHOI
aKTMBHOCTI 6inkoBoi Matpumui. CywiHHA pMOHOI CMPOBUHM A0O3BONMNO OTPUMATH DiNIKOBMI KOHLLEHTPAT 3 BMiCTOM
Bonorn 9-10 % Ta MacoBot YacTkot binka po 66,7 %, koediuieHT BOA03BA3y040i 34aTHOCTI 4,9 nokaszaB BUCOKUNM
rigpaTauiiHuin noteHuian nopouwky. MikpoxsunboBa 06pobka 3abesneunna sHMXKeHHS Mikpodnopu ao 3,5-4,2 log
i3 Kpawmum 36epexeHHsM HyTpieHTIB. CynepKpUTMYHA eKCTPaKLis XapakTepu3yBanacs BUX040M ninigis no 12-15 %
Ta BMCOKOHO SKICTHO eKCTpakTy. Pesynbtatv MoXyTb ByTM BUKOPUCTaHI B MCO Ta pubonepepobHii NpOMUCNOBOCTI
ONa NigBULLEHHS 6e3nekn, cTabinbHOCTI Ta ePeKTUBHOCTI NpoLUEeCiB NepepobKn CMPOBUHM

KnwouoBi cnoBa: caHiTapHuii cTaH; 6inkoBi (pakLuii; npouec depMeHTaLii; BONOro3ss3yBaibHa 34aTHICTb; YacTka
6inka
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functions between administrative units. Strategic planning covered approximately 91.4% of communities, while
the institutional capacity index of 0.54 reflected an average level of consistency between structural elements.
Organisational parameters also covered the management of land resources and agricultural infrastructure. Analysis
of development showed substantial capital expenditure of UAH 145.8 billion, reflecting an orientation towards
forming a material base. The structure of budget expenditure demonstrated the priority of the social component
and support for economic activity, which created conditions for meeting basic needs and supporting development.
The integral index of 0.59 summarised the effectiveness of management influences. At the regional level, budget
revenues of UAH 4.36 billion formed the basis for the functioning of the system, while the 1.6% share of the special
fund reflected limited targeted financing. For Mykolaiv Oblast, this was combined with the significance of the
agricultural sector in the revenue base. The practical value of the study lies in the possibility of using its results by
local self-government bodies, state institutions, and regional authorities to improve budget planning, increase the
efficiency of financial resource allocation, and strengthen the institutional capacity of management

Keywords: rural development; management; financial stability; European integration; security conditions;

martial law

INTRODUCTION

The relevance of this study is determined by the need
to reconsider approaches to managing rural devel-
opment under the simultaneous influence of securi-
ty threats and European integration processes, which
transform the financial, institutional,and organisation-
al mechanisms through which territorial communities’
function. The current stage of development is char-
acterised by changes in budget policy priorities, the
growing role of local self-government, and the need
to adapt management decisions to an unstable exter-
nal environment. Under these conditions, evaluation
of the financial capacity of communities, the effective-
ness of organisational structures, and the performance
of territorial development management becomes es-
pecially important, as it helps determine their capac-
ity for stable functioning and recovery. The problem
under study is shaped by structural disproportions in
the rural management system, the insufficient level
of financial autonomy of some communities, uneven
institutional capacity, and limited resources allocated
to development. The influence of war-related risks is
another factor, leading to contraction of the revenue
base, changes in the structure of expenditure, and
reorientation of budget policy towards stabilisation
measures. European integration processes also create
new requirements for management related to greater
transparency, efficiency, and compliance with Europe-
an standards, which requires adaptation of existing
mechanisms and the formation of new approaches to
rural development.

In the context of restoring agricultural infrastruc-
ture, A. Kliuchnyk et al. (2025) considered the role of
local communities in rebuilding production facili-
ties, logistics, and land resources after destruction.
The paper underlined the need for financial support,
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partnership mechanisms, and coordination between
communities, state structures, and donor organisa-
tions. From the perspective of public administration,
A. Kliuchnyk et al. (2023) examined the functioning of
territorial communities of Ukraine during the war and
post-war periods. The research highlighted the impor-
tance of adapting powers, coordinating with military
administrations, and implementing comprehensive re-
covery programmes.

Within the modelling of community recovery,
V. Shebanin et al. (2025) analysed the formation of
comprehensive approaches to territorial development
in the context of sustainable agricultural develop-
ment. The conclusions emphasised the expediency of
strategic planning, population involvement, targeted
support funds, and the introduction of modern agricul-
tural practices. In relation to digital transformations,
D.K. Das (2024) addressed the relationship between
infrastructure, management, and the quality-of-service
delivery. The paper substantiated the role of digital
technologies as a tool for improving the performance
of management processes in territorial systems.

In the field of public administration modernisation,
J. Millard (2023) defined the influence of digitalisation
on the transformation of management structures. The
results outlined digital solutions as a factor in improv-
ing management transparency and efficiency. From
the perspective of institutional constraints, Z. Irani et
al. (2023) discussed the influence of legacy systems on
digital transformation processes in the public sector.
The study established that technological barrier limit
the speed of innovation implementation and require
renewal of management infrastructure.

In the field of social innovation, F.Navarro-Valverde et
al. (2022) considered mechanisms of neo-endogenous



rural development in EU countries. The significance
of local initiatives and the integration of internal and
external resources was established as factors increas-
ing the effectiveness of territorial development. In the
context of institutional development, R.D. Kelemen
& K.R. McNamara (2021) investigated state-building
processes in the EU through the lens of economic and
political transformations. Uneven institutional devel-
opment was defined as a factor influencing the perfor-
mance of territorial management.

From the perspective of digital technologies,
E.M.Ouafiq et al. (2022) addressed data management
and the integration of low-power Internet of Things
(loT) devices in smart farming systems. The results
showed that combining sensor technologies with
data-processing systems helped transform informa-
tion into practically oriented management decisions.
The results confirmed the key role of digitalisation
in increasing the efficiency of management systems.
In the field of agri-food policy, T. Reinhardt (2022)
assessed the influence of the Farm to Fork strategy
on the transformation of the agricultural sector. The
importance of innovative approaches for forming
modern mechanisms for managing agri-food chains
was demonstrated.

Within research on rural transformation, Y. Liu et
al. (2022) analysed rural revitalisation processes
through industrial change under globalisation. The
role of structural changes in production as a factor
activating territorial development was identified. In
relation to technological innovation, M. Van Hilten &
S. Wolfert (2022) considered the influence of 5G tech-
nology implementation on the agri-food sector. The
potential of digital infrastructure to improve manage-
ment efficiency and optimise production processes in
rural areas was highlighted. The comprehensive com-
bination of financial, institutional, and security factors
in the management of rural areas under European in-
tegration transformations and their influence on the
adaptive capacity of territorial communities remains
insufficiently addressed.

The study aimed to provide a comprehensive as-
sessment of the financial, organisational, and insti-
tutional mechanisms for managing development in
Ukraine under the influence of security threats and
European integration transformations, and to deter-
mine their functional capacities and directions of
adaptation. The objectives of the study were to ana-
lyse the financial base and organisational structure of
management, assess development performance with-
in the management system, and determine the specif-
ic features of functioning under security challenges
and transformations.

Kliuchnyk et al.

MATERIALS AND METHODS
Characteristics of the conditions and parameters
for assessing the management system
The study was conducted using financial-economic and
organisational indicators of the functioning of the ru-
ral management system of Ukraine for 2020-2025, with
the regional level distinguished through the example
of Mykolaiv Oblast (Ukraine). Analytical generalisa-
tion, processing, and interpretation of indicators were
conducted within the research area of territorial de-
velopment management systems, using structured ap-
proaches to the analysis of budgetary and institutional
parameters. The paper analysed official statistical and
financial data on local budget revenues and expend-
iture, the structure of budget resources, financial sta-
bility indicators, the institutional capacity of territo-
rial communities, and integral characteristics of rural
development. These indicators were selected because
they reflect key parameters of the functioning of the
management system, are available in open state sourc-
es, and can be processed using standardised methods
of quantitative analysis, which ensured correct com-
parison of the results. The study covered the nation-
al level of Ukraine and the regional level through the
example of Mykolaiv Oblast, which enabled territorial
differences in the formation of financial and manage-
ment mechanisms to be considered. Conditions affect-
ing the functioning of the management system in the
context of security threats and European integration
transformations were considered separately, which en-
abled interpretation of the results in view of external
factors. During the study, internationally recognised
ethical principles of scientific activity were followed, in
particular, academic integrity, transparency, reproduci-
bility of results, and prevention of data manipulation
in accordance with the recommendations of the Com-
mittee on Publication Ethics (2026). Data processing
and interpretation were carried out objectively, with-
out selective presentation of results, and in compliance
with the principles of openness and accessibility of the
information sources used.

Resource base for managing the socio-economic
development of rural areas of Ukraine

Indicators of local budget revenues and tax revenues
were defined using official materials of The Account-
ing Chamber (2025). The share of transfers, the share of
the development budget, and the average community
budget were determined using official statistical data,
structural analysis, the method of averages, and tab-
ular generalisation in Microsoft Excel (USA), as these
indicators were used to describe the general configu-
ration of the financial system. The share of own-source
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revenues was defined as the ratio of own revenues to
total budget revenue (formula (1)):

Som = 22 5% 100%, Q)
Dtotal

where S, - the share of own-source revenues, %; D,,,, -
the amount of own-source revenues of local budgets,
UAH; D,,.,, — the total amount of local budget revenues,
UAH. Calculations were performed in Microsoft Excel
(USA) using structural analysis tools, which ensured the
correct determination of the share of financially au-
tonomous resources. The resulting value was used to
characterise the relationship between internal sources
of budget formation and the total amount of financial
resources. The financial stability coefficient was defined
as the ratio of own-source revenues to expenditure
(formula (2)):

Kye = 2222, 2)
where K, - the financial stability coefficient (dimen-
sionless); D,,, — own-source budget revenues, UAH;
E - total budget expenditure, UAH. Assessment was
conducted in Statistica 12.0 (USA) using ratio analysis.
A conditional scale was used to interpret the financial
stability coefficient: values up to 0.30 were regarded as
low, values within 0.31-0.60 - as medium, and values
above 0.60 - as relatively high. This distinction was ap-
plied to compare the relationship between own-source
revenues and total budget expenditure.

Institutional support system

for rural management in Ukraine

The number of territorial communities was deter-
mined using data from the official Portal “Decentrali-
sation” (n.d.), and the average general-fund revenue per
resident was determined using analytical materials by
Ya. Kazyuk & V. Ventsel (2025). The average communi-
ty size, share of management expenditure, and share
of communities with low capacity were determined
through aggregation of statistical data, functional
grouping of expenditure, and statistical grouping in the
International Business Machines Statistical Package
for the Social Sciences (IBM SPSS Statistics) (USA) and
Microsoft Excel (USA). The share of communities with
development strategies was defined as formula (3):

_ Napproved
Sapproved = Neowwr X 100%, (3)

where S, ... — the share of communities with develop-
ment strategies, %; N,,,.,., - the number of communi-
ties with strategies; N, ., — the total number of commu-

total

nities. Calculations were performed using the method
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of relative indicators in SPSS, which enabled assess-
ment of the level of strategic planning implementation.
The institutional capacity index was defined as an inte-
gral indicator (formula (4)):

I = Z w;X;, (4)

where | - the integral index; w; - the weight coefficient
of the indicator; x;, - the normalised value of the indi-
cator. Normalisation was performed using the min-max
method in Statistica 12.0, which ensured comparabil-
ity of heterogeneous indicators. The conditional divi-
sion for the institutional capacity index was as follows:
values up to 0.30 were regarded as low, values within
0.31-0.50 - as medium, and values above 0.50 - as a
higher level of capacity. This approach was applied to
arrange heterogeneous organisational characteristics
within a single integral indicator.

Management of rural development

in the national system of Ukraine

Capital expenditure and non-tax revenues were deter-
mined using official data from The Accounting Cham-
ber (2025). At the national level, the object of the study
covered 627 rural territorial communities, representing
42.7% of the total number of territorial communities
of Ukraine. The share of infrastructure expenditure, so-
cial expenditure, and expenditure on economic activity
was established through functional grouping of budget
items and descriptive statistics in IBM SPSS Statistics
(USA) and Microsoft Excel (USA), as these indicators
were used in the results section to explain the structure
of budget priorities. The share of investment in budgets
was defined as formula (5):

E; X 100%, (5)

Siny =
total

where S, - the share of investment, %; / - investment
expenditure, UAH; E, ., - total expenditure. The calcu-
lations were performed in Microsoft Excel (USA) using
structural analysis. The calculated indicator served as
the basis for assessing the share of the investment
component in the overall system of budget expend-
iture. The territorial development index was defined
as formula (6):

X—Xmin
loey = —2—, (6)
where /,, - the development index (0-1); x - the actu-
al value of the indicator; x,,, and x,,,, - the minimum
and maximum values. Normalisation was performed in
Statistica 12.0 (USA). The conditional division for the
territorial development index was as follows: values



up to 0.30 were regarded as low, values within 0.31-
0.59 - as medium, and values above 0.59 - as a higher
level of development. In this form, the index was used
to integrate different performance characteristics into a
single scale for subsequent comparison.

Regional rural management system of Mykolaiv Oblast
The regional block was introduced as an in-depth exam-
ple that specified national trends through local budg-
etary parameters and allowed the general model to
be compared with a regional case. Community budget
revenues and special-fund budget revenues were de-
termined using official materials of the Finance Depart-
ment of the Mykolaiv City Council (n.d.). The resource
concentration coefficient, budget flexibility index, and
community development coefficient were defined using
regional budget data in Statistica 12.0 (USA), Microsoft
Excel (USA), and elements of variation analysis. A single
conditional scale was used for the coefficient of pro-
gramme orientation of the budget, the budget flexibil-
ity index, and the community development coefficient:
values up to 0.30 were regarded as low, values within
0.31-0.60 - as medium, and values above 0.60 - as high.
This division was applied to place regional coefficients
on a common basis for comparison and to ensure their
uniform interpretation in the analytical block. The share
of the special fund was calculated as the ratio of spe-
cial-fund resources to total budget revenues (formula (7)):

Sspec = ;1’ x 100%, @)

total

where S_ . - the share of the special budget fund, %;

Fyec — the amount of special-fund budget revenues,
UAH; D,,,,, — the total amount of community budget rev-
enues, UAH. The calculation was performed in Micro-
soft Excel (USA) using structural analysis tools, which
enabled the relationship between general and targeted
financing within the budget to be determined. The co-
efficient of programme orientation of the budget was
defined as the ratio of programme-structured expendi-

ture to total expenditure (formula (8)):

Kprog = 22222 t)

prog = Etotal’

where K, - the coefficient of programme orientation

of the budget (dimensionless); E,,, - the amount of
expenditure implemented within budget programmes,

UAH; E,,, — the total amount of budget expenditure,

Kliuchnyk et al.

UAH. The calculation was performed using ratio anal-
ysis in IBM SPSS Statistics (USA), which enabled the
degree of consistency between budget planning and
the programme-target approach to be assessed. The in-
terpretation used the following scale: above 0.7, a sub-
stantial level of programme-approach application; 0.4-
0.7 - medium; below 0.4 - limited. This scale enabled
the degree of programme structuring of expenditure to
be related to the general configuration of the budget
process at the regional level. In this form, the index was
used to integrate different performance characteristics
into a single scale for subsequent comparison.

Specific features of territorial development management
under security challenges and European integration

in Mykolaiv Oblast

Community budget expenditure and the general-fund
budget surplus were determined using official data from
the Finance Department of the Mykolaiv City Coun-
cil (n.d.). The decline in community revenues, the rate of
revenue change, the share of recovery expenditure, and
the share of grant financing were determined through
time-series analysis, trend analysis, functional grouping
of expenditure,and structural analysis of the revenue side
in Microsoft Excel (USA) and IBM SPSS Statistics (USA).
The share of stabilisation expenditure was defined as
the share of expenditure aimed at maintaining the func-
tioning of the system in total expenditure (formula (9)):

Serap = 2222 % 100%, 9)
Etotal

where S, - the share of stabilisation expenditure, %;
E.., — expenditure on maintaining functioning (stabi-
lisation), UAH; E,,,, - the total amount of budget ex-
penditure, UAH. The calculation was performed using
structural analysis in Microsoft Excel (USA). The result-
ing value was used to quantify the place of stabilisation
expenditure in the system of budget priorities under
external pressure.

RESULTS

Local budget revenues characterised the basic level of
financial support for the rural management system and
reflected the scale of resources accumulated at the lev-
el of territorial communities. Together with other finan-
cial parameters, they formed a general understanding
of the resource base for the functioning of the manage-
ment system (Table 1).

Table 1. Financial base of the rural management system (Ukraine)

No. Indicator
Local budget revenues
2 Tax revenues of local budgets

Value
UAH 679.5 billion
UAH 441.1 billion
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Table 1, Continued

No. Indicator Value

3 Share of own-source revenues 72.3%

4 Share of transfers 27.7%

5 Share of the development budget =21-22%

6 Average community budget UAH 0.46 billion
7 Financial stability coefficient (dimensionless) 0.64

Note: the financial stability coefficient was calculated in Statistica 12.0 (USA) using ratio analysis to assess the relation-

ship between budget revenues and expenditure

Source: compiled by the authors based on The Accounting Chamber (2025)

The total amount of UAH 679.5 billion correspond-
ed to a significant concentration of financial flows
within the decentralised model, which pointed to the
important role of the local level in resource redistri-
bution compared with individual components of the
budget system. This amount was associated with the
possibility of covering current management expendi-
ture, but it did not provide grounds for treating it as an
independent indicator of efficiency without considering
the structure of expenditure and revenue. The distribu-
tion of financing sources characterised the relationship
between operational activity and the investment com-
ponent, reflecting the general configuration of budget
policy. The scale of the financial base suggested a high
level of resource mobilisation within the national econ-
omy, which could point to the potential for reproduc-
ing financial flows without substantial involvement of
external sources. For communities with a pronounced
agricultural specialisation, this revenue structure could
reflect substantial dependence on local economic ac-
tivity, including farms, agricultural enterprises, and the
use of agricultural land. In this context, the predomi-
nance of own-source revenues was associated not only
with budget autonomy but also with reliance on the ag-
ricultural sector as one of the basic sources of revenue.
However, the data provided no grounds for quantifying
the exact share of revenue formed directly by agricul-
tural activity, so this dependence was interpreted as a
structural characteristic of the revenue base rather than
a separately measured parameter. Growth in the share
of own-source revenues was not treated as direct ev-
idence of expansion of agricultural production at the
local level, although it could be associated with expan-
sion of the tax base of communities, including through
land use, lease payments, and the activity of agricultur-
al actors (The Accounting Chamber, 2025).

The share of own-source revenues in the structure
of local budgets characterised the level of financial au-
tonomy of territorial communities and their degree of
independence in management decision-making. The
value of 72.3% corresponded to the predominance
of internal sources of budget formation over transfer
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revenues, distinguishing the system from models with
greater dependence on centralised financing. This
structure was associated with the possibility of more
flexible resource management, which could suggest
increased adaptability to changes in the external envi-
ronment. However, the dominance of own-source reve-
nues was accompanied by differentiation in the finan-
cial capacity of communities, reflecting uneven access
to resources within the system. The level of autonomy
characterised the degree of dependence on central-
ised financial instruments, which was associated with
differences in approaches to budget planning and the
implementation of strategic programmes. Within such
programmes, agricultural production in rural commu-
nities occupied the position of one of the basic direc-
tions of development because it was linked to the use
of land resources, local employment, the functioning of
farms, and the formation of the tax base. Growth in the
share of own-source revenues was linked to the strong-
er role of local management decisions, but it did not
eliminate structural imbalances in the system.This also
suggested that the place of agricultural production in
community development strategies was defined not as
a secondary element but as one of the practical foun-
dations of the financial self-sufficiency of rural areas.
This coefficient also served as an indirect indicator of
the sensitivity of local finances to the condition of the
agricultural economy, as revenue stability was partly
linked to the stability of land payments, employment in
the agricultural sector, and the tax base of agricultural
enterprises. A direct correlation between the financial
autonomy of communities and the activity of farms or
agricultural enterprises was not traceable in the availa-
ble materials, but the relationship between own-source
revenues, resource volume, and financial stability was
associated with the possible influence of the agricul-
tural sector on the formation of the local financial base
(The Accounting Chamber, 2025).

The financial stability coefficient was used as a gen-
eralised indicator of the balance of the budget system
and characterised the relationship between revenues
and expenditure. The value of 0.64 corresponded to a



moderate level of stability, which indicated a basic ca-
pacity to maintain financial equilibrium in a changing
environment. This level was associated with stability
of functioning in the short term, but it did not ensure
the elimination of imbalances in resource distribution
between individual territories. The indicator integrat-
ed the characteristics of the revenue base, expenditure
structure, and redistribution mechanisms, reflecting the
general state of the financial system. Its value outlined
the limits of maintaining continuity of management
processes and characterised functional stability without
confirming long-term efficiency (The Accounting Cham-
ber,2025). Generalisation of the results that the financial
base of the management system was formed through
the interaction of resource volume, the level of auton-
omy, and financial stability. These indicators were inter-
connected and reflected the configuration of financial
support in which none of them acted as an independent
determining factor.An increase in the resource base was
not associated with an automatic increase in stability
without changes in the revenue structure, while a high
level of autonomy coexisted with uneven territorial de-
velopment. Therefore, the effectiveness of the system
was characterised not only by the amount of resourc-
es but also by the specific features of their distribution
and adaptive capacity, reflecting the complex multilevel
character of management. The agricultural component
in this system was traceable not only through own-
source revenues, land and tax payments but also through
its place in the strategic orientations of communities,
where agricultural production was combined with the
development of land use, infrastructure, and the local
economic base. This enabled agricultural production to
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be viewed as one of the system-forming elements of
the financial and strategic basis of rural development.

Overall, the analysis distinguished the volume of
the resource base, the share of own-source revenues,
and the level of financial stability as key indicators that
together reflected different aspects of the function-
ing of the financial system. The relationship between
a substantial amount of resources and the dominance
of internal sources characterised the relative financial
independence of the system, while the level of sta-
bility reflected a limited balance without full equali-
sation of internal disproportions. The combination of
these parameters showed that resource provision and
autonomy were not accompanied by a corresponding
level of stability, which reflected structural constraints
in the distribution of financial flows. In this context, the
financial system reflected a combination of substan-
tial resource potential and heterogeneous use of that
potential, which is directly related to the assessment
of management effectiveness under transformations.
The results support the conclusion that the key issue
is not the amount of resources but their internal con-
figuration and relationship with autonomy and stability
indicators, which characterise the specific functioning
of the management system under current conditions.
The number of territorial communities characterised
the administrative structure of the management sys-
tem through the number of basic units within which
decision-making, resource distribution, and manage-
ment functions were conducted. Together with strate-
gic planning and institutional capacity, it reflected the
organisational structure of the system and the general
conditions of its functioning (Table 2).

Table 2. Organisational structure of territorial community management in Ukraine

No. Indicator Value
1 Number of territorial communities 1,469
2 Average general-fund revenue per resident =UAH 8.1 thousand
3 Average community size =26 thousand people
4 Share of communities with development strategies =91.4%
5 Share of management expenditure =10-15%
6 Share of communities with low capacity =30%
7 Institutional capacity index 0.54

Note: the share of communities with development strategies was determined using the method of relative indicators in
IBM SPSS Statistics; the institutional capacity index was calculated after normalising indicators by the min-max method
in Statistica 12.0, which ensured comparability of heterogeneous indicators

Source: compiled by the authors based on Portal “Decentralisation” (n.d.), Ya. Kazyuk & V. Ventsel (2025)

During the study, the total number was 1,469, re-
flecting a considerable level of territorial division and
decentralisation of management, with powers assigned
to individual communities. This number presupposes
the presence of coordination mechanisms between

administrative units, since management processes
were carried out not centrally but within a branched
system. Under these conditions, community size was
considered not only as a demographic characteris-
tic but also as a parameter of the spatial coverage of
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agricultural land, local transport links, production sites,
and facilities serving the agricultural sector.Accordingly,
a larger community scale was associated with a broad-
er list of management objects, where decisions on land
use, access infrastructure, product logistics,and support
for farms grew in importance alongside budgetary and
social issues. The quantitative composition of commu-
nities was associated with different scales of territories,
population, and the resource base, reflecting differenc-
es in the initial conditions for management. Therefore,
the indicator of the number of communities character-
ised only the organisational framework of the system
and did not move to assessment of the effectiveness of
its functioning (Portal “Decentralisation”, n.d.).

The share of communities with development strat-
egies characterised the extent to which formalised
planning was spread as a management tool. The value
of approximately 91.4% showed that most territorial
communities had strategic documents, reflecting im-
plementation of basic development planning proce-
dures. This level of coverage was associated with the
use of unified approaches to determining priorities, but
the indicator itself did not reflect the content of strat-
egies, their quality, or the degree of implementation of
planned measures. The presence of strategies recorded
the use of the tool, while not allowing for its effec-
tiveness in achieving specific results to be assessed.
The share of communities outside this value reflect-
ed differences in planning approaches, characterising
the heterogeneity of management practices within the
system. However, the high level of coverage of com-
munities by strategic planning provided grounds to
view agricultural issues as part of the general system
of local priorities, since for rural territories, the devel-
opment of land use, production infrastructure, local
agricultural entrepreneurship, and the farming sector
were among the basic directions of development. Thus,
the indicator was used as a measure of formal imple-
mentation of strategic planning, without extending the
interpretation to the level of real management effects
(Portal “Decentralisation”, n.d.).

The institutional capacity index was used as a gen-
eralised indicator that combined parameters of organ-
isational structure, management procedures, and the
ability to perform functions, which enabled the con-
dition of the system to be assessed in an aggregated
form. The value of 0.54 characterised a medium level
of institutional capacity, reflecting partial consistency
between elements of the management system without
full integration of processes. This level was associated
with the possibility of performing basic management
functions, although it did not guarantee the same lev-
el of performance in different communities, due to

Ukrainian Black Sea Region Agrarian Science, 30(2), 115-133

differences in resources and organisational characteris-
tics. The indicator summarised a set of system charac-
teristics without detailing individual components, which
limited the possibility of identifying specific factors that
affected the level of capacity. For communities with
different economic specialisations, this meant unequal
opportunities for organisational support of agricultur-
al resources, land relations, logistics infrastructure, and
interaction with farms and agricultural enterprises. In
this perspective, the medium level of institutional ca-
pacity reflected that some communities could provide
basic administration of agriculture-related functions,
while in others, organisational and procedural condi-
tions remained more limited. However, the index ena-
bled the overall state of the organisational system to
be compared with other indicators without going be-
yond the description of their coexistence. Therefore,
differences in institutional capacity could also appear
through the varying ability of communities to imple-
ment management actions in the agricultural sphere,
even with similar resource or territorial potential.

Consideration of these indicators together enabled
the relationship between the structure of the system,
the use of planning tools, and the level of institutional
capacity to be traced without moving to unsubstantiat-
ed causal claims. The number of communities reflected
the organisational structure of the system, the share
of strategic planning characterised the level of use of
formalised tools, and the institutional capacity index
summarised the state of their functioning in general.
The combination of these indicators was associated
with a structured management system in which differ-
ences existed in the level of implementation of man-
agement practices and the ability to carry them out.
This configuration reflected a system with formally de-
fined elements and tools, but without a uniform level
of application across all communities. In terms of the
agricultural component, this provided grounds to view
the organisational system as an environment in which
management of agricultural resources depended on
the combination of territorial scale, strategic orienta-
tions, and the real institutional capacity of communi-
ties. Under this relationship, the share of communities
with lower capacity was associated with less stable
conditions for organising agricultural development,
supporting production infrastructure, and adminis-
tering land resources. Given the results obtained, the
organisational system of rural management was char-
acterised as a combination of quantitative structure,
formalised planning tools, and generalised parameters
of institutional capacity, reflecting different levels of
development of its individual elements. This allowed
the agricultural component to be viewed not as a



factor external to the system but as one of the di-
rections sensitive to differences in community scale,
strategic coverage, and organisational capacity. This
approach avoided excessive generalisations based on
individual indicators and focused on their interpreta-
tion as interconnected system characteristics.

Overall, the analysis treated indicators reflecting
the structure of the system, the spread of strategic
planning, and the level of institutional capacity as key.
Their combination characterised the coexistence of a
branched administrative structure with formal use of
management tools, which was not accompanied by a
corresponding level of coordinated functioning. Com-
parison of these parameters traced the gap between
the presence of strategic documents and the ability of
the system to ensure their implementation, reflecting
differences between formal introduction and actual
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functioning of management mechanisms. This config-
uration characterised the system as structurally organ-
ised but heterogeneous in the level of organisational
capacity of individual elements. The results support
the conclusion that assessment of the organisational
system should be based on coordinated consideration
of structure, management tools, and their practical
application, rather than on interpretation of separate
indicators. Capital expenditure of local budgets, the
share of investment in budgets, and the territorial de-
velopment index were considered together as inter-
connected indicators reflecting the structure of budget
expenditure, the orientation of financial resources, and
the generalised result of their use. This approach avoid-
ed isolated analysis of each indicator and shifted the
assessment towards their coexistence within a single
financial-management system (Table 3).

Table 3. Rural development within the system of territorial development management (Ukraine)

[ Indicator Value
1 Capital expenditure of local budgets UAH 145.8 billion
2 Non-tax revenues of local budgets UAH 43.6 billion
3 Share of investment in budgets =20-22%
4 Share of infrastructure expenditure =15-20%
5 Share of social expenditure =40%
6 Share of expenditure on economic activity =15%
7 Territorial development index 0.59

Source: compiled by the authors based on The Accounting Chamber (2025)

During the analysis, capital expenditure reached
UAH 145.8 billion, while the share of investment in
budgets was approximately 20-22%, which showed the
presence of an investment component in the expend-
iture structure and the orientation of part of the re-
sources towards long-term directions. For rural areas,
this also meant the presence of a financial base within
which facilities related to agricultural infrastructure
could be financed, in particular, irrigation, logistics
support, product storage, and other elements of the
material base of agricultural production, although the
aggregated capital expenditure indicator itself did not
allow their exact share to be distinguished. This rela-
tionship characterised the budget as combining cur-
rent and development expenditure without dominance
of the investment component in the overall financing
structure. Joint consideration of the absolute amount
of capital expenditure and its share in budgets showed
that a substantial amount of resources was not accom-
panied by a proportionally high share of investment
expenditure, reflecting the limited role of this expend-
iture in the overall structure of budget priorities. This
configuration was associated with the predominance
of other financing directions alongside development

expenditure, which characterised budget policy as
mixed in its orientation. The share of investment in
budgets confirmed the presence of financing for devel-
opment directions, including infrastructure elements
related to the agricultural sphere. In this context, cap-
ital expenditure was considered not as a dominant
factor but as one component of resource distribution
that coexisted with social and current expenditure. The
territorial development index, with a value of 0.59, was
used as a generalised indicator combining economic,
infrastructure, and social characteristics, enabling the
state of development to be assessed without detailing
individual components. This level characterised the
medium state of territorial development, which was as-
sociated with partial realisation of the existing poten-
tial without achieving high values in all components.
However, the index did not separately disclose the con-
tribution of agricultural indicators and did not provide
grounds to state that agricultural productivity was an
independent component of its structure; agricultural
issues were reflected indirectly through economic and
infrastructure parameters of development. The index
therefore did not disclose the structure of the contri-
bution of individual factors but only summarised their
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combined result, which limited the possibility of estab-
lishing the role of each individual indicator in forming
the final value (The Accounting Chamber, 2025).
Comparison of investment parameters with the
generalised development indicator showed that the
presence of capital expenditure and the investment
component was not accompanied by a proportional
increase in the level of development, which character-
ised the absence of a direct relationship between the
amount of financing and performance indicators. For
the agricultural component, this meant that invest-
ment growth by itself was not reflected as proportional
growth in agricultural performance, because additional
links stood between resource investment and produc-
tion effect: the state of infrastructure, organisation of
sales, access to irrigation, the structure of land use, and
the management capacity of communities to support
development projects. This result was associated with
the influence of additional factors, in particular, organ-
isational and institutional factors, which were not di-
rectly reflected in the structure of budget expenditure.
However, the coexistence of these indicators reflected
the complex character of relationships in the manage-
ment system, where development results were formed
under the influence of several interconnected elements.
Within the analysis, capital expenditure characterised
the amount of resources directed towards development
directions, the share of investment in budgets reflected
their share in the overall expenditure structure, and the
territorial development index summarised the result of
the functioning of the system. This operationalisation
avoided the use of abstract categories and ensured
a clear relationship between concepts and specific

indicators. Consideration of these indicators within a
single system showed that none of them can be inter-
preted in isolation, since their value acquires analytical
meaning only in relation to the others.

Generalisation of the results focused attention on
the relationship between capital expenditure, the share
of investment in budgets, and the territorial develop-
ment index as key indicators characterising develop-
ment processes within the management system. Their
joint consideration showed that the presence of a sub-
stantial amount of investment resources was combined
with a limited share of this expenditure in the budget
structure, reflecting the mixed character of financial
policy without the dominance of development direc-
tions. However, the generalised development indicator
did not show proportional growth relative to invest-
ment parameters, which characterised the absence of a
direct relationship between the amount of invested re-
sources and the results achieved. This relationship sup-
ports the conclusion that the level of territorial devel-
opment within the system studied is linked not only to
the amount of financing but also to its structure and its
relationship with other expenditure directions, which
directly reflects the specific character of management
under transformational changes. Within the study, the
regional analysis of Mykolaiv Oblast was introduced as
a specification of national trends and as an example
that enabled verification of how generalised patterns
appeared at the level of a particular territory. Communi-
ty budget revenues characterised the financial basis for
implementing management functions and outlined the
amount of resources available to support the activities
of territorial units (Table 4).

Table 4. Rural management system (Mykolaiv Oblast)

No. Indicator Value

1 Community budget revenues (2025) UAH 4.36 billion
2 Special-fund budget revenues UAH 70.6 million
3 Share of the special fund 1.6%

4 Coefficient of programme orientation of the budget 0.83

5 Resource concentration coefficient 0.58

6 Budget flexibility index 0.62

7 Community development coefficient 0.55

Note: the coefficient of programme orientation of the budget was determined in IBM SPSS Statistics (USA) using a ratio

approach to processing budget data

Source: compiled by the authors based on Finance Department of the Mykolaiv City Council (n.d.)

During the analysis, their amount reached UAH
4.36 billion, which showed the concentration of finan-
cial flows within a specific region and enabled this in-
dicator to be related to the general model of financial
support. This amount of resources was associated with
the possibility of maintaining current management
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processes and implementing separate development
programmes, but it also reflected the dependence
of the functioning of the system on the structure of
revenues and mechanisms of their distribution. At the
regional level, this also meant that the agricultural
sector remained one of the significant components in



the formation of the revenue base, as budget revenues
of rural-profile territories combined payments from
land use, the activity of agricultural enterprises, em-
ployment in agriculture, and related types of economic
activity. Under this relationship, budget revenues re-
flected not only the general resource potential of the
region but also the indirect role of agriculture in main-
taining the financial basis of local management. In this
case, the revenue base was treated as a parameter of
resource capacity that characterised the ability to fi-
nance both current and separate strategic directions,
without moving to generalised assessments of effi-
ciency. This approach enabled the regional indicator
to be linked to the general logic of the study without
transferring abstract conclusions to the local level (Fi-
nance Department of the Mykolaiv City Council, n.d.).

The share of the special budget fund characterised
the distribution of financial resources between general
and targeted directions of financing. The analysis de-
termined that this indicator was 1.6%, which reflect-
ed a relatively small share of funds directed towards
specialised programmes and investment projects. This
budget structure was associated with limited use of
targeted financing in the total amount of resources,
which allowed investment expenditure to be viewed as
an additional rather than dominant element of budget
policy. With regard to agricultural projects, this reflect-
ed a situation in which the special fund did not act as
the main channel of investment support for agriculture;
therefore, financing for irrigation, storage, logistics, or
other production-infrastructure directions occupied a
limited place in the structure of targeted budget re-
sources. The low share of the special fund demonstrat-
ed that agricultural investment was not concentrated
in a pronounced amount within specialised financing
and therefore remained subordinated to the general
configuration of budget distribution. Within the study,
this indicator was interpreted through the relationship
between the general and special funds, which avoid-
ed abstract conclusions on investment activity and fo-
cused on the actual structure of financial flows. This
interpretation ensured comparison of the regional lev-
el with the general model, where current and develop-
ment expenditure also coexisted (Finance Department
of the Mykolaiv City Council, n.d.).

The coefficient of programme orientation of the
budget was used as an indicator reflecting the share
of expenditure related to implementation of the pro-
gramme-target approach. Its value was 0.83, corre-
sponding to a high share of programme-structured
expenditure within the budget. Under this interpreta-
tion, the resulting value was associated with the pre-
dominance of the programme structure of budgeting,
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but it was not used as a direct indicator of the effec-
tiveness of implementation of these programmes. It
also showed organisational conditions under which
support for agriculture could be included in targeted
budget programmes as a separate direction of regional
policy. Thus, the programme-target approach reflected
not only formalisation of expenditure but also the pos-
sibility of distinguishing agricultural measures within
the budget process, in particular, through programmes
related to production infrastructure, land use, livestock
production, or crop specialisation of territories. The in-
dicator was considered in connection with other param-
eters, which enabled assessment not only of the fact
that the approach was introduced but also of its place
in the general management system. The resource con-
centration coefficient further reflected that financing
was not distributed evenly between directions, which
allowed concentration of funds to be linked to sup-
port for specific types of economic activity, including
agricultural directions of regional specialisation. Under
such a distribution, the allocation of resources could
be traced as selective and potentially oriented towards
segments with greater significance for the structure of
the local economy, particularly grain production, live-
stock production, or related infrastructure links. Joint
analysis of the amount of revenue, budget structure,
and programme orientation showed that the regional
level generally corresponded to the national model in
terms of the presence of a resource base and the use of
management tools, but differed in the relationship be-
tween general and targeted expenditure. This showed
that, at the level of a particular oblast, general patterns
were retained, although their concrete implementa-
tion depended on the structure of financing and local
management decisions (Finance Department of the
Mykolaiv City Council, n.d.). Thus, the regional example
supplemented the national analysis through specifica-
tion of the relationship between indicators rather than
generalisation, which enabled clearer interpretation of
the specific functioning of the management system un-
der different levels of organisation.

Overall, the analysis identified three key indica-
tors: the amount of financial resources, their distribu-
tion between general and targeted areas, and the level
of programme orientation in the budget process. Their
comparison showed that the presence of a sufficient
resource base was combined with a limited share of
targeted financing, while the high level of programme
orientation characterised formal implementation of
planning tools in the expenditure structure. This rela-
tionship showed that the programme structuring of the
budget was not accompanied by a corresponding share
of resources directed towards implementing targeted
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projects, reflecting the difference between formal plan-
ning and the actual distribution of financial flows. In this
context, the regional management model was charac-
terised by a combination of available financial resourc-
es and implemented management tools without full
consistency with one another. Community budget ex-
penditure of Mykolaiv Oblast characterised the amount

of financial resources directed towards ensuring the
functioning of the management system under increased
pressure and environmental transformation. Together
with the budget surplus, stabilisation expenditure, re-
covery expenditure, and grant financing, it characterised
the financial conditions for the functioning of the man-
agement system under external challenges (Table 5).

Table 5. Management under security threats and European integration transformations (Mykolaiv Oblast)

No. Indicator Value

1 Community budget expenditure (2025) UAH 4.23 billion
2 General-fund budget surplus UAH 687.7 million
3 Decline in community revenues -13.5%

4 Rate of revenue contraction -6-7%/year

5 Share of stabilisation expenditure =50%

6 Share of recovery expenditure =20-30%

7 Share of grant financing =10-15%

Source: compiled by the authors based on Finance Department of the Mykolaiv City Council (n.d.)

During the analysis, the amount reached UAH 4.23
billion, which showed the scale of expenditure required
to maintain continuity of management processes with-
in the region. This level of financing was associated
with the performance of basic management functions
and reflected the structure of budget priorities with-
out moving to assessment of their effectiveness. The
expenditure structure showed a shift of financial flows
towards ensuring current functioning, which character-
ised the relationship between expenditure on main-
taining activity and expenditure directed towards de-
velopment (Finance Department of the Mykolaiv City
Council, n.d.). This relationship suggested that, under
security threats, the budget emphasis shifted towards
maintaining current activity, while directions related
to agricultural production did not occupy a leading
place in the structure of priority financing. This indi-
rectly pointed to stronger constraints for agricultural
production in communities since reduced expenditure
on renewal of infrastructure and the material-techni-
cal base coincided with difficulties in supporting the
agricultural sector. Within the study, this indicator was
interpreted as a parameter of financial pressure, which
enabled the relationship between the amount of ex-
penditure and the ability of the system to maintain con-
tinuity of activity under external influences to be as-
sessed. This expenditure configuration was considered
as a characteristic of the budget structure reflecting the
actual distribution of resources within available finan-
cial capacities, without generalised conclusions on the
functional capacities of the system.

The general-fund budget surplus characterised
the relationship between revenues and expenditure
and was used as an indicator of financial equilibrium,
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calculated as the difference between budget revenues
and expenditure. The analysis showed that its value
was UAH 687.7 million, which reflected a positive bal-
ance in the budget structure. This indicator was asso-
ciated with the possibility of accumulating part of the
resources without their immediate use and reflected
the state of financial flows in a specific period. The
positive balance also pointed to the presence of an
internal financial reserve that could be used to cover
recovery costs in separate sectors of the local econ-
omy, including those related to agriculture. However,
the value of the surplus itself did not provide grounds
to discuss full coverage of losses in the agricultural
sector, as the needs for reconstruction of production
facilities, technical support, irrigation systems, and
storage infrastructure go beyond a single indicator of
budget equilibrium. This parameter was not treated as
evidence of long-term stability but only as a character-
istic of the current relationship between revenues and
expenditure. Within the study, this indicator was used
to analyse budget equilibrium, which enabled it to be
related to other parameters of the financial system
without using generalised categories such as “integral
influence”. This interpretation ensured a more precise
reading of the results and reduced the abstractness of
the presentation (Finance Department of the Mykolaiv
City Council, n.d.).

The share of stabilisation expenditure charac-
terised the orientation of financial resources towards
maintaining the functioning of the management sys-
tem under external challenges and was considered as
the ratio of expenditure on current support for activity
to total expenditure. During the analysis, this indicator
was approximately 50%, reflecting a substantial share



of expenditure oriented towards maintaining stability
(Finance Department of the Mykolaiv City Council, n.d.).
This financing structure was associated with the pri-
ority of expenditure related to ensuring continuity in
the functioning of the system, compared with other di-
rections. Under this distribution, growth in stabilisation
expenditure was accompanied by a narrowing of the
share of resources that could be directed towards de-
velopment directions, including the agricultural sector.
Under this financing configuration, agricultural needs in
the budget structure moved into the background com-
pared with expenditure on maintaining current func-
tioning. The recovery expenditure block also character-
ised the presence of a separate resource for rebuilding
damaged facilities, among which agricultural infra-
structure - warehouses, the technical base, irrigation,
and other elements of production support - could be
included in the financing directions, although its exact
share was not separately distinguished. Grant financing
supplemented the budgetary base for reconstruction,
but its amount was considered as an additional source
of covering losses rather than full compensation for
damage sustained by agriculture. The indicator was not
used to establish causal relationships but was treated
as a characteristic of the distribution of budget resourc-
es within a specific period. Within the study, this param-
eter was applied to analyse the expenditure structure
and enabled assessment of the relationship between
stabilisation and other types of financing without using
abstract concepts such as “organisational consistency”.
This interpretation focused on factual data and their
relationships, which increased the analytical precision
of the presentation.

Systematisation of the results enabled manage-
ment under security threats and European integration
transformations to be considered as an integrated sys-
tem whose functioning was determined by the combi-
nation of financial parameters and structural charac-
teristics of the budget. Within the analysis, indicators
characterising the amount of budget expenditure,
the relationship between revenues and expenditure
(through the surplus), and the share of stabilisation ex-
penditure were treated as key because together they
reflected the financial condition of the system under
external challenges. Their comparison showed that a
substantial amount of expenditure was combined with
a positive budget balance, while a substantial share of
stabilisation expenditure characterised the orientation
of resources towards maintaining current functioning.
This combination pointed to the priority of short-term
needs in resource allocation compared with other di-
rections. In this context, the management system was
characterised by the presence of a financial reserve and
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concentration of expenditure on maintaining activity,
without moving to generalised conclusions about its
efficiency. For the agricultural sector, these indicators
were mainly indirect since they characterised the finan-
cial conditions of the system but did not contain a direct
assessment of the influence on agricultural production.
This enabled the state of the agricultural sector to be
linked primarily to the expenditure structure, the pres-
ence of a budget reserve, and the relationship between
current expenditure and expenditure on renewing in-
frastructure and the production base, on which oppor-
tunities to support farms and agricultural infrastructure
depended. Under this approach, the current manage-
ment model supported functioning under risks, but
separately, it did not confirm the stable functioning of
the agricultural sector without indicators of yield, pro-
duction volumes, and economic results of agricultural
producers. It is appropriate to increase the share of ex-
penditure directed towards renewing infrastructure, the
technical base, and other development directions in the
structure of local budgets, expand targeted financing
for restoring agricultural infrastructure, and involve
grant resources more actively in modernising the agri-
cultural sector. Local development programmes should
include separate directions for supporting farms, re-
storing irrigation systems, storage infrastructure, and
the technical base, which is consistent with the identi-
fied parameters of budget adaptation under risks.

DISCUSSION
The results of the study enabled the financial base
of management to be interpreted as a multilevel sys-
tem in which the amount of resources did not act as
a self-sufficient factor of effectiveness but interacted
with the structural characteristics of revenues and their
distribution. The identified concentration of financial
flows created conditions for ensuring the functioning
of management processes, but it did not eliminate
dependence of performance on the quality of budget
planning and redistribution mechanisms. The domi-
nance of own-source revenues confirmed strengthened
financial autonomy, which expanded decision-making
opportunities at the local level, but simultaneously
deepened differentiation between individual elements
of the system. The integral financial stability indicator
confirmed the capacity of the system to maintain con-
tinuity of functioning, while also reflecting limitations
in overcoming internal imbalances. The organisation-
al component of management was characterised by
a complex configuration in which a large number of
administrative units ensured spatial coverage but in-
creased requirements for coordination and consistency
of actions. The spread of strategic planning contributed
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to structuring management processes and forming
long-term orientations, but incomplete coverage of
communities demonstrated uneven implementation of
management tools.

In the field of financial innovation and digitalisation
of management, the works of M. Preziuso et al. (2023),
and A.F. Vatamanu & M. Tofan (2025) explored mecha-
nisms for integrating financial instruments and artifi-
cial intelligence into public administration, but without
a detailed link to the budget structure at the territo-
rial level. M. Preziuso et al. analysed open banking as
a tool for expanding financial inclusion, focusing on
institutional interaction and access to financial servic-
es, but without detailing its influence on the formation
and distribution of budget resources. A.F. Vatamanu &
M. Tofan investigated the introduction of artificial in-
telligence into public administration, emphasising risks
and vulnerabilities of digital systems, while quanti-
tative analysis of financial autonomy or stability was
overlooked. The present study establishes a relation-
ship between the amount of revenue, the share of own-
source resources, and integral financial stability, which
enables a shift from general digital concepts to struc-
tural analysis of the financial system. This approach
combines institutional and financial characteristics,
which was not reflected in the publications considered,
and forms a holistic understanding of the functioning
of management under transformations.

In the context of the development of digital finan-
cial ecosystems and innovation processes, the works of
S. Mashetty et al. (2024) and A.A. Varzaru & C.G. Boce-
an (2024) addressed the influence of digital technolo-
gies on financial processes and innovation activity, but
without linking them to the territorial organisation of
management. S. Mashetty et al. considered the use of in-
telligent technologies in financial systems, focusing on
analytical and cloud solutions but without addressing
spatial disproportions in resource provision. A.A. Vdrza-
ru & C.G.Bocean analysed the influence of digital trans-
formation on innovation activity mainly through mac-
roeconomic indicators, so the organisational level of
territorial management remained outside detailed con-
sideration. Unlike that approach, the presented study
combines financial characteristics with organisational
parameters: the number of administrative units, the
spread of strategic planning, and institutional capacity,
which enables management differences at the level of
territorial communities to be explained. This provides
a more comprehensive approach than papers oriented
mainly towards technological aspects without consid-
eration of management structure.

In the field of sustainable development and in-
novation in rural areas, the papers of T. Varzakas &
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S.Smaoui (2024) and G. Cascone et al. (2024) addressed
food security and the implementation of innovative
development models, but without integrating finan-
cial-management indicators. T. Varzakas & S. Smaoui
analysed global challenges of the food system, focus-
ing on sustainable development and food security, but
without assessing financial management mechanisms.
G. Cascone et al. considered the role of innovation plat-
forms, in particular, living labs, in rural development,
emphasising stakeholder involvement but without
quantitative analysis of the resource base. The current
study establishes a link between financial resources,
organisational structure, and institutional capacity,
which enables the management system to be assessed
as an integrated model. This level of combining quan-
titative and structural parameters provides a deeper
understanding of the functioning of the system com-
pared with studies focused mainly on separate aspects
of development.

In the field of agroecological resilience and digital
constraints, S. Hackfort (2023) and B. Adoyo et al. (2025)
considered different models for adapting rural devel-
opment to contemporary transformations. B. Adoyo et
al. examined the multidimensional performance of
agroecology in several African countries and confirmed
a positive relationship between the level of agroeco-
logical integration, productivity, and farm income, but
the focus was shifted to production-economic charac-
teristics of agrosystems rather than budgetary manage-
ment mechanisms. S.Hackfort analysed corporate “lock-
ins” in the digital agriculture of Germany, where it was
shown that digitalisation did not remove dependencies
and, in some cases, reproduced structural inequality in
access to technology. Unlike those papers, the present
study traces not only the influence of the innovation
environment on development but also the relation-
ship between the amount of revenue, the share of the
special fund, the programme orientation of the budget,
and stabilisation expenditure in Mykolaiv Oblast. This
linking of financial architecture with the organisational
capacities of management specified how the resource
base and the structure of budget flows determined the
adaptive potential of the system.

In the context of the digital economy and inno-
vation infrastructure, Y. Xu et al. (2022) and S. Sto-
janova et al. (2022) focused on institutional and tech-
nological prerequisites for modernisation. Y. Xu et
al. generalised directions of research on the digital
economy of China using a bibliometric approach and
outlined digitalisation as an intersectoral factor of
transformation, but without addressing specific pa-
rameters of budget stability or organisational capaci-
ty in local management. S. Stojanova et al. considered



rural digital innovation hubs as the basis of sustain-
able business models in rural areas of Europe and
demonstrated the significance of innovation hubs for
territorial development, but the analysis remained fo-
cused mainly on infrastructure-network logic. In the
present study, the digital or institutional-innovation
component is not isolated from the financial system
but is related to the number of communities, the
spread of strategic planning, the institutional capaci-
ty index, and the parameters of budget configuration.
This enabled a shift from a general description of
digital modernisation to an evaluation of the extent
to which the organisational system actually ensured
consistency of management decisions and maintained
functioning under external pressure, distinguishing
this paper from more conceptual generalisations.

Within the analysis of production transforma-
tions and structural challenges, B. Losch (2022) and
K. Pilarski et al. (2025) addressed different aspects of
contemporary agricultural development. K. Pilarski et
al. systematised technological, environmental, and so-
cio-economic aspects of biogas production in agricul-
ture and stressed the potential of energy solutions for
increasing resource efficiency, but without detailing a
regional budgetary management model. B. Losch dis-
cussed dominant narratives concerning the future of
the agricultural sector and demonstrated that they did
not allow the deeper structural problems of employ-
ment and development to be fully presented, although
the main focus remained on macro-level dispropor-
tions. In the presented study, the comparative anal-
ysis is shifted to the level of a specific management
system, where community budget revenues, the gen-
eral-fund surplus, the share of stabilisation expend-
iture, and the programme orientation of the budget
of Mykolaiv Oblast are reviewed simultaneously. This
construction describes the transformational context
and demonstrates how budget equilibrium, financing
structure, and institutional consistency determined
the possibility of maintaining management processes
and development under security threats, providing a
higher level of applied specification compared with
the works of other researchers.

In the field of integration of digital technologies
and spatial transformations, S. Seifollahi-Aghmiuni et
al. (2022) and G. Gebresenbet et al. (2023) addressed
the influence of technological and urbanisation fac-
tors on the development of rural systems. G. Gebresen-
bet et al. proposed a concept for integrating digital
solutions into smart agricultural systems, where the
significance of complex technological interaction for
increasing the efficiency of production processes was
substantiated, but without detailing budgetary mech-
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anisms for supporting such transformations. S. Sei-
follahi-Aghmiuni et al. analysed the influence of ur-
banisation on land degradation and socio-economic
challenges in peripheral territories, where growing
development disproportions under spatial changes
were defined. In the conducted study, unlike these
approaches, financial parameters (budget revenues,
the share of the special fund, and the surplus) are
integrated with characteristics of the organisational
structure of management, which enables assessment
of both the external factors of influence and internal
mechanisms through which the management system
adapts to transformational processes.

In the context of digitalisation of the agricultural
sector and preservation of cultural heritage, Q. Mu &
F. Aimar (2022) and C.G. Bocean (2024) paid attention
to different aspects of rural development. C.G. Bocean
investigated the relationship between the use of dig-
ital technologies and agricultural productivity in EU
countries, where the positive influence of digitalisation
on production performance was confirmed, but without
considering organisational and financial parameters of
management. Q. Mu & F. Aimar systematised practices
for preserving historic rural settlements, where the sig-
nificance of cultural heritage as an element of territori-
al development was defined, but the analysis remained
outside financial-management models. In the current
study, the approach is expanded by combining the fi-
nancial configuration of the budget, institutional ca-
pacity, and strategic planning, which enables the man-
agement system to be assessed as an integral structure
capable of ensuring both functioning and development
in a changing environment.

In the field of socio-economic disproportions
and institutional networks, M.H. Laskar (2023) and
J. Blesh et al. (2023) addressed development inequality
and mechanisms for diversifying the agricultural sector.
M.H. Laskar analysed the formation of a digital society
and the digital divide between urban and rural areas,
where uneven access to technologies was established
as a factor limiting development, but without linking it
to budgetary management tools. J. Blesh et al. investi-
gated institutional networks that support diversifica-
tion of agricultural production, where the significance
of interaction between actors for forming sustainable
development models was demonstrated. Unlike the
papers, this study combines analysis of financial indi-
cators (budget expenditure, the share of stabilisation
expenditure, and the surplus) with organisational char-
acteristics of the management system, which allowed
for a shift from describing separate factors to assessing
their interaction and influence on the capacity of the
system to ensure continuity of management processes
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and adaptation to external challenges. Therefore, the
results of the study demonstrate that, unlike existing
approaches, the effectiveness of the management sys-
tem is determined by the integrated interaction of fi-
nancial, organisational, and institutional parameters,
which ensures its capacity for adaptation and function-
ing under transformations.

In the field of technological transformation of ag-
ricultural production, X. Luo et al. (2022) considered
the transition from mechanised to intelligent systems,
with an emphasis on the phased introduction of digital
technologies into production processes. X. Luo et al. an-
alysed changes in the structure of agricultural produc-
tion under the influence of automation and digitalisa-
tion, presenting that increased efficiency was achieved
through optimisation of production operations and use
of data, but leaving budgetary constraints and mech-
anisms for financing these changes out of the scope
of the study. Unlike that approach, the present study
focuses not on technological parameters of produc-
tion but on the characteristics of financial support for
management, specifically, the structure of expenditure,
the share of stabilisation financing, and parameters of
budget equilibrium. This enabled transformational pro-
cesses to be viewed not as the result of technological
changes but as a consequence of resource distribution
and financing priorities within the management sys-
tem. This provided for the assessment of the influence
of the budget structure on the capacity of the system
to maintain continuity of functioning under external
challenges. Therefore, unlike papers concentrated on
technological modernisation, the results of this study
demonstrate the expediency of analysing financial
parameters as a separate dimension of management,
which helps explain differences in system functioning
even under similar development conditions.

CONCLUSIONS
The study provided a comprehensive assessment of
the rural development management system based on
a combination of financial, organisational, and institu-
tional characteristics, which formed an integral under-
standing of its functioning, structural organisation, and
adaptive capacities under transformations. The financial
base was shown to have formed as a multicomponent
system in which the amount of resources was combined
with the structure of their distribution, determining the
capacity to ensure continuity of management process-
es and implement strategic directions of development.
Local budget revenues of UAH 679.5 billion, combined
with the dominance of own-source revenues at 72.3%,
reflected a sufficient level of financial autonomy, while
the integral coefficient of 0.64 summarised the capacity
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of the system to maintain balance and counteract ex-
ternal and internal risks.

The organisational component was characterised
by a complex territorial configuration that ensured
broad spatial coverage and formed an environment for
implementing management functions at different lev-
els.Alarge number of territorial communities, combined
with the spread of strategic planning at approximately
91.4%, characterised the presence of formalised man-
agement approaches and the coordination of separate
management decisions within the system. However,
the institutional capacity index of 0.54 reflected inter-
nal disproportions that limited the level of functional
consistency of the system and its capacity for effective
interaction between elements. This also covered man-
agement of land resources, agricultural infrastructure,
and inclusion of agricultural priorities in the strategic
documents of communities. This was confirmed by cap-
ital expenditure of UAH 145.8 billion and the integral
index of 0.59, which summarised the effectiveness of
management influences.

Capital expenditure and investment created a basis
for developing agricultural infrastructure, while the de-
velopment index did not contain separately identified
agricultural indicators. At the regional level, budget rev-
enues of UAH 4.36 billion formed the basis for the func-
tioning of management, while the limited share of the
special fund reflected the specific distribution of finan-
cial flows and financing priorities. The coefficient of pro-
gramme orientation of 0.83 showed a high level of con-
sistency between resources and management goals. The
conditions of functioning were characterised by chang-
es in the expenditure structure, where the amount of
UAH 4.23 billion, combined with a surplus of UAH 687.7
million and growth in the share of stabilisation expend-
iture to approximately 50%, reflected adaptation of the
system to external challenges. Under these conditions,
the priority of stabilisation expenditure narrowed the
budgetary space for supporting agricultural production,
while recovery expenditure and grant financing only
partly covered the needs of agricultural infrastructure.
The limitations of the study lay in the use of aggregated
financial-statistical data without separate identification
of agricultural production indicators, which narrowed
the possibility of directly assessing the influence of
the management system on agricultural development.
Further research should focus on an in-depth analysis
of the micro-level of management, dynamic changes
in indicators, and expansion of the list of indicators
for assessing system effectiveness in different regions.
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AHoTauia. MeTtowo pocnigkeHHs 6yno OUiHIOBaHHSA (iHAHCOBMX, OpraHisaliMHUMX Ta IHCTUTYLIMHMX napaMeTpiB
YNpPaBNiHHS 3 YpaXyBaHHAM 30BHIWHIX BUKAWKIB ONS BM3HAYEHHS iX adanTalidHOro noteHuiany. Y AOCHioKEHHI
33aCTOCOBAHO METOAM CTPYKTYPHOrO Ta (YHKLIOHANbHOMO aHanisy OHMKETHMX MOKA3HWUKIB, KoedilieHTHOro Ta
BiALHOCHOIO aHani3y, arperyBaHHs i rpynyBaHHS CTaTUCTUUHMX AaHUX, HOPMaNi3auii Ta iHTErpanbHOro iHAEKCYBaHHS,
a TakOX METOAM AECKPUMTUBHOI CTAaTUCTMKK. OLiHIOBAaHHA QiHAHCOBOI OCHOBM MOKA3ano, WO AOXOAM MiCLEBMX
6rooxkeTiB 'y 679,5 mnpa rpH cdopmyBanu 6a3oBy pecypcHy nnat@opmy, TOLi 9K CTPYKTypa HaOXOOXKEeHb i3
[OMiHYBaHHAM BNAaCHMX LOXOAIB HA piBHI 72,3 % 3abe3neymna nNigBuLLEHHS aBTOHOMHOCTI NMPUMHATTS pilleHb.
BogoHouac koediuieHT diHaHcoBoi cTiMkocTi 0,64 y3aranbHMB 3[aTHICTb CMCTEMM NiATPMMYBATU CTABINBHICTD Y
3MiHHOMY cepepoBuLi. OpraHizauiiH1in KOMNOHEHT YNPaBAiHHS 0XapaKTePU30BaHO Yepes KiNbKiCTb TepUTOPiabHUX
rpoMaj, Wo XapakTepu3yBano MacwTtab npocTOpOBOro OXOM/IEHHS CUCTEMM Ta PO3MOLIN YNPABAiHCbKUX DYHKLINA
MiX aAMiHiCTpaTUBHMMM OOMHUUAMU. BCTaHOBNEHO MOLIMPEHHS CTPaTeriyHoOro MaaHyBaHHA Ha piBHI =914 %,
TOAi §K IHAEKC IHCTUTYUiHOT crnipoMoxHocTi 0,54 Binobpa3uB cepepHii piBeHb Y3roAXeHOCTi CTPYKTYPHUX
enemeHTiB. OpraHi3aLiiHi napaMeTpy 0JHOYaCHO OXOMKBANU YNpPaBAiHHS 3eMeIbHUMK pecypcaMu Ta arpapHoto
iHDpacTpyKTypOto. AHaNi3 po3BMTKY 3aCBiAYMB HASIBHICTb 3HAYHMX KaniTanbHWX BuAaTKiB y 145,8 mnapg rpH, wo
XapaKTepu3yBanM CNpSAMOBaHICTb HA (GOpMyBaHHS MaTepianbHOi 6asn. CTpykTypa OKOKETHMX BMTpPAT BUSBMAA
NPiOPUTETHICTb COWLIA/IbHOI CKIAA0BOI Ta MNIATPUMKM EKOHOMIYHOI [HiSNbHOCTI, WO chopmyBano yMOBM [AN4
3abe3neyeHHs 6a30BUx NOTped i po3BMTKY. IHTerpanbHUM iHaekc 0,59 y3aranbHWB pe3ynbTaTUBHICTb YNPaBaiHCbKMX
BnAuBiB. Ha perioHanbHOMy piBHi foxoaun 6romxeTy 4,36 Mnpa, rpH chopmyBanm 0CHOBY QYHKLLIOHYBAHHS CUCTEMM,
TO4i SK YacTka cneuianbHoro poHay 1,6 % Binobpasuna obMexeHicTb LinboBoro @iHaHcyBaHHSA. Ans MukonaiBcbkoi
obnacTi ue NOEAHYBANOCS 3 BAaromiCTIO arpapHOro CeKTopy B AOXiAHIM 6asi. MNpakTUyHa LiHHICTb AOCNIAXKEHHS
NONAra€ y MOXIMBOCTI BUKOPUCTAHHS OTPUMAHUX PE3YNbTaTiB OpraHaMm MiCLLeBOr0 CaMOBPALYBAHHS, AePXKABHUMMU
YCTQHOBAMM Ta pErioHaNbHUMW OpraHaMu BRaauM AN BLOCKOHANEHHS GHOOXKETHOro MNNaHyBaHHS, MifABULLEHHS
edeKTUBHOCTI po3noainy GiHaHCOBUX pecypcCiB i MOCUNEHHS IHCTUTYLIMHOT CMPOMOXHOCTI YNPaBiHHS
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