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Abstract. The growth, development, and productivity of cowpeas are influenced by soil and climatic
conditions, as well as cultivation techniques, particularly the optimal stand density, which requires
scientific validation for the conditions of the Right-Bank Forest-Steppe of Ukraine. This research aimed
to study the characteristics of growth and development of Vigna about stand density, to optimise the
productivity of different varieties. Research methods included field experiments to study cultivation
techniques and statistical analysis to evaluate the reliability of the results. The study, conducted
between 2014 and 2016, examined the effect of standing density on two cowpea varieties (U-Cha-
Kontou and Kafedralna) using four planting schemes (70x10 cm, 70x25 cm, 70x40 cm, 70x50 cm). It was
found that standing density significantly affects the growth, development, phenology, and productivity
of Vigna. Field germination rates ranged from 80.0% to 85.1% across the variants studied. It was noted
that an increase in the sowing rate reduced the field germination of the varieties’ seeds. Differences in
plant survival rates during the growing season were observed among the varieties. Extreme values of
this indicator ranged from 83.6% to 87.8% for the U-Cha-Kontou variety, and from 87.7% to 91.0% for
the Kafedralna variety. At a standing density of 29,000-36,000 plants per hectare, the onset of flowering
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in both varieties occurred later (24-27 June). Furthermore, the phases of flowering onset and fruit
ripening were observed 2-3 days earlier than the control and the period from emergence to flowering
lasted 46-51 days. The U-Cha-Kontou and Kafedralna varieties reached biological maturity on 27 and
22 August, respectively, at a standing density of 29,000-36,000 plants per hectare. The precocious
plants were found in denser sowings of 143,000 plants per hectare, where the varieties’ growing season
lasted 135-141 days. The research findings could be valuable for practical use by vegetable growers,
breeders, and specialists interested in vegetable cultivation, storage, and processing

Keywords: sowing schemes; field germination; plant survival rate; growth and development phases;

technical maturity; beans

Introduction

The growth and development of cowpeas, as
well as other vegetable crops, depend on soil
and climatic conditions, which influence the
crops’ responses. At the same time, the duration
of phenological phases and plant productivi-
ty are determined not only by soil and climate
conditions but also by cultivation techniques.
Key technological measures that contribute to
optimal plant growth and development, and
improved yields, include the selection of an ap-
propriate sowing rate and plant spacing. These
factors help create favourable conditions for cul-
tivating asparagus beans.

H. Ishikawa et al. (2022) investigated that for
leguminous crops such as Vigna and soybeans,
planting density is particularly important, as
once the seedlings emerge, the plants begin to
compete with each other. Therefore, to achieve
maximum vyield, planting density needs to be
regulated. D. Gustiningsih et al. (2023) described
that sowing one seed per planting hole reduces
competition between plants, allowing them to
grow faster than when sowing more seeds.

Moreover, J.A. Adigun et al. (2020) noted that
one approach to improving the competitiveness
of crops against weeds is to reduce the row spac-
ing. Narrower row spacing suppresses weed ger-
mination and growth, giving the crop a competi-
tive advantage primarily through quicker canopy
closure. Vigna typically develops full canopy cov-
er around six weeks after emergence, allowing
them to compete with weeds until maturity.

According to M. Monteiro et al. (2017), the
larger the plant population, the lower the siliquae
productivity per plant. This is attributed to high
inter- and intra-plant competition at higher pop-
ulation densities, which leads to flower abortion
and a reduction in the number of lateral branch-
es. M.J. Cardoso et al. (2018) concluded that the
number of siliquae per plant responds linearly to
increasing plant density, indicating that for each
additional plant per square metre, the number of
siliquae per plant decreased by 0.213 for upright
varieties, 0.166 for semi-erect varieties,and 0.378
for semi-prostrate varieties.

In the study by T. Nevhulaudzi et al. (2020),
it was noted that plants in the flowering/ear-
ly anthesis stage exposed to elevated temper-
atures (35°C) exhibited the greatest reduction
in biomass (47% in fresh weight and 63% in
dry weight) compared to plants exposed to the
same temperature at other growth stages (42%
and 29% in the pre-flowering phase and 1% and
0% in the post-flowering phase). According to
H. Bergamaschi & J. Bergonci (2017), increased
temperatures are associated with accelerated
growth and phenology. As a result, when plants
encounter stressful growing conditions, they al-
ter their metabolic processes to ensure optimal
growth and development. The rate at which these
processes occur is influenced by the plant’s stress
response, which leads to increased respiration.

L.M. Nderi (2020) determined that for ag-
ricultural producers aiming to maximise the
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biomass yield of Vigna, it is advisable to follow
a sowing scheme of 60x20 ¢cm. To achieve maxi-
mum grain yield of Vigna in Kilifi County, the KVU
27-1 variety is recommended with a 40x20 cm
sowing scheme. In the conditions of southeast-
ern Brazil, R.P. Soratto et al. (2020) concluded that
the highest seed yield of Vigna was achieved at a
stand density ranging from 216,630 to 290,537
plants per hectare (8-24% higher than the low-
est density of 100,000 plants/ha). According
to K. Giridhar et al. (2020), a sowing scheme of
20x30 cm (166,666 plants/ha) can be selected for
growing Vigna in the sandy loam soils of Gajapati
District, Odisha, as it produced higher grain yields
compared to the 10x30 cm (333,333 plants/ha)
and 15x30 cm (222,222 plants/ha) schemes.

E.B. Kouam et al. (2018) found that the ad-
aptation of varieties can vary significantly across
different environments. Breeders aim to develop
varieties capable of withstanding adverse envi-
ronmental conditions by regulating their devel-
opmental processes to achieve high yields with
improved quality characteristics.

There is a lack of scientifically grounded re-
search on the optimal plant density for asparagus
beans. This highlights the need to investigate this
issue further and establish a rational plant spac-
ing for the crop. By optimising sowing density,
favourable conditions will be created for the pro-
gression of all growth and development phases
of Vigna plants, which will influence the forma-
tion of high fruit yields.

The aim was to study the growth and develop-
ment characteristics of Vigna about standing den-
sity to optimise the productivity of the varieties.

Materials and Methods
Field studies were conducted from 2014 to 2016
at the collection plots of the educational labora-
tory “Fruit and Vegetable Garden” at the National
University of Life and Environmental Sciences
of Ukraine. The soils in the research area are
dark grey, medium podzolized, and light loamy,
with a slightly acidic soil reaction. The humus
horizon has a depth of 24-28 cm. The soil was
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characterised by a low humus content (1.5-2.2%),
average levels of hydrolysed nitrogen (26-38 mg/
kg), available phosphorus (43-61 mg/kg), and po-
tassium (28-34 mg/kg). In the years studied, the
sum of effective air temperatures (>10°C) during
the growing period of the Vigna varieties aver-
aged 938-1,114°C, while the total rainfall ranged
from 125 to 136 mm.

The study was a two-factor design. The fac-
tors examined were: Factor A - the varieties
of bush asparagus bean, Kafedralna (Ukraine)
and U-Cha-Kontou (China) (control); Factor B -
plant density of 143,000 plants/ha (70x10 cm);
57,000 plants/ha  (control) (70x25 cm);
36,000 plants/ha (70x40 cm); and 29,000 plants/
ha (70x50 cm). The control was established as the
70x25 cm scheme (57,000 plants/ha) with the Chi-
nese variety U-Cha-Kontou, which was obtained
from the National Centre for Plant Genetic Resourc-
es of Ukraine. Preliminary data indicated that this
particular variety stood out among all the original
materials of bush-type Vigna (Bobos et al., 2023a).

Additionally, an important aspect was estab-
lishing the relationship between growth condi-
tions and yield indicators, which allowed for the
identification of optimal agronomic parameters
for cultivating Vigna in the temperate climate of
Ukraine. The influence of meteorological condi-
tions on plant development was considered, par-
ticularly temperature regimes and precipitation
levels, both of which had a significant impact
on yield formation. Phenological observations
included recording the dates of germination,
flowering, and pod maturation, enabling an as-
sessment of the varieties’ adaptive capabilities to
specific climatic conditions. A separate analysis of
pests that most actively affected yield reduction
was conducted, leading to the development of
recommendations for a pest and disease manage-
ment system for Vigna crops.

The study consisted of three replicates. The
total area for observation was 75 m?, with an
individual plot size of 5 m% Data were collected
from 30 plants, with 10 plants from each repli-
cate (Bondarenko & Yakovenko, 2001). Seeds

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 5



Growth and development of asparagus bean varieties about plant density

of the varieties were sown on 27 April 2014, 27
April 2015, and 27 April 2016 simultaneous-
ly. Care for the plants included regular tillage,
weed control, and protection against diseases
and pests. The experiments involved phenolog-
ical observations, biometric measurements of
the plants, yield assessments, biochemical anal-
yses, and entomological and phytopathological
inspections for damage to the crops caused by
pests and plant diseases (Bobos et al., 2023b).
Harvesting of beans at technical maturity was
carried out weekly on all experimental variants.
Harvesting of beans at biological maturity was
conducted between 20 and 29 September, during
which the number, weight, length of pods, and
the number of seeds per pod were recorded.

To determine the impact of sowing density
on yield, a comparative analysis was conduct-
ed using statistical methods, which included
the calculation of mean values, variance anal-
ysis, and hypothesis testing. Special attention
was given to the study of biochemical indica-
tors, such as the protein and carbohydrate con-
tent in the seeds, which are important criteria
for assessing crop quality. Analysis of variance
(ANOVA) was performed using MS Excel with the
XLSTAT add-in. Significant differences were con-
sidered valid at a=0.95 (Rao, 2018). During the
research, adherence to the Convention on Bio-
logical Diversity (1992) and the Convention on
the Trade in Endangered Species of Wild Fauna
and Flora (1973) was ensured.

Results and Discussion

During the research, it was established that in
the initial phases, the growth and development
of the plants occurred simultaneously, regardless
of density. The difference in the timing of pheno-
logical phases was 1-3 days, which fell within the
experimental error margin. A critical factor for ob-
taining high yields of vegetable crops, including
the asparagus bean, is the emergence of uniform
seedlings. The field germination of plants was not
influenced by plant density in the studied varie-
ties and averaged around 84% (Fig. 1).
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—®— U-Cha-Kontou (control)

Kafedralna

Figure 1. The impact of plant density on field
germination (a) and plant survival rate (b) of
cowpeas (average for 2014-2016)
Source: compiled by the authors

A decrease in field germination for the varie-
ties Kafedralna and U-Cha-Kontou was noted with
an increase in sowing rate. Observations of the
crops during the growing season revealed that op-
timal conditions for the growth and development
of asparagus beans were found in sparsely sown
areas with a plant density of 29,000 plants per
hectare. This indicates favourable conditions for
the formation of robust plants. At the same time,
the percentage of plant survival in the varieties
varied depending on plant density. The extremes
of the survival rate in U-Cha-Kontou ranged from
83.6% to 87.8%, with a variation range of 4.2%,
while for Kafedralna, it ranged from 91.0% to
87.7% (with a variation range of 3.3%). The low-
er variation in the survival rate of the Kafedral-
na variety suggests its superior adaptive traits to
specific growing conditions. Variability in plant
survival during the growing season increased
in denser sown areas. Consequently, plants from
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the varieties at a density of 143,000 plants per
hectare exhibited lower survival rates, with
U-Cha-Kontou at 83.6% and Kafedralna at 87.7%.

The research established that plant densi-
ty influenced the precocity of the crop varieties.
When seeds were sown on 30 April, the growing
period of the varieties was reduced by six days in
denser plantings (143,000 plants/ha) compared
to sparse plantings (29,000 plants/ha). A char-
acteristic feature of the asparagus beans is the
formation of flowers with long, cream-coloured
peduncles (Fig. 2). Flowering depends on plant
density. Later flowering was observed in varieties
grown in sparsely sown areas with plant densities
of 29,000-36,000 plants/ha, occurring between
24-27 June. At the same time, increased plant-
ing density accelerated the earliness of the va-
rieties. For example, with higher plant densities,
the phases of flowering onset and pod ripening
occurred 2-3 days earlier compared to the con-
trol. The biological maturity of the beans was in-
fluenced by plant density. The onset of biological
maturity in the beans was observed earlier in
thinned stands. At plant densities of 29,000
and 36,000 plants/ha, the biological maturity of
U-Cha-Kontou and Kafedralna varieties began on
27 August and 22 August, respectively, which was
150
140
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110+
100

90+
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50—+
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Duration of period, days
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2-5 days later than the control. The prolonged
flowering and fruiting periods allowed for mul-
tiple harvests throughout the growing season.
The duration of the interphase periods varied be-
tween cultivars and depended on plant density
(Fig. 3). The duration of the period from germi-
nation to the beginning of flowering was 46-51
days for both varieties, regardless of plant density.
The Kafedralna variety was more precocious in all
plant spacing treatments. However, at the lowest
plant density (29,000 plants/ha), the duration of
this period was shortest, at 44 days, which was 11
days less compared to the U-Cha-Kontou variety.

Figure 2. Fruit formation
of the Kafedralna variety
Source: authors’ photo

Technical flat pod maturity —
biological seed maturity:
LSDgs 9.59;
LSDys (factor A) 4.79;
LSDys (factor B) 6.78.
Flowering — beginning of
technical flat pod maturity:
LSDygs 2.67;
LSDys (factor A) 1.34;
LSDOS5 (factor B) 1.89.

m Germination - beginning of
flowering:
LSDgs 3.44;
LSDys (factor A) 1.72;
LSDys (factor B) 2.43.

Kafedralna

Figure 3. Influence of plant density on the duration of phenological phases
in bush Vigna varieties, days (average for 2014-2016)

Note: (c)* - control
Source: compiled by the authors
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Different plant densities within the crop
stand create varied growing conditions, influ-
encing the duration of the growing period. The
period from mass germination to the beginning
of technical maturity decreased with increasing
plant density. This trend was consistent for both
the U-Cha-Kontou and Kafedralna varieties, with
a growing period lasting 72-76 days. The period
from full germination to the onset of technical
flat pod maturity was longer in varieties grown
at lower densities (29-36 thousand plants/ha),
78 days for U-Cha-Kontou and 73 days for Kafe-
dralna. Increasing plant density shortened the
duration from flowering to technical flat pod
maturity, a trend linked to high temperatures in
July-August, which accelerated the progression of
all growth and development phases.

The period from full germination to the on-
set of biological maturity was influenced by plant
density, with a shorter duration observed under
the planting scheme of 70x10 cm and a density
of 143,000 plants/ha for the Kafedralna variety
(135 days). This was attributed to the higher plant
density accelerating the onset of all growth and
development phases of asparagus bean plants
due to the faster warming of the soil surface. Ad-
ditionally, the Kafedralna variety demonstrated to
be more precocious, with all phenological phases
progressing more quickly.

The maturation of beans on the plant oc-
curs unevenly, necessitating multiple harvests
of the flat pods. A lower plant density of 29-
36,000 plants/ha contributed to an extended
fruiting period for the beans. Additionally, a
longer period from emergence to the biological
maturity of the beans was observed in the more
sparsely planted U-Cha-Kontou variety, which
took 145 days, 4 days longer than the control.

Increased planting density also influenced
the length of the growing season for the asparagus
bean varieties, reducing it to 135-141 days, which
is 2-3 days shorter than the control variant. In
contrast, the growing season for the more sparse-
ly planted varieties extended to 140-145 days.
At a plant density of 29-36,000 plants/ha, both
the technical and biological maturity stages oc-
curred simultaneously in the varieties. For exam-
ple, these stages for the U-Cha-Kontou variety
were 78 and 145 days, respectively, while for the
Kafedralna variety, they were 73 and 140 days.

The duration of the interphase periods in as-
paragus bean varieties was influenced by plant
density. The growing conditions in the fields with
varying plant densities affected the length of the
growing season for the varieties. Increased plant
density resulted in a shorter period from germi-
nation to technical maturity. A similar pattern was
observed in the progression of all growth and
development phases in the asparagus bean vari-
eties. The U-Cha-Kontou and Kafedralna varieties
exhibited more precociously in denser plantings
(143,000 plants/ha), with a shorter growing sea-
son of 135-141 days.

The stem length of the U-Cha-Kontou variety
varied between 26.5 and 32.9 cm, depending on
the planting scheme (Table 1). The greatest stem
length was observed with the planting scheme
of 70x10 cm at a density of 143,000 plants/
ha, while the shortest stem length was record-
ed with the 70x50 cm scheme at a density of
29,000 plants/ha. On average, over the study
years, the Kafedralna variety had a shorter stem
length compared to U-Cha-Kontou, ranging from
25.6 to 31.7 cm. The Kafedralna variety also ex-
hibited a clear trend of increased stem length
with higher plant densities.

Table 1. Characteristics of morphological traits
of cowpeas under different planting schemes (average for 2014-2016)

Experimental
variants (factor B)

Plant density,
thousand plants/ha

Stem length, cm

Number of shoots,

Pod length, cm
pcs

U-Cha-Kontou (control)(factor A)

70x10 143

329

4.3 26.2
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Table 1. Continued

Experimental Plant density,

Stem length, cm

Number of shoots, Pod length, cm

variants (factor B)  thousand plants/ha pcs
U-Cha-Kontou (control)(factor A)
70 x 25 (control) 57 322 5.4 24.2
70 x 40 36 27.5 6.5 23.4
70 x 50 29 26.5 6.8 22.7
Kafedralna
70x10 143 31.7 4.6 26.5
70 x 25 (control) 57 30.3 6.1 24.8
70 x 40 36 27.4 7.5 24.3
70 x 50 29 25.6 7.9 23.4
LSD,, 1.04 0.18 0.85
factor A 0.52 0.09 0.43
factor B 0.74 0.12 0.60

Source: compiled by the authors

Sparser planting promoted the formation of
more shoots on the cowpea plants. For instance,
under the planting scheme of 70 x 50 cm with a
density of 29,000 plants/ha, the number of shoots
was the highest: 6.8 for the U-Cha-Kontou vari-
ety and 7.9 for the Kafedralna variety. Similar to
stem length, pod length showed a direct corre-
lation with plant density. As the plant density
increased from 29,000 to 143,000 plants/ha, pod
length increased from 23.4 to 26.5 cm for the
Kafedralna variety and from 22.7 to 26.2 cm for
the U-Cha-Kontou variety.

Plant density is regulated to achieve maxi-
mum vyield, as plants compete with one another
after germination (Bastos et al., 2020). For the
growth and development of leguminous crops
such as Vigna, seeding density plays a crucial
role. According to S.D. Oliveira et al. (2015), a
larger population of plants results in lower si-
liquae productivity per plant. This phenomenon
can be attributed to high inter- and intra-plant
competition at elevated population densities,
which leads to flower abortion and a reduction
in the number of lateral branches. These findings
are consistent with the research conducted by
E.Francois et al. (2017), who assert that a spacing

of 40 x40 cm between plants enhances light ac-
cessibility, thereby improving photosynthetic pro-
cesses. Conversely, at higher plant densities, the
duration of the growing season is reduced, with
leaves predominantly forming lower on the plant,
resulting in decreased yield.

The current study established that the du-
ration of interphase periods in asparagus bean
varieties was dependent on plant density. An in-
crease in plant density affected the reduction in
the duration of the period from germination to
the onset of technical maturity. These results cor-
roborate the findings of N.S. Tehulie et al. (2021).
At the same time, research by T. Nleya et al. (2020)
conducted on soybeans indicates that a high
seeding rate delays flowering and decreases the
number of shoots per plant.R.F. Chen et al. (2015)
determined that the number of seeds sown in a
single planting hole directly influences the stand
density of plants. This factor is critical for the for-
mation of the optimal feeding area for each plant,
which, in turn, affects their development, produc-
tivity, and resilience to stress conditions. Exces-
sively dense planting can lead to competition for
resources such as light, water, and nutrients, ad-
versely impacting yield.
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On the other hand, insufficient density may
lead to ineffective resource utilisation and a re-
duction in overall field productivity. Plant density
is regulated not only by the sowing scheme but
also by the number of seeds sown per planting
hole. N.G. Yalombe et al. (2018) assert that sow-
ing one seed per planting hole promotes optimal
plant growth and development, thereby increas-
ing yield. Similar claims have been reported by
YJ.Gnamien et al. (2023). The lowest plant density
of 62,500 plants per hectare (40 cm x 40 cm) with
one plant per planting hole resulted in a high-
er yield compared to the treatment of 250,000
plants per hectare (20 cm x 20 cm) with two
plants per planting hole. At the same time, these
findings contradict the results of U.S. Yannick et
al. (2014). The authors state that Vigna yield is
higher when three seeds are sown per planting
hole, which can be attributed to the differing
spacing between plants.

Extreme temperatures also influence the
growth rates of plants throughout their life cycle.
Research conducted by J.L. Hatfield & J.H. Prue-
ger (2015) and D. Schmidt et al. (2017) indicates
that the reproductive development stage is the
most sensitive to extreme temperatures across all
plant species. In different regions, sowing density
may vary. F.O. Oroka (2017) demonstrated that for
Vigna varieties with differing morphological struc-
tures, it is essential to select varying plant densi-
ties to ensure a high yield of pods at technical
maturity. Sowing density affects not only yield but
also the precocity of varieties, as confirmed by ob-
servations in this study. The varieties U-Cha-Kon-
tou and Kafedralna exhibited more precocious in
densely sown fields (143,000 plants per hectare)
with a shorter growing period of 135-141 days.

D.A. Animasaun et al. (2015) and O.A. Osipi-
tan (2017) asserted that the introduction of va-
rieties from other countries and their evaluation
for the selection of superior strains is a crucial
step in breeding new, desirable plant varieties.
Variations among parental genotypes and cross-
ings reflect genetic diversity and the potential for
selection. According to the findings of H.E. Zaki &

K.S. Radwan (2022), crosses involving the geno-
types “Al” and “Com1” enhanced the performance
of other varieties, namely “Col”, “D331”, and “Cr7".
The crossings Cr7 x Com1 and D331 x Al were
identified as the most promising breeding pro-
grammes focused on Vigna.

The results of the study indicated that the
biological characteristics of the variety, along-
side ecological and agronomic factors, influence
the dynamics of formation and the intensity of all
assimilatory processes in the plant. These factors
determine the rate of growth and development,
the intensity of photosynthesis, and ultimately
the yield. The duration of phenological phases in
the growth and development of asparagus bean
plants was found to depend on planting density.
Increased plant density affected the reduction in
the duration from the onset of mass germination
to technical maturity throughout the entire grow-
ing period of the studied asparagus bean vari-
eties. The shortest plant height and pod length
for the cowpeas occurred at a density of 29,000
plants per hectare, while these measurements
increased with higher densities. Sparse planting
positively influenced the number of shoots pro-
duced by the plants.

Conclusions

The planting schemes influenced the precocity of
the species. Nevertheless, the varieties of cowpea
were characterised as precocious regardless of
the planting scheme, which is attributed to the
bushy growth form of the stems in these varie-
ties. However, when sowing seeds on 30 April, the
growing period for asparagus bean varieties was
reduced by six days in dense plantings (143,000
plants per hectare) compared to the lowest plant
density (29,000 plants per hectare). The duration
of the period from germination to the onset of
flowering in the varieties ranged from 46 to 51
days, regardless of plant density. The Kafedralna
variety was the most precocious across all plant-
ing configurations, with the shortest duration
of 44 days observed at the lower plant density
(29,000 plants per hectare).
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An increase in plant density was associated
with a reduction in the duration of the period from
the onset of mass germination to technical maturi-
ty. This trend was evident for both the U-Cha-Kon-
tou and Kafedralna varieties, which exhibited a
growing period of 72 to 76 days. In contrast, the
period from full germination to the onset of tech-
nical maturity for the varieties was longer under
sparse plantings (29,000 to 36,000 plants per
hectare), with durations of 78 days for U-Cha-Kon-
tou and 73 days for Kafedralna. Furthermore, an
increase in plant density shortened the duration
from flowering to the attainment of technical ma-
turity. The U-Cha-Kontou and Kafedralna varieties
were more precocious in dense plantings (143,000
plants per hectare), exhibiting a shorter growing
period of 135 to 141 days. This pattern is linked
to the high temperatures experienced in July and
August, which accelerated the progression of all
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phases of plant growth and development. The
Kafedralna variety has proven to be adaptive to
growing conditions characterised by a short du-
ration of phenological phases of growth and de-
velopment. It can be utilised by producers for the
harvest of flat pods and in breeding programmes
aimed at developing precocious varieties of as-
paragus beans. However, the promotion of less
common legumes in the market is hindered by
consumer unfamiliarity with these crops. There-
fore, a subsequent priority for research will be
to establish mechanisms for their popularisation
and subsequent integration into dietary practices.

Acknowledgements
None.

Conflict of Interest
None.

[1]

[2]

(3]

[4]

[5]

[6]
[7]

(8]

[°]

Adigun, J.A., Adeyemi, O.R., Daramola, 0.S., & Olorunmaiye, PM. (2020). Response of cowpea
(Vigna unguiculata, L., Walp) to inter-row spacing and weed competition. Agricultura Tropica et
Subtropica, 53(2), 73-79. doi: 10.2478/ats-2020-0008.

Animasaun, D.A., Oyedeji, S., Azeez, Y.K., Mustapha, O.T., & Azeez, M.A. (2015). Genetic variability
study among ten cultivars of cowpea (Vigna unguiculata L.Walp) using morpho-agronomic traits and
nutritional composition. Journal of Agricultural Sciences, 10(2),119-130. doi: 10.4038/jas.v10i2.8057.
Bastos, L.M., et al. (2020). Winter wheat yield response to plant density as a function of yield
environment and tillering potential: A review and field studies. Frontiers in Plant Science, 11, article
number 54. doi: 10.3389/fpls.2020.00054.

Bergamaschi, H., & Bergonci, J.I. (2017). As plantas e o clima: Principios e aplicacoes. Lisbon:
Agrolivros.

Bobos, I.M., Sych, Z.D., & Komar, 0.0. (2023a). Recommendations for the cultivation of asparagus
cowpea (Vigna unguiculata (L.) Walp. and ubip. and equipedalia (L.) Verdc.). Kyiv: National University
of Life and Environmental Sciences of Ukraine.

Bobos, I.M., Sych, Z.D., & Komar, 0.0. (2023b). Asparagus cowpea: Source collection material and
cultivation technologies. Kyiv: National University of Life and Environmental Sciences of Ukraine.
Bondarenko, G.L., & Yakovenko, K.I. (Eds.). (2001). Methodology of experimenting in vegetable farming
and melon growing. Kharkiv: Osnova.

Cardoso, MJ., Melo, F.D.B., & Ribeiro, V.O. (2018). Population density on cowpea cultivars
with different growth habits in the Matopiba region. Revista Caatinga, 31, 235-239.
doi: 10.1590/1983-21252018v31n127rc.

Chen, R.F., Ji, M.F., Guan, JW., & Deng, J.M. (2015). Advances and prospects in plant symmetric
and asymmetric competition. Chinese Journal of Plant Ecology, 39(5), 530-540. doi: 10.17521/

cjpe.2015.0051.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 5


https://doi.org/10.2478/ats-2020-0008
https://doi.org/10.4038/jas.v10i2.8057
https://doi.org/10.3389/fpls.2020.00054
https://www.researchgate.net/publication/320083107_AS_PLANTAS_E_O_CLIMA_-_Principios_e_aplicacoes_THE_PLANTS_AND_THE_CLIMATE_-_Principles_and_applications
http://dspace.nubip.edu.ua/handle/123456789/8988
http://dspace.nubip.edu.ua/handle/123456789/8988
http://dspace.nubip.edu.ua/handle/123456789/8986
http://dspace.nubip.edu.ua/handle/123456789/8986
https://irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=fullwebr&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=I=&S21COLORTERMS=1&S21STR=%D0%92%D0%90624250$
https://irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=fullwebr&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=I=&S21COLORTERMS=1&S21STR=%D0%92%D0%90624250$
https://doi.org/10.1590/1983-21252018v31n127rc
https://www.plant-ecology.com/EN/10.17521/cjpe.2015.0051
https://www.plant-ecology.com/EN/10.17521/cjpe.2015.0051

Growth and development of asparagus bean varieties about plant density

[10] Convention on Biological Diversity. (1992). Retrieved from https://zakon.rada.gov.ua/laws/
show/995_030#Text.

[11] Convention on the Trade in Endangered Species of Wild Fauna and Flora. (1973). Retrieved from
https://zakon.rada.gov.ua/laws/show/995_129#Text.

[12] Francgois, E., Jacob, K., Nguessan, K., & Justin, K. (2022) Influence of the Year and growing area
on maize (Zea mays L.) production in the Central and North-Central zones of Cote d’lvoire
(Departments of Bouake and Katiola). American Journal of Plant Sciences, 13, 1116-1125.
doi: 10.4236/ajps.2022.138075.

[13] Giridhar, K., Raju, PS., Pushpalatha, G., & Patra, C. (2020). Effect of plant density on yield
parameters of cowpea (Vigna unguiculata L.). International Journal of Chemical Studies, 8(4), 344-
347.doi: 10.22271/chemi.2020.v8.i4£.10090.

[14] Gnamien,Y.G., Nanti, B.T.J-I., Kouassi, N.J., Kouame, N., Ayolié, K., & Kouadioc, YJ. (2023). Influence
of seeding density on agronomic parameters of cowpea (Vigna unguiculata L.) accession grown
in Daloa, west center of Céte d’lvoire. GSC Biological and Pharmaceutical Sciences, 22(3), 039-048.
doi: 10.30574/gscbps.2023.22.3.0102.

[15] Gustiningsih, D., Purnamawati, H., Lubis, I., & Syukur, M. (2023). Number of seeds and fertilization
affect the morphophysiological characters and production of cowpea. Ecology Journal, 5(1), 19-26.
doi: 10.59619/ej.5.1.4.

[16] Hatfield,).L., & Prueger,).H.(2015). Temperature extremes: Effect on plant growth and development.
Weather and Climate Extremes, 10, 4-10. doi: 10.1016/j.wace.2015.08.001.

[17] Ishikawa, H., Batieno, B.J., Fatokun, C., & Boukar, O. (2022). A high plant density and the split
application of chemical fertilizer increased the grain and protein content of cowpea (Vigna
unguiculata) in Burkina Faso, West Africa. Agriculture, 12(2), article number 199. doi: 10.3390/
agriculture12020199.

[18] Kouam,E.B.,Ngompe-Deffo,T.,Anoumaa, M., & Pasquet, R.S.(2018). Preliminary study on character
associations, phenotypic and genotypic divergence for yield and related quantitative traits among
cowpea landraces (Vigna unguiculata) from the Western Highland Region of Cameroon. Open
Agriculture, 3(1), 84-97. doi: 10.1515/0pag-2018-0009.

[19] Monteiro,M.M.D.S., Bastos, E.A., Cardoso, M.J.,Andrade,A.S.D., & Ribeiro,V.Q. (2017). Effect of water
regimes and plant densities on cowpea production. Pesquisa Agropecudria Tropical, 47, 432-439.
doi: 10.1590/1983-40632017v4747908.

[20] Nderi, L.M. (2020). Effect of different spacing intervals on growth and yield of cowpeas varieties in Kilifi
County, Kenya. (Doctoral Dissertation, Kenya Methodist University, Nairobi, Kenya).

[21] Nevhulaudzi, T., Ntushelo, K., & Kanu, S.A. (2020). Growth and nutritional responses of cowpea
(cv. Soronko) to short-term elevated temperature. HortScience, 55(9), 1495-1499. doi: 10.21273/
HORTSCI15132-20.

[22] Nleya,T.,Schutte,M.,Clay,D.,Reicks, G., & Mueller,N.(2020). Planting date, cultivar, seed treatment,
and seeding rate effects on soybean growth and yield. Agrosystems, Geosciences & Environment,
3(1), article number e20045. doi: 10.1002/agg2.20045.

[23] Oliveira, S.D., Andrade Junior, A.S., Ribeiro, V.Q., Brito, R.R., & Carvalho, M.W. (2015). Interacao de
niveis de dgua e densidade de plantas no crescimento e produtividade do feijao-caupi. Teresina, PI.
Irriga, 20(3), 502-513.

[24] Oroka,F.0.(2017).Mineral fertilizer and inter-row spacing effects on vegetative growth, nodulation

and dry matter yield of cowpea (Vigna unguiculata L. walp). International Journal of Agriculture and
Rural Development, 20(2), 3066-3073.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 5


https://zakon.rada.gov.ua/laws/show/995_030#Text
https://zakon.rada.gov.ua/laws/show/995_030#Text
https://zakon.rada.gov.ua/laws/show/995_129#Text
https://doi.org/10.4236/ajps.2022.138075
https://doi.org/10.22271/chemi.2020.v8.i4f.10090
https://doi.org/10.30574/gscbps.2023.22.3.0102
https://doi.org/10.59619/ej.5.1.4
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.3390/agriculture12020199
https://doi.org/10.3390/agriculture12020199
https://www.researchgate.net/publication/325235942_Preliminary_study_on_character_associations_phenotypic_and_genotypic_divergence_for_yield_and_related_quantitative_traits_among_cowpea_landraces_Vigna_unguiculata_from_the_Western_Highland_Region_of_C
https://doi.org/10.1590/1983-40632017v4747908
http://repository.kemu.ac.ke/handle/123456789/915
http://repository.kemu.ac.ke/handle/123456789/915
https://doi.org/10.21273/HORTSCI15132-20
https://doi.org/10.21273/HORTSCI15132-20
https://doi.org/10.1002/agg2.20045
https://www.alice.cnptia.embrapa.br/alice/bitstream/doc/1048328/1/1010Simone.pdf
https://www.alice.cnptia.embrapa.br/alice/bitstream/doc/1048328/1/1010Simone.pdf
https://www.ijard.com/Vol%2020%20No2%202017.html
https://www.ijard.com/Vol%2020%20No2%202017.html

Bobos et al.

[25] Osipitan, O.A. (2017). Weed interference and control in cowpea production: A review. Journal of
Agricultural science, 9(12), 11-20. doi:10.5539/JAS\VON12P11.

[26] Rao, N.G.(2018). Statistics for agricultural sciences (2nd ed.). Hyderabad: BS Publications

[27] Schmidt, D., Zamban, D.T., Prochnow, D., Caron, B.O., Souza, V.Q., Paula, G.M., & Cocco, C. (2017).
Caracterizagao fenologica, filocrono e requerimento térmico de tomateiro italiano em dois ciclos
de cultivo. Horticultura Brasileira, 35(1), 89-96. doi: 10.1590/50102-053620170114.

[28] Soratto, R.P., Matoso, A.O., Gilabel, A.P., Fernandes, F.M., Schwalbert, R.A., & Ciampitti, |.A. (2020).
Agronomic optimal plant density for semiupright cowpea as a second crop in southeastern Brazil.
Crop Science, 60(5), 2695-2708. doi: 10.1002/csc2.20232.

[29] Tehulie, N.S., Fikadu, T., & Purba, J.H. (2021). Response of mungbean [Vigna radiata (L.) Wilczek]
varieties to plant spacing under irrigation at Gewane, Northeastern Ethiopia. Agro Bali: Agricultural
Journal, 4(1), 1-14. doi: 10.37637/ab.v4i1.613.

[30] Yalombe, N.G., Tshinyangu, K.A, Tshibanda, J.G, Mwamba, T., Lumpungu, K.C., & Yalombe, Y.Y. (2018).
Effects of number of plants per stake with equity of planting density on cowpea yield in Mbujimayi,
DRC. Journal of Animal & Plant Sciences, 36(1), 5825-5832.

[31] Yannick, U.S.,Kidiata, M., Patrick, K.AK., Luciens,N.K., & Louis, B.L. (2014). Effects of planting dates
and spacing on growth and yield of cowpea (Vigna unguiculata L. Walp) in Lubumbashi, DR Congo.
International Journal of Innovation and Applied Studies, 6(1), 40-47.

[32] Zaki, H.E., & Radwan, K.S. (2022). Estimates of genotypic and phenotypic variance, heritability,
and genetic advance of horticultural traits in developed crosses of cowpea (Vigna unguiculata [L.]
Walp). Frontiers in Plant Science, 13, article number 987985. doi: 10.3389/fpls.2022.987985.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 5


https://doi.org/10.5539/jas.v9n12p11
https://www.bau.edu.jo/UserPortal/cvs/96000.pdf
https://doi.org/10.1590/S0102-053620170114
https://doi.org/10.1002/csc2.20232
https://www.researchgate.net/publication/350156541_Response_of_Mungbean_Vigna_radiata_LWilczek_Varieties_to_Plant_Spacing_under_Irrigation_at_Gewane_Northeastern_Ethiopia
http://m.elewa.org/Journals/wp-content/uploads/2018/04/6.Yalombe.pdf
http://m.elewa.org/Journals/wp-content/uploads/2018/04/6.Yalombe.pdf
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=d4b2b82288ab7d354fcdf646ebea1083b6f7c38a
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=d4b2b82288ab7d354fcdf646ebea1083b6f7c38a
https://doi.org/10.3389/fpls.2022.987985

J

Growth and development of asparagus bean varieties about plant density
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OkcaHa Tonuiwn

KaHamnaaT CinbCbKOrocnoaapcbkux Hayk

YKpaiHCbKMM iIHCTUTYT eKCNepTM3nN COPTiB POCIMH

03041, Byn. lopixyBatcbkuit wnsax, 15, M. Kuis, YkpaiHa
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AHoTauif. PicT, po3BMTOK | NPOAYKTUBHICTb BirHW OBOYEBOT 3aneXatb Bif I'PYHTOBO-KNiIMAaTUUHMX YMOB
Ta TEXHONOrii BMPOLLYBaHHSA, 30KpeMa, Bifi ONTUMANbHOI IYCTOTM CTOSIHHA, fiKa noTpebye HayKoBOro
06rpyHTYyBaHHA B yMoBax [lpasobepexHoro Jlicocteny YkpaiHu. MeTta pocnigpkeHb nongrana y
BMBYEHHI 0COG/IMBOCTEN POCTY Ta PO3BMUTKY BirHM B 3aNI€XHOCTI Bif NYCTOTM CTOSIHHS AN ONTUMIi3aLii
NPOAYKTUBHOCTI COPTiB. MeToaM [OCNIMKEHHS: NONbOBI — [N BMBYEHHSI €IEMEHTIB TEXHONOTii
BMPOLLYBAHHS; CTAaTUCTUYHI — AN9 OLiIHKM [OOCTOBIpPHOCTI OTPUMaHWUX pe3ynbraTiB. Y [OCHiAKEHHI,
nposeneHomy B 2014-2016 pokax, BUBYanM BMAMB FyCTOTU CTOSIHHSI Ha [Ba COPTWU BirHW OBOYEBOI
(«Y-T9-KoHToy», «<KadeapanbHa») 3a YoTupMa cxeMamu BupollyBaHHs (70x10 cm, 70x25 cm, 70x40 cm,
70x50 cmM). 3'acyBanocs, WO rycToTa CTOSIHHS 3HAYHO BMAMBAE Ha pICT, pO3BMTOK, deHonoriio Ta
NPOAYKTUBHICTb BirHuW. MonboBa cxoxicTb konmeanach Big 80,0 % no 85,1 % y Maxax 4oCniaxyBaHUX
BapiaHTiB. BigMiyeHo, o 36iNblweHHS HOPMK BUCiBY 3MEHLLYBANO MOJIbOBY CXOXiCTb HACiHHS COPTIB.
Cepep, copTiB CnoCTEpiranncs BiAMiHHOCTI 3a BiACOTKOM 36epexeHHs pOC/MH NPOTAroM BereTauinHoro
nepiopy. EkcTpemManbHi 3HauyeHHs LbOro NokasHuka konusanucs Bif 83,6 % no 87,8 % y copty «Y-Ta-
KoHToy», a y copty «KadenpanbHa» — Bif 87,7 % no 91,0 %. 3a ryctoTu CTOSHHA pocinH 29-36 TuC.
poCAuMH/ra Mo4YaToK UBITIHHS Y COPTiB cnocTepiraBcs nisHiwe (24-27.06). Kpim Toro, ¢asu nouatky
LBITIHHA M A03piBaHHA NNOLIB CNOCTEPiraBcs paHiwe Ha 2-3 AHI NOPIBHSAHO 3 KOHTponeM. [epioa Big,
noyaTKy CXOAiB L0 LBIiTiHHA TpuBaB 46-51 gHis. Y copris «Y-T9-KoHToy» Ta «KadenpanbHa» BionoriyHa
CTUINICTb cnocTepiranacs 27 Ta 22 cepnHs, BiANOBIAHO, 3 TYCTOTOK POCAMH 29-36 TUC. poCauH/ra.
Halbinbw cKOpOCTUIIMMM BUSIBUAUCS POCAMHM Y 3arylueHmnx nocieax - 143 tuc. wr./ra, oe TpuBanictb
BereTaLiiMHOro nepioay coptis ctaHoBuna 135-141 peHb. Pe3ynbtati gocnigkeHb MOXyTb BYTU LiHHUMU
ANS NPAaKTUYHOTO BMKOPUCTaHHS OBOYIBHWMKaMW, cenekuioHepamu, Crnewianictamu, WO LiKaBaaTbCS
NMUTAHHSIMU BUPOLLYBaHHS, 36epiraHHs Ta nepepobku 0BOYIB

KnioyoBi cnoBa: cxeMu ciBOU; NoIbOBa CXOXKiCTb; CTYNiHb BUXMBAHHS POCAMH; ha3un pocTy Ta po3BUTKY;
TEXHiYHa CTUINiCTb; 606U
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Abstract. The main export shipments of grain to Ukraine are carried out through commercial seaports
of the Black Sea, while the complex and multiphase transportation process creates delays and leads to
additional costs at the points of connection of various types of transport. The purpose of the study was
the process of transporting grain cargo for export through commercial seaports. Ukraine is a developed
agricultural country that produces a significant share of the world’s grain volume, most of which is
exported. The optimisation simulation model of multimodal grain cargo transportation developed
in the study, in contrast to the existing ones, is a multiphase process with many initial parameters,
subsystems, and technological elements that adequately reflect all components of the technological
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process of organising transportation by road, rail, and sea, and helps to optimise these processes.
The model consisted of several transport and technological subsystems, each of which corresponded
to the process of grain transportation by road, rail, or water. The minimum total duration of cargo
transportation from the place of origin to the moment of sending grain cargo for export by sea was
chosen as the optimal criterion. To establish the minimum required number of replications and the
minimum required model time, a series of experiments were performed, where the key and systematic
modelling measurement parameter is the total time of grain delivery by land, from the point of origin
to the sea trade terminal. As a result of modelling, the optimal number of rolling stock of different
types of transport and the transportation time for each phase of the process were determined. Logistics
operators of the agro-industrial sector can apply the model to improve grain delivery routes and
schemes, evaluate and improve technological parameters,and minimise transportation time and costs

Keywords: agent-based simulation model; Java SE (Oracle); Anylogic University Researcher;

technological process; minimising delivery time; optimising business process

Introduction

According to official statistics, the Ukrainian
agricultural industry, even during the period of
large-scale military aggression by the russian
federation and the blocking of transport corri-
dors, remains an important player in the world
market. A particular problem is the constant
blocking of commercial seaports and shipping
routes in the Black Sea. According to optimistic
data from a number of institutions (the US De-
partment of Agriculture, the Ministry of Agrar-
ian Policy and Food of Ukraine, etc.), Ukraine’s
exports of grains, legumes, oilseeds and their
primary processing products will reach approx-
imately 50-70 million tonnes per year in 2028-
2030 (U.S. Department of Agriculture, n.d; Minis-
try of Agrarian Policy and Food of Ukraine, 2024).
This forecast should be highlighted not only in
terms of increasing production volumes, but also
increasing the carrying capacity of the national
transport system within global supply chains.
Therefore, the search for new methods of organ-
ising grain supplies within such global chains
remains relevant.

The problem of cargo transportation in
global supply chains is becoming a particularly
relevant issue for grain-producing regions and
countries. In their study, C. de Faria et al. (2024)

investigate the reduction of the negative impact
of the Brazilian transport system on the envi-
ronment. The main problem, according to re-
searchers, is the insufficiently efficient planning
of complex, multi-element supply chains for ex-
port cargo and the low level of use of railway
electric transport, which leads to excessive CO,
emissions. The result of the study is the devel-
oped standard technological models for organis-
ing grain routes. However, the researchers do not
provide forecast data on ensuring the carrying
capacity of these shipments.

Other researchers, representatives of Cana-
da E. Sharifi et al. (2024) point to the problems of
the supply chains of grain exports from Canada,
which are mostly associated with severe climat-
ic conditions - long winters - which make most
ports unable to operate fully throughout the
year, and the significant length of railway routes,
most of which are non-electrified, which creates
a negative impact on the environment. The re-
searchers proposed a multi-criteria optimisation
model based on the Torabi and Hasini fuzzy pro-
gramming method and minimax rules, aimed at
improving the sustainability and efficiency of in-
termodal supply chains in the context of modern
challenges to the Canadian transport system:
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the COVID-19 pandemic, increased demand for
transportation due to the military aggression of
the Russian Federation against Ukraine. Howev-
er, the paper does not address the issues of in-
creasing throughput in conditions of uncertainty.

V. Matsiuk et al. (2023) present the results
of experiments with a developed simulation
model of the global grain supply chain using a
multimodal route. In addition to the standard
optimisation criterion - average transportation
time - studies were conducted to assess the
fault tolerance of transport technologies. As a
result, the range of fluctuations in cargo flows
is established, at which the transport system
provides the necessary level of fault tolerance.
However, the model is implemented only for the
land part of the supply chain, which does not
cover the entire transportation route.

Improving the efficiency of grain transpor-
tation is no less relevant for the countries re-
ceiving grain crops. This is especially true in
regions that lack fresh water for agricultural
production. A. Adenle et al. (2019) determine
the key role of transport in the rapid delivery of
mineral fertilisers, machinery, and workers to the
places of sowing, harvesting, etc. The problem is
that most regions of Africa have a significant
shortage of fresh water. Because of this, the re-
gions of agricultural production are constantly
changing, which requires significant mobility of
production capacities. The paper by V. Aulin et
al. (2024) presents mathematical models of the
functioning of the transport system under con-
ditions of uncertainty. However, the models are
quite abstract, which allows obtaining only an
approximate assessment of the effectiveness of
decision-making.

It is transportation in the global economy
that is becoming a direct link between smart
technologies of agricultural production, as not-
ed by O. Zagurskiy et al. (2024), thereby increas-
ing the overall economic effect by reducing the
logistics component in the final cost of products.
S. Garg et al. (2023) indicate that transportation
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is the production process of the processing and
agricultural industries. Therefore, according to
P. Yablonskyi et al. (2024), elements of precision
farming and global positioning should also ap-
ply to transport processes, in particular, docking,
loading, and unloading points. |. Rogovskii et
al. (2024) assess the possibility of implementing
precision farming principles in the functioning of
transport systems. However, the study does not
provide models for making effective decisions.

The purpose of the study was to develop
a simulation model of the grain delivery pro-
cess in global supply chains, which, unlike the
existing ones, would allow considering the var-
iability of technological processes and the in-
teraction of road, rail, and water transport on
the network. To achieve this goal, the following
tasks were completed:

1) an optimisation mathematical (simula-
tion) model of a transport and technological
grain delivery line has been developed with sub-
stantiation of the optimisation criterion;

2) a set of optimal parameters of the transport
andtechnological grain deliveryline in global sup-
ply chains has been experimentally established.

Materials and Methods

Optimisation (mathematical) model
The total time of cargo delivery was considered
as a system indicator of the functioning of the
transport and technological line, since it consid-
ers the presence of goods at all stages of trans-
portation - from waiting for rolling stock and
free infrastructure, to the time of accumulation
to the norm of mass when loading into transport
units. Grain delivery in the most productive and
rational way, such as multimodal - with the par-
ticipation of road, rail, and water (sea) transport,
is considered.

Then the time of delivery of the cargo from
the primary point of accumulation to loading into
the sea vessel will be:

taelstnd = laerauto T tdeirail T tdelship: )
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where tgeisitna - average, standard, cargo de-
livery time, hours; tgerauro — average, standard,
time of cargo delivery by motor vehicle, hours;
taelrait — @verage, standard, time of cargo deliv-
ery by train, hours; tgersnip — average, standard,
time of cargo delivery by sea, hours.

The organisation of delivery by road was the
delivery of grain from the primary points of ac-
cumulation and storage of grain to the elevator
where the grain route is loaded and served by
rail. This process was difficult from the stand-
point of the variability of road routes, since it
has many points of departure, and, accordingly,
many grain delivery routes. The average value of
grain delivery time by road largely depended on

the characteristics of the entire set of delivery
routes in the region of attraction to the point
of loading the grain route, the required fleet of
vehicles and their cargo capacity, and the time
of loading and unloading the vehicle. Then the
average value of the duration of grain delivery
by road can be represented in implicit terms as
a function of the time of accumulation of cargo
mass to the loading rate (f, and transpor-
tation time (f

tmnsp,auto,) N

crum.auto,)

tdel-auto :f;zccum.autu (Acnrga; Nv.a.) +

+ftmnsp.auto. ({Ma.i: Ma.l}‘. Na; Nv.a. ; tload.a.; tunload.a. )’ (2)

where 2, - intensity of cargo arrival at the stor-
age point before loading into the truck, tonnes/
day; N, - average technical load rate of a truck,
tonnes; {M_.:M_}-a set of parameters that char-
acterise grain delivery routes by road in the re-
gion where a railway grain route is created; N, -
required fleet of trucks, units; t - standard
time of loading the car with grain, hours; ¢t -
standard vehicle unloading time, hours.

The organisation of delivery by rail is the
creation of grain shipping routes as those that
can technologically provide the shortest deliv-
ery time by rail. This process was complicated by
the specific features of railway transport regard-
ing the need for allocated capacity, the need for
rolling stock and locomotives. The average val-
ue of grain delivery time by rail routes in most
cases depends on the intensity of cargo receipts
for loading wagons, the duration of technolog-
ical operations at marshalling depots, the time
when the train is located at transit technical sta-
tions when changing locomotives, and the time
for cargo operations at loading and unloading
points. The average value of the duration of grain
delivery by rail can be represented as the product
of the functions of the time of cargo accumula-
tion to the rate of loading into the railway route
(. cumsai) @nd the time of transportation by grain
route (f, :

transp,mil,)

tdel-rail =fac5um.rai1 (Acargo,rail; Nrail.rout.) +

+ ftransp.rail. (

where Acwga i — intensity of cargo arrival at the
point of accumulation by road before loading
into the railway route, tonnes/day; N, - tech-
nological rate of loading of the railway route,
tonnes; {M_..: M_,} - set of parameters that
characterise the routes of grain delivery by rail to
the commercial seaport; where N, . - required

dedicated capacity for organising ring railway
routes, pairs of trains; N - required fleet of

{Mrail.i: Mrail.l}; Nd.c.rail; Ncar; Nlacom;) (3)
R . . )
Nv.car.' tioad.rail; tunioad.rail; tadd.t rail.
freight cars-grain carriers, units; N__ - required
ocom

fleet of locomotives for organising grain routes,
units; N, - average technical loading rate of a
grain carrier car, tonnes; t,_ . - standard time
for loading a railway route with grain, hours;
toeasar. — Standard unloading time of the railway
route, hours; t . —additional time for organis-
ing the route at the marshalling depots and des-
tination, hours.
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For the marine transport subsystem, the key
was the process of forming the cargo mass for
loading into the ship and the process of servic-
ing ships in commercial seaports. Therefore, the
key time was the accumulation of cargo mass to
the norm of loading into the bulk carrier and the
time of servicing the ship before departure. The
very process of following a ship to the destina-
tion port is quite linear and largely depends on
technological aspects. So the average time of
finding the cargo mass in a commercial seaport
is the product of two functions - the time of ac-
cumulation of cargo to the rate of loading into a
sea ship (f,,....0) and the time of servicing the
ship in the port when loading grain and sending

it on a voyage (ftmnsp‘sea.()):

Khomenko et al.

tdez-tOt- :faccum.sea.(lcurga.part.; Nship) +

+f {Mport.i: Mport.l}: Nsea.port: Nshipr' 4
transp.sea. t .t , ( )
load.sea.» “add.t.sea.

whereA ... —intensityofcargoarrivalatthestor-

age point by rail before loading into a sea vessel,

tonnes/day; N, - technological rate of loading

of a ship, tonnes; {M, .M, } - set of param-

eters that characterise grain delivery routes by
rail to commercial seaports of cargo destination;
N,.0p0 T€Quired dedicated processing capacity in
the commercial seaport for servicing ships, ves-
sels/day;t, ..., —standard loading time of the ship
with grain, hours; t - additional time for ser-

vicing the ship in the port, h. Total grain delivery
time from production points to destination port:

tdel.stnd =ﬁzccum,auto.(acargo; Nv.a.) +f£ransp.auto. ({Ma,i: Ma.l }; Na; Nv,a,; tload,a.; tunload,a,) +

f;zccum. train. ( cargo.train.’ " train.route. )

+ ftrans.train (

{Mtrain.i: Mtrain.l}; Nd.c.rail; Ncar; Nlocom;) +

Nv.car.; tioad.rail; tunload.rait.; tadd.t rail.

+ faccum.sea. (Acargo,pur[, ; Nship) +

f, ({Mport.i: Mport.l}; Nsea.port; Nship:')
transp.sea.
)

tioad.sea tadd.t.sea.

and the optimisation task is to minimise this time:

t

del.stnd — min,

under restrictions, in accordance with the recom-

mendations proposed by V. Matsiuk et al. (2023)
and M. Namazov et al. (2023):

Nd.c.rail < Navail.d.c.route'
Nsea.portSNsea.port.grain.
$1sP(NI=€p w1,
fpzsp(Ncar)sfb.v.z' (6)
| {pssp(Nlocom)sfb.vz:
$pa<P(Nsnip)<€pva,
k {NanNcar:Nlocom'Nship}=tOtal;

where p(N, ), p(N_...)» PN, )s p(Nsm.p) - the actual
level of use of the fleet of vehicles, respectively,

®)

the fleet of motor vehicles, railway cars, ships; fpl,
fpz, pr, EM - lower limit of optimal use of the fleet
of vehicles, respectively, the fleet of motor vehi-
cles, railway cars and locomotives, ships; §, .,§, .,
€5 Suyvs — UPPEr limit of optimal use of the fleet
of vehicles, respectively, motor vehicles, railway
cars and locomotives, ships.

All functions of the optimisation model are
presented implicitly, which makes their practical
implementation difficult. The most appropriate
and convenient way to implement this model
was computer simulation.

The model was implemented on the exam-
ple of grain production in the Poltava Oblast in
2021 and its further transportation for export.
The main costs of time and speed of vehicles
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were determined following standard norms. All
demand flows and demand service intensity
were the simplest and therefore subject to expo-
nential distribution and Poisson distribution. An
experiment was considered for a traffic volume
of 883,560 tonnes per year.

Results and Discussion
Development of a simulation model
The simulation model of the grain delivery
process in a mixed road-rail-water connection
is a complex, multiphase process with many
initial parameters, subsystems, and technolog-
ical elements.

Modelling of the transport and technolog-
ical line for grain delivery is the interaction of
many transport and technological subsystems of
road, rail, and sea transport. Each transport sub-
system includes subsystems:

» accumulation and formation of cargo
mass required to the vehicle loading rate;

» loading and operations to prepare the ve-
hicle for the flight;

» movement of the corresponding transport
unit to its destination or connection with another
mode of transport.

Thus, the process of functioning of the
transport subsystem can be represented as a
typical algorithm (Fig. 1). Block 1 corresponds
to the process of cargo arrival at the point of
accumulation (temporary storage) at the point
of origin or production of grain. Blocks 2 and 3
simulate the cycle of checking the sufficiency of
cargo to the norm of loading into the vehicle.
Block 4 defines the predefined process of find-
ing a free transport unit and cargo means. This
process can also be presented as complex, but
standard and driven by a cycle of monitoring the
changing situation. This block is the most impor-
tant in terms of time delays due to inconsistent
actions regarding the receipt of cargo, prepara-
tion of vehicles for the flight, and the creation
of a sufficient number of cargo devices. Block 5

is also a predetermined process of moving a ve-
hicle to its destination or connecting to another
mode of transport is predefined, since most of
them depend only on the length of the route and
the average (route) speed of movement.

1 Receipt of a unit of cargo mass
to the accumulation point n;

v

2 while
(Nfact < Nv.veh.load.)

v

3 k Nfact = Nfact + Ni;
v

Procedure for finding and
4 waiting for free transport
vehicles and cargo capacities

v

Loading and flight preparation
5 procedure,
departure

v

( Completion )

Figure 1. Algorithm of functioning of the
transport subsystem of grain delivery

Note: n - amount of cargo arriving at the point of
cargo formation for shipment; N, - actual volume of
cargo available for loading into the vehicle; N
technical loading standard for a vehicle

Source: compiled by the authors

vvehload.

The next step was to develop a simulation
model of the grain delivery process: by road to
railway loading stations; by rail grain routes to
the port of destination, ship handling in the port,
and departure. It is this part of the process that
is more inherent in the functioning of Ukrainian
transport in terms of ensuring sustainable grain
exports in global supply chains. In accordance
with the agent-based principle, the following
agents are formed (Table 1).
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Table 1. Specification of simulation model agents

Agent name

Agent function

Automotive line

Modelling of the process of receipt and accumulation of cargo up to the
normal weight of loading into a truck.

Modelling of the process of managing an existing fleet of trucks.

Modelling of the waiting process for free cargo devices and loading points.
Modelling of truck traffic in a full cycle of cargo turnover.

Railway line

Modelling of the process of receipt and accumulation of cargo up to the
standard weight of loading into a railway route.

Modelling of the process of managing the existing fleet of freight cars and
locomotives.

Modelling of the waiting process for free cargo devices and loading points.
Modelling of the movement of grain routes in the full cycle of cargo turnover.

Sea line

Modelling of the process of receipt and accumulation of cargo up to the
normal weight of loading into a sea vessel (bulk carrier).

Modelling of the process of managing the existing fleet of cargo vessels.
Modelling of the process of waiting for free cargo capacities.

Modelling of the movement of sea vessels in the full cycle of cargo turnover.

Warrant

Modelling of an information message about the process of cargo mass
formation.

Truck fleet

Population of agents of the “truck” type for modelling the quality of use of the
existing fleet of road transport vehicles.

Fleet of freight cars (grain
carriers) and locomotives
for organising grain routes

Population of agents of the “railway route” type to model the quality of use of
the existing fleet of railway vehicles.

Fleet of cargo vessels
(bulk carriers)

Population of agents of the “bulk carriers” type for modelling the quality of
use of the existing fleet of marine vehicles.

Grain departure points

Population of agents of the “point of departure” type for modelling the routes
of departure of vehicles with grain during the initial accumulation of grain.

Railway station

“Railway station” type agent for modelling the organisation of railway routes.

Seaport

“Seaport” type agent for modelling the organisation of a loaded grain vessel.

Source: compiled by the authors

The interaction of these agents allowed
modelling different grain delivery scenarios,
considering potential delays and resource opti-
misation. The model helped to analyse the effi-
ciency of each stage of transportation and iden-
tify critical points that can reduce the overall
performance of supply chains.

Configuring the Main agent

The agent which ensures the interaction of all
other agents with each other is the Main agent.
This procedure is determined by the standard
project development procedure in the Java SE de-

velopment environment (Oracle, USA). The main
element of the Main agent is the space marking
element - GIS map, which allows developing the
processes of agent movement along the labels of
existing railway, road, and sea transport maps. In
addition, the Main agent includes all key parame-
ters of the transport and technological line in the
form of hyperlinks of the Parameters type:

» truckNumber_Polt - accepted number of
vehicles involved in the transportation process,
units;

» truckCapacity - accepted technical stand-
ard for vehicle loading (cargo capacity), tonnes;
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» truckSpeed - average (route) speed of
trucks, km/h;

» railNumber - accepted number of railway
routes (railway cars with locomotives), units;

» railCapacity - accepted technical standard
for loading (net tonnes) of a railway route, tonnes;

» railSpeed - route speed of railway routes,
km/h;

» shipNumber - accepted number of sea
ships, units;

» shipCapacity - accepted net deadweight,
tonnes;

» shipSpeed - average (route) speed of the
ship, km/h.

In addition to the presentation of the model
itself, agent Main displays diagrams of statistical
modelling results: delivery time and the required
capacity of grain transshipment points.

Setting up the population

of agents “Grain departure points”

The population of “Grain departure points
agents is initial when modelling the grain de-
livery process and simulates the initial accumu-
lation of grain to the size of loading into the
machine. The process itself is an ordinary dis-
crete-event process, consisting of only two el-
ements: the source requirements generator and
the end of the sink grain receipt process (Fig. 2).
The requirements generator produces a simpler
(exponential) flow of requirements with a set
(available) average intensity A . with the den-
sity of the probability distribution:

»

{Agraine—lgrainx' x> 0,’ (7)
0, x <0,

where A - average flow rate of grain require-
ments to the point of primary accumulation be-
fore loading into cars, tonnes/year. Each require-
ment generated by the source block represents
one ton of grain. When a requirement for the sink
element is received, an algorithm is implement-
ed for generating an information request (Order
population agent) for loading a batch of cargo

ready for shipment into one truck (Fig. 3).

source sink

@184 6

@cargoValue o cargolnStorage

61.311 4

Figure 2. Discrete-event process
of agent population “Grain departure points”
Source: compiled by the authors

Receipt of a unit
of cargo mass to the
accumulation point n;

v
while
(Nfact< Nv.veh.load.)
4
es .
Nrtact=Nv.ven.load. y4> Creating an
Order agent
no v
Sending an
Ntact = Nfact + nj; Order to the
“Automotive
line” agent

(i e

Figure 3. Algorithm for forming
a population agent Order
Source: compiled by the authors

The algorithm shown in Figure 3 is imple-
mented with each request received using Java code:

cargolnStorage++;

if (cargoInStorage >= main.truckCapacity){
Order newOrder = new Order ( this);

send ( newOrder, main.store_Poltava );
cargolnStorage -= main.truckCapacity;

}

Each agent of the population “Grain depar-
ture points” simulates the process independently
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of the others, thus simulating the accumulation
and formation of shipments for each of the grain
departure points in the selected region.

Setting up agents ‘Automobile line’,

‘Railway line” and “Sea line”

Agents ‘Automobile line”, “Railway line”, and
“Sea line”, according to their functional purpose,
intended to simulate the turnover of the corre-
sponding vehicles when organising the transpor-
tation of a batch of goods. The process of grain
transportation begins with the accumulation of
grain to the required loading rate in a truck (pop-
ulation of agents “Grain departure points”). After
receiving an information message about a suffi-
cient amount of cargo at a certain point of de-
parture, this message is transmitted to the Enter
block of the “Automobile line” agent. Next, the in-
formation message is sent to the seize element,
where a free resource is captured - a vehicle
from the Truck element. In the absence of a free
vehicle, the requirement for grain transportation
remains pending.

If there is a free car, the full cargo turnover is
simulated on the route from the point of origin of
the cargo mass to the point of transshipment to
the railway car:

» moveTo block - simulation of empty mile-
age from the place of permanent deployment to
the place of loading the car;

» delay block - simulates the time spent
loading the car;

» moveTo block - simulation of a cargo flight
of a car to the point of reloading into a car;

» delayl block - simulates the time spent on
unloading the car.

After simulating unloading, the vehicle
moves to the truck block and then presents a free
resource for use. Thus, this approach makes it pos-
sible to simulate a full cycle of technological op-
erations related to a single cargo transportation.

At the same time, the delayl (unloading)
block implements an algorithm for forming the
cargo mass for the possibility of loading into rail-
way cars (Fig. 4).
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Receipt of a unit
of cargo mass to
the accumulation

point n;
)4
yes Forming an
Order agent
(railway)
no *
Sending an
Order to the
“Railway line”
agent

Figure 4. Algorithm for forming a cargo mass
for loading into a railway shipping route
Source: compiled by the authors

The algorithm shown in Figure 4 is imple-
mented using Java code:

“inStorage += main.truckCapacity;
if(inStorage >= main.railCapacity){
main.railLine.source.inject(1);
inStorage -= main.railCapacity;

p

The end result of executing this code is that
when the volume of cargo required for loading
the sending route is accumulated, an information
message is created in the railway line agent. The
procedure for simulating the turnover of a rail-
way departure route and servicing a sea vessel
(bulk carrier) in the port is essentially similar to
the agent “Automobile line”. All technological op-
erations in these agents - movement, loading,
unloading, etc. - can be simulated as discrete or
continuous values.

The presented approach simulates central-
ised management of the vehicle fleet on the car-
go delivery network. This approach is especially
relevant for the organisation of distribution logis-
tics by road, where there are many points of ori-
gin of cargo and grain consolidation warehouses.
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In addition, it is also advisable to apply this ap-
proach for railway transport, since there may also
be several stations for creating grain routes that
will act as route bases within the same transport
and technological line.

Even with an extended simulation of grain
exports from Ukraine, there may be a problem in
using several alternative sea grain terminals in
different ports at once, which will also allow sim-
ulating an extensive network.

Ensuring the reliability of modelling results
The modelling process in the developed sim-
ulation model is stochastic and is based on the
model runtime. For such models, the simulation
result in most cases depends on the duration of
the model time and the total number of replica-
tions of experiments. This method is valid only
when the simulation result, as a random variable,
is subject to a normal distribution (Matsiuk et
al., 2023; Namazov et al., 2023).

Therefore, to establish the minimum re-
quired number of replications and the minimum
required model time, a series of experiments was

performed, where the key and system parameter
of the simulation measurement is the total time
of grain delivery on land, from the point of origin
of cargo to the sea trade terminal. First of all, the
sample of the general set of experimental data is
tested for the hypothesis of approximation by a
normal law.

Thus, even with a model time of 3 months,
a single replication is sufficient to provide 95%
confidence (Table 2).

Simulation results
As a result of experiments for the volume of traf-
fic in 883,560 tonnes per year, the following re-
sults were obtained:

» optimal fleet of motor vehicles: 50 units
with an average load of 63%;

» optimal fleet of railway routes: five units
with an average load of 57%.

Average delivery time of a batch of goods:

» by car: 6.5 hours with a standard deviation
of 0.323 hours (Fig. 53);

» by rail: 82,996 hours with a standard devi-
ation of 7,057 hours (Fig. 5b).

Table 2. Results of estimating the mathematical expectation and standard deviation of samples

Duration of model time Tmonth 3 months 6 months 12 months 30 months
Left limit of conf. interval 91.877 91.883 91.885 91.887 91.890
Confidence M(x) 91.891 91.891 91.891 91.891 91.891
interval
Right limit of conf. interval 91.906 91.900 91.898 91.896 91.893
Number of Calculated value 2.47 0.87 0.50 0.22 0.11
replications Limit integer value 3 1 1 1 1
Source: compiled by the authors
> 025 F 02
I 02 = 015
2 0.15 < 0.1
o o
S 0.1 S 0.05
&0'03 _.I I._ S lornwo-cannwa-anmn
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Figure 5. Densities of the probability distribution of the time of stay of the cargo shipment
Note: a) in the road transport subsystem; b) in the railway transport subsystem

Source: compiled by the authors
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Maximum cargo volume observed in the
transit grain elevator:

» at the railway station 4000 tonnes;

» there are 52,000 tonnes in the commercial
seaport.

The presented simulation model optimises
the total transportation time (5), (6) in a complex
grain supply chain on the network of cargo flow
origination. Through the use of GIS technologies,
an agent-based and discrete-event approach in
one common process, delivery times in road, rail,
and water transport and technology systems are
optimised (Fig. 2-4).

The model is implemented as interaction at
docking points - grain cargo terminals - of indi-
vidual technological processes of vehicle turno-
ver on the grain cargo flow service network.

The model is developed using agent-based
and discrete-based principles in the Anylogic
University Researcher simulation model devel-
opment environment. Since AnylLogic University
Researcher does not provide standard tools for
some processes, namely managing oncoming ve-
hicle flows, this subprocess was implemented via
Java algorithms (Fig. 3, 4).

The simulation involves the interaction of
ten populations of agents and individual agents
with each other (Table 1). All agents can be divid-
ed into three parts:

1) rolling stock parks;

2) infrastructure facilities and communica-
tion routes;

3) informational messages about cargo ship-
ments.

This approach, in contrast to the research
by N. Shramenko & V. Shamenko (2020) allowed
applying a systematic approach and evaluating
the entire transportation process at once by one
aggregate criterion - the average cargo delivery
time, in accordance with the objective function of
the optimisation model (5) and its constraints (6).

The obtained average time and the density
of its distribution by transport subsystems (Fig. 5)
are normal, which indicates the “naturalness”
and reliability of the technological process. In
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contrast to the studies by V. Blazek et al. (2024),
the developed approach allowed applying mul-
ti-criteria optimisation. The main optimisation
criterion is the average delivery time. In addition,
the vehicle fleets themselves have optimal use.
This approach is not often implemented, as evi-
denced by the review by T. Pereglin & R. Stank-
ovic (2023).

A significant number of specialists see the
solution to security and efficiency issues in the
use of modern information technologies. Thus, at
the design stage of transport processes, N. Shra-
menko & V. Shamenko (2019) offer mathemati-
cal models that optimise the parameters of the
entire supply chain based on the time criterion.
However, the researchers do not point out the
possibility of optimal loading of the vehicle fleet
and do not fully use probabilistic distributions
of the time of technological operations, such as
loading, unloading or time in motion of the ve-
hicle. The same situation is observed in another
study, where N.Shramenko & V. Shamenko (2020)
offer a simulation model of the intermodal trans-
port supply chain. This study also uses only one
criterion for finding optimal solutions.

V. Butkovsky & O. Ilina (2023) consider the
problems of grain storage not only during stor-
age, but also during transportation. Researchers
limit humidity standards and optimise the vol-
ume of cargo according to the criterion of safety
during transportation. However, the researchers
do not focus on the specifics of delivery by dif-
ferent modes of transport, which complicates the
decision-making process for organising specific
transportation.

Many researchers continue to present trans-
port processes as multi-channel queuing sys-
tems, but it is computer modelling of transport
processes and systems that is becoming increas-
ingly widespread. This technology opens up very
great opportunities for modelling transport pro-
cesses and systems. A. Gupta et al. (2023) prove
the possibility of using a systematic approach,
multi-element, multi-factorial, and multi-criteria
in the study of transport processes, therefore, it
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is computer modelling of multiphase and com-
plex processes that is most appropriate when
studying the problems of the presented study. A
similar conclusion can be drawn from the study
by M. Duri$ka et al. (2024), which presents a mul-
ti-factor simulation model developed using the
agent-based principle. The presented models
have a large abstraction, which cannot provide
the proper level of reliability and adequacy.

The proposed simulation model can use the
average level of CO, emissions over the entire
complex transportation route as an optimisation
criterion. In the study of this problem, M. Ku-
mari et al. (2023) optimise supply chains based
on the average CO, emissions per unit of trans-
portation work. The researchers introduce such
a concept as an integrated approach to supply
chain optimisation solutions. Optimisation is
carried out by developing mathematical mod-
els and conducting a series of experiments on
the model sensitivity. The researchers claim sig-
nificant economic effects from minimising CO,
emissions, but do not provide specific measures
of cost-effectiveness. C. de Faria et al. (2024) in
their study cite the results of the creation of a
national network of interval grain supply chains
in Brazil. This situation partially coincides with
the realities of the Ukrainian transport system,
since road, rail, and sea transport are involved
in the transportation of mass volumes of grain.
The researchers cite the results of estimating
the total CO, emission during grain transpor-
tation and propose an approach to sustainable
development of the national transport system,
which provides for reducing CO, emissions by
66.8 thousand tonnes per year. The solution is
based on optimising the network of grain cargo
mass accumulation points and maximising the
use of electric railway transport.

In addition, an important achievement
compared to other similar studies, A. Adenle et
al. (2019) determine the importance of a system-
atic approach in evaluating the efficiency of any
production. Using the example of agricultural
business, researchers determine the key role of

transport as a narrowing link in the supply of raw
materials and final products. However, the paper
does not provide specific decision-making tools.

During the entire modelling period, the max-
imum capacity of track development of railway
stations should accommodate and organise one
train (net weight 4,000 tonnes), the terminal ca-
pacity in a commercial seaport is 52,000 tonnes.

The model does not consider the actual de-
gree of use of port land routes and the seasonal
unevenness of grain cargo formation. In addition,
the model does not implement possible failures
and stops due to possible technical malfunctions
of vehicles and transport infrastructure. The
further development of the presented research
can be the creation of automated systems in the
management of the transportation process, and
consideration of the above.

Conclusions

The paper formalises the process of grain deliv-
ery in global supply chains by means of an opti-
misation mathematical model in the form of an
objective function that formalises the average
time of cargo delivery in a complex, multi-phase,
intermodal grain supply chain involving: a road
network for the supply of grain mass and its
primary accumulation at points of connection
with railway transport; a railway transport net-
work with the organisation of railway shipping
routes; the maritime transport network and the
accumulation of cargo at the grain terminal to
the loading rate for a sea vessel. Restrictions on
the model provide for an optimal level of vehicle
usage. The model is presented as a multi-criteria
optimisation mathematical model.

Since most of the optimisation model func-
tions are represented in an implicit expression,
the model is implemented as a computer simu-
lation. The simulation model is developed using
agent-based and discrete-event principles with
developed additional functions (Java, Oracle) for
managing oncoming vehicle flows. The simula-
tion model is implemented as a set of techno-
logical processes of vehicle turnover with their
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interaction at docking points - cargo terminals.
This principle provided a systematic approach
in estimating the average delivery time of a unit
of cargo mass, ensured optimal use of the fleet
of vehicles, and assessed the actual loading of
planned cargo flows to the transport and ware-
house infrastructure of the transport and tech-
nological line.

As a result of the implementation of the sim-
ulation model and conducting a series of exper-
iments on the example of the grain supply chain
from the Poltava Oblast (in the amount of 883,560
tonnes), optimal fleets of cars (load factor 63%),
railway shipping routes (load factor 57%) were
determined. The average time for grain delivery
by land was 6.5 hours (by road subsystem) and
83 hours (by rail subsystem). The density of de-
livery time distribution within each transport and
technological line is normal, which indicates the
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naturalness and optimality of the calculated tech-
nological parameters. A separate result of exper-
iments is the determination of the actual volume
of cargo mass simultaneously located at cargo
terminals. This approach helped to establish the
required capacity of grain elevators at the primary
level of cargo mass formation (automobile - rail-
way connection points) and the second level of
cargo mass formation (commercial seaports).
Afurther area of research on the presented is-
sues may be the substantiation and development
of effective automated control systems for the
grain transportation process in multimodal traffic.
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AHoTauif. OCHOBHI €KCNOpTHI BiANpaBNeHHs 3epHOBMX B YKpaiHi 34iMCHIOTbCS 4epe3 MOpPCbKi
TOProBenbHi NoptM YopHOro mMops, nNpu LbOMY CKNagHui i H6aratodasHMit npouec TPaHCMOPTYBaHHS
CTBOPHE 3aTPMMKM Ta NPU3BOAUTb [0 LOAATKOBUX BUTPAT Y MYHKTaX CTUKYBAHHS Pi3HWUX BUAIB TPAHCMOPTY.
MeTol pocnimkeHHs 6yB nMpouec TpaHCMOPTYBAaHHS 3€PHOBMX BaHTaXiB Ha eKCMOPT yepe3 MOpPChKi
TOproBenbHi NOpTU. YKpaiHa € pO3BMHYTOD arpapHOl KpaiHot, Wo 3abe3neyye BUPOOHULTBO 3HAYHOI
YaCTKM CBITOBOro 06Csry 3epHOBMX, Biflblia YacTUHA SKMX CNPSIMOBYETbCA Ha ekcnopT. Po3pobneHa B
poboTi onTMMi3auifHa iMiTauiitHa MoAenb MyNbTUMOLANbHOIO MepeBe3eHHs 3epHOBMX BaHTAXiB,
Ha BigMiHY Bif, iCHYKUMX, 9BNSE cO60t0 GaratodasHuii NpoLEeC i3 MHOXMHOK BMXiAHMX NapaMeTpis,
NiLCUCTEM Ta TEXHOMOTIYHMX E€NEMEHTIB, WO a[AeKBAaTHO Bif0OpaxatTb BCi CKNAAOBI TEXHONOMYHOrO
npoLecy opraHisauii nepeBeseHHs aBTOMOOiNbHUM, 3aNli3HUYHUM Ta MOPCbKMM TPAHCMOPTOM, Ta AAE
MOX/IMBICTb ONTUMI3yBaTK Ui npouecu. Mogenb cKnaganacs 3 AeKinbKOX TPAHCMOPTHO-TEXHONOTIYHUX
niacucTeM, KOXHA 3 gKWMX BiANOBifana npouecy TPaHCNOPTYBaHHA 3€pPHOBUX aBTOMOBINbHUM,
3ai3HUYHUM ab0 BOAHMM TpaHCMNOPTOM. B AKOCTi KpuTepito ONTUManbHOCTI 06paHO MiHIMYM 3arafbHOi
TPUBANOCTi NepeBe3eHHs BaHTaXy Bif MiCUS 3apOAXeHHS! 0O MOMEHTY BiAnpaBKu 3€PHOBOM0 BaHTaXy
Ha eKCnopT MOPCbKMM TPAHCMOPTOM. [115 BCTAHOB/IEHHS MiHiManbHO-HEOBXiAHOT KiNbKOCTI pennikaLin
Ta MiHiManbHO-HEOOXiAHOrO MOAENbHOrO Yacy, BMKOHaHa Cepis eKCNepuvMEHTIB, Ae K/IKYOBUM Ta
CUCTEMHUM MapaMeTPOM 3aMipy MOLENOBAHHS BUCTYMNAE 3arasbHUiA Yac AOCTaBKM 3epHa NO CyXOAO0MNY,
Bifl, NYHKTY 3apOJ)KEHHS BAHTAXY A0 MOPCHKOrO TOProBe/bHOro TepMiHany. B pesynbtati MoaentoBaHHS
BCTAHOBNEHO OMTUMASbHY KiNbKiCTb PYXOMOro CKNaAy Pi3HMX BUAIB TPAHCMNOPTY Ta YacC nepeBe3eHHs no
KOXHir ¢azi npouecy. JIOricTMYHi onepaTtopu arponpoMmUCIOBOr0 CEKTOPY MOXYTb 3aCTOCYBaTU MOLENb
NS BOOCKOHANIEHHS! MapLUPYTIB i CXeM JOCTaBKM 3€PHOBUX, OLLIHKM Ta BAOCKOHANEHHS TEXHOMOTIUHUX
napaMeTpiB, MiHiMi3aLii Yacy Ta BUTPAT HAa TPAHCNOPTYBaHHA
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Abstract. Drug-induced liver injury leads to significant morbidity and mortality due to the
development of severe complications, making it a leading cause of acute liver failure in animals.
Among medications with direct cytotoxic effects on liver cells, tetracycline antibiotics are notable, as
improper use can induce fatty liver disease. This study aimed to examine changes in the blood lipid
profile of laboratory rats with tetracycline-induced liver damage, alongside assessing the corrective
potential of milk phospholipids. The lipid composition of native blood was analysed using thin-
layer chromatography. The findings indicate that, in cases of artificially induced tetracycline liver
damage in rats, there was a deficit in all five indicators of the native blood lipid profile, including a
30.8% reduction in total lipids, a 45.3% decrease in triacylglycerols,a 37.0% decline in phospholipids,
a 46.2% drop in free fatty acids, a 23.1% decrease in free cholesterol, and a 32.0% reduction in
esterified cholesterol, compared to the control. This may be attributed to diminished appetite in
affected animals, insufficient lipid absorption in the digestive tract, and the inhibition of endogenous
lipid synthesis in the livers of affected rats. The administration of milk phospholipids as the dietary
supplement “FLP-MD” to diseased animals demonstrated a pronounced corrective effect, manifested
by the restoration of quantitative parameters across all studied lipid fractions and their overall
content. Oral administration of this supplement to clinically healthy rats showed no toxic impact on
liver cells or the organism as a whole. Additionally, a tendency towards an increase in the absolute
content of most examined blood lipid fractions was observed. Thus, this experimental study revealed
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marker changes in the quantitative parameters of the native blood of the laboratory rats, lipid profile,
which may be valuable in understanding the pathogenesis of tetracycline-induced injury in mammals
and testing newly developed hepatoprotective agents

Keywords: corrective therapy; milk phospholipids; fatty liver disease; thin-layer chromatography;

lipid fractions

Introduction

The Lliver plays a crucial role in regulating lipid
metabolism, and any impairment of its functions
leads to significant alterations in the lipid profile,
which may serve as an early marker of toxicity.
Studying the blood lipid profile in cases of tetra-
cycline-induced liver damage provides a means to
assess the extent of metabolic disturbances and
aids in understanding the mechanisms underly-
ing the development of fatty liver disease. This is
vital not only for the diagnosis and monitoring of
liver health but also for developing therapeutic
approaches aimed at preventing and treating Lliv-
er failure induced by toxic drug doses.

N. Stefan et al. (2019) emphasised that met-
abolic disorders in mammals lead to fatty liver
disease, triggering numerous structural and func-
tional disturbances, which subsequently progress
to fibrosis, cirrhosis, and liver cancer. As well,
K. Mohammadhasani et al. (2024) suggested that
the pathogenic mechanisms underlying fatty liver
degeneration are associated with various patho-
logical factors, including drug-induced damage,
cardiovascular conditions, extrahepatic complica-
tions, and diabetes. Implementing a regimen of
active physical exercise, along with hypolipidae-
mic agents and insulin sensitisers, is considered,
as noted by S. Pouwels et al. (2022), to be a po-
tential therapeutic strategy for patients with fatty
liver disease. However, these treatments demon-
strate limited efficacy and are often accompanied
by adverse effects. Consequently, there is a press-
ing need to develop new therapeutic approaches
that minimise toxic effects on living organisms.

F.Zhang et al. (2022) identified that liver me-
tabolites of a lipid nature, such as sphingomyelin
and glycerophospholipid, exert a corrective effect

in cases of toxic liver injury by regulating fatty
acid synthesis, correcting lipid metabolism disor-
ders, and reducing inflammatory responses. Fur-
thermore, it was found that structural lipids with-
in cell membranes help maintain stability in Llipid
metabolism, disruptions of which can lead to the
development of fatty liver disease. The authors
highlighted various types of membrane lipids,
including their metabolites — phospholipids, cho-
lesterol, and sphingolipids — whose dysregulation
was implicated in the onset of fatty liver disease.
Through the use of new drug-based artificial
models involving laboratory animals, the role of
certain lipid classes in the pathogenic mecha-
nisms underlying hepatopathology, particularly
fatty liver degeneration, has been demonstrated,
confirming their potential use in treating fat-
ty liver disease. As noted by X. Gao et al. (2024),
most conventional therapies target pathways of
lipid accumulation within Lliver cells, as well as
inflammation and hepatocyte damage, which are
typically consequences of metabolic stress in the
context of steatosis. This highlights that funda-
mental research on pharmaceutical support for
patients with fatty liver disease predominantly
focuses on cellular mechanisms responsible for
these pathophysiological outcomes in mammals.

T. Harayama & N. Riezman (2018) found
that a primary disturbance in the development
of fatty liver disease is the dysregulation of Li-
pid metabolism, leading to intense deposition
of cholesterol and fatty acids within hepato-
cytes, a phenomenon known as hepatic lipotox-
icity. Lipid-based substances play a central role
in maintaining numerous cellular functions and
are considered essential structural components
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of biomembranes. The researchers highlighted
key lipid classes found in the cell membranes of
eukaryotes: phospholipids, sterol lipids, sphingo-
lipids, and cholesterol. In animals, phospholipid
molecules contain one hydrophilic group and two
hydrophobic acyl chains, with ceramides acting
as primary precursors in sphingolipid formation,
while cholesterol possesses a steroid backbone
and serves as an important sterol component of
cell membranes. H. Duan et al. (2024) noted that
carbohydrates form complex compounds with
proteins and lipids, resulting in glycoproteins and
glycolipids, respectively. Membrane lipids are also
critical in maintaining lipid homeostasis, energy
storage, cell signalling, and providing a support-
ive environment for protein function.Additionally,
L.Y. Swindale et al. (2023) emphasised the unique
structural and functional characteristics of bi-
omembranes, stemming from their distinct lipid
organisation. Further research is needed to clarify
the responses of various structural lipids during
the progression of pathological processes, includ-
ing fatty liver disease.

V.A. Gryshchenko et al. (2019) indicated that
the liver plays a central role in lipid metabo-
lism within mammalian organisms. Alongside
hepatocytes, the primary functional cells, other
liver cells, including hepatic stellate cells, chol-
angiocytes, and Kupffer cells, also contribute to
maintaining homeostasis in animals, especially
under conditions of liver pathology. These cells
all eventually sustain damage due to fatty infil-
tration and lipotoxicity in the liver. Numerous
experimental and clinical studies have shown
that fatty liver degeneration arises in response to
alterations in the intracellular lipid composition
of the liver. Additionally, most studies, including
those in pharmacology and genetics, underscore
the importance of triacylglycerol accumulation
as a key factor in the development of fatty liver
disease. Given the complexity of its pathogene-
sis, the accumulation of triacylglycerols alone is
insufficient for the development of this hepatop-
athy. Therefore, the authors highlighted the need
for a novel research approach in lipid studies to

determine the roles of specific lipid classes, in-
cluding cholesterol, phospholipids, and sphingo-
lipids, in the progression of fatty liver disease. For
example, research by M.Jiang et al. (2019) demon-
strates that obesity affects ceramide levels in the
liver parenchyma, resulting in insulin resistance,
steatosis, and hepatocyte necrosis.

The study by J.N. van der Veen et al. (2017)
indicated that phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE) are among the most
prevalent phospholipids in mammalian cells, pri-
marily localised within membrane structures. The
stability of the cell plasma membrane is main-
tained by preserving the balance between PC and
PE. Consequently, any disturbance in membrane
composition increases the susceptibility of hepat-
ocyte plasma membranes to various pathological
damages, including toxic lipid radicals, activators,
and immune messengers, which can lead to in-
flammation, fatty liver disease, and cell necrosis.
As noted by R.G. Joergensen (2022), substantial ev-
idence supports the critical role of phospholipids
in preventing and potentially reversing fatty liver
disease. Thus, phospholipid-based therapies with
hepatoprotective and reparative properties have
become increasingly relevant in treating fatty liver
degeneration, showing high efficacy in clinical ap-
plications. The aim of this study was, therefore, to
assess the effect of milk phospholipids on the lipid
composition of native blood in rats while simulta-
neously artificially inducing fatty liver disease using
tetracycline hydrochloride as a provoking factor.

Materials and Methods
Laboratory studies were conducted in 2023 using
the scientific facilities of the Faculty of Veterinary
Medicine at the National University of Life and
Environmental Sciences of Ukraine (Kyiv) and the
Educational and Scientific Institute of High Tech-
nologies at Taras Shevchenko National Universi-
ty (Kyiv). The experimental work was carried out
at the vivarium of the Educational and Scientific
Institute of High Technologies at Taras Shevchen-
ko National University (Kyiv), which is equipped
with plumbing, drainage, ventilation, and air
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conditioning. Regular cleaning with disinfectants
was performed in the vivarium. Laboratory rats
were housed in cages with wood shavings as bed-
ding, which were replaced every two days.

Laboratory white rats weighing 200-250 g
were used for the experiment. Consequently, four
groups were formed (three experimental groups
and one control group), each consisting of eight
individuals. Each group of animals was housed in
separate cages with free access to water and food.
Prior to the commencement of the experiment,
the animals were quarantined, during which their
clinical condition was monitored. Throughout the
experiment, observations were made regarding
the amount of water consumed, appetite, and
changes in body weight among the animals in all
groups. The experimental studies were conducted
over a period of nine days.

The conduct of scientific research involving
laboratory animals adhered to the European Con-
vention for the Protection of Vertebrate Animals
Used for Research and Other Scientific Purpos-
es (1986) and Law of Ukraine No. 3447-1V (2006).
All planned procedures on the laboratory rats
were performed following the ARRIVE guidelines
and the fundamental principles of Council Direc-
tive 2010/63/EU (2010).

In the two experimental groups of rats
(“Self-rehabilitation” and “Correction”), hepa-
tosis was experimentally modelled using the
antibacterial agent tetracycline hydrochloride,
administered orally at a dose of 250 mg/kg of
body weight as a solution once daily for 7 days
(Gryshchenko et al., 2019). Notably, the rats in
the first experimental group (“Self-rehabilita-
tion”) did not receive any treatment, whereas the
laboratory animals in the second experimental
group (“Correction”) were given a 1% solution
of milk phospholipids in the form of liposomes
(the dietary supplement (DS) “FLP-MD”) at a dos-
age of 13.5 mg/kg of body weight for 9 days.
The third experimental group (“Healthy animals
+ DS “FLP-MD”) consisted of clinically healthy
rats that were administered the DS “FLP-MD” at
the same dosage for 9 days. The control group

Gryshchenko & Pototskyi

comprised intact rats that were provided with an
equivalent volume of distilled water. Each group
included 8 animals.

On the 10™ day, blood samples were obtained
from rats in all groups for subsequent analysis of
their lipid composition. Blood sampling was con-
ducted under ether anaesthesia from the abdomi-
nal aorta. The lipid profile of the native blood was
determined using thin-layer chromatography ac-
cording to the methodology (Kostenko et al., 2001).

Lipid extraction from the plasma was per-
formed using a one-phase system of organic
solvents in the following ratio: chloroform:ace-
tone:ethanol (7:2:1). The amount of extracting
solvent was taken in a ratio of 20:1 to the sam-
ple. In a test tube, 1 mL of the specified solvent
was added to the crushed chromatographic paper
containing the blood samples, which was then
left for 15 minutes in a shuttle apparatus. The
resulting liquid was collected into a beaker, and
an additional 0.5 cm?® of the extracting liquid was
added twice, with a 5-minute interval, in the shut-
tle apparatus. The obtained extract, containing
the blood lipids, was subjected to analysis after
the solvent had been evaporated.

The chromatographic separation of to-
tal lipids from native blood was conducted on
thin-layer plates “Silufol” (15%15 cm), which were
pre-activated in a thermostat at 110°C for one
hour. During this time, filter paper was placed in
the chromatographic chamber to enhance satura-
tion, and a mixture of solvents - hexane:diethyl
ether:acetic acid (7:23:1) - was added. The dry
lipid residue was dissolved in chloroform:ben-
zene:acetone mixture (1:2:1) in volumes ranging
from 20 to 100 pL and then applied to the pre-
marked chromatogram.

Over a period of 10-15 minutes, the blood
lipids were separated on the plate into fractions:
cholesterol esters, free cholesterol, triacylglycer-
ols, free fatty acids, and phospholipids. The sol-
vent was removed from the chromatogram in a
fume hood. Subsequently, the chromatogram was
stained with a 10% solution of phosphomolybdic
acid in ethanol using a glass laboratory sprayer.
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To visualise the lipid fractions, the stained chro-
matogram was placed in a thermostat set to
110°C. The quantitative assessment of blood Lli-
pids was performed using a densitometer model
DO-1M (Ukraine).

Statistical analysis of the experimental data
was conducted using the computer programme
Statistica 5.0 (StatSoft Inc., USA), taking into ac-
count the Student’s t-test under normal distribu-
tion of results. Differences were considered sta-
tistically significant at P<0.05.

Results and Discussion
The chromatographic analysis of the lipid spec-
trum in the native blood samples from labora-
tory rats undergoing artificially induced tetracy-
cline-induced hepatosis (first experimental group,
“Self-rehabilitation”) revealed that their qualita-
tive composition included five lipid fractions:
phospholipids, free fatty acids, free cholesterol,
esterified cholesterol, and triacylglycerols. The
total content of these fractions corresponded to
the parameter for total lipids (Table 1).

Table 1. Lipid spectrum of native blood in experimental rats (M+m, n=8, mg%)

Parameter

Group “Control”

First experimental group “Self-rehabilitation”

Total lipids

639.43+49.56

402.56+31.80*

Phospholipids

374.21+29.12

221.43+20.94*

Free fatty acids 41.42+2.61 22.30+1.84*
Free cholesterol 96.11+7.32 73.88+3.21%
Esterified cholesterol 99.34+8.13 67.54+4.64*%
Triacylglycerols 26.35+2.38 14.41+£1.17*

Note: * — P<0.05 compared to the control group
Source: developed by the authors

During the development of tetracycline-in-
duced hepatosis (first experimental group,
“Self-rehabilitation”), a significant decrease in
the total lipid content was observed in the na-
tive blood of affected rats, with a reduction of
37.0% compared to intact animals (control group)
(Table 1). This trend may be attributed to a de-
creased appetite in the affected animals due to
the overall intoxication resulting from the toxic
effects of tetracycline hydrochloride. Additionally,
it could be related to disorders in the absorption
of dietary lipids in the intestine caused by the on-
set of cholestasis, which is characteristic of this
clinical situation, and to disruptions in the mo-
lecular mechanisms of their endogenous synthe-
sis in the liver cells, potentially stemming from a
reduced energy potential in hepatocytes. As not-
ed by P. Rada et al. (2020) and Y. Ni et al. (2023),
most researchers’ findings indicated that hepatic
steatosis is primarily associated with alterations
in the lipid composition within hepatocytes. Fur-
thermore, according to the findings of numerous
studies, including pharmacological and genetic

research summarised in the scientific study of
V.F. Williams et al. (2019), there is a prevailing
consensus regarding the primary importance of
the accumulation of triacylglycerols as a key etio-
logical factor in the development of fatty hepato-
sis. However, as indicated by S.H. Park et al. (2020)
and G. Targher et al. (2021), the pathophysiology
of the drug-induced form of fatty hepatosis is ex-
ceedingly complex, and thus the accumulation of
triacylglycerols alone is insufficient for the onset
of this hepatic pathology. M. Welch et al. (2022)
recommended a more in-depth investigation into
the roles of various classes of lipids, particularly
sphingolipids, phospholipids, and cholesterol, in
the pathogenesis of fatty hepatosis.

In the case of artificially modelling drug-in-
duced liver damage, disturbances were observed
in the lipid profile of the native blood of affected
rats (first experimental group, “Self-rehabilita-
tion”), similar to the noted decrease in total lipid
levels. In the rats undergoing self-rehabilitation
(first experimental group), a significant reduction
in the level of phospholipids in the native blood
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was noted, amounting to 40.8% (Table 1), indicat-
ing the development of a deficient level of these
lipids within the organisms of these animals. Ac-
cording to Y. Zhou et al. (2023), the liver serves as
the primary site for the endogenous formation of
phospholipids in mammals. Consequently, the es-
tablished quantitative changes in phospholipids
may be attributed to insufficient synthesis result-
ing from pathological alterations in liver function,
as well as a concomitant reduction in the inten-
sity of fatty acid utilisation for the formation of
phospholipid molecules, along with shifts in the
activity of relevant enzymes. Thus, as reported by
M. Welch et al. (2022), the incorporation of fatty
acids into phospholipid synthesis is hindered. At
the same time, as noted by E. Calzada et al. (2016)
and O. Ali & A. Szab6 (2023), among all known
phospholipids characteristic of animal organisms,
the highest proportion is comprised of phosphati-
dylcholine and phosphatidylethanolamine, which
dominate the structure of cellular membranes.
Consequently, the stability of the structural or-
ganisation of the plasmalemma is maintained
by the balance of these lipids, and any disruption
of this balance can provoke the development of
fatty liver disease. For instance, when the gene
Pcytla, which encodes the enzyme limiting the
intensity of phosphatidylcholine formation (CTP:
phosphocholine cytidylyltransferase-a, or CTa),
is blocked in the livers of mice, a sex- and di-
et-dependent effect on lipid transformation in
the liver is observed, which can lead to hepat-
ic steatosis. Overall, according to R.L. Jacobs et
al. (2004), phosphatidylcholine plays a crucial
role in the processes of triglyceride formation
and secretion (very low-density lipoproteins,
VLDLs), and an increase in the extracellular tri-
glyceride content correlates with the develop-
ment of liver steatosis and its fatty degeneration.
Similar effects were noted by J. Li et al. (2023) in
mice when the activity of phosphatidylethanol-
amine N-methyltransferase (PEMT-/-), which
catalyses the unique hepatic pathway for phos-
phatidylcholine production, was inhibited. This
inhibition resulted in a decreased molar ratio of
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phosphatidylcholine/phosphatidylethanolamine
and an increase in triglyceride content in hepat-
ocytes. Thus, abnormal alterations in the phos-
pholipid composition of membrane structural or-
ganisation heighten the susceptibility of cellular
membranes to various damages, including the
effects of toxic lipids and activators, which ini-
tiate hepatic fat infiltration, the development of
inflammatory responses, and cellular destruction.

In the native blood of the affected rats
(first experimental group, “Self-rehabilitation”),
deviations in the level of free fatty acids were
also observed (Table 1). Specifically, a signifi-
cant reduction in free fatty acid levels by 46.2%
was noted compared to that in intact animals
(the “Control” group), which was likewise re-
flected in the overall lipid levels in the blood.
Furthermore, in line with findings from previ-
ous research (Gryshchenko et al., 2019) on the
fatty acid composition of hepatic lipids under
drug-induced liver damage from toxic doses of
this antibiotic, polyunsaturated fatty acids (PU-
FAs) were primarily affected. Consequently, the
diseased animals exhibited a deficient level
of eicosapentaenoic (20:503), docosapentae-
noic (22:5w3), and docosahexaenoic (22:603)
acids, along with a decrease in the total satu-
rated fatty acids (SFA) and an alteration in the
ratio of saturated to unsaturated fatty acids by
a factor of 1.3, as well as the ®3/w6 ratio by 1.3.

The molecular mechanisms underlying devi-
ations in the quantitative parameters of fatty acid
composition in response to tetracycline-induced
liver pathology remain insufficiently understood.
The specifics of fatty acid intermediary metabo-
lism in living organisms depend on the structural
organisation of the tissue.Additionally, gene activ-
ity is influenced not only by fatty acids but also by
other endocrine, paracrine, and autocrine factors
within the internal environment, exemplifying
the broader integration of metabolic processes.

Furthermore, as highlighted in the research
by V.F. Williams et al. (2019), the liver is also the
primary site for endogenous cholesterol synthe-
sis in mammalian organisms. Consequently, liver
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pathology is likely to lead to deviations in this
sterol’'s concentration in the bloodstream. It is
well-established that cholesterol metabolism in-
volves over 300 proteins with enzymatic activity
dependent on liver function. As noted by A.S. Mut-
lu et al. (2021), cholesterol, like phospholipids, is
an essential structural component of biological
membranes in mammals, playing a crucial role in
transmembrane processes and signal transmis-
sion. Cholesterol synthesis occurs in the cytosol
and endoplasmic reticulum of cells through the
mevalonate pathway, using active acetate. 3-hy-
droxy-3-methylglutaryl coenzyme A reductase
(HMGCR) is the rate-limiting enzyme for steroid
biosynthesis. In addition, cholesterol esters are
formed through the catalytic action of acyl-CoA
acyl-transferase (ACAT), which limits the accu-
mulation of free cholesterol in blood plasma and
cellular membranes. Maintaining cholesterol ho-
meostasis across the organism and within cells is
a regulated process that prevents excessive accu-
mulation or deficiency. The liver plays a central
role in regulating blood plasma cholesterol levels
via a complex metabolic pathway involving sterol
transporters, nuclear and lipoprotein receptors,
and transcriptional gene expression.

In rats with tetracycline-induced hepatosis
(first experimental group, “Self-rehabilitation”),
a significant reduction was observed in native
blood levels of both free cholesterol (by 23.1%)
and esterified cholesterol (by 32.0%) compared
to the control group (Table 1). This finding effec-
tively demonstrates disruptions in cholesterol bi-
osynthesis within hepatocytes and other tissues,
as well as certain impairments in the formation
of esterified cholesterol and the corresponding
lipoprotein complexes. According to P. Malho-
tra et al. (2019), disturbances in cholesterol met-
abolic pathways that govern its transport, syn-
thesis, and conversion play a critical role in the

development of hepatopathologies. Low-density
and very-low-density lipoproteins, which are par-
ticularly rich in cholesterol, are primarily synthe-
sised in the liver. Z. Li et al. (2023) suggested that
the non-inflammatory intracellular accumulation
of fat may result from an imbalance between lipid
distribution and clearance from the liver. In turn,
as noted by J. Aron-Wisnewsky et al. (2020), this
imbalance can eventually lead to fibrosis, cirrho-
sis, and hepatocellular carcinoma.

Furthermore, in the native blood of rats with
tetracycline-induced hepatosis (first experimental
group, “Self-rehabilitation™), the triacylglycerol
content decreased by 45.3% compared to the con-
trol group (Table 1). While these lipids hold Llimit-
ed diagnostic value, researchers such as P. Rada et
al. (2020) and S. Lang & B. Schnabl (2020) have
highlighted their importance as a metabolic fuel
reserve for the organism. Consequently, analysis of
triacylglycerol levels is commonly applied in labo-
ratory diagnostics to study related animal diseases.

Therefore, as a result of a detailed analysis
of the lipid profile of native blood in rats with
experimental tetracycline-induced hepatitis (first
experimental group, “Self-rehabilitation”), the
formation of a deficient level of both total lipids
and individual lipid fractions was established.
The identified patterns of the native blood lipid
profile in diseased animals may be the result of
a decrease in appetite, insufficient digestion and
absorption of lipids in the gastrointestinal tract,in-
tensive energy expenditure by the organism, rapid
depletion of lipid depots, impaired synthesis and
utilisation of lipid molecules in hepatocytes, etc.

When rats were orally administered milk
phospholipids in the form of the DS “FLP-MD” in a
liposomal form (second experimental group, “Cor-
rection”), a restoration of total lipid content in
native blood was observed, reaching the levels of
intact animals (Table 2).

Table 2. Lipid spectrum of native blood in experimental rats (M+m, n=8, mg%)

Parameter Group Second experimental Third experimental group “Healthy
“Control” group “Correction” animals + DS “FLP-MD”
Total lipids 639.43+49.56 607.90+43.13 685.53+51.82
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Table 2. Continued

Parameter . Group Second‘experimgntal Third ex‘perimental group “Healthy
Control” group “Correction” animals + DS “FLP-MD”
Phospholipids 374.21+29.12 355.31+30.10 401.03+27.23
Free fatty acids 41.42+2.61 40.83+2.32 46.93+4.55
Free cholesterol 96.11+7.32 90.12+3.86 102.134£9.12
Esterified cholesterol 99.34£8.13 93.81+4.33 107.58+8.43
Triacylglycerols 26.35+2.38 27.83+2.52 27.86+2.49

Note: P<0.05 compared to the control group
Source: developed by the authors

This finding can be attributed to improved
appetite in the experimental animals, which clini-
cally distinguished them from the diseased rats of
the first experimental group (“Self-rehabilitation”),
as a result of the gradual restoration of exogenous
lipid absorption processes in the intestine and
their endogenous synthesis in hepatocytes. At the
same time, the administration of milk phospholip-
ids as a dietary supplement to clinically healthy
animals led to a tendency towards an increase in
total lipid content compared to the control. This
research result is explained by the additional in-
troduction of exogenous lipids (primarily phos-
pholipids) contained in the dietary supplement
into the organism of the experimental animals.

It should be noted that the phospholipid
content in the native blood of rats in the second
experimental group “Correction” and the third ex-
perimental group “Healthy animals + DS “FLP MD”
(Table 2), which additionally received the dietary
supplement, was characterised by normalisation
of their parameters, even in animals with modelled
tetracycline-induced hepatitis. In clinically healthy
rats of the third experimental group “Healthy an-
imals + DS “FLP MD” this indicator even showed
a tendency to increase, which may indicate the
effective absorption of exogenous phospholipids
in the gastrointestinal tract. Similarly to the pre-
viously described indicators in the native blood of
rats in both experimental groups, a lack of signif-
icant quantitative changes in free fatty acids was
established. This confirms the corrective effect of
the supplement on the intermediate stages of fat-
ty acid metabolism in the experimental animals.

When determining the patterns of quantita-
tive changes in individual cholesterol fractions
in the native blood of the experimental rats, a
normalisation of their content was established in
animals of the second experimental group (“Cor-
rection”) and a tendency towards an increase in
the values of these indicators was observed in an-
imals of the third experimental group (“Healthy
animals + DS “FLP-MD”) (Table 2) compared to the
control. The established pattern may be the result
of their additional intake into the body as part
of the dietary supplement and activation of the
intermediate metabolism of this steroid in the in-
ternal organs and tissues of clinically healthy rats.
The established fact also indirectly indicates the
detection of hepatoprotective effects of the phos-
pholipid-containing dietary supplement “FLP-MD”
and the absence of its toxic effect on liver cells.
In the study of D.O. Melnychuk et al. (2014), the
membrane-tropic and hepatoprotective proper-
ties of milk phospholipids were also described,
which have a stabilising effect on the indicators
of pigment metabolism during artificial irradi-
ation of rats and the introduction of cadmium
compounds into their organism, which was con-
firmed by a significant improvement in the func-
tional state of the hepatobiliary system.

As with the previously discussed lipid profile
parameters, a similar pattern was observed re-
garding the triacylglycerol content in the native
blood of rats in the second experimental group
“Correction” and the third experimental group
“Healthy animals + DS “FLP-MD” (Table 2). Tria-
cylglycerols are present in a small amount in the
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dietary supplement, which may also contribute to
the restoration of the pool of these substances,
which are important for energy-supplying syn-
thetic processes in the organism of diseased an-
imals. The established results of the blood lipid
profile correspond to the parameters in the ani-
mals of the control group, which, in combination
with the results of other studies, suggests that the
absence of a hepatotoxic effect of the components
of the phospholipid-containing dietary supple-
ment on liver cells and the organism as a whole,
as well as its pronounced corrective effectiveness.

Therefore, as a result of an in-depth analysis
of the lipid spectrum of native blood in laboratory
rats with experimentally modelled tetracycline-in-
duced hepatitis and the administration of the
DS“FLP-MD"to both diseased and clinically healthy
animals, an effective restoration of the content of
total lipids and their individual fractions was es-
tablished. This indicates the ability of milk phos-
pholipids within the dietary supplement to exert a
corrective and hepatoprotective effect in the event
of drug-induced hepatopathology in animals.

Conclusions
This study presents a laboratory evaluation of
the lipid composition of native blood in labora-
tory rats with experimentally modelled tetracy-
cline-induced hepatitis and oral administration
of milk phospholipids in the form of the DS “FLP-
MD". The use of thin-layer chromatography al-
lowed for the separation of total lipids in native
blood into individual fractions in laboratory rats
with modelled tetracycline-induced hepatitis.
It was established that their qualitative compo-
sition remained unchanged and contained five
classical fractions: phospholipids, free fatty acids,
triacylglycerols, free and esterified forms of cho-
lesterol. At the same time, the lipid composition of
native blood in laboratory rats with experimental
tetracycline-induced hepatitis (first experimen-
tal group “Self-rehabilitation”) was characterised
by a decrease in the content of both total lipids

and individual components of the lipid profile. In
particular, there was a deficit in total lipids - by
30.8%, phospholipids - by 37.0%, free fatty ac-
ids — by 46.2%, triacylglycerols - by 45.3%, free
cholesterol - by 23.1% and esterified cholesterol
by 32.0% compared to the corresponding control.
The established disturbances in the lipid pro-
file of native blood in diseased animals may be
caused by appetite disorders in these patients, as
well as insufficient absorption of dietary lipids at
the level of the intestine, inhibition of the activity
of specific enzymatic systems and the associated
endogenous synthesis of them in liver cells.

Administration of the DS “FLP-MD” to dis-
eased rats resulted in the restoration of both total
lipid levels and individual fractions, demonstrat-
ing the pronounced corrective and hepatoprotec-
tive effects of the components of the milk phos-
pholipid-based dietary supplement. Concurrently,
the administration of the phospholipid-contain-
ing dietary supplement to clinically healthy lab-
oratory rats was accompanied by the effective
restoration of all lipid fractions and their total
content. This effectively indicates the absence of
a toxic effect of the dietary supplement compo-
nents on the organism of laboratory rats, as well
as a pronounced corrective and hepatoprotective
effect, which allows recommending specified DS
for use in diseased animals in cases of drug-in-
duced hepatopathology. In addition, the use of
thin-layer chromatography can be recommended
for effective laboratory diagnosis of lipid metab-
olism disorders in the organism of diseased an-
imals during the development of drug-induced
hepatopathy and the determination of the patho-
genesis of internal diseases, in particular, the liver
at the molecular level.

In the future, it is planned to conduct studies
of the fractional composition of blood proteins
during the artificial modelling of drug-induced
hepatopathology against the background of si-
multaneous determination of the effectiveness of
corrective therapy using laboratory animals.
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AHoTauif. MeankaMeHTO3HO 3yMOBNEHE YPAXKEHHS NeYiHKM CNPUYMHIOE 3HAYHY KiNbKiCTb 3aXBOPOBaHb
Ta CMepTHOCTI BHACNIAOK pO3BUTKY Hebe3neYyHUX YCKNaaHEeHb, 3aMLLIA0YM MOT0 MPOBIAHOK MPUYMHOK
rocTpoi Me4YiHKOBOi HemoCTaTHOCTI B TBapuH. Cepen npenapaTiB 3 NPSMUM LUMUTOTOKCMYHUM edeKkToM
BM/IMBY HA KNITUHU NEYiHKM BUAINAOTb aHTUOIOTUKM TETPALMKIIIHOBOI rPynyM, HEKOPEKTHE 3aCTOCYBaHHSA
SKMUX 30aTHE BUKIMKATU XXUPOBUIA renatos. Tomy meToto poboTu 6yno focnifinMTv 3aKOHOMIpHOCTI LWoA0
3MiH y ninigorpami HaTMBHOI KPOBi B 1a6OPaTOPHMX LWYPiB 33 TETPALMKIIHOBOIO YpaXKeHHS NeYiHKK 3
OAHOYACHUM BU3HAYEHHSIM KOPUryBanbHOi 3aaTHOCTI dpocdoniniais Monoka. JliniaHnin cknag HaTUBHOI
KpPOBi [0OCNIAXYBanu 3 BMKOPWUCTAHHAM MeToAy TOHKOLAPOBOi XxpoMmatorpadii. BctaHoBneHo, wo vy
pasi WTY4YHOro MOAENOBAHHSA B LLYPiB TETPALMKIIHOBOrO YPaXXEHHS MeYviHkK BiaMiyanu GopMyBaHHA
LediUMTHOrO piBHSA YCiX MATM NOKA3HWMKIB NiNifLOrpaMmM HATUMBHOI KPOBI, 30KPEMa, 3MEHLUEHHS BMIiCTy
3aranbHux ninigis - Ha 30,8 %, Tpuauunrniueponis - Ha 45,3 %, docdoninigis — Ha 37,0 %, BinbHUX
XUPHUX KUCNOT — Ha 46,2 %, BinbHOro xonectepony — Ha 23,1 % Ta ectepudikoBaHOro xonecrtepony
Ha 32,0 % nopiBHSHO 3 BiAMNOBiIAHMM KOHTpONeM. Lle MoXHa NOSCHUTU MOTipLEHHAM Yy XBOPUX TBapuH
aneTuTy, HeAOCTaTHIM 3aCBOEHHAM NiNiAiB Y TPABHOMY KaHani Ta iHribyBaHHAM iX eHAO0reHHOr0 CUHTe3y
B NeYviHLi XBOPUX LLypiB. 3aCTOCYBaHHS XBOPUM TBapuHaM docdoniniais Monoka y Burnaai 6ionobasku
«FLP-MD» BUSBNSNO BUpPaXeHWW KOpuryBanbHui edekT, Wo NposBAsSnocs Y BiLHOBAEHHI KinbKiCHUX
napaMeTpiB yCix LOCNILXYBaHMX NiNigHMX (pakuii Ta ix 3aranbHOro BMIcTy. Y pasi nepopanbHOro
BBefeHHs Li€i 6iono6aBkM KNiHIYHO 340POBMM LuypaM BiAMiYanu BiACYTHICTb TOKCUYHOMO BMNAMBY ii
KOMMOHEHTIB K Ha KNITUHWM MEeYiHKK, TaK i Ha Becb opraHi3m. Mpu LbOMy BiAMiYEHO TeHAEHLiE [0
3poCTaHHa abcontoTHOro BMIcTy 6inblwoCTi 3 AOCNiIAXYBAaHUX dPaKLiid 3aranbHWUX NiNiAiB KpoBi. Takum
YMHOM, B pe3y/bTaTi eKCNepUMEHTaNbHOro AOCNIAXKEHHS PO3KPUTO MapKEPHi 3MiHM TiNiA0rpaMmn HAaTUBHOI
KpOBi B N1abOpaTOpHMX LLYPIB, WO MOXe BYTM KOPUCHUM Yy BU3HAYEHHI NaToreHe3y TeTPaLMKNiHOBOro
YPaXKEHHS B CCaBLiB Ta NP1 BUNPOOYyBaHHI HOBOCTBOPEHUX JTiKapCbKMX 3aC06iB renaTonpoTeKTOPHOI Aii

KniouoBi cnoBa: kopurysanbHa Tepanis; ¢ocdoniniaM Monoka; XWpOoBWI renatos; TOHKOLAPOBA
XpoMmaTorpadis; dpakuii niniais
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Abstract. The study was conducted to determine how the use of mechatronic systems can optimise
the operation of vibration-cleaning machines and improve their performance in agricultural processes.
Vibration accuracy measurement, automated load control, monitoring of operating parameters, wear
assessment, energy efficiency analysis, and impact assessment to minimise human intervention were
used in the study. A study conducted at BIG Harvest Group demonstrated that the introduction of
mechatronic systems in vibration-cleaning machines significantly improves the accuracy and stability
of their operation. The integration of automated control of the frequency and amplitude of oscillations
has reduced energy consumption and increased the efficiency of seed cleaning compared to traditional
methods. The study determined that the system of automatic monitoring and correction of parameters
ensures stable machine performance even under variable load conditions. Reduced wear and tear on
mechanical components ensure longer equipment life, reduced downtime and the need for manual
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intervention. In general, the results confirmed that mechatronic systems significantly increase the
efficiency of vibration-cleaning machines, which has a positive effect on the quality of cleaning and
economic efficiency in agriculture. The study also determined that automatic adjustment of operating
parameters using mechatronic systems reduces fluctuations in machine performance, resulting in
more uniform cleaning. The integrated monitoring system identified and eliminated faults, reducing
maintenance time. As a result, improvements in the overall management of seed cleaning processes
were achieved, which increased productivity and reduced equipment operating costs

Keywords: automated control; energy consumption; seed cleaning; wear of mechanical components;

economic efficiency

Introduction

In the agricultural sector, the efficiency of seed
treatment is critical to ensuring high product
quality and optimising resources. Vibration clean-
ing machines, which are used to clean seeds from
contaminants and impurities, are central to this
process. However, traditional control systems
often face problems with accuracy and stability,
which can affect cleaning quality and operating
costs. In this regard, mechatronic systems that
combine mechanical, electronic and computer
technologies have become a promising solution
for improving the efficiency of vibratory clean-
ing machines. The introduction of such systems
promises significant improvements in setup ac-
curacy, operational stability, energy efficiency and
reduced equipment wear.

In the agricultural sector, the precision and
stability of vibration-cleaning machines are im-
portant aspects for improving the quality of seed
processing and reducing operating costs. The
problem is that traditional systems often do not
provide sufficient accuracy and stability, which
affects cleaning efficiency and increases mainte-
nance costs. C. Cardona et al. (2024) investigate
how the integration of mechatronic systems can
increase the accuracy of vibration control in vi-
bration cleaning machines, which has a positive
effect on the quality of seed cleaning. Their study
shows that automating settings reduces energy
consumption and improves overall process ef-
ficiency. D. Xie et al. (2022) addressed automat-
ed oscillation frequency control, which provides

a significant reduction in energy costs. Their
research confirms that such systems increase
cleaning efficiency and reduce operating costs. .
Hassan et al. (2024) studied the impact of sensors
for monitoring vibration parameters on the sta-
bility of vibration-cleaning machines. The results
show an increase in stability under varying load
conditions due to automatic correction. L. Badi-
ta-Voicu et al.(2024) find that mechatronic systems
significantly reduce wear and tear on mechanical
components, which extends the life of the equip-
ment. This reduces the need for frequent repairs
and maintenance. E. Minca et al. (2022) noted that
the integration of mechatronic systems reduces
downtime and the need for manual intervention.
The study highlights the improvement in the over-
all performance of vibration-cleaning machines.

E. Alilev & K. Lupko (2021) demonstrated
that automatic parameter adjustment results in
more uniform seed cleaning. This helps improve
the quality of the final product and reduce pro-
cessing costs. D. Essola et al. (2022) demonstrat-
ed how reducing vibrations in vibration cleaning
machines can improve cleaning quality and re-
duce maintenance costs. Their results confirm the
effectiveness of mechatronic systems in reduc-
ing operating costs. M. Romanssini et al. (2023)
confirmed that the introduction of mechatronic
technologies increases the energy efficiency of
vibration-cleaning machines. This reduces en-
ergy costs and improves economic performance.
D. lonescu et al. (2022) determined that the
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automated monitoring system can be used for
quick detection and elimination of equipment
malfunctions. This reduces the time required for
maintenance and repairs. A. Hayat et al. (2022)
proved that mechatronic systems can significant-
ly reduce the cost of operating vibration cleaning
machines. Research shows that these systems sig-
nificantly improve economic efficiency in the agri-
cultural sector. Thus, while research has revealed
significant advantages of mechatronic systems
in improving the accuracy and stability of vibra-
tion-cleaning machines, there are gaps, particu-
larly in terms of economic benefits and specific
operating conditions, that require further study.

The study aimed to investigate the impact
of mechatronic systems on optimising the op-
eration of vibration-cleaning machines and in-
creasing their efficiency in the agricultural sector.
Research objectives:

» to consider the introduction of automated
control of vibration processes and its effect on
energy costs and quality of seed cleaning;

» to study how mechatronic systems affect
the accuracy and stability of vibration cleaning
machines;

» to evaluate the results of the integration of
sensor technologies and automatic monitoring, as
well as their impact on operating costs and over-
all equipment performance.

Materials and Methods

The study, which focuses on the impact of me-
chatronic systems on the accuracy and stability
of vibration-cleaning machines in the agricul-
tural sector, comprehensively assessed the in-
tegration of these systems. The main areas of
focus included precise adjustment of vibration
parameters, automated load control, monitoring
and correction of operating parameters, wear
reduction, energy efficiency and minimisation of
human intervention.

The study was conducted at BIG Harvest
Group (Ukraine). The study examined seeds of
several crops, including wheat, barley, corn and
peas. Each of these seed types had its unique

Reva et al.

characteristics that affected their behaviour dur-
ing the cleaning process.Experiments were carried
out on samples of these crops to study in detail
the effect of various vibration parameters, such as
vibration frequency, vibration amplitude and vi-
bration direction, on cleaning efficiency. This was
used to analyse how the amplitude and frequency
of oscillations affect the cleaning results of each
type of seed, as well as to identify the optimal
conditions for achieving the best performance.

To evaluate the precise adjustment of vi-
bration parameters, Toshiba Vibration Cleaner
X-1000 (Japan) equipped with mechatronic sys-
tems from Bosch Rexroth (Germany) was used.
These machines allow for precise control of the
frequency and amplitude of vibrations. Vibration
levels were measured using high-precision Kis-
tler sensors and a National Instruments data re-
cording system.

The analysis of automated load control was
carried out using Meyer Industries V-300 vibra-
tion cleaning machines (USA) equipped with
Siemens S7-1200 mechatronic systems (Germa-
ny). In this case, Endress+tHauser sensors were
used to monitor the amount of seed entering
the cleaning process. The automatic load con-
trol was evaluated using Rockwell Automation’s
FactoryTalk software, which records and adjusts
parameters in real time.

Atthis stage, the performance of the Haver Ro-
to-Packer vibration cleaning machines from Haver
& Boecker (Germany) was evaluated using Hon-
eywell (USA) integrated sensors, which were used
to monitor temperature, humidity and vibration
levels. The data were collected using a LabVIEW
data acquisition system and analysed using MAT-
LAB software for automatic parameter correction.

Alapala VIB-500 vibration cleaning machines
from Alapala (Turkey) equipped with Parker Han-
nifin mechatronic systems (USA) were used to
assess wear reduction. Wear measurements of
mechanical components were carried out us-
ing specialised Mitutoyo equipment (Japan).
Wear was assessed by analysing differences in
the physical characteristics of the components,
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including measuring material thickness, deter-
mining the volume of worn parts and conducting
dynamic vibration tests. A comparison with tradi-
tional Ocrim (Italy) machines without automatic
systems was used to determine the impact of
automatic control on equipment service life and
maintenance costs.

The energy efficiency analysis was carried
out using Satake MCH-100 vibration cleaning
machines from Satake (Japan), which were used
in tests with mechatronic systems from Schnei-
der Electric (France). Electricity consumption
was measured using Fluke energy meters (USA).
The data was compared with the energy con-
sumption of traditional Omas systems (ltaly) to
determine the effectiveness of optimising elec-
tricity consumption.

To analyse the impact of mechatronic sys-
tems on reducing human intervention, Groupe
SEMA (France) vibration cleaning machines with
Mitsubishi Electric (Japan) automated systems

were used. Operator error rates and performance
were assessed by observing the number of errors
and their impact on machine performance.

A comprehensive approach to assessing the
impact of mechatronic systems on various aspects
of the operation of vibration-cleaning machines
has provided detailed data on their effectiveness
and benefits in the agricultural sector.

Results

In the modern agricultural sector, especially in
the growing and processing of grain crops, op-
timisation of technological processes is critical.
BIG Harvest Group, which specialises in growing
and processing wheat, barley, corn and peas, has
become one of the pioneers in implementing au-
tomated technologies to improve the efficiency of
its production processes. In particular, the study
of automated control of vibration processes has
significantly reduced energy costs and improved
the quality of seed cleaning (Table 1).

Table 1. Effect of automated control of vibration processes on energy consumption
and quality of seed cleaning

Before
Parameter

After
automation automation

Improvement (%) Parameter

Power consumption (kW) 15-20 10-15 20-30 Power consumption (kW)
Electricity costs (UAH/hour) 45-60 30-45 25-33 Electricity costs (UAH/hour)
Level of seed contamination (%) 5-7 1-3 50-70 Level of seedo
contamination (%)
Seed cleaning accuracy (%) 85 95 10 Seed cleaning accuracy (%)

Source: compiled by the authors based on V. Ishchenko (2023)

The vibration processes used in the seed
cleaning process are critical to achieving high
quality in the final product. Traditional methods
of seed cleaning are often associated with high
energy consumption, which negatively affects the
overall costs of the enterprise. The BIG Harvest
Group has implemented an automated control
system that can monitor vibration parameters in
real-time. This solution is based on state-of-the-
art mechatronic systems that ensure precision
and efficiency in the seed cleaning process.

The introduction of automated control of
vibration processes has brought significant ben-
efits. It was possible to reduce electricity con-
sumption by 20-30% as a result of optimising the
operation of vibrating machines. Reducing energy
costs not only helped to increase the company’s
profitability but also had a positive impact on the
environmental component of production. The ad-
vanced system can adjust vibration to the type of
seed being processed, which also reduces unin-
tended energy consumption. Vibration frequency
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and amplitude control optimise machine perfor-
mance by preventing unnecessary vibrations that
are not required for a particular type of seed. This
reduces energy consumption as the machine op-
erates at maximum efficiency, using only as much
energy as necessary to achieve optimum results.

The automated control has also improved
the quality of seed cleaning. Precise control of the
vibration parameters achieves greater efficiency
in the process of separating impurities from the
seeds. The quality of wheat, barley, maize and pea
seeds has improved significantly, which has had
a positive impact on their marketability and con-
sumer characteristics. In particular, the company
was able to reduce the level of seed contami-
nation to the minimum permissible standards,
which increased the competitiveness of its prod-
ucts in the market.

Mechatronic systems significantly increase
the accuracy and stability of vibration-cleaning
machines in the agricultural sector by integrat-
ing mechanical, electronic and computer com-
ponents. The precise adjustment of vibration
parameters in vibration-cleaning machines is a
key factor in ensuring an efficient seed-cleaning
process in the agricultural sector. Mechatronic
systems that combine mechanical, electronic and
computer components open new possibilities for
precise control of the frequency and amplitude
of vibrations. Thanks to the introduction of such
systems, vibrating machines can operate at opti-
mal parameters, which significantly improves the
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quality of cleaning various types of seeds, even
under variable operating conditions.

The main advantage of mechatronic systems
is the automatic adjustment of vibration param-
eters depending on the type of raw material be-
ing cleaned. Each type of seed has its character-
istics - density, size, texture, and contamination
(Brown et al., 2021). For instance, smaller or light-
er grains (wheat, barley) may require less intense
vibrations, while larger or heavier grains (corn,
peas) may require higher amplitude and frequen-
cy for effective cleaning. Mechatronic systems au-
tomatically adjust these parameters, reducing the
need for manual intervention, which reduces the
risk of errors and productivity losses.

The automatic parameter adjustment system
also accounts for external factors such as humid-
ity or temperature that may affect the cleaning
process (Amertet et al., 2023). This ensures even
vibrations and, as a result, uniform seed cleaning.
By precisely controlling the frequency and ampli-
tude of vibrations, vibration cleaning machines
operate with greater stability and efficiency, which
has a positive effect on the final product quality.

In addition, precise adjustment of the vibration
parameters reduces wear on machine components
(Table 2).Vibration amplitudes that are too high or
too low can put additional stress on mechanical
parts, causing additional wear. Mechatronic sys-
tems keep vibration cleaning machines operating
within a safe range, which extends equipment life
and reduces maintenance costs.

Table 2. Precise adjustment of vibration parameters

Parameter

Vibration cleaning machines
with mechatronic systems

Vibration cleaning machines
without mechatronic systems

Oscillation frequency (Hz)

30-60

25-55

Oscillation amplitude (mm)

2-5

3-6

Sensor

Kistler sensors

Kistler sensors

Data recording system

National Instruments

National Instruments

Cleaning efficiency (%) 90

80

Source: compiled by the authors

The introduction of mechatronic systems in
vibration cleaning machines renders the seed
cleaning process not only more efficient but also

cost-effective. Automation of vibration settings
significantly improves equipment accuracy, re-
duces human error and ensures stable operation
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even under variable load conditions. This makes
mechatronic systems an integral part of modern
technological processes in the agricultural sector,
ensuring high-quality seed cleaning and increas-
ing agricultural productivity.

Automated load control is one of the key
functions of modern mechatronic systems, ena-
bling vibration-cleaning machines to maintain
stable performance even under variable operat-
ing conditions. Given the importance of precision
and efficiency in the agricultural sector, the ability
to automatically adjust the workload is crucial to
ensure the smooth operation of the equipment
and high-quality seed cleaning.

Mechatronic systems equipped with inte-
grated sensors and software allow for continuous
monitoring of the amount of raw materials enter-
ing the treatment (Kuntoglu et al., 2021). This is
especiallyrelevant in situations where the amount

of seed or grain being loaded into the machine
is constantly changing. Instead of the operator
having to constantly monitor the process, the sys-
tem automatically adjusts to the changing load
parameters to ensure the optimum performance
of the vibration cleaning machine. This reduces
the human factor and ensures consistent perfor-
mance even if the amount of seeds or grain varies.

Thanks to automated load management,
mechatronic systems also enable better manage-
ment of machine energy consumption (Table 3).
As the load changes, the system can adjust the
vibration intensity and processing speed, which
minimises energy consumption without com-
promising cleaning quality. Such adaptability
contributes to the energy efficiency of the entire
process, which is important for reducing overall
production costs and increasing the economic ef-
ficiency of an agricultural enterprise.

Table 3. Automated load management

Vibration cleaning machines with

Vibration cleaning machines

Parameter mechatronic systems without mechatronic systems
Load range (kg/h) 500-1000 400-900
Load regulation Automatic Manual
Sensors Endress+Hauser Endress+Hauser
Software Rockwell Automation FactoryTalk None
Performance stability (%) 95 85

Source: compiled by the authors

Another important advantage of automated
load management is the ability to maintain stable
machine operation regardless of external condi-
tions (Ullah et al., 2021). In real-life conditions, in
particular, in field farms, humidity, seed type and
outside temperature can vary. This can affect the
quality of the cleaning process if the machine is
not able to adapt to these changes. Mechatronic
systems can compensate for these external fac-
tors by precisely controlling the workload, which
makes it possible to maintain high machining
quality regardless of the conditions.

In addition, automated load management
systems increase the reliability of the equipment.
Vibration cleaning machines can be overloaded

or underloaded due to fluctuations in the
amount of material being processed, which can
reduce efficiency or cause breakdowns. Automat-
ic load control ensures even load distribution,
which reduces the risk of failure and helps to
extend the service life.

Thus, the automated load control implement-
ed in modern vibration cleaning machines pro-
vides several important benefits for agricultural
production. It helps maintain a stable cleaning
process efficiency, reduces the need for manual
control, and ensures energy efficiency and adap-
tation to external changes. This not only improves
the quality of seed processing but also ensures
greater reliability and stability of the equipment,
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which is an important factor for agricultural en-
terprises seeking to increase their productivity
and economic efficiency.

Monitoring and correction of operating pa-
rameters using mechatronic systems is a key as-
pect of increasing the efficiency and stability of
vibration-cleaning machines in the agricultural
sector. Integrated sensors that monitor parame-
ters such as temperature, humidity and vibration
levels enable precise control of the cleaning pro-
cess. Thus, the system can automatically adjust
the operation of the machines to ensure consist-
ent performance despite changes in environmen-
tal conditions or raw material parameters.

One of the main advantages of this feature is
the ability to collect and analyse machine perfor-
mance data in real-time. For instance, an increase
in seed moisture content can affect the quality of
cleaning, as wet raw materials are more difficult
to separate (Miller et al., 2022). Integrated sen-
sors detect this indicator and, if necessary, the me-
chatronic system adjusts the vibration frequency,
increasing or decreasing the intensity of the vi-
brations depending on the current conditions. As
such, high cleaning quality can be achieved, even
with variable material characteristics.

In addition, temperature monitoring is anoth-
er important aspect that affects process efficien-
cy. Vibration cleaning machines operating at too
high or low temperatures can lose performance
due to reduced lubrication or increased wear and
tear on mechanical components (Martinez-Par-
rales & del Carmen Téllez-Anguiano, 2022). The
monitoring system can detect temperature devia-
tions on time and implement measures to reduce
the impact of negative factors. For instance, it can
automatically reduce the load on the machine or
increase the coolant volume to avoid overheating.

Another important component is the con-
trol of vibration characteristics. If the vibration
level exceeds the permissible limits, it damages
the machine or is a reason for ineffective seed
cleaning (Sinha et al., 2023). Integrated sensors
detect such deviations in time, and the system
corrects the machine to restore stable operation.
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This automatic correction capability is highly rel-
evant in the agricultural sector, as it ensures high
machine performance without the need for con-
stant operator monitoring.

Automatic correction also reduces the risk of
accidents and equipment damage. Mechatronic
systems can prevent critical loads or overheating
by reacting to changing parameters in a timely
manner. This not only increases the efficiency of
the production process but also significantly re-
duces maintenance and repair costs.

Thus, monitoring and correction of operating
parameters with the help of mechatronic systems
is an important component of ensuring the sta-
ble performance of vibration-cleaning machines.
These systems automate the control process, en-
suring the uninterrupted operation of machines
even in the face of changes in external conditions
or raw material parameters. Accordingly, the in-
tegration of such technologies into the agricul-
tural sector significantly improves the quality and
reliability of the seed-cleaning process, which
contributes to the overall increase in agricultural
production efficiency.

Reducing wear and extending the opera-
tional life of vibration-cleaning machines is an
important advantage of introducing mechatron-
ic systems in the agricultural sector. One of the
main factors affecting the durability of equip-
ment is the constant load on mechanical com-
ponents. Without automated parameter control
and overload prevention, wear and tear on parts
is significantly accelerated, leading to frequent
breakdowns, efficiency losses and increased
maintenance costs. Mechatronic systems provide
automatic parameter adjustment to avoid these
problems and extend the service life of machines.

One of the key functions of mechatronic sys-
tems is the ability to continuously monitor and
correct operating parameters such as vibration
frequency and amplitude (Tsai et al., 2021). If an
overload risk is detected, the system automatically
reduces the work intensity,which reduces the load
on the machine components. This approach re-
duces the likelihood of premature wear of moving
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parts, which is necessary for stable and long-term
operation of the equipment.

Automatic parameter adjustment minimises
excessive loads on the most vulnerable parts of
the machine, such as bearings and joints. When
the vibration parameters are outside the optimum
range, the risk of damage to these components
increases dramatically. Mechatronic systems, us-
ing integrated sensors, detect these deviations
and automatically adjust the operation of the
equipment, reducing the intensity of the load on

problem areas. This can ensure a stable workflow
without the risk of serious breakdowns.

Another important advantage is the reduc-
tion in maintenance costs (Table 4). As mecha-
tronic systems monitor the condition of the vi-
bration-cleaning machine’s components and can
predict potential problems, companies are able
to carry out preventive maintenance in a more
efficient manner. This helps avoid emergencies
and unexpected downtime that could result in
serious damage.

Table 4. Reduce wear and tear and extend equipment life

Parameter

Vibration cleaning machines with
mechatronic systems

Vibration cleaning machines
without mechatronic systems

Level of wear and tear on

mechanical components 5% 10%
Service life (years) 5
Wear measurement equipment Mitutoyo Mitutoyo
Model Alapala VIB-500 Ocrim
Maintenance costs (UAH/year) 10,000 15,000

Source: compiled by the authors

Thanks to the integration of mechatronic
systems, the need to replace or maintain specific
components can be identified in time. This reduc-
es the cost of general maintenance, as businesses
can plan it in a way that minimises the impact
on the production process. In addition, extending
the service life of equipment without significant
investments in repairs allows for more efficient
use of resources.

Mechatronic systems also help optimise en-
ergy consumption, which has a positive effect on
the overall condition of the mechanisms. When
the equipment is not overloaded, its power con-
sumption is reduced, which in turn reduces the
level of heat exposure to machine parts. Heat load
reduction is another important factor in extend-
ing the service life of equipment, as constant tem-
perature changes can cause material degradation.

Thus, automatic parameter adjustment and
overload prevention by means of mechatronic
systems are central to reducing wear and ex-
tending the service life of vibration-cleaning
machines. These systems not only ensure stable

machine operation but also significantly reduce
maintenance and repair costs. Due to the effec-
tive control of operating parameters, the mechan-
ical components of the equipment receive opti-
mal conditions for long-term and uninterrupted
operation, which contributes to the overall effi-
ciency of agricultural production.

Energy efficiency is one of the key advan-
tages of implementing mechatronic systems in
vibration-cleaning machines in the agricultural
sector. Modern technologies require more and
more rational use of energy, and mechatronic
systems help to achieve this by optimising equip-
ment processes. With energy prices on the rise
and the need to reduce carbon dioxide emissions,
energy savings are becoming a strategic advan-
tage for agricultural companies.

Mechatronic systems can adapt the opera-
tion of vibration-cleaning machines to changing
conditions in real-time. This is achieved through
the integration of sensors that measure various
parameters of the seed cleaning process, such
as the amount of material being processed, its
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condition, moisture level and other indicators. The
automatic control systems analyse this data and
optimise the machine’s operating parameters to
ensure maximum productivity with minimum en-
ergy consumption. This negates excessive power
consumption when processing smaller quantities
of seed or when maximum power is not required.

Another important aspect of energy efficien-
cy is the ability to precisely control the frequency
and amplitude of vibration vibrations. This allows
the vibration cleaning machines to operate at the
power level that best suits the current process re-
quirements.This means that unnecessary energy is
not wasted on maintaining redundant parameters
when it is not necessary. For example, when pro-
cessing fewer seeds, the system can automatically
reduce the intensity of the machine, which direct-
ly reduces energy consumption (Ji et al., 2021).

In addition, the mechatronic systems can
recognise when the machine is in a standby state
or paused between seed treatments and auto-
matically switch it to a power-saving mode. This
minimises energy loss during downtime, which
also contributes to overall operational efficiency.
Thus, mechatronic systems reduce energy costs
even in situations where the machine is tempo-
rarily out of active operation.

Energy efficiency not only reduces direct en-
ergy costs but also reduces overall maintenance
and repair costs. Machines that operate with
optimum energy consumption typically experi-

Reva et al.

ence lower levels of wear and tear because their
components are not subjected to excessive loads.
This means that parts last longer, reduce the risk
of unexpected breakdowns, and reduce mainte-
nance and replacement costs.

Another important advantage is the envi-
ronmental aspect of energy efficiency. The use of
mechatronic systems not only reduces electrici-
ty consumption but also reduces carbon dioxide
emissions arising from energy production. This
helps reduce the negative impact on the envi-
ronment, which is becoming an increasingly im-
portant factor for the agricultural sector. Modern
enterprises are striving to meet the requirements
of sustainable development, and the introduction
of energy-efficient technologies is an important
step in this direction.

Thus, optimising energy consumption with
mechatronic systems not only reduces produc-
tion costs but also ensures a more environmen-
tally friendly operation of vibration cleaning
machines (Table 5). Automatic control and reg-
ulation systems, adaptation of equipment oper-
ation to changing conditions, and switching to
economical modes during downtime make these
technologies indispensable for achieving high
efficiency in modern agricultural production. Me-
chatronic systems help companies not only save
resources but also remain competitive in the
market while taking care of the environment and
future generations.

Table 5. Comparison of energy efficiency of vibration cleaning machines with
and without mechatronic systems

Vibration cleaning machines with

Vibration cleaning machines

Parameter mechatronic systems without mechatronic systems
Power consumption (kW) 10-15 15-20
Electricity costs (UAH/hour) 30-45 45-60
Energy sensors Fluke Fluke
Test model Satake MCH-100 Omas
Improved energy efficiency (%) 20 0

Source: compiled by the authors

Minimising human intervention is one of
the key aspects of implementing mechatronic
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the management of complex technological oper-
ations, reducing the risk of human error and in-
creasing overall production efficiency.

Thanks to mechatronic systems, most rou-
tine and difficult tasks that previously required
constant supervision by operators can now be
performed automatically. For instance, setting
the parameters of the vibration system, adjust-
ing the amplitude and frequency of oscillations,
as well as monitoring temperature and humidity,
are all done without the need for direct human
intervention. This reduces the error probability
that could occur due to operator fatigue, inatten-
tion or lack of experience.

The automation of vibration cleaning pro-
cesses also ensures precise and stable operation.
Mechatronic systems can independently adapt to
changing production conditions, quickly respond-
ing to changes in raw material volumes or ma-
chine parameters. Operators are no longer forced
to constantly check and adjust the machines,
which avoids shortcomings that could have been
caused by delays or incorrect settings. This en-
sures that the seed or grain cleaning process is
uninterrupted, which increases overall productiv-
ity and processing quality.

Another advantage of automation is im-
proved workplace safety. Vibrating equipment,
especially under heavy loads, can be dangerous
for the operator due to the high frequency of os-
cillations or possible overloads. Thanks to mecha-
tronic systems that monitor and adjust operating
parameters automatically, the risk of accidents is
significantly reduced. Modern systems can also
detect critical situations, such as excessive wear
and tear on parts or overloading, and automat-
ically stop the machine to prevent breakdowns.

Minimising human intervention also has a
positive impact on the economic performance
of enterprises (Bolanos et al., 2021). Since me-
chatronic systems perform most operations au-
tomatically, this reduces the need for additional
manpower to monitor the equipment. Thus, com-
panies can save on costs related to salaries, staff
training and workplace safety. In addition, the

reduction of errors and the increase in machine
efficiency reduces maintenance and repair costs.

Automated mechatronic systems also con-
tribute to improved resource and time manage-
ment. Operators can focus on more strategic
tasks, such as optimising production processes
or scheduling work, rather than routine technical
operations. This helps improve the overall effi-
ciency of management and, ensures flexible re-
sponse to changing operating conditions.

However, it is worth noting that full automa-
tion may have certain limitations. For instance, in
the event of malfunctions or unforeseen situa-
tions, the system may not always react as flexibly
as a human would. It is important that mecha-
tronic systems are properly programmed and able
to adapt to a variety of operating conditions. In
addition, given the complexity of modern tech-
nology, qualified personnel are needed to main-
tain these systems, monitor their operation and
respond quickly to possible failures.

As a result, minimising human intervention
with mechatronic systems opens new opportuni-
ties to improve the efficiency of vibration-cleaning
machines,reducing the risk of errors and costs. This
is an important step towards the modernisation
of the agricultural sector, enabling businesses to
operate more efficiently, safely and economically.

In general, the introduction of mechatronic
systems in vibration cleaning machines not only
increases their efficiency but also ensures more
reliable and stable operation, which is especially
relevant in improving the quality of seed cleaning
and optimising agricultural production.

Discussion
The study determined that the introduction of
mechatronic systems has significantly increased
the accuracy and stability of vibration-cleaning
machines in the agricultural sector. The automat-
ed vibration parameter control systems were used
to precisely control the frequency and amplitude
of vibrations, which has resulted in more uni-
form seed cleaning. This ensured a better quality
of the cleaning process compared to traditional
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methods, where such parameters were adjusted
manually. Thus, the results of the study confirmed
the assumption that the efficiency of equipment
operation will increase as a result of the introduc-
tion of modern technologies. This was also inves-
tigated by M. Mohd Ghazali & W.Rahiman (2021),
confirming that the accuracy and stability of vibra-
tion-cleaning machines are critical to achieving
high standards of seed cleaning. This is achieved
by fine-tuning the amplitude and frequency char-
acteristics of vibrations and improved mechanism
design. The use of modern materials also reduces
vibration loads and ensures uniformity of oper-
ation. A. Linenko et al. (2021) also demonstrated
that mechatronic systems increase the efficiency
of vibration-cleaning machines by automating the
adjustment of vibration parameters. The integra-
tion of sensors and controllers enables real-time
monitoring and adaptation. This results in shorter
processing times and improved cleaning quality.

The integration of mechatronic systems into
vibration-cleaning machines not only automates
processes but also increases their accuracy and
reliability. However, the results of the study indi-
cate that there are technical issues and additional
maintenance costs that could reduce overall effi-
ciency. This underscores the need for a compre-
hensive approach to the introduction of new tech-
nologies, accounting for both their benefits and
risks. Therefore, it is necessary to study in detail
all aspects of mechatronic system integration to
achieve optimal results in the agricultural sector.

One of the key findings was the reduction
of the impact of variable factors, such as dif-
ferent quantities and types of raw materials, on
the stability of the vibration-cleaning machines.
Automated real-time parameter adjustment en-
sured effective adaptation to changing operating
conditions. As a result, constant productivity was
achieved, even in the presence of significant fluc-
tuations in the characteristics of raw materials.
This underlined the importance of mechatronic
systems for maintaining a high level of stability in
agricultural processes. Y. Li et al. (2022) conclud-
ed that the automation of real-time adjustment
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of the parameters of vibration cleaning machines
allows for accurate and fast adjustment of vi-
bration amplitudes and frequencies following
changing processing conditions. This improves
the efficiency of the cleaning process, as the
system can respond quickly to changes in the
characteristics of seeds or impurities. Thanks to
this automation, the human factor is reduced,
which reduces the risk of errors and improves
the overall quality of processing. V. Adamchuk et
al. (2021) determined that reducing the impact
of external factors such as temperature, humid-
ity or voltage fluctuations on the performance
of vibration cleaning machines is an important
aspect of ensuring stable operation. The use of
modern sensors and controllers that account for
these factors helps reduce their negative impact
on the efficiency of the cleaning process. This en-
sures a consistent high-quality finish regardless
of external conditions.

These results confirm the study, as the auto-
mation of real-time parameter control improves
the accuracy and stability of vibration-cleaning
machines. However, the impact of external factors
can vary depending on the operating conditions.
The results of the study indicate the need to
adapt the systems to specific processing condi-
tions, which may require additional adjustments
and optimisation. Hence, while automation in-
creases efficiency, it is important to consider all
the variables to achieve maximum results.

In addition, the study showed that the use
of integrated sensors to monitor key parameters
such as temperature and humidity can quickly
detect deviations in machine performance. Auto-
matic parameter adjustment helped avoid over-
loads and ensure uninterrupted operation of the
equipment. These results indicate a significant
impact of mechatronic systems on improving the
reliability and stability of vibration-cleaning ma-
chines. Z. Ma et al. (2023) also determined that
monitoring and correcting key parameters such as
vibration amplitude and frequency are critical to
ensuring the stable operation of vibration-clean-
ing machines. Monitoring systems can detect any
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deviations from the established norms and make
prompt adjustments to maintain optimal per-
formance. This not only improves the quality of
cleaning but also reduces the risk of equipment
breakdowns and malfunctions. J. Lee et al. (2023),
in turn, concluded that integrated sensors are
central in improving the reliability of vibration
cleaning machines by providing continuous mon-
itoring and accurate measurement of critical pa-
rameters. They identify and resolve problems that
could affect cleaning efficiency or cause malfunc-
tions in time. The system can automatically adjust
parameters in real-time, which contributes to the
durability of the equipment and its stability.

This data confirms the importance of moni-
toring and correcting key parameters for the sta-
ble operation of vibration-cleaning machines. The
integrated sensors demonstrate the effectiveness
of automated control in real-time, following the
requirements. However, despite the benefits,
the study results point to challenges in adapt-
ing technologies to specific working conditions.
Therefore, it is necessary not only to introduce
modern technologies but also to constantly adapt
them to maintain high performance and reliabili-
ty of the equipment.

Another important result of the study was
the identification of the positive impact of me-
chatronic systems on reducing the wear of me-
chanical components of equipment. Load regula-
tion and overload prevention have significantly
extended the service life of the machines and
reduced maintenance costs. This not only reduces
the overall costs of agricultural enterprises but
also increases the environmental sustainability
of production through longer use of equipment.
S.Kharchenko et al. (2022) also conducted a study
that confirmed that reducing the wear of vibration
cleaning machines is achieved using advanced
technologies that ensure uniformity of vibrations
and reduce the mechanical load on components.
This extends the service life of the equipment and
reduces the frequency of repairs and maintenance.
Technical improvements contribute to greater
machine reliability and lower maintenance costs.

P. Onu et al. (2024) also determined that mecha-
tronic systems offer significant economic benefits,
including reduced energy and maintenance costs
due to increased operational efficiency. The en-
vironmental benefits include reduced waste and
a lower environmental impact due to more pre-
cise process control and reduced emissions. This
makes mechatronic systems a favourable choice
in terms of sustainability and resource savings.

Based on the results obtained, it is pos-
sible to argue that the introduction of modern
technologies, in particular mechatronic systems,
significantly improves the technical, econom-
ic and environmental characteristics of vibra-
tion-cleaning machines. Reduced wear and tear
and extended equipment life reduce repair and
maintenance costs. In addition, economic ben-
efits, such as reduced energy consumption, as
well as environmental benefits, such as reduced
emissions, underline the overall benefit of imple-
menting these systems. Thus, the results of the
study confirm the effectiveness of mechatronic
systems integration for sustainable development
and productivity improvement.

Energy efficiency was also centralin the survey
results. Mechatronic systems optimised the ener-
gy consumption of vibration cleaning machines by
adapting to changing conditions. This significantly
reduced electricity consumption, which is espe-
cially important for businesses seeking to reduce
costs and improve environmental performance.
This aspect demonstrated that mechatronic sys-
tems not only increase the efficiency of equipment
but also improve the overall energy efficiency.
S. Afolalu et al. (2021) concluded that energy effi-
ciency is one of the key advantages of mechatron-
ic systems, as they reduce energy consumption
through optimised process control. By precisely
controlling parameters and reducing energy Loss-
es, these systems help reduce energy costs and
increase the overall efficiency of the equipment.
This not only reduces operating costs but also has
a positive impact on the environmental sustain-
ability of production facilities. S. Ogonowski &
P. Krauze (2022) determined mechatronic systems

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 5



optimise the energy consumption of vibra-
tion-cleaning machines by precisely controlling
vibrations and automating processes. The inte-
gration of sensors and controllers reduced energy
losses by adapting the operation of machines to
real conditions and needs. This ensures more ef-
ficient use of energy, which leads to lower overall
costs and an improved environmental balance.

Analysis of the study results shows that me-
chatronic systems significantly improve the en-
ergy efficiency of vibration-cleaning machines.
Their ability to optimise energy consumption
and provide precise process control confirms
significant economic and environmental ben-
efits. The implementation of such systems not
only reduces energy costs but also contributes
to sustainable development and reduces envi-
ronmental impact. However, to fully utilise these
benefits, it is necessary to address the challeng-
es associated with adopting new technologies.

Overall, the study results confirmed the ef-
fectiveness of mechatronic systems for the agri-
cultural sector. They provide accuracy, stability,
reduced maintenance costs and energy efficiency.
This allows agricultural enterprises not only to
increase productivity but also to make production
processes more sustainable and cost-effective
in the long term.

Conclusions

The introduction of mechatronic systems in vibra-
tion cleaning machines has significantly improved
their accuracy and stability in the agricultural sec-
tor. The integration of mechatronic systems has
made it possible to achieve a significant increase
in the accuracy of vibration parameters, which has
had a positive impact on the seed-cleaning pro-
cess. Thanks to precise control of the frequency
and amplitude of vibrations, automatic adjust-
ment systems ensure uniform cleaning of differ-
ent types of raw materials, which reduces product
losses and improves overall quality.

Automated real-time load control ensures
consistent cleaning efficiency, accounting for
variable parameters such as seed or grain vol-
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ume. This reduces the impact of external factors
such as fluctuations in the flow of raw materi-
als, which can negatively affect the stability of
traditional machines. Monitoring and correction
of operating parameters by means of integrated
sensors ensures consistent machine performance
even under changing operating conditions. This
quickly identifies and corrects deviations, reduc-
ing the risk of malfunctions and increasing the
overall reliability of the equipment. Reducing
wear and tear on mechanical components by
automatically adjusting parameters and pre-
venting overloading not only extends machine
life but also reduces maintenance costs, which
has a positive economic impact. Energy efficien-
cy achieved through optimising electricity con-
sumption also reduces overall production costs.
A study conducted based on the agricultural en-
terprise BIG Harvest Group demonstrated that
the introduction of automated control of vibra-
tion processes has a significant positive impact
on energy costs and seed cleaning quality. This
decision not only improved the efficiency of pro-
duction processes but also became an impor-
tant step towards the sustainable development
of the agricultural sector. Thus, automation of
technological processes is the key to successful
production modernisation and meeting modern
market requirements.

In general, the introduction of mechatronic
systems in vibration cleaning machines in the
agricultural sector demonstrates significant ben-
efits, including increased accuracy, stability and
cost-effectiveness. This confirms the importance
of continuing research and innovation in this area
to further improve seed-cleaning technologies.

The limitation of the study is the coverage
of only one type of vibration cleaning machine,
which may limit the generalisability of the results
for other models or designs of equipment. It is
necessary to further study the impact of mecha-
tronic systems on the long-term reliability and
efficiency of vibration-cleaning machines under
various operating conditions, including different
types of raw materials and climatic conditions.
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AHoTauif. JocnigpkeHHs 6yno npoBefeHO ANS BWU3HAYEHHS TOrO, SK BUKOPWUCTAHHS MEXaTPOHHMX
CMCTEM MOXe ONTMMIi3yBaTM pobOoTy BIOPOOUMCHMX MALIMH | MOKPAWMTM iX MNPOAYKTUBHICTD Y
CiNlbCbKOrocnoaapcbkmMx npouecax. Y ubOMy J[OCNIOXKEHHI 3acTOCOBYBaNMCS METOLM BUMIpPHOBAHHS
TOYHOCTI BiBpaLii, aBTOMaTM30BaHOIO PerynoBaHHS HaBAHTAXEHHS, MOHITOPUHIY pobounx napameTpis,
OLLiIHKM 3HOCY, aHani3y eHeproedeKTMBHOCTI Ta OLHKM BMIMBY Ha MiHiMi3aLilo NIOACBKOrO BTPYYaHHS.
LocnipxeHHs, npoBeaeHe Ha nignpuemctsi «BIG Harvest Group», npoaeMOHCTPYBano, L0 BNPOBALKEHHS
MeXaTPOHHMX CUCTEM Y BiDPOOYMCHI MALUMHKM 3HAYHO MiABMLLYE TOYHICTb i CTAbiNbHICTb IXHBOI poboTw.
|HTerpauis aBTOMaTM30BaHOrO peryatoBaHHA 4acTOTM Ta aMNiTyAM KONMBAHb [03BOAMAA 3MEHLUMTU
€HEeprocnoXMBaHHA Ta NiABUWMTM e(dEKTUBHICTb OYMLLEHHS HACiHHS MOPIBHAHO 3 TPaAULIMHWMK
MeToAamMu. BusBneHo, WO cuCTeMa aBTOMATMYHOIO MOHITOPUHIY i KOpekuii napameTpiB 3abesneuye
CTabinbHy NPOAYKTMBHICTb MALUMHM HaBiTb MPU 3MIHHMX YMOBAX HAaBAHTAXEHHS. 3MEHLUEHHS 3HOCY
MeXaHiYHMX KOMMOHEHTIB BKa3Y€E Ha NOAOBXEHHS TEPMiHY CyXX6UM 06nalHaHHS, @ TAKOXK 3HUXKEHHS YaCTOTH
npocToiB i NoTpebu B py4HOMY BTpYYaHHi. 3aranoMm, pesynstat NiATBEPANM, WO MEXATPOHHI CUCTEMU
3HAYHO NiABULLYIOTb eeKTUBHICTb BIOPOOYMCHMX MALLMH, LLO MO3UTUBHO BMNIMBAE HA SKiCTb OYMLLEHHS
Ta eKOHOMIiYHY eeKTMBHICTb Y CiflbCbKOMY rocnoaapcrsi. [locnimkKeHHS TakoX BUSIBUNO, LLO aBTOMAaTUYHE
KOpWryBaHHS pobounx napaMeTpiB 3a AONOMOro0 MeXaTPOHHMUX CUCTEM A,03BONSE 3MEHLLMTU KONMBAHHSA
B poboTi MalwKHK, Wwo 3abesneyye Binbl piBHOMipHE 04YMLEHHS. CUCTEMA iHTErPOBAHOrO MOHITOPUHIY
[L03BONIMNIA ONEPATUBHO BUSBASTH | YCYBaTU HECMPABHOCTI, 3MEHLLYHOUM Yac Ha TeXHIUHe 06CyroByBaHHSs.
B pe3synbtarti, 6ynu fOCArHYTI NOKpaLLEHHS B 3ara/lbHOMY YNPaBiHHI NPOLECAMU OUULLEHHS HACiHHS, WO
CNPUSE NiABULLEHHIO MPOAYKTUBHOCTI | 3HUXEHHIO BUTPAT Ha eKCMnayaTaLito obnagHaHHs

KnioyoBi cnoBa: aBTOMATM30BaHE pEry/lOBaHHS; EHEProCrMOXMBAHHS; OYMLLEHHS HACiHHS; 3HOC
MeXaHiYHMX KOMMOHEHTIB; EKOHOMiYHa e(EKTUBHICTb
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Abstract. This study aimed to determine the optimal conditions for horse care, ensuring their
physical and psychological welfare by analysing housing, nutrition, medical care, physical activity,
and socialisation. The study examined the horse care conditions at farms and equestrian clubs in
the Kyiv region (Ukraine), including “Aliur”, “Grand Prix”, “Kniazhyi Dvir”, “Impuls”, and “Olimp”. The
theoretical analysis described horse care conditions, the size and state of the facilities, feed quality,
medical care, and aspects of physical activity and socialisation. The study’s main findings indicate
that all the analysed establishments provide a high level of comfort for horses, a crucial factor for
their care and wellbeing. However, it is important to note that various approaches to horse care
revealed unique features and advantages. For instance, the farm “Aliur” demonstrated an effective
combination of high-quality housing conditions, including spacious stables with proper lighting and
ventilation, balanced nutrition tailored to the individual needs of each animal, regular medical care
ensuring timely prevention and treatment, and socialisation that fosters the emotional development
of the horses. At the same time, the equestrian farm “Grand Prix” stands out for its high standards
of sports care, which include specialised training and preparation of horses for competitions,
ensuring their competitiveness in the sporting arena. The farms “Impuls” and “Olimp” distinguish
themselves by implementing modern ventilation systems that improve air quality in the stables, as
well as by providing high-quality training facilities that meet international standards, allowing not
only the maintenance of horses’ physical fitness but also ensuring their overall health and welfare.
The analysis showed that the introduction of new monitoring technologies, the individualisation
of feeding approaches, and social programmes could further enhance horse welfare. The findings
highlight the importance of a comprehensive approach to horse care in ensuring their physical and
psychological well-being, which can be useful for practical recommendations in the equine industry
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Introduction

Since the 2000s, significant attention in equine
studies has been devoted to ensuring the physical
and psychological welfare of horses. This issue
has become particularly relevant in light of the
growing popularity of equestrian sports and lei-
sure activities, highlighting the need for appropri-
ate conditions for the care of these animals. De-
spite numerous studies in this field, there remains
a need for a comprehensive analysis of horse care
conditions that affect their health and behav-
iour. Many existing research focus on individual
aspects of this topic, such as nutrition, physical
activity, or social interactions, which does not
provide a complete picture.

The issue addressed in this study lies in the
lack of a systematic approach to assessing the
comprehensive conditions for horse care at mod-
ern farms and equestrian clubs. It is important
to consider not only the physical factors, such
as space, feed quality, and veterinary care, but
also the psychological factors that may influence
horse behaviour, including group social structure,
stress levels, and opportunities for natural behav-
iour. Thus, conducting a thorough investigation
will be a crucial step towards improving horse
welfare, which, in turn, will have a positive impact
on their performance and overall health.

J. Grzyb et al. (2022) investigated bacterial
aerosols and foreign particles in the air compo-
sition of stables in Poland, highlighting concerns
about air quality in equine facilities. A similar
study was conducted by |. Rodzyn et al. (2024),
identified the presence of chemical pollutants
and biological aerosols in enclosed horse envi-
ronments. However, despite these studies, there is
still insufficient information regarding the impact
of specific microclimatic parameters on horse
health. J.M. Thompson et al. (2023) examined the
financial pressures brought about by COVID-19
and their effect on the willingness to spend on
horse care. This points to the economic aspect
of animal care, yet further research is needed to
explore the impact of economic factors on horse
care conditions and welfare.
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K.L. Luke et al. (2023) examined the complex
relationships between horse welfare, rider safe-
ty, and the fulfilment of rider needs. W. Krupa et
al. (2022) explored attitudes towards keeping
horses outdoors and in groups, revealing differ-
ing perspectives on horse care. However, there
is limited understanding of how various care re-
gimes affect horse welfare across different coun-
tries. Z. Kelemen et al. (2021) investigated horse
activities about care conditions, emphasising
the importance of optimising conditions for el-
derly horses and those with chronic orthopaedic
conditions. G.A. Keller et al. (2022) analysed the
impact of weather on horse activity in pastures.
Nevertheless, these studies do not always con-
sider the combined effect of multiple factors on
horses’ recovery from exertion. M. Connysson et
al. (2021) studied the effect of care conditions on
the recovery of horses’ musculoskeletal systems
after exertion. However, there is a need for a com-
prehensive consideration of all factors influenc-
ing horses’ physical recovery.

L. Kjellberg et al. (2024) presented a study
detailing automated feeding stations and the
measurement of feed consumption rates in active
open stables. A. Akimbekov et al. (2023) demon-
strated the use of trackers in horse breeding in
Kazakhstan. However, more data is needed on the
effectiveness of new technologies in monitoring
horse care conditions. T. Sharapatov et al. (2023)
examined ways to increase milk productivity in
Kazakh horses. This research is significant for un-
derstanding the specifics of milk production in
different horse breeds, but there is insufficient in-
formation regarding the impact of care conditions
on milk yield.

I.Janczarek et al. (2020) examined the impact
of temperature and humidity on the physiological
parameters of horses, emphasising the impor-
tance of microclimate control. However, there is a
need for a comprehensive analysis of the effects
of various microclimatic factors on horse health.
A.Géry et al.(2024) assessed the impact of aerobic
fungi and bacteria on the horse environment. This
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highlights the need for a deeper understanding of
the influence of environmental factors on hors-
es, though there is limited information on their
effects on horse welfare in different conditions.
This study aimed to provide a comprehensive
assessment of horse care conditions across var-
ious establishments, considering all factors that
affect their welfare,and to compare care practices
in different facilities, identify their strengths and
weaknesses, and develop recommendations for
improving the living conditions of horses.

Materials and Methods

The study was conducted through a detailed the-
oretical review of existing standards and practices
related to horse care and management. This was
exemplified by farms and equestrian clubs in the
Kyiv Region (Ukraine), including “Aliur’,“Grand Prix’,
“Kniazhyi Dvir”, “Impuls”, and “Olimp”. The analysis
examined the main types of feed used in horse nu-
trition, such as hay, compound feed, and concen-
trates. These feeds are crucial components of the
diet, providing the necessary nutrients for normal
development and maintaining the health of the an-
imals.Additionally,grooming tools,such as brushes
and hoof knives, were analysed as essential instru-
ments for maintaining hygiene and overall horse
welfare. Medical products, including vitamins,
which enhance the animals’ overall endurance,
and deworming medications, necessary for the pre-
vention of parasitic diseases, were also reviewed.

Additionally, attention was given to tem-
perature control equipment, specifically digital
thermometers (Digital Thermometer - Extech In-
struments, USA), which allow for accurate meas-
urement of horses’ body temperature, crucial
for the timely detection of potential illnesses.
Hygrometers (Extech 445815 - Extech Instru-
ments, USA) were examined for monitoring hu-
midity levels in stables, as maintaining optimal
humidity is crucial for preventing the develop-
ment of diseases. The use of video cameras (Nest
Cam Outdoor - Google Nest, USA) for monitoring
horse behaviour was also included in the study,
allowing owners and veterinarians to observe the

animals’ condition in real time, enabling prompt
responses to any changes in behaviour or health.
Thus, a comprehensive approach to studying
these factors contributes to improving the care
and management conditions for horses.

An evaluation was conducted on various
aspects such as stable dimensions, ventilation,
temperature,and humidity. The assessment of nu-
trition was based on the analysis of feed compo-
sition, feeding frequency, and regime, along with
observations of horse behaviour during feeding.
The evaluation of medical care included a review
of the schedule of veterinary check-ups and proce-
dures, as well as an analysis of medical histories.
Physical activity assessment involved monitoring
time spent on walks and free play, with video
surveillance used to analyse movement patterns.
Socialisation was assessed through observations
of interactions between horses and with humans.

The data were systematised using statistical
methods such as regression analysis and analy-
sis of variance (ANOVA). This enabled a compar-
ison of the care conditions and their impact on
the health and behaviour of the horses, as well
as identifying possible correlations between the
care conditions and welfare indicators. The study
also analysed the following regulatory docu-
ments: the Law of Ukraine No. 2498-XIl (1992),
Council Directive No. 98/58/EC (1998) and the
Law of Ukraine No. 3447-1V (2006).

Results
Horse welfare is a complex concept encom-
passing the physical, psychological, and social
well-being of the animals. The legal framework
regulating the conditions of horse care is crucial
for ensuring their welfare and health. The Law of
Ukraine No. 3447-1V (2006) is a key legislative act
regulating the conditions of care, management,
and protection of animals, including horses, in
Ukraine. This law aims to provide comprehensive
protection against cruelty, which can manifest in
various forms such as physical abuse, inadequate
living conditions, and insufficient or poor-quality
medical care. According to the provisions of this
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law, horse owners are required to create condi-
tions that meet the animals’ physiological and
psychological needs. This includes providing ap-
propriate housing that is safe and comfortable,
as well as adequate nutrition that meets the spe-
cific dietary requirements of horses. The law also
emphasises the importance of regular medical
care, including preventive check-ups and timely
treatment of illnesses. An important component
of the law is the provision for animal socialisa-
tion, which promotes emotional well-being, and
ensures opportunities for physical exercise, which
is crucial for maintaining the health of horses.
The law outlines the responsibilities of owners to
comply with these requirements, fostering a hu-
mane approach to animals within society.

State sanitary norms and regulations for the
management of horses establish specific require-
ments for the conditions in which these animals
should reside. Such standards stipulate that horse
accommodation must provide a comfortable envi-
ronment for the animals. The regulations mandate
that stables must be clean, dry, and well-ventilat-
ed. It is crucial to ensure adequate lighting and
ventilation to prevent the accumulation of harm-
ful gases and to maintain an optimal microclimate.
The bedding should be sufficiently soft and dry to
provide a comfortable resting place for the horse.
It is recommended to use straw, wood shavings,
or specialised bedding materials that are easy
to clean and possess good absorbent properties.
To ensure space and comfort, horses must have
enough room to avoid conflicts and minimise
stress. European directives, such as Council Direc-
tive No. 98/58/EC (1998), have also had a signifi-
cant impact on Ukrainian legislation. The directive
aims to ensure a high level of animal welfare in
all EU member states. According to this document,
owners must assess potential risks to a horse’s
health and take steps to mitigate them; preven-
tion and treatment of diseases - the regulations
require regular veterinary checks and timely treat-
ment of illnesses; socialisation and exercise - hors-
es must have opportunities for regular physical
exercise and social interaction with other horses.
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The implementation of regulatory frame-
works has a significant impact on the practical
aspects of horse keeping, as regulations help to
ensure comfortable conditions for horses, includ-
ing quality nutrition, clean premises, and appro-
priate veterinary care. Regular veterinary checks
and timely treatment help to prevent diseases
and improve the overall health of horses. Regu-
lations governing socialisation and exercise help
to reduce stress in horses, providing them with
opportunities for natural behaviour. Legislation
and standards contribute to increasing horse
owners’ awareness of the importance of animal
welfare, which can lead to improvements in hus-
bandry and care practices. The regulatory frame-
work is a crucial tool for ensuring equine welfare.
Legislative acts and sanitary standards establish
the foundations for their management and care,
providing horses with conditions that meet their
physiological and psychological needs. The im-
plementation of European standards and regular
monitoring of compliance contribute to improv-
ing the living conditions of horses, which in turn
has a positive impact on their overall health and
quality of life.

Horse husbandry is a complex and multi-
faceted process that requires attention to detail,
careful planning, and the fulfilment of numerous
requirements. The proper management of equine
living conditions directly impacts their physical
and psychological health, making the study of
husbandry conditions extremely important. In
Ukraine, there are a significant number of farms
and equestrian clubs that provide varying levels
of comfort and welfare for horses. Each establish-
ment has its unique approach to horse husbandry,
which can range from simple to complex systems
depending on resources and goals.

The “Aliur” farm houses 40 horses in stables
measuring 3x4 meters. Each stable is equipped
with a ventilation system that ensures regular air
exchange. Humidity in the stables is monitored
by hygrometers and maintained at 60%. The
temperature in the stables ranges between 10
and 15°C, which is a comfortable range for most
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horse breeds, ensuring their health and comfort
throughout the year. The bedding is cleaned daily
to maintain a high level of hygiene and prevent
the development of diseases.

The horses’ diet consists of hay, compound
feed, and concentrates. Feeding occurs twice
daily: in the early morning and the evening. Hay
provides the horses with the necessary fibre for
healthy digestion, while compound feed and
concentrates supplement the diet with proteins,
minerals, and vitamins. Regular monitoring of the
horses’ diet and needs allows for adjustments
to be made based on their physical activity and
health. The farm conducts veterinary checks every
three months. Anthelmintics and vitamin supple-
ments are used for prevention and treatment. The
examination includes checking the horses’ gener-
al health, as well as the condition of their hooves
and skin, allowing for the early detection and
treatment of diseases. The horses have access to
pasture for two hours every day, allowing them
the opportunity for free movement and physical
activity. In addition, the horses are regularly exer-
cised in the arena, which helps to develop stam-
ina and coordination. These conditions help to
maintain the physical fitness and psychological
well-being of the animals. The animals are kept in
groups of 5-6 individuals, allowing them to inter-
act with each other. This is important for reducing
stress and ensuring normal social development.
Social interactions between horses also help in
the development of natural behavioural traits,
such as group hierarchy and communication.

The “Aliur” farm has demonstrated a success-
ful approach to horse management by combining
high-quality living conditions, balanced nutrition,
regular veterinary care, adequate physical activity,
and effective socialisation. These factors ensure a
high level of physical and psychological well-be-
ing for the horses. However, there is always po-
tential for further improvement, particularly in
enhancing the individualised care provided to
each horse and implementing new technologies
and practices that could increase the farm’s man-
agement efficiency.

The “Grand Prix” equestrian club accommo-
dates 35 horses in stables measuring 4x5 metres.
The stables are equipped with automatic venti-
lation and heating systems, ensuring stable con-
ditions throughout the year. Humidity levels are
maintained at 50%, while temperatures range
between 15 and 20°C. These conditions provide
a comfortable environment, particularly for sport
horses that require optimal conditions for recov-
ery after training. The horses’ diet consists of hay,
specialised compound feeds, and grains. Feeding
occurs three times a day: in the morning, after-
noon, and evening. The specialised feeds offer
a high level of protein and vitamins, which are
essential for active and competitive horses. The
feeding regimen is tailored to the physical needs
and condition of each horse, promoting their op-
timal development and performance.

Veterinary check-ups are conducted monthly.
Modern medical treatments, including anthel-
mintics and vitamin supplements, are used for
prevention and treatment. This ensures timely
treatment and maintains the horses’ high level of
athletic performance. The animals have access to
an arena and training areas, where they exercise
for 1-2 hours daily. This includes both structured
training and free play. Such conditions ensure a
high level of physical activity, which is important
for maintaining physical fitness and achieving
sporting goals. Horses are kept in small groups,
which promotes the development of social skills
and reduces stress. Interactions between horses
and humans also stimulate socialisation, which is
important for the overall well-being of the horses
and their readiness for work.

At the “Kniazhyi Dvir” farm, the horses are
housed in stalls measuring 3x3 metres, accom-
modating a total of 30 horses. Ventilation is
achieved through open windows, without the use
of automatic systems. Humidity in the stalls is
maintained at 65%, while the temperature rang-
es from 5 to 10°C. The bedding is cleaned daily,
which helps to uphold hygienic conditions. The
horses’ diet consists of hay and compound feeds,
with feeding occurring twice a day to provide
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essential nutrients. Hay supplies the necessary
fibre for digestion, while the compound feeds
supplement the diet with proteins and minerals.
Feeding may be adjusted according to the season
and the horses’ level of physical activity.Veterinary
examinations are conducted every six months,
and basic medical treatments are employed for
the prevention and treatment of diseases. This
infrequent oversight may limit the opportunities
for timely detection and treatment of illnesses.
The horses have access to pasture for four hours
each day, allowing them the freedom to move and
engage actively. However, access to the arena is
limited, which may reduce their overall level of
physical activity and welfare. The horses are kept
individually or in small groups, which may nega-
tively impact their social adaptation and increase
stress levels. Limited social interaction can lead
to isolation and behavioural issues.

The “Kniazhyi Dvir” farm provides a high
level of comfort and care for the horses through
optimal housing conditions, balanced nutrition,
regular medical care, sufficient physical activity,
and effective socialisation. Implemented meas-
ures, such as modern ventilation systems, regular
veterinary examinations, and organised physical
exercise, significantly contribute to the physical
and psychological well-being of the horses. How-
ever, as with any farm, there are opportunities
for further improvement, particularly in expand-
ing the possibilities for social interaction among
the horses and introducing new technologies for
monitoring and managing their health.

The “Impuls” farm provides horses (50 an-
imals) with stables measuring 4x4 metres. The
stables are equipped with modern ventilation
systems that ensure regular air exchange and
prevent the accumulation of harmful gases. Hu-
midity in the stables is maintained at 55%, while
the temperature fluctuates between 12 and 18°C.
These conditions create a comfortable climate for
the horses, which is particularly important during
periods of extreme temperatures. The horses at
“Impuls”are fed a diet that includes hay,compound
feeds, concentrates, and vitamin supplements.

Bondar

Feeding occurs three times a day — morning, noon,
and evening - ensuring a stable and balanced
diet for the horses. The compound feeds consist
of high-quality ingredients to support optimal
physical condition and health.

Veterinary check-ups are conducted monthly
on the farm.A high standard of medical care is en-
sured through the use of modern drugs for the pre-
vention and treatment of diseases. Regular exami-
nations help to identify health problems promptly
and maintain a high level of equine health.The an-
imals have access to large paddocks and training
areas where they exercise for 2 hours daily. This
includes both structured training and free play,
which helps to maintain high levels of physical fit-
ness and stamina. Horses are kept in large groups,
which promotes their socialisation. Interaction
between horses and humans also stimulates so-
cial adaptation and reduces stress, ensuring the
overall psychological well-being of the animals.

The “Impuls” farm provides a high level of
comfort and health for the horses through op-
timal living conditions, a balanced diet, regular
medical care, sufficient physical activity, and ef-
fective socialisation. A systematic approach to
managing the conditions in which the horses are
kept contributes to their physical and psycholog-
ical well-being. However, even in such a success-
ful establishment, there is potential for further
improvement. In particular, opportunities could
be explored to optimise the social interactions
of the horses, implement new technologies for
monitoring their health, and increase the variety
of physical activities to enhance the overall wel-
fare of the animals.

The “Olimp” farm houses 45 horses in stables
measuring 5x5 metres. The stables are equipped
with heating and ventilation systems that main-
tain a comfortable temperature throughout the
year. Humidity levels in the stables are moni-
tored and maintained at 50%, while temperatures
range between 10 and 15°C. This ensures stable
and comfortable conditions for the horses. The
horses’ diet consists of hay, compound feeds, con-
centrates, and additional vitamins. Feeding occurs
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three times a day, providing the horses with opti-
mal and balanced nutrition (Table 1). The added
vitamins and supplements contribute to main-
taining the overall health and productivity of the
horses. Monthly veterinary examinations are con-
ducted on the farm. Modern medical treatments
are employed for the prevention and treatment of
diseases, ensuring high-quality medical care and
prompt responses to health issues. The horses
have access to large paddocks and training areas,
where they engage in daily activities for 2 hours.

This includes active exercise and training, which
helps maintain their physical condition and en-
durance. Horses are kept in large groups, allow-
ing them to interact with each other and with
humans. This interaction helps reduce stress and
ensures normal psychological well-being for the
horses. Social interactions contribute to the de-
velopment of natural behavioural traits and en-
hance the overall welfare of the animals. Overall,
the conditions under which horses are kept play a
crucial role in their quality of life (Table 2).

Table 1. Horse diet in different farms

Farm Number of feedings per day Feed types
Aliur 2 Hay, compound feeds, concentrates
Grand Prix 3 Hay, specialised compound feeds, grain
Kniazhyi Dvir 2 Hay, compound feeds
Impuls 3 Hay, compound feeds, concentrates, vitamins
Olimp 3 Hay, compound feeds, concentrates, vitamins

Source: compiled by the author

Table 2. Comparison of horse-keeping conditions

Parameter Aliur Grand Prix Kniazhyi Dvir Impuls Olimp
Number of horses 40 35 30 50 45
Stable size 3x4m 4x5m 3x3m 4x4 m 5x5m
Temperature 10-15°C 15-20°C 5-10°C 12-18°C 10-15°C
Humidity 60% 50% 65% 55% 50%
s Hay, compound Hay, compound
Diet Hay, ?gerggound Hagb%)eglljirlllsed Hay, compound feeds, feeds,
concentrates feedsp rain feeds concentrates, concentrates,
'9 vitamins vitamins
Feeding ) . . . .
frequency 2 times a day 3 times a day 2 times a day 3 times a day 3times a day
Veterinary check- Every six
ups Monthly Monthly months Monthly Monthly
) 1-2 hours daily . 2 hours daily 2 hours daily
Physical activity ( 2623;:[: g;':]ya) (arena, training 4 ?o:srtsu(rjgly (paddocks, (paddocks,
P ’ arena) P training areas)  training areas)
T Groups of 5-6 Alone orin
Socialisation horses Small groups small groups Large groups Large groups

Source: compiled by the author

Based on the analysis of the conditions for
keeping horses at the farms “Aliur”, “Grand Prix’,
“Kniazhyi Dvir”,“Impuls”,and “Olimp’, it can be con-
cluded that all the farms provide a high level of
comfort for the horses through optimal housing

conditions, balanced nutrition, regular veterinary
care, sufficient physical activity, and effective so-
cialisation. However, there are opportunities for
further improvement, particularly through the
implementation of new monitoring technologies,
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individualised approaches to feeding, and social
programmes aimed at enhancing the overall wel-
fare of the animals.

Discussion

This study analysed the conditions of horse keep-
ing on Ukrainian farms. Several key findings were
obtained that can be compared to international
research on various aspects of equine care, wel-
fare, and social adaptation. Researchers DJ. Mel-
lor & M.Burns (2020) highlighted the importance
of managing breeding stallions with a focus on
animal welfare. This study supports their findings
regarding the necessity of maintaining optimal
conditions for breeding horses to ensure their
comfort and health. The research indicates that
the conditions of horse management in the “Aliur’
and “Grand Prix” farms align with these recom-
mendations, as evidenced by satisfactory living
conditions and adequate veterinary care.

The findings of M. Jobusch (2022) indicate
the usefulness of existing protocols for the rapid
assessment of the welfare of semi-wild horses.
These results confirm that the evaluation proto-
cols used on the “Olimp” and “Impuls” farms are
effective for monitoring the welfare of horses;
however, it has been noted that these proto-
cols require adaptation to suit different man-
agement conditions. According to the work of
D.H. Sigler (2024), the social and reproductive
challenges faced by wild stallions are significant
for understanding the social structure within a
herd. The results of this study indicate that the
socialisation of horses on the “Kniazhyi Dvir” and
“Grand Prix” farms aligns with recommendations
for social interactions and adaptation, which are
crucial aspects for their mental well-being.

P.M. Bogossian et al. (2024) investigated the
accuracy of assessing social dominance in domes-
tic horses, a crucial aspect of equine group man-
agement. Observations at the “Impuls” and “Grand
Prix”farms revealed thatindividuals can accurately
assess social dominance, although there is poten-
tial for improvement in evaluation methods. High-
lighting the quality of life for chronically ill and
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elderly horses, D. Householder & P.G. Gibbs (2024)
emphasised the importance of regular physical
activity and veterinary care. Findings confirmed
that all studied farms provided adequate levels
of physical activity and veterinary attention for
horses, aligning with these recommendations.

M. Long et al. (2024) conducted a study fo-
cused on assessing the quality of life of old and
chronically ill horses in Austria. They found a
significant diversity of approaches to determin-
ing how long horses should live with chronic
diseases, with a focus on quality of life as a key
decision-making factor. This research on Ukrain-
ian farms revealed that while the quality of life
is considered important, it is often not a priority
in cases of chronic diseases or ageing horses. The
scientists emphasised the importance of a com-
prehensive approach to assessing equine quality
of life, which should be considered when plan-
ning future research and recommendations in the
field of equine welfare in Ukraine.

Research conducted by R. Smith et al. (2022)
revealed that owners of leisure horses in the UK
have diverse perceptions of their animals’ welfare,
which can influence their management and care.
This research confirms that a similar variability in
attitudes towards equine welfare exists in Ukrain-
ian farms, although the data indicate a greater
emphasis on physical care and less on psycho-
logical aspects. This may be a result of differenc-
es in cultural and economic contexts. The study
of changes in horse behaviour during interven-
tions related to equine therapy was conducted by
F.Dai et al. (2023). They found that such interven-
tions can have varying effects on equine behav-
iour. The results indicate that horses at the farms
“Aliur” and “Grand Prix,” which also participate in
equine therapy, exhibit positive changes in behav-
iour, consistent with the findings of this research.

J. Fiedler & J. Slater (2024) utilised remote
cameras to assess the welfare of free-ranging
horses, emphasising the significance of continu-
ous monitoring of equine conditions.Data on horse
management practices in Ukrainian farms indi-
cates that monitoring is conducted periodically
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but not always in real time.).C.Seabra et al. (2023)
introduced a ten-step protocol for assessing the
welfare of unconfined wild animals. This study re-
veals that the “Impuls” and “Kniazhyi Dvir” farms
employ similar protocols for welfare assessment,
although their approach requires adaptation to
the specific conditions in Ukraine.

For an effective assessment of equine wel-
fare, it is crucial to have a profound understand-
ing of the fundamental knowledge concerning
their needs and responses, as highlighted by
M.Baumgartner et al.(2021). They emphasised that
a comprehensive evaluation of welfare must con-
sider not only the physical condition of horses but
also their behaviour and social interactions. This
study, aimed at evaluating horse management
practices in Ukraine, revealed that many farmers
predominantly focus on the physical condition of
the horses, while aspects of behavioural and so-
cial needs are often overlooked. This indicates a
necessity for enhancing knowledge in this area
among Ukrainian specialists and implementing
more holistic approaches to welfare assessment.
Researchers L. Greening & S. McBride (2022) in-
vestigated weight management in horses on
Prince Edward Island, emphasising the emotional
aspects of this process. The results indicate that
weight management practices at the “Aliur” and
“Grand Prix” farms are more technical and less
focused on emotional considerations, which may
reflect a difference stemming from varying cul-
tural approaches to animal management.

L.R. Tufton et al. (2023) described the impact
of the COVID-19 pandemic on horse management,
emphasising the necessity of maintaining animal
welfare even in crisis situations. This study con-
firms that the “Aliur” and “Grand Prix” farms were
able to adapt their management practices during
the pandemic, reflecting their flexibility and prior-
itisation of equine welfare. T. Sundra et al. (2024)
investigated the use of SGLT2 inhibitors for treat-
ing metabolic syndrome in horses and its effect
on laminitis, which is significant for managing
metabolic-related diseases. The authors note the
positive impact of this treatment on improving

horses’ quality of life, as corroborated by the ob-
servations of horse owners. This study supports
their findings, as similar positive effects from the
administration of medications were recorded, al-
beit with some differences in the specifics of the
application.

P. Kic et al. (2024) described the long-stand-
ing experience of managing free-ranging horses
in Poland, particularly the Konik Polski breed, and
their adaptation to environmental changes. The
authors emphasised the importance of preserv-
ing traditional management methods to ensure
equine welfare. This study indicates that there
is also a need in Ukraine to integrate tradition-
al approaches with modern management meth-
ods, which could enhance overall equine welfare.
H. Milewska (2023) developed a new tool for
assessing horse welfare, encompassing a wide
range of criteria. This study demonstrated that
the farms “Olimp” and “Grand Prix” utilise simi-
lar monitoring tools, but tend to focus more on
physical indicators rather than a comprehensive
assessment of welfare.

The results of this research corroborate the
majority of conclusions reached by international
scholars, particularly regarding crucial issues such
as managing horse housing conditions, physical
activity, veterinary care, and the socialisation of
these animals. This indicates a widely accepted
understanding of the importance of these aspects
in ensuring equine welfare. However, the research
identified several discrepancies in the practices
employed across different farms. These discrep-
ancies highlight the need for refinement of exist-
ing protocols and approaches used on individual
farms to improve horse management and ensure
their physical and psychological well-being. This
may involve revising training methods, organising
more effective veterinary care, and creating op-
timal conditions for horse socialisation, which is
critical for their development and health.

Conclusions
The study of horse management conditions at the
farms “Aliur”, “Grand Prix”, “Kniazhyi Dvir”, “Impuls”,
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and “Olimp” has identified key factors influenc-
ing animal welfare. The examined farms demon-
strate various approaches to ensuring horse
comfort, allowing for an assessment of the effec-
tiveness of different management methods. All
the studied establishments provide a high level
of welfare for the horses through well-organised
stables, balanced nutrition, and regular veteri-
nary care. However, significant differences exist
between the farms in their management and
care approaches, which are reflected in varying
levels of animal socialisation, physical develop-
ment, and overall health.

The data obtained confirm that successful
horse care relies on an optimal combination of
physical conditions (stable size, ventilation sys-
tem, temperature and humidity control), nutri-
tional quality (feeding system and diet type), and
regular veterinary care. The results emphasise
the importance of a comprehensive approach to
ensuring horse welfare, which encompasses not
only physical conditions but also social aspects
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to more effective management of the horses’
well-being. Additionally, it is essential to enhance
the conditions for horse socialisation, particularly
in establishments with limited opportunities for
group interactions.

The study has certain limitations, including
the variability in housing conditions and the re-
sources available to each establishment. Season-
al changes and differing levels of technical equip-
ment may influence the results, necessitating
further consideration in future research. Overall,
the conducted research underscores the impor-
tance of a comprehensive approach to horse care,
emphasising that only a systematic and holistic
strategy can ensure optimal conditions for these
animals. The study highlights opportunities for
improving care practices, which may encompass
enhancements in nutrition, physical activity, so-
cialisation, and veterinary care, thereby contribut-
ing to the overall welfare of the horses - an es-
sential factor for their productivity and longevity.
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[06po6yTHI BUMOrY 10 YTPUMAHHSA KOHeih

Anna boHpap

KaHanaaT cinbCbKorocnofapcbKmMx Hayk, AOLEHT
MuKONaiBCbKMIM HaLiOHANbHUI arpapHUiA yHiBepcuTeT
54008, syn. leopris loHraase, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-5546-0528

AHoOTaLif. MeTolo AaHOro LOCNiIKEHHS BYN0 BM3HAYEHHS OMTMMANbHUMX YMOB YTPUMaHHS KOHEW Ans
3abe3neyeHHs ix Pi3MYHOro Ta NCUXONOrIYHOro A06POBYTY LWASXOM aHaNi3y XUTNO0BUX YMOB, XapyyBaHHS,
MeguyHoro obcnyroByBaHHS, Qi3MYHOT aKTMBHOCTI Ta couianizauii TBapuH. byno npoaHanizoBaHo ymMoBu
YTPUMaHHS KoHel dhepMepcbkux rocnofapcTs i KiHHMX knybiB KuiBcbkoi obnacTi (YkpaiHa), 30kpema
«Antop», «Grand Prix», «<KHxuMit Agip», «IMnynbc» Ta «OniMn». Y paMkax TeOpPeTMYHOro aHanisy 6yno
OMMCAHO YMOBM YTPMMAHHS KOHEN, pO3MipH i CTaH NPUMILLEHb, SKICTb KOPMIB, MeanyHe 06CNyroByBaHHS,
a TAaKOX acnekTn i3nyHOi aKTMBHOCTI i couianizauii. OCHOBHI pe3ynbTaT NPOBEAEHOr0 AOCAILKEHHS
CBig4YaTh MpO Te, WO BCi MpOaHani3oBaHi rocnoaapcTea 3abesneyyoTb BUCOKMI piBeHb KOMMDOPTY ANs
KOHelA, WO € BaX/MBMM aCMeKTOM iXHbOro YTpMMaHHsa Ta Gnarononyyys. OgHak, BapTo 3a3HauuTH, LWO
pi3Hi MiAXoAM OO YTPUMAaHHS KOHeW BMSIBUAM CBOI YHiKanbHi ocobnuBocTi Ta nepesarn. Hanpuknag,
(dhepmepcbke rocnofapcTso «Anop» NpoAEMOHCTPYBaNo ePeKTUBHY KOMDIHALLiO SKICHUX XKUTNOBUX YMOB,
LU0 BK/1HO4AOTb NPOCTOPI CTalHi 3 HANEXHUM OCBITNIEHHSAM Ta BEHTUNALLIE, 36a1aHCOBAHOIO XapyyBaHHS,
SKe BpAXOBYE iHAMBIAYanbHi NOTPebU KOXKHOI TBAPUHW, PErYISPHOIO MeAMYHOro 0B6CNyroByBaHHS, LLO
3abe3neyye CBOEYaCHY NpodiNakTUKy Ta NiKyBaHHS, @ TaKOX Couiani3auii KOHEeW, Wo CNpUsSiE IXHbOMY
€MOLMHOMY pO3BUTKY. Y TOI e uvac, KoHapcbke rocnogapctBo «Grand Prix» BUAINSETbCS BUCOKMMU
CTaHAapTaMy CMOPTUBHOIO 0BCNYroBYBaHHS, SIKi BK/IKOYAOTb CreLiani3oBaHi TpeHyBaHHS Ta MiAroToBKY
KOHeli [0 3MaraHb, Wo 3abe3neyye iXHI0 KOHKYPEHTOCMPOMOXHICTb Ha CMOPTUBHIN apeHi. focnogapcTea
«IMnynbe» i «OniMn» BiAPI3HAIOTHCA BNPOBAAXKEHHAM CYYaCHUX CUCTEM BEHTUAALIT, LLLO NOKPALLYE AKiCTb
MOBITPS B CTAMHSX, @ TAKOX BMCOKOSIKICHUMM TPEHYBaNbHUMK YMOBAaMMU, SIKi BiANOBIAAOTb MiXKHAPOAHUM
CTaHAApTaM, LO03BONAOYM He auwe nigTpumyBath disnyHy GopMy KOHeW, ane W 3abesnevyBatn iXHE
3aranbHe 340poB'a Ta f06pobyT. AHanis nokasas, WO BMPOBAAKEHHS HOBMX TEXHOJONiM MOHITOPUHTY,
iHOMBioyanisauis MiAXOA4iB 4O XapyyBaHHSA Ta COLialbHMX MpOrpamMm MOXyTb Lie Ginblie MOKpaLimTH
B06pobyT KoHel. OTpUMaHi pe3ynbTaT NiAKPECIOTb BAKIMBICTb KOMMIEKCHOTO NiAXOAY A0 YTPUMAHHS
KOHeli Ans 3abe3neyeHHs iXHbOro Gi3MYHOro i ncMxonoriyHoro Jo6pobyTy, Wo Moxe 6yTU KOPUCHUM Ans
NPaKTUYHUX peKoMeHAaLiN y cdepi KiHHOro rocnoAapcTea

KnioyoBi cnoea: cinbcbke rocnoaapcTso; TBAPUHHULTBO; arpoONpoOMMUCIOBMIA KOMMNEKC; hepMa; Xyaoba
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Abstract. In numerous global standards, muscle tissue colour is used as a key criterion in evaluating
the quality of beef carcasses and determining their market value. The relevance of this study lies in
establishing the relationship between beef colour and carcass quality characteristics. The objective
was to determine slaughter metrics, morphological composition, and quality traits of carcasses from
18- to 24-month-old bulls of the Ukrainian Black-and-White dairy breed based on muscle tissue
colour. Following a 24-hour fasting period with free access to water, the slaughter of bulls was
conducted at the slaughterhouse in Kalynivka village, Brovary District, Kyiv Region. Muscle tissue
colour was assessed using a seven-point scale by the methodology of the Japan Meat Grading
Association. Carcasses were divided into two groups: scores of 1 to 5 (n=24) and scores of 6 to
7 (n=10). It was established that animals with higher live weight after fasting exhibited superior
muscle tissue colour. A tendency is observed towards a reduction in slaughter yield (carcass) by 0.3
percentage points, the proportion of muscle tissue by 0.3 points, including a decrease in extra (by
0.9) and first rates (by 1.3) cuts, fat tissue (by 0.1), bones (by 0.1 points), marbling (by 3.8%), and the
loin eye area (by 17.0%). Conversely, the proportion of muscle tissue at the second rate increases by
2.2 points. With a more intense muscle tissue colour, a significant increase (P >0.999) is observed
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in the percentage of tendons and ligaments (by 0.5 points), carcass conformation (meatiness) (by
43.3%), fat cover (by 25.0%), subcutaneous fat thickness (by 42.9%), and the colour intensity of fat
tissue on the carcass (by 17.8%). The practical significance of this study lies in its applicability for
meat processing enterprises to classify carcasses of Ukrainian Black-and-White dairy breed animals
according to intended use. Consumers are also provided with additional information for making an
informed choice of beef based on the relationship between muscle colour and carcass quality traits

Keywords: meat productivity; global standards; beef colour; carcass classification; beef

Introduction

The colour of beef is a critical factor that signif-
icantly influences consumer choice, as it is often
used as an indicator of freshness and quality. Re-
search by J. Yang et al. (2024) demonstrates that
consumers typically prefer a bright red meat
colour, evenly distributed across the surface,
with minimal moisture loss, as it signifies fresh-
ness. This colour strongly motivates consumers
to purchase beef, whereas any deviation from a
bright red appearance tends to elicit a negative
response and discourages purchase.

However, meat colour is not always a reliable
indicator of its textural properties, particularly
shear force (Pacheco et al., 2024). As no definitive
correlation between beef colour and tenderness
was identified, the authors conclude that visual
assessment alone cannot accurately predict the
softness or toughness of the product after cook-
ing. This is important for consumers who priori-
tise specific textural properties of beef and may
experience a discrepancy between expected and
actual results after purchase.

The colour of muscle tissue is determined by a
combination of chromatic and achromatic (colour-
less) attributes, which together shape its overall
appearance. Chromatic attributes depend on the
concentration of the pigment myoglobin, which
influences the intensity of the red colour. Achro-
matic attributes, such as light reflectance, contrib-
ute to the gloss and brightness of the colour.These
contributions can be quantitatively assessed us-
ing absorption and scattering coefficients, which
characterise the meat surface’s light reflection
properties. These metrics, or their ratios, are used

(Gagaoua et al., 2024) as combined indicators
to evaluate the colour perceived by consumers.

The external appearance of the final product
is influenced by factors such as cattle diet, rearing
conditions, genotype, sex, and others. Research by
M. Hastie et al. (2024) indicates that beef from
cattle fed a concentrate-based diet exhibited
less dark colouring. It was significantly (P < 0.01)
brighter, making it more appealing to consumers
(Correa et al., 2024). This highlights the substan-
tial impact of cattle diet on the visual properties
of meat, which in turn affects consumer prefer-
ences. Studies by A.M. Romo-Valdez et al. (2024)
demonstrated that increasing the space allow-
ance per animal from 14 m? to 16 m? improved
carcass weight without affecting key quality char-
acteristics of the carcass or beef (such as mar-
bling, pH, and colour).

Research by J. Nusri-Un et al. (2024) estab-
lished that Holstein-Friesian crossbreeds pro-
duce higher-quality beef compared to Charolais
crossbreeds, despite exhibiting similar meat
colour. This finding highlights the relationship
between breed-specific traits and meat quality
characteristics. It has been demonstrated (Blan-
co et al, 2020) that beef from heifers is lighter
in colour compared to that from bulls and steers.
This indicates a correlation between the sex of
the animals and meat colour, which could serve
as a valuable criterion in breeding programmes.
M.M. Krauskopf et al. (2024) identified that issues
with abnormal meat colour, linked to pH varia-
tions, result in as much as 13.9% of beef on the
market being categorised as dark, leading to
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substantial financial losses. These findings em-
phasise the importance of monitoring pH and meat
colour throughout various stages of production.
Therefore, determining the impact of muscle
tissue colour on the morphological composition
and quality characteristics of beef carcasses is a
pressing issue in Ukraine. This study aimed to as-
sess slaughter performance, morphological com-
position,and quality traits of carcasses depending
on muscle tissue colour in bulls from Ukrainian
Black-and-White dairy breed cows (UBWDB).

Materials and Methods
The study was conducted between 2014 and
2016 at the Zhuravushka farm in the Brovary
District of Kyiv Region, using 34 carcasses from
18- to 24-month-old bulls of the UBWDB. Data
processing, analysis, and synthesis, as relevant
to the study’s title, were completed in October
2024. All experimental research adhered to es-
tablished methodological approaches and met
the requirements and standards outlined in
DSTU ISO/IEC 17025:2005 (2006). The housing
of cattle and all related procedures were carried
out in compliance with the provisions of the Pro-
cedure for Conducting Scientific Experiments on
Animals (Law of Ukraine No. 249, 2012) and the
European Convention for the Protection of Verte-
brate Animals Used for Experimental and Other

No.1 No.2 No.3 No.4 No.5 No.6 No.7
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Scientific Purposes (1986). The pre-slaughter live
weight of the bulls was determined by weighing
them following a 24-hour fasting period with
free access to water.

The slaughter of the animals was conducted
at a slaughterhouse located in Kalynivka village.
Within one hour after slaughter and hide remov-
al, the carcasses were weighed using calibrated
scales. Certified experts with extensive experi-
ence visually classified carcass conformation into
the classes E,U,R, O,and P, following the Commis-
sion Regulation (EC) No. 1249/2008 (2008). This
ensured a high level of classification accuracy
and compliance with international standards. In
addition to conformation, the assessment con-
sidered the external appearance of the carcasses,
their symmetry, and the degree of muscle tissue
development. Fat cover on the external surface
and in the thoracic cavity was classified into five
categories based on the same regulatory system.
Muscle and fat tissue colour were evaluated us-
ing colour scales ranging from 1 to 7, following
the Japan Meat Grading Association (2000) stand-
ards (Fig. 1). To eliminate the influence of exter-
nal factors, such as lighting levels or viewing an-
gles, colour assessments were performed under
standardised lighting conditions. This approach
ensured objective information regarding beef col-
our, a critical indicator of meat quality.

Figure 1. Muscle tissue colour grading scale

Source: Japan Meat Grading Association (2000)

Based on muscle tissue colour, the 34 car-
casses were divided into two groups: Group
1 (scores 1-5, n=24) and Group 2 (scores 6-7,
n = 10). This grouping facilitated a detailed
examination of differences in marbling, the
physicochemical properties of muscle tissue,
and other meat quality indicators depend-
ing on colour intensity. Immediately after the

division of carcasses into quarters, marbling
of the m. longissimus dorsi between the 12t
and 13% ribs was assessed according to the
Japan Meat Grading Association (2000) stand-
ard across 12 classes. This assessment utilised
visual grading scales, which enhanced eval-
uation accuracy and ensured standardisation
across different carcasses.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 5



Morphological composition and quality characteristics...

Between the 12% and 13™ ribs, the length
and depth of the m. longissimus dorsi (loin eye)
were measured using a ruler. The loin eye area
was calculated using the equation (1) accord-
ing to Order of the Ministry of Agrarian Policy of
Ukraine No. 290, 2004):

S=LxDx0.8, (1)

where S is the loin eye area, cm?; L is the length
of the loin eye, cm; and D is the depth of the loin
eye, cm. This method serves as a reliable tool
for predicting muscle mass and potential meat

quality. ALl measurements were conducted twice
to minimise errors, ensuring precise and repro-
ducible data. Statistical analysis was performed
using Microsoft Excel 2016, encompassing the
determination of mean values, standard errors,
and reliability criteria.

Results and Discussion
The colour of the muscle tissue received a higher
score,correspondingtoaslightlygreaterliveweight
of bulls after fasting (by 2.4%, Table 1). Improved
muscle tissue colour was also associated with a
tendency for increased carcass weight (by 1.7%).

Table 1. Slaughter characteristics and morphological composition
of bull carcasses based on muscle tissue colour intensity

Characteristic

Muscle tissue colour, points

1-5 (n=24) 6-7 (n=10)

Live weight after fasting, kg 422+4.7 432+22.1
Carcass weight, kg 193.31£3.46 196.6+10.91
Slaughter yield (carcass), % 45.8+0.12 45.5+0.53
Muscle tissue, % 71.6+0.62 71.3+0.98
Including extra, % 23.0+£0.73 22.1+1.23

-//- first rate, % 47.0+0.52 45.7+0.81

-//- second rate, % 30.0+£1.03 32.2+1.85

Fat tissue, % 3.7+0.43 3.6+0.24
Tendons and ligaments, % 1.6+0.08 2.1£0.17%%*
Bones, % 23.1+£0.32 23.0£1.13

Note: ***P > 0.999
Source: compiled by the authors

Examining the current state of knowledge
regarding the quality of beef carcasses and
meat, with a focus on factors influencing its
production and processing, M.A. CantareroApari-
cio et al. (2024) observed an improvement in mus-
cle tissue colour with increasing carcass weight.
These authors highlight the significant role of
carcass weight as a factor that can influence the
external characteristics of meat. Conversely, the
research conducted by R. Kocyigit et al. (2023)
presented contradictory findings, indicating that
as carcass weight increased, the brightness of
muscle tissue colour decreased significantly. The
authors attributed this to enhanced fat deposition
and a slower decline in glycogen levels in cattle,

which supports lactic acid formation. As a solu-
tion, A. Poveda-Arteaga et al. (2023) suggested
standardising the slaughter weight of animals to
minimise substantial differences in meat colour.
In this context, the United States Department of
Agriculture (USDA) has implemented price deduc-
tions for carcasses exceeding 408 kilograms, rein-
forcing the importance of weight management in
ensuring quality (USDA-ERS, 2024).

With the improvement in the evaluation
of muscle tissue colour from 1-5 to 6-7 points,
there is a significant increase (P> 0.999) of 0.5
points in the amount of tendons and ligaments
in the carcass. Ukrainian Black-and-White dairy
breed cattle are characterised by late maturity.
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According to S. Raza et al. (2019), animals of
this type exhibit higher calpastatin activity
and a greater percentage of connective tissue.
Tendons, ligaments, and bones do not affect
the nutritional quality of beef; however, muscle
and fat tissues have a significant impact, show-
ing a tendency to decrease as muscle colour

Kruk & Ugnivenko

improves. Therefore, the results of current re-
search suggest that the colour of beef can serve
as an indicator for predicting its morphological
composition.

With a more saturated (6-7 points) muscle
tissue colour, the conformation (meatiness) of the
carcasses improved by 43.3% (P >0.999) (Table 2).

Table 2. Basic physical and chemical parameters of raw materials (n=4)

Characteristics

3 3 k] : 54 %)
c t 9, bl -] € ) o g o] S
Muscletissue 22, §28, §:. B EE 88, %-5&
colour, points SEE 8 8_8‘5 2a 2 & e SE g‘g""_
SEs o935 £.9 S X7
388  gugsld 25 597 528 c58
5 “5% i3 £88 I ag®
o ©5 2= = ] - E
15(n=24) 3.0£0.19 2.4+0.08 0.7+0.08 5.4+0.72 45+0.12 86.1+4.44
76 (n=10) 4.3+0.27%** 3.0+£0.22*%**  1.0+0.710%** 5.2+1.00 5.3+0.16%** 73.6+£5.67

Note: ***P > (0.999
Source: compiled by the authors

According to G. Indurain et al. (2008), the
effectiveness of meat colour for differentiating
carcass conformation is 62%. With a more in-
tense (6-7 points) muscle tissue colour, fat cover
(by 25.0%) and subcutaneous fat thickness (by
42.9%) significantly increased (P > 0.999). The
direct correlation between visual assessment of
muscle tissue colour and fat cover development,
its thickness, and carcass meatiness can be ex-
plained by the fact that fatter carcasses are ob-
tained with higher conformation scores. Accord-
ing to L. Fiems et al. (2000), beef colour showed
only limited predictive power (r<0.15) for fat cov-
er development in carcasses. The effectiveness of
differentiating this trait is only 37% (Indurain et
al.,, 2008). This somewhat explains the results ob-
tained in the current study and presented in Table
1, regarding the decrease in the content of extra
and muscle tissue first rates with improved mus-
cle colour. Better fat cover development and thick-
ness on the carcass with a brighter beef colour
reduces the amount of valuable edible parts in it.

With an increase in beef colour intensity,
there is a tendency for a 3.8% decrease in its

marbling (intramuscular fat), which during heat
treatment gives the meat a specific flavour and
lubricates its fibres, improving its consumer per-
ception. Meat colour, along with the amount of
visible fat (marbling), are the first characteris-
tics that consumers consider when evaluating
its quality (Geay et al., 2001). The lack of a rela-
tionship between the studied traits (meat colour
and marbling) is the main reason for the negative
impact of a better assessment of meat colour on
its sensory properties (Kruk & Ugnivenko, 2024).
Fresh meat contains deoxymyoglobin and oxy-
myoglobin. Deoxymyoglobin gives fresh meat its
red pigmentation. In the presence of oxygen, it
oxidises to oxymyoglobin, which gives the meat
a bright pink-red colour. When deoxy- and oxymy-
oglobin are oxidised to metmyoglobin, the meat
acquires a brown colour. The formation of metmy-
oglobin is promoted by a decrease in pH, which
is caused by better fat deposition. The enzyme
metmyoglobin reductase reduces the level of the
undesirable form of myoglobin and thus stabi-
lises the colour of muscle tissue. Beef, which is
characterised by a lower content of intramuscular
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fat, is tougher and drier (Clinquart et al., 2023). In
carcasses with a low ratio of fat to muscle tissue,
which are more prone to the DFD (Dark, Firm, Dry)
meat defect, there may be a significant mismatch
between meat colour and its quality during pro-
cessing. With an increase in the score of beef col-
our, the colour of the fat tissue on the carcass sig-
nificantly improved (P>0.999) by 17.8%. In studies
by H. Kim et al. (2023), no significant differences
were observed in the quality characteristics of
beef between animals in groups with normal fat
cover colour and increased yellowness in Korean
Hanwoo cattle. These data indicate that the yel-
lowing of fat tissue on the carcass was not signif-
icantly correlated with poorer physical character-
istics of beef or its chemical composition. Muscle
tissue colour did not have a significant impact
on the chemical composition, physicochemical,
and sensory properties of beef in experiments
by A. Moloney et al. (2022). The data obtained in
the current study show that with an increase in
colour intensity from 1-5 to 6-7 points, there is a
tendency for a 17.0% decrease in the loin eye area
m. longissimus dorsi, since there is a tendency for
an inverse correlation between muscle tissue col-
our and the loin eye area (Kruk et al, 2024). This
peculiarity of darkening of muscle tissue and yel-
lowing of fat in the experimental animals can be
explained by feeding a small proportion of con-
centrate feed (21.1%) and a significant amount of
green, succulent (32.3%) and roughage (30.4%) in
the diet.

Therefore, there are problems with assessing
beef colour in 18-24-month-old bulls obtained
from Ukrainian Black-and-White dairy breed cows,
including the deterioration of such characteristics
as the proportion of muscle tissue, including ex-
tra and first rates, marbling, and the area of the
loin eye area m. longissimus dorsi. Beef colour is
influenced by breed, meat acidity (pH), moisture
content, intramuscular fat, and connective tissue
content (Pogorzelska et al., 2013). T. Sakowski et
al. (2022) identified that the lifetime factors af-
fecting muscle tissue colour include the sex and
age of the animals, the duration of their feeding,

seasonality, pre-slaughter stress, nutritional sta-
tus, slaughter process, and meat maturation time
after slaughter. Studying the influence of age and
sex on the quality characteristics of carcasses and
technological indicators of buffalo meat, A. Tur-
an et al. (2021) found that the colour of beef in
older animals was significantly darker (P <0.001)
than in younger ones. The meat of male buffaloes
was lighter than that of females.Y. Bao & P. Ertb-
jerg (2019) explain the darker colour of meat to
the larger diameter of muscle fibres, as a result
of which the distance between the light bands
is longer, which allows more light to pass into
the centre of the muscles. A.M. Hanson (2023)
considers the main disadvantage of beef from
traditional dairy cattle to be a noticeably darker
colour, rather than the “cherry-red” appearance of
conventional beef, which consumers prefer. How-
ever, in studies by F. Giannico et al. (2024), neither
the grazing system nor the slaughter age affect-
ed meat colour. Ageing beef leads to a significant
increase in the red hue during storage. 19% of
consumers make purchasing decisions about beef
based on its colour (Realini et al., 2014). Beef col-
ours DFD (Dark, Firm, Dry) and PSE (Pale, Soft, Ex-
udative) are well-known. In the US beef industry,
changes in beef colour result in annual losses of
natural resources totalling USD 3.9 billion (Ra-
manathan et al., 2023). Despite global achieve-
ments in regulating the formation of muscle tis-
sue colour in cattle to improve beef quality, this
problem has not been sufficiently addressed in
Ukraine and deserves further research.

A pressing issue as Ukraine moves towards
joining the European Union is the justification
for including meat colour as a quality indicator
in regulatory documents for classifying beef car-
casses. This would enhance beef production, pro-
mote consumer health, and reduce the consump-
tion of natural resources and energy.

Parallel assessment of carcass quality based
on meat colour is already in place in classification
systems such as the Ministry of Agriculture, Food
and Rural Affairs (n.d.) in Korea, Japan Meat Grad-
ing Association (2000) in Japan, the USDA Beef
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Grading Scale (n.d.), and Meat Standards Austral-
ia (n.d.) in Australia.

This raises the question of how to produce
high-quality beef while considering meat colour
as a quality indicator for dairy cattle, which are
frequently fattened for slaughter. Future research
should also focus on determining the quantita-
tive and qualitative characteristics of beef based
on its colour in beef cattle breeds, as this would
improve the visual quality of carcasses and meat.
Research should also be conducted to identify
management factors for raising cattle of common
Ukrainian breeds to achieve an optimal beef col-
our that is appealing to consumers and can be
combined with desirable technological, sensory,
and chemical properties.

Conclusions
The results obtained from assessing the colour of
beef from Ukrainian Black-and-White dairy breed
bulls indicate a deterioration in many of its quali-
ty characteristics with an increase in colour inten-
sity. With a higher live weight of Ukrainian Black-
and-White dairy breed bulls after fasting, there is
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cover (by 25.0%), fat thickness (by 42.9%), and fat
colour (by 17.8%). With an increase in the score of
muscle tissue colour, there is a tendency for a de-
crease in slaughter yield (carcass) (by 0.3 points),
percentage of muscle tissue (by 0.3), including
extra (by 0.9) and first rates (by 1.3), fat tissue (by
0.1) and bones (by 0.1), beef marbling by 3.8% and
the loin eye area by 17.0%, and an increase in sec-
ond rate meat (by 2.2 points).

To improve the quality of beef from dairy cat-
tle in Ukraine, it is necessary to consider includ-
ing muscle colour as an indicator in regulatory
documents for beef quality assessment. As the
results show, colour intensity affects several qual-
ity characteristics that determine the product’s
consumer appeal. Further research should also
be conducted on other cattle breeds common in
Ukraine to improve beef production technologies
with optimal colour indicators. This will allow for
a more objective assessment of meat quality and
the development of recommendations for pro-
ducing products with high sensory characteristics
that meet consumer preferences.

a tendency for an increase in muscle tissue colour. Acknowledgements

With an improvement in muscle tissue colour in-  None.

tensity, the percentage of tendons and ligaments

significantly increased by 0.5 points (P > 0.999), Conflict of Interest
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AHoTauifA. Y 6araTbox CBITOBMX CTaHAAPTaxX KOJip MM30BOi TKAHMHM 3aCTOCOBYHOTb MifJl YAC OLLiHIOBAHHS
AKOCTi Tyw BeNMKOi poraToi xyaobu Ons BM3HAYEHHS iX BapTOCTi. AKTYanbHiCTb pob60TM nonsrae y
BM3HAUYEHHI 3B'3Ky MiXX 3a6apBNeHHIM SN10BUYMHM Ta SKICHUMM O3HAKaMu Tyll. MeTow A0CnigKeHHs
6yno BM3HauMTH 3abiliHi NOKa3HWKK, MOPDONOTiUHMIA CKNaA Ta SKiCHi 03Haku Tyw 18-24 - MicsuHMX
OyranuiB ykpaiHCbKOi YOpHO-ps60i MONOYHOI NOPOAM BiANOBIAHO A0 33a6apBieHHS MI30BOI TKAHWUHMU,
Micna 24-ropMHHONO ronoAyBaHHS 3a BiILHOrO AOCTYNY A0 BOAM, 3a6ii Byranuis nposenu B 3abiMHOMY
uexy c. KanuHiskn bpoBapcbkoro parioHy Kwuiscbkoi obnacti. Konip M'930B0i TKaHMHM OuiHMAM 3a
wKanoto Big 1 no 7 6anis 3rigHO 3 METOAMKO ANOHCBKOI acouiauii knacudikauii anosmunHM Japan Meat
Grading Association Ta Tywi noainunu Ha agi rpynu Big 1 no 5 6anis (n=24) ta Big 6 no 7 6anis (n=10).
YcTaHOBMAY, WO KOMip MS30BOT TKAHWHM KpaLLMii y TBAapuH 3a BinbLlwoi XWBOI MacK nicnsa ronogHoro
BUTPUMYBaHHS. 332 LbOro MPOSBASETbCA TEHAEHLIS [0 3MeHWeHHs 3abiiHoro Buxoay (Tywi) Ha 0,3
MYHKTW, BiACOTKA M'30BOi TKaHWHK Ha 0,3 y ToMy uuncni Buworo (Ha 0,9) Ta nepworo (Ha 1,3) copris,
XnpoBoi TKaHuHK (Ha 0,1) Ta kictok (Ha 0,1 myHkTM), MapMypoBocTi (Ha 3,8 %) Ta naoLwi «M930BOro
Biuka» (Ha 17,0 %), 36inblieHHs Ha 2,2 NYHKTU M'A30BOi TKAHUHWM APYroro COpTy. 3@ iHTEHCMBHIWOro
KONbOpy M'130BOi TKaHMHKM AocToBipHO (P > 0,999) 36inblwytoTbCs BiACOTOK CYXOXMIOK Ta 3B'I30K Ha
0,5 nyHkTH, KOHDOPpMaUisa (MacucTicTb) Tyw (Ha 43,3 %), NOKPUTTS iX XMPOBUM nokpueoM (Ha 25,0) Ta
TOBLUMHA NiALWKIPHOTO XMpy (Ha 42,9), Konip XXMPOBOi TKAHUHK Ha TyLwi Ha 17,8 %. [pakTU4yHe 3HaYeHHS
po60TH NONSArae B MOX/IMBOCTI BUKOPUCTAHHA OTPUMAHMX 3HaHb HA NepepobHUX NiANpUEMCTBAX, AN
COPTYBaHHS TyLW TBAapWH YKPAiHCbKOi YOPHO-ps6oi MOMOYHOT MOpPOAM BiANOBIAHO A0 MPU3HAYEHHS, @
CNoXMBayYaM HafafyThb A0AATKOBY iHDOpMaLito ong 06EKTMBHOrO BUOOpY Mca 3a ypaxyBaHHS 3B3KiB
MiX 3abapBneHHsAM M'A3iB Ta AKICHUMM 03HAKaMM Tyl

KniouoBi cnoBa: MscHa NpoAyKTMBHICTb; CBITOBi CTaHAAPTU; KOMIp SNOBUYMHM; Khacudikauia Tyw;
ANOBMYMHA
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Abstract. The permanent forest seed base (PFSB) serves as the foundation for the procurement
of improved selective seeds for forest regeneration and afforestation. Analysing the condition of
PFSB objects enables the evaluation of the quality and quantity of valuable reproductive material
used in forestry. This study encompassed: an analysis of the formation and localisation of PFSB
objects under the conditions of the Slavuta Forestry branch; an investigation of the condition and
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selective structure of forest genetic reserves and plus stands; and an analysis of the dynamics of
forest nursery production development within the branch. Within the forest fund of the branch, 27
plus trees of common oak and Scots pine were selected. The total area of permanent forest seed plots
amounted to 71.3 hectares. The survey results indicated that the examined plus trees of common oak
(7 trees) in the Partyzanske Forestry are in good to satisfactory condition, predominantly belonging
to the 2nd selective category, and demonstrated a satisfactory level of reproduction. To establish
permanent forest seed plots with optimal characteristics, it was recommended to gradually thin the
stands and prune tree crowns. It had been determined that the seedling seed orchard of European
larch (Zhukivske Forestry, compartment 8, plot 41, area 2.0 hectares, established in 2010) was in
good condition, exhibits a high level of reproduction, and meets all required standards. Research
findings indicated that the quality of forest seeds collected from PFSB objects was sufficiently high.
Specifically, in 2021 and 2022, nearly all seeds (80% and 100%) were classified as Grade | and Grade
I quality, with no substandard seeds detected. The efficiency of utilising permanent forest seed base
objects within the enterprise was high, as in productive years, the maximum amount of seeds was
collected, fully meeting the enterprise’s needs. Data on the condition of PFSB objects are critically

important for implementing measures related to forest regeneration and afforestation

Keywords: forest nursery production; genetic reserves; plus trees; forestry; forest restoration

Introduction

Research into the condition of permanent for-
est seed bases (PFSBs) and forest cultivation is
essential for preserving the genetic diversity of
forest ecosystems and ensuring sustainable for-
est management. It enables the evaluation of the
effectiveness of forestry measures, the develop-
ment of recommendations for their improvement,
and contributes to the advancement of the scien-
tific foundations of forestry. PFSBs serve as a stra-
tegic reserve of genetic material for forest tree
species, used for forest restoration and the pres-
ervation of their biodiversity. Assessing the condi-
tion of PFSBs, seed quality, and the effectiveness
of forest cultivation measures is a crucial task for
forestry, as it determines not only the productivity
of forests but also their ability to adapt to climate
change and other anthropogenic factors.

The research by I. Neyko et al. (2022) on the
condition of PFSB objects represents a significant
step in their comprehensive assessment to deter-
mine their compliance with specific criteria. Since
their initial creation and establishment in the
1970s and 1980s, a significant portion of these
sites have lost their original importance and

require replacement. In the 2000s, scientists at
the Ukrainian Research Institute of Forestry and
Forest Melioration (URIFFM) conducted assess-
ments of most forest genetic reserves and plus
trees, developing a corresponding methodology.
However, field studies primarily focused on de-
ciduous tree species, while clonal and seedling
seed plantations were less studied. Therefore,
a detailed examination of all PFSB sites within
individual enterprises is urgently needed. Re-
search on forest genetic resources by |. Neyko et
al. (2022) indicates a certain deterioration of their
condition, particularly regarding oak forests. Prov-
enance tests and clonal seed orchards play a cru-
cial role in studies aimed at assessing the impact
of climate change on forest ecosystems. Accord-
ing to |. Neyko et al. (2022), the lack of a proper
assessment of the condition and reproductive
capacity of PFSB sites limits the possibility of ob-
taining high-quality forest seeds, especially under
conditions of climate change and the spread of
forest diseases and pests.

Clonal and seedling seed orchards have not
been examined. In this regard, a detailed inspection
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of all PFSB sites within individual enterprises is
extremely important. A comprehensive study of
all sites allows for a complete assessment of their
condition and functioning, as well as an evalua-
tion of the effectiveness of their use. Most studies
of forest genetic resources indicate some deteri-
oration of their condition and an increasing neg-
ative impact of external environmental factors.
O.M. Danylenko et al. (2022) considered that the
deterioration of the condition, growth, and devel-
opment of forest stands is largely due to unfavour-
able site conditions. At the same time, M. Kohler et
al. (2021) emphasise the significant impact of
management activities, which often change the
structure and functioning of ecosystems, leading
to the degradation of forest soils and a decrease
in biodiversity. According to G. Weithmann et
al. (2021), climate change and soil droughts have
a key impact on the condition of forest ecosys-
tems, leading to a deterioration of the health and
resilience of forest ecosystems. Similar trends
were observed by B. Schuldt et al. (2020). The
authors conducted a detailed assessment of the
impact of the extreme summer drought of 2018
on Central European forests. They noted a signifi-
cant weakening of tree stands, including reduced
growth, defoliation, and increased tree mortality,
which were consequences of soil moisture defi-
cits. They emphasise that such droughts can lead
to long-term changes in the structure of forest
ecosystems, weakening the resilience of forests
to future extreme weather events. In response to
the challenges facing forest ecosystems, research
is being conducted to select the most resilient
species, populations, and genotypes of tree spe-
cies. For example, J. Amaral et al. (2022) used an
interdisciplinary approach to identify genetically
resistant trees to biotic factors, considering the
case of pine trees affected by canker. V. Dyshko et
al. (2024) focused on studying populations of
pine resistant to root rot, which will contribute
to preserving the resilience of future pine forests
in conditions of increased pathogenic activity.

V. Tkach et al. (2019) highlighted the im-
portance of assessing the reproductive function

of major forest-forming species in clonal and
seedling seed orchards, especially in the context
of global climate change. According to recent
surveys by Y. Hayda et al. (2019), most seed or-
chards in the region are in good condition, and
coniferous species exhibit relatively high seed
productivity. However, there is a trend towards
decreasing seed productivity in deciduous spe-
cies, particularly common oak. The lack of a prop-
er assessment of the condition and reproductive
capacity of PFSB objects prevents the prediction
of the possibility of harvesting high-quality, se-
lectively improved forest seeds. The issue of for-
est restoration within seed zones is particularly
relevant due to global challenges such as climate
change, intensive development and the spread of
forest diseases and pests.

This study aimed to assess the condition of
the permanent forest seed base of the Slavuta
Forestry branch, evaluate seed material quality,
and analyse the effectiveness of measures imple-
mented in forest nursery production.

Materials and Methods

The study of the condition and utilisation of per-
manent forest seed base (PFSB) objects was con-
ducted during the vegetation seasons of 2020-
2024 within the Slavuta Forestry, branch of the
state enterprise “Forests of Ukraine”. The primary
research objects included plus trees, forest genet-
ic reserves, plus stands, seedling and clonal seed
orchards, as well as permanent and temporary
forest seed plots and forest nurseries. The assess-
ment of PFSB objects was carried out in the Par-
tyzanske, Zhukivske, and Komarivske forestries.
Additionally, the condition of open forest stands
established using seedlings with containerised
and bare-root systems was specifically studied
under the conditions of the Holytske, Partyzanske,
and Komarivske forestries.

Most of the objects were designated and es-
tablished in conditions of fresh fairly fertile site
type. Field studies involved the evaluation of both
individual trees and entire stands. Sample plots
were established, with their number determined

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 5



by factors such as stand age, species composition,
and productivity. The sample plots were set up
following standard forest inventory methodolo-
gies, predominantly as strip plots. These plots ad-
hered to key requirements, ensuring the inclusion
of at least 100 trees of the main tree species -
common oak and Scots pine in this case.

Various approaches were employed during
the inventory of forest genetic resources to assess
the condition and selective value of individual
trees, stands, or seed orchards as a whole. These
included the Sanitary Rules in Forests of Ukraine
(Resolution of the Cabinet of Ministers of Ukraine
No. 748, 2024), forest monitoring methodologies,
and tree condition assessment methods devel-
oped by URIFFM (Los et al., 2019).

The study of forest genetic reserves, plus
stands, and permanent and temporary forest seed
plots involved the determination of their forest
inventory parameters. For each tree, in addition to
measuring DBH and assessing technical suitabili-
ty, both the selection category and condition cate-
gory were established. The selection category was
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determined using a 4-point scale, while the con-
dition was evaluated using a 6-point scale by the
Sanitary Rules in Forests of Ukraine. The selection
category assessment considered factors such as
growth intensity based on diameter, the pres-
ence or absence of curvature, and any damage or
diseases. The condition categories also took into
account the percentage of crown defoliation and
dechromation. Tree condition categories were
determined at the end of the vegetation period
to reflect the cumulative influence of all environ-
mental factors. For the stands, average values of
the selection and condition categories were cal-
culated. To refine forest inventory characteristics,
temporary sample plots were established in the
most representative locations.

For each plus tree, the following parameters
were assessed: condition indicators (condition
category 1-6), selection category (selection cate-
gory 1-4), total height (m), height to the first dry
and live branch (m), and any damage or diseases
present (Los et al.,, 2019).A general overview of the
certified objects of PFSB is presented in Table 1.

Table 1. Characteristics of PFSB in the Slavuta Forestry branch

For the previous year before

PFSB Objects Last basic forest inventory inspection (based on reporting)
Plus trees, pcs 27
Plus stands, ha -=
PFSS, ha 71.3 71.3
Seed plantations, ha 2.0

Genetic reserves, ha

Source: developed by the authors based on the Official website of Slavuta Forestry branch (n.d.)

According to the available information, the
anticipated seed yield in the Slavuta Forestry
branch was calculated for the following species:
Scots pine, common oak, and European larch.
Permanent sample plots were established across
all PFSB objects to monitor and account for the
expected harvest. Seed harvest was carried out
by private contractors under formal agreements.
Upon completion, a delivery-acceptance report
was issued. Additionally, seeds were gathered

by forestry personnel. All harvested seeds were
processed either manually or in the cone dryer at
the Iziaslavske Forestry branch. Approximately 27
plus trees were selected within the enterprise’s
forest fund. The total area of permanent forest
seed plots amounts to 71.3 hectares. A seedling
seed orchard of European larch covering 2.0 hec-
tares has been certified. In the Zhukivske Forestry
(compartment 19, plot 32, area 5.0 hectares), a
seedling seed orchard of common oak was estab-
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lished in 2010. However, as of August 2023, this
orchard remains uncertified. Information regard-

ing forest cultivation activities in the Slavuta For-
estry branch is provided in Table 2.

Table 2. Dynamics of forest cultivation in the Slavuta Forestry branch

For the previous year before

Types of work Last basic forest inventory inspection (based on reporting)

Planting and sowing of forest, ha 112.5 118.9
Natural regeneration, ha 25.7 18.7
Complementation of forest cultures, ha 136.0 247.9
Care for forest cultures, ha 1,500 1,425
Availability of forest nurseries, pcs./ha 4/2.38 6/1.5

Amount of seed sown in nurseries, kg 1,920.0 4,832.5
Number of seedlings, thousands pcs. 924.2 1,233

Source: developed by the authors based on the Official website of Slavuta Forestry branch (n.d.)

Data from the latest forest inventory pe-
riod indicate an increase in forest planting and
sowing activities. Conversely, there has been a
slight reduction in the areas designated for nat-
ural regeneration. The production of planting
material has significantly increased over recent
years. All research adhered to widely accepted
ethical norms and guidelines (Convention on the
Trade..., 1973; Convention on Biological..., 1992).
The primary source of reproductive material for
establishing seed orchards was the archive of
common oak clones. This archive, established in
the 1970s-1980s within the Vinnytsia Forest-
ry branch, provided selectively improved seeds.
Seedling seed orchards were established using
acorns collected from this clone archive.

Results and Discussion
An assessment of the plus trees of common oak
(7 trees) in the Partyzanske Forestry revealed
that their condition is generally rated as good
to satisfactory, predominantly within the 2" se-
lection category, and exhibits a satisfactory level
of reproduction. One plus tree of common oak
(No.23/9), with a condition category of 5, requires
removal and replacement with an equivalent tree
within the compartment. The PFSS of common
oak (Partyzanske Forestry, compartment 52, plot
11,area 17.0 ha) is in good condition, demonstrat-
ing a good level of reproduction and meeting the

functional criteria. It is advisable to implement
thinning measures for the undergrowth. The
PFSS of common oak (Komarivske Forestry, com-
partment 60, plot 9, area 5.3 ha) is also in good
condition, with a satisfactory level of reproduc-
tion. The stand meets the current standards. The
PFSS of Scots pine (Zhukivske Forestry, compart-
ments 8, plots 4, 12, 16, 26, 29, area 18.2 ha, es-
tablished in 1971-1976) is in unsatisfactory con-
dition and fails to meet the required height and
density criteria. This PFSS has lost its functional
purpose, is no longer used for seed harvesting,
and requires replacement. The PFSS of European
spruce (Zhukivske Forestry, compartment 8, plots
29, area 2.7 ha and 4.5 ha, established in 2011)
is in good condition and exhibits a good level of
reproduction.

To form a PFSS with optimal characteristics, it
is necessary to carry out a phased thinning of the
stands and pruning of tree crowns. The European
larch seedling seed orchard (Zhukivske Forestry,
compartment 8, plot 41, area 2.0 ha, established
in 2010) was in good condition, had a high level
of reproduction, and fully met all requirements.
Crown pruning and row maintenance were car-
ried out on the plot. The common oak seedling
seed orchard (Zhukivske Forestry, compartment
19, plot 32, area 5.0 ha, established in 2010) is in
good condition and has entered the reproductive
stage. The FP meets the basic criteria and can be
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certified for subsequent inclusion in the enter-
prise’s PFSB and the State Register. Plus trees are
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in good condition. Individual trees exhibit certain
signs of deterioration and drying (Table 3, Fig. 1).

\ ' Table 3. Characteristics of surveyed plus trees of common oak within the Partyzanske Forestry

Plus Tree

Selection category

No. (PT) DBH, cm Condition (SC) Crown parameters Remarks
19/5 64 1 2.0 8*10 Curvature
18/4 47 3 2.5 7*9 Curvature
17/3 54 1 2.0 12*14 Curvature
89/6 56 3 2.0 - Replaced tree
89/6 60 2.5 2.5 12*13 Curvature
23/9 66 6 - - Dry
16/2 64 1 2.0 13*14 Crown low-hanging
15/1 58 1 9*10 Crown low-hanging

Source: developed by the authors based on their own research

Figure 1. The overall appearance of the plus trees of common oak
Note: Slavuta Forestry branch, Partyzanske Forestry
Source: photo by the authors

According to Table 3, the average DBH of
the selected plus trees of common oak is within
47-66 cm. These are mostly well-developed trees
with crown parameters of 10-12 m. One tree is
die and needs to be replaced. The selection cat-
egory of most trees is 2.0, due to the presence of

stem curvature. In some trees, the length of the
knot-free (branchless) part is insignificant and
does not exceed 25% of the total height.

The efficiency of using PFSB objects in the
enterprise is high, as in productive years, the
maximum amount of seed is harvested from
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common oak PFSSs, which fully meets the needs
of the enterprise. For example, in 2021, the en-
terprise harvested a total of 5,210 kg of seeds, of
which 1,501 kg were from PFSB objects, which is
28.8% (Table 4).In 2022, the enterprise harvested
a total of 2,426 kg of seeds, and no harvesting
was carried out from PFSB objects.

Since the enterprise has PFSB objects not
only for common oak but also for other species,
the harvesting of seeds from these objects de-
pends primarily on the periodicity of seed years
for this species. The general view of permanent
seed plots and seedling seed orchards is shown
in Figure 2.

Table 4. Assessment of the effectiveness of using PFSB objects
within the Zhukivske Forestry branch

Forest seeds collected over the

Name of PFSB object Forestry Compartment Plot hg;ez's past 3 years, kg
PCS- 2021 2022 2023
Plus trees, pcs - - - - - - _
Plus stands, ha - - - - - - i
Zhukivske 17 27 9,3 1,500 - -
PFSS, ha

Zhukivske 8 28 2.7 - - 1

Seed orchards, ha  Zhukivske 41 2.0 1.0 - 2

Genetic reserves, ha - -

Source: developed by the authors based on their own research

Figure 2. General view of permanent seed plots

and seedling seed orchards in the Slavuta Forestry branch
Source: photo by I.S. Neyko

A seed harvesting plan is provided to each
forestry at the beginning of the year. Thus, in
2021, with a plan of 5,000 kg, the enterprise har-
vested 5,210 kg of seeds, in 2022, with a plan of

1,720 kg, the enterprise harvested 2,426 kg, which
indicates the fulfilment of the plan. The planned
and actual harvesting of forest seeds by species in
2022-2023 is presented in Table 5.
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Table 5. Planned and actual harvesting of forest seeds in 2022-2023 by species
Harvested and

Seed harvest Tested for seed

No. Species purchased with seed .
plan, kg quality documents, kg quality, kg
2022
Coniferous - total 20 335 26
including: - Scots pine 20 28 26
- European spruce - 0.5 -
- European larch - 5 -
Deciduous - total 1,700 2,400 2,400
including: - common oak 1,500 2,300 2,300
- northern oak - - -
- common viburnum 4 4 4
- small-leaved lime 24 24 24
5 - spreading plum - - -
- European wild apple - - -
- common walnut 72 72 72
- eastern American black walnut - - -
- common ash - - -
- horse chestnut - - -
-other deciduous - - -
2023
Coniferous - total 34 3.4 34
including: - Scots pine - - -
1 - European spruce 1 1 1
- European larch 2 2 2
- blue spruce 0.4 0.4 0.4
Deciduous - total - -
including: - common oak - - -
- northern oak - - -
- common ash - - -
- Norway maple - - -
5 - spreading plum - - -

- European wild apple - - -
- small-leaved lime - - R

- common walnut - - -

- eastern American black walnut - - -

- horse chestnut - - -

- other deciduous - - R

Source: developed by the authors based on the Official website of Slavuta Forestry branch (n.d.)

The seed harvesting plan for coniferous  harvesting plan, the assortment is 8 species. The
species was fulfilled 100%. The assortment of  seed quality results of the first check, which was
harvested forest seeds in the enterprise is quite  carried out by the separate department (SD) Vin-
high and amounted to 13 species in 2021 and 6  nytsia Forest Seed Laboratory, are presented in
species in 2022. For 2023, according to the seed  Table 6.
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‘ Table 6. Sowing qualities of seeds verified during the first inspection
at the SD Vinnytsia Forest Seed Laboratory, 2021-2023

Of which checked in the year

Year of Total seeds of harvest Seed quality, kg/%

harvest harvested, kg kg % I class Il class Ill class
2021 5,200 5,200 100 198/4 5,002/96 -

including

conifers 10 10 100 8/80 1/10 1/10
2022 2,400 2,400 100 2,400/100 - -

including

conifers 26 26 100 26/100 - -
2023 - - - - - -

including

conifers 34 34 100 - 2/59 1.4/41

Source: developed by the authors based on their own research

According to the data obtained in Table 6,
the quality of forest seeds is quite high. Thus,
for 2021 and 2022, almost all seeds (80%
and 100%) are of the first and second quality
classes. There is no substandard seed. Conif-
erous seeds are of high quality, which can be
explained by compliance with processing and
storage requirements. In 2023, the enterprise
harvested and checked 3.4 kg of coniferous
species, 1.4 kg of spruce, and 2 kg of European
larch. Of these, 3 kg were harvested from PFSB
objects. At the time of the check, the enterprise

did not have a balance of harvested conifer-
ous seeds, but there were 12.4 kg of Scots pine
seeds purchased from the Shepetivske Forestry
branch. The seed moisture content at the time
of the inspection is normal.

At the Holytske Forestry (compartment 31,
plot 2.2, area 2.2 ha), forest stands established in
2020 using containerised common pine planting
stock are thriving. The site is characterised as a
fresh hornbeam-oak fairly fertile site type, with
a planting pattern of 3.0x1.0 m. The condition of
the forest stands is good (Fig. 3).

Figure 3. General view of forest cultures at the Slavuta Forestry branch

Source: photo by the authors

In compartment 31, plot 6.3 (0.5 ha), forest
stands were established in 2023 using contain-
erised seedlings. The forest type is characterised
as a fresh hornbeam-oak fairly fertile site type,

with a spacing scheme of 2.0x0.8 m and an al-
ternating row composition: one row of common
oak followed by one row of European spruce.
The condition of the forest stands is good. In
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compartment 31, plot 2.7 (0.9 ha), forest stands
were established in 2022 in a similar fresh horn-
beam-oak fairly fertile site type. The planting ar-
rangement alternates one row of common pine
with one row of European spruce. Both container-
ised and bare-root seedlings were used for plant-
ing. An inventory conducted in 2022 revealed a
92% survival rate for seedlings planted with con-
tainerised root systems. The trees planted with
containerised seedlings exhibited greater height
and root collar diameter compared to those
planted with bare-root seedlings.

In the Partyzanske Forestry, compartment 42,
plot 4.1 (3.0 ha), forest stands established in 2020
in a fresh hornbeam-oak fertile site type are per-
forming well. The planting scheme is 3.0x1.0 m,
with a row composition of four rows of common
oak interspersed with one row of coniferous spe-
cies, including European larch, European spruce,
silver fir,and Douglas fir. All seedlings were plant-
ed using containerised root systems, and the con-
dition of the forest stands is good.

In the Komarivske Forestry, compartment 62,
plot 12 (1.1 ha), forest stands established in 2023
in a fresh oak fairly infertile pine site type are
thriving. The spacing scheme is 2.0x0.8 m, with
a composition of eight rows of common pine fol-
lowed by two rows of common oak. The stands
was established using containerised seedlings
and is in good condition.

A comparison of growth rates and overall
health between forest stands established using
bare-root and containerised seedlings revealed
a significant advantage in growth for the latter.
Containerised seedlings exhibited a growth rate
up to 30-40% higher in terms of height. However,
no substantial differences were observed in over-
all plant health. The superior growth of contain-
erised seedlings can be attributed to their culti-
vation method, which ensures a consistent supply
of moisture and nutrients. It is anticipated that
this growth advantage will diminish over time.

As noted by S.A. Los et al. (2019), a compre-
hensive approach is required for the establish-
ment and management of PFSBs in the context
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of adapting to current climate conditions. Climate
change, characterised by rising temperatures, al-
tered precipitation patterns, and increased fre-
quency of extreme weather events, is significantly
impairing the reproductive functions of major
forest tree species. Under these conditions, the
selection of genetically resistant populations and
genotypes is of paramount importance. Accord-
ing to a comprehensive assessment of the cur-
rent state of forest genetic resources conducted
by V.P. Tkach et al. (2019), the conservation and
restoration of these resources is a critical priori-
ty. This is particularly important in the context of
implementing the principles of sustainable forest
management and preserving biodiversity at both
the species and genetic levels.

The restoration of oak stands remains a criti-
calissue,especially given the decline in natural re-
generation within genetic reserves (Danylenko et
al., 2022). This can disrupt the natural evolution-
ary process of oak forests, leading to an increased
reliance on artificially created stands. The lack
of reliable natural regeneration necessitates the
implementation of various harvesting techniques,
including measures to promote the successful
growth and development of oak stands, as out-
lined in the research by V. Lukyanets et al. (2023).

Most forest genetic reserves in the region
consist primarily of oak stands, with some oak-
pine mixtures. There is a concerning trend of
inadequate natural regeneration in oak forests.
0.B. Bondar et al. (2020) attributed this to factors
such as site conditions, stand composition and
productivity, seed years, and harvesting activi-
ties. B. Kanjevac et al. (2021) highlighted the sig-
nificant impact of competition from herbaceous
and woody vegetation on the successful growth
and development of natural oak regeneration, as
competing vegetation can reduce resource avail-
ability. Z. Govedar et al. (2021) emphasised the
substantial influence of silvicultural treatments,
such as thinning and tending, on the condition
of young oak stands, creating more favourable
conditions for their development. O.M. Danylen-
ko et al. (2023) also confirmed the importance
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of using containerised seedlings to improve the
growth of oak in the Kharkiv Forestry. V. Lukya-
nets et al. (2023) argued that effective restora-
tion of oak forests requires not only ensuring
the emergence of natural regeneration but also
implementing measures to promote its sustained
growth. A significant portion of research by V. Luk-
yanets et al. (2022) focuses on evaluating the bi-
ometric characteristics and health of oak stands
established using various methods and planting
materials, which are crucial for the successful
restoration of oak forests in the southeastern For-
est-Steppe of Ukraine.

One of the most significant components of
forestry research involves progeny tests. The
majority of these progeny tests, like many other
breeding objects, were established during the
mid-20" century (Los et al, 2019). Most of these
were created under uniform forest growth con-
ditions, limiting the applicability of the ‘geno-
type-environment” model to separate genetic
and environmental influences. As a result, the
establishment of progeny tests remains a critical
area of focus. Current methodologies outlined by
V. Andreieva et al. (2020) include specific guide-
lines for the creation of progeny tests to apply
modern approaches for selecting superior popu-
lations and genotypes of primary forest-forming
species. S.A. Los et al. (2019) utilised comprehen-
sive methods to assess progeny in progeny tests,
including hybrids.

Provenance tests are particularly significant
(Petrik et al., 2023).S.A. Los et al.(2019) noted that
evaluating the productivity and condition of Prov-
enance tests enables the assessment of global
climate change impacts on forest ecosystems and
populations of primary forest-forming species.

Research by Y.Hayda et al. (2019) on the func-
tioning of seed orchards underscores the impor-
tance of assessing their reproductive performance.
Acrucialaspectinvolves studying the development
of generative organs across phenological forms. It
has been observed that tree ageing often leads
to reduced seed productivity in seed orchards.
This highlights the need for the establishment

of new clonal and seedling seed orchards to sus-
tain genetic diversity and productivity.

Trial progeny tests are essential for identify-
ing the most promising genotypes (Andreieva et
al., 2020). However, no such progeny tests have
previously been established within the forest
fund of the Slavuta Forestry branch, underscoring
the need for their creation. Trial cultures facilitate
long-term studies and the evaluation of select-
ed genetic material. They enable the identifica-
tion of superior genotypes that can subsequent-
ly be used for forest regeneration. Furthermore,
the establishment of progeny tests is crucial for
enhancing the resilience of forest stands to cli-
mate change, diseases, and pests. Progeny tests
should be established in various forest growth
conditions, allowing the application of the “gen-
otype-environment” model to select the most
favourable specimens (Neyko et al., 2022). Most
researchers note similar trends regarding the
condition of PFSB objects established in Ukraine.

Research conducted on the condition of PFSBs
has corroborated findings from previous studies
indicating a significant decline in the health and
reproductive capacity of major forest tree spe-
cies. It was determined that various ecological
factors, such as climate change, droughts, and
anthropogenic pressures, have led to a decrease
in the natural regeneration capacity of these spe-
cies, negatively impacting their resilience and
productivity. Furthermore, it was found that for-
est species populations within genetic reserves
are experiencing considerable stress, hindering
their natural regeneration process and necessi-
tating additional measures to ensure the long-
term sustainability of ecosystems. These results
underscore the need to develop new forest man-
agement strategies that include active interven-
tions to restore and conserve genetic resources.

Conclusions
Research findings have revealed that most genet-
ic units are in good condition. A total of 27 plus
trees have been identified within the enterprise’s
forest fund. The majority of these plus trees are
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classified as the 2™ selection category, necessitat-
ing further efforts to identify and select trees of a
higher (first selection) category. All plus trees ex-
hibit a satisfactory level of reproduction. However,
one plus tree of common oak (No. 23/9), classified
as being in the condition category of 5, requires
removal and replacement with an equivalent tree
within the same compartment. The total area of
permanent forest seed stands (PFSSs) is 71.3 hec-
tares. Oak PFSSs are in good condition and ful-
fil their functional purpose. For most oak PFSSs,
thinning is required to ensure a higher level of
reproduction. Scots pine PFSSs are in unsatisfac-
tory condition and most do not meet the basic
criteria. The dense pine stands and high crowns
prevent the harvesting of reproductive material.

Neyko et al.

and have entered the reproductive phase. A seed-
ling seed orchard of common oak was established
in 2010 within the forest state of the Zhukivske
Forestry (compartment 19, plot 32, area 5.0 hec-
tares). As of August 2023, the seed orchard has
not been certified. Overall, the procurement of
reproductive material from genetic units within
the branch is quite high, ensuring the correspond-
ing productivity of newly established stands.

Acriticalnextstepforfurtherresearchinvolves
the regular inspection of PFSB objects to gather
information on their condition and reproductive
capacity. Such research will facilitate the selection
of superior genotypes for future use, contributing
to the cultivation of highly productive stands.

Therefore, there is a need to select and establish Acknowledgements

new Scots pine PFSSs. European spruce PFSSisin ~ None.

good condition and characterised by a high level

of reproduction. Seedling seed orchards of com- Conflict of Interest
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AHoTauisf. MNocTiiiHa nicoHaciHHeBa 6a3a (MJ1HB) € ocHoBOW ANS 3aroTiBAi NOKPALLEHOMO CENeKLiiHOro
HacCiHHg ANna NiCOBIAHOBNEHHS Ta nicopo3BefeHHs. AHanis ctaHy ob6ekTiB [/IHE pae moxnusicTb
OLIHUTK KiCTb Ta 06CArM OTPUMAHHSA LiHHOTO penpoAyKTUBHOIO MaTepiany, SKMi BUKOPUCTOBYETLCS Y
NiCOKYNbTYPHIV cnpasi.Y cTaTTi npoBeaeHo: aHanis dopMyBaHHA Ta nokanisauii o6ekis MN/IHb B ymoBax
oinii «CnaByTcbke nicoBe rocnoaapcTeo»; AOCNILKEHO 0COBAMBOCTI CTaHy Ta CenekuwiiHOi CTPyKTypu
NICOBUX TeHEeTUYHMX pe3epBaTiB Ta MIKCOBUX HACALKEHb; MPOAHANI30BaHO AMHAMIKy PO3BMTKY
NiCOKYyNbTYpHOro BMpOOHMLTBA Y Qinii «CnaByTcbke nicoBe rocnopapcTeo». Y Mexax nicoBoro GoHay
oinii BigibpaHo 27 nntocoBux aepes Ayba 3BMYANHOIO Ta COCHU 3BMYAMHOI. 3aranbHa Nowa NoCcTiMHMUX
NnicoHaciHHEBUX AinsHOK cTaHoBuna 71,3 ra. 3a pe3ynbraTamMu OBCTEXEHHS BCTAHOBEHO: O0OCTEXEHi
nncoBi fepeBa Ayba 3BuyaiiHoro (7 fepes) y MapTusaHcbkoMy nicHMUTBI nepebyBatoTb y Aobpomy Ta
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33[,0BiNIbHOMY CTaHi, NEPEeBaXHO 2-i CeNeKLiMHOI KaTeropii Ta XapakTepusyTbCs 3a0BiIbHUM piBHEM
penpoaykuii. [lns CTBOPEHHS MOCTiIMHUX NiICOHACIHHEBUX AINSHOK 3 ONTUMA/IbHUMM XapAKTEPUCTUKAMM
pekoMeHA0BaHO MOETanHO 3piAXKyBaT HACaMKEHHS Ta MPOBOAUTU 0BOpi3Ky KpoH AepeB. BctaHoBneHoO,
WO pOAMHHA MAaHTaLis MoApuHM eBponeicbkoi (KykiBcbke nicHMUTBO, KB. 8, BUA. 41, nnowa 2,0 ra
2010 poky cTBOpeHHs)) nepebyBae y A0OPOMY CTaHi, BUCOKOro PiBHS penponykLii Ta BiANOBIAAE yCiM
BMMOraM. 3rifHo 3 NpOBeAEeHUMU AOCNIIKEHHAMU BUSBNEHO, WO SKiCTb ICOBOr0 HACiHHA, 3ibpaHoro i3
06ekTiB MJIHB € poctatHbO BMCOKOL. Tak, 3a 2021, 2022 poku npakTM4HO yce HaciHHg (80 % i 100 %)
6yno I-ro i ll-ro knacy skocti. HeKOHAMLIMHOIO HaciHHA He BUSBNEHO. EQeKTUMBHICTL BMKOPUCTAHHS
06'eKTiB NOCTIMHOI NiCOHACiHHEBOI 6asn Ha MigNPUEMCTBI € BMCOKO, OCKINIbKM B YPOXKAMHI POKM 3 HUX
36MPAETLCA MAaKCMMaNbHA KiNbKiCTb HACiHHS, IKa MOBHICTIO NOKPUBAE NoTpebu rocnogapcTea. aHi wono
cTaHy 06ekTiB MNJIHB € Haa3BMYaliHO BaXNMBUMM 3 Oy HA HEOOXiLHICTb BUKOHAHHS Y 3aX0AiB LWOA0
NiCOBiIAHOBEHHS Ta NiCOPO3BEAEHHS

KnioyoBi cnoBa: nicokynsTypHe BWMPOGHWMLUTBO; FeHETUYHi pe3epBaTW; M/OCOBI AepeBa; ficoBe
rocnoAapcTBo; BifHOBEHHS NiCiB
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waste of the second class of environmental hazard - acid tar. The issue of multiple storage ponds around
the world was outlined. The study addressed economically viable and promising aspects of obtaining
secondary processing products. Technological stages of acid tar processing, both conventional and
using membrane processes, were proposed. The physical and chemical parameters of pond acid tar and
its group composition were presented in detail. A four-stage stage of acid tar utilisation was proposed.
The study highlighted the physicochemical parameters after the deasphalting stage and the stage of
deasphalting agent after the second deasphalting. At the stage of selective purification, a pervaporation
membrane apparatus was used. The membrane technology for purification of acid tar from petroleum
products with their subsequent fractional separation was presented. Based on the findings of the study
on acid tar processing, the target products were obtained: lubricants, briquetted solid fuel, resins, and
purified process water. It was emphasised that the specified temperature regimes for each stage should
be observed: for the neutralisation and deasphalting stage, the temperature is 60-70°C; the selective
purification stage requires maintenance within 50-60°C; the lubricant production stage - 100-120°C;
pond water treatment stage - 30-35°C. The study proved an increase in the content of the lubricant
fraction in stage-by-stage processing of acid tar for storage ponds. The study experimentally confirmed
the production of pure components with the possibility of further use. The complete purification of
pond water from organic impurities was demonstrated

Keywords: pervaporation membranes; target products; storage ponds; waste; recycling; petroleum

waste

Introduction

Large-tonnage environmentally hazardous waste
generated by petroleum refineries in the purifica-
tion of medical, cosmetic, perfume, petroleum oils,
paraffin, and high-quality motor fuels using sulfu-
ric acid, the so-called acid tar, is drained and stored
in “special ponds” of artificial origin in the open air.
As a result, the surface of these ponds is covered
with water in which sulphuric acid and sulphonic
acids are dissolved. These ponds pose a major en-
vironmental threat to the environment, as they are
classified as class 2 toxic. This ‘burial’ of acid tar
causes environmental pollution, namely acidifica-
tion of soil and water bodies and, as a result, the
destruction of flora and fauna. The natural, spon-
taneous redox process causes the release of large
amounts of sulphur dioxide, which pollutes the air
and harms flora and fauna (Leonard et al., 2010)

The complexity of acid tar utilisation lies in
the variable composition and changes in proper-
ties over time, the constant process of sulphuric
acid emulsion generation, which requires an in-
dividual approach and selective removal from

storage ponds with the reconfiguration of the
neutralisation and utilisation process. Therewith,
acid tar is a valuable secondary material resource.

In Romania, methods for treating sulphuric
acid waste by encapsulating it with various ad-
ditives have been proposed. M. Tita et al. (2023)
observed the best results when they physically
altered the waste by encapsulation and stabilisa-
tion in situ. The methods proposed in this study do
not allow for the complete utilisation of acid tar.

A. Fedorov et al. (2023) proposed a compre-
hensive scheme for the neutralisation and utilisa-
tion of petroleum sludge, depending on its phys-
ical and chemical properties, which allows for
the effective neutralisation of hazardous waste
with the production of marketable products
and non-toxic soil mixture. Ways of further use
of the obtained substances were proposed. The
presented technology of petroleum sludge utili-
sation does not allow processing acid tar since it
contains a large variety of hydrocarbons. To pro-
cess acid tar using the presented technology, it is
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necessary to additionally carry out its neutralisa-
tion and deasphalting.

The possibility of mixing acid resin waste
with coal as a method of beneficiation was also
investigated. D. Musademba et al. (2022) consid-
ered different ratios of acid tar waste to coal. It
was found that the acid tar waste shows high vol-
atile and moisture content with low ash and car-
bon content compared to coal. It was proved that
a two-component mixture of 1:3 yields a higher
proportion of fixed carbon, which contributes to
an increase in the calorific value of the fuel, which
is an excellent factor for combustion. The utilisa-
tion of acid tar produces asphaltenes, which are
excellent high-calorific fuels. The use of acid tar
as an additive to coal is considered inefficient.

M.S. Lawan et al. (2023) analysed the waste-
water treatment of petroleum refineries. Pollut-
ants were clearly identified: oil and grease, pe-
troleum hydrocarbons, phenols, ammonia and
sulphides, their concentration, and the presence
of organic and inorganic compounds. An overview
of the methods and processes used for purifica-
tion was given. It was proposed to use a photo-
catalytic process for the degradation efficiency of
photocatalysts. The method of biological water
treatment presented in the study does not con-
sider the permissible concentration of harmful or-
ganic substances, the so-called “volley emissions”.

Pre-treated produced water, after petroleum
extraction, is increasingly being considered as an
interesting resource, especially in water-scarce
regions such as the Arabian Peninsula. F. Salem &
T. Thiemann (2022) analysed the available meth-
ods for treating produced water, purifying it, or
disposing of it after treatment. The proposed wa-
ter treatment methods cannot be used to treat
acidic pond water contained in the tar, as these
methods are very costly for disposal.

F. Alsalem et al. (2024) evaluated produced
water from petroleum and gas operations in
Kuwait and industrial salts as a resource and al-
ternative storage. Reverse osmosis is used to de-
salinate the water, using porous membranes that
cannot be used for pond water treatment. This is
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because this water contains high amounts of fine-
ly dispersed solid asphaltenes.

The treatment of water produced from shale
oil and gas is a challenging process as it contains
a variety of organic compounds and inorganic
impurities. L. Ogletree et al. (2021) outlined that
conventional membrane processes, such as re-
verse osmosis and nanofiltration, are problematic
if the produced water has high salinity. The re-
searchers proposed the use of direct osmosis and
membrane distillation to treat produced water.
The use of direct osmosis and membrane distilla-
tion is very energy-intensive, and therefore these
methods are ineffective for treating pond water,
as it contains fine mechanical impurities.

D. Radovanovic et al. (2024) pointed out the
hazardous properties of petrochemical waste: an
emulsion of various organic compounds, sulphu-
ric acid, and water, which persist decades after its
creation. It was outlined that the specific chemi-
cal composition and physical properties stand in
the way of unambiguously determining the meth-
ods and technological treatment. The researchers
proposed a technology for the treatment of petro-
leum waste, namely acid resin, until its complete
physical and chemical transformation into a dry
powder with the characteristics of inorganic ma-
terial. The researchers did not show the further
use of this powder or its utilisation.

The purpose of this study was to dispose of
acid tar from storage ponds using conventional
methods and membrane technology using the
unique properties of pervaporation membranes.

To fulfil the purpose, the following objectives
were set:

» to perform complete neutralisation of acid
tar together with pond water;

» to conduct deasphalting of tar with remov-
al of asphaltenes, to remove resins from deas-
phalting agent, and to produce average industrial
lubricants;

» to purify pond water from traces of as-
phaltenes, resins, and organic substances, and to
prove that the resulting asphaltenes can be used
as briquetted high-calorific solid fuel.
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Materials and Methods
Experimental and practical research was con-
ducted in 2018-2019 in four stages using special-
ised equipment: a unit for the utilisation of acid
tar, a unit for selective treatment, a unit for the
production of lubricant, and a unit for the treat-
ment of pond water. The unit was designed and
documented at the Department of Biotechnology
and Engineering of Igor Sikorsky Kyiv Polytechnic
Institute, and the experimental unit was manufac-
tured at a machine-building plant in Brovary, Kyiv
region. Considering that this unit is a symbiosis
of conventional devices combined with structur-
ally unigue membrane modules, there is no mass
production of such units. The experiment was
performed in the membrane technology training
laboratory at the Department of Biotechnics and
Engineering, Faculty of Biotechnology and Bio-
technics, National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute” (Ukraine).
The use of membrane technology ensured the
complete recovery of all organic solvents used in
the disposal process. The fractional composition
of the source tar, as well as stage products of acid
tar processing (asphaltenes, resins, lubricating oil,

purified pond water) were analysed in the labo-
ratories of the Masma Research Institute in Kyiv.

The object of the study was the process of
obtaining purified products of acid tar process-
ing (asphaltenes, resins, oils, water). The subject
of the study was an integrated approach to the
utilisation of acid tar by combining conventional
methods and unique membrane pervaporation
technologies. A sample of pond acid tar was used
for the study. To investigate the process of acid
tar utilisation, samples were taken from storage
ponds. The samples were analysed physically and
chemically, and the following key parameters
were determined in the initial samples: the con-
tent of oils, paraffins, asphaltenes, and sulphuric
acids. The storage ponds were located in industri-
al areas of the western part of Ukraine.

The first stage of the study was performed
using the acid tar utilisation unit. The technolo-
gy of acid tar utilisation itself had the following
stages: neutralisation and deasphalting stage;
selective purification stage; lubricant production
stage; pond water treatment stage. The techno-
logical process of the neutralisation and deas-
phalting stage was as follows (Fig. 1).

AsphY

]
AsphyVIN

Figure 1. Flow chart of the neutralisation and deasphalting stage
Note: 1 - neutraliser-deasphalter; 2 - refrigerator-condenser; 3 - deasphalter; 4 - tank; 5 - pump; 6 - pervaporation
apparatus; 7 - membrane adsorber; 8 - refrigerator-condenser; AT - acid tar; AW - acidic water; LM - lime milk;
S, - solvent; Air - compressed air; Asph - asphaltenes; WN - water after neutralisation; DA - deasphalting agent;

HC - hot coolant; CC - cold coolant
Source: developed by the authors of this study
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Acid tar was loaded into the neutraliser-dea-
sphalter 1 together with pond acid water, solvent
was added, and lime milk was poured in. Solvent
S, was added to deasphaltise and reduce the vis-
cosity of the tar, as alkalisation of viscous lubrica-
tion systems results in stable, difficult-to-separate
emulsions. Hot coolant was supplied to the jacket
and coil of the neutraliser-deasphalter 1, and the
working mixture was boiled. Two processes took
place simultaneously: neutralisation of acidic wa-
ter and tar and asphaltene leaching. The vapour
of solvent S,, which was formed during boiling,
was fed into the condenser-refrigerator 2, where
it was condensed and cooled.

After the boiling process was completed, the
working mixture in the neutraliser-deasphalter
was divided into three layers: the upper one was
deasphalting agent; the middle one was neutral-
ised water; and the lower one was asphaltenes.
Then compressed air was supplied to the neu-
traliser-deasphalter and hot deasphalting agent
with asphaltenes residues was fed through
a transfer pipe to deasphalter 3. Asphaltenes
were discharged from the bottom of the neu-
traliser-deasphalter to be used for briquetting,
and neutralised water with insoluble salts was

Mel’nick et al.

drained and sent for further purification from or-
ganic impurities.

The process of deposition of asphaltene resi-
dues took place in the deasphalter 3. For this, sol-
vent S, was added to the apparatus, which was
formed after the refrigerator-condenser 2, and
hot coolant was supplied to the jacket and coil,
and the process of boiling and deasphalting took
place. After deasphalting, compressed air was
supplied to the deasphalter and the deasphal-
ter was fed through a transfer pipe into the tank
4 and then, using the pump 5, was fed into the
membrane pervaporation apparatus 6, where the
main amount of solvent S, was removed. Then,
the deasphalting agent was fed to the membrane
adsorber 7, where the remaining solvent S, was
absorbed by the membrane elements and, during
regeneration, was supplied in the form of vapour
to the refrigerator-condenser 8, where it was con-
densed and cooled. Next, the purified deasphalt-
ing agent was fed to selective purification.

At the stage of selective purification, the
chemical composition of the de-asphaltising
agent was improved by extracting resinous com-
pounds with a solvent. The technological process
was as follows (Fig. 2).
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Figure 2. Flow chart of the selective purification stage

Note: 1 - extractor; 2,5 - pumps; 3 - distiller; 4 - refrigerator-condenser; 6 - membrane apparatus; DA - deasphalting
agent; S, - solvent; L+P - lubricating fraction with paraffins; R - resins; HC - hot coolant; CC - cold coolant; Air -

compressed air
Source: developed by the authors of this study

Deasphalting agent and solvent S, were
loaded into extractor 1. With constant stirring and
heating of the mixture, the extraction of resinous

substances by solvent S, took place. As a result,
two layers were formed in extractor 1: the up-
per one was a mixture of the lubricating fraction
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with paraffins, while the lower one was a solution
of resinous substances in solvent S,. Then com-
pressed air was supplied to the extractor, and the
mixture of the lubricating fraction with paraffins
was removed through the transfer pipe,which was
fed to the stage of obtaining lubricant, while the
solution of resinous substances was pumped by
pump 2 to distiller 3. In distiller 3, solvent S, was
distilled with constant stirring and heating, the va-
pour of which was fed into a refrigerator-condens-
er 4, where condensation and cooling took place.

At the end of the distillation process, the res-
in was pumped by pump 5 to the pervaporation
membrane apparatus 6, where the residual sol-
vent S, was removed. The purified resin was then
sent for utilisation. In the future, it can be used in
the production of bitumen.

At the third stage, acid tar was utilised to
produce lubricating oil. The dewaxing process is
designed to produce lubricants with the required
pour point by removing paraffins from the raw
materials (Fig. 3).
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Figure 3. Flow chart of the lubricant production stage

Note: 1 - tank; 2 - adsorber; 3 - refrigerator-condenser; 4, 7 - pumps; 5 - tank; 6 - refrigerator-condenser; 8 -
pervaporation membrane apparatus; L - lubricant; P - paraffin; S; - solvent; HC - hot coolant; CC - cold coolant

Source: developed by the authors of this study

The lubricant fraction containing paraffins
was loaded into tank I, heated and pumped
through adsorber 2 by pump 4. In adsorber 2,
the lubricant fraction was sorbed by membrane
elements. After the absorption of the lubricant
fraction was completed, paraffin waxes were left
in the tank I and removed to the outside. Next,
solvent S; was poured into tank I, which was
pumped through adsorber 2 by pump 4. The ad-
sorber was used to displace the lubricant fraction
from the membrane elements and fill them with
solvent S.. After the displacement of the entire
lubricant fraction, the membrane elements were
regenerated. For this, hot coolant was supplied to
the adsorber jacket 2, and when heated, solvent
55 was removed from the membrane elements,
which was supplied in the form of vapour to the

refrigerator-condenser 3, where it was condensed
and cooled. The lubricating fraction with solvent
S, was pumped from tank 1 by pump 4 into tank
5, where the solvent was distilled with constant
stirring and heating. Therewith, the vapour of the
solvent S, was supplied to the refrigerator-con-
denser 6, where it was condensed and cooled. At
the end of the distillation process, the lubricant,
together with the remaining solvent, was pumped
from the tank 5 by the pump 7 through the per-
vaporation membrane apparatus 8, in which
the remaining solvent S, was removed from the
grease. At the end of the pervaporation process,
the purified lubricant was removed from the tank
5 and stored as a finished product.

The last stage for the disposal of acid tar was
the pond water treatment stage (Fig. 4).
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Figure 4. Flow chart of the pond water treatment stage
Note: 1 - settling tank; 2, 5 - pumps; 3 - filter; 4, 7 - pumps; 4 - tank; 6 — pervaporation membrane apparatus;
7 - membrane adsorber; 8 - refrigerator-condenser; WN - water after neutralisation; /S - insoluble salts; Sed. -
sediment; O/ - organic impurities; TW - treated water; HC - hot coolant; HT - cold coolant

Source: developed by the authors of this study

The neutralised pond water was treated as
follows. The pond water containing insoluble
salts and organic impurities from the neutralisa-
tion and deasphalting stage was fed into the set-
tling tank 1. Insoluble salts settled at the bottom
of the settling tank, while water from the top of
the settling tank was pumped by pump 2 through
filter 3, where the microfiltration process took
place, and fed into tank 4. From tank 4, heated
water was pumped by pump 5 through a pervapo-
ration membrane apparatus 6, where most of the
organic impurities were removed.

Thenthe partially purified water from the tank
4 was pumped by the pump 5 through the mem-
brane adsorber 7,where the final purification from
organic impurities took place. After the sorption
process, the membrane elements in the adsorber

were regenerated by supplying hot coolant to the
jacket of the latter. The vapour of organic impu-
rities was supplied to the refrigerator-condenser
8, where it was condensed and cooled. The pu-
rified pond water was drained from the tank 4.

Results and Discussion
After analysing the material from the four storage
ponds for the processing of acid tar, their char-
acteristics, composition, and volume were deter-
mined. Detailed information on the extracted acid
tar is presented in Table 1.

At the neutralisation and first deasphalting
stage, sulphonic acids and asphaltenic acids are
neutralised and most of the asphaltenes are re-
moved. The composition of the deasphalting
agent after this stage is presented in Table 2.

Table 1. Physical and chemical parameters of pond acid tar and their group composition

No. Indicators % (wt.) Pond No.
1 2 3 4

1. Lubricants fraction with paraffins 13.75 26.06 11.10 11.23
2. Resins 29.50 17.65 30.65 31.25
3. Asphaltenes 3.43 10.38 5.96 513
4. Sulphonic acids 42.05 42.34 39.85 38.89
5. Asphaltenic acids 1.33 1.95 1.63 1.87
6. Carbenes, carboids, mechanical impurities 9.94 1.62 10.81 11.63
7. Density, g/cm? 1.238 1.090 1.201 1.302
8. Acid number, m? KOH/g 41.30 67.28 40.21 41.05

Source: developed by the authors of this study
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Table 2. Physical and chemical parameters after deasphalting and their group composition

. o Pond No.
No. Indicators % (wt.) > 2 3 2
1 Lubricants fraction with paraffins 25.85 57.49 21.12 20.75
2. Resins 49.65 35.48 53.13 52.67
3 Asphaltenes 5.81 3.46 5.18 5.08
4. Carbenes, carboids 18.69 3.57 20.57 21.50

Source: developed by the authors of this study

As Table 1 shows, the fractional composi-
tion of acid tar from the storage ponds was as
follows: lubricant fraction with paraffins 11.10-
26.06% (wt.); resins 17.65-31.25% (wt.); as-
phaltenes 38.89-42.34% (wt.); asphaltenic acids
1.33-1.95% (wt.); carbenes, carboids, mechanical
impurities 1.62-11.63% (wt.); acid number 40.21-
67.28% (wt.).

After neutralisation and the first stage of
deasphalting, sulphonic acids, asphaltenic ac-
ids, and a considerable part of asphaltenes were
completely removed from the tar. The mechanism
of this process was as follows. Acid tar is loaded
into the deasphalter together with pond water, a
lime suspension, and solvent S, The process re-

quires constant stirring at 10-12 rpm and heating,
with the mixture beginning to boil. In this pro-
cess, neutralisation occurs, and three layers are
formed: the upper one is deasphalting agent with
solvent S;; the middle one is neutralised water;
the lower one is asphaltenes together with salts
formed during neutralisation.

These layers are formed because they have
different densities. The asphaltenes released
from the deasphalting agent sink into the lower
layer, passing through a layer of water that forms
a buffer zone separating the deasphalting agent
and the asphaltenes. Composition of the deas-
phalting agent after the second deasphalting is
presented below (Table 3).

Table 3. Physicochemical parameters of deasphalting agent
after the second deasphalting and its group composition

. Pond No.
. % (wt.
No Indicators % (wt.) 3 2 3 2
1. Lubricants fraction with paraffins 34.24 61.84 28.44 28.26
2. Resins 65.76 38.16 71.56 71.74

Source: developed by the authors of this study

After the second deasphalting, a membrane
apparatus is used to remove the remaining sol-
vent S, from the deasphalting agent. This is be-
cause the pervaporation membranes can remove
solvent S, from the highly viscous medium, which
is the resin-derived deasphalting agent. After the

second deasphalting, the working mixture has
the following composition: lubricant fraction
with paraffins 28.26-61.84% (wt); resins 38.16-
71.74% (wt).

The composition of the lubricants fraction
after selective purification is presented in Table 4.

Table 4. Physical and chemical parameters of the lubricants fraction
Wafter selective purification and its group composition

. Pond No.
No. Indicators % (wt.)
1 2 3 4
1. Lubricants fraction 78.30 90.20 84.86 81.79
2. Paraffins 21.70 9.80 15.14 18.22

Source: developed by the authors of this study
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At the stage of selective purification, resins
are removed from the mixture using solvent S,
and the pervaporation membrane apparatus is
used to regenerate the solvent. The mixture af-
ter this stage has the following composition:
lubricant fraction 78.30-90.20% (wt); paraffins
9.8-21.70% (wt). To remove the lubricant fraction,
sorption by membrane elements of the lubricant
during heating is used, because with increasing
temperature, the viscosity of the lubricant de-
creases and the diffusion coefficient increases.
Unlike mineral sorbents, which lose their sorption
properties with increasing temperature, the prop-
erties of the pervaporation membrane elements
increase due to their structure. Therefore, the
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absorption of the lubricant fraction from the mix-
ture occurs in the membrane adsorber. To remove
the lubricant fraction from the membrane ele-
ments, the method of displacing the latter with a
more active sorbent-solvent S is used. Therefore,
after the membrane elements are saturated, sol-
vent S, is fed into the adsorber, which displaces
the lubricant fraction from the membranes. At
the outlet of the adsorber, a highly concentrated
solution of the lubricant fraction in solvent S, is
formed, from which solvent S, is removed using
conventional methods, for example, distillation.

The increase in the lubricant fraction con-
tent as a result of the stage-by-stage processing
of acid tar is presented in Figure 5.

deparaffinisation

g

" neutralisation,

first deasphalting | Second deasphali

punfication | and fubricant production

stages

Figure 4. Diagram of the growth of the lubricant fraction

Note: 1, 2, 3,4 - Numbers of the acid tar storage ponds
Source: developed by the authors of this study

As the diagram shows, after selective purifi-
cation, the content of the oil fraction in the sam-
ples taken from the four storage ponds ranges
within 78.3-90.2%. The difference in the lubricant
content in the samples is small and equals 11.9%.
Therefore, the rate of increase in the concentra-
tion of the lubricant fraction during deparaffini-
sation for all four experiments is approximately
the same and amounts to 0.25% per 1 min (deter-
mined experimentally).

Neutralised pond water contains fine as-
phaltene and resin inclusions. Therefore, before
the water is fed into the settling tank, a coag-
ulant is added to it, which binds the fine inclu-
sions, and they settle out. The water is then fed
to filtration and then undergoes complete pu-
rification from organic impurities in membrane
apparatus.

The asphaltenes that settled out at the dea-
sphalting stage are briquetted and used as fuel.
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The physicochemical composition of acid tar
waste is important in the evaluation and devel-
opment of processing options for its further uti-
lisation. C.H. Chihobo et al. (2015) used gas chro-
matography/mass spectrometry (GC/MS), Fourier
transform infrared (FTIR), and scanning electron
microscopy with energy dispersive X-ray (SEM/
EDX) to characterise the acid tar waste from crude
benzene refining. Organic analysis of the aromat-
ic fraction of the acid tar waste revealed a wide
range of compounds, including polycyclic aro-
matic hydrocarbons, furans, phenols, thiophenes,
and biphenyls. These findings can be useful in
the design and development of technological
processes that can utilise acid tar waste. Notably,
these findings are encouraging, but they do not
consider all the constituents of acid tar. X. Lu &
U. Isacsson (2000) obtained polymer-modified
bitumen by mixing bitumen with various thermo-
plastic polymers. It was found that the morpholo-
gy and rheological properties of modified binders
are influenced by the characteristics and content
of the polymer and the nature of the bitumen.The
rheological changes in the materials, which are
associated with bitumen oxidation and/or pol-
ymer degradation, were outlined. However, the
researchers relied on the structure of polymeric
materials, which allows them to bind to bitumen.
However, the asphaltenes that are part of the tar
do not have the same structure as polymeric ma-
terials, and therefore they will not bind to bitu-
men and improve its structure.

According to I.A. Burtna et al. (2006), the uti-
lisation of acid tar is still a serious environmental
and technological problem due to its complex
chemical composition, high reactivity, and cor-
rosiveness, which complicate the development
of a universal method of its treatment. The high
viscosity and sulphonic acid content of tar makes
it impractical to use standard diesel fuel desul-
phurisation technologies for their utilisation. The
cracking and distillation methods discussed in
D.D. Milne et al. (1986), specifically, using anhy-
drous AlCL, as a catalyst, open prospects for con-
verting petroleum residues into volatile petrol

fractions. However, these studies did not focus
on the problems arising from the supply of acidic
resin to the combustion nozzles.

According to I.A. Burtna et al. (2011), acid tar
residues were previously stored in landfills near
oil refineries, and their remediation has become
a critical environmental issue. Meanwhile, the
problem of organic impurities in acidic wastewa-
ter from storage ponds stays unresolved. |. Knap-
kova & D.Samesova (2017) discussed the utilisa-
tion of acid tar to reduce environmental pollution,
but the problem is not completely eliminated.

The use of gas chromatography-mass spec-
trometry to analyse the composition of acid tar, as
noted by G.V. Krymets et al. (2022), can reveal its
S-organic content, which hinders the production
of fractions that meet petroleum product stand-
ards. Researchers also pointed to the possibility
of reusing polymeric waste and natural bitumen
to modify acid tar, but their implementation in in-
dustry is still challenging.

Membrane technologies, including reverse
osmosis, are used for water treatment in the
petroleum and natural gas industry due to their
resistance to aggressive environments (Le &
Nunes, 2016). However, these membranes are
not effective for treating acidic water from stor-
age ponds, as fine asphaltenes can clog pores.
An analysis of the environmental impacts of tar
waste on groundwater by H. Xu (2007) indicates
possible risks, but effective disposal methods
have not yet been developed.

Thus, the available research shows a variety
of approaches to the utilisation of acid tar, but the
need for further investigation and development
of effective methods to reduce the environmental
burden stays urgent.

After analysing the methods of processing
acid tar, it becomes clear that there is no single
technology that can combine these processing
methods and create a closed cycle of their uti-
lisation. Therefore, instead of the four areas of
acid tar processing — high-temperature thermal
decomposition, low-temperature decomposition,
hydrolytic decomposition with water or vapour,
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and neutralisation with alkali metal hydroxides -
four stages have been proposed to form a single
technology for acid tar processing. These are the
following stages: neutralisation and deasphalt-
ing, selective purification, lubricant production,
and treatment of pond water. Let us consider the
advantages of using these stages.

Increased production of petroleum-contain-
ing water and its treatment has become a chal-
lenge due to the complexity and quantity of waste
generated. Such unwanted wastewater needs to
be treated before final disposal or for burial in the
environment. T.C. Nonato et al. (2018) reviewed
technologies for the recovery of petroleum and
other toxic agents and the treatment of produced
water from petroleum. This study did not consider
methods for the disposal of hazardous waste gen-
erated during the treatment of petroleum-con-
taining water.

At the stage of neutralisation and deasphalt-
ing, two processes take place simultaneously in
the apparatus called a neutraliser-deasphalter:
neutralisation of acid tar with pond water and
deposition of asphaltenes. The supply of solvent
S, to the neutraliser-deasphalter reduces the
viscosity of the tar, as there is tar that is almost
solid, and creates conditions for the neutralisa-
tion and deasphalting processes. According to
C.Danha et al. (2014), such conditions can consid-
erably reduce solvent consumption by 5-7 times
and carry out the process at atmospheric pressure
compared to conventional technologies, where
the pressure in the apparatus is maintained at
2-5 MPa. This stage produces asphaltenes that
can be used as briquetted solid fuels. Membrane
devices are used to completely remove solvent P,
from the deasphalter, without which this process
would be impossible.

At the stage of selective purification, the ex-
traction is carried out using solvent S, A mem-
brane apparatus is used for its complete ex-
traction from the lubricant fraction. The use of
solvent S, instead of forfuryl or phenol (according
to conventional technology) allows reducing sol-
vent consumption by 4-9 times.

Mel’nick et al.

At the stage of dewaxing or obtaining the lu-
bricating fraction,unique membrane redistillation
processes are used: adsorption of the lubricating
fraction from its mixture with paraffins by mem-
brane sorbents; the effect of displacement of the
lubricating fraction from the membrane sorbents
by the solvent S,; purification of the lubricating
fraction from S, residues by redistillation. In this
case, the process of purification of the lubricating
fraction from paraffins using conventional tech-
nology takes place at a temperature from -30°C
to -57°C, while the sorption of the lubricating
fraction by membrane sorbents takes place at a
temperature within 100+120°C, the energy costs
for maintaining which are much lower.

The stage of pond water treatment was also
performed using membrane pervaporation appa-
ratuses. This became possible after the use of a
coagulant proposed by the authors of the present
study. Its use allows pre-treating water from me-
chanical contaminants - finely dispersed asphal-
tene particles.

The following target products were obtained
during the utilisation of acid tar: briquetted as-
phaltenes (can be used as solid fuel); resins (used
in bitumen production); lubricating fractions (used
in the automotive and other industries); and puri-
fied industrial water. Thus, the stages considered
allow stating that an integrated non-waste tech-
nology for the utilisation of acid tar was developed.

Conclusions

The study considered the problem of utilisation
of acid tar. The existing methods of acid tar pro-
cessing were analysed. These methods have many
disadvantages, and therefore they are not widely
used. A new non-waste technology for the utili-
sation of acid tar was proposed, which employs
conventional and membrane processes.

The proposed combined waste-free technol-
ogy with conventional extraction processing of
tar and production of lubricants gave the follow-
ing results: deasphalting stage: solvent S ; pro-
cess temperature 70-80°C; working pressure 0.1
MPa; solvent-tar ratio (by volume) 0.3:1; stage of
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selective cleaning: solvent S,; process tempera-
ture 15-20°C; solvent-deasphalting agent ratio
(by volume) 0.4:1; stage of deparaffinisation: sol-
vent S;; saturation temperature 150°C with dis-
placement 20°C; dilution ratio (by weight) 0.4:1.
Comparing the indicators of stage-by-stage
processing of tar by the proposed and convention-
al technology, it was proved that the volume of
solvent S, is 16-20 times less than the volume of
propane, while the pressure in the apparatuses is
20-50times less.At the stage of selective cleaning,
the volume of solvent S, is 4-9 times less than the
volume of farfurole or phenol. At the deparaffini-
sation stage, the mass consumption of solvent S,
is 3.5-8 times less than that of the correspond-
ing solvents. The saturation process at this stage
takes place at 150°C, the energy consumption to

ware design than the conventional and already
known technology.

The results of the processing of acid tar were
presented, which resulted in the following tar-
get products: briquetted asphaltenes that can be
used as fuel; resins that can be used in the pro-
duction of bitumen; lubricants that can be used in
automotive equipment and other industries.

There are ways to further improve the devel-
oped utilisation technology, namely: recycling of
contaminated waste (wood, leaves, etc.) on the
surface of the storage ponds by pyrolysis to pro-
duce synthesis gas; use of anaerobic biological
treatment of pond water after sedimentation of
mechanical impurities to produce biogas using
bioreactors.

maintain which is an order of magnitude less than Acknowledgements

that required to obtain and maintain the temper-  None.

ature of -57°C using conventional technology.
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AHoTaLif. BaxMBiCTb Nepepobku KUCAUX TYAPOHIB MOMSrae B TOMY, WO Bif, Hei 3aNeXUTb eKOoriYHa
6e3neka K NPOMUC/IOBMX PErioHiB, TakK i NIAHETH B LioMy MeToto AOCNiLKeHHS Byno yTunisauis Kucamx
rYLPOHIB i3 HAaKONUYyBaNbHUX CTABKiB 3@ AOMNOMOroK TPaAULIAHUX MEeTOAiIB Ta MeMOBPaHHOI TeXHONOrI,
O BMKOPUCTOBYE YHiKanbHi BNacTMBOCTI NepBanopaLliiHnx MemMbpaH. Po3rnsHyTo Ta npoaHani3oBaHo
Cy4YacHuit cTaH nepepobku HadTo BiAxoaiB B kpaiHax €C Ta B YkpaiHi 3anpomnoHOBaHO KOMMIEKCHY
6e3BiaxoaHy yTunisauito Biaxonis HaAGTOXiMiYHUX BUPOOHMLTB APYroro KAacy ekonoriyHoi Hebesneku —
KMCMXTyapoHiB.OKpecneHo NMTaHHSA MHOXMHHOCTI CTaBKiB-HAaKOMMYyBaYiB N0 BCbOMY CBITY.AKLLEHTYETLCA
yBara Ha eKOHOMiYHO BUTiJHUXTa MEPCNEKTUBHUX MUTAHHAX OTPUMAHHS BTOPUHHUX MPOAYKTIB NepepobKu.
3anponoHOBAHO TEXHONMOTIYHI CTaAii nepepobKu KUCIMX NYAPOHIB, SK TPaAMLIMHUX TaK i 3@ 4OMOMOrol
MeMbpaHHuMX npouecis. [loknafHo npeacTaBneHo Gi3nKo-xiMiuHi MOKa3HMUKK CTaBKOBUX KMCIIUX TYAPOHIB
Ta iX rpynoBuiA CKagd. 3anponoHOBaHa YOTUPUCTALiMHA CTaAis yTUAi3aLii KUCAMX TyapOoHiB. BucBiTneHo
}i3nKo-xiMiyHi NoKasHWKM nicns cragii aeacdansTmsauii Ta ctaaii geacdanstMsata nicng NpoBeAeHHs
apyroi geacdanbTusadii. Ha cTanii cenekTMBHOT OYMCTKM BUKOPWUCTAHO nepBanapauinHui MeMbpaHHWii
anapart. pencraBneHo MeMOpaHHY TEXHOMOFiK OYMCTKM KUCAMX TYLPOHIB BiA HAPTOMPOAYKTIB C
noJanblnM iX NoPpakuiMHUM pO3MiNeHHAM. 3a pe3ynbTaTaMu MPOBEAEHMX LOCNILKEHb Nepepobku
KMCNWX TYAPOHIB OAepXaHo LiNboBi MPOAYKTU: MacTuna, 6pukeToBaHe TBepae NaanBo, CMOMU, OUMLLEHA
TEXHiYHa BoAa. HaronowyeTbcs Ha 4OTPUMaHHI 3a4aHWUX TeMNepaTypHUX PEXMMIB A1 KOXKHOI cTaii: Ans
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CTafii HeWiTpanisauii Ta peachanstm3adii Temnepartypa 60-700°C; cTapis cenekTMBHOI OYMCTKM BUMArae
LOTpUMaHHa B Mexax Big 50-60°C; ctagpia opepxaHHa mactuna: 100-120°C; cTagis 04MCTKM CTaBKOBOI
Boau: 30-35°C. [loBeneHO 3poCTaHHs BMICTy MacTuabHOI dpakuii B mpoueci nocraaiinHoi nepepobku
KMCNOro ryapoHa Ans CTaBKiB-HAaKOMWUyBayiB. EkcnepuMeHTanbHO NiATBEPAXKEHHO OTPUMAHHS YMCTUX
KOMMOHEHTIB 3 MOX/IMBICTIO NOAA/bLIOIO BUKOPUCTAHHS. 3aCBilMEHO NOBHE OYMLLEHHS CTaBKOBOI BOAM
Bif, OpPraHiYHMX AOMILIOK

KniouoBi cnoBa: nicokynsTypHe BMPOGHWMLUTBO; FeHETUYHi pe3epBaTv; M/OCOBI AEepeBa; NicoBe
rocnofapcTBo; BiLHOBEHHS NiCiB
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Abstract. The purpose of this study was to determine the bioproductivity of pine forests in Polissia
and their carbon sequestration capacity depending on the age structure of the stands. The study
was conducted at 15 experimental sites in the Zhytomyr and Rivne regions during the spring and
summer season of 2023. Tree biometrics such as diameter at breast height (DBH) and tree height
were measured, and wood samples were analysed to determine the phytomass of the trunk, bark,
and crown. It was found that bioproductivity increased significantly with age: in young forests
(10-30 years old), biomass averaged 25 t/ha, in middle-aged forests (40-60 years old) - 65 t/ha,
while in mature forests (80-100 years old) it reached 120 t/ha. The correlation analysis showed a
pronounced dependence of biomass on tree diameter and height, with the strongest relationship
between trunk volume and wood phytomass (r = 1.00). The carbon-absorbing capacity of forests
also increased with age: young forests absorbed about 12.5 t/ha of carbon, middle-aged forests -
32.5 t/ha, while mature forests — up to 60 t/ha. Furthermore, the study found that climatic factors such as
rainfallandaveragetemperaturesubstantiallyaffectbioproductivityWhenprecipitationfellbelow550mm
per year,a 15-20% decrease in biomass was observed. Thus, the findings emphasised the significance of
sustainable management of pine forests in Polissia, considering their role in global carbon sequestration
processes, making them a valuable tool for combating climate change and environmental challenges

Keywords: ecology; phytomass; correlation analysis; forest management; carbon

Introduction
The conservation and sustainable management  and maintaining environmental stability. Forests,
of forest resources is one of the key challenges in  specifically pine stands, are important ecosystems
the modern world, considering their indispensa-  that contribute to carbon sequestration, water cy-
ble role in reducing the impact of climate change  cle regulation, and biodiversity. In Ukraine, the
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pine forests of Polissia play a key role in shaping
the regional landscape and are of great signifi-
cance to the country’s economy and environment.
However, due to climate change, anthropogenic
factors and ecosystem degradation, forest pro-
ductivity is declining, which necessitates a more
in-depth study of the bioproductivity of pine for-
ests and the development of effective approaches
to their management.

The relevance of investigating the biopro-
ductivity of pine forests in Polissia is conditioned
by several key factors. Firstly, pine forests cover a
sizeable area in the region, and their productiv-
ity directly affects economic and environmental
performance. Secondly, climate change, including
rising temperatures and changing precipitation
patterns, can substantially affect the growth and
bioproductivity of pine forests, which requires
detailed research. Thirdly, the current challenges
associated with the degradation of forest ecosys-
tems require the development of scientifically
sound forest management methods that factor in
their ability to absorb carbon and ensure sustain-
able forest management.

Recent studies show that forest bioproduc-
tivity, i.e., the ability of forests to produce bio-
mass, is a key parameter for assessing ecosystem
services such as carbon sequestration and woody
mass formation. The study of bioproductivity of-
fers a better understanding of the mechanisms of
tree growth, the effect of various factors on their
productivity, and the role of forest ecosystems in
the global carbon cycle. A. Shvidenko et al. (2014)
showed the significance of Ukraine’s forest eco-
systems for reducing the country’s carbon foot-
print, while M. Lesiv et al. (2019) demonstrated
the great potential of Ukraine’s forests for carbon
sequestration in the context of climate change.
However, despite the considerable number of
studies, the relationship between the age struc-
ture of forests, their bioproductivity, and the ef-
fect of climate factors is still open.

The scientific literature already contains
numerous studies on the bioproductivity of for-
ests in many different regions, including Poland.

Moroz

R. Petras et al. (2019) provided an in-depth anal-
ysis of the wood density of different pine species,
enabling the estimation of their contribution to
the total biomass and productivity. Z. Pilarek et
al. (2007) focused on the biomass of pine stands
in mixed coniferous forests, which was important
for comparison with the findings of the present
study. R. Wojtan et al. (2011) investigated the bi-
omass and carbon sequestration capacity of pine
forests in Poland, which allowed for parallels with
Ukrainian research.

Scientific sources also point to the signifi-
cance of analysing climate factors in the context
of assessing the productivity of forest ecosystems.
According to D. Kweon & P.G. Comeau (2023),
temperature and precipitation are the deter-
mining factors for the growth of pine forests.
In Ukraine, climate change can substantially
affect forest bioproductivity, particularly due to
changes in temperature and reduced precipita-
tion. C. Constandache et al. (2021) focused on the
productivity of pine forests on degraded lands,
showing that even in unfavourable conditions,
pine stands can recover productivity through
proper management and the application of mod-
ern reforestation techniques.

Studying the impact of forest age structure
on forest productivity is a prominent aspect of
forestry research. S. Gwal et al. (2020) conducted
a study on the Himalayan region, demonstrating
that the age structure of forests is a crucial factor
affecting their biomass and productivity.

J.A. Stanturf et al. (2019) demonstrated the
successful use of spatial explicit models to assess
the bioproductivity and economic attractiveness
of short-rotation tree crops in the eastern re-
gions of the United States. This approach can be
employed to analyse the bioproductivity of pine
stands in Polissia and assess their economic ef-
ficiency in the context of sustainable forest man-
agement.V.Moroz & Y.Nykytiuk (2020) conducted
the most detailed study of the carbon sequestra-
tion capacity of pine stands in Volyn Polissia, con-
cluding that these stands play a major role in the
fight against carbon emissions.
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The purpose of this study was to assess the
bioproductivity of pine forests in Polissia, consid-
ering the age structure of stands and climatic fac-
tors. Objectives of the study:

1.To determine the phytomass of wood, bark,
and crown of pine forests in different age groups.

2. To analyse the carbon-absorbing capacity
of pine forests depending on the age structure of
the stands.

3.To assess the impact of climatic factors on
the bioproductivity of pine forests in Polissia.

Furthermore, it was vital to assess the impact
of anthropogenic activities on forest bioproduc-
tivity, as active forest management can consid-
erably reduce the carbon-absorbing potential of
young and middle-aged stands.

Materials and Methods
The study of the bioproductivity of Polissia pine
forests was conducted in the spring and summer
season of 2024 in the forests of Zhytomyr and
Rivne regions, and followed international ethi-
cal standards, specifically, the Convention on Bi-
ological Diversity (1992) and the Convention on
Trade in Endangered Species of Wild Fauna and
Flora (1973). This ensured compliance with all
standards in the field of nature protection and
biological diversity, which is particularly impor-
tant when conducting ecological and forestry re-
search. To complete the objectives of this study,
15 experimental plots of 1 hectare each were
selected. Each plot represented pine forests of
different ages, ranging from young (10-15 years)
to mature (80-100 years). This enabled the as-
sessment of the impact of the age structure of
the stands on their bioproductivity, including
three main age groups: young pine forests (10-
30 years), middle-aged (40-60 years), and mature
(80-100 years). The field surveys were conduct-
ed by selectively taxing the stands to measure
key tree growth parameters such as diameter
at breast height (DBH) and total tree height. All
measurements were performed at each site using
specialised forestry equipment: a Hagloéf Mantax
Precision 2019 dendrometer tape (Sweden) was

used to measure tree trunk diameters at a height
of 1.3 metres (DBH); a Haglof Vertex IV 2020 Sun-
dvall altimeter (Sweden) was used to determine
tree heights. A Garmin GPSMAP 66i 2021 tablet
GPS navigator (USA) was used to accurately de-
termine the geographical coordinates of each site
and to record the location of individual trees.

At each site, 10 trees were selected for fur-
ther laboratory analysis. Trees were sampled with
the following inclusion criteria in mind: tree di-
ameter and height should correspond to the av-
erage values for each age group. In the young
pine forests, the DBH varied within 10-20 cm,
while the height of the trees — within 8-12 m. In
middle-aged pine forests, the DBH ranged within
20-35 cm, while their height was within 15-20 m.
In mature pine forests, the DBH varied within 35-
50 cm, while the height reached 20-30 m. This
approach ensured a representative sample and
enabled an accurate estimation of bioproductivity
for each age group.

To determine the age and wood density of
each sampled tree, a coring method was em-
ployed using a Pressler Haglof Increment Borer
2018 (Sweden). The wood samples were deliv-
ered to the laboratory, where they were further
analysed using a WinDendro 2020 forestry bio-
mass analyser (Canada). Allometric equations
adapted for Polissia conditions were used to de-
termine the phytomass of wood, bark, and crown
in a completely dry state (1):

m Vwood x pbasic’ (1)

wood

where m___is the phytomass of wood (kg); V.
is the volume of wood (m?); p, . is the basic den-
sity of wood (kg/m?3).

Equation (2) was used to calculate the crown

phytomass:

wood

m__ . =8379+0.087xm_ 2)

crown

is the crown phytomass (kg); m_ _ is

trunk

wherem__
the trunk phytomass (kg).

The total phytomass of a tree was defined
as the sum of the phytomass of individual frac-

tions: bark, wood, and crown. To estimate the
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carbon-absorbing capacity of pine forests, the
study used conversion factors that determine the
ratio of the mass of phytofractions to the total
stock of stem wood. These coefficients depend
on the age of the stand and were obtained from
studies by A. Shvidenko et al. (2014) and M. Le-
siv et al. (2019). Formula (3) for calculating the
amount of carbon sequestered by trees:

Ry = Mfr/Mstock’ (3)

where R is the conversion factor for each phytof-
raction, M, is the weight of the phytofraction (t/
ha),and M__, is the stock of stem wood (m*/ha).
Statistical methods were employed to pro-
cess the collected data. Student’s t-test and
Mann-Whitney U-test were applied. The relation-

Moroz

ship between tree height, trunk diameter, and
total biomass was determined using correlation
analysis. Statistical calculations were performed
using R software version 4.1.2.

Results

General characteristics of pine forest age groups
Young forests are characterised by relatively low
biomass compared to other age groups. DBH
parameters varied within 10-20 cm, while tree
heights ranged within 8-12 m. Measurements
showed that the average biomass for trees in
this group was 35 t/ha (Table 1). It is also shown
that the bioproductivity of young forests depends
mainly on the density of stands, as individual tree
growth is limited by dense competition.

Table 1. Dependence of biomass of pine forests of Polissia on age structure

Age group Average diameter (cm) Average height (m) Biomass (t/ha)
Young forests 14 9.5 25
Middle-aged forests 30 18 65
Mature forests 42 25 120

Source: compiled by the author

The middle-aged forests had a noticeably
higher biomass. DBH ranged within 20 35 cm,
while the height of the trees was 15-20 m. The
biomass of middle-aged forests reached 75 t/ha,
which is almost twice that of young forests. There
was an increase in the share of individual tree
productivity in this age group, which suggests the
completion of the main competitive processes
and an increase in the efficiency of photosynthe-
sis at the individual level.

In mature forests, biomass reached the high-
est values, which corresponds to the stage of
maximum stand development. DBH of trees in
this age group varied within 35-50 cm, while the
height of the trees reached 20-30 m. The average
biomass of mature forests was 120 t/ha. The data
showed that mature forests reach peak biopro-
ductivity due to balanced tree growth and stabili-
sation of ecosystem processes.

Influence of age structure on bioproductivity
The results of the study showed a clear depend-
ence of the bioproductivity of pine forests in
Polissia on the age structure of the stands: the av-
erage biomass of forest plots increases with the
age of the stand, which confirms the hypothesis
that age plays a vital role in shaping the over-
all productivity of forest stands. The dynamics of
biomass growth is as follows. Young pine forests
(10-30 years old) demonstrate low individual pro-
ductivity despite high stand density. The reason
for this is competition for resources (light, water,
nutrients), which limits the growth of individual
trees. In this phase of development, biomass is
mainly accumulated in the trunk of trees. Howev-
er,the overall productivity of the forest is still low,
at around 25 t/ha.

The transition from young to middle-aged
forests (40-60 years old) is characterised by a
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sharp increase in biomass. During this period, a
natural thinning process takes place, when weak-
er trees fall out of the stands, leaving room for
the remaining trees to develop better. This leads
to an increase in the individual productivity of
each tree and a rise in total biomass to 65 t/ha.

In mature forests (80-100 years old), the pro-
cess of biomass accumulation reaches its peak,
while growth rates begin to slow down. However,
stable growth, completion of the main competi-
tive processes and balanced development of all
parts of the tree (crown, trunk, and root system)
ensure the highest biomass yields of about 120 t/
ha. Mature forests also demonstrate high individ-
ual productivity, as tree stand resources are used
more efficiently.

These results confirm the general pattern:
with increasing stand age, the total biomass in-
creases substantially, reaching maximum values
in mature forests. The stable accumulation of bio-
mass in this phase is explained by the end of the
main competitive processes and more efficient
use of resources.

Distribution of biomass by components

Theanalysis of wood cores showed that with the age
of pine trees, the distribution of biomass between
the key components of the tree: trunk, branches,
and leaves, changes substantially. As forests grow,
from young to mature, the priorities of resource
use change, which affects the share of each com-
ponent in the total biomass of the tree (Table 2).

Table 2. Basic physical and chemical parameters of raw materials (n =4)

Age group Share of trunk biomass (%) Share of branch biomass (%) Share of leaf biomass (%)
Young forests 70% 20% 10%
Middle-aged forests 60% 25% 15%
Mature forests 55% 25% 20%

Source: compiled by the author

Young pine forests are dominated by trunk
biomass, which accounts for up to 70% of the
total phytomass of the tree. This is explained by
the active growth of the tree in height and the
volume of wood that forms the basis of biomass.
During this period, trees invest most of their re-
sources in trunk growth, which helps them quick-
ly become competitive for light. The proportion of
branches and leaves is 20% and 10% respectively,
as photosynthetic processes and maintenance of
leaf mass are less important in the early stages of
development.

In middle-aged forests, the ratio between
components changes. The biomass of the trunk
slightly decreases to 60%, while the share of
biomass of branches and leaves increases to
25% and 15%, respectively. During this period,
trees begin to use resources more efficiently to
support the crown and expand the leaf surface
to increase photosynthesis. This provides the

necessary energy for the further development of
the trunk and branches.

In mature pine forests, the distribution of
biomass stabilises, and the proportion of trunk
decreases to 55%. The share of biomass from
branches and leaves increases considerably,
reaching 25% and 20%, respectively. This stage
of tree development is characterised by stable
growth and maximum photosynthetic activity,
which is aimed at maintaining the viability of a
large crown. In mature forests, the significance of
maintaining green mass for photosynthesis in-
creases, which explains the increased proportion
of biomass in leaves and branches.

Statistical analysis of bioproductivity

Based on the conducted studies and calculations,
using formulas (1) and (2), the phytomass of wood,
bark, and crown of Scots pine was determined.
For further analysis, a correlation matrix was
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constructed between the key biometric parameters
of the tree (age, diameter, height) and aboveground
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phytomass in a completely dry state. The find-
ings of the analysis are presented in Table 3.

Table 3. Correlation matrix of the key biometric parameters
of pine stands and aboveground phytomass in a completely dry state

® a £ E c. g g g

. S z s %; %5‘ XoE 3 8 y® £ s
Indicators > 2 2 55 &3 oSE¥ S E2 S52 352

& a S Zs ZE F38 38 9% &%

< 2 £ <g 3% "'§ § "%

Age, years 1.00 - - - - - - - -

Density -0.408 1.00 - - - - - - -

Quality class 0.318 -0.198 1.00 - - - - - -

Average height, m 0.811 -0.303 -0.176  1.00 - - - -

Average diameter, cm 0.885 -0.350 0.031 0.935 1.00 - - - -

Trunk volume in bark, m®* 0.865 -0.335 0.068 0.873 0.960 1.00 - - -

Wood phytomass, kg 0.865 -0.335 0.070 0.871 0.960 1.00 1.00 - -

Bark phytomass, kg 0.864 -0.333 0.051 0.883 0964 0.999 0.999 1.00 -

Crown phytomass, kg 0.865 -0.335 0.069 0.872 0.960 1.00 1.00 0.999 1.00

Source: compiled by the author

The correlation matrix shows a close rela-
tionship between the biometric parameters of
trees (height, diameter) and their aboveground
phytomass. The high correlation coefficients
(r=0.811-0.999) suggest that tree diameter
and height are the key indicators affecting
the total phytomass of wood, bark, and crown.
The highest level of correlation was observed
between stem volume and wood phytomass
(r = 1.00), which confirms the significance of
trunk volume in determining tree biomass.

Student’s t-test was employed to compare
mean biomass values between age groups
(Table 4). The analysis showed that there are
statistically significant differences between
young and middle-aged forests (p<0.05), which
was confirmed by a substantial increase in bi-
omass with age. Furthermore, the differences
between middle-aged and mature forests were
even more pronounced (p < 0.01), indicating a
considerable accumulation of biomass in ma-
ture forests.

Table 4. Comparison of biomass between age groups (Student’s t-test)

Age group Average biomass (t/ha) Difference (p)
Young forests 25 p<0.05 (with middle-aged)
Middle-aged forests 65 p<0.01 (with mature)
Mature forests 120 p<0.01

Source: compiled by the author

The Mann-Whitney U test helped to estimate
the variability of biomass between individual ex-
perimental plots. Local factors such as soil con-
ditions and water availability substantially influ-
ence productivity: plots on sandy soils showed a
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10-15% reduction in biomass compared to plots
on loamy soils. Using the sample from the tem-
porary plots, statistical parameters such as mean,
standard error, standard deviation, and skewness
were calculated (Table 5). The findings showed
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that the distribution of density and height was
symmetrically left-asymmetric, while the distri-

bution of age, diameter, and biomass components
showed a right-handed distribution.

Table 5. Statistical characteristics of taxation indicators
and aboveground biomass of pine trees in absolute dry state

P —_ —~ = u— 3%
8 £ L& & @ I Es
s S 55 5 0 g 5 ¢ x
Indicator = 58 2= o 3 £ g.s s s
S b= S8 o = £ E%
> < w3 Q. 35 0.8
= 8 3 2 I~ 2 8
7] =) < oz
Age (years) 65.5 2.8 264  697.6 0.3 0.6 403 25 136
Density 0.7 0.0 0.1 0.0 6.3 -1.4 14.4 0.2 0.9
Average height (m)  19.8 0.6 5.8 32.0 0.4 1.2 286 50  31.0
Average diameter (cm)  25.6 0.9 8.6 74.3 0.0 -0.7 33.7 6.0 44.0
Trunk volume (m3) 0.6 0.1 0.4 0.2 -0.6 -0.1 72.9 0.0 2.1
Biomass (wood, kg) 225.7 17.9 165.7 27,441.0 0.8 0.9 73.4 7.2 788.5
Biomass (bark, kg) 19.1 1.4 13.1 171.8 0.8 0.9 68.7 0.9 63.8
Biomass (crown, kg) 29.7 1.7 15.6 241.8 0.8 0.8 52.4 9.1 82.5

Source: compiled by the author

The indicators have a mixed asymmetry:
left-handed asymmetry is observed in terms of
density and average height (A=-1.4 and A=-0.7,
respectively), which suggests the predominance
of trees with high density and average height.The
right-hand side asymmetry in age and phytomass
suggests the presence of more young trees and
trees with lower phytomass.

The kurtosis index shows that the distribu-
tion is skewed in terms of completeness (E=6.3),
which suggests a higher concentration of trees
with medium completeness than expected from
a normal distribution. ALl other indicators have a
kurtosis value close to normal or flat-topped dis-
tribution (E=-0.6 for trunk volume), which means
fewer extreme values.

The highest coefficient of variation was ob-
served for the trunk volume (V=72.9%) and wood
phytomass (V=73.4%). This suggests a consider-
able variability of these indicators in the sample.
The lowest coefficient of variation was observed
for density (V=14.4%), which indicates the stabil-
ity of this indicator within the sample.

Assessment of carbon sequestration capacity
The pine forests of Polissia have a significant po-
tential for carbon sequestration, which depends
on the age structure of the stands. To estimate
the carbon-absorbing capacity, the study em-
ployed conversion factors that determined the
proportion of carbon in the total phytomass of
the tree. According to the Convention on Biolog-
ical Diversity (1992) and the Convention on the
Trade in Endangered Species of Wild Fauna and
Flora (1973), about 50% of the total phytomass
of pine wood consists of carbon. This value is
universal and is used in many international stud-
ies that assess the impact of forest ecosystems
on the carbon cycle.

In young pine forests, where the total bio-
mass is about 25 t/ha, the carbon sequestration
capacity is 12.5 t/ha, which is relatively low be-
cause in the early stages of development for-
ests have higher densities but lower individual
biomass due to active competition for resources
(Table 6). Middle-aged forests show a signifi-
cant increase in both total biomass and carbon
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sequestration. With a total biomass of 65 t/ha,
the carbon sequestration capacity increases to
32.5 t/ha. During this period, the natural thinning

of stands reduces competition and promotes bet-
ter resource utilisation by individual trees, which
increases their individual productivity.

Table 6. Carbon sequestration by Polissia pine forests depending on age structure

Age group Biomass (t/ha) Carbon sequestration (t/ha)
Young forests (10-30 years old) 25 12.5
Middle-aged forests 65 32.5
Mature forests 120 60

Source: compiled by the author

Mature forests reach their peak productivi-
ty in terms of both biomass and carbon seques-
tration. The average biomass in these forests is
120 t/ha, while the carbon sequestration capacity
is 60 t/ha. This is supported by previous studies
that showed that mature forests play a key role in
reducing the carbon footprint due to their signif-
icant contribution to carbon sequestration (Con-
vention on the Trade..., 1973).

The impact of environmental conditions

on carbon sequestration

Apart from the age structure, other factors
such as climate conditions, stand density, and
soil characteristics also affect carbon seques-
tration. According to the conducted study, the
highest carbon sequestration performance was
observed in forests located in areas with mod-
erately moist soils and optimum sunlight. This
is because such conditions contribute to the
efficient photosynthetic activity of trees, which
leads to an increase in their ability to seques-
ter carbon. Middle-aged forests, while having
a lower carbon sequestration capacity than

mature forests, are still highly effective in
terms of sustainable forest management pro-
grammes. They can be used to optimise forest
ecosystems during periods of forest regenera-
tion and anti-deforestation. Furthermore, mid-
dle-aged forests provide the highest biomass
growth, making them valuable for long-term
carbon sequestration.

The data obtained for Polissia can be com-
pared with other regions of Ukraine, including the
Carpathians and the Forest-Steppe. For compar-
ison, the average biomass of pine forests in the
Carpathians is 80 t/ha, while their carbon seques-
tration capacity is up to 50 t/ha (Shvidenko et
al., 2014). This confirms that Polissia’s forest eco-
systems have a competitive advantage in carbon
sequestration, thanks to the special environmen-
tal conditions that favour tree growth.

Impact of climatic conditions on bioproductivity
A study conducted in the spring and summer sea-
son of 2023 showed that climatic conditions in
Polissia were favourable for the growth of pine
forests (Table 7).

Table 7.Influence of climatic conditions on the bioproductivity of pine forests in Polissia

Parameter Optimum value

Impact on biomass (t/ha) Reduced performance in case of deviations

Precipitation

(mm/year) 550-700

120 (me forests)

-15-20% with precipitation
of less than 500 mm/year

Temperature (°C) 16-18

120 (mature forests)

-10-15% at temperatures >20°C or <14°C

Source: compiled by the author
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According to the Ukrainian Hydrometeor-
ological Centre (n.d.), the average temperature
during the growing season (April-September
2023) was 17.5 C, which falls within the optimum
range of 16-18 C recommended for pine forests.
However, periodic temperature rises above 20 C
negatively affected the young trees, leading to
a decrease in their growth rate due to increased
evaporation and moisture deficit. This phenome-
non was particularly noticeable in young stands,
where competition for resources is most acute.
The amount of precipitation during this period
was approximately 580 mm, which also meets
the optimum values for maintaining a stable for-
est biomass, which should be 550-700 mm. These
conditions ensured high stand productivity with
a maximum biomass of up to 120 t/ha in mature
forests. In areas with lower precipitation (less
than 550 mm), a 15-20% decrease in biomass
was observed, which confirms the significance of
water regime for forest growth.

Discussion

The findings of the study of the bioproductivity of
pine forests in Polissia offer a better insight into
the dynamics of biomass accumulation in forest
ecosystems and their carbon-absorbing capacity
depending on the age structure. The key findings
of this study suggest that the bioproductivity of
pine forests increases considerably with stand
age, which is consistent with the findings of many
other studies, including B. Zhou et al. (2022), who
investigated the primary productivity of forest
ecosystems in the southwestern karst region of
China. Both studies found that the age factor is
critical in determining the bioproductivity of for-
est stands, which affects the ability of forests to
sequester carbon and stabilise climate conditions.

The data showed that young pine forests
in Polissia (up to 30 years old) have a relatively
low biomass (about 25 t/ha), due to high stand
density and competition for resources. This is con-
sistent with the findings of T. Wang et al. (2023),
who demonstrate that young trees have limited
productivity due to competition for light, water,

and nutrients, which reduces their individual
growth capacity. Middle-aged forests of Polissia
(40-60 years old) showed a significant increase in
biomass (up to 65 t/ha), which can be explained
by the natural process of thinning of stands
and an increase in the individual productivity
of each tree. Y. Li et al. (2023) made analogous
conclusions in a study of bioproductivity in the
Dinghushan National Nature Reserve in China,
where it was noted that middle-aged trees have
higher biomass due to reduced competition for
resources and better photosynthetic activity. An
increase in the share of individual productivity in
middle-aged pine stands indicates optimisation
of resource use, which is consistent with global
trends in the development of forest ecosystems
in comparable climatic zones.

At the final stage of forest stand develop-
ment (80-100 years), the findings showed that
biomass reaches its peak of about 120 t/ha. This
can be explained by the balanced development
of all tree components (trunk, branches, crown,
and root system), which ensures maximum bio-
productivity. These findings are consistent those
of D.F. Riechelmann et al. (2023), who also ob-
served an increase in bioproductivity in more
mature forest ecosystems in Germany. In mature
forests, biomass accumulation processes stabilise
as competition between trees becomes almost
non-existent and trees reach their maximum size.

The study found that climatic conditions sub-
stantially affect the bioproductivity and carbon
sequestration capacity of forests. For example, a
decrease in precipitation below 550 mm leads to
a 15-20% decrease in biomass. G. Liobikiene et
al. (2020) support these findings. The researchers
analysed the impact of climate change on forest
productivity in the European Union and found
that climate stressors such as droughts and ris-
ing temperatures can substantially reduce forest
productivity. G. Sukhbaatar et al. (2020) investi-
gated the survival and growth of Scots pine (Pi-
nus sylvestris) seedlings in the harsh continental
conditions of northern Mongolia. Their findings
confirmed the significant influence of climatic
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conditions, specifically moisture and temperature,
on the growth of young trees, which is consistent
with the presented data on the dependence of bi-
oproductivity on rainfall. L.E. Hankin et al. (2023)
investigated the factors of successful reforesta-
tion of pine stands in the highlands of the United
States and showed that the choice of seed origin
and sowing environment considerably affect the
success of reforestation measures. The present
study complements the findings by also address-
ing the impact of local environmental factors,
such as soil type and rainfall, on bioproductivity.
Although Polissia is not a highland area, the con-
clusions on the significance of adapting planting
methods to local environmental conditions are
relevant for improving forest management. M. Lu-
cas-Borja et al. (2022) worked in a similar area,
investigating the impact of altitude gradients on
the success of black pine (Pinus nigra) stands and
found that climatic and altitude factors are key
to forest adaptation to climate change. Although
Polissia does not have such sharp elevation gra-
dients, both studies emphasised the significance
of considering regional climatic conditions to op-
timise forest management and plan for forest ad-
aptation to climate change.M.P.North et al. (2019)
examined the impacts of climate change on the
resilience of pine forests in the arid western Unit-
ed States, pointing to the need for active meas-
ures to restore and maintain forests to improve
their resilience to climate change. Although the
study was conducted in a relatively humid area
of Polissia, it was also noted that climate change
can considerably affect the productivity of pine
forests, highlighting the significance of planning
measures to maintain bioproductivity in changing
climatic conditions.

S. Balekoglu et al. (2020) investigated the in-
fluence of geoclimatic factors on the variability
of pine seeds and seedlings in Turkey, showing
that geographical location and climate play a key
role in shaping the variability of both biometric
indicators and forest productivity. These findings
are in good agreement with data that showed
significant variability in biomass depending on
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climatic conditions.K.Haghverdi & Y.Kooch (2020)
discussed the long-term effects of reforestation
for restoring degraded lands and combating cli-
mate change. The conclusions on the significance
of stands for carbon sequestration and mitigation
of negative climate impacts support the data on
the carbon sequestration capacity of pine forests
in Polissia. W.H. MacKenzie & C.R. Mahony (2021)
proposed an ecological approach to selecting
tree species for reforestation in the context of
climate change. The study highlighted the sig-
nificance of species adaptation to local climatic
conditions to ensure the long-term sustainabili-
ty of forest stands and is in line with conducted
study that also showed that the success of pine
forest regeneration and bioproductivity is highly
dependent on local climatic conditions.

L. Hiblova & J. Frouz (2021) studied the ef-
fect of coniferous and deciduous tree species on
soil carbon accumulation during reforestation of
forest, agricultural, and post-mining areas, show-
ing that conifers such as pine can considerably
increase the carbon sequestration capacity of
soils, which confirms the conclusions on the high
productivity and ecological role of pine forests
in Polissia in carbon sequestration processes.
C. Looney et al. (2024) also conducted studies on
mixed stands (Pinus attenuata and P. radiata) in
different climatic conditions, investigating the ef-
fect of mixed stands on the early growth of hybrid
pines.The conclusions that climatic conditions and
seed origin substantially affect tree growth com-
plement the findings of the present study regard-
ing the significant influence of local climatic fac-
tors on the productivity of pine forests in Polissia.

M. Henneb et al. (2020) investigated studied
the influence of regional climate, soil conditions,
and substrates on the growth of black spruce and
Scots pine in boreal forests and showed that soil
composition and climatic conditions are key to
tree productivity. The results showing that differ-
ent soil conditions in Polissia subtantially affect
tree biomass are consistent with these findings.
Research has also been conducted in eastern Ro-
mania by R. Vlad et al. (2019), who investigated
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the effect of climatic, local, and forest character-
istics on pine forest parameters, and found that
insufficient rainfall and hot temperatures can
reduce tree biomass. G. Bonari et al. (2020) also
investigated natural Pinus pinea forests in Turkey,
finding that these forests are valuable for biodi-
versity conservation and can play a key role in
climate change adaptation strategies. These con-
clusions echo the findings of the present study, as
they also highlight the significance of Polissia’s
pine forests in reducing the carbon footprint and
maintaining ecosystem resilience in the face of
climate change.

A crucial factor in the development of pine
and spruce stands is the time of planting and the
type of planting material, which was investigated
by |.Repac et al. (2021) in the Carpathians. The re-
searchers emphasised the value of choosing the
correct planting time and type of planting mate-
rial for successful reforestation. These findings
are relevant to the present study, as the findings
also emphasised the necessity of considering lo-
cal environmental conditions to increase forest
productivity. V. Moroz et al. (2021) also studied
the climate stabilisation value of fir stands in the
Carpathians. The results highlighting the high
carbon sequestration capacity of fir forests cor-
relate with the findings of high productivity of
pine forests in Polissia in carbon sequestration.
R. Testolin et al. (2023) modelled different forest
management options under climate change for
Pinus nigra stands in southern Italy. It was shown
that adaptation of forest management practices
to climate conditions is critical to ensure long-
term forest productivity, which is in line with the
findings of the Polissia pine forests.

Thus, the findings of the presented study
confirm the significance of investigating the bio-
productivity of pine forests in Polissia to improve
forest management and combat climate change.
The study of the dependence of bioproductivity
on the age structure of stands offered a better
insight into the dynamics of biomass accumula-
tion and the effect of environmental conditions
on the productivity of forest ecosystems. Further

research should focus on analysing the impact of
climate change on forest productivity and devel-
oping adaptive forest management strategies to
ensure the resilience of forest ecosystems in the
face of climate change.

Conclusions

The study demonstrated the vital role of the age
structure of Polissia pine forests in determining
their bioproductivity and carbon sequestration
capacity. Young pine forests are characterised by
a relatively low biomass of 25 t/ha, with a pre-
dominant proportion of stem, and are marked by
intense competition between trees for light and
nutrients, which Llimits individual productivity.
The carbon sequestration capacity is only 12.5 t/
ha, which is relatively low due to the limited de-
velopment of the crown and leaves, which are key
to photosynthesis.

Middle-aged forests show a significant spike
in biomass, reaching 65 t/ha, due to the natural
process of thinning. The carbon absorption capac-
ity reaches 32.5 t/ha. This indicates the beginning
of the efficient use of resources by trees, which
positively affects their overall bioproductivity.
Mature forests reach their peak in terms of bio-
productivity and carbon sequestration capacity.
Their biomass is 120 t/ha, while their carbon
sequestration capacity reaches 60 t/ha, indicat-
ing the significance of photosynthetic processes
and maintaining a large crown to ensure stable
growth and high productivity. Such forests max-
imise resource efficiency and play a major role in
reducing carbon emissions.

Statistical analysis showed a strong correla-
tion between the biometric parameters of trees
and their phytomass. Specifically, the highest lev-
el of correlation (r=1.00) was observed between
trunk volume and wood phytomass, which con-
firms the contribution of the trunk to the forma-
tion of the total biomass of trees. Comparison of
mean biomass values between age groups using
Student’s t-test showed that the difference be-
tween young and middle-aged forests is statis-
tically significant (p < 0.05), while the difference
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between middle-aged and mature forests is even
more pronounced (p<0.01).

The analysis of biomass variability using
the Mann-Whitney U test showed that tree pro-
ductivity is considerably influenced by local en-
vironmental factors such as soil type and water
availability, which highlights the necessity of
considering soil and climatic conditions when

Moroz

Overall, the findings of this study confirmed
the high ecological and economic value of mature
pine forests in Polissia. Their ability to sequester
carbon makes them an indispensable tool in the
fight against climate change, and their high bio-
productivity indicates the efficient use of natural
resources.

planning forestry activities. The study showed Acknowledgements
that optimum precipitation and temperature con-  None.
ditions contribute to the maximum accumulation
of biomass and increase the carbon sequestration Conflict of Interest
capacity of forests. None.
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BionpoayKTuBHiCTb cocHoBUX niciB Moniccsa

Bipa Mopos

KaHanaaT cinbCbKOrocnonapCbKmx HayK, AOLEHT
3axigHOYKpaiHCbKMIA HaLiOHaNbHWUIA YHiBEpCUTET
46009, Byn. JlbBiBCbKa, 11, M. TepHoninb, YkpaiHa
https://orcid.org/0000-0002-1457-4641

AHoTauif. MeTolo JocnimkeHHs Oyn0 BM3HAYeHHS GionpoayKTMBHOCTI cocHoBMX AiciB [Monicca Ta ix
BYrneLenornMHanbHOi 34aTHOCTI 3aN1€XHO BifJ, BiKOBOI CTPYKTYpu AepeBoCTaHiB.[locniixeHHs npoBoannocs
Ha 15 ekcnepuMeHTanbHUX AingHKax y XXUTOMMPCbKiA Ta PiBHeHCbKiM 06nacTsax NpoTSroM BECHSHO-
niTHboro cesoHy 2023 poky. byno 3aiiicHeHO BUMiptOBaHHS BIOMETPUYHMX MOKA3HMKIB AepeB, TaKUX K
niameTp Ha Bucoti 1,3 metpa (DBH) Ta BMcOTa fepes, a TaKOX NPOBEAEHO aHaNi3 3pa3KiB LepeBUHM Ans
BM3HauyeHHs diTomack cToBbypa, KOpK Ta KpOHW. BctaHoBNEHO, WO 6ionpoayKTUBHICTb 3HAYHO 3pOCTAE
3 BikoM: y Monoaux nicax (10-30 pokiB) 6iomaca ctaHoBMna B cepenHboMy 25 T/ra, y cepefHbOBIKOBUX
(40-60 pokiB) - 65 1/ra, a y cturmux nicax (80-100 pokis) mocarana 120 1/ra. KopenauitHuit aHanis
rnokasaB BMCOKY 3anexHicTb 6iomacu Bif AiameTpa AepeB Ta iXHbOi BUCOTU, A€ HAMCUIbHILLMIA 3B'A30K
BUSIBNEHO Mix 06'eMomM cToBbypa Ta ditomacoto gepesutu (r=1,00). ByrneuenornmHanbHa 34aTHICTb NiciB
TakoX 36inbllyBanacs 3 BikOM: Monoi nicu nornmHanu 6amsbko 12,5 T/ra Byrneuto, cepeaHbOBIKOBI —
32,5 1/ra, a ctvrni nicn — po 60 1/ra. Kpim Toro, LOCNiAKEHHS BUSBMAO, WO KAIMATUYHI GakTopw, TaKi
AK KiNbKiCTb OMafiB i cepeaHs TeMnepaTtypa, CYTTEBO BMAMBAKOTb HA BiONpPOAYKTUBHICTb. Mpy 3HUXKEHHI
KifIbkOCTi onagis Hmx4ve 550 MM Ha pik cnocTepiranocs 3HuWxeHHs 6iomacn Ha 15-20 %. TakuM YMHOM,
pe3ynbTaTi NiAKPeCo0Tb BaX/IMBICTb CTAION0 YNPaBiHHA COCHOBMMM nicamu lNoniccs, BpaxoByouM ixHIO
ponb y rnobanbHux npouecax dikcauii Byrnewuo, wo pobuTb iX BaXIMBUM iHCTPYMEHTOM Ans 60poTbbu 3
KNIMaTUYHMMK 3MiHAMK Ta €KONOTYHUMK BUKIIUKAMU

KniouoBi cnoBa: ekonoris; gpitoMaca; KopensauiiHuii aHanis; NicokopucTyBaHHS; ByrieLb
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