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Abstract. In Ukraine, one of the key tasks of agriculture is to ensure stable production of high-quality grain, which is
of great importance for food security and the national economy, particularly through wheat exports. Intensification
of grain production is closely associated with the introduction of modern biopreparations that significantly affect
the growth and development of agricultural crops. The aim of the study was to determine the effect of mineral
fertilisers and pre-sowing seed treatment with biopreparations on the productivity of winter wheat. The article
presented data from research conducted at the educational, scientific and practical centre of Mykolaiv National
Agrarian University during 2020-2022 on winter wheat of the variety duma odeska. The study employed generally
accepted methods, including analysis and synthesis, laboratory and field experiments. It was found that yield
levels were strongly influenced by the biopreparations used for pre-sowing seed treatment, the level of mineral
nutrition, and the impact of climatic conditions during the growing season. Similarly, changes in grain yield under
the influence of cultivation factors were reflected in the elements of yield structure. The use of biopreparations
affected the yield level of winter wheat. The greatest yield increase was obtained with the biopreparation
Azotofit-r, while the lowest was recorded with Phytocid-r. Grain yield significantly increased with the application
of mineral fertilisers at a rate of N, P,OK, +N, as early spring topdressing. The highest yield was obtained with
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seed treatment using the biopreparation Azotofit-r - 4.15 t/ha, while the lowest yield was formed in the control
variant - 3.34 t/ha. The research confirmed the feasibility of pre-sowing seed treatment with biopreparations that
optimise the nutrition of winter wheat for the formation of high grain yields. The obtained scientific results will
contribute to wider application of biopreparations for seed treatment, ensuring rapid and full plant growth and
development of winter wheat, as well as further increases in productivity and gross grain yield

Keywords: number of productive stems; 1,000-kernel weight; mineral fertilisers; grain weight per spike; yield increase

INTRODUCTION

The yield and quality of winter wheat depend on envi-
ronmental conditions, farming practices, and the type
and cultivar of the plants. Modern agricultural systems
are aimed at minimising the costs of soil cultivation
and using specialised crop rotation, which includes 2-3
types of plants that have similar cultivation technolo-
gies. However, sometimes such decisions prove to be
unsuccessful, leading to a decrease in crop productiv-
ity. Research by V. Pichura et al. (2024) has shown that
growing global demand for food is forcing agricultural
producers to switch to more intensive land use, increas-
ing the chemical load on the environment, which, in the
context of climate change, can lead to depletion and
deterioration of food quality, requiring a rethinking of
fertiliser use and methods of justifying crop fertilisa-
tion systems. Studies by M. Korkhova et al. (2023) have
established that wheat is the main agricultural crop in
many countries around the world and the main food
crop in steppe regions, so agrotechnical systems should
be aimed at creating optimal conditions for high yields
of this crop. Due to the growth of the world’s popula-
tion and the reduction of cultivated land due to military
actions, there is an urgent need to find innovative ap-
proaches to increase crop productivity, which, in turn,
will contribute to an increase in global food supplies.
Annual fluctuations in wheat yields depend on factors
such as moisture levels during the growing season, crop
rotation structure, agrotechnical measures,and the type
and dose of nutrients applied, which determine the ef-
fectiveness of plant growth and development.

Research by W. Jarecki (2023) has established that
winter wheat is one of the most productive crops in
terms of biological characteristics. It is the high-
est-yielding crop in the cereal group, making the most
use of photosynthetically active radiation. However, its
yield potential can only be achieved under certain con-
ditions, such as normal overwintering of crops, good
field preparation, moisture accumulation, and the use
of agricultural practices that ensure sufficient fertilis-
ation and the use of plant protection products against
pests. S. Shahini et al. (2023) found that increasing
yield is the main goal, but excessive fertiliser applica-
tion causes environmental problems, with about 70%

Ukrainian Black Sea Region Agrarian Science, 29(4), 9-17

of the total amount of mineral fertilisers being nitro-
gen-containing. This pattern is observed for most soil
types in the steppe regions of southern Ukraine. The
first minimum is nitrogen nutrition of plants. It is rec-
ommended to partially satisfy the need for nitrogen by
including legumes in the structure of cultivated areas,
which tend to accumulate biological nitrogen, because
it does not pollute the soil and is not lost, but is 100%
utilised by plants. According to the results of research
by S. Kulkarni & A. Goswami (2019), it has been estab-
lished that high crop yields can only be achieved under
optimal mineral nutrition conditions. The use of exces-
sive doses of fertilisers not only fails to increase pro-
ductivity, but also hinders plant growth and develop-
ment. In addition, exceeding these norms has negative
environmental consequences, including the accumula-
tion of heavy metals in the soil, eutrophication of water
bodies, and increased nitrate content in products. At the
same time, the increase in the cost of mineral fertilisers
in recent years has contributed to increased interest
in the use of biological products and the expansion of
areas used for organic farming. A study by Y. Domarat-
skyi et al. (2020) showed that stable crop yields can
be achieved by deliberately creating optimal condi-
tions for their growth and development throughout the
growing season. It has been established that the level
of soil nutrients plays an important role in the forma-
tion of wheat plants, which can be effectively adjusted
by applying different doses and fertilisation schemes.
Research by G. Olkhovskyi et al. (2019) has shown
that grain yield is determined by two main parameters:
the density of productive stems and the weight of grain
per ear, the structure of which depends on many com-
ponents. Research by D. Jodaugiene et al. (2022) con-
ducted at the experimental station of the Academy of
Agriculture in 2019-2020 (Lithuania) determined that
the use of biological products did not have a significant
effect on seed germination, but led to an increase in the
number of productive stems and tillering. The use of
biological products had a positive effect on the forma-
tion of the leaf surface of winter wheat, contributed to
an increase in the weight of 1,000 grains,an increase in
the number of grains in the ear,and the weight of grain



from one ear. As a result, a significant increase in crop
yield was recorded compared to the control variant.
Research by V. Shebanin et al. (2025) has established
that the use of biological products in the fertilisation
system of grain crops enhances the effectiveness of
mineral nutrition, stimulates the development of the
root system, and has a positive effect on the formation
of productivity elements, which is especially important
for the conditions of the southern steppe of Ukraine.
Research by V. Bazalii et al. (2020) showed that the for-
mation of productivity and yield traits in winter wheat
varieties largely depends on growing conditions. The
authors note that various agronomic and environmen-
tal factors, such as nutrition, moisture, and climatic con-
ditions, affect the morphophysiological characteristics
of plants and potential yield. Scientists M. Mostipan et
al. (2019) concluded that the productivity of winter
wheat significantly depends on the weather conditions
of the growing season, namely on overwintering and
moisture supply to plants during the growing season.
According to the findings of A. Panfilova & A. Mo-
hylnytska (2019) conducted in the soil and climatic
conditions of the Southern Steppe of Ukraine, it was
established that the application of mineral fertilisers
at a rate of N, P, before pre-sowing soil cultivation,
combined with foliar feeding of winter wheat crops
at the beginning of spring vegetation renewal with
Escort -bio and Organic D, at the beginning of spring
vegetation renewal contributes to the formation of the
best crop structure indicators and an increase in their
productive potential. Biological products stimulate the
development of roots and above-ground vegetative
biomass of agricultural crops, increase plant stress re-
sistance, yield, and quality. Biological products increase
the availability and speed of plant nutrient uptake by
converting insoluble compounds into available forms
with the help of live bacteria, providing nitrogen nu-
trition and protecting plants from diseases. The aim of
the study was to evaluate the productivity of the Duma
Odessa winter wheat variety depending on the applica-
tion of different rates of mineral fertilisers and the use
of biological products for pre-sowing seed treatment.

MATERIALS AND METHODS
The research was conducted during 2020-2022 at the
experimental field of the Educational, Scientific, and
Practical Centre of Mykolaiv National Agrarian Univer-
sity, located in the southern soil and climatic zone of
Ukraine. The studies used the soft winter wheat variety
Duma Odeska, which was included in the State Register
of Plant Varieties... (2024). The integration of an opti-
mised mineral nutrition system with biological products
is in line with international approaches to preserving
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agrobiodiversity and greening agriculture, as defined by
The Convention on Biological Diversity (1992). The rec-
ommendations for agriculture in the southern steppe
zone of Ukraine were used to conduct the research,
with the exception of the factors mentioned in the
study. Winter wheat was sown on October 10 with a
sowing rate of 4.0 million seeds per hectare.

The experimental plots were located on south-
ern-type chernozem soils with a neutral soil solution
reaction. The arable layer is characterised by a humus
content of 3.3%, which provides sufficient fertility for
the growth and development of winter wheat. The area
of each sowing plot was 70 m?,and the accounting area
was 48 m?; the experiment was set up with three rep-
etitions of the variants and sequential arrangement,
which minimised the influence of soil and microcli-
matic variability on the results of the experiment. The
experimental design included the following variants:
Factor A - mineral fertiliser doses: no fertiliser (control),
application of N, P, K. application of N, P, K. +N, in
early spring fertilisation; Factor B - pre-sowing seed
treatment: control (treatment with water), Phytocide-r,
Azotofit-r. The influence of the biological products Az-
otofit-r and Phytocide-r was studied on the variety un-
der investigation. Azotofit-r is a natural biostimulant
that promotes the fixation of molecular nitrogen in the
atmosphere, creates substances that promote growth,
improve seed germination, enhance root system devel-
opment, increase crop yield, and promote the fixation
of other nutrients. Phytocide -r is a biological fungicide
for the elimination of fungal and bacterial diseases,
increasing resistance to adverse environmental condi-
tions, and improving the quality of plant products. Bio-
logical preparations for pre-sowing seed treatment are
used at a dose of 0.8 and 1.0 l/t, respectively.

The average number of grains in an ear was deter-
mined as the ratio of the total number of grains after
threshing 25 ears to the number of ears in the analytical
sample (25 pcs.). The average weight of grain per ear was
calculated by dividing the weight of grain in the sheaf
sample by the number of productive stems in this sample.
The weight of 1,000 grains was determined in accord-
ance with DSTU 1SO 520:2015 (2016). The winter wheat
harvest was recorded using a SAMPO-500 combine har-
vester (Finland). The experimental data obtained were
processed using statistical and mathematical methods
with the help of the Agrostat computer program. To as-
sess the impact of the factors under study,analysis of var-
iance (ANOVA) was used, and the statistical significance
of the differences between the mean values of the var-
iants was determined at a significance level of p £0.05.
The reliability of the differences between the variants
was assessed by the least significant difference (LSDO5).
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RESULTS AND DISCUSSION

The yield of winter wheat is mainly determined by
the interaction of such productivity components as
the number of stems, the number of grains per ear,
the weight of grain per ear, and the weight of 1,000
grains, which vary significantly depending on the fer-
tilisation schemes used. Thus, the most productive
stems were formed by plants on fertilised plots, which
exceeded this indicator by 1.2 times on plots without
fertilisers (Fig. 1).

pcs./m2

700 601

583 564
600 502250 530
500

400
300
200
100

637

488 21

0 Control
(water treatment)

Phytocid-r Azotofit-r

H Control (without fertilizers) B N3zoP30Ks ~ N3oP3oKsg + N3g
Figure 1. Effect of mineral fertilisers
and biological products on the number of productive stems
in winter wheat plants (average for 2020-2022), pcs/m?

Source: developed by the authors

On average, for 2020-2022, the maximum density
of productive winter wheat stems was observed with
pre-sowing treatment of seeds with the Azotofit-r bio-
logical product against the background of fertiliser ap-
plication at the rate of N, P, K, +N, ,reaching 637 pcs/
mZ2. When only N30P30K30 was applied, the number
of productive stems was slightly lower - 601 stems/
m?. Pre-sowing treatment of seeds with the biological
product Phytocide-r also had a positive effect on the
formation of productive stems, but its effect was slight-
ly weaker compared to Azotofit-r. These results indi-
cate that the combination of optimal mineral nutrition
with the use of biological products contributes to the
intensification of growth processes and an increase in
the potential yield of winter wheat. The lowest indi-
cator when using this biological product was obtained
in the control variant without fertilisers - 502 pcs/m?,
which is 19.7% less compared to the fertilised variant
at a dose of N, P, K, +N, in early spring feeding. The
studies have shown that the nutrient background also
affected the grain weight per ear (Fig. 2). Winter wheat
plants placed on fertilised plots had the highest grain
weight per year.
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Figure 2. The effect of nutrition and seed treatment
on the weight of grain from 1 ear of winter wheat
(average for 2020-2022), g
Source: developed by the authors

On average, in 2020-2022, when sowing winter
wheat on fertilised plots, the weight of grain per ear,
depending on the use of the Azotofit-r biological prod-
uct, ranged from 1.12 to 1.25 g. The effect of Azotofit-r
on the grain weight per ear was also quite significant.
On average, over the years of research, the most pro-
ductive ears were those of plants treated with the Az-
otofit-r; without this agricultural measure, their weight
decreased by 6.7-8.7% depending on the nutrient back-
ground. The indicator characterising grain size, i.e., the
weight of 1,000 grains, also varied depending on the
agricultural measures studied (Fig. 3).

;i 336
33 32.9

33 32.3
32
31
30
29

28 Control
(watertreatment)
m Control (without fertilizers)

30.9
30.5

Phytocid-r Azotofit-r

N30P30K30 N30P30K30 + N30

Figure 3. The importance of nutrition
and seed treatment for the weight of 1,000 grains
of winter wheat (average for 2020-2022), g
Source: developed by the authors

On average, for 2020-2022, when sowing winter
wheat, the weight of 1,000 grains on fertilised plots
exceeded this indicator compared to the plot without
fertilisers, respectively, without seed inoculation by 0.4
and 0.8 g; with the use of Phytocide-r - by 1.8 and 2.5 g,
and with the use of the Azotofit-r— by 2.0 and 2.7 g. The



grain density of the ear,which depends on weather con-
ditions and agrotechnical cultivation methods, plays an
important role in the formation of the yield. The results
of the studies show that the number of grains in the
ear of winter wheat varied depending on fertilisation -
from 26.2 to 27.1 grains without seed inoculation and
from 27.8 to 29.4 grains with seed inoculation, depend-
ing on the biological product studied (Fig. 4).

piece

20 29.4
283 28.6
29 27.9 27.8
28 27.4 271
26.7 -
27 26.2
26
25
24 Control Phytocid-r Azotofit-r
(water treatment)
H Control (WithOUt fertilizers) N30P30K30 N30P30K30 + N3o

Figure 4. Number of grains in a winter wheat ear
depending on the factors studied
Source: developed by the authors

The highest grain yield was observed in areas that
received mineral fertilisers, with the maximum num-
ber of grains formed by plants when N, P, K. +N, was
applied in combination with pre-sowing treatment of
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seeds with the Azotofit-r. This indicator exceeded the
control group without fertilisers and seed treatment
with biological products by 12.2%, which emphasises
the effectiveness of the combined use of mineral nutri-
tion and biological products to increase the productivity
of winter wheat. The yield of winter wheat is the final
stage of plant development and fully reflects the ef-
fectiveness of the agricultural techniques used to grow
it during the growing season. The interaction of plant
productivity factors was shaped by a complex combi-
nation of biotic and abiotic factors affecting wheat in
close interaction with the studied agricultural tech-
niques, which led to the formation of yields of varying
productivity during the study period. The analysis of the
impact of the studied factors on winter wheat plants
reveals patterns in crop yield formation depending on
the level of nutrition and pre-sowing treatment of seeds
with biological products. This approach makes it possi-
ble to evaluate the effectiveness of various fertilisation
schemes and biological stimulants in ensuring high pro-
ductivity and grain quality (Table 1). The data show that
the average yield of winter wheat in all variants with
the use of fertilisers during the years of research was
0.11-0.38 t/ha higher than in the variant without fer-
tilisers. The greatest increase from the use of Azotofit-r
was 0.43-0.50 t/ha. An increase was also observed from
the use of the biological product Phytocide-r — 0.29-
0.33 t/ha, which is 3.4-4.7% less than with the Azotofit-r.

Table 1. The effect of fertiliser application and seed treatment with biological products
on the yield of winter wheat variety Duma Odeska (average for 2020-2022), t/ha
Nutritional background

Seed treatment

Increase from the use of biological products

(factor B) (factor A)
Control (no fertilisers)
Control NP K
(water treatment) 30° 307730
N}OPSOKSO + N30
Control (no fertilisers)
Phytocide-r N,,P..Ks,
N30P30K30 + NSO
Control (no fertilisers)
Azotofit-r N;oPsoKsg
N, P. K, +N

30" 30 30 30

Yield, 1/ra
T/ra
3.34 - -
3.45 - -
3.72 - -
3.65 0.31 9.3
3.78 0.33 9.6
4.01 0.29 7.8
3.83 0.49 14.7
3.95 0.50 145
4.15 0.43 11.6

LSD,,t/ha:A-0.24; B - 0.29; AB - 0.42

05?

Source: developed by the authors

Analysis of experimental data shows that the use
of mineral fertilisers and biological products signifi-
cantly affected the yield of winter wheat. The highest
yield indicators (3.72-4.15 t/ha) were obtained in var-
iants with the application of N, P, K. in combination
with early spring feeding with N, , which significantly
(p£0.05) exceeded both the control without fertilisers
and the variants with basic fertilisation without feed-

ing, since the difference between the variants exceeded

the LSD,, value for factors A, B, and their interaction.
A separate analysis of the factors showed that the use
of only mineral fertilisers without pre-sowing seed
treatment provided an increase in yield compared to
the control, but the maximum effect was achieved with
the combined use of fertilisers and biological products.
Pre-sowing seed treatment with the biological prod-
ucts Phytocide-r and Azotofit-r contributed to an ad-
ditional yield increase of 7.8-14.7%, with the greatest
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effect observed in the variants with the use of Azotofit-r.
The advantage of the Azotofit-r biological product is
explained by its ability to activate associative nitrogen
fixation, improve the supply of available forms of nitro-
gen to plants in the early stages of organogenesis, and
stimulate the development of the root system. This, in
turn, increases the efficiency of mineral nutrition, as
confirmed by the maximum yield of 4.15 t/ha in the
N,,P..K,, + N, variant in combination with pre-sowing
treatment of seeds with Azotofit-r.

The complex effect of fertilisers and biological
products was probably achieved not only through an
increase in overall productivity, but also through an
improvement in the structural elements of the crop, in
particular the formation of a greater number of pro-
ductive stems and an increase in grain weight per ear.
Research by L. Marcinska-Mazur & M. Mierzwa-Hersz-
tek (2023) showed that both a deficiency and an excess
of nutrients have a negative impact on soil condition.
The rational use of fertilisers aimed at increasing crop
yields replenishes nutrients in the soil, which stimulates
plant growth and development and increases the quan-
tity and quality of the harvest. At the same time, exces-
sive fertilisation can lead to contamination of ground-
water and surface water and loss of nutrients through
leaching into deeper soil layers. Therefore, to ensure
sustainable agricultural production and environmental
protection, fertilisers should be applied in optimal dos-
es. The effectiveness of Azotofit-r on southern black soil
depends on its average fertility level. The highest effec-
tiveness was recorded on plots without mineral fertil-
isers, where yield increases were minimal and ranged
from 0.18 to 0.30 t/ha. When using an ineffective pre-
decessor, even with minimal fertilisation rates, a slightly
higher but still limited increase was observed - about
0.35 t/ha. At the same time, with the background appli-
cation of NP K, fertilisers during the cultivation of
the Knopa variety on black fallow, stable yield increas-
es of 0.19-0.26 t/ha were noted, indicating a moderate
but positive response of the crop to nutrition and a
more favorable agricultural background. These results
indicate a significant influence of the predecessor and
the level of mineral nutrition on the productivity of
the variety, as well as the need to optimise the fertil-
isation system depending on the growing conditions.

Based on the results of 14 years of research (2007-
2020), S. Burykina et al. (2021) established the effec-
tiveness of applying a fertilisation system for winter
wheat in the southern regions of Ukraine. The appli-
cation of fertilisers at a rate of N, P, K, led to an in-
crease in grain yield by 2.24 t/ha compared to the vari-
ant without fertilisers, which emphasises the significant
positive effect of optimal mineral nutrition on crop
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productivity. The formation of winter wheat grain yield
is determined by the interaction of various productivity
factors, in particular the number of productive straws,
the weight of 1,000 grains, their size and quality (Olk-
hovskyi et al., 2019; Tsvey et al., 2021). According to re-
search by M. Lozinskiy et al. (2021), the weight of grain
on a single ear, which reflects its productivity, directly
depends on the effectiveness of that ear. Undoubtedly,
the main ear is of key importance in determining the
productivity and yield of wheat grain, as it is the result of
the interaction of many genetic factors that determine
its quality and quantity. The results of studies by N. Pin-
chuk et al. (2022) showed that treating Skagen winter
wheat seeds with biological products before sowing
led to an increase in stem density compared to the con-
trol variant. The use of the Azotofit-r biological prod-
uct for pre-sowing treatment against the background
of adding N, P, K, +N, in spring fertilisation showed
a stem density of 637 pcs/m?, which is 20.2% high-
er than in experiments without fertiliser application.

The use of biological products significantly affects
the weight of 1,000 grains and the yield of winter
wheat. The highest weight of 1,000 grains (38.7 g) was
recorded when treating seeds with the Organic Balance
biological product for the Duma Odeska variety, which
is 13.2% higher than the results of treatment with the
Azotofit -r against the background of N, P, K, + N,
application in early spring fertilisation. The use of bio-
logical products also has a positive effect on the over-
all productivity of the crop: the maximum yield was
obtained after black fallow treated with Organic Bal-
ance, and for the Duma Odessa variety it was 7.19 t/ha,
which is 30.3% higher than the variant without fertil-
isers. These results highlight the effectiveness of the
combined use of biological products and agrotechnical
measures to increase the productivity of winter wheat.
D.Jodaugiene et al.(2022) found that the use of biologi-
cal products does not significantly affect seed germina-
tion, but contributes to an increase in tillering, leaf area,
number of productive stems, weight of 1,000 grains,
weight of grain from the ear, and grain yield compared
to the control variant. Thus, the studied biological prod-
ucts for pre-sowing seed treatment significantly affect
key indicators of winter wheat productivity, in particu-
lar the number of productive stems, grain weight per
ear, yield, and weight of 1,000 grains, contributing to
an increase in the overall efficiency of crop cultivation.

CONCLUSIONS
Studies conducted in the southern regions of Ukraine
during 2020-2022 showed that winter wheat productiv-
ity directly depends on the availability of nutrients and
the use of pre-sowing seed treatment with biological



products. The use of biological products had a signifi-
cant impact on crop yields: among the products stud-
ied, Azotofit-r provided the highest yield increase, while
Phytocide-r showed the least effect. In addition, a sig-
nificant increase in grain yield was observed when min-
eral fertilisers were applied at a rate of N, P, K. +N,
in early spring fertilisation, which contributed to active
growth and the formation of productive stems.

The yield of winter wheat was largely determined
by the interaction of productivity components, such as
the number of productive stems, the number of grains
per ear, the weight of grain per ear, and the weight
of 1,000 grains, which varied significantly depending
on the type of fertiliser applied. Plants that received
mineral fertilisers at a rate of N, P, K, +N, in com-
bination with pre-sowing treatment of seeds with the
biological product Azotofit-r formed the maximum
number of productive stems — 637 pcs/m? Pre-sowing
treatment of seeds with the biological product Phy-
tocide-r also had a positive effect on this indicator,
providing 601 pcs/m?, which is 23.2% higher than
the control. The weight of grain from one ear varied
from 1.07 to 1.25 g depending on the use of biologi-
cal products and mineral nutrition. The highest grain
yield was observed in areas with a combination of
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fertilisation and pre-sowing treatment of seeds with
biological products, where the number of grains per
ear ranged from 27.8 to 29.4.

The results of the studies showed that the use of
the Azotofit-r biological product during the cultivation
of the Duma Odeska winter wheat variety ensures max-
imum yield - 4.15 t/ha, while in the control variant it
was 3.34 t/ha. This emphasises the significant role of
pre-sowing seed treatment with biological products in
optimising plant nutrition and increasing grain yield. In
the future, it is planned to study the combined effect of
mineral fertilisers and biological products on pre-sow-
ing seed treatment in order to assess their impact on
grain quality characteristics, which will allow for a
more detailed description of the productive and tech-
nological properties of winter wheat varieties.
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AHoTauif. B YkpaiHi ogHWM i3 KNOYOBMX 3aBAAHb CiNbCbKOrO rocnojapcrea € 3abesneuveHHs CTabinbHOro
BUPOOHMLTBA SKICHOTO 3€pHa, WO MAE BaXKIMBE 3HAYEHHS ANS MPOAOBObYOI He3nekn Ta eKOHOMIKM KpaiHu,
30KpeMa vyepes eKCnopT nweHuui. IHTeHcmdikaLis 3epHOBMPOOHMLTBA TICHO MOBM3aHa i3 BNIPOBAAXKEHHAM CYy4aCHMUX
6ionpenapari., gKi iCTOTHO BMMBAOTb Ha PiCT i PO3BUTOK CiNbCbKOroCNoAapCcbkMxX KynbTyp. MeToto po6otn 6yno
BCTQHOBWUTM [il0 MiHepanbHUX fobpuB Ta 06pobKM HaciHHA nepep ciBbor HionpenapaTtaMu Ha MPOAYKTUBHICTb
nweHuui 031MMoi. B cTtaTTi HaBegeHO AaHi pe3ynbTaTiB AOCNIAXKEeHb, NpoBeAeHMX B yMOBax HaByanbHO-HayKoBoO-
NPaKTUYHOrO LEeHTPY MUKONAIBCbKOrO HaLiOHanbHOro arpapHoro yHisepcutety snpogosx 2020-2022 pp. 3
nweHuLer o3numoto copty lyMa ogecbka. [pn NnpoBeaeHHi AOCNIAKEHHS BUKOPUCTAHI 3arafibHONPUIHATI METOAM:
aHani3 i cuHTe3s, nabopatopHuii Ta NONbOBMIA. byno BMABNEHO, WO HA PiBEHb BPOXAMHOCTI CMABHO BMAMBAIM
6ionpenapaTtu, aKi BUKOpUCTOBYBaNMCS ansi 06pobku HaciHHA nepep CiBbO, piBeHb MiHEPANIbHOIO XXMBNEHHS Ta
BM/MB KNiMATUYHMX YMOB BeretauinHoro nepiogy. AHanoriyHo, 3MiHM BpOXXanMHOCTI 3epHa nif BNAMBOM (DaKTopiB
BMPOLLYBAHHS TaKOX 3MiHIOBANW eNeMEHTU CTPYKTYpU BpOXKat. BUkopucTaHHsa 6ionpenapatiB BNAMHYNO Ha PiBEHb
YPOXXaMHOCTI nweHuui 03uMoi. Hanbinbwmiti npupict ypoxatw oTpuMaHo nig gieto 6ionpenapaty AsoTodiT-p, a
HalHWx4y — @iToumna-p. PiBeHb ypoXxat 3epHa CyTTEBO NiABMLIMBCS 3@ BHECEHHS MiHepanbHUX AO6GpUB y L03i
N,,P., Ky, + Ny y paHHbOBECHAHE NigKMBIEHHS. Hainbinblwy BpoxanHicTb 0TpMMaHo 3a 06pobku Gionpenapatom
AsoTodiT-p - 4,15 T/ra, a HaliMeHWy BpOXalHiCTb 6yn0 CHOPMOBAHO Y KOHTPOALHOMY BapiaHTi — 3,34 T/ra.
LocnipxeHHa nigTBepaMnAn [oUINbHICTE 00pobkM HaciHHs GionpenapatamMu nepen ciB60l, SKi ONTUMI3YHOTb
XMBNEHHS NWEHUL 03MMOT AN GOPMYBaHHS BUCOKMX BPOXaAiB 3epHa. OTpMMaHi HayKoBi pe3ynbTaTv CpUsTUMYTb
6inbl WKMpPLIOMY 3aCTOCYBaHHIO GionpenapatiB A 06pobkM HaCiHHS, WO 33a6e3neynTb WBUAKUIA | NOBHOLLIHHUIA
picT Ta pO3BMTOK POC/MH 03MMOQI NLWEHUL, Nofanblue 36iNblieHHS NPOAYKTUMBHOCTI Ta BasoBOro 36opy 3epHa
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Abstract. The article presents the results of a study of the electrophysical indicators of typical chernozems that have
been affected by combat actions and technological loading,as well as agrogenicuse.The aim of the work was to identify
changes in electrical conductivity, total mineralisation, salinity and the content of water-soluble calcium, sodium and
potassium cation salts by comparing areas with different types of technogenic,agrogenic and post-agrogenic loading.
According to the methodology, samples were taken from 0 to 40 cm at 10 cm intervals. Electrophysical parameters
were measured in a water-soil paste (1:1) using an EZOD0O-8200 M conductometer and HORIBA LAQUAtwin ion
meters. Additionally, correlations were established between electrical conductivity, total mineralisation, salinity
and water-soluble salt content. Combat impact caused a decrease in electrical conductivity with depth, uneven
distribution and accumulation of sodium and potassium salts in the upper layers. On the burnt fallow land, electrical
conductivity decreased from 258 to 185 uS/cm and the potassium salt content from 55 to 7 ppm. In the road and
equipment parking variants, an increase in electrical conductivity (up to 302 uS/cm) and accumulation of calcium
salts up to 150 ppm and potassium up to 24 ppm were observed. In the arable land variant, electrical conductivity
remained consistently high (up to 360 uS/cm), which was caused by agrogenic salt accumulation. On the ploughed
section of the road, the indicators were moderate, indicating partial recovery.A strong correlation was found between
electrical conductivity and calcium (+0.72) and sodium (+0.89), as well as a negative correlation with potassium
(-0.35). The practical significance of the research results lies in the possibility of using electrical conductivity and
water-soluble salt content as indicators of the degree of soil disturbance, which made it possible to quickly assess
the degradation of agrogenic and technogenic disturbed areas of chernozems as a result of hostilities, as well as the
possibility of formulating recommendations for the restoration of soil cover in the context of post-conflict land use
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INTRODUCTION

In the current conditions of military conflict and in-
tense technogenic pressure on Ukraine’s agricultural
landscapes, the ability to quickly assess the state of the
soil environment, in particular its physical and chemi-
cal properties, is becoming particularly relevant. Typical
chernozems, as the most fertile soils intensively used in
agriculture, are subject to the complex effects of military
operations, including mechanical compaction from the
passage of military equipment, thermal damage from
fires, and chemical contamination from fuel and lubri-
cants spilled on the surface. These factors alter the wa-
ter regime, structural condition, biological activity, and
thus the soil’s ability to self-regenerate and self-clean.
At the same time, agricultural use also changes the ionic
composition of the soil solution, which complicates the
diagnosis of the degree of soil degradation. Under these
conditions, electrophysical indicators (electrical con-
ductivity, total mineralisation, salinity), supplemented
with information on the content of water-soluble cal-
cium, sodium and potassium, can serve as indicators of
edaphic disturbance, allowing for a rapid assessment of
the level of degradation and the formulation of scientif-
ically sound recommendations for soil cover restoration.

Operational monitoring of the agrobiological con-
dition of agricultural land is an important component
of modern agroecological control. One of the most ef-
fective methods of such control is the measurement
of the electrical conductivity of the soil environment,
which is a comprehensive indicator of its physical and
chemical condition. According to data obtained by
H.N. Kim & J.H. Park (2024), electrical conductivity is
closely related to the content of nutrients in the soil, in
particular such as nitrates, potassium and calcium, and
also depends on moisture, organic matter content and
soil particle size distribution. In their work, researchers
R. Mustafa & A. Ansari (2024) confirmed the depend-
ence of soil electrical conductivity on moisture, density,
porosity and the degree of saturation with nutrients,
which allows it to be used to predict the agrophys-
ical condition and potential of the territory. Modern
research pays particular attention to electrical con-
ductivity as an indicator of the physicochemical state
of the soil. Electrical conductivity can be used to indi-
rectly assess a number of important properties, such as
nutrient content, organic matter content, pH, etc. Stud-
ies by P.Mazur et al. (2022) have found that soil electri-
cal conductivity has a strong positive correlation with
potassium content (0.80) and a moderate correlation
with magnesium content (0.48), confirming its high in-
formative value for monitoring. The authors noted that
electrical conductivity can be used as an indirect indi-
cator of fertility and a basis for field zoning in precision
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farming systems. In addition, this indicator proved to
be the most variable among all those studied, which
indicates the sensitivity of electrical conductivity to
spatial heterogeneity of the soil environment.

In studies by B. Prajuli et al. (2025), the physico-
chemical properties of soils in irrigated agroecosys-
tems were characterised, where electrical conductivity
proved to be a sensitive indicator of changes in nutrient
content, organic matter and microbiological activity.
The authors noted that maintaining electrical conduc-
tivity within optimal values is critical for preserving the
biochemical balance of the soil and ensuring a stable
yield under conditions of intensive irrigation. In the
work of W.Mu et al. (2024), a method was proposed that
allows the salinity of the soil to be assessed based on
electrical conductivity and moisture content. The re-
searchers conducted a series of field measurements in
arid regions where traditional methods of salt determi-
nation are labour-intensive. They proved that electrical
conductivity combined with moisture content can be an
effective indicator of water-soluble salts. The authors
emphasised that the developed method allows for
the rapid identification of areas at risk of salinisation.
In their work, scientists A. Lazaar et al. (2025) devel-
oped a model for rapid assessment of saturated extract
conductivity using pedotransfer functions, FTIR spec-
troscopy, and machine learning. The work covered arid
regions of North Africa, where traditional conductivity
determination is difficult and expensive. The authors
showed that the data obtained using these methods,
combined with machine learning algorithms, allow for
highly accurate prediction of the level of water-soluble
salts in the soil. The conclusions of A. Lazaar et al. con-
firmed that electrical conductivity is a reliable indicator
of salinisation, and its digital modelling opens up new
opportunities for soil monitoring.

Due to military operations in Ukraine, thousands of
hectares of fertile chernozems soil have been devastat-
ed by combat operations: explosions, fires, bombings,
movement of military equipment across fields, etc. Ac-
cording to T. Chaika & I. Korotkova (2023), all this has
caused physical, chemical, and biological disturbances
to the soil cover.The main issue of concern is how differ-
ent types of disturbances caused by combat operations
affect soil parameters, plant succession, and its poten-
tial for recovery. Despite the considerable attention
paid by scientists to electrical conductivity as one of
the indicators of the physical and chemical state of the
soil, the analysed works mainly focused on agronomic
aspects, in particular the relationship between electri-
cal conductivity and nutrient content, organic matter
content, moisture and granulometric composition of
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the soil. At the same time, the impact of military opera-
tions and technogenic load on the electrophysical indi-
cators of chernozems has not been sufficiently studied.
The nature of the vertical distribution of water-soluble
calcium, sodium and potassium cations in soil profiles
that have undergone pyrogenic, mechanical and chem-
ical influences, as well as their relationship with elec-
trical conductivity indicators, remains poorly studied.

It is precisely the aspects of the impact of military
operations on the electrical conductivity, total mineral-
isation and salinity of typical chernozems, along with
studies of the characteristics of the accumulation of wa-
ter-soluble salts in various types of disturbed areas, that
remain insufficiently covered in the current scientific
literature. This necessitated this study, which was aimed
at a comprehensive assessment of the electrophysical
indicators of typical chernozems under the influence of
military degradation and technogenic load compared to
natural areas,with the subsequent formation of scientif-
ically based recommendations for their restoration. The
aim of the study was to identify changes in the electro-
physical indicators of typical chernozems (in particu-
lar, electrical conductivity, total mineralisation, salinity)
and the content of water-soluble cation salts (calcium,
sodium and potassium) under the influence of hostili-
ties, by comparing areas with different types of techno-
genic, agrogenic and post-agrogenic loads, for further
assessment of the degree of soil environment distur-
bance and determination of its restoration potential.

MATERIALS AND METHODS

The study involved the analysis of electrophysical pa-
rameters (electrical conductivity, total mineralisation,
and salinity) of typical chernozems across two control
variants, representing agrochemical and post-agro-
chemical influences, located at the Educational-Sci-
entific-Production Centre “Dokuchaev Experimental
Field” of the State Biotechnological University, as well
as four variants subject to technogenic impact, sit-
uated near a research station in Kharkiv region, rep-
resenting different conditions of military activity. The
research was conducted during 2025 as part of the sci-
entific project “Impact of Military Actions on the Soil
Cover and Soil Quality in Ukraine” (State Registration
No. 0124U005030). Field and laboratory investigations
encompassed representative plots with varying degrees
of disturbance, enabling comparative analysis of verti-
cal distribution of parameters within the soil profile.

The first variant (burnt fallow) represented a fallow
plot partially affected by pyrogenic degradation due to
the burning of vegetation during military activities. The
second variant (natural fallow) was a fallow plot with a
natural grass cover that had developed over more than
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70 years (absolute control). The third variant (compact-
ed road) included a road constructed across arable
land, repeatedly subjected to mechanical stress from
the movement of military vehicles. The fourth variant
(ploughed road) represented a ploughed section of a
road, simulating the aftereffects of technogenic impact
caused by vehicle movement. The fifth variant (arable
land) consisted of a plot under continuous agrochemi-
cal use for over 100 years, without any military impact
(control). The sixth variant (equipment parking area) in-
cluded an area used for temporary stationing of military
equipment, with potential contamination of the surface
soil layer by fuel and lubricants. Soil samples for analy-
sis were collected using an auger in layers of 0-10 cm,
10-20 cm, 20-30 cm, and 30-40 cm. These layers were
chosen due to their agronomic significance, as the up-
per humus-accumulative horizon of typical chernozems
experiences the greatest load. Samples were collected
in triplicate to ensure statistical reliability of the data.

To standardise measurement conditions for elec-
trophysical parameters, a 1:1 water-to-soil paste was
prepared. This ratio minimises the variability of soil
moisture under field conditions, ensures comparability
between variants, and provides representative data on
the ionic composition of the soil solution. Measure-
ments of electrical conductivity, total mineralisation,
and salinity were performed using an EZOD0O-8200 M
conductometer-salimeter (manufacturer: Taiwan). The
conductometric method allows rapid and accurate de-
termination of the total ion content in the soil solution
and was selected for its high sensitivity to changes in
salt composition during operational monitoring of soil
degradation processes. The content of water-soluble
cationic salts of calcium, sodium, and potassium was
determined using portable HORIBA LAQUAtwin ion
meters (manufacturer: Japan). The ionometric meth-
od complements the conductometric approach and
enables qualitative assessment of salt composition.
Pairwise correlation analysis was applied to establish
relationships between electrical conductivity and the
content of water-soluble salts. Statistical processing,
graph construction, and result summarisation were
conducted using Microsoft Excel (Microsoft 365 Ed-
ucation), ensuring calculation accuracy and clear vis-
ualisation. The results were analysed by comparing
variants under different types of stress. This compar-
ative-analytical approach allowed the identification
of characteristic changes in parameters depending on
the type of impact, as well as assessment of the recov-
ery potential of typical chernozems.

To standardise the conditions for measuring elec-
trical conductivity, total mineralisation, soil solution sa-
linity and the content of water-soluble calcium, sodium



and potassium cations, a method was used to prepare
a water-soil paste in a 1:1 ratio. Soil samples were
pre-dried to an air-dry state at room temperature and
ground in a mortar to a homogeneous powdery state.
From each prepared sample, a 10 g sample of air-dry
soil was taken and placed in a chemically inert polypro-
pylene container. Distilled water was pre-checked for
electrical conductivity and salt content. In the absence
of impurities, 10 ml of water was added to the soil sam-
ple, after which the mixture was intensively stirred for
two minutes with a glass rod to ensure uniform mois-
tening and activation of ion exchange (saturation). The
prepared paste was kept for 24 hours in closed con-
tainers at a temperature of 20-22°C. After aging, direct
measurement of the electrophysical parameters in
the paste was carried out without additional filtration.
Electrophysical indicators (electrical conductivity, to-
tal mineralization, salinity) were determined using the
EZODO-8200 M conductometer-salinity meter (EZO-
DO Instruments, Taiwan). The content of water-soluble
calcium, sodium and potassium salts was determined
using portable ion meters HORIBA LAQUAtwin (HORI-
BA Ltd.,Japan): Na-11 (Na*); K-11 (K*); Ca-11 (Ca%). This
approach made it possible to level out the variability of
natural soil moisture, ensure the comparability of re-
sults between variants, and obtain representative data
on the ionic composition of the soil solution. Soil sam-
pling and analysis were carried out in accordance with
local environmental standards and without disturbing
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the ecological balance, in particular in accordance with
the Law of Ukraine No. 1264-XI1 (2025).

RESULTS

Changes in electrophysical indicators

under the influence of combat operations

The results obtained allowed to assess the level of soil
electrical conductivity based on the content of wa-
ter-soluble salts in the soil solution, the degree of salin-
isation due to changes in the water regime and biologi-
cal activity. In the fallow variant after thermal exposure,
the electrical conductivity in the upper layer of 0-10 cm
was 258 uS/cm, and the values of total mineralisation
and salinity were 170 and 129 ppm, respectively. With
depth, the indicators gradually decreased and in the 30-
40 cm layer had values of 185 uS/cm for electrical con-
ductivity, 122 ppm for total mineralisation and 93 ppm
for salinity. This distribution indicated a decrease in the
content of easily soluble salts with depth. The electrical
conductivity of the typical chernozem fallow variant was
226 pS/cm in the 0-10 cm layer, total mineralisation was
149, and salinity was 113 ppm.With depth, there was an
increase in the electrical conductivity of soil-water sus-
pensions, which was 376 uS/cm, as well as mineralisa-
tion to 248 ppm and salinity to 188 ppm. Thus, the distri-
bution of salts indicated a natural accumulation of easily
soluble salts in the lower layers studied, which could be
the result of biological processes, capillary moisture rise,
and the absence of mechanical impact on the soil (Fig. 1).
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Figure 1. Vertical distribution of electrical conductivity, total mineralisation
and salinity of typical chernozems under different types of agrogenic, technogenic and combat loads
Notes: electrical conductivity (Cond), uS/cm; total dissolved solids (TDS), ppm; salinity (Salt), ppm (LSDO5 Cond - 30,

Salt - 25, TDS - 20)
Source: created by the authors

The surface layer of 0-10 cm on the road variant had
a slightly increased level of electrical conductivity up to
302 pS/cm, as well as total mineralisation - 199 ppm and
salinity-152 ppm.However,in other studied layers from 10

to 40 cm, electrical conductivity decreased to 210-227 uS/
cm, indicating an uneven distribution of easily soluble
salts at different depths. The absence of a clear and grad-
ual change in electrophysical indicators could have been
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caused by technogenic soil compaction, which disrupts
the natural differentiation of the soil. In the ploughed road
variant, the electrical conductivity in the 0-10 cm layer
was 275 pS/cm, mineralisation was 180 ppm, and salinity
was 137 ppm. At other studied depths from 10 to 40 cm,
the electrical conductivity decreased to 200-216 uS/cm,
which indicates a partial accumulation of easily soluble
salts in the lower studied layers of typical chernozem.

The highest electrical conductivity values among
the other studied variants were characteristic of the ar-
able land variant and reached 326 pS/cm. The values
of total mineralisation and salinity were also elevated -
214 pS/cm and 163 ppm. With depth, the electrophysi-
cal indicators decreased slightly but remained at a high
level. Thus, at a depth of 30-40 cm, the electrical con-
ductivity was 360 pS/cm. This distribution indicates the
accumulation of easily soluble salts in the arable layer,
which could be the result of agricultural use, fertiliser
application, or insufficient drainage due to compaction
of the lower soil layers and the formation of a plough
pan. In the case of temporary military equipment stor-
age, the electrical conductivity in the upper layer studied
was 276 pS/cm, and the total mineralisation and salinity
values were 182 and 138 ppm.At a depth of 10 to 40 cm,

the electrical conductivity decreased to 195-203 uS/cm,
indicating local accumulation of easily soluble salts in
the surface layer of typical chernozem. This could be the
result of both contamination with lubricants and dis-
ruption of the soil water regime due to its compaction.

Changes in the content of water-soluble calcium, sodium
and potassium cation salts under the influence

of combat operations

An analysis was conducted of the content of water-solu-
ble calcium, potassium and sodium cation salts in typical
chernozems at depths of 0 to 40 cm. The results obtained
made it possible to identify the nature of the distribution
of water-soluble salts depending on the type of land
use, the existing anthropogenic impact, or the natural
state of the study site. In the case of burnt fallow land,
the content of water-soluble calcium salts was stable at
all depths studied and was at the level of 93 ppm. The
sodium content was quite insignificant, with a maximum
value of 4 ppm in the lower soil layers. The potassium
content showed a clear downward trend from 55 ppm
in the surface layer of 0-10 cm to 7 ppm at depths of
20 to 40 cm, indicating its active accumulation in the
surface layers of typical chernozem after a fire (Table 1).

Table 1. Content of water-soluble salts of calcium, sodium and potassium cations
in typical chernozems affected by military operations, ppm

Variant Depth, cm

0-10
10-20
20-30
30-40

0-10
10-20
20-30
30-40

0-10
10-20
20-30
30-40

0-10
10-20
20-30
30-40

0-10
10-20
20-30
30-40

0-10
10-20
20-30
30-40

1. Burnt fallow

2. Natural fallow

3. Compacted road

4. Ploughed road

5.Arable land

6. Equipment parking area

LSD,

05

Source: compiled by the authors
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Content of water-soluble cation salts, ppm

Na
93 0 55
93 2 20
93 4 7
93 4 7
98 0 18
110 2 6
150 2 4
150 2 0
130 2 25
100 4 0
100 5 0
110 5 5
130 4 11
110 4 4
100 4 0
100 5 0
130 2 14
120 2 6
140 3 0
140 3 0
150 2 24
120 2 11
120 2 5
110 3 0
15 2 8



Under the influence of natural fallow use, the cal-
cium salt content increased from 98 ppm in the surface
layer of typical chernozem to a maximum of 150 ppm
at depths of 20 to 40 cm, indicating its accumulation in
the lower layers. Water-soluble sodium salts were al-
most absent in the profile, amounting to only 0-2 ppm.
The content of water-soluble potassium salts decreased
from 18 ppm in the upper layer to complete absence at
a depth of 30-40 cm, which could be more typical for
soils in the recovery phase with increased biological
activity. On the road variant, the content of water-sol-
uble calcium salts ranged from 100 to 130 ppm with-
out a clear distribution and decrease in content with
depth. Water-soluble sodium salts increased slightly in
content with depth from 2 to 5 ppm at a depth of 10-
30 cm, while potassium salts had an unclear distribu-
tion pattern with a higher content in the 0-10 cm layer
up to 25 ppm, a complete absence at depths of 10 to
30 cm, and a slight content at a depth of 30-40 cm -
5 ppm. The uneven distribution of water-soluble salts
could have been caused by physical disturbance of the
profile as a result of soil compaction by repeated pas-
sage of military equipment.

The reduction in the content of water-soluble
calcium salts occurred after ploughing the road from
130 ppm to 100 ppm at depths of 20 to 40 cm. Sodi-
um salts were consistently present throughout the en-
tire depth studied in an amount of about 4-5 ppm. The
amount of water-soluble potassium salts in the surface
layers was 11 ppm, and below that, they were not de-
tected at all. The arable land variant was characterised
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by an increase in the content of water-soluble calci-
um salts in the surface layer 0-10 cm from 130 ppm
to 140 ppm at a depth of 20-40 cm, which could have
been the result of mixing the upper part of the soil
as a result of cultivation. Sodium salts were present
in very small amounts, namely 2-3 ppm. Water-soluble
potassium salts decreased from 14 ppm in the surface
layer to practically no presence at depths of more than
20 cm. The highest values of water-soluble calcium
salts were recorded in the variant of temporary military
equipment storage, where the content was 150 ppm in
the upper layer of 0-10 cm, which could be the result
of local accumulation or contamination of the soil sur-
face. With depth, the amount of calcium decreased to
110 ppm. The amount of sodium was low, at around
2-3 ppm, and water-soluble potassium salts showed a
decrease from 24 ppm in the 0-10 cm layer to complete
absence at a depth of 30-40 cm.

Correlation between soil electrophysical parameters

The correlation analysis of electrophysical indicators
was based on averaged data within the depth range of
0-40 cm, which allowed assessing the nature of the rela-
tionships between electrical conductivity, total mineral-
isation, salinity, and the content of water-soluble calci-
um, potassium, and sodium salts in the studied variants.
In general, the correlation indicated a strong positive
relationship between electrical conductivity, total min-
eralisation and salinity, which is to be expected, since
these indicators were interrelated and reflected the
overall level of easily soluble salts in the soil (Table 2).

Table 2. Correlation matrix of the dependence of electrophysical indicators
of typical chernozems under the influence of combat operations

Indicator Cond TDS Salt Ca%* \EM K*
Cond 1.00 +0.98 +0.96 +0.72 +0.89 -0.35
TDS +0.98 1.00 +0.97 +0.70 +0.87 -0.38
Salt +0.96 +0.97 1.00 +0.68 +0.91 -0.42
Ca?* +0.72 +0.70 +0.68 1.00 +0.55 -0.48
Na* +0.89 +0.87 +0.91 +0.55 1.00 -0.36
K* -0.35 -0.38 -0.42 -0.48 -0.36 1.00

Note: electrical conductivity (Cond); total dissolved solids (TDS); salinity (Salt); content of water-soluble salts of calcium

(Ca**), sodium (Na*), and potassium (K*)
Source: created by the authors

The content of water-soluble calcium salts had a
moderate positive correlation with electrical conduc-
tivity, indicating the contribution of these salts to the
overall mineralisation of the soil, especially in the up-
per layers with a high calcium salt content. Sodium,
despite its insignificant content, also had a positive
correlation with electrical conductivity. In addition, on
the road and ploughed road variants, a slightly higher

sodium salt content correlated with increased electri-
cal conductivity. The content of water-soluble potas-
sium salts had a weak or even negative correlation
with electrophysical indicators. In the fallow and ara-
ble land variants, a decrease in potassium salt content
with depth was observed, which was not accompanied
by a decrease in soil electrical conductivity. The fallow
land variant showed the highest electrical conductivity,
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which was confirmed by the accumulation of calcium,
but at the same time, sodium salts were at a low level,
and potassium was not detected at all. Thus, low-mo-
bility water-soluble salts prevailed in the profile. The
arable land variant was characterised by consistently
high electrical conductivity values throughout the
entire soil thickness studied, which directly correlat-
ed with a high level of accumulation of easily soluble
calcium salts. On the road and ploughed road variants,
the electrophysical indicators had average values, but
sodium accumulated the most. Electrical conductivity
gradually decreased on the burnt fallow variant, which
correlated with a decrease in the content of water-solu-
ble potassium salts, but stable values of calcium salts. A
correlation between the electrophysical indicators and
the content of water-soluble calcium salts was found
on the variant of the military equipment parking area
in the surface layer of 0-10 cm.

A summary of the research results indicates a clear
differentiation in the electrophysical indicators of typ-
ical chernozems depending on the nature of natural,
agrogenic, technogenic and military influences. It was
established that military impact caused a decrease in
electrical conductivity at the studied depth (0-40 cm),
uneven distribution of water-soluble salts and local
accumulation of calcium and potassium in the surface
layers. Variants with compaction and contamination
were characterised by an increase in electrical conduc-
tivity and total mineralisation, which indicated a distur-
bance in the salt composition. Agrogenic use led to an
increase in electrical conductivity and the amount of
water-soluble salts. In the fallow use variant, natural
vertical differentiation of salts was observed. The estab-
lished correlations between electrical conductivity and
water-soluble salt content allowed to consider electro-
physical indicators as indicators of the degree of soil
environment disturbance and its restoration potential.

DISCUSSION
The established patterns of profile distribution of elec-
trical conductivity, total mineralisation and salinity, as
well as their correlation with the content of water-sol-
uble salts, are consistent with a number of recent in-
ternational studies, confirming the relevance of the
chosen topic. In the work of G. Kargas et al. (2020), a
comparison was made between methods for determin-
ing soil electrical conductivity based on a soil-to-water
ratio of 1:1, 1:5, and the use of a saturated paste-like
extract. The researchers’ goal was to evaluate the accu-
racy and practicality of the methods presented. The au-
thors found that the method of determining electrical
conductivity using a soil-to-water ratio of 1:1 provides
stable results for field conditions, although the values
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may be lower than when using a saturated paste-like
extract. In the studies conducted, the 1:1 water-soil
paste method also demonstrated high reproducibility
and allowed for standardisation of measurements be-
tween variants. This, in turn, confirmed the feasibility
of choosing the method for assessing water-soluble
salts in the presented research variants. It should also
be noted that a 1:5 ratio was used in the previous stag-
es of the studies, but the transition to a 1:1 ratio was
due to the need to increase sensitivity to changes in
the salt composition in the analysed soil samples. This
approach was consistent with the conclusions of G. Kar-
gas et al. who emphasised the practicality of using this
ratio, particularly in conditions of limited access to lab-
oratory equipment for preparing saturated paste.

In the publication by M. Sahana et al. (2020), satel-
lite indices were used to assess soil salinity in the Sun-
darban region (India). The authors found that electrical
conductivity was a reliable indicator for identifying are-
as with increased salt load, especially under conditions
of anthropogenic impact. Eight salinity indices obtained
from satellite images were statistically correlated with
measured electrical conductivity values using Pearson’s
correlation coefficient, confirming its diagnostic value. A
similar relationship was established in this study, where
the correlation coefficients between electrical conduc-
tivity and salt content ranged from +0.68 to +0.91, indi-
cating a strong direct relationship. Researchers |. Stavi et
al.(2021) examined the mechanisms of soil degradation
in arid regions, particularly under the influence of so-
dium. The authors emphasised that excess sodium in
the soil solution caused the dispersion of clay particles,
deterioration of structure and reduced aeration, which
decreased biological activity and plant productivity. It
was also noted that sodium competed with other cat-
ions (especially potassium and ammonium) for absorp-
tion. Within the scope of the studies, despite the low
values of sodium salts, a strong positive correlation was
found between electrical conductivity and its concentra-
tion (+0.89). At the same time, the negative correlation
with potassium (-0.35) was consistent with the mech-
anism of ion competition and potential salt leaching.

In the article by I.W. Primadipta et al. (2025), Land-
sat 8 data was used to monitor soil salinisation dynam-
ics. It was found that soil electrical conductivity varied
depending on the type of land use and the presence
of anthropogenic load, particularly in areas of intensive
construction and transport infrastructure. These results
were comparable for road sections and equipment park-
ing areas, where uneven distribution of salts with depth
was recorded. Studies conducted by D. Ma et al. (2023)
established the spatial and temporal dynamics of land
use changes in the chernozem region of China. It was



found that intensive land use over the past decades has
been accompanied by land degradation, in particular a
deterioration in physical and chemical properties and a
loss of ecological functions. As a result of the research
conducted under conditions of disturbed water regime,
uneven distribution of salts and reduced electrical con-
ductivity were recorded, indicating degradation process-
es associated with land use characteristics. X. Wan et
al. (2025) found that soil electrical conductivity had
a strong positive correlation with the concentration
of ions, in particular sodium, as well as chlorides and
sulphates, which allowed the indicator to be used as a
salinity indicator. The studies also obtained electrical
conductivity values accompanied by an uneven distribu-
tion of water-soluble salts, especially in the upper layer.

M.C. Paz et al. (2020) used electromagnetic tomog-
raphy to monitor salinisation dynamics, showing that
electrical conductivity varied in time and space de-
pending on hydrological conditions, including drain-
age, evaporation and salt depth. The patterns identified
confirmed the spatial heterogeneity of water-soluble
salt content observed in the upper layers of the stud-
ied areas with disturbed water balance. M.A. Elshewy et
al. (2024) developed a model for assessing soil salinity
based on satellite data. The authors established a sig-
nificant correlation between spectral indices and labo-
ratory-measured electrical conductivity, which allowed
for rapid assessment of the salt regime over large areas
without the need for mass field sampling of soil. This
approach was particularly relevant for regions with
high spatial variation in salinity. Y. Zhang et al. (2025)
formulated the statement that poor water infiltration
can lead to poor drainage, waterlogging and increased
electrical conductivity. For example, on a section of
road where the soil had been compacted by repeated
movement of military equipment, the electrical con-
ductivity in the upper 10 cm layer was 302 uS/cm, the
total mineralisation was 199 ppm, and the salinity was
152 ppm. This indicated a disturbance in the water re-
gime, which caused local accumulation of salts.

I.V. Chushkina et al. (2021) noted that soil electri-
cal conductivity is an integral indicator that reflects
a combination of physicochemical properties, such as
moisture, soil solution mineralisation, cation solution
capacity, granulometric composition, and organic mat-
ter. A change in any of these parameters in space or
time is accompanied by variability in soil electrical con-
ductivity, which allows it to be used as an indicator of
the stability or dynamics of the soil environment. The
results of the studies confirmed the sensitivity of elec-
trophysical indicators to changes in the composition of
the soil solution and showed a strong positive correla-
tion of electrical conductivity, for example, with total
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mineralisation (+0.98), salinity (+0.96), and the content
of water-soluble calcium (+0.72) and sodium (+0.89)
salts. To ensure the comparability of soil electrical con-
ductivity results in field conditions, two approaches
are used: measurement in soil with field moisture and
under conditions of artificial moistening to full mois-
ture capacity. As noted in the studies by M.M. Omar et
al.(2024), methods with a fixed soil: water ratio allowed
to level out the variability of moisture as one of the
most influential factors on electrical conductivity. Thus,
a similar approach was used in the studies, where the
soil paste was prepared by mixing 10 g of air-dry soil
with 10 ml of distilled water, kept for 24 hours, and
then measured. This allowed to standardise the condi-
tions for determining electrical conductivity, total min-
eralisation, salinity, and the content of water-soluble
calcium, sodium, and potassium cations.

The application of mineral fertilisers increases soil
electrical conductivity due to the influx of cations (Ca?*,
K*, Mg?*, NH4*) and anions (NOs~, SO427, Cl7) into the
soil solution. As shown in a study by M.S. Kaufmann et
al. (2025), electromagnetic induction allows for spa-
tial tracking of fertilisation effects, in particular the
accumulation of nitrates and macronutrients, which
directly correlates with an increase in electrical con-
ductivity. Thus, on arable land, electrical conductivity
exceeded 300 pS/cm, accompanied by a high content
of water-soluble calcium salts up to 150 ppm and po-
tassium up to 24 ppm. This indicated the accumulation
of nutrients and their contribution to soil electrical
conductivity. Within the studied areas of typical cher-
nozems, it was found that electrical conductivity, total
mineralisation and salinity decreased with depth. The
highest values were observed in the upper studied lay-
ers, which is associated with the accumulation of salts.
Similar vertical differentiation is confirmed by Yu. Sha-
forost et al. (2024), who pointed to an increase in elec-
trical conductivity in the upper layers due to a higher
concentration of ions. Also, in the fallow variant after
burning, electrical conductivity decreased from 258 uS/
cm to 185 uS/cm, and calcium content decreased from
55 to 7 ppm. A similar trend was observed in the road
and equipment parking variants, indicating surface en-
richment with salts. This was consistent with the data
of Q.Baloch et al. (2025), who recorded similar patterns
in semi-arid conditions. Soil electrical conductivity may
be one of the key parameters characterising its quality,
health and productivity. As noted by L. Gong (2022), it is
electrical conductivity that affects yield, nutrient avail-
ability and microbiological activity, and Atlas Scientif-
ic (2023) emphasised its role in the transport of ions
in soil solution. Thus, studies of electrical conductivi-
ty proved to be a sensitive indicator of soil condition,
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which was related to the content of water-soluble cal-
cium, sodium, and potassium salts, confirming its diag-
nostic value for assessing the salt regime and land use
efficiency. The results of the study of the electrophysical
indicators of typical chernozems, which were in natural
cover conditions and were also subjected to agrogenic,
technogenic and combat influences, confirmed the high
sensitivity of electrical conductivity to changes in the
ionic composition and salt content in the soil solution.

CONCLUSIONS
Based on a comprehensive analysis of electrophysical in-
dicators and the content of water-soluble cation salts in
typical chernozems that have been subjected to various
types of impact, including natural, agrogenic, techno-
genic, and combat, it was established that the distribu-
tion of water-soluble salts and the electrical conduc-
tivity of the soil solution varied significantly depending
on the type of load. Natural variants had a clearly ex-
pressed vertical differentiation of easily soluble salts,
with a gradual decrease in electrical conductivity at the
studied depths. The lowest values of up to 185 uS/cm
were recorded in the lower horizons of typical fallow
chernozem. In contrast, areas that had been subjected
to military impact (compaction, burning, contamination)
were characterised by uneven distribution of salts with
depth and their local accumulation in the upper lay-
ers. The highest electrical conductivity values of up to
360 pS/cm were observed on arable land, which could
be the result of anthropogenic impact (fertiliser appli-
cation) and the parking of machinery - up to 302 pS/cm,
which also indicated technogenic enrichment of the soil
solution. According to the results of the analysis of the
content of water-soluble cation salts, it was established
that the amount of calcium was the highest in the stud-
ied variants, where its content reached 150 ppm, sodi-
um was the lowest, and the amount of potassium de-
pended on the nature of the impact and use of typical
chernozems. In natural variants, a gradual accumulation
of calcium and a decrease in potassium to 7 ppm was

observed, while technologically disturbed variants as a
result of hostilities had a disturbed profile and a dif-
ferentiated distribution of salts at the studied depths.

A stable positive correlation was established be-
tween electrical conductivity and the content of calcium
(+0.72) and sodium (+0.98) salts, which confirmed the
diagnostic informativeness of electrophysical indicators
for assessing the degree of soil environment disturbance.
A negative correlation with potassium (-0.35) could indi-
cate its loss or accumulation under certain types of im-
pact in the surface layers studied, in particular burning
(thermal degradation). The method of preparing a wa-
ter-soil paste in a 1:1 ratio with an exposure time of 24
hours ensured the stability of the measurement condi-
tions, levelled out the influence of humidity and allowed
for comparable results between the variants. This con-
firmed the feasibility of using standardised approaches
to assess the salt regime in degraded chernozem soils.
It was found that electrical conductivity can be used
not only as an indicator of salinisation, but also as an
operational indicator of the degree of anthropogen-
ic disturbance, in particular in cases of local pollution,
compaction and thermal damage. The results obtained
are part of a broader study of the physical properties of
soils disturbed by military operations. In further stag-
es, it is planned to supplement the study with the de-
termination of density, porosity, dispersibility, hardness,
moisture capacity, etc.,and to establish their connection
with microbiological characteristics, which will allow
the formation of a comprehensive model of agrophys-
ical degradation of militarily damaged chernozems.
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AHoTauif. Y cTaTTi NnpeacTaBneHo pe3ynsTaTh AOCNILXKEHHS eneKTPodi3nYHMX NOKA3HMKIB TUMOBUX YHOPHO3EMIB, LLO
3a3Hanu BNIMBY OOMOBMX il Ta TEXHOTEHHOTO HAaBAHTAXEHHS, @ TAKOX arpOreHHOro BUKOPUCTAHHS. MeTow poboTu
6yn0 BUSABNEHHSI 3MiH €NeKTPONPOBiAHOCTI, 3araibHOi MiHepani3aLii, CONOHOCTI Ta BMICTy BOAOPO34YUHHUX COMEN
KaTiOHIB KaNbLilo HATpit0 i Kanito WASXOM MOPIBHSAHHS LINSIHOK i3 Pi3HMM TUMOM TEXHOFEHHOrO, arporeHHoro Ta
NoCTarporeHHOro HaBaHTaXeHHS. 3rigHO i3 MeTogonorielo Biabip 3pa3kie 6yno npoeeneHo Bia 0 no 40 cM uepes
KoXHi 10 cM. BUMiptoBaHHS enekTpodisnyHMX NapamMeTpiB NPOBOAUNOCS Y BOAHO-I'PYHTOBO nacTi (1:1) 3a gonomoroto
koHpykTomeTpa EZODO-8200 M T1a ioHomipie HORIBA LAQUAtwin. [logaTkoBO 6yn0 BCTAaHOBNEHO KopensuiliHi
3B'I3KM MiXK €neKTPOMpOBILHICTIO, 3aranbHOK MiHepanisaui€lo, COMOHICTIO Ta BMICTOM BOAOPO3YMHHUX CONEW.
borioBuii BNAMB CNPUYMHSIB 3HUXKEHHS €NEeKTPONPOBIAHOCTI 3 MMUMOUHO, HEPIBHOMIPHMIA PO3MOAIN Ta HAKOMUYEHHS
Conen HaTpilo Ta Kanito y BepxHix wapax. Ha BuMnaneHomy nepenosi enekTponpoBiAHICTb 3HWXKYBanach i3 258
no 185 mkCM/cM a BMICT coneri Kanito Big 55 no 7 mr/n. Y BapiaHTax foporu Ta CTOSIHHS TEXHIKM crocTepiranocs
niaBuLLeHHS enekTponposigHocTi (2o 302 mkCM/CcM) Ta HakonmuueHHs conelt kKanbuito 1o 150 mr/n i kanivo - o
24 mr/n.Y BapiaHTi pinni enekTponpoBifHICTb 3anuMwwanacs crabinbHo Bucokot (o 360 MkCM/CM), LLO BUKAMKAHO
arporeHHMM HaKOMUYeHHAM conen. Ha po3opaHin AingHui [oporM MNokasHwku 6ynu MOMIpHMMM, WO CBIAYMNO
npo 4YacTKoBe BifHOBNEHHS. BCTAaHOBNEHO CUMbHY KOpensiLito enekTponpoBigHOCTI 3 KanbuieM (+0,72) Ta HATpieM
(+0,89), a Takoxx HeratneHy 3 Kaniem (-0,35). [pakTMYHe 3HAYEHHS OTPUMAHUX PE3YNbTATIB AOCNIIKEHHS NONAraE B
MOX/IMBOCTi BUKOPUCTAHHS €1€KTPONpPOBIAHOCTI Ta BMiCTYy BOAOPO3YMHHMX CONEN SIK iIHAMKATOPA CTYMEHS NOPYLIEHHS
r'PYHTOBOrO CEpea0BULLA, LLLO AO3BOM0 ONEPATUBHO OLLiHIOBATU AerpafaLlito arporeHHUX Ta TEXHOreHHO MOpYLLIEeHUX
LiNSHOK YOPHO3eMiB YHaCNifoK 60MOBUX LLil, @ TAKOX MOX/IMBOCTI (POPMYBaHHS pEKOMEHAALIN LWOAO BilHOBNEHHS
I'PYHTOBOIO NOKPMBY B YMOBAX NOCTKOH(MNIKTHOIO 3€MEKOPUCTYBAHHS

KniouoBi cnoBa: MiflitapHa aerpagaLic; enekTponpoBigHiCTb; BOAOPO34MHHI CONi; NOCTKOHMNIKTHE 3eM/IEKOPUCTYBAHHS;
arporeHHe BUKOPUCTAHHSI; NepenioroBe BUKOPUCTAHHS
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Abstract. The destruction of pathogenic microflora on vegetable plantations improves the phytosanitary condition
of cenoses, and quality control of disease pathogens allows onion plants to realise their varietal yield potential.
The aim of the experiment was to compare the effectiveness of synthetic preparations for phytosanitary control of
peronosporosis, alternariosis and fusariosis pathogens: Ridomil Gold MZ 68 WG and Quadris 250 SC, as well as to
consider the biological preparation Phytocide as an alternative to chemical protection. During the experiment, the
dynamics of the leaf surface area was determined by the method of cutting and subsequent weighing, the height
of onion plants was determined by measuring with a ruler, and the incidence of plant diseases was determined
according to the methodology for recording diseases of vegetable and melon crops. The results of studies on the
protective effect of fungicides were analysed. Spraying the plots with a mixture of Ridomil Gold MZ 68 WG 2.0 kg/
ha (three times at 10-day intervals) + Quadris 250 SC 0.4 I/ha (twice at 10-day intervals) allowed onion plants to
grow taller than the control plants - by 4.5 cm - and to exceed the control plants in terms of leaf area dynamics by
37.4-59.6%. Treatment with this mixture contributed to the best control of onion disease pathogens and ensured
the formation of bulb yield on average over two years of research at the level of 55.7 t/ha with a marketability
index of 85.3%. Treatment of the plots with a biofungicide also provided high-quality protection against diseases,
high biometric indicators in plants and a significant increase in onion yield. The highest marketability of bulbs -
85.5% — was observed in the variant with the application of the biological preparation Phytocide, which exceeded
the control by 8.7%.The biological fungicide was slightly inferior to synthetic preparations in terms of protecting
onions from pathogens, but the slight lag in yield was offset by higher marketability of the product. The analysis
of the obtained results provides practical guidance for vegetable growers on how to effectively protect onion
plants from diseases using various preparations or their combinations

Keywords: Allium cepa; fungicides; pathogens; marketability; onion yield

INTRODUCTION

Diseased onion plants differ from healthy ones in that
their physiological processes are slowed down due to
the body’s resistance to pathogens. The presence of tox-
ins produced by fungi inside the affected plants leads
to tissue destruction. As a result, crop yields decrease
and product quality deteriorates. Protection against in-
fection and treatment of plants against diseases pre-
serves a significant part of the formed organic matter.
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According to research by S.Ye. Okrushko & L.A.Yak-
ovets (2025), phytoncidal protection against diseases
was not sufficient to achieve a significantly higher on-
ion yield. The research was conducted on binary crops
of vegetables: onions, carrots and peas. Among oth-
er things, it was noted that onion phytoncides had a
positive effect on the protection of carrots. Constant
phytosanitary monitoring, together with forecasting
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the incidence and development of diseases in onion
fields, provides the opportunity for rapid intervention
to protect cultivated plants. According to research by
H.Van der Heyden et al. (2020), forecasting systems are
important for making informed decisions about treat-
ing diseases on a short-term basis. This type of deci-
sion-making is often referred to as tactical because it
occurs during the harvest season with the intention of
protecting the current crop.

The presence of morning dew is a favourable factor
for the germination of spores of the fungus Peronospora
destructor, which belongs to the oomycetes. The incu-
bation period of the disease after infection of the plant
lasts from 3-5 to 15 days. A significant problem in onion
cultivation is that the fungus can form up to six gener-
ations per season. The only advantage is that in dry, hot
weather, the development of the disease is suspended,
but with an increase in humidity, it continues. Usually,
during June of both experimental years, peronosporosis
spread and developed moderately in the experimental
plots, becoming more active after precipitation (Goryai-
nova et al., 2023). The causative agent of alternaria is
Alternaria porri. The first symptoms of this disease ap-
pear on old onion leaves in the form of water-saturated
spots with a white centre. The spots develop at the tips
of the onion feathers or in the middle part. Then the
leaf breaks at the spot where the spot formed, and the
edges of the affected parts turn brown, and the yellow-
ing spreads above and below the feather. Eventually,
the scales of the bulb are affected. Onion bulbs become
infected with alternaria through the neck. The disease
begins to develop on leaves that have already been af-
fected by downy mildew or grey rot, as well as on those
damaged by thrips. The fungus can develop within a
fairly wide temperature range: from +6 to +32°C. The
presence of moisture droplets or air humidity above
90% for 12 hours also contributes to plant infection.
Alternaria infection leads to the death of the photosyn-
thetic apparatus, which in turn reduces the size of the
bulbs and causes them to rot during storage (Goryain-
ova et al., 2023). Fusarium wilt of onion leaves appears
at all stages of plant growth. The causative agent of the
disease is Fusarium oxysporum or Fusarium culmorum,
and the development of fusarium wilt is facilitated by
high air and soil humidity and high air temperature.

Onions are vulnerable to certain groups of microor-
ganisms that cause plant diseases. Scientists E.R. Arau-
jo et al. (2020) studied the protection of onion plants
against downy mildew using various preparations. They
controlled the disease by applying fungicides weekly
and concluded that fungicides consisting only of sys-
temic molecules are not recommended for controlling
downy mildew in onions under Brazilian conditions.
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According to T.A. Bhatti ef al. (2021), the use of the fun-
gicide Cabrio Top reduced the number of affected plants
more than other fungicides compared to the control,
regardless of their concentration; however, the number
of affected plants decreased with increasing fungicide
concentration. They obtained these data as a result of
field studies. This is particularly valuable because the
results of laboratory or vegetation studies may differ
significantly from those obtained in field conditions.
A. Yagmur et al. (2024), after studying the biological
control of onion fusarium wilt, concluded that F. mosse-
ae and a combination of AMF with T harzianum have sig-
nificant potential for use in controlling FOC in onions.
According to their data, arbuscular mycorrhizal fungi
and Trichoderma harzianum had a positive effect on the
root system, onion height and weight. According to re-
searchers O. Borzykh et al. (2023), fungicide treatments,
by reducing plant damage from diseases, contributed
to an increase in onion yield by 1.3-6.9 t/ha, depending
on the variety and preparation. Fungicides were 45.8-
89.1% effective against leaf spots (alternaria and stem-
phylosis) and 57.9-70.5% effective against fusarium
wilt. Among the varieties studied, the highest yield was
obtained with the Medusa variety (40.7 t/ha),and among
the fungicides, the highest yield increase was provid-
ed by the fungicide Fandango 200 EC, KE (1.25 l/ha).

Different fungicides with different application
rates depending on weather conditions and onion va-
riety characteristics have different effects on pathogen
control. Therefore, scientists and farmers continue to
search for high-quality protection for onion plants
against diseases. The two-year cycle of growing this
crop requires significant material costs, which do not
always lead to the formation of high-quality products.
According to researcher V. Shvets (2025), the strategic
directions for the development of vegetable growing
in Ukraine include expanding the area under vegeta-
ble crops and increasing yields. Given the high plough-
ing intensity of land in Ukraine, in order to increase
the area under vegetable cultivation, it is necessary
to reduce the area under other crops. Changing crop
rotation patterns requires a transition period and the
selection of high-quality predecessors for vegetable
crops, and the formation of the onion crop, like any
other crop, depends on the combined action of a set
of factors (Lohosha et al., 2025). Each factor can either
strengthen or weaken the overall effect of the com-
bination. However, the harmful activity of pathogens
can significantly interfere with physiological processes
in plants and nullify several months of human labour.
The aim of this article was to investigate the impact of
fungicidal plant protection against diseases in onion
cultivation technology on the formation of yield and



marketable product output and to assess the economic
efficiency of these measures.

MATERIALS AND METHODS
Field studies were conducted during 2023-2024 at Vin-
nytsia National Agrarian University in four replicates.
The object of the study was onion plants, their devel-
opment processes, and the effect of disease protection
options. In accordance with the Convention on Biologi-
cal Diversity (1992), ethical standards for the treatment
of plants were observed in the study. The ‘Forum’ varie-
ty was grown, which belongs to the mid-season group
and has a growing season of 110-120 days. The total
area of the experimental plot was 12 m? and the re-
corded area was 10 mZ Potatoes were the predecessor
crop to onions. The recording of onion plant diseases
was carried out in accordance with Methods for record-
ing diseases of vegetable and melon crops (n.d.). The
onion plots were examined for peronosporosis, alter-
nariosis and fusariosis at each repetition of the ex-
perimental variants in two places equally distant from
each other. At each point, 10 plants were examined in
a row (20 in total). The counts were carried out when
the first signs of disease appeared, as well as during the
period of mass infection of onion plants, using a uni-
versal scale: 0 - onion feathers are healthy; 1 point -
up to 10% of the leaf surface is affected; 2 points - 10
to 35% of the leaf surface is affected; 3 points - 36
to 60% of the leaf surface affected; 4 points - 61 to
95% of the leaf surface affected; 5 points — plant dies,
more than 95% of the leaf surface affected. The leaf
surface area was determined by weight (first, cuttings
were made, weighed and calculated proportionally).
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To accelerate the process of nutrient outflow,
10 kg/ha of monopotassium phosphate was applied to
the bulbs by fertigation. The bulb yield was recorded,
divided into marketable and non-marketable fractions,
in accordance with the requirements of DSTU 3234-
95 (1996). Synthetic fungicides were selected for the
experiment: Ridomil Gold MZ 68 WG and Quadris 250
SC,as well as the biological fungicide Phytocide. During
the development of the experimental design, scientific
and practical recommendations developed by a group of
authors from Ukraine (Mohylna et al., 2021) were taken
into account. The fungicide Ridomil Gold MZ 68 WG was
recommended for protecting onions from disease path-
ogens. It is a combined preparation with systemic and
contact action due to the active ingredients mancozeb
and metalaxyl-M. Ridomil Gold MZ 68 WG is available in
the form of water-soluble granules. The fungicide pro-
vides not only curative but also eradicative, antisporu-
lant and protective action. It is recommended to apply
it at the onset of disease development, when only 3% of
plants are affected. Ridomil Gold MZ 68 WG belongs to
the class of low-toxicity preparations (LD,,>2000 mg/
kg). The fungicide Quadris 250 SC is advertised by
Syngenta as an effective product for controlling four
classes of fungi that are the most common causative
agents of plant diseases: Deuteromycetes, Basidiomycet-
es, Ascomycetes, and Oomycetes. Its mechanism of action
on pathogens ensures that there is no cross-resistance,
and it destroys not only hyphae but also fungal spores.
Quadris 250 SC is safe not only for plants but also for
the environment. The waiting period for the product
to take effect on vegetables is 5 days. The follow-
ing scheme was developed for the research (Table 1).

Table 1. Scheme of the experiment on protection against onion diseases

Option Protection against diseases
1 control Without fungicide
2 Ridomil Gold MZ 68 WG 2.5 kg/ha three times at 10-day intervals
3 Quadris 250 SC 0.6 l/ha twice at 10-day intervals
4 Ridomil Gold MZ 68 WG 2.0 kg/ha (three times at 10-day intervals) + Quadris 250 SC 0.4 |/ha (twice at 10-day intervals)
5 Phytocide 2.5 I/ha (three times at 10-day intervals)

Source: compiled by the author

The control variant consisted of plots where no fun-
gicides were applied after the planting of onion sets. In
the fourth variant, a reduced amount of a mixture of Ri-
domil Gold MZ 68 WG and Quadris 250 SC was applied
twice per season, and the third treatment was with Ri-
domil Gold MZ 68 WG alone. In the fifth variant, onion
plants were sprayed with the biological product Phyto-
cide to protect them from pathogens.This biofungicide is
recommended for protection not only against fungal but
also bacterial diseases. It contains live Bacillus subtilis

bacteria (at least 1.0 x 10° CFU/cm?®), which inhibit the
development of a wide range of pathogens and simul-
taneously stimulate plant growth. It was planned to
grow onions under drip irrigation conditions for better
and timely provision of moisture and nutrients, with drip
irrigation tubes placed every 2 rows. Since semi-rot-
ted manure was applied to the plots at a rate of 20 t/
ha for the previous crop, a universal complex fertiliser
N..P. K. was used for pre-sowing cultivation. During the

200 20 20
period of active bulb growth, N,_.P__K__ was applied with

257 257725
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irrigation water. Every 10 days, three times per season,
Ridomil Gold MZ 68 WG (Metalaxyl-M, 40 g/kg + mancoz-
eb 640 g/kg) was applied at a rate of 2.5 kg/ha to protect
onion plants from downy mildew. Quadris 250 SC (azox-
ystrobin, 250 g/l) was also applied at a rate of 0.6 l/ha
to protect against downy mildew and fusarium wilt. Thir-
ty days before harvesting, it was recommended to stop
treating with these fungicides, which was followed in the
experiment. To maintain soil moisture at 75-80%, drip ir-
rigation was used during the growing season of onions.

According to V.M. Svyrydovskyi (2019), in order to
achieve high bulb yields, the leaf area of onions must
reach 35-40 thousand m?/ha and remain active for
as long as possible. During the growing season, ac-
cording to the research plan, measurements of onion
height were taken and the leaf area was periodically
determined in order to understand how comforta-
bly the plants were growing and forming a yield, and

how disease control measures affected the intensity of
growth processes. Despite the fact that drip irrigation
was used instead of sprinkler irrigation, signs of per-
onosporosis, alternariosis and fusariosis appeared on
onion plants in the experimental plots. Weather con-
ditions during the growing season contributed to the
development of these diseases: initially, moderate day-
time temperatures and cold nights against a backdrop
of high humidity, and later, high soil temperatures and
dry air. Therefore, based on monitoring and forecast-
ing of the phytosanitary condition of the experimental
plots, measures to protect against these diseases were
periodically carried out, and one treatment against on-
ion flies and thrips was performed with the insecticide
Engeo 247 CS 0.18 l/ha using a backpack sprayer. The
water consumption rate was 250 l/ha. Table 2 presents
information on the average daily temperature and pre-
cipitation for each month over the years of research.

Table 2. Weather conditions characteristics

2023 2024
Precipitation, mm Average temperature, °C Precipitation, mm Average temperature, °C
January 20.1 0.9 71.6 -1.6
February 35.5 0.2 38.2 4.8
March 35.0 5.4 35.5 5.2
April 92.7 8.5 84.5 122
May 2.7 15.5 229 15.8
June 71.6 19.2 80.0 211
July 64.5 213 57.2 235
August 36.0 22.8 32.6 222
September 34.6 17.8 30.7 18.8
October 34.0 11.5 437 9.7
November 57.0 44 46.3 2.5
December 514 11 49.0 0.6
Total for the year 501.1 592.2

Source: compiled by the author based on Vinnytsia Regional Hydrometeorological Centre (n.d.)

In total, from April to June inclusive, 167 mm of pre-
cipitation fell in 2023, and 187.4 mm in 2024. However,
their distribution over the growing season was quite
uneven. In particular, it should be noted that in April
2023, the average monthly temperature was 3.7°C low-
er than in April 2024 (Meteopost, n.d.). Although onions
are a cold-resistant crop, low temperatures are condu-
cive to the growth of pathogens. The average month-
ly temperature in June 2024 was 1.9°C higher than in
2023. The hot weather during the bulb growth period
was compensated for by irrigation to create favourable
conditions for cultivated plants.

RESULTS AND DISCUSSION
Weather conditions had a significant impact on the de-
velopment and spread of onion pathogens. Onions are a
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crop that requires early planting, so both the amount of
precipitation and the average monthly temperature in
March had a significant impact on the initial conditions
for plant growth and development. The temperature re-
gime and precipitation during the growing season influ-
enced the emergence and development of diseases in
the test crop and also significantly affected the microcli-
mate conditions in the phytocenosis. Since moisture is
necessary for the germination of fungal spores, their ep-
iphytotic development was observed during increased
atmospheric precipitation in the first half of the growing
season. Critical for the infection of onion plants was the
condition of high relative air humidity (90-100%) lasting
at least 10 hours and a temperature regime within 13-
18°C. The average results of biometric indicators of on-
ions for two years of research are presented in Table 3.
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Table 3. Biometric indicators of ‘Forum’ onions depending on the disease protection system (2023-2024)
Plant Dynamics of leaf surface area, m?/ha

Option hecliht’ | decade of May Il decade of May Il decade of May | decade of June |l decade of June Ill decade of June
1 371 354 1,494 6,484 12,042 20,484 27,161
2 40.2 492 2,987 8,158 17,118 27,418 35,499
% 40.5 508 2,999 8,226 17,848 28,110 36,187
4 41.6 565 3,155 8,715 18,034 29,016 37,311
5 40.7 510 2,998 8,311 17,954 28,107 35,945

Source: compiled by the author

The lowest plant height was observed in the con- intervals) showed a leaf area in the second decade of
trol variant - an average of 37.1 cm over two years of  May of 2,998 m?/ha, which was almost the same as in
research. Variants protected against onion diseases variants 2 and 3, where chemical protection of onions
with only one synthetic fungicide showed almost no  was used. At that time, the application of a tank mix-
difference in plant height. Treatment of the plots with  ture of pesticides provided higher leaf area indices -
a mixture of fungicides resulted in the highest onion 3,155 m%*/ha, which exceeded the control by 2.1 times.
height, exceeding the control by 4.5 cm. The difference At the end of June, in variant 3, where Quadris 250 SC
from the control variant in the plots with biological 0.6 l/ha was applied twice at 10-day intervals, the leaf
protection of onions with the Phytocide preparation area was 36,187 m?/ha, which is 10,120 m?/ha less than
was +3.6 cm, and with the variant of combined use of in the fourth variant, but 9,026 m?/ha more than in the
fungicides, the difference was +0.9 cm. Thus, the great-  control. The last count before harvesting showed that
er plant height and leaf area in variant 4 is evidence the control indicators for leaf area were exceeded by
of successful phytosanitary control, which allowed the 8,338 m?/ha in the second variant. The degree of onion
plants to fully realise their varietal potential. In other  plant damage by peronosporosis in the control variant
words, plant health was a key factor in its productivity. ~ was 15% in 2023 and 12% in 2024; and by alternariosis

Protecting onions from diseases in the experi- and fusariosis - 11% and 10% respectively for each year.
mental plots allowed for the formation of a larger leaf At the research planning stage, the idea of T. Belo et
surface area than in the control. In terms of dynamics  al. (2023) was taken into account, namely that in drier
during the growing season, onion plants in the treat- climates, drip and furrow irrigation reduce the risk of
ment variant with Ridomil Gold MZ 68 WG 2.0 kg/ha  onion disease compared to overhead irrigation. Despite
(three times at 10-day intervals) + Quadris 250 SC0.4 |/  spraying the experimental plots with fungicides, dis-
ha (twice at 10-day intervals) had the highest leaf sur-  eased plants were found during the surveys. Their pres-
face area. Plant protection in the fifth variant with the  ence did not exceed 3% by year and experimental var-
biofungicide Phytocide 2.5 |/ha (three times at 10-day iant (Table 4), but they served as a source of infection.

Table 4. Damage to ‘Forum’ onions depending on the plant disease protection system (2023-2024), points

Peronosporosis Alternariosis Fusariosis
2023 2024 2023 2024 2023 2024
1 2 2 2 2 2 2
2 1 0 0 0 1 1
3 0 0 1 1 1 1
4 0 0 0 0 0 0
5 1 1 0 0 0 0

Source: compiled by the author

As shown in the data in Table 4, spraying onions years of research revealed signs of the disease in the
with Phytocid proved to be less effective against downy  variant with Quadris 250 SC 0.6 l/ha applied twice at
mildew compared to other disease protection methods.  10-day intervals. Fusarium affected plants in variants
Also, in 2023, Ridomil Gold MZ 68 WG 2.5 kg/ha ap-  with single applications of synthetic pesticides. Treat-
plied three times at 10-day intervals was less effective  ment with a tank mixture of Ridomil Gold MZ 68 WG
against downy mildew than Quadris 250 SC 0.6 l/ha 2.0 kg/ha (three times at 10-day intervals) + Quadris
applied twice at 10-day intervals. However, in 2024, its 250 SC 0.4 |/ha (twice at 10-day intervals) effectively
effect was excellent. As for the control of Alternaria,two  controlled the pathogens of all onion diseases studied.
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When the plants began the active process of transfer-
ring plastic substances from the leaves to the bulb, the
onion feathers began to lodge. The application of mo-
nopotassium phosphate by fertigation accelerated this
process. Ten days after such treatment, the experimen-
tal crop was ready for harvesting.

High-quality protection against peronosporosis,
alternariosis and fusarium wilt of onion leaves en-
sured an increase in the marketability of bulbs and an
increase in yield. This is consistent with the data of
M.I. Fedorchuk & V.M. Svyrydovskyi (2018). The disper-
sion analysis they conducted allowed them to establish
that plant protection has a decisive impact on plant
productivity, accounting for 63.5% of the effect, while
irrigation regimes also had a significant impact on the
indicator under study (12.9%), as did the interaction of
the factors under study. The content of sugar, vitamin C
and dry matter varied to different degrees depending
on the irrigation regime and plant protection. Statisti-
cal analysis of the data obtained showed a significant
increase in onion yield in all experimental variants. On
plots with three applications of Ridomil Gold MZ 68
WG at a rate of 2.5 kg/ha three times at 10-day inter-
vals, marketability was 3.3% higher than in the control
variant. Over two years of research, protecting onions
with the Quadris 250 SC fungicide at a rate of 0.6 I/
ha twice at 10-day intervals increased the marketability
of bulbs by 3.6%. Treatment of plots with a mixture of
Ridomil Gold MZ 68 WG 2.0 kg/ha (three times at 10-
day intervals) + Quadris 250 SC 0.4 l/ha (twice at 10-day
intervals) sharply reduced the yield of non-marketable
products to 14.7%.

The differences in the yield of ‘Forum’ onions signif-
icantly exceed the smallest significant difference over
the years of research. The highest yield was obtained in
2024, when weather conditions were more favourable
for the growth and development of this crop. Protect-
ing onions with the biofungicide Phytocid also showed
not only high biometric indicators, but also high yields.
The 2.7 t/ha yield lag in this variant from the com-
bined application of Ridomil Gold MZ 68 WG 2.0 kg/
ha (three times at 10-day intervals) and Quadris 250
SC 0.4 l/ha is compensated by higher product quality
(not only in terms of marketability, but also in terms of
the absence of residual pesticides) and a reduction in
the pesticide load on the environment. It should not be
forgotten that biological products also have a certain
impact on the environment. As confirmed by a study
conducted by S.B. Tagele & E.W. Gachomo (2025), the
chemical and biological fungicides SoilGard and Rid-
omil significantly affected the diversity of soil bacte-
ria, but their effects varied and depended on time. It is
also important to consider the condition of the onions
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during storage. If the infection persists on the surface
or inside the harvested product, these harmful microor-
ganisms will cause the emergence and development of
diseases in the autumn-winter period under favourable
conditions in the storage facility. In particular, accord-
ing to G.I. Yarovyi et al. (2023), during storage, onions
were most affected by neck rot (Botrytis allii) and less by
root rot (Fusarium oxysporum), with onion losses from
disease ranging from 3.1 to 5.2%.

The impact of irrigation and plant protection re-
gimes on onion productivity and quality was studied
by M.I. Fedorchuk & V.M. Svyrydovskyi (2018), accord-
ing to which the maximum crop yield in the experi-
ment at the level of 83.5-84.2 t/ha was formed in vari-
ants with irrigation of 80-90% of the field capacity and
the use of chemical plant protection. The best market-
ability within the range of 85.3-90.7% was achieved
with irrigation at 90% of field capacity, and the highest
average bulb diameter - 64.8 mm - was also achieved
with this irrigation regime and the use of chemical
plant protection. According to A.O. Lymar (2012), onion
plants are characterised by a photoperiodic response,
which determines the basis of their biological charac-
teristics and economically valuable traits: the duration
of the growing season, the rate of growth of the as-
similation apparatus and bulb formation, resistance to
pathogens, bolting, and plant productivity. Also, H. My-
ronova et al. (2023) proved that improving the agri-
cultural background of cultivation resulted in a slight
reduction in potato tuber damage. Since onions also
form their yield underground, it is worth considering
that fertilising the crop has a positive effect on its re-
sistance to diseases. That is why this study determined
the biometric indicators of plants in the experimental
plots. Although the absolute yield indicators differ, the
study data correlate with the results of the article and
agree on a key point: the use of chemical protection is
one of the important factors for increasing both the
yield and marketability of onions.

In order to transition to biological methods of pro-
tecting vegetable crops in modern agriculture, the use
of biological preparations, in particular biofungicides, is
becoming increasingly widespread, but their effective-
ness is usually lower than that of chemical preparations
due to their narrow spectrum and slow action. Due to
the absence of phytotoxicity and harm to the environ-
ment, a certain part of farmers refuse to use pesticides
in favour of biological protection. Unlike synthetic pes-
ticides, the use of biological products is accompanied
by the stabilisation of biocenotic relationships in the
ecosystem, the preservation and restoration of soil fer-
tility, and the improvement of the ecological state of
the environment. Chemical fungicides, in turn, provide



powerful, comprehensive and long-lasting protection
for cultivated plants, but they have a phytotoxic effect
and harm the environment. As stated by O.M. Mohyl-
na et al. (2021), modern crop cultivation technologies
require the mandatory use of pesticides. It is also im-
portant to consider the negative impact of pesticides
and mineral fertilisers on soil fertility. According to re-
search by O.P. Tkachuk & V.I. Verhelis (2023), the use
of green manure has a positive effect on the agroeco-
logical condition of the soil. Fertilisation and irrigation
are also important in the process of plants realising
their genetic potential. The introduction of mineral
fertilisers into the soil environment changes the con-
ditions for the life of microflora, including pathogenic
microflora, and artificial improvement of the soil water
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regime through irrigation can significantly activate the
microbiota. The results obtained by LV. Honcharuk &
Ya.V. Hontaruk (2024) on the effectiveness of fertilisa-
tion using soil and foliar application schemes indicated
the need for an individual approach to each crop and
specific growing conditions, which directly correlates
with the data of this study, since high-quality fungicide
protection that maximises yield can only be effective
against the background of optimal nutrition and water
regime. As indicated by S. Kalogiannidis et al. (2022), in
order to ensure modern food security, it is necessary to
improve existing technologies so that moisture is not
a limiting factor in yield formation. Calculations of the
economic efficiency of protecting onions from diseases
confirmed the feasibility of using fungicides (Table 5).

Table 5. Yield of ‘Forum’ onions depending on the plant disease protection system (2023-2024), t/ha

Option 2023 2024
1 45.1 47.5
2 50.8 54.9
3 51.0 55.1
4 54.3 57.0
5 50.9 55.0

HIP 21 2.3

05

Source: compiled by the author

In the fourth variant, where the plots were treated
with a mixture of Ridomil Gold MZ 68 WG 2.0 kg/ha
(three times at 10-day intervals) + Quadris 250 SC0.4 I/
ha (twice at 10-day intervals), the net profit was 48.8
thousand UAH with a profitability level of 128%. Other
experimental options showed slightly lower economic
indicators. As noted by L. Fenta & H. Mekonnen (2024),
improving methodologies and interdisciplinary re-
search will be the focus of future research to create
high-quality, safe and cost-effective plant protection
solutions. The calculation of economic indicators re-
flected the success of the agrotechnical measures car-
ried out in the experiment. The highest net profit and
profitability were achieved through a combination of
high yield and crop protection efficiency in option 4. At
the same time, it is worth highlighting the advantages
of the biological product Phytocide, because despite
worse economic indicators and lower yields compared
to the combined application of Ridomil Gold MZ 68 WG
2.0 kg/ha (three times at 10-day intervals) + Quadris
250 SC 0.4 l/ha (twice at 10-day intervals), its choice
may be justified in the context of reducing pesticide
load and obtaining environmentally friendly products.

CONCLUSIONS
Onion plants grown in the control variant without
fungicide treatment were affected by peronosporosis,

Average Deviation, + Marketability, %
46.3 - 76.8
52.9 6.6 80.1
53.1 6.8 80.4
55.7 9.4 85.3
53.0 6.7 85.5

alternariosis and fusariosis (over the years of research,
10 to 35% of the leaf surface was affected). Accordingly,
diseased plants produced the lowest yield in the exper-
iment - 46.3 t/ha with the lowest marketability - 76.8%.
High-quality protection of ‘Forum’ onion plants from
the most common diseases contributed to higher plant
height, better leaf surface growth dynamics, and, accord-
ingly, higher marketability and yield of onions. Spray-
ing the plots with a mixture of Ridomil Gold MZ 68 WG
2.0 kg/ha (three times at 10-day intervals) + Quadris 250
SCO0.4 I/ha (twice at 10-day intervals) contributed to bet-
ter functioning of the photosynthetic apparatus of culti-
vated plants, which ensured the formation of onion yield
onaverage for 2023-2024 studies at the level of 55.7 t/ha.
The marketability index for the fourth variant was 85.3%,
which exceeded the control variant by 8.5%. The highest
net profit — 48.8 thousand UAH - and the highest level
of profitability - 128% - were obtained for this variant.

The results of using the biological fungicide Phy-
tocide were slightly lower compared to the chemical
control with a mixture of onion disease preparations.
The decrease in yield compared to the fourth option
was 2.7 t/ha over two years of research. However, when
comparing onion yields with single applications of syn-
thetic preparations, i.e. with options 2 and 3, the de-
viation from the control option is close to their level.
In other words, the quality of protection provided by
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OuiHKa 3axUcTy umMbyni pinyacToi Big XxBopo6

TeraHa Apanosa

KaHampaT cinbCbkorocnoaapcbkux HaykK, CTapLUnii BUKNaga4
BiHHWUbKMIA HALIOHANBHWIA arpapHui yHiBepCuTeT

21008, Byn. CoHauHa, 1, M. BiHHnug, YkpaiHa
https://orcid.org/0000-0002-9013-3979

AHoTauif. 3HMLLEHHS NATOreHHoi MikpodopKu Ha 0BOYEBMX MAAHTALIAX NOAINWYE PITOCAHITAPHMIA CTaH LLEHO3iB, a
AKICHWUIA KOHTPOJb 36YAHMKIB XBOPOO [03BONSIE POCAMHAM UMByni peanisyBaTu COPTOBMIA NOTEHLIAN BPOXAMAHOCTI.
MeTol0 ekcnepuMeHTy 6yno MOpiBHATU edEeKTUBHICTb CUHTETUMYHMX MpenapaTiB AN (iTOCaHITapHOro KOHTPOSO
30yAHMKIB NMepoHOoCnopo3y, anbTepHapiosy Ta dy3apiosy: Pugomin Tong ML, 68 WG T1a KBagpic 250 SC, a Takox
PO3ISIHYTH SK aNbTEPHATUBY XiMiYHOMY 3axumcTy — 6ionoriyHuii npenapat @itoumna. [ig yac ekcnepMmMeHTy METOAOM
BMCIYOK i3 MOJANbLIMM 3BaXYBAHHSM BU3HAYMAM OMHAMIKy MOLWi MCTOBOI MOBEPXHi, METOAOM BMMIipHOBAHHS
NiHINKOK BUM3HAYanM BUCOTY POCAMH LMOYNi Ta 3rigHO 3 METOAMKOI 06/1iKy XBOpODO 0BOYEBMX i BALUTAHHUX KYNbTYp
BM3HAYanM ypaKeHiCTb poc/iMH xBopobamu. [poaHanizoBaHo pe3ynbTaTi AOCIIAXKEHb WOAO 3aXMCHOI AiT dyHriuuais.
O6npuckyBaHHs AingHoK cyMiwwo npenapaTtie Pupomin Tong ML, 68 WG 2,0 kr/ra (Tpuui 3 iHTepanom B 10
noHiB)+Keaapic 250 SCO,4 n/ra (aBivi 3 iHTepsanom B 10 gHiB) £,03BONMA0 pOoCAMHAM Lubyni chopMyBaTH BULLY BUCOTY
HiX Ha KOHTponi — Ha 4,5 cM Ta nepeBepLyBaTH B AMHAMILI NAOLi IMCTKOBOi NoBepxHi Ha 37,4-59,6 % KOHTpoONb.
O6pobKa L€l CyMilWo Cnpusia HAWKPaLWLOMy KOHTPONO 36yaHUKiIB XBOpob Luubyni, Ta 3abe3neunna GopMyBaHHS
YPOXAMHOCTI LMOYNUH B CepeaHboMY 33 ABa POKM AOCNIAXKEHb HA piBHI 55,7 T/ra i3 noka3sHMKOM ToBapHoOCTi 85,3 %.
O6pobka pingHok BiodyHriumaom Texx 3abesneymna aKiCHUM 3aXMUCT Bif, XBOPOO, BUCOKiI BIOMETPUYUHI NMOKA3HUKK Y
POC/MH Ta iCTOTHE 3pOCTaHHS YPOXXaMHOCTI Lmbyni. HarBuwa ToBapHicTb unbynuH - 85,5 % Byna Ha BapiaHTi BHECEHHS
6ionoriyHoro npenapaty QiToumpa, Wo nepeBuLLMIa KOHTPoNb Ha 8,7 %. bionoriuyHuii GyHriumpa, 3a eQeKTUBHICTIO
3axucTy uubyni BiA NaToOreHiB AeLLo NocTynaBcs CUHTETUYHUM MpenapaTtaMm, aie He3HavyHe BiCTaBaHHA YPOXKaMHOCTI
KOMMEHCYBaNoCs BWLLOK TOBAPHICTIO MpoAyKuii. AHani3a OTPMMaHMX pe3ynbTaTiB MOKa3ye OBOYIBHMKAM K Ha
NPaKTULi SKICHO 3aXMCTUTU POCMHM LMBynNi BiA xBopob pi3HMMM npenapatamu abo ix KoMbiHaLiew

KntouoBi cnoBa: Allium cepa; GyHriumMan; NnaTtoreHn; TOBApHiCTb; YPOXKANHICTb Upnbyni
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Abstract. Dairy farming is one of the most important branches of animal husbandry, as it provides essential food
products to the population and raw materials to milk processing enterprises. The study was aimed at investigating
how the conditions of keeping and feeding with complete monomixes affect the level of milk productivity of Holstein
first-calf heifers during first lactation period. The animals in the experimental group were kept in a microclimate
controlled cros-barn, while those in the control group were kept in a pavilion-type barn with natural ventilation. The
intensity of lactation in the first half was analysed and it was found that in cows of the experimental group, the yield
per 100 days and on the peak day of lactation was, respectively, 103.3 kg (p <0.001) and 1.1 kg (p < 0.05) higher than
in animals of the control group. The analysis showed that cows in the experimental group with high productivity
(>9643 kg) had a longer period of reaching peak lactation. This indicator exceeded the duration of the same period
in cows from the groups with productivity “<8423” and “8424-9642” by 20.3 (p <0.001) and 5.9 (p <0.001) days,
respectively. In addition, within the experimental group, cows with shortened, average, and prolonged reproductive
cycles had higher milk yields during the first 100 days of lactation - by 94.0 kg (p <0.001), 115.6 kg (p <0.001), and
93.4 kg (p < 0.001), respectively, compared to their peers in the control group with a similar distribution of cycle
duration. A summary of the results for the combined indicators showed that the animals in the experimental group
demonstrated better production and physiological characteristics compared to the control group. Thus, keeping
Holstein cows in a cros-barn provides a comfortable technological environment that meets biological needs in the
first half of lactation, minimises heat stress, and promotes the realisation of genetic potential for high productivity.
The material is relevant for livestock breeders and technologists in milk production in industrial complexes

Keywords: holstein breed; cows maintenance; lactation; milk productivity; reproductive capacity

INTRODUCTION
Increasing gross milk production remains a chal- of high-yielding specimen, but also through compre-
lenging and strategically important issue in modern  hensive improvement of husbandry, feeding, and care
dairy farming. This task is being addressed not only technologies. Spatial planning solutions in Llivestock
through genetic improvement of cattle and selection  buildings are also important, as they ensure an optimal
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microclimate, adequate hygiene, comfort, and reduced
stress factors for animals. Creating a favorable techno-
logical environment makes it possible to more fully re-
alise the genetic potential of specialised dairy breeds,
since it is under conditions that are as close as possible
to their biological needs that the productive capabilities
of the organism are effectively realised. A rational com-
bination of genetic, technological, and organisational
factors is a key prerequisite for increasing herd produc-
tivity, improving reproductive performance, and ensur-
ing the stable development of dairy farming as a whole.

Particular productivity growth has been achieved in
agricultural enterprises that have significantly greater
technological capabilities to ensure conditions for effec-
tive dairy farming and high-quality milk production. The
main directions for the development of highly intensive
dairy farming are a solid feed base, stable state support,
a well-established veterinary service system, and the
need to improve the management mechanism of a pro-
gressive system of milk production intensification based
on the use of a highly productive loose housing system
for cows (Antoshchenkova, 2020). Research conducted
by M.M. Lutsenko & I.0. Lastovs’ka (2022) showed the
significant advantages and prospects of loose housing
of high-yielding cows in easily assembled barns with a
width of 32.5 and 36 m. It has been established that new
spatial planning and technological solutions for hous-
ing highly productive cows provide comfortable condi-
tions. The presence of side curtains and light ventila-
tion ridges in the design of the premises increases the
air velocity more than threefold (0.5 m/s vs. 0.16 m/s),
the ammonia content in the air of the premises is re-
duced by 8-9 times compared to traditional cowsheds,
and bacterial contamination is reduced to a minimum
(2.8 thousand/m® at P > 0.999) due to an increase
in the volume of the premises to 129.6 m?® per head.

M.R.H. Rakib et al. (2020) proved that the financial
efficiency of dairy farming is determined by many factors
that combine the effective use of production, material,
and labor resources. At the same time, it was emphasised
that in order to obtain a large amount of high-quality
products, first of all, it is necessary to create optimal
conditions for keeping cows, ensuring comfortable cli-
matic and microclimatic conditions depending on the
physiological state of the animals. L.M. Sorathiya (2024)
noted that the introduction of integrated dairy farming
practices that prioritise livestock welfare not only im-
proves health and reduces stress, but also leads to in-
creased productivity and sustainable development of
dairy farming. Emphasising the interdependence of dairy
cattle welfare and productivity, attention was drawn to
feeding animals with high-quality feed, which is impor-
tant for maintaining animal health and milk production.

Pidpala & Holosnyi

One of important conditions for high productivity,
reproductive qualities, and health preservation in ani-
mals is their proper nutrition. In particular, the content
and ratio of minerals in their diet is crucial. Optimising
the mineral and vitamin nutrition of cows through the
use of mineral and vitamin supplements helps to nor-
malise metabolism and increases productivity. The ab-
sence, deficiency, or excess of certain mineral elements,
as well as an imbalance of their ratio in diets, leads
to a decrease in the efficiency of feed nutrient utili-
sation, a decrease in animal productivity, and disease
development (Valldecabres & Silva-del-Rno, 2022). A
study by V.A. Hlavatchuk (2024) showed that adding a
mineral and vitamin premix to the diet of dairy cows
balanced its composition in terms of phosphorus, man-
ganese, copper, zinc, iodine, cobalt, vitamin D, and se-
lenium. This had a positive effect on milk productivity,
the chemical composition of milk, and the reproduc-
tive functions of the animals. The average daily yield of
natural fat milk increased by 1.5 kg or 5.9%, the mass
fraction of fat and protein in milk by 0.05 and 0.07%,;
the duration of the service and inter-calving periods
was reduced by 8 days, and the insemination index de-
creased by 10.3%.The increase in cow productivity was
accompanied by a decrease in feed consumption per
1 kg of milk by 0.09 energy feed units.

According to A.T. Tsvigun et al. (2021), with a milk
yield of 25-30 kg per day, dry matter intake should be 16-
20 kg with an metabolisable energy of over 14 MJ. The
simplest solution to this problem is to divide the herd
into groups with more uniform productivity. Dividing
the herd into production groups is, to a certain extent,
a compromise and cannot completely solve the problem
of standardised feeding. V.S. Kozyr (2022) emphasised
the importance of balanced nutrition for dairy cattle,
as it satisfies their daily need for interrelated nutrients
(protein, fat, carbohydrates), minerals, trace elements,
and vitamins in optimal proportions. With such a diet,
which is based on the energy and protein value of feed,
the animals’bodies develop, grow,and function normally.

Therefore, in order to avoid negative environmental
influences, in particular high temperatures and humidity,
it is necessary to control the number of animals in the
sections; ensure intensive ventilation of the cowshed us-
ing fans to create air circulation and an optimal micro-
climate. Along with the maintenance conditions, maxi-
mum comfort of the technological environment for dairy
cattle is ensured by feeding animals with fresh feed and
providing free access to water, especially during the hot
season. The aim of the study was to evaluate the intensi-
ty of lactation during the calving period of first-calf Hol-
stein cows under comfortable conditions in a cross-barn
and feeding with complete monomixes from feeder trays.
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MATERIALS AND METHODS

The scientific and experimental research was conduct-
ed at a breeding farm for Holstein cattle, “Promin” Ag-
ricultural Limited Liability Company (ALLC) in Mykolaiv
Oblast. This farm is one of the leaders in the dairy busi-
ness, where intensive milk production technology is
based on loose housing of cows, feeding them complete
mono-mixtures from feeding tables, and milking them
on an automated Carousel-type conveyor-ring milking
machine with 80 cow slots. These technical and techno-
logical solutions contributed to high levels of productiv-
ity in animals. Milk yield per cow averaged 12703 kg in
2023 and 13200 kg in 2024 (Pidpala & Holosnyi, 2024).

Using Dairy Comp and Microsoft Excel, two groups
were formed: experimental (n = 300) - animals were
kept in a cross-barn with artificial ventilation, and con-
trol (n=300) - animals were kept in a pavilion-type barn
with natural ventilation. The comfort of the technolog-
ical environment for Holstein cows, especially during
the hot summer period, was ensured by keeping them
loose in a cros-barn with an artificially controlled mi-
croclimate. Depending on the specific zone, the air in
the room moved at a speed of 0.5-3.0 m/s in one di-
rection - across the building. The barn, 356 m long and
4-6 m high, is equipped with 114 exhaust fans on one
side along the entire perimeter, each with a diameter of
over 1 m and a power of 2.5 kW. Due to the power of the
exhaust ventilation system, the air in the building was
expelled outside and intensive air exchange took place,
ensuring the best gas composition of the air, i.e., the
lowest gas content in the room. In addition, in the rest
area, the air movement accelerated to 2.5 m/s and a

noticeable breeze was created, which cooled the animals
during their rest, i.e., cooling off the cows by the airflow.
This ventilation minimised heat stress in cows during
the summer and also ensured cleaner air due to its cir-
culation.An optimal microclimate with the required tem-
perature and air velocity was maintained using a special
computer program.The rest area was equipped with beds
with clean bedding, which consisted of solid manure.

Cows were fed a mixed diet (complete monomix)
from the feeding trays with 80 cm long feeding front.
To prepare and distribute feed mixtures, the author’s
feed and mobile feed dispensers/crushers (mixers)
were used. The optimal grinding and homogeneity of
the general mixed ration was achieved thanks to the
developed technology of sequential loading of feed
into the mixer hopper. First, straw and hay were load-
ed, then silage and haylage, and finally, compound feed
and diluted molasses, which not only added flavor to
the total mixed ration but also acted as a binder for
the crushed feed and regulated the moisture content
of the complete mono-mixture. To prevent acidosis and
improve feed quality during the preparation of the total
mixed ration, baking soda was used in an amount of 1%
in the compound feed. For feeding cows in the first half
of lactation, a ration was developed (Table 1), which
contained, based on consumption per head: dry mat-
ter - 28.2 kg (experimental group) and 27.3 kg (control
group), compound feed - 12.69 kg (experimental group)
and 11.17 kg (control group). In terms of the composi-
tion of different types of feed, the general mixed diet
was similar and met the biological needs of highly pro-
ductive animals in the first half of lactation.

Table 1. Nutrition ration for experimental cows in the first half of lactation (14-160 days)

Feed Physical mass, kg Dry matter, kg
silage 27.5 9.71
corn silage 1 0.65
rye silage 8.7 2.86
straw 0.35 0.30
molasses 1.5 1.13
sunflower 0.5 0.45
alfalfa silage 3.50 1.13
water 15 0.00
compound feed 12.69 11.17

including: - -
corn 5.500 4,840
rapeseed oilcake 1.100 0.968
soybean oilcake 0.700 0.616
sunflower oilcake 1.100 0.968
total mixed ration cros-barn

per cow, per day pavilion-type barn

Feed Physical mass, kg Dry matter, kg
soybean oilcake 1.900 1.672
wheat 1.000 0.880
limestone flour 0.160 0.141
corn gluten 0.350 0.308
polfamix premix 0.150 0.132
salt 0.130 0.114
sodium bicarbonate 0.160 0.141
rumen-protected fat 0.200 0.176
buffer for cows 0.070 0.062
feed-grade urea 0.050 0.044
magnesium oxide 0.040 0.035
monocalcium 0,030 0026
phosphate
bentonite 0.050 0.044
57.5 28.2
56.1 27.3

Note: the average moisture content of the total mixed ration during this period was 48.6%
Source: authors’ data obtained in the laboratory of “Promin.” ALLC
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Control over the adequate feeding of high-yielding
cows was carried out by predicting dry matter intake
based on actual initial data (Tsvigun et al., 2021), and
rations were balanced taking into account daily produc-
tivity, dry matter intake, energy balance, and changes in
body condition during lactation. Optimal moisture con-
tent was monitored using an express method by drying
samples of the total mixed ration in a microwave oven.
Lactation intensity was assessed based on indicators in
the first 100 days after calving in experimental groups
of first-calf heifers, distributed according to milk yield,
reproduction cycle duration (intercalving period - ICP),
and the development of combined traits - milk pro-
duction and reproductive capacity. The experimen-
tal group of cows was differentiated according to the
average milk yield for the first lactation (9033 kg of
milk) by a deviation of 0.67¢ into three groups: ani-
mals with a milk yield <8423 (n=68), with a milk yield
of 8424-9642 (n=158), and with a milk yield >9643
(n=74). According to the duration of the reproductive
cycle, they were differentiated by a deviation of 0.67¢
from the average value of ICP =384.4 days after the
first calving into three groups: with a shortened du-
ration (intercalving period “<373.4”; n=72); average
duration (intercalving period “373.5-395.3”; n = 151)
and with prolonged reproduction cycle duration (in-
tercalving period “>395.4”; n=77). The control group
of cows, based on the average milk yield during the
first lactation (8.521 kg of milk), was differentiated by
a deviation of 0.67¢ into three groups: animals with
a milk yield of <7943 kg (n=71), with a milk yield of
7944-9097 (n=157), and with a milk yield of >9098
(n=72). According to the average value of the repro-
duction cycle of 386.5 days: animals with a shortened
duration, taking into account 0.670, had an intercalving
period of 375.6 days or less (n=74); average duration -
375.7-397.3 (n=156) and with an extended reproduc-
tion cycle duration - >397.4 (n=70). The yZ (chi-square)
criterion was used to determine the conformity of the

distribution of animals into three groups to the pat-
terns of normal distribution (Pidpala et al., 2012).

The test animals were divided into four groups based
on the combination of deviations in the plus (1) and mi-
nus (2) directions from the average value of milk yield
and reproductive capacity: 1-1, 1-2, 2-1, 2-2 (Pidpa-
la et al., 2012). The research materials were processed
using statistical methods (Kramarenko et al., 2019), in
particular, the determination of the arithmetic mean
(X), the error of the arithmetic mean (Sx), the standard
deviation (o), coefficient of variation (Cv) to conduct a
comparative analysis of the studied traits between the
experimental and control groups and to establish the
influence of different conditions of keeping and feed-
ing on the productivity of Holstein heifers during their
calving period. During the keeping of the experimen-
tal animals at the industrial complex and throughout
all manipulations with them, the provisions of Law of
Ukraine No. 249 (2012) and the European convention
for protection of vertebrate animals used for experimen-
tal and other scientific purposes (1986) were observed.

RESULTS AND DISCUSSION
Observations have shown that the cows ate the com-
plete monomix (total mixed ration) most intensively
immediately after milking. Therefore, the fresh total
mixed ration was distributed after removing feed resi-
dues from the feed table while the animals were in the
milking parlor. Thus, the maximum level of consump-
tion of a complete monomix was achieved, calculated
as 28.2 kg of dry matter per head (experimental group)
and 27.3 kg (control group), which contributed to high
productivity in first-calf heifers during their calving
period. It was found that under different conditions of
comfort, in particular in a mega-barn with a controlled
microclimate and in a pavilion-type barn with natural
ventilation, the cattle in the experimental and control
groups differed in terms of milk yield and lactation in-
tensity in the first half of lactation (Table 2).

Table 2. Characteristics of lactation intensity in first-calf Holstein cows divided into groups

according to their milk yield in the first lactation

Research group

Indicator

Parameters
X+Sx o

Cows with milk yield <8423 (n=68)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Cows with milk yield 8424-9642 (n=158)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

3221.6+11.27 11.3 3.0
101.6+1,15 1.2 9.6
35.9%0,60 0.6 14.2
3008.5%9,63 9.6 3.9
116.0+0.46 0.5 4.8
370%0.34 0.3 114
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Table 2, Continued

Research group

Indicator

Parameters
X+Sx o

Cows with milk yield >9643 (n=74)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Average across the entire selection (n=300)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

3003.4+11.40 114 3.3
121.9£0.932! 0.9 6.7
36.4%0.34 0.3 8.1
3058.3£8,20™" 8.2 4.6
114.1+0,61 0.6 9.2
36.6+0.24" 0.2 114

Control group

Indicator

Parameters
XSx c

Cows with milk yield <7943 (n=71)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Cows with milk yield 7944-9097 (n=157)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Cows with milk yield >9098 (n=72)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Average across the entire selection (n=300)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

2956.0%6.19 52,2 1.8
113.7£0.72 6.0 5.3
35.7%0.64 5.4 15.0
2953.2+4.98 61.4 21
114.2+0.55 6.8 5.9
35.4%0.39 4.8 13.5
2961.8+7.01 59.5 2.0
113.4%0.62 5.2 4.6
35.5+0.60 5.1 144
2955.0+11.65 131.8 4.5
113.8+0.93 10.5 9.2
35.5%0.37 4.2 11.9

Note: X - arithmetic mean; Sx - arithmetic mean error; o - standard error; Cv - coefficient of variation; *- p < 0.05;
*% p<0.001 compared to the control group; 1- p<0.05; 2 - p<0.001 compared to groups “<8423” and “8424-9642"

Source: compiled by the authors

In terms of milk yield in the first 100 days of lacta-
tion, cows in the experimental group prevailed, which
indicates the suitability of the technological environ-
ment, comfort of keeping, and adequacy of feeding
to their biological needs during the intense period of
milk production in the body of lactating animals. It was
found that the average milk yield for 100 days of lac-
tation in cows in the experimental group was 103.3 kg
(p<0.001) or 3.5% higher than in animals in the control
group, which is explained by the comfort of their hous-
ing and the sufficiency of feeding with a general mixed
diet from the feeder trays. As for the period before the
peak of lactation, no significant difference was found
between the experimental and control groups, as the
difference was 0.7 days or 0.6%. Milk yield on the peak
day of lactation was 1.1 kg (p <0.05) or 3.1% higher in
cows in the experimental group than in their peers in
the control group. By determining the intensity of lac-
tation in the first half of lactation in cows with different

Ukrainian Black Sea Region Agrarian Science, 29(4), 38-48

milk yields per lactation, it was found that high-yield-
ing cows with a milk yield >9643 in the experimental
group were characterised by a longer period before the
peak of lactation, which was 121.9 days. The difference
compared to groups “<8423” and “8424-9642” was 20.3
(p <0.001) and 5.9 (p <0.001) days, respectively, i.e.,
they reached the highest milk yield earlier, followed by
a gradual decline. A similar tendency was not observed
in the control group during the period before the peak
of lactation. Regardless of the level of milk yield during
the first lactation, the animals reached the peak of lac-
tation on average at 113.4-114.2 days.

A comparative analysis showed that cows with a
milk yield of <8423 in the experimental group had a
7.3% higher milk yield per 100 days of lactation than
their highly productive counterparts. However, their
milk yield per lactation was 7776 kg of milk, since af-
ter reaching the highest daily milk yield on the peak
day of lactation, there was a rapid decline. The studied
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traits, such as milk yield per 100 days of lactation and
the period before the peak of lactation, were charac-
terised by low coefficients of variation in both the ex-
perimental (Cv=3.0-9.6%) and control (Cv=1.8-9.2%)
groups, while milk yield on the peak day of lactation
was characterised by medium coefficients of variation
(Cv=11.4-14.2% and Cv = 11.9-15.0%, respectively),
which indicates the combined influence of environ-
mental and genetic factors on the development of this
trait. The exception is high-yielding cows with milk
yield >9643 in the experimental group, which are char-
acterised by a low coefficient of variation. Thus, with a
similar feed background but different comfort levels, in
particular in a mega-barn with an artificially controlled

Table 3. Characteristics of lactation intensity in first-calf Holstein cows with different reproductive cycle periods

microclimate, the individual characteristics of
high-yielding Holstein cows are manifested. That is, in
a mega-barn, the comfort of the technological environ-
ment meets the biological needs of lactating cows to
the fullest extent possible and contributes to the man-
ifestation of individual genetic predispositions for high
productivity in the Holstein breed. Conversely, in a pa-
vilion-type barn with natural ventilation, no such ability
to develop productive traits in animals has been estab-
lished. Studies of lactation intensity in the first half of
lactation in cows from the experimental and control
groups, distributed according to the duration of the re-
productive cycle, revealed a difference in milk yield per
100 days and on the peak day of lactation (Table 3).

Research group

Indicator

Parameters
XSx ()

Group of cows with ICP duration <373.4 (n=72)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Group of cows with ICP duration 373.5-395.3 (n=151)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Group of cows with ICP duration >395.4 (n=77)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

3068.9%18.56™" 1574 5.1
1143+1.11 9.4 8.2
36.5%£0.46 3.9 10.6
3057.8+10.55"* 129.7 4.2
113.9+0.9 111 9.7
36.6+0.35™ 4.2 11.6
3049.5£17.24™* 1513 5.0
114.2+1.20 10.5 9.2
36.5%0.50 44 12.0

Control group

Indicator

Parameters

XSx o

Group of cows with ICP duration <375,6 (n=74)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Group of cows with ICP duration 375.7-397.3 (n=156)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

Group of cows with ICP duration >397.4 (n=70)

Milk yield per 100 days of lactation, kg
Period until peak lactation, days
Milk yield on the peak lactation day, kg

2974.9%14,54 125.1 4.2
115.9+1.12 9.6 8.3
36.0£0.43 3.7 10.4
2942.2+11,25 138.7 4.7
114.0+0.87 10.7 9.4
35.3%£0.32 4.0 11.3
2955.9+15.18 127.0 43
112.4+1.26 10.5 9.4
35.8+0.43 3.6 10.2

Note: **~ p<0.01; ***~ p<0.001 compared to the control group; X - arithmetic mean; Sx - arithmetic mean error;

o - standard error; Cv — coefficient of variation
Source: compiled by the authors

In the experimental group, animals with short-
ened, average, and prolonged inter-lactation periods
had a 94.0 kg (p <0.001) or 3.2% higher weight gain
over 100 days; 115.6 kg (p<0.001) or 3.9% and 93.4 kg
(p<0.001) or 3.2% higher than in their peers of similar

distribution in the control group. The increase in milk
yield on the peak day of lactation in cows of the exper-
imental group of the above distribution by the dura-
tion of the reproductive cycle compared to the animals
of the control group was 0.5 kg; 1.3 kg (p <0.01) and
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0.7 kg, respectively, which was 1.4%, 3.7% and 2.0%
higher. According to such an indicator as the duration
of the period before the peak of lactation, no signifi-
cant differences were found between the distribution
groups in the experimental and control groups. There-
fore, it can be noted that Holstein cows are prone to
a prolonged reproductive cycle, and the peak day of
lactation occurs on the 112%"-116™ day of lactation.
For the characteristics describing lactation intensity in
the first 100 days, low and medium variability indices
were established in the groups distributed according
to the duration of the reproductive cycle. In first-calf
cows with shortened, average, and prolonged inter-
calving periods in both the experimental and control
groups, low coefficients (Cv=4.2-9.7% and Cv=4.2-
9.4%, respectively) indicated a negligible influence of
the environment on their manifestation. Such a trait as
milk yield on the peak day of lactation in the specified
distribution groups was characterised by a medium

degree of variability ((v=4.2-9.7% and Cv=10.2-11.3%,
respectively), which indicated the influence of environ-
mental factors on its manifestation.

As a result of investigating lactation stress in cows
classified according to a combination of characteristics
(milkyield and reproductive capacity),it was established
that in the experimental group, cows in groups 1-1 and
1-2 differed in higher milk yield over 100 days of lac-
tation, a longer period before reaching peak lactation,
and milk yield on the peak day of lactation compared to
their peers of similar distribution in the control group
(Table 4). The differences were 33.6 kg; 1.9 days; 1.1 kg
and 102.9 kg. (p < 0.001); 6.9 days (p < 0.001); 1.7 kg
(p <0.05), respectively. This manifestation of the stud-
ied characteristics in the animals of the experimental
group is explained by the comfort of their maintenance
in a mega-barn and proper feeding with a mixed diet
from feeder trays, which ensured continuous free ac-
cess to the consumption of monomix.

Table 4. Characteristics of lactation intensity in first-calf Holstein cows in groups
according to a combination of characteristics
Research group

GrouP by Milk yield pe.r 100 days of e S e e e R Milk yield on the peak lactation

combined lactation, kg day, kg
characteristics X*Sx % X£Sx % X£Sx %

1-1 (n=78) 3016.6+14.06 4.10 117.6+1.02 7.60 37.1+0.44 10.50
1-2 (n=63) 3022.2+14.50** 3.8 118.6+1.10*** 75 36.1+0.50" 9.9

2-1 (n=55) 3138.3+20.30 4.8 107.9%1.60 10.9 35.8+0.60 13.1
2-2 (n=104) 3069.3+14.40 4.8 112.0£0.90 8.6 36.9+0.40 12.0

Control group

GrouP Y Milk yield pe.r 100 days of Period before peak lactation, days Milk yield on the peak lactation

combined lactation, kg day, kg
characteristics X*Sx % X*Sx % X£Sx %

1-1 (n=69) 2983.0£14.73 4,1 115.7+1.17 8.4 36.0+£0.43 10.0
1-2 (n=62) 2919.3+16.98 4,6 111.7+1.52 10.7 34.4+0.51 11.8
2-1 (n=58) 2955.9+17.33 4,5 116.3%£1.16 7.6 35.9%£0.56 12.0
2-2 (n=111) 2951.3%£12.95 4,6 113.3£1.01 9.4 35.8+0.34 10.0

Note: - p < 0.05; ***~ p<0.001 compared to the control group; X - arithmetic mean; Sx - arithmetic mean error;
o - standard error; Cv - coefficient of variation
Source: compiled by the authors

Asimilar trend in milk yield variability over 100 days
of lactation was established for groups distributed ac-
cording to combined traits, indicating the influence of
genetic factors. The reduced influence of heredity on the
trait of milk yield on the peak day of lactation is indicat-
ed by the coefficients of variability of the experimental
and control groups. Thus,according to the distribution by
combined traits (milk yield and reproductive capacity),
the animals in the experimental group, which were kept
in a mega-barn with the most comfortable technological
environment for maintaining their welfare and high pro-
ductivity,had an advantage in the studied indicators. The
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results show an increase in milk productivity in Holstein
cows kept in a mega-barn with a complete mixed diet.
These conclusions prompt a discussion on the impact of
various factors on the realisation of the genetic potential
of specialised dairy cattle breeds to increase the com-
petitiveness and profitability of the dairy industry. The
study proves the prospects and feasibility of introducing
cross-ventilated and microclimate-controlled premises
for dairy cattle in industrial milk production complexes,
which will contribute to the creation of a comfortable
environment, the maintenance of animal welfare, high
productivity, and an increase in gross milk production.



An increase in milk yield was determined in the
first half of lactation by 3.5% and on the peak day of
lactation by 3.1% in cows kept in a mega-barn with
a controlled microclimate and fed a complete mono-
mix containing 28.2 kg of dry matter per head. These
findings are consistent with the research of S.H. Pish-
chan & K.A. Sylychenko (2021), which showed that
feeding cattle a pre-calculated diet that included food
supplements containing vitamins, minerals, and com-
pound feed generally satisfied their energy needs. The
high energy content of the feed mixture in the diet of
milking and newly calved Swiss cows during the au-
tumn-winter calving period contributed to milk yields
of 3539.6-3570.0 kg of milk during the first 100 days of
lactations I-lIl. Many factors influence the vitality and
productivity of dairy cattle, but among them the most
significant are the environment, genetics,and biological
needs of animals. The results of studies by H. Atashi et
al. (2021) showed that the age of insemination of heif-
ers affects the stability of lactation in first-calf heifers.
They found a higher rise in the lactation curve and its
subsequent rapid decline after reaching peak produc-
tivity in animals that calved for the first time at an
older age. The study showed that heifers inseminated
at an early age after calving were characterised by a
lower but more stable lactation curve. A.S. Kramaren-
ko et al. (2022) argued that the productivity of dairy
cattle depends on a number of different factors, includ-
ing genotypic and paratypic ones, but at the same time,
feeding remains the most important among them, as
it determines the success of any livestock industry, as
evidenced by a comprehensive assessment of the char-
acteristics of intensive milk production technology.

In a study by A. Kitaieva et al. (2024), cows were
fed a single feed according to a developed diet, which
included corn silage, alfalfa haylage, alfalfa hay, molas-
ses, compound feed (corn, wheat, brewers’ spent grains,
sunflower oilcake, soybean oilcake), salt, chalk, premix
for dairy cows, sodium bicarbonate, and monocalcium
phosphate. For better consumption of the monofeed,
7.0 L of water per head was added to the feed mill. In
both studies, Holstein cows showed high productivity
when fed a complete diet. The average daily milk yield
for the group of cows in the first 100 days of lacta-
tion was 32.1 kg, which is 7.0% higher than the planned
yield, and in this study, it was over 35 kg. According to
D. Mundan et al. (2020), the daily milk yield in Holstein
cows ranged from 26.2 to 27.4 kg, and these figures
were lower than the results of the current study of the
daily milk yield of cows in the experimental group by
23.7-27.0% and in the control group by 26.2-23.2%.
M. Gaworski & P.Kic (2024) evaluated production tech-
nologies on dairy farms in terms of animal comfort and
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welfare, which is ensured by free access to feed and re-
duced competition between animals in the resting area.
In uninsulated high-capacity barns with natural venti-
lation, the comfort of dairy cattle is achieved through
air movement using fans, spraying the cows’ bodies,
and high-pressure mist (evaporation) to cool the sur-
rounding air, which also minimises the effect of solar
radiation. D. Sreekumar & V. Sejian (2024) emphasised
the importance of cow comfort, which includes the en-
vironment, in particular ventilation temperature, con-
tinuous access to feed and drinking water, and well-or-
ganised rest with sufficient lying space. Both studies
emphasised the creation of comfortable conditions and
the maintenance of animal welfare through the main-
tenance of an optimal microclimate, the avoidance of
heat stress, and, most importantly, not only free and
constant access to feed, but also its freshness and avail-
ability. The authors also note that high-volume premis-
es should be used for dairy cattle housing.

C. Kipp et al. (2021) and R. Bleizgys et al. (2023)
noted that one of the most important conditions for
keeping cows is ensuring the necessary microclimate
parameters in the barn. At the same time, an increase in
temperature and humidity in the room can cause heat
stress, which negatively affects the physiological state
and productivity and even worsens the quality of milk
produced. Similar conclusions were made in studies
by A. Shevchenko & O. Petrenko (2020) and C.B. Tuck-
er et al. (2021), who pointed out that it is impossible to
achieve maximum productivity without creating condi-
tions that comply with hygiene and veterinary and san-
itary standards. Unfavorable conditions, such as poor
ventilation, insufficient air exchange, heat, and rain,
deteriorate the air and cause microbial contamination,
while increased temperature and humidity worsen the
microclimate. According to K.D.M. Frigeri et al. (2023),
dairy cattle barns should be monitored for thermal
conditions to reduce the harmful effects of heat stress,
which will help increase milk production, improve milk
quality, ensure herd health, and improve cow comfort.
As noted, heat stress leads to sudden changes in the
health and productivity of dairy cows. Studies have
shown that in a barn with an artificially controlled mi-
croclimate, air circulation creates an optimal microcli-
mate with the desired temperature, reduces gas accu-
mulation in the room, and cools the animals in the rest
area during the summer. The comfort of the technolog-
ical environment contributes to the well-being of dairy
cattle and high milk productivity. Thus, the technology
of keeping dairy cattle in a mega-barn maximally meets
the biological needs of milking cows, minimises heat
stress, and contributes to the realisation of the genet-
ic potential of high productivity of the Holstein breed.
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CONCLUSIONS

Studies have shown that loose housing of Holstein
cows in a mega-barn with an artificially controlled mi-
croclimate provides the most comfortable technolog-
ical environment and contributes to maintaining their
welfare. It was determined that in terms of the com-
position of different types of feed, the general mixed
diet was similar and satisfied the biological needs of
highly productive cows in the first half of lactation,
based on dry matter consumption per head of 28.2 kg
(experimental group) and 27.3 kg (control group), tak-
ing into account their productivity, lactation period,
and body condition. It has been proven that with a
similar feed background but different comfort levels,
in particular in @ mega-barn with an artificially con-
trolled microclimate, the individual genetic predispo-
sition of Holstein cows to high productivity manifests
itself. In a pavilion-type barn with natural ventilation,
such an ability to develop productive traits in animals
has not been established. The average milk yield per
100 days of lactation in cows of the experimental
group was 103.3 kg (p<0.001) or 3.5% higher than in
animals of the control group.

A comparative assessment of lactation stress in the
first half of lactation in groups classified by milk yield,

with shortened, average, and prolonged intercalving
periods had milk yields per 100 days that were 94.0 kg
(p<0.001) 115.6 kg (p<0.001) and 93.4 kg (p <0.001)
higher than in their peers of similar distribution in the
control group. A study of lactation intensity in cows dis-
tributed according to combined characteristics found
that the experimental first-calf heifers in groups 1-1
and 1-2 differed in higher milk yield per 100 days of
lactation, a longer period before reaching peak lacta-
tion, and milk yield on the peak day of lactation com-
pared to their peers of similar distribution in the con-
trol group. The difference was 33.6 kg; 1.9 days; 1.1 kg
and 102.9 kg (p < 0.001); 6.9 days (p <0.001); 1.7 kg
(p < 0.05), respectively. Prospects for further research
include expanding the list of economically useful traits
and studying their manifestation in Holstein cows dur-
ing three lactations under mega-barn conditions.
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TexHonoriyHe cepepoBuULle i roaiBnsa AiMHUX KOpiB
3a YMOB YTPUMaHHS B KPOC-KOPiBHUKY

TersaHa Mignana
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AHoTauif. MonoyHe TBapUHHWMUTBO € OAHIEID 3 HAMBAXIMBIWUMX Trany3ein TBAPUHHMLTBA, OCKiNIbKM 3abe3nevye
HaceneHHs HeobOXiAHMMM MpPOAYKTAMM XapyyBaHHS Ta CUMPOBUHOK [N MiANPUEMCTB 3 nepepobku MOnoka.
[ocnipxkeHHs Mano Ha MeTi BUBYUTH, SIK YMOBU YTPUMAHHS Ta FOAIBNT MOBHUMW MOHOMIKCAMM BMAMBAKTb HA PiBEHb
MONOYHOI NPOAYKTUBHOCTI NEPBICTOK FONWTUHCBKOTNOPOAM B NepLUNA Nnepiof nakTauii. TBapuHu ekcnepuMeHTanbHoi
rpynu yTpUMyBanucs B KPOC-KOPIiBHUKY 3 KOHTPO/SbOBAHWM MiKPOKMiMaTOM, @ TBapMHU KOHTPONbHOI rpynu — B
KOPiBHMKY NaBiIbOHHOIrO TUMNY 3 MPUPOLAHOK BeHTMAAUiE. Byno nmpoaHani3oBaHO iHTEHCMBHICTb NaKTauii B
nepwin NONOBMHI, i BCTAHOBNEHO, WO Y KOPiB eKCnepuMMeHTanbHoi rpynu Hagoi 3a 100 gHiB i B MiKOBMI LeHb
naktauii 6ynm BignosigHo Ha 103,3 kr (p <0,001) i 1,1 kr (p < 0,05) BULWMMM, HiIX Yy TBAPUH KOHTPOJILHOI rpynu.
AHani3 nokasas, WO KOPOBM B €KCNEPUMEHTaNbHIM rpyni 3 BMCOKOK MPOOYKTUBHICTIO (>9643 kr) Manu LOBLUWI
nepiog AOCArHEHHS MNiky nakTtauii. Lle nokasHukK nepesuLLlyBaB TPUBANICTb aHANOMYHOro nepioay y KopiB 3 rpyn
3 NPOAYKTUBHICTIO «<8423» Ta «8424-9642» BignosiaHo Ha 20,3 (p<0,001) Ta 5,9 (p <0,001) gHis. Kpim TOro, B
eKCcrnepuMeHTanbHil rpyni KOPOBM 3i CKOPOYEHMM, CEpPeaHiM i NOLOBXEHUM penpoAyKTUBHUM LUMKIOM Manu BULLY
MONOYHY NMPOAYKTUBHICTb NpoTarom neplunx 100 gHis naktauii — Ha 94,0 kr (p<0,001),115,6 kr (p<0,001) Ta 93,4 kr
(p<0,001) BignoBiAHO, NOPIBHAHO 3 IXHIMW OQHONITKAMM B KOHTPOAbHI rpyni 3 NoAiGHMM pO3NoAiNnOM TPMBANOCTI
umkny. Migcymok pesynbratiB 3a KOMOIHOBAHMMM MOKA3HMKAMM MOKa3aB., WO TBAPMHM B EKCMEPUMEHTANbHIN rpyni
NpOAEMOHCTPYBanu Kpalli BUpobHMYi Ta (i3ioNorivuHi XxapakTepucTUKM NOPIBHAHO 3 KOHTPOJIbHOK rpynoto. Takum
UYMHOM, YTPUMAHHS KOPiB FONLITUHCLKOI MOPOAM B KPOC-KOPiBHMKY 3abe3neyye KOMMOPTHI TEXHONOTIYHI YMOBMH,
WO BiANOBIAAOTb HBionoriyHMM noTpebaM y nepuwiii NONOBUHI NaKTawii, MiHIMi3yOTb TENIOBUIA CTPEC | CNPUSIOTb
peanizauii reHeTMYHOro NoTeHLiany BUCOKOI NPOAYKTUBHOCTI. MaTepian akTyanbHUM A8 TBAPUHHUKIB | TEXHONOTIB
y ranysi BUpo6HMLTBA MOMOKA HA MPOMMCIOBMX KOMMNEKCax

KniouoBi cnoBa: rofilUTMHCbKA NOPOAA; YTPUMaHHS KOPiB; akTaLlisl; MOJIoYHa NPOAYKTUBHICTb; peNpoAyKTUBHA 34aTHICTb
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Abstract. The Ukrainian sugar industry applies large amounts of water for production needs but is not sufficiently
focused on the optimal use of water resources. The aim of this study was to evaluate the effectiveness of reusing
condensate and cooling water to optimise water resource use and reduce the volume of water intake from surface
water bodies. Based on the data from official reports of the Khorostkiv Sugar Factory in 2017-2024 years an
analysis of the water use changes after improvement of the circulating-water system was conducted. In particular,
a statistical method was used to calculate changes in water intake and the water recycling coefficient, as well as
to conduct an environmental and economic assessment. It has been found that the total water intake since 2019
has decreased by approximately 8.1-21.3 times (2019-2024) compared to the value calculated for 2017. It has been
shown that the water use process has been optimised through the functioning of a modern recycling system with
the effective use of condensate and cooling water. It was emphasised that such optimisation led to the termination
of discharge of heat-exchange wastewater into surface water bodies. It was estimated that the economic effect of
reusing cooling and condensate water only for a rental fee led to a reduction in the company’s annual financial
costs of approximately 350-400 thousand hryvnias. The practice of reusing cooling water and condensate water
can be recommended for use at other Ukrainian sugar enterprises

Keywords: hydric resources; sugar industry; effluents; water optimisation; condensate; cooling water

INTRODUCTION

The sugar industry is a water-intensive sectors of the
economy, using large amounts of water resources for
various stages of production and producing significant
volumes of wastewater of various categories. The latter
can be successfully reused, but it is necessary to treat
such water and control its quality. Category | water -
condensate nd heat exchange water — does not un-
dergo significant changes in chemical parameters but

Article’s History:
Received: 16.07.2025
Revised: 03.12.2025
Accepted: 23.12.2025

Suggested Citation:

is characterised by higher temperatures and requires
cooling for further return to the water cycle.

Previous studies have shown that the discharge of
untreated or inadequately treated wastewater causes
changes aquatic ecosystems. For example, researchers
M.A.Rahim & M.G.Mostafa (2021) published the results
of a two-year monitoring of samples of wastewater,
surface and underground water. A significant decrease
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in dissolved oxygen content and a steady increase in
BOD, levels in water were detected, which led to a
deterioration in the existence of aquatic organisms in
the studied water bodies. In particular, according to the
survey data, there was a decrease in the numbers of
fish in surface water bodies in the range of 50-95%. El-
evated concentrations of metals (Fe*, Mn** and Pb?)
were found in soil samples, which may lead to bioac-
cumulation of these elements in plants. Even the dis-
charge of treated wastewater requires monitoring of
the content of various components in it. Given the need
to treat wastewater from sugar factories, a large num-
ber of review and experimental studies have been de-
voted to this issue. The latest achievements in the use
of physical, chemical, and biological methods to elimi-
nate or minimise pollutants generated at various stag-
es of sugar production were presented, in particular, in
K.B.Shivaram et al. (2024). It was noted that, along with
traditional physical, chemical, and biological methods
(adsorption, chemical and electrocoagulation, anaer-
obic and/or aerobic biological treatment, membrane
treatment, etc.), the implementation of new promising
methods was being investigated.

J. Malinauskaite et al. (2024) described the practic-
es for treated wastewaters of different origin and the
possibilities for its further application. The researcher
indicated that primary treatment is provided for waste-
water after washing sugar beets. Effective sedimen-
tation of such loaded wastewater is achieved by their
mechanical treatment in settling tanks. The possibility
of using wastewater from the sugar industry, obtained
after primary treatment, for irrigation of agricultural
land and partial overcoming of water shortages in Euro-
pean countries was investigated. J. Hristov et al. (2021)
noted that sugar beets are agricultural crops that are
mainly grown using irrigated farming methods. Accord-
ingly, the use of re-treated water is considered an eco-
nomically appropriate approach. The most difficult to
treat is wastewater from the direct processing of raw
materials, as it is saturated with large amounts of or-
ganic and inorganic substances. The use of membrane
technologies allows for more thorough treatment of
wastewater, which can then be reused. The possibility of
using such water for irrigation, as well as for reuse in a
closed-loop water supply system, was being considered
by AW. Nouhou Moussa et al. (2023). The reuse of treat-
ed water to overcome water shortages in various sectors
of the economy is regulated by various legislative initi-
atives, including the European Union (2019). These doc-
uments are primarily aimed at addressing issues related
to the optimisation of water resources, which are rapid-
ly declining due to global climatic changes. The study
presented by European Environmental Agency (2018)
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demonstrated increasing water shortage in European
countries. K. Hryhorieva (2024) analysed the wastewa-
ter treatment process in terms of its benefits to society
and noted the steps taken in some countries to regulate
the reuse of treated wastewater. It should be mentioned
that this publication focuses on the use of such water
for irrigation as one of the alternatives to overcoming
water shortages due to climate change.

It should be noted that Ukrainian researchers
mainly assessed the pollution of wastewater from
sugar factories and studied methods for its treatment.
Thus, N.O. Bublienko (2021) presented a classification
of wastewater from the sugar industry into three cat-
egories and analysed the use of wastewater of cate-
gory Il for biomethane production. It was noted that
wastewater of this category is the most difficult to treat.
Methane fermentation was proposed as a highly effec-
tive method of treating highly concentrated wastewa-
ter, during which large volumes of biogas are produced
that can be used as a renewable energy source. The au-
thor analysed in detail the use of inactivated anaerobic
activated sludge to start fermentation processes and
noted that this reduces the start-up time of the meth-
ane tank. In this publication, the researcher did not de-
tail the possibilities of using category | and Il wastewa-
ter, although the researchers emphasised the need to
optimise the use of water resources, which are used in
huge volumes in the operation of a sugar factory. A. Ro-
hovyk et al. (2021) provided a detailed diagram of the
formation of different wastewater categories at sugar
enterprises and noted that, in terms of percentage dis-
tribution, the largest amount of wastewater fell into the
categories Il and I. The main focus of this study was
on improving wastewater treatment systems at sugar
production facilities using developed control systems,
where the key component was the use of a chemical
oxygen consumption monitor.

0.Salavor et al. (2024) emphasised that the volumes
of water required for the operation of a sugar factory
are enormous, and the wastewater produced varies in
terms of treatment and reuse. In their work, the authors
focused on the treatment of category Il wastewaters,
which are identified as transporter and washing waters.
The scientists developed a method for purifying these
waters using basic aluminium salts. It was noted that
this physicochemical purification method improved the
quality of category Il wastewater, which can be reused
in recirculation systems. It was noted that this improve-
ment led to a reduction in water consumption and a
positive impact on the hydrosphere as a whole, but the
optimisation of water resource use through category |
wastewater was not considered. The aim of the study
was to determine the economic and environmental



benefits of improving water use processes at sugar in-
dustry enterprises in Ukraine, in particular using the ex-
ample of a specific sugar factory, given the lack of data
on the reuse of Category | wastewater and analysis of
the effectiveness of such measures.

MATERIALS AND METHODS
The object of the study was the water use at the Khoro-
stkiv sugar factory. This enterprise is a structural sub-
division of the Radehiv Sugar LLC which is part of the
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German group of companies Pfeifer & Langen. It was the
first factory among the group’s six to introduce a mod-
ernised water use system. For production needs, water
intake is mainly carried out from surface water bodies
(the Taina River in the Dniester basin, located in Terno-
pil Region). Small amounts of water for utility purposes
and certain technological processes are taken from the
artesian well located in the territory of the sugar facto-
ry. The approximate distribution of water supply during
the operation of the sugar factory is shown in Table 1.

Table 1. Approximate water use structure at the Khorostkiv sugar factory

Category

Production needs (transportation and washing
of sugar beet, diffusion, filtration, evaporation, etc.)

Service-utility needs (drinking water, showers,
dining room, laboratories)

Water intake from Taina River + underground water

Type of source Share of the total, %*

~93.7

Underground water ~6.3

Note: * as a percentage of the total volume of water intake from natural sources
Source: compiled by the authors based on data from official reports provided by the Khorostkiv Sugar Factory

Information on the total volume of water used
during the year, obtained from various water intake
sources (groundwater and surface water), was taken
from the official reports prepared by of the Khorostkiv
Sugar Factory. The sources were compiled in accord-
ance with the Procedure for State Accounting of Wa-
ter Use (Order of the Ministry of Ecology and Natural
Resources of Ukraine No. 78, 2015), and the data was
entered into official forms entitled Form No. 2TP-vod-
gosp (annual) (State accounting of water use, 2015).
These reports are submitted annually to the territorial
divisions of the State Water Agency and are stored as
internal documents (not available for public access) at
the enterprise responsible for completing the forms. In
addition, data on annual water limits from both water
sources were also provided. Data from the explanato-
ry note on maximum permissible discharges for the
Khorostkiv sugar factory was used, as well as materials
from the technical and economic substantiation of the
reconstruction of the vacuum condenser unit at this
enterprise. All the information provided corresponds to
the actual state of water management activities at the
Khorostkiv sugar factory during 2017-2024 and was
confirmed by documentary evidence.

The main equipment involved in returning used
water to the water management system includes two
cooling ponds located on the sugar factory territory, a
cooling tower, and a vacuum condenser unit. The latter
was reconstructed, in particular, new efficient water dis-
tributors were installed on condensers, automatic water
supply and non-condensed gas bypass lines were intro-
duced in condensers.These measures made it possible to
increase the efficiency of heat exchange in condensers,

reduce the amount of circulating water for condensers,
and adjust the temperature of circulating water to the
temperature of vapor. All calculations were performed
using appropriate formulas and statistical method of
comparative analysis - the method of relative values
(coefficients), which is implemented in the Microsoft Of-
fice package using the Microsoft Excel spreadsheet pro-
gram.The statistical method used is a classic example of
relative dynamics, in which the ratio of two water intake
values is calculated: the base value (maximum, 2017)
and the current value (after modernisation of the re-
cycling system with efficient use of condensate and
cooling water). Thus, the comparative coefficient of wa-
ter use by year (kwmp) was calculated using the formula:

kcomp = Vimax/ Vyears (1)
where k- comparative coefficient of water use by
year; V- volume of maximal water intake; V. - vol-
ume of water intakein appropriate year.

The economic effect was assessed by calculating
the rental pay for each production season. The formu-
la for calculating the rental pay (RP) for special water
use is as follows:

RP =V, VR -k (2)

where \/f— actual volume of water used, m*; V. - volume
of water for which the rate is set (100 m?); R - rent
rate for V; k_— correlation coefficient (Law of Ukraine
No. 3817-1X, 2024).

The water use balance of a sugar industry enter-
prise can be represented in the following general form:
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Vpr+Vs=szb+Vaw+Vsb+Vr_Vb (3)

where V- the volume of water for production use; V, _
the volume of water for service-utility use; V_, - the
volume of water intake from a surface water body; V-
the volume of water intake from an underground source
(artesian well); V,, - the volume of water released from
sugar beet; V - the volume of water that was reused; V, -

the volume of water losses (evaporation, leakage, etc.).

RESULTS
Water use at the Khorostkiv sugar factory can be divid-
ed into several main categories: production (techno-
logical needs for water directly involved in the sugar
production process), utility purposes (drinking water,
sanitary and hygiene needs of the personnel), cooling
needs (feeding there cycling cooling water system),
losses (water that leaves the cycle due to evaporation
or leaks), and reuse (water that circulates and is reused).
Until 2018, water supply to the Khorostkiv sugar factory
had been carried out using a classic open system with
partial reuse. The pumping station was intaking huge
volumes of water from the Taina River. Various stages
of the technological process led to the formation of
wastewater of varying composition, for which the en-
terprise has implemented a separate discharge system.
The treatment and further management of wastewater
is determined by the technological process that pro-
duced such water. Water circulating through the heat
exchange equipment of sugar factories (evaporator con-
densers, diffusion juice coolers, heat exchangers of ther-
mal power plants, etc) was characterised by an actual
change in temperature range, since the water does not
come into direct contact with products or reagents but
rather removes excess heat from heated equipment. In
terms of chemical composition, it is close to the original

river water, and some of its parameters only slightly ex-
ceed natural background and sanitary standards.

However, discharging water heated by heat ex-
changers into water bodies leads to a decrease in the
concentration of dissolved oxygen, which affects the
state of aquatic ecosystems. In previous years (until
2018), heated water from the Khorostkiv sugar facto-
ry was discharged into the Taina River, and industri-
al wastewater of categories Il and Il was diverted to
filtration fields. Thus, most of the water, after passing
through the technological process, did not return to
the enterprise. Small volumes of water after cooling
down the equipment could be directed to washing sug-
ar beets. To meet the constant demand for water, the
pumps operated almost 24 hours a day throughout the
season (120 days a year). The pumping equipment was
designed for huge volumes: the installed units deliv-
ered hundreds of cubic meters per hour. Approximate-
ly, prior to modernisation, the total water intake was
~0.5-1.5million m? per season. In 2018, the moderni-
sation of the water supply system began: two artificial
reservoirs connected by a pipeline were built in the ter-
ritory of the factory. The construction of the ponds took
five months, and the reservoirs were put into operation
at the end of 2018. Heated water from heat exchangers
flows into the artificial reservoirs, where it cools down,
and then is pumped back to the heat exchange equip-
ment. This cycle repeats without any external discharg-
es. Due to evaporation, some of the water is lost, so
fresh water from the river was constantly added to the
ponds to maintain the level. Replenishment was carried
out within the established limit, which is approximate-
ly 314.4 thousand m?/year from the Taina River and
16.9 thousand m*/year from the well (special water use
permit No. Ek-000000037). The actual replenishment
was significantly lower than these limits (Table 2).

Table 2. The volumes of water intake at the Khorostkiv sugar factory in 2017-2024

Water intake from Taina River,
thousand m3/year

Water intake from underground
source, thousand m*/year

Total for the year, thousand m3/year  k

comp

2017 ~1,200 ~17 ~1,217 -

2018 ~850 ~866 14
2019 64.7 13.3 78.0 15.2
2020 41.5 14.0 55.5 21.3
2021 63.1 14.7 778 15.2
2022 129.5 17.1 146.6 8.1
2023 99.2 15.3 114.5 10.3
2024 55.5 63.1 18.8

Note: k- comparative coefficient of water use by year

comp

Source: compiled by the authors based on data from official reports provided by the Khorostkiv Sugar Factory

Due to the lower need for fresh water supply, it was
possible to modernise the pumping equipment, which
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was converted to a flexible operating mode: modern
pumps of lower capacity are automatically switched on



as needed, maintaining the water level in the ponds.
Previously, the pumps operated for about 2,880 hours
per season (120 days of 24 hours), but after modern-
isation they operated for only a part of this time (for
example,in 2020, the total operating time of the pumps
was approximately 600 hours, which is ~79% less than
previously), the rest of the time the system operated on
recirculation. Water intake volume has also decreased:
from several hundreds of m3/hour to several dozens
of m3/hour, since fresh water intake is only necessary
to compensate for losses due to evaporation and cer-
tain technological deviations. In addition to the closed
cooling system, the factory has implemented the use
of water for other needs as well. For example, purified
condensate water from the evaporation station is used
to prepare diffusion juice; warm water can be partially
used for washing beets, etc. All these activities mini-
mise the need for fresh water. The main water losses
from the system are evaporation (from the surface of
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cooling ponds and cooling towers of thermal power
plants) and moisture removed with products and waste
(pressed pulp, molasses, water, etc.). These losses are
compensated by the fresh water from both water sourc-
es. As a result, the balance is closed: the intake water
either circulates repeatedly or eventually returns to the
environment in the form of vapor or recycled waste, but
is not discharged as wastewater into the river. Due to
the implementation of a closed cycle of the use of water
heated by heat exchangers, there is no discharge into
the river, and it only occurs in exceptional situations
when there is a need for discharge of excessive water
from the ponds due to heavy rains or when cleaning the
reservoirs, but this was not observed in 2022-2024.Fig-
ure 1 shows the dynamics of surface and groundwater
intake in 2017-2024, which indicates a sharp decline in
water intake since 2018, following the introduction of
reuse of a significant portion of water resources that
were previously used for the needs of the enterprise.
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Figure 1. Dynamics of surface and underground water intake by the Khorostkiv Sugar Factory in the period 2015-2024
Source: compiled by the authors based on data from official reports provided by the Khorostkiv Sugar Factory

Fluctuations in water consumption during the pe-
riod 2019-2024 were attributed to changes in the vol-
ume of sugar beet processing. Thus, in the period from
2020 to 2021, minimal water intake was observed due
to a decrease in the raw material base and the Covid-19
pandemic. Starting in 2022, increased production vol-
umes led to higher water consumption, but the level of
water intake remained significantly lower than in 2018.
These results were achieved at the Khorostkiv sugar
factory due to the installation of the circulating water
supply systems. It should be noted that certain volumes
of water involved in technological processing are cov-
ered by the large moisture content in the raw materi-
al itself. Sugar beets are an extremely moist material:
approximately 75-80% of their mass consists of water
(Muir, 2022). That is, each ton of root crops contains an
average of 0.7-0.8 m? of water, which is released during
processing. At the factory, this internal moisture plays a

significant role in the water balance, actually becoming
the source of technological water.

The remaining water is distributed between prod-
ucts and waste: it remains in molasses, pulp and con-
densates. According to regulatory data of the Khorostkiv
sugar factory, processing 1,000 tonnes of beet per day
yields approximately 700 m? of internal water. This is ap-
proximately 84,000 m?® of moisture entering the system
together with raw materials during the 120 days of the
production season. In fact, the internal water of beets
replaces the fresh water that would otherwise have to
be taken from the river. The high moisture content of the
raw material has a positive effect on the water balance.
The factory can maintain an almost continuous water
cycle with minimal external replenishment. The water
that evaporates from the diffusion juice is condensed
and reused - it is used to extract sugar again or to heat
the diffusion device. The moisture from the beets also
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reduces the need for fresh water for washing: the roots
arrive at the wash already wet, and part of the water
after washing is returned to the fields along with the
soil residues. As a result, almost all of the internal water
of the sugar beets that evaporates is further condensed
and returned to the closed cycle, or is pressed out of the
solid waste. The remaining water needs were covered by

the internal moisture of the raw materials and recycled
water. Due to the modernisation, the annual volume of
saved water was very significant. which indicates a pos-
itive environmental and economic effect. In monetary
terms, the saving was also noticeable. As an example,
the rental pay of water was calculated and the financial
savings were evaluated considering this value (Table 3).

Table 3. Calculation of rent payments at the Khorostkiv sugar factory

Number of volume

Rent rate, in hryvnias

i it Cost savings compared

2017 35.66
2018 38.47
2019 39.47
2020 39.9
2021 39.9
2022 39.9
2023 39.9
2024 39.9

Cost savings from 2018 to 2024

units (100 m3)

to 2017 in hryvnias

12,000 427,920.0 0
8,500 326,995.0 100,925.0
647 25,537.09 402,382.9
415 16,558.5 411,361.5
631 25,176.9 402,743.1
1,295 51,670.5 376,249.5
992 39,580.8 388,339.2
555 22,1445 405,775.5
2,487,777.7

Source: compiled by the authors based on data from official reports provided by the Khorostkiv Sugar Factory and values
of rent rate from 2017 to 2024 based on Law of Ukraine No. 3817-1X (2024)

In addition, less water intake means less pumping
and potential treatment costs, which gives an addition-
al financial benefit. After transition to a recirculating
system, the operating time of the pumps was reduced
several times, and their capacity was reduced. At the
same time, reducing the load on the equipment extends
its service life and reduces repair costs. Saving electrici-
ty on pumps has an impact on reducing CO, emissions
at the power plant. The saved ~300 thousand kWh is
equivalent to =150 tons of CO, (at a rate of ~0.5 kg CO,
per 1 kWh), which were not emitted as a greenhouse
gas into the atmosphere, and that has a positive impact
on the company’s contribution to the implementation
of decarbonisation measures and is consistent with
the practice of achieving a reduction in greenhouse
gas emissions produced during wastewater treatment
(European Commission, 2022). This contribution can be
enhanced by equipping a biogas plant for waste, which
would allow the waste recycling (pulp, molasses) to
produce biogas for the enterprise’s own boiler house, as
well as to return part of the water. The operation of an
anaerobic reactor leads to the production of biogas and
the accumulation of fermentation products. The latter
can be separated into a solid fraction, which is subse-
quently used as organic fertiliser, and a liquid fraction,
which after minimal purification can be returned for
the enterprise’s needs. Thus, the factory will receive an
additional source of energy and further close its water
cycle reducing the moisture content of the waste.

Optimising the use of water resources at the Khoro-
stkiv sugar factory not only resulted in significant cost
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saving for the enterprise, but also had a positive effect
on the environment. The absence of discharges into the
Taina River since 2022 has eliminated problems that
previously arose when warm heat-exchange waters
entered the river, which led to a decrease in dissolved
oxygen content, siltation of the riverbed, etc. Currently,
these impacts are absent - the river actually receives
only natural runoff from the territory (rain and drain-
age water), but not industrial discharges. The absence
of large intakes and discharges not only improved the
quality of the river water, but also led to the stabili-
sation of the river’s hydrological regime. Previously,
the intake of 1-2 million m? of water per season could
significantly reduce the level of the Taina River during
low water in the middle of summer. Now, the intake of
<0.15 million m* has almost no effect on the river lev-
el, that is, the Taina River retains more natural inflow,
which is important for fish, especially in the summer
low-water period. In addition, eliminating heat stress
helps to preserve fish populations, as previously, exces-
sively warm water sharply reduced the concentration of
dissolved oxygen and could cause fish mortality.
Having achieved significant success in water sav-
ing, the enterprise is developing a number of promis-
ing measures that can increase the efficiency of water
use and the environmental friendliness of production.
These include the expansion of cooling ponds or the
construction of an additional pool, provided that pro-
duction capacity is increased, or to meet the needs in
case of abnormally warm seasons with higher evapora-
tion. This will increase cooling capacity and provide a



water reserve. It is also advisable to carry out dredging
and sealing of the existing reservoirs (for example, lin-
ing the bottom with a geomembrane to reduce filtration
into the soil) and equipping them with aeration foun-
tains for better cooling. Modernisation of the pumping
equipment (installation of frequency drives) allows for
more precise regulation of the fresh water supply and
a reduction in energy consumption. Other measures
include the use of rainwater, as such water currently
flows from roofing and asphalt surfaces into the river or
onto filtration fields. A promising solution is to arrange
a rainwater collection system by installing gutters on
roofs, drainage of yard runoff, and using a storage tank.
The collected rainwater after settling can be used for
non-potable purposes, for example, for washing beets,
moistening pulp, and watering green spaces in the ter-
ritory. This will reduce water intake from the river and
lead to efficient use of natural precipitation.

The study found a significant reduction in water in-
take from surface and underground sources following
the modernisation of the water supply system in 2018
and the introduction of a closed-loop water cycle at the
Khorostkiv Sugar Factory. The creation of two artificial
reservoirs has enabled a closed loop for cooling wa-
ter from heat exchangers. The water is cooled in ponds
and returned to production, eliminating the need for
constant fresh water intake and stopping the discharge
of heat exchange wastewater into the Taina River. Pu-
rified condensate water from the evaporation station
is used for the preparation of diffusion juice and other
technological needs. In addition, the internal moisture
of sugar beets plays a significant role, condensing and
returning to a closed cycle, minimising the need for
external replenishment. The reduction in water intake,
in particular savings on water rental fees and reduced
pump operating time, had resulted in significant finan-
cial savings. Modernisation and investment in improv-
ing the water recirculation system not only proved to
be economically beneficial for the enterprise, but also
had a direct social and environmental benefits for the
entire local community. On the one hand, a significant
reduction in water abstraction ensured a more stable
water level in the Tayna River, and the absence of di-
rect discharges contributed to the preservation of the
stability of the aquatic ecosystem. On the other hand,
it is worth noting the positive social effect, as reduced
water consumption means that more water remains
for other consumers - the local water supply company,
farmers and local residents.

DISCUSSION
The problem of rational use of water resources, con-
sidering the water shortage caused by climate change,
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according to S. Snizhko et al. (2024), remains relevant
for various sectors of the Ukrainian economy, in particu-
lar the sugar industry. The authors analysed how other
factors, such as war, occupation of part of Ukraine’s ter-
ritory, and the destruction of the Kakhovka a reservoir,
affected the supply of water for different needs, includ-
ing water resources used for irrigation of agricultural
land. The destruction of a significant number of water
infrastructure facilities not only created a threatening
environmental situation but also affected food security
in Ukraine and worldwide. L. Parkhomenko (2024) point-
ed out in her work that the Ukrainian sugar industry has
undergone significant changes during 2019-2022 years
due to a reduction in the area under sugar beet cultiva-
tion, a decrease in the number of sugar factories, and a
drop in production volumes. The author analysed that
in 2023-2024 years, despite the challenges caused by
military actions in the territory of Ukraine, it has been
possible to significantly increase the rate of raw sugar
production and increase the volume of its exports to the
world market.In 2023-2024, Radekhiv Sugar LLC was the
largest sugar producer in Ukraine, so modernising pro-
duction, including optimising water use, is an important
condition for the company’s successful development.
Sh.V. Wadodkar et al. (2020) noted that one of the
water management problems of the sugar industry is
the consumption of large volumes of water and the
generation of large amounts of wastewater. Statistical
data presented in the United Nations Environment Pro-
gramme (2023) indicated that a significant proportion
of untreated wastewater (more than 50%) in the world
in was returned to water bodies, while only approxi-
mately 11% was recycled. It should be noted that for
European countries this value was even lower (Interreg
North-West Europe, 2020). Modern world practices are
oriented towards such water resource management at
sugar industry enterprises, in which the optimal use of
water taken from external sources involves maximum
purification of the generated wastewater with its sub-
sequent return to production processes. Researchers
S. Fida et al. (2025) noted that the implementation of
new promising methods is being investigated. This pa-
per analysed the possibilities of optimising the use of
water resources at the Khorostiv sugar factory (Ukraine).
As a result of the analysis, it was found that the main
volume of water consumed at this enterprise is for pro-
duction needs — more than 80%, therefore, optimisation
measures were focused on the development of meas-
ures for such water. The efficiency of returning cooling
heat-exchange water to production processes, reducing
the consumption of fresh water during water intake
were assessed, and approaches to the possibility of im-
plementing a closed water use cycle were considered.
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Similar practices are already being used at sugar
factories around the world. For example, the article by
P. Ranjan et al. (2023) analysed water reuse at sugar
factories in India, where the raw material for processing
was sugarcane. The possibilities of using heat exchange
and condensate water, which is necessary to ensure the
operation of sugar refinery equipment, were analysed.
It was noted that water reuse has made it possible to
reduce the need for water from underground sources
and partially cover the need for irrigation water for
watering nearby fields. Similar technologies were de-
scribed in the article by G.K. Deshmukh & N.P. Sona-
je (2017), where the specific case of a sugar factory
emphasised the importance of using condensate water,
which was generated as a result of cooling the turbine
cooling towers. In particular, the volumes required to
ensure both direct sugar production and for auxiliary
operations, which include water for boiler operation,
washing, and cooling of equipment, were analysed.
The use of condensate water and its recirculation were
described in detail, and the results of a water balance
study were presented. The results of the latter indicated
the elimination of the need for constant replenishment
of fresh water for certain technological operations. The
modernisation measures carried out at the Khorostkiv
sugar factory, including the commissioning of settling
ponds and the operation of a cooling tower and vacuum
condenser unit, have resulted in the reduction in water
intake since 2018. Since 2019, significant volumes of
water have been used in a virtually closed cycle, due
to which only a minor replenishment of fresh water
from an external source was required to compensate
for losses. As a result, in 2019, for the first time, there
were no direct discharges of wastewater into the river.

The transition to a virtually continuous water sup-
ply closed-loop recirculation system can be achieved
using different systems. Thus, W.H. Balla et al. (2017)
pointed out the advantages of using an open recircu-
lating cooling system compared to one-time cooling.
Such cooling can be achieved using cooling towers,
spray ponds, and evaporative condensers. Two cooling
ponds have been put into operation at the Khorostkiv
sugar factory, the main function of which is to provide
recirculation cooling of technological equipment. The
ponds act as open cooling towers (coolers), into which
water heated during the production process is directed,
where it is cooled and fed back into the technological
cycle. Since the cooling water is not contaminated with
production impurities, after cooling it can be re-used
for technological needs without additional purification.
It should be noted that in cooling ponds, a process of
natural self-purification of water occurs: mechanical
impurities settle to the bottom, organic pollutants are
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partially oxidised biologically. Thus, even with long-
term circulation, the water quality remains acceptable
for reuse. Cooling ponds have become a key element of
the water supply cycle, which has made it possible to
abandon the constant discharge of coolant into the riv-
er and thereby improve its ecological state. Due to the
commissioning of two artificial cooling ponds, it was
possible to loop the heat exchange flows, so the pump-
ing station for intaking river water began to be used
much less frequently - only to replenish losses.

Saving water resources is achieved by various meth-
ods, including the use of water condensed from raw
materials in technological processes. Thus, this prac-
tice of using moisture from sugarcane was presented
in the article by P. Ranjan et al. (2023). At the Khorost-
kiv sugar factory, where sugar beet was processed and
which had a higher moisture content than sugar cane,
the water released from the raw material was recovered
and fully returned to the system through condensates
and recycles. Due to this, the need for external water
was significantly lower than it would be without tak-
ing into account the moisture of the sugar beets. The
technological process of processing raw materials can
be optimised, in terms of reducing evaporation by mod-
ernising the evaporation station. Evaporation of juices
is one of the key stages where significant flows of wa-
ter vapor circulate. A promising direction is the intro-
duction of thermocompression vapor technology (TVR/
MVR), when the secondary vapor from the evaporators
is compressed by a compressor and reused to heat the
next body of the evaporation unit. This reduces the need
for fresh vapor and, accordingly, reduces the load on the
condensers and the cooling system. Thus, reducing the
volume of vapor will lead to reduced heat input into
the water and, accordingly, less evaporation from the
ponds. This technology requires investment in vapor
compressors, but in the long term it will have an impact
on saving water and energy resources. Therefore, at the
Khorostkiv sugar factory it is necessary to take into ac-
count such recommendations as maintaining the proper
condition of the existing facilities, in particular, regular
cleaning of cooling ponds from excess sediment, moni-
toring the tightness of dams, and calibrating measuring
instruments. It is important to implement new measures
that help save the water usage, in particular, to establish
a full-fledged online monitoring system for water sup-
ply and drainage, which will allow real-time monitoring
of all parameters (in particular, water consumption at
each site, water levels in tanks, pressure, temperature,
quality indicators). Based on this data, automatic control
of pumps and valves will be carried out, and the opera-
tion modes of the equipment will be optimised. In this
way, the supply of make-up water from the river will be



switched on in a timely manner, based on the weath-
er forecast. Automation eliminates the influence of the
subjective human factor regarding possible overruns or
negligence, and also promptly signals about leaks (sud-
den drop in water level), the need to clean filters, etc.

Improving water use efficiency will also be facili-
tated by conducting a water balance analysis using the
water pinch-analysis technique to identify even minor
points of loss. This technique is widely tested at for-
eign enterprises of food industry. For example, K. Ne-
mati-Amirkolaii et al. (2019) analysed the features of
applying water pinch analysis as a technology aimed
at reducing water consumption and water discharge in
the food industry, particularly in the sugar industry. It
has been shown that the key point of the methodology
is the identification of water flows that can be reused
in other processes with lower quality requirements. The
authors noted that this method should be more actively
implemented to save water resources in industries that
are water-intensive and energy-consuming.J.R.Vidal et
al. (2024) noted that the use of pinch-analysis at sug-
ar factories not only contributed to water conservation,
but also had a positive impact on the energy efficiency
of such enterprises. The authors analysed that special-
ised software made it possible to control energy flows
in sugar production, which reduced cold and hot wa-
ter consumption and optimised the operation of heat
exchange systems. The energy efficiency of sugar fac-
tories can be ensured through biogas obtained from
raw material residues and highly concentrated waste-
water. The article presented by M. Debowski & M. Ziel-
inski (2022) described the successful implementation of
such practices around the world. The authors analysed
modern technologies for managing wastewater with a
high concentration of organic pollutants, including an
analysis of their potential use for biogas production as
an alternative energy source. The proposed innovative
method using fluidised active filling increased the ef-
ficiency of the anaerobic bioreactor in treating sugar
industry wastewater and improved the quality of the
biogas obtained due to its high methane concentration.

It is also worth emphasing that the introduction of
a water recycling system allows the enterprise to avoid
penalties from regulatory authorities. Previously, fines
and claims for damages could be imposed for exceed-
ing limits or polluting a water body. Now there are no
such risks, which saves money and reduces the negative
impact on the environment. Rational water use has in-
creased the environmental reputation of the enterprise,
which indirectly contributes to investment attractive-
ness and trust of partners. In addition, improving envi-
ronmental performance can provide preferences when
obtaining environmental certifications, it also increases
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the chances of receiving international and Ukrainian
grants. The Khorostkiv sugar factory is an example of
the successful implementation of certain practices for
the maximum use of water resources and the success-
ful reduction of their intake from external sources. An
analysis of the volume of intake/used water at this en-
terprise indicates the effectiveness of the reuse of wa-
ter involved in production cycles, this also indicates the
prospects for the implementation of recycled water use,
which can be applied at other Ukrainian sugar factories.
Effective water resource management and organisation
of a closed water-use cycle is a promising direction that
the Ukrainian sugar industry should focus on in order to
be resource-saving, energy-efficient, and environmen-
tally friendly, that is, to function and develop in accord-
ance with the principles of sustainable development.

CONCLUSIONS
The analysis of data obtained during the 2017-2024
period included information on the volumes of water
intake from surface and underground sources, which
was carried out at the Khorostkiv sugar factory; also
highlighted was the impact of measures to optimise
the use of water resources on the ratio of reused and
freshly collected water. It was shown that the Khorost-
kiv sugar factory is currently one of the leaders in the
sugar industry in the field of economical water use. The
plant has implemented a circulating-water system that
allows for transferring heat-exchange heated waste-
water into constructed cooling ponds with subsequent
return of this water to production processes. Optimising
the use of water resources, in addition to implement-
ing a closed cooling cycle, also included recycling and
reusing condensates. In fact, each liter of water was
used by the factory dozens of times before it was lost
to evaporation. The important role of using the inter-
nal moisture of beets is shown - practically all water
from the raw material was involved in the process and
is recycled many times. Such an optimal result from the
point of view of resource conservation made it possible
to reduce water intake from approximately 1 million m?
per year to 0.1 million m3, to eliminate direct discharg-
es into the Taina River and significantly reduce an-
thropogenic pressure on the environment. As a result,
savings of hundreds of thousands of hryvnias per year
were obtained, the risks of environmental fines were
eliminated, the company’s image was improved, and the
impact on the surface water body was minimised, which
had a positive social effect for the objects of the territo-
rial community that also use the river’s water resources.
The implementation of long-term investment projects,
such as the construction of a biogas plant, the improve-
ment of evaporation technologies, and the construction
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AHoTauif. YkpaiHcbka LykponepepobHa MpOMWCIOBICTb BUKOPUCTOBYE BENMKiI 06CArM BOAM A1 BUPOOHMYMX
notpeb, ane He NpuUAINAE AOCTaTHLbOI yBarM ONTUMANbHOMY BMKOPMUCTAHHIO BOAHMX pecypciB. MeTow AaHoro
DOCNioKEeHHs1 Byno OuiHUTM edeKTUBHICTb MOBTOPHOIN0 BMKOPWMCTAHHS KOHAEHCATY Ta OXOM04XYBasbHOI BOAM
ON9 ONTUMi3aLii BUKOPUCTAHHS BOAHMX PECYpCiB Ta 3MEHLIEeHHS 06cariB Boao3abopy 3 NOBEPXHEBUX BOAOMM.
Ha ocHoBi paHuMXx odililiHMX 3BiTiB XOpPOCTKIBCbKOrO LyKpoBoro 3asoay 3a 2017-2024 poku 6yno npoBegeHo
aHani3 3MiH y BUKOPUCTAHHI BOAM MiCNsg BAOCKOHANIEHHS CUCTEMM LUMPKYANaLii Boau. 30kpema, 6yno BUKOPUCTAHO
CTaTUCTUYHMIA MeToh, ONS pO3paxyHKy 3MiH y BOA03abopi Ta KoediuieHTi peumpkynauii Boau, a TakoX Ans
NpoBeAEHHS €KOMOriYHOi Ta eKOHOMIYHOI OLiHKW. BcTaHOoBNEHO, Wo 3aranbHuii obcar Bogosabopy 3 2019 poky
3MeHwWwuBca npubnusHo B 8,1-21,3 pasza (2019-2024 poku) NOpiBHAIHO 3 MOKAa3HMKOM, po3paxoBaHum ansg 2017
poky. [loBefeHo, Lo NpoLeC BOLOKOPUCTYBAHHS BYN0 ONTMMI30BaHO 3aBASAKM QYHKLIOHYBAHHIO Cy4aCHOI CMCTEMM
peumpkynauii 3 edbeKTMBHMM BUMKOPUCTAHHSIM KOHAEHCATy Ta OXOM04XYyBanbHOi Boau. byno nigkpecneHo, wo
Taka ONTMMi3aLis npu3Bena A0 NPUMNUHEHHS CKMAAHHS TEMNNO0OMiIHHUX CTIYHMX BOA Y MOBEPXHEBi BOLOMMM. 33
nigpaxyHkamu, eKOHOMiYHMIA edekT Bif MOBTOPHOIMO BMKOPWMCTAHHSA OXOJIOAXKYBAJIbHOI Ta KOHAEHCATHOI BOAM
JiMie 32 OpeHAHY NAaTy NPU3BIB 4O CKOPOYEHHS piYHMX PiHAHCOBMX BUTPAT Nignpuemctea npmnbnaunsHo Ha 350-
400 TUCAY rpmBeHb. MpakTMKYy NOBTOPHOrO BMKOPUCTAHHS OXOMOOXKYBaSbHOI Ta KOHAEHCATHOI BOAM MOXHA
pEKOMEHAYBATU A5 3ACTOCYBAHHSA HA iHWMX LYKPOBUX MiANPUEMCTBAX YKpAiHU

KniouoBi cnoBa: BOAHI pecypcu; LYKpOBWMIM 3aBOA; CTiYHIi BOAM; OMTMMI3aLis BMKOPUCTAHHS BOAM; KOHAEHCAT;
0XO0/104XKyBaNbHa BOAA
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Abstract. Dairy products remain an important part of the Ukrainian population’s diet, but the industry faces a
number of problems, including negative trends related to declining milk production, a shortage of high-quality
raw materials, growing imports, low consumer purchasing power, logistical difficulties and the impact of the
war. This requires new approaches to the development of the industry and an in-depth analysis of the dairy
market. The aim of the article was to analyse the functioning of the milk and dairy market, identify its problems
and propose measures for the successful development of the dairy industry. The following methods were used
in the research: abstract-logical, statistical and tabular with the aim of collecting, processing and analysing
information on milk production, milk supply to processing enterprises, the quality of raw milk, and the export
and import of dairy products during 2017-2024; graphical analysis was used to analyse the export and import
of dairy products, to rank regions by milk production in 2024, and to study the raw milk price index; correlation
and regression analysis was used to study the dependence of drinking milk and butter consumption in 2023
on per capita production volumes. The results of the study showed that the supply of raw milk on the market
did not correspond to the capacity utilisation of milk processing enterprises, as a result of which the volume of
dairy products was below the norm of its consumption. The structure and share of Ukrainian dairy exports to
countries around the world were outlined. The dependence of drinking milk and butter consumption on raw milk
production was studied. The practical significance lies in the fact that research into the functioning of the dairy
market can serve as a guide when making decisions on how to increase milk production and processing, increase
the consumption of dairy products, and grow the export volumes of the dairy industry

Keywords: production; quality; price index; export; import

INTRODUCTION
Inadequate and unbalanced nutrition is a pressing is- by including animal products in the diet, namely eggs,
sue that has a significant impact on human health and meatand dairy products.Adiet rich in dairy products and
physiological development. A balanced diet is possible  other animal products, as a source of essential amino
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acids, vitamins and minerals, helps prevent deficiencies
in essential nutrients. Dairy products are recognised as
an important source of high-quality protein. Consumers
are conscious about their diet and health, which is re-
flected in their consumption of dairy products. They try
to consume organic and natural products, which leads
to an increase in the range and improvement in the
quality of dairy products. Therefore, the development of
the dairy industry and the provision of dairy products to
the population are of great importance.

Researcher O. Popko (2020) noted in his works that
the use of the Brown method makes it possible to pre-
dict the dynamics of milk production and the growth
in milk yields. In analysing the milk market, the au-
thor used the SWOT analysis method. Similar research
was conducted by scientists M. Rakhman & D. Gryz-
lo (2021), who, after conducting their research on the
milk market, concluded that based on the use of SWOT
and PEST analysis methods, proposals can be made to
improve the state of the milk and dairy products mar-
ket. In their opinion, a combination of state support
measures, entrepreneurial efforts, international expe-
rience and the use of resource-saving technologies
will contribute to maintaining the country’s food secu-
rity and provide the population with high-quality dairy
products, reducing imports.

According to researchers L. lvashyna et al. (2024),
the formation of the range of dairy products in Ukraine
is influenced by consumer demand, competition, state
policy, pricing policy, demographic and social trends. In
their work, authors M. Talavyria et al. (2024) concluded
that the main factors influencing the consumption of
milk and dairy products are the price level of finished
products,income level,and population size. The authors
also found that the main factors affecting the supply of
milk on the market are the purchase price of raw milk
and cow productivity. Their research showed that with
an increase in the number of cows, there is no increase
in raw milk production, which is evidenced by the use
of advanced technologies, the high productive genetic
potential of cows, and investments in the dairy industry.

Researchers Yu. Danko & D. Zhivytsky (2024) noted
that one of the promising ways to overcome the prob-
lems of dairy farming is the creation and development
of dairy clusters. These clusters bring together milk
producers, processing enterprises, suppliers, scientific
institutions, and other organisations involved in the
industry. This cluster approach contributes to achiev-
ing synergistic effects, increasing productivity and pro-
duction efficiency, introducing innovations, diversifying
activities, and strengthening the competitive position
of market participants. The works of P. Borawski et
al. (2020) examined the impact of global crises on milk
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production and analysed trends in the European dairy
market. The authors M. Mysyuk et al. (2020) analysed
the main trends in the Ukrainian milk market in rela-
tion to ensuring food security in Ukraine. Researchers
L. lvashyna et al. (2024) believed that the development
of the milk and dairy products market can be improved
by creating an effective legislative framework for milk
processing enterprises; ending the slowdown in dairy
production; ensuring conditions for healthy competition
and protecting consumers from poor-quality products;
finding ways to increase sales volumes in the domestic
and foreign markets for dairy products; and forming an
effective mechanism for monitoring the implementa-
tion and enforcement of a programme to improve la-
bour efficiency in the milk and dairy products market.
In their work, researchers L. Donets et al. (2024) noted
that the situation on the milk market can be balanced
by creating favourable conditions for transformation
into dairy cooperatives and proposing a set of measures
that include economic, legal and state support.

Authors L. Tulush et al. (2023) noted the need
for a rational combination of market self-regulation
mechanisms with instruments of state intervention in
the development of the dairy sector as an important
component of the agricultural market. The authors
V. Ivchenko et al. (2024) pointed out in their work that
overcoming the challenges and risks of the Ukrainian
dairy market requires not only state but also inter-
national support. In turn, business development must
respond to new realities, plans must be developed to
increase milk production and strengthen export posi-
tions in the global market, logistics must be improved,
and risks must be managed effectively. The aim of the
study was to identify ways to halt the decline in milk
production, improve milk quality in line with Europe-
an requirements, and increase export of dairy prod-
ucts, which will improve the financial situation of pro-
ducers and increase state support for enterprises in
the dairy industry.

MATERIALS AND METHODS
The study used statistical information for the period
2015-2024, with the main sources of information being
the section Livestock in Ukraine (2024) and the statis-
tical yearbook Balances and consumption of main food
products by the population of Ukraine (2024), which
contains information on milk production, consumption
of basic food products and the balance of dairy prod-
ucts. Information on the raw milk price index (milk sales
prices by enterprises) and consumer prices for dairy
products (cumulative indices) for the period January
2022 - December 2024 was based on data on the quan-
tity and value of milk sales collected as part of the state
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statistical observation Sales of agricultural products by
enterprises and households (2024).

The theoretical basis of the study was the sci-
entific works of Ukrainian and foreign scientists. The
studies by P. Borawski et al. (2020), M. Rakhman &
D. Gryzlo (2021), L. Donets et al. (2024) were analysed,
which described the main research on the milk and
dairy products market. The study used the dairy prod-
uct consumption standards recommended by the WHO
through its representative offices in Ukraine (Ministry of
Health of Ukraine, n.d.). Material from the national pro-
gramme for the development of dairy cattle breeding
and processing enterprises in Ukraine until 2030 (Ag-
roPolit, 2020) was also used. The object of the study was
economic entities specialising in the production of dairy
products - agricultural enterprises and private farms.

The general scientific research methods included
the following: the analysis method, which was used
to construct the research algorithm; the comparison
method, which was used to compare the indicators of
the dairy industry’s development; and the abstract-log-
ical method, which was used to form development
prospects and conclusions. Correlation and regression
analysis was used to construct and analyse the econom-
ic-mathematical model of the dependence of drinking
milk and butter consumption on milk production per
capita in the form of a regression equation for drinking
milk y=10.718x0.2554 and butter y=0.5145e0.0001x,
which provides an assessment of the strength of the re-
lationship. Thus, for drinking milk, the reliability of the
approximation is R2=0.653, and for butter, R2=0.8063,
which indicates a high degree of correspondence be-
tween the results obtained.

Per capita consumption of dairy products was cal-
culated using the formula:

CF
C= R (1)
where C - per capita consumption of dairy products, kg;
CF - consumption fund, kg; P - population, persons.

The methodology for calculating raw milk price
indices and consumer prices for dairy products includ-
ed calculations of average selling price indices for raw
milk and dairy products, as well as average price indices
for purchased raw milk and dairy products. The determi-
nation of these indices was important for assessing the
state and trends of the dairy industry, developing mac-
roeconomic policy taking into account the interests of
the agricultural sector, and making international com-
parisons. The indices of raw milk prices and consumer
prices for dairy products were determined as the ratio
of the average sales prices for the reporting month of
the current year to the average annual sales prices for
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the corresponding types of products for the base period
(vear) (I,,.,) according to the formula:

Pi
Piq

Lo = x100%, (2)
where P, - the average selling price of raw milk and con-
sumer prices for dairy products in the reporting month
(i) of the current year (T); P,, - the average selling price
of raw milk and consumer prices for dairy products in
the base period (year) (i-1).

The study was conducted using the econometric
method of data testing in Excel to identify the close-
ness of relationships that affect the indicators of the
dairy industry’s development. Tabular and graphical
methods were used to improve the analytical percep-
tion of statistical information and to form conclusions
regarding milk production, the supply of raw milk for
processing, the export and import of dairy products,and
the formation of supply and sales prices for milk. The
sample for the study was formed using data from 24 re-
gions of Ukraine, excluding statistical information from
the temporarily occupied territory of the Autonomous
Republic of Crimea, the city of Sevastopol, and part of
the temporarily occupied territories in the Donetsk and
Luhansk regions.

RESULTS
The main task of dairy farming is to provide the pop-
ulation with high-quality dairy products. The biggest
problem in this industry is the production of high-qual-
ity raw milk. Therefore, milk producers must focus on
establishing high-yield and technologically advanced
dairy farms. According to the State Statistics Service,
the total volume of milk production in Ukraine in 2024
was 7.2 million tonnes, in 2020 it was 9.3 million, and
in 2015 it was 10.6 million (Table 1). According to offi-
cial Ukrainian statistics (Livestock in Ukraine, n.d.), total
milk production during 2015-2024 decreased in all cat-
egories of farms by 32.1% - from 10.6 million tonnes to
7.2 million tonnes, or 1.5 times, and by 2.9% compared
to 2023. The decrease in milk production is mainly due
to a reduction in production by private households.
In 2024, private households produced 4.261 million
tonnes of milk, which is 46.3% less than in 2015, or
7.8% less than in 2023. Agricultural enterprises saw a
slight increase of 10.3% between 2015 and 2024, or
5.1% compared to 2023. Comparing the war year of
2022 with the pre-war year of 2021, milk production
decreased by 10.9% in all categories of farms, including
agricultural enterprises by 5.4% and private farms by
13.4% (Pashchenko, 2024). Comparing 2024 with 2021,
the pre-war period, shows (Table 1) that milk produc-
tion in enterprises increased by 6.6%, while in private



Pashchenko & Zharikova

households it decreased by 28.3%. During 2022-2024,
i.e. the period of military operations, milk production
in enterprises increased by 12.7%, while in private
households it decreased by 17.2%. Despite the military
operations on the territory of Ukraine, milk production
in Ukraine as a whole shows signs of stabilisation. In
2022, according to official data from the State Statistics

Table 1. Milk production in Ukraine during 2015-2024

Service (Livestock in Ukraine, n.d.), 66.2% of milk was
produced by private households and 33.8% by agricul-
tural enterprises, while in 2024 the figures were 59.1%
and 40.9% respectively. In 2024, two-quarters (40.9%)
of the volume of milk produced was provided by enter-
prises, in 2022, one-third (33.8%), while in 2015, they
produced one-quarter (25%).

Indi Year 2024 as a % of
ndicator 2015 2016 2019 2020 2021 2022 2023 2024 2015 2023
Milk production in all categories of farms:

thousand tonnes 10,615 10,064 9,663 9,264 8,714 7,768 7,430 7,213 67.9 97.1

% 100 100 100 100 100 100 100 100 - -
including:
agricultural enterprises:

thousand tonnes 2,669 2,756 2,729 2,761 2,768 2,621 2,810 2,952 110.6 105.1

% 25.1 27.4 28.2 29.8 31.8 33.8 37.8 40.9 - -
household farms:

thousand tonnes 7,946 7,309 6,935 6,502 5,946 5,147 4,621 4,261 53.6 92.2
% 74.9 72.6 71.8 70.2 68.2 66.2 62.2 59.1 -

Milk production per capita,kg ~ 247.8 238.1 229.9 2219 210.6 222 224 216 87.2 96.6

Note: -’ indicates missing values for the indicator

Source: calculated by the authors based on Livestock in Ukraine (n.d.)

Gradually, milk production in Ukraine is shifting
towards production by enterprises. This is due to in-
creased requirements for the technical level of produc-
tion, safety and quality of milk. Agricultural enterprises
are able to supply high-quality raw milk by improving
the technological conditions of milk production, namely
by mechanised milking, proper cleaning and cooling of
milk, and they are also able to attract investment in the
production, processing and sale of milk. Private farms
are unable to ensure the proper level of technological
processes for its production. During 2015-2021, Ukraine
saw a concentration of dairy farms, as it is economically
advantageous for enterprises to keep a larger number of
cows. With this in mind, the number of specialised dairy
farms and the number of cows kept by them increased
in Ukraine (lvchenko et al., 2024). In other words, the
consolidation of private farms into cooperatives pro-
vides greater opportunities for the restoration and
maintenance of cows, improves the quality of raw milk,
and increases the prices of milk and dairy products. In
EU countries, farms do not sell milk from a single cow.

Regions

2015 2016 2017

Table 2. Dynamics of milk production in 2015-2024 by region of Ukraine, thousand tonnes

2018 2019 2020 2021 2022 2023 2024 2024 to 2015,%

For example, family farms in Poland keep 25-50 cows,
and in Scandinavian countries, 50-100 cows (lvashy-
na et al.,, 2024). This contributes to the mechanisation
of the process of keeping and milking cows and obtain-
ing high-quality raw milk. The slow growth of milk pro-
duction in enterprises cannot fully compensate for the
decline in milk production in private households, and
reaching the 3 million tonne mark would be a signifi-
cant achievement for enterprises (Korman et al,, 2022).
However, the further development of the dairy indus-
try depends on government decisions, namely the tax
burden, government support for livestock farming, milk
production and processing. Ukraine has a problem with
the competitiveness of raw milk, which needs to be ad-
dressed as it affects Ukraine’s integration into global
markets. It is also necessary to analyse regional milk
production. Prior to Russia’s full-scale invasion in 2015-
2021, Ukraine saw a regional decline in milk production
of 1,901 thousand tonnes, with growth observed only
in the Khmelnytskyi region (73 thousand tonnes) and
the Ternopil region (by 2 thousand tonnes) (Table 2).

Year
2024 to 2023, %

Ukraine 10,615 10,382 10,281 10,064 9,663 9,264 8,714 7,768 7430 7,213 67.9 97.1
regions

Vinnytsia 838 854 851 825 763 730 686 631 596 577 68.8 96.7
Volyn 425 412 412 391 369 354 338 324 291 279 65.7 95.9
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Regions

2019 2020 2021

Dnipropetrovsk 345 320 301 294 285 276
Donetsk 228 193 190 186 174 156
Zhytomyr 578 567 548 553 518 506

Zakarpattia 358 320 325 346 350 337
Zaporizhzhia 261 260 261 244 220 202
Ivano-Frankivsk 474 467 464 442 429 411
Kyiv 446 438 436 433 396 384
Kirovohrad 311 308 306 308 300 272
Luhansk 159 124 125 127 114 111
Lviv 571 543 528 507 481 460
Mykolaiv 344 342 342 325 299 279
Odesa 385 363 349 335 321 310
Poltava 795 797 792 762 759 734
Rivne 437 437 433 397 358 337
Sumy 418 415 416 411 396 386
Ternopil 461 454 451 450 455 468
Kharkiv 525 530 523 527 519 470
Kherson 300 296 293 284 283 266

Khmelnytskyi 581 590 597 624 636 652
Cherkasy 530 519 508 484 467 461
Chernivtsi 294 287 282 273 260 248
Chernihiv 553 550 549 537 511 457

Table 2, Continued

2023 2024 2024 to 2015,% 2024 to 2023, %

246 229 216 204 59.2 94.4
144 62 26 27 11.7 102.3
488 464 424 411 711 96.9
313 298 284 266 74.2 93.7
181 106 16 17 6.7 108.8
393 370 341 305 64.3 89.3
368 321 329 331 74.2 100.5
269 273 270 261 84.0 96.7
102 73 58 49 30.6 83.2
425 388 323 285 49.9 88.3
246 197 190 201 58.4 105.7
291 287 286 280 72.6 97.9
691 663 660 668 84.0 101.1
283 274 289 283 64.7 97.7
355 293 278 257 61.5 923
463 494 505 513 1113 101.6
428 212 214 208 39.5 96.9
238 65 70 60 19.9 85.6
654 673 679 656 112.8 96.5
436 442 455 465 87.8 102.3
236 227 218 207 70.5 95.3
442 402 410 404 73.1 98.6

Source: calculated by the authors based on Livestock in Ukraine (n.d.)

Table 2 shows that due to the war, Ukraine’s dairy
industry reduced its raw milk production by 1.5 million
tonnes between 2021 and 2024.A significant decrease in
production during 2021-2024 was observed in Donetsk
(5.3 times), Zaporizhzhia (10.6 times), Kherson (4 times),
and Luhansk (2.1 times), while in other regions the de-
crease averaged 10-35%. However, growth was also

observed in Khmelnytskyi region by 0.3%, Cherkasy re-
gion by 6.7% and Ternopil region by 10.8%. A study of the
ranking of regions by milk production in 2021 and 2024
showed that the leading positions in milk production are
held by Poltava (691 and 668 thousand tonnes), Khmel-
nytskyi (654 and 656 thousand tonnes) and Vinnytsia
(686 and 577 thousand tonnes) regions (Fig. 1a) and b)).

2021 2024
Poltava 691 Poltava 668
Vinnytsia | 686 Khmelnytskyi 656
Khmelnytskyi | 654 Vinnytsia 577
Zhytomyr | 488 Ternopil 513
Ternopil | 463 Cherkasy 465
Chernihiv | 442 Zhytomyr 411
Cherkasy 436 Chernihiv 404
Kharkiv 428 Kyiv 331
Lviv 425 Ivano-Frankivsk 305
Ivano-Frankivsk 393 Lviv 285
Kyiv 368 Rivne 283
Sumy 355 Odesa 280
Volyn 338 Volyn 279
Zakarpattia 313 Zakarpattia 266
Odesa 291 Kirovohrad 261
Rivne e— )33 Sumy 257
Kirovohrad fe—— )69 Kharkiv 208
Dnipropetrovsk — )46 Chernivtsi 207
Mykolaiy — )46 Dnipropetrovsk 204
Kherson " ) 58 Mykolaiv 201
Chernivtsj m— )36 Kherson 60
Zaporizhzhia [ 181 Luhansk 49
Donetsk 144 Donetsk |27
a Luhansk =102 b Zaporizhzhia | _17

Figure 1. Ranking of regions by milk production, thousand tonnes
Source: calculated by the authors based on Livestock in Ukraine (n.d.)
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Among the regions of the country, the largest vol-
umes of milk in 2024 were produced by dairy farms
in the Poltava (8.5% of the total volume in Ukraine),
Khmelnytskyi (8.7% of the total volume in Ukraine),
Poltava (8.5% of the total volume in Ukraine) and Vin-
nytsia (8.1% of the total volume in Ukraine) regions
(Fig. 1b). The lowest positions in milk production in
pre-war 2021 were held by Zaporizhzhia (181 thousand
tonnes), Donetsk (144 thousand tonnes) and Luhansk
(102 thousand tonnes) (Fig. 1a). During the war in 2024,
the positions changed: Kherson (60 thousand tonnes),
Luhansk (49 thousand tonnes), Donetsk (27 thousand
tonnes), Zaporizhzhia (17 thousand tonnes).

It is important to provide milk processing enterprises
with milk raw materials. After all, high-quality milk raw
materials will contribute to the production of high-quality

Table 3. Milk deliveries to processing enterprises in Ukraine during 2015-2024, thousand tonnes

Pashchenko & Zharikova

dairy products, which will ensure their existence, stable
operation and improve the financial situation of enter-
prises in the dairy industry. According to the State Sta-
tistics Service, in 2024 (Livestock in Ukraine, n.d.), pro-
cessing enterprises in Ukraine received 3,223 thousand
tonnes of milk from agricultural enterprises and private
households, which is only 43.39% of the total volume of
milk produced in Ukraine (Table 3). The largest amount
was purchased from agricultural enterprises, 2,887 thou-
sand tonnes (in 2024), i.e. 327 thousand tonnes more in
2024 than in 2023, 582 thousand tonnes more in 2024
than in 2022, 173 thousand tonnes less in 2022 com-
pared to 2021. In private households, 243 thousand
tonnes (in 2024), which is 73 thousand tonnes less than
in 2023, 110 thousand tonnes less in 2024 than in 2022,
and 201 thousand tonnes less in 2022 than in 2021.

Year

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Milk and dairy products - total 4251 4183 4348 4179 3800 3512 3198 2740 2918 3223
Purchased 4090 3,710 3928 3809 3462 3289 3032 2657 2875 3130

including from:
agricultural enterprises 2413 2512 2,689 2720 2,610 2,556 2478 2305 2560 2,887
% 59 677 684 714 754 777 817 867 890 922
private households 1346 1,198 1239 1,089 851 733 554 353 316 243
% 329 323 316 286 246 223 183 133 110 78
Accepted on a tolling basis 138 441 396 346 318 203 148 748 370 863
Rl el s ) (LR e L 236 321 246 25 204 201 178 78 60 62

by processing enterprises

Average purchase price, UAH per tonne

Milk and dairy products - total
Purchased
including from:
agricultural enterprises
households

3,771 4,713 6,388 6,635 7,332

4,216 5,277 7,059 7,386 7,958
2,841 3,530 4,933 4,758 5,412

7,899 9,385 10,219 11,693 15,015

8,565 9,936 10,678 12,181 15,520
5,574 6,921 7220 7733 9,029

Source: calculated by the authors based on Sales of agricultural products by enterprises and households (n.d.)

In 2024, only 34.68% of milk produced in Ukraine
was sent to processing enterprises, including 92.2% of
raw milk produced by agricultural enterprises and 7.8%
of raw milk produced by private households (Table 3).
In European countries, almost 96% of milk is processed
into dairy products. The share of raw milk supplies from
private households decreased from 32.9% to 7.8% dur-
ing 2015-2024, while from agricultural enterprises, on
the contrary, it increased from 59% to 92.2%, and during
2021-2024, respectively, from 18.3% to 7.8% and from
81.7% to 92.2%. According to forecasts, milk produc-
tion in private households will continue to decline un-
til 2027-2030, and subsequently such milk will be used
only for personal consumption (State and prospects of
the dairy..., 2025). On a tolling basis and produced by
processing enterprises, production decreased by 1.6 and

3.8 times during the corresponding period, but their
volumes are insignificant and this did not affect the
supply of raw materials to milk processing enterprises.

Problems in the dairy market also include price fluc-
tuations. During 2020-2024, the purchase price of milk
from agricultural enterprises and private households in-
creased by 1.5 times, but this did not change the situation
with the shortage of raw milk, i.e.the increase in the sell-
ing price of milk did not lead to an increase in its produc-
tion volumes. In 2024, the purchase prices of milk from
agricultural enterprises exceeded the purchase prices of
private households by 71.89% (Table 3).This is due to the
increase in the cost of dairy products and a decrease in
their supply on the market, which is why the price of raw
milk rose from 9,385 UAH/t in 2021 to 15,520 UAH/t in
2024 (Table 3).In 2015 and 2024, the purchase prices of
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raw milk from private households were 1.48 and 1.72
times lower than the purchase prices from agricultural en-
terprises, which is associated with the low quality of raw
milk. As a result, low profits for farmers, which does not
encourage them to expand production, so they use most
of the milk for their own needs and sell a small portion
of it on informal markets. Under conditions of expanded
production, commercial milk should be purchased from
enterprises that have the capacity to cool and pasteurise
it. After all, for the production of high-quality dairy prod-
ucts, it is more economically advantageous for process-
ing enterprises to buy more expensive raw materials from
enterprises than cheaper and lower quality raw materials
from the population. Therefore, there is a shortage of raw
milk suitable for processing enterprises on the domes-
tic market, and demand exceeds supply. In 2021, under
the influence of climate change and ‘green” laws, milk
production in Europe began to decline, which alarmed
processing enterprises, so they began to stimulate the
restoration of its production (The price of milk in the
EU..., 2022). The beginning of 2022 brought its own ad-
justments: Russia’s war against Ukraine, sanctions against
Russia, rising gas prices, market uncertainty and an in-
crease in consumers forced European producers to raise
the price of milk even further, resulting in a record high
for the last 10 years in 2022, reaching EUR 58.3/100 kg
in December (The price of milk in the EU..., 2022). The
price increase does not compensate for the shortage of
raw materials. The existing legislative framework is in-
sufficient for the effective operation of the dairy industry.
Therefore, there is a need for solidarity among all enter-
prises in the dairy industry in order to implement the Na-
tional Programme for the Development of Dairy Farming
and the Processing Industry for 2021-2030. The imple-
mentation of this programme will require UAH 90 billion
over 10 years (UAH 9 billion per year, of which 50% will
be state support), and an investment of EUR 750 million
will be needed to increase production and processing. At
the same time, it is necessary to increase milk production
to 8 million tonnes per year, livestock numbers to 3 mil-
lion head, milk processing volumes to 8 million tonnes,
and dairy product consumption per capita to 250 kg, as
well as to ensure the competitiveness of the dairy indus-
try in export markets. State support for the dairy industry
includes: state subsidies, use of the Agrarian Fund for fi-

Indicators

Table 4. Quality of milk supplied for industrial processing during 2015-2024, by grade

nancial and commodity interventions, state subsidies to
stimulate exports of dairy products, state tender purchas-
es of dairy products from producers, creation of a livestock
support fund (25 head per 100 ha), the creation of an
account for the accumulation of customs revenues from
imports of dairy products,and exemption from VAT on im-
ported equipment for the dairy industry (AgroPolit, 2020).

During 2015-2024,enterprises increased milk produc-
tion from 2,669 to 2,952 thousand tonnes, but processing
enterprises experienced a shortage as the volume of milk
production by private farms decreased from 7,946 thou-
sand tonnes in 2015 to 4,261 thousand tonnes in 2024.
The reason for this is Order of the Ministry of Agrarian
Policy and Food of Ukraine No. 118 (2019), the provisions
of which are mandatory for all categories of farms. On 14
August 2024, the Ministry of Justice of Ukraine registered
Order No.2033 of the Ministry of Agrarian Policy and Food
of Ukraine dated 11 July 2024 regarding amendments
to the Requirements for the Safety and Quality of Milk
and Dairy Products, which were approved by Order of the
Ministry of Agrarian Policy and Food of Ukraine No. 118
dated 12 March 2019 (State Service of Ukraine on Food
Safety and Consumer Protection, 2024a). Thus, the in-
crease in requirements for raw milk has led to higher re-
quirements for dairy products, so processors are interest-
ed in receiving high-quality raw materials for processing.

During 2015-2024, there has been an improvement
in the quality of milk supplied for processing by agri-
cultural enterprises, as they have the appropriate condi-
tions for obtaining it and are able to purchase or breed
cows with high genetic productivity. During the period
2015-2024, the share of “Extra” grade milk in the struc-
ture of output increased (from 10.3% to 54.5%, i.e. by
44.2%), but the share of higher grade milk decreased
(from 35.2% to 32.6%, i.e. by 2.6%), first grade (from
49.6% to 17.1%, i.e. by 32.5%), and second grade (from
4.7% to 0.9%, i.e. by 3.8%) (Table 4). This is a positive
development, as Ukrainian producers are seeking to en-
ter European milk markets and their milk products must
meet European quality standards. At the same time, dur-
ing the period under review, private farms increased the
volume of production of the highest grade (from 0.1%
to 1%, i.e. by 0.9%), first grade (from 8.9% to 81.7%, i.e.
by 72.8%), but second grade production decreased (from
86.2% to 17.2%, i.e. by 69%) (Livestock in Ukraine, n.d.).

Year

2015
according to DSTU 3662:2018
Agricultural enterprises

2016 2017 2018 2019 2020 2021 2022

according to DSTU 3662:2018

2023 2024

2,287
2,413

2,375
2,512

2,533
2,688

2,560
2,720

2,428
2,610

2,348
2,556

2,253
2,478

2,107
2,305

2,356
2,560

2,628
2,886

Volume of delivered milk, thous t
converted to basic fat content milk

Ukrainian Black Sea Region Agrarian Science, 29(4), 60-78



Indicators

2016 2017
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Table 4, Continued

2018 2022 2024

2023

including by grades:

- extra 248 366 441 586 710 885 973 1,089 1,395 1,727

specific weight (share), % 10.3 14.6 16.4 21.6 27.2 34.6 39.3 47.2 59.9 54.5
- higher grade 850 923 987 1,036 938 874 875 750 703 730
specific weight (share), % 35.2 36.7 36.7 38.1 35.9 34.2 35.3 32.6 25.3 27.5
- Grade | 1,197 1,056 1,018 895 844 776 614 444 438 414

specific weight (share), % 49.6 42 37.9 32.9 32.3 30.4 24.8 19.3 14.3 17.1
- Grade Il 113 160 235 194 97 16 16 21 24 12

specific weight (share), % 4.7 6.4 8.7 7.1 3.7 0.6 0.6 0.9 0.4 0.9

Non-grade 5 6 7 9 21 5 0.5 0.2 0 2
specific weight (share), % 0.2 0.3 0.3 0.3 0.8 0.2 0 0 0.1 0.0
Share in purchased milk, %

- fat 3.59 3.6 3.6 3.6 3.66 3.7 3.74 3.72 3.69 3.73

- protein 3.05 3.06 3.06 3.1 3.13 3.16 3.19 3.2 3.24 3.24

Household farms
Volume of delivered milk,thoust 1,312 1,161 1,200 1,054 822 708 531 337 304 233
converted to basic fat content milk 1,346 1,198 1,239 1,089 851 733 554 353 316 243
including by grades:

Higher grade 1 0.6 1.6 2.3 0.8 1.6 0.7 13.7 3.2 0.1
specific weight (share), % 0.1 0.1 0.1 0.2 0.1 0.2 0.1 39 0.1 1.0
Grade | 119 108 110 136 102 586 436 272 258 195

specific weight (share), % 8.9 9 8.9 12.4 12 79.9 78.7 77.1 80.0 81.7
Grade 1,163 1,028 1,081 904 708 135 108 67 54 48

specific weight (share), % 86.4 85.8 87.2 83 83.2 18.4 19.6 19 19.9 17.2
Non-grade 63 61 46 47 40 10.8 9.1 0.1 0 0

specific weight (share), % 4.7 5.1 3.7 4.3 4.8 1.5 1.6 0 0.0 0.1
Share in purchased milk, % 0.0 0.0
- fat 3.49 3.51 3.51 3.51 3.52 3.52 3.54 3.56 3.53 3.55

- protein 2.92 2.93 2.95 2.96 294 2.96 2.94 2.96 299 2.97

Source: calculated by the authors based on Livestock in Ukraine (n.d.)

In 2024, agricultural enterprises mainly supplied
extra-grade milk (54.5%) and higher-grade milk (27.5%),
while private households supplied grade | milk (87.1%)
and did not produce any extra-grade milk at all. This
was facilitated by the adoption of Law of Ukraine
No. 2132-VI (2015), which provides for the promotion of
high-quality milk production in Ukraine through addi-
tional payments of 25% for extra-grade milk and 20% for
higher-grade milk. First grade milk is not subsidised at
all (Order of the Ministry of Agrarian Policy and Food of
Ukraine No.z1245-24,2024). Thus, improving milk quali-
ty remains an important condition for the effective func-
tioning and development of the dairy industry and in-
creasing the competitiveness of its products, both on the
domestic and foreign markets. Another feature of milk
that affects the production of dairy products is its unsuit-
ability for long-term storage and transportability over
short distances. Therefore, the guarantee of milk supply
to processing enterprises, which will help to provide the
population with dairy products in the required quanti-
ties, is linked to the stability of sales channels and the

coordinated activities of all components of the technol-
ogical chain: “production-procurement-processing-sales”

The Ukrainian dairy market is competitive, which
forces producers to constantly develop and expand their
range of dairy products. In turn, competition among milk
processors forces them to seek and apply new technol-
ogies and innovations in the production of dairy prod-
ucts, i.e., to modernise production, which results in the
improvement of existing products and the emergence of
new ones. Consumers are conscious about their health
and consumption, which has affected the consumption
of dairy products. The demand for organic and natural
dairy products is increasing, prompting their producers to
improve their range and offer new products. According to
the State Statistics Committee of Ukraine (Statistical Year-
book of Ukraine,n.d.),during 2015-2022,the range of dairy
products in Ukraine is diverse, but the volume of dairy pro-
duction fluctuates, either increasing or decreasing. Thus,
according to the consolidated nomenclature of 11 no-
menclature items, 10 items reduced production volumes
and only one item showed positive dynamics (Table 5).
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Table 5. Dynamics of production of main dairy products in Ukraine in 2015-2022, thousand tonnes

Product names according to the industrial product nomenclature

Milk and cream, non-condensed and without added sugar,

fat content not exceeding 1%, in packages of more than 2 litres, thous t

Milk and cream, non-condensed and without added sugar, fat content

Year
2015 2016 2017 2018 2019 2020 2021 2022
461 467 464 443 435 434 335 312
472 463 478 497 474 491 465 370

exceeding 1% to 6%, in packages of no more than 2 litres, thous t

Milk and cream, non-concentrated and without added sugar,
fat content over 21%, in packages of over 2 litres, thous t

Skimmed milk powder (milk and cream in dry matter,

51 53 48 49 51 46 45 77

51 49 48 38 35 36 30 34

fat content not exceeding 1.5%), in packages of over 2.5 kg, thous t

Butter with a fat content of no more than 85%, thous t
Fresh cheese, thous t
Grated, powdered and other unmelted cheese, thous t
Processed cheese, thous t
Sweetened condensed milk and cream, thous t
Curdled milk and cream, yoghurt, kefir, sour cream,
and other fermented products, thous t
Flavoured liquid yoghurt and fermented milk, thous t

101 102 108 105 92 86 73 68
68 70 68 73 64 79 84 59
97 87 %4 97 86 82 77 60
27 26 27 29 30 31 28 22
52 44 43 35 35 37 34 30

297 293 272 275 280 309 300 228

106 112 116 126 136 139 141 103

Note: due to the lack of statistical information for 2023-2024, the analysed period is limited to 2015-2022
Source: calculated by the authors based on Statistical Yearbook of Ukraine (n.d.)

As shown in Table 5, between 2015 and 2022, the
production of milk and cream without added sugar in-
creased by 26 thousand tonnes. At the same time, the
production of fresh cheese decreased by 9 thousand
tonnes, processed cheese by 5 thousand tonnes, milk
and cream without added sugar (no more than 1%) by
149 thousand tonnes, milk and cream without added
sugar (no more than 1-6%) by 102 thousand tonnes,
dry milk by 17 thousand tonnes, butter by 33 thou-
sand tonnes, condensed milk and cream - 22 thousand
tonnes, coagulated milk and cream, yoghurt, kefir, sour
cream, etc. - 69 thousand tonnes, liquid yoghurt - 31
thousand tonnes, liquid yoghurt - 3 thousand tonnes.
The decrease in the production of dairy products is
due to a decrease in the consumption of milk and dairy
products per capita caused by a decrease in the pur-
chasing power of the population and an increase in the
price of products sold.

The range of dairy products in Ukraine is quite large,
but there are products that contain varying amounts of
milk, namely dairy products such as spreads, ice cream,
condensed milk analogues, cheese products, etc. In
such dairy products, the milk content is difficult to de-
termine and may change over time for a single prod-
uct from a single manufacturer. The composition of all
products manufactured in the country will also change,
as will the milk content in dairy products. In this

regard, it is impossible to specify the norm for the use
of raw milk in some dairy products, although there are
average base coefficients, such as the production of one
kilogram of butter requires an average of about 20 kilo-
grams of milk, hard cheese - 10 kilograms, dry skimmed
milk — 11 kilograms, dry whole milk — 8 kilograms, yo-
ghurt - 1.1 kg, sour cream - 5 kg. Several products can
be produced simultaneously from the same volume of
milk. For example, after milk separation, cream is used
to make butter and skimmed milk, and the rest is used
to make dry powder (Korman et al., 2022).

Despite the war, Ukraine’s milk processing enter-
prises are trying to maintain their capacity, but the dairy
industry needs further development and modernisa-
tion. The domestic dairy market in Ukraine is underesti-
mated. With the established physiological norm of dairy
product consumption at 380 kg per person per year, the
country’s population consumed 201.5 kg in 2021, only
195.6 kg in 2022, and 196.8 kg in 2024, which is 12.8
kg less than in 2015 and 4.7 kg less than in 2021.196.8
kg, which is 12.8 kg less than in 2015 and 4.7 kg less
than in 2021, and 53.8% and 51.8% of the scientifical-
ly based consumption norm of 380 kg (Table 6). This
indicator is lower than in EU countries, where annual
consumption of dairy products per capita is 260 kg. This
indicates significant potential for the domestic dairy
market, in which it is possible to invest.

Table 6. Volume of milk consumption in Ukraine in 2015-2024

Indicators

Year 2024 to 2015

2015 2018 2019 2020 2021 2022 2023 2024 +/- %

Consumption volume, thousand tonnes

% of consumption volume from total production volume
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8,995 8,355 8,428 8,430 8,337 6,845 6,686 6,565 -2,430 73.0
84.7 83.0
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2015 2018 2019 2020 2021 2022 2023 2024
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Table 6, Continued

Year 2024 to 2015

per capita, kg
% of recommended consumption of milk and dairy products

210
53.8

+/- %
-13.1 937
-20 96.2

198 200.5 201.9 2015 195.6 2014 196.8
50.7 528 531 530 515 530 518

Source: calculated by the authors based on Balances and consumption of main food products by the population of

Ukraine (n.d.)

Per capita consumption of dairy products during
2015-2023 (the study was conducted for the limited
period of 2015-2023 due to the lack of statistical infor-
mation for 2024) was determined using formula 1 (spec-
ified in the methodology) and fluctuates from year to
year. Thus, milk consumption decreased from 117.65 kg

to 102.06 kg by 15.59 kg, butter from 2.12 kg to 1.40 kg
by 0.72 kg,and SMP from 0.44 kg to 0.24 kg by 0.2 kg. but
cheese consumption increased from 4.02 kg to 4.24 kg,
or 0.22 kg (Table 7).Astudy of the dependence of drinking
milk and butter consumption on per capita production in
2023 calculated a regression equation (Fig. 2 and Fig. 3).

Table 7. Consumption per capita in Ukraine during 2015-2023, kg

Year Milk Butter Cheese

2015 117.62 2.12 4.02 0.44
2016 114.89 2.04 4.1 0.44
2017 110.0 4.14 0.37
2018 107.54 1.68 4.38 0.53
2019 110.48 1.78 4.56 0.36
2020 112.47 1.86 497 0.47
2021 111.97 1.63 5.19 0.47
2022 106.87 1.27 4.26 0.10
2023 102.06 1.40 4.24 0.24

Note: SMP - skimmed milk powder

Source: calculated by the authors based on Statistical Yearbook of Ukraine (n.d.)
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Figure 2. Dependence of per capita consumption of drinking milk on milk production in Ukraine
Source: calculated by the authors based on Statistical Yearbook of Ukraine (n.d.)

Analysing the data presented, it can be concluded
that there is a direct correlation between the consump-
tion of drinking milk and its production, as evidenced
by the coefficient of determination — more than 0.653.
Based on the coefficient of determination, it can be con-
cluded that the consumption of drinking milk depends
on milk production by 65.3%.The graph (Figure 2) clear-
ly shows the trend of milk consumption growth from
its production and can be described by the equation

y=10.718x%%% with the approximation reliability value
R?=0.653, which indicates a high correspondence of the
obtained model. Thus, a 1 kg increase in milk produc-
tion per capita increases drinking milk consumption by
10.718 kg relative to the average values in the sample.

The coefficient of determination of 0.8063 for
butter indicates a direct relationship and a close
link between milk production and butter consump-
tion. Based on the coefficient of determination, it can

Ukrainian Black Sea Region Agrarian Science, 29(4), 60-78

69



70

The functioning of the dairy product market in Ukraine

be concluded that butter consumption depends on
milk production by 80.63%. The graph (Fig. 3) clear-
ly shows the trend of increasing butter consump-
tion from its production and can be described by the
equation y = 0.5145e%0%%x with the approximation

reliability value R?=0.8063, which indicates a high
correspondence of the obtained model. Thus, an in-
crease in butter production per capita by 1 kg increas-
es consumption by 0.5145 kg relative to the average
values in the sample.
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Figure 3. Dependence of per capita butter consumption on milk production in Ukraine
Source: calculated by the authors based on Statistical Yearbook of Ukraine (n.d.)

The increase in purchase prices for raw milk during
2022-2024 contributed to the rise in prices for dairy prod-
ucts to world levels, which led to a decline in sales and
ensured adequate prices for raw milk producers (Fig. 4).
Thus, during the period under review, the raw milk price

index rose from 1 to almost 1.8. Purchase prices are also
subject to seasonality. In the summer, they decrease due
to an increase in the supply of raw milk, and in the win-
ter, they increase due to a decrease in the supply of milk.
This situation is also characteristic of dairy products.

[ ORI S I T L R
OQI‘—\I\JLN4>U'IO\\ICO\OO

September

November|

2023
Raw milk —=Pasteurised milk ===Fat soft cheese —=Sour cream

July| |
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November|
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2024
Butter

Figure 4. Indices of raw milk prices (milk sales prices by enterprises) and consumer prices for dairy products
(cumulative indices for January 2022 - December 2024)
Note: the price study was conducted using a price index calculated according to formula 2
Source: calculated by the authors based on Sales of agricultural products by enterprises and households (n.d.)

The dairy product price index for January 2022 to
December 2024 (only three years were taken into ac-
count because the study was conducted on a monthly
basis) rose from 1 to almost 2. One of the reasons for
this is the increase in the price of raw milk. The high-
est growth index was observed for butter and sour
cream. IFCN analysts note that the global supply of
milk is limited due to high production costs caused
by rising prices for fuel and lubricants, logistics, and
new legislative requirements based on greening pro-
duction and improving animal welfare (Association of
Milk Producers, 2024). A study of the dynamics of dairy
product exports and imports shows an increase in
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export and growth in import (Fig. 5). Between 2015
and 2024, dairy product export increased from USD
178 million to USD 214 million, i.e. by USD 36 mil-
lion, while import grew from USD 34 million in 2015
to USD 283 million in 2024, i.e. by USD 249 million.
Between 2015 and 2019, Ukraine exported more than
it imported, as evidenced by a positive balance of USD
144 million in 2015 to USD 75 million in 2019, al-
though this figure decreased by USD 69 million dur-
ing 2015-2019. During 2020-2024, except for 2022,
Ukraine saw imports exceed export, resulting in a
negative balance of -126 million US dollars in 2020 to
-68 million US dollars in 2024.
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4
383 mln USD
200+
100+
0
-100
-200
2015|2016|2017 2018|2019 2020|2021 |2022 2023|2024
Export | 178 | 158 | 282 | 264 | 224 | 172 | 178 | 251 | 182 | 214
Import | 34 | 42 | 65 | 93 | 149 | 298 | 373 | 225 | 258 | 283
—o=Balance | 144 | 116 | 217 | 171 | 75 |-126[-195| 26 | -76 | -68

Figure 5. Export and import of dairy products during 2015-2024

Source: calculated by the authors based on Sales of agricultural products by enterprises and households (n.d.)

During the period 2022-2024, exports decreased by
14.74%, while imports increased by 12.78%. In 2022,
the foreign trade balance was positive (+26 million
US dollars), as Ukraine exported more than it imported.
During 2023-2024, Ukraine imported more than it ex-
ported, as evidenced by a negative balance of -76 and
-68 million US dollars. In 2022, compared to 2021, im-
ports of dairy products to Ukraine decreased by USD
148 million for obvious reasons - the outflow of pop-
ulation abroad and changes in the exchange rate. In
2023 and 2024, the situation changed, with an increase
of USD 33 million and USD 58 million compared to
2021. There was a shortage of raw milk in 2021, 2023
and 2024, when dairy products worth USD 195 million,
USD 76 million and USD 68 million were imported into
Ukraine. In 2024, the main categories of dairy products

exported were (in million tonnes): milk and cream, con-
densed - 29.5; milk and cream, non-condensed - 26.6;
whey - 18.7; cheese - 12.4; butter - 7.2; fermented milk
products — 4.4 (Table 8). According to Table 8, the struc-
ture of dairy product exports in 2015-2024 showed a
50% decrease in exports of condensed milk and cream,
a 29.4% decrease in whey,and a 38.5% decrease in but-
ter. However, in monetary terms, the volume of funds
from exports of fermented milk products increased by
78.8%, butter by 63% and cheese by 5.9%. There was a
threefold increase in the export of milk and non-con-
densed cream and a 24% increase in cheese exports,
which was due to growing demand for these products.
In monetary terms, exports of milk and non-condensed
cream increased 3.8 times during the period under re-
view, while cheese exports increased by 54.9%

Table 8. Exports of major dairy products from Ukraine during 2015-2024

Year
Code UKTZED Products 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Volume, thous t
0401 Milk and cream, non-condensed 8.8 105 141 208 252 186 149 294 283 266
0402 Milk and cream, condensed 590 519 468 356 358 274 224 267 277 29.5
0403 Fermented milk products 3.8 3.7 5.5 6.1 5.7 5.5 3.1 3.4 4.4
0404 Milk whey 265 239 319 319 241 269 222 153 162 187
0405 Butter and other fats 117 121 304 304 183 112 109 141 7.8 7.2
0406 Cheese 10.8 9.1 8.3 7.2 6.4 6.9 9.0 89 124
Value, mln USD
0401 Milk and cream, non-condensed 4.6 9.7 147 153 120 104 164 166 176
0402 Milk and cream, condensed 894 737 806 59.2 762 555 574 900 687 743
0403 Fermented milk products 3.3 4.2 8.5 9.9 9.0 8.6 4.7 4.2 5.9
0404 Milk whey 155 143 248 219 183 223 228 158 109 134
0405 Butter and other fats 30.0 376 1299 1286 771 488 523 817 418 489
0406 Cheese 350 243 325 308 269 244 267 423 400 542
0401-0406 total 1779 158.0 2817 2637 2237 1720 1782 2508 182.0 2143

Note: UKT ZED - names of dairy products

Source: calculated by the authors based on Per capita Consumption (n.d.)

In 2023, 92.3 million tonnes of dairy products were
exported, worth USD 182.0 million. In 2024, 98.8 mil-
lion tonnes of dairy products were exported, worth USD

214.3 million (Table 8). Compared to 2023, in 2024,

the volume of exports increased by 7%, and total rev-

enue from dairy exports in 2024 increased by 17.7%
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compared to 2023. In 2024, compared to 2023, reve-
nues from exports of milk and non-condensed cream
(+6%), condensed milk and cream (+8.2%), ferment-
ed milk products (+40.5%), milk whey (+22.9%), butter
(+17%), and cheese (+35.5%). The growth in dairy ex-
ports was driven by increased demand on the global
market. In 2024, the volume of dairy product imports

reached 58.7 million tonnes (Table 9), which is 0.5%
more than in 2023. In monetary terms, imports in 2024
amounted to 282.7 million, which is 9.5% more than in
2023.During 2023-2024, imports of butter in monetary
terms increased by 12.1%, milk and condensed cream
by 12.8%, while other dairy products saw a decline
(Per capita Consumption, n.d.).

Table 9. Import of major dairy products to Ukraine in 2015-2024

Year

Code UKT ZED Products 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Volume, thous t
0401 Milk and cream, non-condensed 0.4 0.6 0.8 13 36 130 144 94 5.1 2.0
0402 Milk and cream, condensed 0.8 11 1.7 2.4 2.6 6.1 7.8 1.2 1.3 1.5
0403 Fermented milk products 2.7 2.6 3.6 4.9 6.2 99 140 95 8.7 8.2
0404 Milk whey 11 0.7 1.4 2.1 3.2 5.1 9.6 4.9 6.9 6.1
0405 Butter and other fats 0.7 11 0.8 11 34 100 91 11 2.7 2.6
0406 Cheese 5.4 71 100 137 237 468 552 338 337 383
Value, mln USD
0401 Milk and cream, non-condensed 0.8 11 14 2.1 3.6 116 134 86 6.1 4.0
0402 Milk and cream, condensed 1.7 2.1 3.8 5.7 5.8 140 21.2 4.0 47 5.3
0403 Fermented milk products 3.7 3.9 5.6 7.9 9.1 140 20.0 149 174 1638
0404 Milk whey 2.1 1.6 2.4 3.1 5.2 69 123 69 125 1038
0405 Butter and other fats 2.6 3.8 4.5 7.5 16.5 40.6 455 7.9 16.6 18.6
0406 Cheese 235 299 471 668 1089 210.5 260.3 182.2 200.8 2271
0401-0406 total 343 424 648 931 1489 2976 372.8 2245 258.1 282.7

Note: UKT ZED - classification of goods used by the customs service of Ukraine
Source: calculated by the authors based on Per capita Consumption (n.d.)

According to Table 9, the structure of dairy prod-
uct imports in 2015-2024 showed a fivefold increase
in imports of milk and cream in physical volume and
monetary terms, fermented milk products increased
2.3 and 3 times, respectively, milk whey increased 5.5
and 5.1 times, butter increased 3.7 and 7.2 times, and
cheese increased 7.1 and 9.7 times. This may be due
to a shortage of raw milk on the domestic market and
higher prices for goods from Ukrainian producers. In
2024, the natural volume of dairy product imports
reached 58.7 million tonnes, which is 0.5% more than
in 2023. In monetary terms, imports in 2024 amount-
ed to 282.7 million, which is 9.5% more than in 2023.
During 2023-2024, imports of butter increased by

12.1% in monetary terms, milk and condensed cream
by 12.8%, while other dairy products saw a decline
(Per capita Consumption, n.d.).

In 2024, 58 companies specialising in the produc-
tion of raw milk, ice cream, dairy products, colostrum
and colostrum-based products have permits to ex-
port dairy products from Ukraine to the EU (Ukrinform,
2024). In 2024, Ukraine exported 30% of its total dairy
exports to EU countries. Between 2015 and 2024, milk
processing enterprises exported condensed milk and
cream, whey, butter and cheese (Table 10). The infor-
mation is taken from the gap between 2015-2016 and
2021-2024 in order to more clearly show the change in
exports by country.

Table 10. Geography of Ukrainian dairy product exports in 2015-2024 (% of total exports for the product group)

2015 2016 2021 2022 2023 2024
Country % Country % Country % Country % Country % Country %
0402 - Condensed milk and cream

Bangladesh 11.8 Kazakhstan 20.6 Israel 10.5 Poland 211 Poland 219 Poland 21.8
Georgia 8.6 Bangladesh 10.6 Malaysia 8.4 Israel 9.3 Bulgaria 10.1 Bulgaria 17.7
Kazakhstan 8.5 Turkmenistan 10.4 Bangladesh 7.8  Netherlands 8.0  Bangladesh  10.1 Israel 8.6
Turkmenistan 8.0 Armenia 8.0 Armenia 74 Lithuania 74 Israel 8.8 Germany 77
Armenia 6.5 Malaysia 5.1 Algeria 6.8 Bangladesh 7.2 Georgia 4.6 Romania 6.5
othe_r othe_r othe_r other 471 othe_r 44.4 other 377

countries countries countries countries countries countries
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% Country %
0404 - Milk whey
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Table 10, Continued
2022
Country

Kazakhstan 12.0 China 14.8 China 28.1 China 27.0 China 37.2 Poland 26.4
Pakistan 11.5 Vietnam 14.6  Philippines 11.9 Poland 14.8 Poland 16.3 China 21.5
Vietnam 10.3 Pakistan 14.3 Vietnam 111 Malaysia 14.7 Jordan 6.9 Philippines 9.2

Egypt 8.1 Kazakhstan 11.1 Pakistan 8.1 Vietnam 73 Egypt 5.7 Vietnam 6.8

Myanmar 6.8 Uzbekistan 8.5 Malaysia 7.6 Pakistan 73 Turkey 37 Egypt 6.4

other — gyg  other g4  Other g3 other — 9gg  Other 355 other

countries countries countries countries countries countries

0405 - Butter and other fats
Morocco 18.9 Kazakhstan 26.4 Moldova 30.0 Poland 40.8 Moldova 40.5 Moldova 439
Azerbaijan  15.6 Georgia 147  Azerbaijan  22.3 Moldova 19.0 Azerbaijan  16.0  Azerbaijan 14.5
Egypt 15.2 Egypt 10.8 Kazakhstan 134  Azerbaijan 9.7 Israel 11.0 Bulgaria 76

Kazakhstan 9.3 Morocco 9.9 Georgia 10.4 Netherlands 5.5 Kazakhstan  10.4 Israel 6.3
Georgia 8.6 Netherlands 6.6 Israel 7.0 Israel 5.3 Poland 4.0 Poland 51

her her her her her her

co?xtnt?ies 324 co?;tntfies 317 co?;tntiies co(zjtnteries 19.7 co?;tntfies 181 co(zjtnteries 297

0406 - Cheese

Kazakhstan  38.7 Kazakhstan 53.7 Kazakhstan 474  Kazakhstan 38.0 Kazakhstan 45.6 Moldova 33.2
russia 27.2 Moldova 26.8 Moldova 35.2 Poland 25.6 Moldova 31.5 Kazakhstan  30.4
Moldova 18.8 Egypt 7.8 Azerbaijan 4.2 Moldova 21.3 Latvia 6.8 Germany 9.5

Azerbaijan 5.5  Azerbaijan 3.5 Georgia 3.3 Latvia 3.3 Azerbaijan 2.8 Latvia 6.2

Uzbekistan 1.7 UAE 1.6 USA 2.5 Uzbekistan 2.0 USA 2.5 USA 33

other 8.1 othe'r other othe.r 97 othe.r 107 othe.r 226
countries countries countries countries countries countries

Source: calculated by the authors based on Per capita Consumption (n.d.)

Table 10 shows that in 2015, the main consumers
of condensed milk and cream exports were Bangladesh
(11.8%), Georgia (8.6%), Kazakhstan (8.5%), whey - Ka-
zakhstan (12%), Pakistan (11.5%) , Vietnam (10.3%), but-
ter — Morocco (18.9%), Azerbaijan (15.6%), Egypt (15.2%),
cheese - Kazakhstan (38.7%), Russia (27.2%), Moldova
(18.8%). In 2024, the geography of dairy product exports
changed. The main consumers of milk and condensed
cream exports were Poland (21.8%), Bulgaria (17.7%),
Israel (8.6%), whey - Poland (26.4%), China (21.5%), the
Philippines (9.2%), butter — Moldova (43.9%), Azerbaijan
(14.5%), Bulgaria (7.6%), cheese — Moldova (33.2%), Ka-
zakhstan (30.4%), Germany (9.5%). The State Service of
Ukraine on Food Safety and Consumer Protection has
opened access for Ukrainian dairy products to the mar-
kets of EU countries, as well as countries such as Can-
ada, Japan, Korea, Great Britain, China, the Persian Gulf
countries, and African countries, which is 29 countries
worldwide (State Service of Ukraine on Food Safety
and Consumer Protection, 2024b). The issue of export-
ing dairy products to Saudi Arabia and Morocco is being
raised, as these countries have a high demand for dairy
products, which creates opportunities for Ukrainian pro-
ducers. Exporters and producers of dairy products could
include Chile, Indonesia, India, Costa Rica, Colombia, Bra-
zil, Venezuela, etc. (Prospects for the entry of Ukrainian

dairy, 2024). The successful export of dairy products by
Ukrainian producers will depend on their adaptation to
the requirements of international markets, the trans-
formation of the export capabilities of Ukrainian dairy
producers in compliance with international standards,
taking into account consumer specifics and competitive
conditions, increasing investment in the dairy industry,
and improving logistics, despite the fact that raw milk
production is carried out in wartime conditions.

Despite the challenges and consequences of the war,
Ukraine’s dairy industry continues to develop, invest in
productivity and technology, increase the volume and
quality of raw milk, improve the regulatory framework in
line with European requirements, which is positively per-
ceived by market participants, and supply dairy products
to Ukrainians and countries around the world. Howev-
er, its development requires state support, so Ukrainian
legislation in the dairy industry must be adapted to EU
requirements. Thus, dairy producers are attracting funds
from charitable organisations, increasing credit limits
under the Affordable Loans 5-7-9 programme (State pro-
gramme Affordable Loans 5-7-9%, 2024), trying to estab-
lish transparent and objective payment terms for dairy
products, and expanding state support for investments
in the dairy industry. In EU countries, the state compen-
sates 50% of investments in the dairy industry (Gladiy &
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Prosovych, 2022), and it would be good if this were also
the case in Ukraine. With the help of investments, enter-
prises will be able to increase milk production, build new
factories, modernise existing milk production and pro-
cessing enterprises, increase exports of dairy products,
and introduce innovative technologies that will promote
the production of dairy products that meet global quality
requirements, reduce production costs, and increase effi-
ciency. Milk producers are also trying to improve the pro-
fessional and qualification level of personnel involved in
the dairy industry, using the experience of practitioners
from foreign countries who have the necessary knowl-
edge, innovative technologies and the development of
cooperation between milk producers and processors.

The dairy industry provides the population with
dairy products, which are part of the country’s food secu-
rity. The efficiency of its activities affects the standard of
living of the country’s population. Authors V. Sobolev et
al. (2024) noted that the consumption of dairy products
by the population depends on consumption traditions,
socio-cultural characteristics, habits, trends in consump-
tion culture, etc. However, the main factor limiting the
consumption of dairy products in accordance with ra-
tional norms is the low income of the majority of the
population. The authors agried with this study, as dairy
products are an important element of a healthy diet
and a healthy lifestyle for the population. However, as
noted by researchers V. Antoshchenkova & Ya. Kravchen-
ko (2022) in their work, consumers’ growing interest in
plant-based substitutes for animal milk has led to an in-
crease in the production of animal product analogues.
In this regard, in order to maintain the competitiveness
of natural milk, it is necessary to convince consumers
of its beneficial properties, provide complete and relia-
ble information about the dangers of alternative prod-
ucts, and combat unfair competition and the increase
in counterfeit dairy products. Similar research on the
development of the dairy industry in Ukraine was con-
ducted by Z. Rozhko et al. (2020), who used a system-
atic approach to the development of the dairy industry
in Ukraine and noted that its development depends on
investments in this industry, improved customs regu-
lation of product exports, improved logistics, and the
benchmarks could be: a balanced chain, supply, tech-
nological innovations and automation of production
processes, consumer orientation, introduction of new
product quality standards, investment in personnel, use
of data and analytics, which will allow dairy industry en-
terprises to have information on the state of the dairy
product market and facilitate strategic decision-making.

Researchers O. Kozak & O. Hryshchenko (2022)
studied the distribution of dairy farms by herd size.
According to their research, in 2021, only 3% of farms
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worldwide had more than 10 cows, which accounted for
37% of the dairy herd and produced 63% of milk, and
only 213,000 farms, or 0.2%, were commercial farms, but
their share in milk production is 42%. In their opinion,
the decrease in the number of dairy farms was accom-
panied by an increase in their size. The similarity of their
research with the authors was that in order to increase
the production of high-quality milk raw materials, it is
necessary to merge the farms of the population, which
are the main producers of milk, into peasant farms or
cooperatives, where, in addition to procurement, raw
milk is processed and dairy products are sold, which are
jointly owned by the producers. The same opinion was
expressed by researcher O. Shpychak (2021), who noted
that efforts to restructure milk production by increasing
the number of cows on farms from 1-3 to 15-40 will con-
tribute to the creation of mini-farms, the elimination of
its depersonalisation in terms of sales, and the combi-
nation of the producer and seller of dairy products in a
single process. Their research also indicated that large
integrated milk production and processing systems can
be formed on the basis of dairy cooperatives. Scientists
S. Poperechny & O. Salamin (2022) believed that coop-
eratives are viable if, in addition to procurement on a
cooperative basis, they also process milk and sell dairy
products, and the products produced are jointly owned
by the producers of raw materials. The authors of this
study agried with this opinion, since the coordination of
interests of all participants in the cooperative ensures
proper coordination of activities in the field of produc-
tion and processing of raw milk. It was also emphasised
that the key factor regulating market relations and the
volume of dairy production is price, which influences
the pace and proportions of development of enterpris-
es and industries, as well as ensuring their profitability.

V. Kotelevich et al. (2023) noted that in order to en-
sure the production of safe dairy products, their compet-
itiveness in the foreign market and demand in the do-
mestic market, it is advisable to introduce international
standards and an effective HACCP (Hazard Analysis and
Critical Control Points) system, which makes it possible
to avoid potential risks during the production of raw
materials, processing, storage, transportation, sale and
use of milk and dairy products and ensures control and
responsibility of producers throughout the food chain
from farm to table. Joint cooperation between gov-
ernments, producers and consumers of milk and dairy
products will contribute to safety and appropriate qual-
ity. Scientists V. Bondarenko & O. Omelyanenko (2024)
proposed the use of SWOT analysis to understand the
problems and opportunities of the dairy industry, which
allows identifying the strengths and weaknesses of
the dairy industry. Among the strengths, they noted the



introduction of innovative technologies, an effective or-
ganisational structure and management style, compli-
ance with international quality standards, a wide range
of products, and the use of “extra” milk. These factors
will contribute to increasing the competitiveness of the
dairy industry in times of crisis, which will weaken the
position of competitors, creating opportunities for ex-
panding export markets and entering new segments.
Similar to the authors’ research, researcher A. Uzh-
va (2024) noted that the dairy industry should receive
state support. After all, milk production and processing
must be profitable, and the mechanisms of state sup-
port for the industry must be clear and guaranteed, as
the country has the potential for this (land, traditions of
dairy farming, skilled labour, water). Scientists M. Gladiy
& 0. Prosovych (2022) share this opinion and conclud-
ed in their research that it is possible to revitalise the
dairy business, but this requires increased state support,
namely investments, grants, subsidies and funding for
the dairy industry. Only close contact, interaction and
consideration of the interests of all stakeholders - pro-
ducers, processors and the state —as well as the develop-
ment of a strategy and the implementation of an effec-
tive mechanism for its implementation can ensure the
sustainable growth of the dairy industry in the long term.
In conclusion, it can be stated that the further devel-
opment of the dairy sector depends on the coordinated co-
operation of all participants in the production of raw milk,
processing, storage, transportation, sale and use of dairy
products. State funds should be directed towards support-
ing milk and dairy product producers and increasing their
competitiveness in both domestic and foreign markets.

CONCLUSIONS
The dairy market is an important segment in providing the
population with valuable food products. Research into its
functioning in Ukraine during 2015-2024 showed nega-
tive trends, namely a 34% decrease in milk production; an
eightfold increase in dairy imports; fluctuations in prices
on the milk market; the low technological level of milk pro-
duction in private households resulted in low-quality raw
materials, and the lack of coordination between them and
milk processing enterprises led to dairy products not meet-
ing international quality standards. Since private farms are
the main milk producers, all efforts should be focused on
improving milk quality by purchasing modern milking and
cooling equipment and facilitating the creation of con-
ditions for their transformation into dairy cooperatives.

Pashchenko & Zharikova

Ukraine has the potential to develop its dairy in-
dustry, namely favourable natural and climatic con-
ditions, developed livestock farming and qualified
personnel. The successful development of the dairy
industry depends on cooperation between milk pro-
ducers, processors and consumers; compliance with
international standards of quality and safety of Ukrain-
ian dairy products, which will contribute to the expan-
sion of the range, increase in the volume and scale of
dairy exports, expansion or entry into new internation-
al markets, increase in the production of organic and
lactose-free dairy products, which are oriented towards
consumers who prefer healthy food; adequate state
support, namely a regulatory and legislative frame-
work, standards, grants, subsidies, support programmes
for raw milk producers, export promotion, and partial
indexation of the modernisation of the dairy industry.
State support for the development of the dairy industry
is important because it will help create opportunities
for dairy companies to develop and produce dairy prod-
ucts in accordance with international sanitary standards
and will facilitate the entry of dairy products into world
markets. Through the joint efforts of the state and dairy
producers, the domestic dairy market can successful-
ly sell dairy products on world markets and generate
profits for the state and producers. Prospects for further
research lie in the development of mechanisms to in-
crease the competitiveness of Ukrainian dairy products
on international markets by improving production tech-
nologies, ensuring quality and effective state support.
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AHoTauis. MonoyHi NpOAYKTM 3aNMILAKOTLCS BaX/IMBOK CKNALOBOK Xap4yyBaHHA HaceneHHs YKpaiHW, oaHak
ranysb CTMKAETbCS 3 HWM3KOK MNpobneM, CNoCTepiraloTbCs HEraTMBHI NPOLECH, MOBM3aHi i3 3MEHILEHHAM 00CsriB
BMPOOHMLTBA MONOKA, AediLUT IKICHOI CUPOBUHMU, 3pOCTaHHS iIMMOPTY, HU3bKa NIATOCMPOMOXHICTb CMOXMBAYIB,
NOTiCTUYHI TPYAHOLLI Ta BNAMB BiHW. Lle BUMarae HOBMX NiAXofiB A0 PO3BUTKY ranysi Ta nornuMbaeHoro aHanisy
PVHKY MONIOKONPOAYKTiB. MeToto cTaTTi 6yno npoaHanisyBat QyHKLiOHYBAHHS PUHKY MOMIOKA i MOIOKONPOAYKL,
BMOKPEMUTM MOro npobnemMu Ta 3anponoOHYBAaTM 3axXOAM YCMILWWHOrO PO3BMTKY MOMOYHOI ranysi. Y npoueci
LOCNIIKEHHS BMKOPWUCTAHO Taki MeToaMu: abCTPaKTHO-NOTIUYMIA, CTAaTUCTUYHMIA W TaBAMYHUI i3 winno 3ibpaHHs,
06p0obKM 11 aHanizy iHbopMauii Woao BUPOOHNLTBA MOMOKA, HAAXOAKEHHS MOMIOKA Ha nNepepobHi mignpMeEMCTBa,
SKOCTi MOJIOKa-CMPOBMHM, EKCMOPTY Ta iMNopTy Monokonpoaykuii npotarom 2017-2024 pp.; rpadiyHnin 6yB
BMKOPUCTAHWIA [N aHanidy ekcnopTy W iMnopTy MONOKOMpPOAYKLii, npu (OpMyBaHHI pPEMTUHIY perioHiB 3a
BMpPOOHMLTBOM Monoka y 2024 p., npy [OCNIAKEHHI iHAEKCY LiH MOMIOKa-CUPOBUHU; MPU AOCNIAXKEHHI 3a1€XHOCTI
CMOXXMBaAHHA NUTHOrO Monoka Ta Macna y 2023 p. Big o6carie BUpoOHMLUTBA HA 1 0C0BY BUKOPUCTAHO KOpENaLiiHo-
perpecimHuin aHanis. Pe3ynbratM [OCNIOKEHHS NOKA3anu HEeBIANOBIAHICTb MPONO3MLIT MOMOKO-CMPOBUHMU HA
PUHKY LWOAO 33aBAHTAXEHOCTI MOSOKONepepobHMX MiANPUEMCTB, K pe3ynbTat, 06car MOMOKOMPOAYKLIi Hux4e
HOPMM ii CnoXMBaHHA. OKpecneHo CTPYKTYpPY M YaCTKy eKCMOpTy YKPAiHCbKOI MOMOKOMPOAYKLIi Yy KpaiHM CBITY.
[ocnifxeHo 3anexHiCTb CMOXMBAHHS MOJIOKAa NMUTHOTO Ta Mac/a Bif, BUPOOHMLITBA MONOKA-CUPOBUHMU. [paKkTUUHe
3HaYeHHs NONAra€e B TOMY, WO AOCNIIKEHHS QYHKLIOHYBAaHHS PUHKY MONOKOMPOAYKTii MOXYTb BYTU OpiEHTUPOM
NPy yXBaneHHi pilleHb CTOCOBHO HAaNPsMKiB 36inblieHHs 06cariB BUpOOHMLTBA 1 nepepobKkn MONoKa, 36inbLlieHHS
CNOXMBaAHHA MOJIOKONPOAYKTIB Ta 3pOCTaHHI 06cariB ekcnopTy NPoAyKLii MONOYHOI ranysi
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Abstract. The purpose of this study was to evaluate the vertical migration patterns of macro-and microelements
in southern chernozem soils under the influence of binary mixtures of glyphosate-based herbicides and
various classes of biostimulants. The intensification of contemporary agricultural systems has precipitated a
fundamental shift in the biogeochemical cycling of nutrients and contaminants within the pedosphere. This
study presented an exhaustive investigationintothe vertical migration mechanics of macro-and microelements
within a model soil continuum, specifically analysing the perturbations introduced by the co-application of
glyphosate-based herbicides and diverse biostimulant classes (fulvic acids, potassium humates, and complex
stubble biodestructors). High-resolution Energy Dispersive X-Ray Fluorescence (ED-XRF) spectrometry was
utilised to quantify the redistribution of Fe, K, Ca, Mn, Zn, Cu, and Pb across three distinct soil horizons in
controlled microcosms. The research delineated the diametrically opposed geochemical functions of humic
fractions: fulvic acids (“BioFulvo”) acted as aggressive mobilising agents, stripping transition metals from
the medial profile and exacerbating leaching risks (Fe depletion of -30.1% in the transit zone), whereas
potassium humates functioned as stabilising geochemical barriers, effectively immobilising anthropogenic
lead and retaining nutrients in the root zone. A critical discovery of this study was the identification of a
“hyper-mobilisation” phenomenon arising from the synergistic interaction between glyphosate and fulvic
acids, which induced a 39% surge in soluble iron concentrations, likely through the development of ternary
phosphonate-fulvate-metal complexes. Conversely, microbial-humic biodestructors demonstrated a unique
“biofortification” potential, maintaining high zinc and manganese bioavailability without compromising
profile stability. These findings underscored the necessity of a differentiated approach to agrochemical
management, suggesting that while fulvic acids enhance rapid nutrient transport, their combination with
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herbicides on sensitive soils poses significant environmental risks, which can be mitigated by the buffering

capacity of high-molecular-weight humates

Keywords: soil biogeochemistry; vadose zone transport; XRF spectrometry; humic substances; fulvic acids; heavy

metal remediation; precision agriculture

INTRODUCTION

The contemporary paradigm of intensive agriculture is
defined by a paradoxical challenge: the imperative to
maximise crop yields to support a burgeoning global
population competes directly with the preservation
of the soil resource base. The soil profile, once viewed
merely as a physical substrate for plant anchorage, is
recognised as a complex, heterogeneous biogeochem-
ical reactor where chemical, physical, and biological
processes intersect to determine the fate of both es-
sential nutrients and xenobiotic contaminants. The
application of concentrated fertilisers, systemic her-
bicides, and metabolic enhancers has fundamentally
altered the natural lithogenic and pedogenic cycles of
elements. A critical, yet often overlooked, aspect of soil
health is the vertical distribution of chemical elements
within the vadose zone.

Global geospatial modelling by F. Tang et al. (2021)
confirmed that 64% of agricultural land is at risk of pes-
ticide pollution, explicitly identifying vertical leaching
as a critical pathway in permeable soil systems. In nat-
ural pedogenesis, this distribution is driven by millenni-
al-scale weathering and leaching processes. However, in
modern agroecosystems, the application of agrochem-
icals introduces rapid, anthropogenic forcing that can
overwhelm natural buffering capacities. The mobility
of essential micronutrients (e.g., Zn, Mn, Cu) determines
crop nutritional quality and resistance to abiotic stress,
while the unchecked migration of toxic trace elements
(e.g., Pb, Cd, As) poses severe risks to groundwater qual-
ity and food safety. The “chromatographic” effect of the
soil profile, where different layers act as retention plates
or elution zones, dictates whether an element becomes
a nutrient for the crop or a pollutant in the aquifer.

The complexity of these interactions has spurred a
wave of extensive research, driven largely by advance-
ments in spectroscopic instrumentation and molec-
ular modelling. Consequently, the validation of Port-
able X-ray Fluorescence (pXRF) has become a central
theme in modern pedometrics. R. Ravansari et al. (2020)
demonstrated the efficacy of pXRF for soil analysis, a
conclusion robustly supported by the landmark me-
ta-analysis of E. Jenkins et al. (2025). By synthesising
data from 84 independent validation studies, E. Jen-
kins et al. (2025) established that advanced pXRF in-
struments achieve laboratory-grade accuracy for heavy
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metals (Pb, As, Zn, Cu), particularly under controlled ex
situ conditions. This comprehensive review confirms
that minimising matrix interferences through sample
drying and homogenisation eliminates moisture-in-
duced scattering and particle-size shadowing, thereby
validating pXRF as a reliable platform for high-reso-
lution elemental profiling. Complementing these ana-
lytical insights, T. Tavares et al. (2023) highlighted that
XRF total-element profiling effectively captures the
elemental stocks serving as reservoirs for bioavaila-
ble pools. The non-destructive nature of this technique
allows for the preservation of soil structure, which is
critical when assessing the spatial distribution of ele-
ments in microcosm studies. Against this technological
backdrop, glyphosate [N-(phosphonomethyl)glycine]
remains the most widely used herbicide globally, and
its geochemical purpose is a subject of intense scrutiny.

E. de Geronimo & V. Aparicio (2022) reported that
glyphosate adsorption depends strongly on soil pH
and competing phosphate, and that dissolved organ-
ic matter often competes for sorption sites on mineral
surfaces; thus, agricultural practices that shift soil pH
can substantially alter herbicide mobility. G. Qian et
al. (2022) found that fulvic acids, due to their lower
molecular weight and greater acidity, tend to facilitate
arsenic mobility in tailings, whereas humic acids more
often immobilise metalloids. The mechanistic under-
standing of glyphosate mobility has been significantly
refined by Y. Jiao et al. (2024), who utilised multispec-
tral analysis and Density Functional Theory (DFT) to
elucidate the adsorption-complexation dynamics in
Mollisols. The research demonstrated that the pres-
ence of dissolved organic matter (DOM) fundamentally
alters the thermodynamic landscape of the soil solu-
tion, shifting glyphosate adsorption from a multilayer
heterogeneous process to a single-layer regime. Fur-
thermore, the researchers confirmed that glyphosate
forms stable soluble complexes with humic fractions
through static quenching mechanisms dominated by
hydrogen bonding and van der Waals forces, specifi-
cally targeting C-O functional groups. This interaction
effectively prevents the herbicide’s fixation onto min-
eral surfaces, thereby facilitating the “hyper-mobilisa-
tion” and co-transport of glyphosate-metal complexes
through the vadose zone.



The reviews by R. Zhang et al. (2022) and Q. Liu et
al. (2025) have redefined the role of amino acid bi-
ostimulants in nutrient acquisition, classifying them as
“natural chelating agents” with distinct thermodynam-
ic properties. Their analysis established that amino ac-
ids enhance metal uptake by creating “weak” or mod-
erate chelation complexes that protect nutrients from
soil fixation while possessing stability constants low
enough to permit rapid ligand exchange at the rhizo-
plane. This “catch-and-release” mechanism differs fun-
damentally from the strong, persistent sequestration
characteristic of synthetic chelators like EDTA (ethyl-
enediaminetetraacetic acid), ensuring that essential el-
ements are bioavailable for plant metabolic use rather
than being solubilised for leaching into the subsoil.
This issue is of particular relevance in Ukraine, which
holds a significant portion of the world’s chernozem
(black soil) reserves.

Despite the breadth of individual studies, there is a
paucity of comprehensive research integrating the si-
multaneous effects of herbicides and different classes
of biostimulants on the vertical stratification of the soil
chemical matrix. Most studies focus on surface inter-
actions or plant uptake, neglecting the intermediate
transport processes within the vadose zone. This gap
is critical because the vadose zone acts as the trans-
mission filter between the agrosphere and the hydro-
sphere. The purpose of the study was to quantify the
vertical redistribution of macro- (Fe, K, Ca) and microe-
lements (Zn, Mn, Cu) under the influence of fulvic acids,
humic acids, and amino acids. The research objectives
were to evaluate the specific impact of glyphosate salt
formulations (potassium vs. isopropylamine) on metal
mobility, uncover synergistic or antagonistic geochemi-
cal effects when biostimulants are co-applied with her-
bicides, and assess the environmental risks associated
with the mobilisation of toxic elements (Pb) utilising
the precision of XRF spectrometry.

MATERIALS AND METHODS

Experimental microcosm design

The experimental part of the study, including micro-
cosm preparation and instrumental sample analysis,
was conducted between November 14 and 15, 2025.
The research was performed at the laboratory of the
Department of Ecology and Environmental Protection
Technologies, Admiral Makarov National University of
Shipbuilding. A controlled laboratory microcosm ap-
proach was employed to simulate the dynamics of the
arable soil layer and the upper vadose zone (OECD
Test Guideline 312 adapted). The soil matrix used was
southern chernozem (calcic chernozem) collected from
the arable horizon (0-30 cm) in the steppe zone of
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Ukraine (Mykolaiv Oblast). The soil was characterised
by a heavy loam texture, a humus content of 3.4%, and
a slightly alkaline reaction with a pH (KCl) of 7.2. This
soil type was characterised by micellar carbonates and
high biological activity, making it highly representative
of the semi-arid agricultural zones of the Black Sea re-
gion. The application of agrochemical agents was ex-
ecuted in a three-stage sequence to model a specific
agronomic protocol involving pre- and post-herbicide
fertilisation. In the first stage, the soil samples were
irrigated with biostimulant solutions to prime the soil
matrix: 25 mL of “BioFulvo” solution (at a concentration
of 1:100) or 25 mL of “Humate Potassium”solution (at a
concentration of 1:300) were applied to the respective
experimental units. In the second stage, performed one
week after the initial biostimulant application, the her-
bicide treatments (‘Uragan Forte” or “Otaman”) were
applied using 15 mL of solution per sample, prepared
at a concentration of 10 mL of herbicide per litre of
water. In the third stage, one week following the her-
bicide application, the soil samples were treated again
with the biostimulants (“BioFulvo” or “Humate Potas-
sium”) using the exact same volumes and concentra-
tions as in the first stage. This design allowed for the
assessment of element migration under conditions of
repeated biostimulant loading.

The experimental design involved creating a
leaching water regime imitating intensive precipi-
tation or irrigation. During a 30-day incubation pe-
riod (corresponding to the active vegetation phase),
distilled water was added to the columns in a vol-
ume equivalent to the monthly precipitation norm
for the study region (approximately 60 mm), ensur-
ing a downward moisture flow (eluvial regime). This
allowed for the modelling of vertical migration pro-
cesses of dissolved substances. Upon completion of
incubation, the soil monoliths were subjected to rapid
freezing to fix chemical gradients and prevent mois-
ture redistribution. The frozen columns were divided
into three discrete horizons for subsequent analysis,
allowing for a detailed assessment of the profile’s
chromatographic effect:

Zone A (Proximal/Upper): 0-2.7 cm. A zone of
direct agrochemical application, maximal root mass
concentration (in pot experiments), and highest micro-
biological activity.

Zone B (Medial/Transit): 2.7-5.3 cm. A buffer zone
where adsorption and desorption processes determine
the further fate of migrating elements.

Zone C (Distal/Lower): 5.3-8.0 cm. A zone of ac-
cumulation or washout bordering the drainage system.
Increased element concentration in this zone is a direct
indicator of leaching risk into groundwater.
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Experimental treatments and analytical methods

To investigate the differentiated impact on element
migration, a spectrum of preparations representing
various chemical classes and mechanisms of action
was selected. Among the biostimulants, the study ex-
amined “BioFulvo,” a preparation based on highly con-
centrated fulvic acids. Chemically, these are low-mo-
lecular-weight organic acids (under 1,000 Da) enriched
with oxygen-containing functional groups, specifically
carboxyl (-COOH) and phenolic (-OH) groups. Their pre-
sumed mechanism involves high solubility across the
entire pH range and the ability to form stable, soluble
chelate complexes with polyvalent cations like Fe®*,
Zn*,and Cu?, thereby promoting their mobilisation.

In contrast to the fulvic acids, “Potassium Humate”
was utilised as a source of high-molecular-weight hu-
mic acids derived from leonardite. These are macromo-
lecular structures (exceeding 10,000 Da) possessing a
polyanionic character with high cation exchange ca-
pacity. Their primary function in the soil profile was the
synthesis of insoluble complexes with heavy metals and
the aggregation of soil particles, effectively acting as a
geochemical barrier. Additionally, the complex biologi-
cal preparation “StimOrganic”was included as a stubble
biodestructor. Its composition featured a consortium of
living cells and spores of bacteria (Bacillus subtilis, Ba-
cillus licheniformis) and fungi (Trichoderma viride, Tricho-
derma lignorum) with a titre of at least 1.0 x 10° CFU/
c¢m?, enriched with 100 g/L of humic substances and
microbial metabolic products. Its mechanism relied on
the enzymatic destruction of organic residues and the
production of siderophores and organic acids (such as
gluconic and citric acids), ensuring biologically regulat-
ed element mobilisation.

Regarding herbicides, “Uragan Forte” (Syngenta), a
potassium salt of glyphosate (500 g/L), was selected for
its specific surfactant system designed for rapid cutic-
ular penetration. As noted by O. Litvinova et al. (2023),
such surfactants can significantly reduce the surface
tension of the soil solution, enhancing the physical
migration of substances. This was compared against
“Otaman” (Alfa Smart Agro), a classic isopropylamine
salt of glyphosate (480 g/L). The isopropylamine cat-
ion in this formulation was bulkier compared to the
potassium ion, which may influence the kinetics of
herbicide sorption on clay minerals. The research

investigated both separate applications of these prepa-
rations and their binary mixtures (e.g., Uragan + Bi-
oFulvo) to imitate the common tank mix practices in
Ukraine. Elemental analysis was conducted using a
Hitachi X-MET8000 portable XRF spectrometer (Japan).
This instrument represents the advancement in field
spectrometry, bridging the gap between field conven-
ience and laboratory precision.

Technical specifications:

« Detector: High-performance Silicon Drift De-
tector (SDD) with a large active area, allowing for high
count rates and excellent energy resolution.

« Excitation Source: X-ray tube optimised with
BOOST™ technology, which enhances the sensitivity for
heavy elements and allows for lower Limits of Detection
(LOD) compared to conventional diode-based systems.

« Calibration: The instrument was calibrated using
the Soil-FP (Fundamental Parameters) mode. This algo-
rithm is critical for soil analysis as it mathematically
models the interaction of X-rays with the sample ma-
trix, automatically correcting for inter-element matrix
effects (absorption and secondary fluorescence) caused
by variations in soil density.

Measurements were taken in triplicate for each
layer of each replicate to ensure statistical robustness.
The spectra were analysed for characteristic K-alpha
and L-alpha lines. Specifically, Iron (Fe) was analysed at
~6.40 keV, a region free from significant interference in
silicate matrices. Raw spectral data (counts per second)
were converted to concentrations (ppm) using the Soil-
FP calibration curves. To account for local soil hetero-
geneity, measurements were performed in triplicate for
each specific horizon layer. The final value for each data
point was calculated as the arithmetic mean of these
three technical replicates, ensuring a representative
profile analysis. Consequently, vertical migration trends
were evaluated by comparing these averaged concen-
tration gradients, and leaching indices were calculated
as the ratio of concentration in Zone Cto Zone A.

RESULTS AND DISCUSSION
Baseline geochemical stratification (control group)
The analysis of the control group provides the refer-
ence state for the soil’s natural vertical distribution. As
shown in Table 1, the soil exhibits specific pedogenic
trends even without external chemical intervention.

Table 1. Vertical distribution of elements in control soil (ppm)

Element Layer 1 (0-2.7 cm)
Fe (Iron) 15,536

K (Potassium) 9,750

Ca (Calcium) 7,727

Ti (Titanium) 2,439

Layer 2 (2.7-5.3 cm)

14,818
9,280
6,255
2,068

Layer 3 (5.3-8.0 cm)

Trend analysis

15,048 Stable / uniform profile
10,280 Eluviation (leaching)
6,785 Surface accumulation
2,234 Matrix stability marker
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Layer 1 (0-2.7 cm)

Mn (Manganese) 385 340
Zn (Zinc) 81 83
Pb (Lead) 20 15

Source: developed by the authors

In the control variant, two competing hydrological
and biogeochemical processes are observed. Potassi-
um (K) demonstrates a clear tendency to accumulate
in the lower horizon (10,280 ppm vs 9,750 ppm at
the surface). This indicates a leaching regime where
highly soluble monovalent cations move downward
under the influence of gravitational water. This is a
typical characteristic of soils with a percolation water
regime, where potassium, if not intercepted by roots
or fixed by illitic clay minerals, migrates to sub-ara-
ble horizons. Conversely, Calcium (Ca) and Manga-
nese (Mn) are enriched in the surface layer. For cal-
cium (7,727 ppm in Layer 1 vs 6,255 ppm in Layer 2),
this is likely due to the evaporation effect of the soil
solution, which draws bicarbonate-rich water to the
surface where calcium carbonate precipitates upon
drying. For manganese, such enrichment reflects the
“biological pump” mechanism: plants (precursors)
uptake Mn from depth and return it to the surface
through plant residues, creating a nutrient-rich top
layer. The relative uniformity of lithogenic markers,
such as Titanium (Ti), confirms the mineralogical

Layer 2 (2.7-5.3 cm)

Table 1, Continued

Layer 3 (5.3-8.0 cm) Trend analysis

360 Biogenic accumulation
86 Slight downward migration
19 Variable / anthropogenic

homogeneity of the soil column, validating the experi-
mental design. Iron (Fe) acts as a reference element in
these soils. Its stability indicates that without chem-
ical intervention (like chelating agents), the soil ma-
trix is stable, and there is no massive redox-induced
migration under natural conditions. In the absence of
chelating fertilisers, Zinc (Zn) is relatively immobile.
The slight increase in depth might be conditioned
by association with clay particles (illuviation) which
naturally migrate downwards over long periods. Lead
(Pb) is tightly bound to organic matter in the topsoil.
Its lack of migration in the control group confirms that
there are no natural acidic conditions or complexing
agents moving toxic metals into the groundwater -
until agents like fulvic acid are added.

Impact of biostimulants and herbicides

on the vertical distribution of soil elements

The application of the “BioFulvo” preparation caused
the most radical restructuring of the geochemical pro-
file, characterised by aggressive mobilisation of transi-
tion metals (Table 2).

Table 2. Element dynamics under “BioFulvo” treatment (ppm)

Fe 14,082 10,358
Zn 92 58
Cu 23 15

Source: developed by the authors

The comparison of soil horizons in Table 2 reveals
a classic chromatographic leaching effect, where the
medial soil layer functions as a primary donor of ele-
ments rather than a buffer. In the upper proximal zone
(Layer 1), the iron concentration stands at 14,082 ppm;
while this is lower than the control, it represents only
the initial phase of mobilisation where high concen-
trations of fulvic acids begin to solubilise minerals
within the organic-rich surface matrix. A substantial
geochemical anomaly emerges in the medial zone
(Layer 2), where Iron (Fe) levels precipitously drop to
10,358 ppm and zinc decreases to 58 ppm. This pro-
nounced decline, representing a roughly 30% reduc-
tion compared to the control, indicates that low-mo-
lecular-weight fulvic acids have effectively stripped
metal ions from the exchange complex, transforming

Deviation from control (Layer 2)

12,400 -30.1% (severe depletion)
79 -31.7% (severe depletion)
20 -26.8% (mobilisation)

this horizon into a “zone of depletion” or a geochemi-
cal vacuum. Although concentrations partially recover
in the distal zone (Layer 3) to 12,400 ppm for iron and
79 ppm for Zinc (Zn) - confirming a vertical downward
flux from the depleted middle layer - these values
remain significantly below the control levels for the
same depth. This specific distribution profile suggests
that the fulvic acid complexes are sufficiently stable
to bypass the lower adsorption barriers, meaning a
significant portion of the mobilised metal load likely
passed through the entire soil column and was lost to
drainage, thereby posing a risk of groundwater con-
tamination. In sharp contrast to the mobilising action
of fulvic acids, the “Humate Potassium” treatment act-
ed as a stabilising agent, reinforcing the soil’s capacity
to retain cations and structure (Table 3).
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Table 3. Element dynamics under “Humate potassium” treatment (ppm)

Element Layer 1 Layer 2
Fe 9,107 14,409
K 6,739 9,277
Pb 13 18

Source: developed by the authors

The geochemical profile resulting from the appli-
cation of Potassium Humate demonstrates a distinct
mechanism of stabilisation, functioning diametrically
opposite to the mobilisation observed with fulvic ac-
ids. In the proximal horizon (Layer 1: 0-2.7 cm), a sig-
nificant reduction in detectable iron concentrations to
9,107 ppm was recorded. Unlike the depletion caused
by leaching, this surface reduction is interpreted as
an immobilisation phenomenon where high-molec-
ular-weight humic acids form insoluble organo-min-
eral complexes and coat mineral particles, effectively
“masking” the metal from rapid solubilisation. Crucial-
ly, the medial zone (Layer 2: 2.7-5.3 cm) retained high
iron levels (14,409 ppm), closely mirroring the natu-
ral baseline found in the control. This preservation of
the middle horizon confirms that the humic amend-
ment successfully shielded the mineral matrix from
desorption processes, maintaining the structural in-
tegrity of the soil profile preventing the creation of a
“depletion zone”. A specific geochemical anomaly was
observed regarding Potassium (K) distribution. Despite
the introduction of an external potassium source via
the humate preparation, the concentration of this ele-
ment in the upper layer (6,739 ppm) was notably lower
than in the control. This counter-intuitive result indi-
cates the activation of a fixation mechanism, where hu-
mic substances facilitate the entrapment of potassium
ions within the interlayer spaces of clay minerals. Rath-
er than remaining in the soil solution where it would
be vulnerable to gravitational washout, the potassium
was sequestered into the structural phase of the medi-
al zone (9,277 ppm) and distal zone (8,294 ppm). This

Layer 3 Key observation
12,411 Apparent surface depletion/masking
8,294 Fixation/interlayer entrapment
15 Surface immobilisation

process suggests that the humates promoted the transi-
tion of exchangeable potassium into a non-exchangea-
ble, fixed form, thereby reducing immediate losses while
conserving the nutrient pool within the soil column.
The barrier function of the humate treatment was
most critically evidenced by the behaviour of Lead (Pb).
The proximal layer exhibited a reduced concentration
of 13 ppm compared to the control baseline of 20 ppm.
Most importantly, this surface reduction did not corre-
spond to an accumulation in the distal accumulation
zone (Layer 3), where levels remained low at 15 ppm.
This distribution pattern confirms that the lead was
not washed down but was effectively immobilised in
situ at the point of contact or within the upper ma-
trix. The macromolecular humic structures functioned
as a ‘geochemical anchor’, binding the toxic cations
through strong inner-sphere complexation and physi-
cal entrapment. Consequently, the treatment success-
fully prevented the vertical migration of lead into the
lower horizons, thereby mitigating the risk of ground-
water contamination. The treatment with the stubble
destructor (“StimOrganic”) occupied a functional mid-
dle ground, optimising the “Bioavailability vs. Leaching”
trade-off essential for precision agriculture. The data
presented in Table 4 illustrates the unique “regulatory”
capacity of the StimOrganic biodestructor, which fun-
damentally differs from both the aggressive chemical
mobilisation of fulvic acids and the rigid fixation of
humates. The vertical distribution profile of microele-
ments under this treatment is characterised by excep-
tional uniformity, suggesting a mechanism of biological
homeostasis rather than passive physical transport.

Table 4. Micronutrient retention with biodestructors (ppm)

Element Layer 1 Layer 2 Layer 3 Distribution profile
Zn 107 103 100 High & uniform
Mn 396 350 386 Stable

Source: developed by the authors

In the proximal horizon (Layer 1: 0-2.7 cm), the ap-
plication of the biodestructor resulted in a high level of
zinc bioavailability (107 ppm) compared to the control
(81 ppm). Unlike the fulvic acid treatment, where mobili-
sation led to immediate downward migration, the micro-
bial complex successfully retained these mobilised nu-
trients in the upper root-accessible zone. This retention
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is likely facilitated by the synthesis of microbial biomass
and the development of temporary, labile complexes
with amino acids and enzymes produced by the Bacillus
and Trichoderma consortium present in the preparation.

The medial zone (Layer 2: 2.7-5.3 cm) demonstrat-
ed a remarkable stability that contrasts sharply with
the “depletion zones” observed in other treatments.



Zinc concentrations remained at 103 ppm, and man-
ganese at 350 ppm, showing virtually no significant
gradient relative to the surface layer. This absence of
a sharp concentration drop indicates that the biode-
structor prevents the rapid gravitational leaching of el-
ements. Instead of being washed through this layer, the
elements are maintained in a state of dynamic equi-
librium, likely regulated by the diffusion of microbial
siderophores which solubilise metals only to the extent
required for biological activity, effectively buffering the
soil solution against sharp geochemical fluctuations.
The distal zone (Layer 3: 5.3-8.0 cm) confirmed the
safety of this approach regarding groundwater contam-
ination risks. Zinc levels (100 ppm) and manganese lev-
els (386 ppm) were comparable to the upper horizons,
resulting in a Leaching Index (LI) close to 1.0. This uni-
form column-wide distribution signifies that the biode-
structor achieved “smart mobilisation”: it increased the
total pool of available nutrients throughout the profile
without creating a surplus of free ions that would be
lost to drainage. Consequently, the distinct stratification
typical of chemical leaching was replaced by a biolog-
ically homogenised profile, optimal for root develop-
ment throughout the entire depth of the arable layer.
The most interesting finding of the study was the
detection of a fundamental divergence in geochemical
behaviours when glyphosate herbicides were co-ap-
plied with different fractions of humic substances. The
interaction between the glyphosate formulation “Ura-
gan Forte” and the fulvic acid preparation “BioFulvo”
resulted in a distinct synergistic effect characterised as
“hyper-mobilisation”. In this variant, the iron concentra-
tion within the soil profile surged to 21,592 ppm, ex-
ceeding the control level by 39%. This extreme value,
which surpasses natural variability, indicates a massive
phase transition of iron from the solid mineral state
into the soil solution. This non-additive phenomenon
suggests the synthesis of soluble ternary complexes,
where fulvic acids destabilise Fe-O bonds on mineral
surfaces while glyphosate simultaneously chelates the
released metal, effectively maintaining it in a soluble
state. Such a mechanism poses a dual risk: potential
phytotoxicity due to iron overload and the accelerated
leaching of the herbicide itself, as the dissolution of iron
oxides - the primary sorbent for glyphosate - facilitates
its downward migration. Conversely, the addition of “Po-
tassium Humate” to glyphosate mixtures produced an
antagonistic, stabilising effect. In these trials, the sys-
tem exhibited high retention of calcium (8,805 ppm)
and the effective confinement of heavy metals. This
stabilisation is attributed to the buffering capacity of
high-molecular-weight humic acids, which Llikely neu-
tralised the pH reduction associated with glyphosate
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hydrolysis and provided ample surface area for the
re-adsorption of mobilised ions, thereby neutralising
the geochemical disturbance caused by the herbicide.

Mechanisms, risks, and contextual significance

The vertical migration of chemical elements within the
vadose zone is not merely a physical displacement but
the result of a dynamic and competitive equilibrium
between sorption processes on the solid soil phase and
solubilisation kinetics in the liquid phase.The results of
this study clearly delineate the divergent roles played
by different fractions of humic substances in this equi-
librium, challenging the conventional view of organic
amendments as a monolithic group. It is a fundamental
and well-established fact in soil chemistry that fulvic
acids, characterised by their low molecular weight and
high density of oxygen-containing functional groups,
function as aggressive transport agents in soil environ-
ments. Due to their high stability constants with metal
ions and solubility across a broad pH range, these ful-
vic complexes are capable of overcoming the natural
electrostatic and steric barriers of the soil matrix that
typically retain cations. In the conducted experiment,
this mechanism was evidenced by the critical depletion
of iron and zinc in the medial horizons treated with
“BioFulvo”. This confirms that on light-textured soils
or those undergoing dehumification — a condition in-
creasingly characteristic of degraded Ukrainian cher-
nozems - the application of concentrated fulvic acids
carries a significant risk of accelerating the leaching of
essential microelements, effectively stripping the ara-
ble layer of its nutritional potential.

In contrast to this mobilisation, the application of
“Potassium Humate” resulted in the effective immobi-
lisation of Lead (Pb). This aligns with the remediation
strategies proposed by O. Sytar & N. Taran (2022) and
Y.Lu et al. (2025), who advocated for the use of humates
to create geochemical barriers. Conversely, Y. Lu et
al. (2025) demonstrated that humic acid composites
(e.g., with hydroxyapatite) effectively immobilise Cd and
Pb, reducing their translocation to grains, thus position-
ing humic acids as remediation agents. Unlike the mo-
bile fulvic fraction, humic acids facilitate the synthesis
of insoluble organo-mineral aggregates and promote
the fixation of metals within the interlayer spaces of
clay minerals.This property is critically important for the
restoration of the soil’s barrier function, especially given
the data from V. Datsenko (2022) indicating a reduction
in the sorption capacity of soils in the Kharkiv Oblast
due to anthropogenic acidification. However, the most
geochemically significant and ecologically concerning
discovery of this study is the “hyper-mobilisation” phe-
nomenon observed when glyphosate herbicides are
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co-applied with fulvic acids, resulting in a 39% surge in
soluble iron concentrations.While standard models, such
as those by X. Li et al. (2023) and B. Geysels et al. (2025),
posit that glyphosate is typically inactivated through
adsorption onto iron oxides like goethite and ferrihy-
drite, the current findings suggest that the presence of
fulvic acids fundamentally disrupts this interaction. The
data indicate a mechanism of competitive solubilisation
or ternary complex formation. By competing for sorption
sites or chemically attacking the oxide surface, the fulvic
acid dissolves the mineral carrier, releasing the herbi-
cide-metal complex into the soil solution. B. Geysels et
al. (2025) provided a mechanistic surface-complexation
model for glyphosate binding to ferrihydrite, showing
primarily binuclear bidentate coordination. This inter-
action is crucial because iron oxides are the primary
“sink” for glyphosate in soils; however, the presence of
strong chelators can dissolve these oxides, releasing
both the iron and the adsorbed herbicide. The dichoto-
my between humic and fulvic acids has been refined in
evolving scientific discourse. This synergistic solubilisa-
tion implies that migration models failing to account for
dissolved organic matter may severely underestimate
the risk of groundwater contamination, a concern that
echoes the warnings of O. Litvinova et al. (2023) regard-
ing the deep-profile accumulation of pesticide residues.
Furthermore, the study illuminates the advantages
of biological regulation over chemical manipulation.
The “StimOrganic” biodestructor demonstrated a strat-
egy of “smart mobilisation”, where nutrient availability
is regulated by microbial siderophores. As elucidated
by B. Khoshru et al. (2023) and M. Maciel-Rodriguez et
al. (2025), the soil microbiome functions as an active
regulator of elemental cycling through siderophore-me-
diated homeostasis. Their research demonstrated that
specific rhizobacteria mobilise manganese and zinc via
inducible metabolic pathways - including acidification
and enzymatic reduction - that are responsive to envi-
ronmental depletion signals. This biological feedback
loop achieves a state of “smart mobilisation”, where
nutrient solubility is synchronised with plant demand,
thereby maintaining high bioavailability in the root
zone while preventing the unregulated mass leaching
losses associated with passive chemical chelators.
These findings have direct implications for agricul-
tural practices in Ukraine, validating the conclusions of
O.Litvinova et al.(2023) regarding the role of surfactants
in pesticides as active geochemical migration agents
and confirming the urgent need for organic stabilisa-
tion strategies to verify the loss of buffering capacity
described by V. Didora et al. (2024). Ultimately, regarding
the remediation of soils subjected to heavy metal con-
tamination, as described by E. Moliszewska et al. (2023)
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and O. Datsko et al. (2025), the application of potassi-
um humates functions as a critical measure to restore
the protective sorption capacity of the pedosphere. The
study by O. Litvinova et al. (2023) emphasised that the ac-
cumulation of surfactants (surface-active agents), which
are part of pesticide formulations, significantly alters
the migration capacity of biogenic elements, effectively
“washing”them out of the root zone. This phenomenon is
exacerbated by the use of glyphosate - a herbicide that
remains dominant in global and Ukrainian agriculture.

CONCLUSIONS

The comprehensive analysis conducted in this study,
utilising high-precision ED-XRF spectrometry, provid-
ed critical experimental evidence that necessitated a
fundamental revision of current agronomic practices
regarding the use of soil amendments and herbicides.
The results unequivocally demonstrated that humic
substances cannot be treated as a monolithic func-
tional entity in agricultural management, exhibiting in-
stead a strict geochemical dichotomy that determined
the fate of soil elements. Fulvic acids were identified
as aggressive mobilising agents that induced the rap-
id desorption and downward migration of essential
microelements, specifically iron and zinc. This process
posed a significant long-term threat to soil fertility by
effectively stripping the arable horizon of its nutrition-
al reserves and translocating them into the subsoil,
unavailable to crop roots. Conversely, the application
of Potassium Humates proved to be a highly effective
strategy for chemical stabilisation, acting as a robust
geochemical barrier that immobilises toxic metals,
such as lead, via inner-sphere complexation, thereby
mitigating the risks of aquifer contamination.

From an ecological perspective, the most alarming
finding was the discovery of a synergistic “hyper-mobi-
lisation” mechanism when glyphosate herbicides were
co-applied with fulvic acids. The observed 39% surge in
soluble iron concentrations indicated that fulvic acids
destabilised the mineral matrix, preventing the natural
adsorption of the herbicide onto iron oxides. This syn-
thesis of soluble ternary complexes implied that the
common practice of tank-mixing these agents may in-
advertently facilitate the deep percolation of glyphosate
into groundwater, bypassing the soil’s natural filtration
capacity. In contrast to these chemical risks, the biolog-
ical approach utilising microbial-enzymatic biodestruc-
tors (“StimOrganic”) offered a sustainable alternative.
This treatment achieved an optimal balance of “smart
mobilisation”, regulated by microbial siderophores,
which ensured high nutrient bioavailability in the rhiz-
osphere without the ecological liability of mass leaching
associated with synthetic chelators or pure fulvic acids.



Consequently, to ensure environmental safety and
soil health, it is imperative to revise agrochemical

Kibarov et al.

implementing longitudinal field studies to assess the
scalability of these geochemical interactions under

protocols: the mixing of glyphosate with high-con-  variable climatic conditions.
centration fulvic acids must be strictly prohibited on
soils with low sorption capacity or high-water tables.
Priority should be given to high-molecular-weight
potassium humates for the recultivation of techno-
genically disturbed or war-impacted lands. Future
scientific inquiries should focus on validating these
mechanisms through isotopic labelling (**C - glypho-
sate) to directly trace the molecular transport of
herbicide residues within ternary complexes, and on
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BnnuB 6ioctumMmynaTtopis i rnipocaty Ha BepTUKaNbHY Mirpauilo enieMeHTIB
Yy CinbCcbKOrocnogapcbKUX IFpyHTax
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AcnipaHt
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laHHa TpoxumeHko

[lokTop TEXHIYHWMX HayK, npodecop

HauioHanbHWI yHiBepcuTeT KOpabnebyayBaHHs iMeHi agMipana Makaposa
54025, npocn. lepois Ykpainu, 9, M. Mukonais, YkpaiHa
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Bnapucnas Hepopopa

[oktop dinocodii, Buknagay

HauioHanbHuWi yHiBepcuTeT KOpabnebyayBaHHs iMeHi agMipana Makaposa
54025, npocn. lepoie Ykpainu, 9, M. Mukonais, YkpaiHa
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AHoTauis. MeTot Lboro focniaXeHHs 6yn0 OLiHUTK 3aKOHOMIPHOCTI BEPTUKANbHOI MirpaLii Makpo-Ta MiKkpoeneMeHTiB
y MiBAEHHUX YOpHO3eMax Mifd BMAMBOM OiHapHWMX cyMiwei repbiumais Ha ocHoBi rnidocaTy Ta biocTumynsTopis
Pi3HMX KNaciB. IHTEHCUiKaLiN CyyacHUX arpapHUX CUCTEM CMPUYMHUAG CYTTEBI 3MiHM B BioreoxiMiyHoMy Kpyroobiry
NOXWBHWUX €N1eMEHTIB i KOHTaMiHaHTIB y nepocdepi. Y poboTi npeLcTaBNeHO KOMMNAEKCHE OOCNIIKEHHS MEXAHI3MIB
BEPTMKaNbHOI Mirpauii Makpo- Ta MiKpOeneMeHTIB Y MOAENbHOMY I'pPyHTOBOMY Npodini 3 aKLEHTOM Ha NOpYLUEHHS,
CMPUYMHEHI CYMICHMM 3aCTOCYBAHHAM MidocaTBMiCHUX repbiumnais i bioctumynaTopie pisHoi npupoau (bynbBoBi
KMCNOTH, TyMaTW Kanito Ta KOMMAEKCHi cTepHboBi Giogectpyktopw). [Ins KinbkicHOi ouiHkvM nepepo3noginy Fe, K,
Ca, Mn, Zn, Cu Ta Pb y TpbOX IpyHTOBMX FOPMU30HTAX KOHTPOIbOBAHMX MiKPOKOCMIB 33aCTOCOBAHO BMCOKOPO3AiNbHY
eHeprogucnepciiHy peHTtreHodnyopecueHTHy cnektpoMetpito (ED-XRF). [ocnipxeHHs BusBMno AiaMeTpanbHO
NPOTUNEXHI reoXiMivHi dyHKLi ryMycoBux dpakuiii: dynbBoBi kKMcnotu («BioFulvoy) fisnu sk arpecBHi MobinisyBanbHi
areHTu, BUIyYalouM nepexigHi MeTanu 3 cepefHbOro ropu3OHTY Ta MOCUIOKYM PUSUKU BUMMBAHHS (3MEHLLEHHS
BMicTy Fe Ha 30,1 % y TpaH3MTHIl 30Hi), TOAi K r'yMaTK Kanito BUKOHYBanM ponb CTabinisyoumnx reoxiMivyHmx bapepis,
edeKTMBHO iMMODBINi3yloun aHTPOMOreHHWM CBMHELDb i YTPUMYIOUM TMOXMBHI €1eMeHTM B KOPEHEBMICHOMY LWapi.
KntoyoBuM pesynsTaTtoM poboTu CTano BUSBNEHHS PeHOMeHY «rinepmobinizauii», Lo BUHMKAE BHACNIAOK CUHEPTiYHOI
B3aemogii rmidocaty Ta dynbBOBMX KUCNOT i NPU3BOAMTb A0 3POCTAaHHS KOHLEHTpaLii po3YMHHOrO 3aniza Ha 39 %,
MMOBIpHO, Yepe3 YTBOPEHHS TepHapHUX HOCPOHAT-DyNbBaT-MeTaNeBMX KOMMEKCiB. BogHo4ac MikpobHO-TyMiHOBI
HiooecTpykTopy NpoAeMOHCTPYBanyM yHiKanbHUM noteHuian «biodopTtudikauii», NigTpUMyUM BUCOKY 6i0A0CTYMHICTb
LUMHKY Ta MapraHuto 6e3 nopylweHHs cTabinbHOCTi rpyHToBoro npodinto. OTpuMaHi pe3ynbtati nigkpecanam
HeobXiaHICTb audepeHLinoBaHOro NiAXoAy A0 YNPaBAiHHSA arpoxiMiYHUMM TexHoNoriaMu. Xova ¢ynbBOBI KMCNOTH
CNpUSIOTb LWIBMAKOMY TPAHCMOPTY MOXWMBHUX ENIEMEHTIB, iX MOEAHAHHA 3 repbiuMAaMmM Ha YYTAUBKMX IPYHTaxX Hece
CYTTEBI €KOMOriYHi pu3NKKM, gKi MOXyTb OyTM HiBenboBaHi OydepHOK 34aTHICTIO BMCOKOMOMEKYNSPHUX TyMaTiB

KniouoBi cnoBa: 6ioreoxiMis IpyHTiB; TpaHCNOPT Y Baf03Hii 30Hi; XRF-cnekTpoMeTpisi; ryMycoBi pe4yoBuHU; dynbBOBI
KMCNOTW; peMesiaLlist BaXKKMX MeTaniB; TO4HEe 3eMn1epobCcTBO
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