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determined by drying samples at 105°C; and the botanical composition of the stands was analysed based on selective
samples of green mass. The results showed that the highest productivity was achieved with multi-component
grass mixtures comprising both grass and legume species. An optimal balance of components in the mixtures had
a positive effect on dry matter yield, energy efficiency, and stand resilience. The generalised findings indicated that
the inclusion of legumes - particularly red clover (Trifolium pratense), alfalfa (Medicago sativa),and common bird’s-
foot trefoil (Lotus corniculatus) - increased yield by 30%-45% compared with monoculture sowings. The dynamics
of changes in botanical composition over three cuts were analysed. It was found that multi-component mixtures
formed a more stable stand structure and ensured a higher proportion of legqume components in the second and
third cuts.An energy assessment confirmed the feasibility of using mixed sowings due to their higher energy return
ratio. The findings can be applied by agronomists, fodder production specialists, and practitioners of ecosystem-
based farming to establish highly productive and stable stands in the Precarpathian region

Keywords: crop yield; dry matter content; botanical composition of grass stand; grass mixtures; energy efficiency

INTRODUCTION

Ukrainian agriculture, like most other sectors of the
economy, has been affected by the financial crisis and
the country’s challenging economic situation. Fodder
is one of the key resources for livestock farming, mak-
ing it essential to establish cultivated meadows ca-
pable of providing highquality, affordable, and readily
available feed, as noted by H. Panakhyd et al. (2020).
This necessity encourages the search for alternative
methods of increasing crop productivity, such as the
use of low rates of mineral fertilisers and the fullest
exploitation of their biological potential. Particular at-
tention is given to selecting the optimal composition
of grass mixtures and applying fertilisers that stimu-
late plant growth and development, thereby enhanc-
ing both yield and quality. According to the research
of T. Martsinko (2020), it is especially important to
study the formation processes of sown legume-grass
stands, particularly their development patterns, and
to subsequently design methods aimed at improving
their resilience and productivity. This can be achieved
by improving the composition of grass mixtures and
optimising the fertilisation system for sown meadow
ecosystems. Since mineral fertilisers are seldom ap-
plied to meadows, or not used at all, due to their high
cost, a key factor in increasing hayfield productivity is
biological nitrogen fixed by leguminous grasses. Its
utilisation significantly improves the environmental
situation, as it does not leach into groundwater, accu-
mulate in water bodies, pollute the air, or disrupt the
soil’'s biological balance. According to U. Karbivska et
al. (2020), incorporating legumes into legume-grass
mixtures can increase the yield of sown meadowlands
considerably - by 1.5-2 times. Moreover, it contributes
to improved fodder quality and enhanced soil fertility.

In fodder production, various approaches and prin-
ciples are used to select species for grass mixtures.
However, under current conditions, these methods
do not always align with practical requirements, as
they often overlook allelopathic interactions between
plants. This means that one species may inhibit the
growth and development of another, which can affect
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the objectivity of species selection for mixtures. The
competitiveness of different perennial grass species
may vary considerably depending on environmental
factors and management regimes. As noted by M. Ko-
mainda et al. (2019), the establishment of productive
meadows is best achieved using perennial grass mix-
tures that provide higher and more stable yields com-
pared with monocultures of grass or lequmes. Through
the careful selection of grass mixtures, it is possible to
maintain high land productivity over an extended peri-
od.According to V. Petrychenko et al. (2020), the proper
choice of grasses is a key factor in forming mixtures,
as it determines not only the species composition
but also the chemical characteristics and nutritional
value of the fodder. Plants continuously influence the
environment in which they grow, leading to interac-
tions between them. The main factors driving these
interactions are competition for nutrients, moisture,
and light, as well as the decomposition of dead plant
residues — a process that can be accelerated through
liming and fertilisation. The impact of plants and the
correction of the botanical composition of plant com-
munities can be managed by purposefully altering en-
vironmental conditions.

The Precarpathian zone, where the research was
conducted, is characterised by adequate moisture lev-
els and an undulating landscape, creating favourable
conditions for the development of meadow-based fod-
der production. High stand productivity is achievable
with the correct selection of species composition, ad-
herence to appropriate utilisation periods, and proper
maintenance. However, the interactions between indi-
vidual grass species in the process of nutrient uptake
have not been fully studied. In particular, competition
and the viability of certain species in mixed sowings
remain insufficiently explored. This is especially rel-
evant for grass and legume grasses in sown cenoses,
where their interrelations require further investiga-
tion. In light of the above, it is important to identify
the patterns of formation of highly productive sown
stands with legume-grass components under varying




proportions of perennial legumes in the grass mixtures,
as well as to develop effective measures for maintain-
ing legume species in the meadow phytocoenoses of
the Precarpathian region. This study aimed, therefore, to
analyse the effect of grass mixture components on the
productivity of sown agrocenoses in the foothills of the
Precarpathian region, and to develop effective methods
for forming balanced stands with due consideration of
the proportion of lequme components.

LITERATURE REVIEW

In the early stages of field cultivation, perennial grass-
es were largely sown as monocultures. However, it
was later established that mixtures containing three
or four components have advantages over single-spe-
cies sowings. V. Petrychenko et al. (2020) report that
grass-legume mixtures produce yields 19%-20% high-
er than those of monocultures of grasses. Increasing
the area under perennial legume crops not only opti-
mises livestock rations during the transitional period
but also ensures the production of high-protein winter
fodder in the form of hay and silage. To achieve high
productivity, it is essential to select grass species suit-
ed to the soil and climatic conditions of the specif-
ic growing zone. Research by B. de Haas et al. (2019)
demonstrated that legume-grass mixtures utilise so-
lar energy more efficiently and contribute to improv-
ing soil quality. Grass plants mainly absorb nutrients
from the upper soil layers, requiring less phosphorus,
potassium, and calcium than legumes, which take up
these elements primarily from the arable and subsoil
layers. Grass-legume mixtures also have a more effi-
cient leaf arrangement and a greater total leaf area,
which enhances the uptake of carbon dioxide from the
air through the use of solar energy.

A grass mixture is a purposefully selected combi-
nation of different populations, species, and varieties
of grasses that develop according to principles dif-
ferent from those of monocultures. Each population
within such a sowing supports the existence of the
others. Changes in the abundance or biomass of one
population lead to adjustments in the other compo-
nents of the mixture. A. Dziubailo & N. Pylypiv (2022)
noted that each population must be provided with
conditions that will ensure the highest possible yield
of the entire mixture throughout its period of use. The
most common species in the stand of meadows and
pastures are grasses of the family Poaceae (Graminae).
Timothy is regarded as one of the most productive
and nutritious grasses. It is widely used in the forma-
tion of cultivated pastures, both in mixtures and as a
sole crop. It thrives on meadows and in arable crop
rotations, with hay yields reaching up to 8 t/ha. An-
other highly productive species is tall fescue, noted
for its high frost resistance and tolerance to drought.
In terms of both fodder quality and yield, tall fescue
is among the most productive cultivated perennial
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grasses, producing 6-10 t/ha of hay. For fodder pur-
poses, it is sown in mixtures with legumes and other
grasses when used for cutting.

M. Monjardino et al. (2022), H. Zhang et al. (2022),
and others have reported that perennial legume crops
have a positive effect on the physico-chemical proper-
ties of the soil, contributing to structural restoration,
preventing erosion, and strengthening the fodder base.
They also play an important role in stabilising agricul-
tural production. Y. Zhang et al. (2024) noted that the
careful selection of grass crops for cultivation in com-
bination with alfalfa, red clover, and other legumes en-
ables the optimal use of their biological traits while
taking account of soil and climatic conditions. Alfalfa is
considered an essential component of grass mixtures
intended for use in hayfields and pastures. According
to P.Patra & T. Paul (2021),Y.Feng et al. (2022), it is the
most versatile forage crop, characterised by high yield,
multiple cutting potential, longevity, and adaptability
to a wide range of growing conditions. It provides a
consistent yield of green biomass and is widely utilised
in the agricultural sector. Its lifespan in cropping can
reach 10-25 years, with economic use typically last-
ing up to eight years. Due to its rapid regrowth, alfalfa
can produce three to four cuts per season. From the
second or third year of growth, the nitrogen accumu-
lation in the soil is equivalent to applying 40-60 t/ha
of manure. The decomposition of alfalfa’s organic res-
idues contributes to humus formation, improving soil
fertility, reducing acidity,and enhancing both water and
air permeability. Its deep root system aids in improving
soil structure, increasing humus content, and serving as
a natural phytosanitary barrier due to its resistance to
pests and diseases.

V. Kurhak & U. Karbivska (2020) note that clover
and alfalfa are the leading leguminous forage crops in
Ukraine. Red clover is distinguished by its high content
of protein, vitamins (E, B1, B2, B3, C, D, K), carotene, and
micronutrients (molybdenum, copper, manganese, co-
balt, boron). It is used for the production of hay, silage,
and grass meal. For example, 100 kg of silage contains
3,842 feed units and up to 5.5 kg of digestible protein,
while grass meal contains twice as much digestible
protein as hay. From 1 ha of soil (0-30 cm), 6.02 t of air-
dry residues are produced. Clover tolerates cold well,
germinating at just 2°C, with optimal emergence at
10°C-15°C. The best time for hay harvesting is at the
onset of flowering, when protein and vitamin levels are
at their peak. Delayed harvesting results in leaf loss and
reduced nutritive value. Thus, as reported in numerous
studies, multi-component grass mixtures based on
grasses and legumes offer significant agronomic and
fodder advantages over monocultures. Their effective-
ness largely depends on the careful selection of spe-
cies suited to the soil and climatic conditions, which
not only increases productivity but also enhances the
ecological sustainability of agroecosystems.
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MATERIALS AND METHODS
The experimental work was carried out in 2021-2024
at the Precarpathian Department of Scientific Research
of the Institute of Agriculture in the Carpathian region,
National Academy of Agrarian Sciences of Ukraine
(NAAS), in the village of Lishnia, Drohobych District,
Lviv Region. The trial was established using a coverless
sowing method on 16 July 2020 on sod-podzolic, sur-
face-gleyed, moderately acidic loamy soils. Agronomic
practices followed generally accepted standards (Ush-
karenko et al., 2014), with the exception of the exper-
imental variables under investigation. Three cuts were
taken each year at the beginning of the flowering stage
of the grasses, except in the establishment year, when
crop formation was incomplete and only one cut was
possible. The experimental design included the follow-
ing treatments: Variant 1 - timothy; Variant 2 - timothy
+ red clover; Variant 3 - timothy + alfalfa; Variant 4 -
timothy + common bird’s-foot trefoil; Variant 5 - timo-
thy + red clover + alfalfa + common bird’'s-foot trefoil;
°C
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Variant 6 - timothy + perennial ryegrass + tall fescue+
red clover + common bird’s-foot trefoil+ alfalfa.

The study used varieties of perennial grasses list-
ed in the State Register of Plant Varieties Suitable for
Distribution in Ukraine (2025), namely: timothy (Po-
dhiryanka), tall fescue (Smerichka), perennial ryegrass
(Drohobytskyi 16), red clover (Precarpathian 6), alfalfa
(Syniukha), and common bird’s-foot trefoil (Ajax). The
proportion of leguminousto grass crops was 40%to 60%,
respectively. Each spring, prior to the start of growth, all
experimental variants received mineral fertilisers at a
rate of N, P, Kqo. All research activities were conducted
per the methodological guidelines of the Institute of
Feed Research of NAAS (Babych et al., 1998). Figures 1
and 2 present the meteorological data for the growing
seasons of 2021-2024, based on observations from the
Drohobych meteorological station. Comparing the av-
erage monthly air temperatures and total precipitation
with long-term averages allows the identification of
trends and anomalies affecting vegetation conditions.

i .
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16.2 17.6 17 134 9.3 29 1.2

Figure 1. Monthly temperature distribution during the growing seasons of 2021-2024

Source: developed by the authors

During 2021-2024, air temperatures in all months
of the growing season were, on average, higher than
long-term average values. In 2021, for instance, June
and July recorded temperatures exceeding the norm by
2°C-4°C. The average temperature in July 2021 reached
21.5°C, considerably above the long-term average. In
2022, temperatures were also elevated, particularly in
May, when the average value was 1.9°C higher than the
norm. The year 2023 was marked by certain temper-
ature fluctuations, yet overall values remained above
the long-term average, especially in March and May. In
2024, the temperature in April (11.5°C) was 3.6°C high-
er than the long-term average, indicating a continuing
warming trend. July 2024 also experienced elevated
temperatures, reaching 20.9°C, which is 3.3°C above
the long-term average.

Precipitation totals showed considerable annual
variation. In 2021, June and July recorded significant-
ly higher rainfall than the long-term averages, with
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119 mm in June and 110 mm in July. In 2022, the
greatest deviation occurred in May, when total rainfall
was only 25.8 mm, well below the norm of 97 mm. Au-
gust 2022, however, received more precipitation than
the long-term average, at 98.2 mm. In 2023, July was
the wettest month across all years considered, with
rainfall reaching 217.3 mm, nearly twice the aver-
age. July 2024 also saw high precipitation (127 mm),
while August remained closer to the long-term av-
erage (115.5 mm). During the autumn-winter period
(September-December) from 2021 to 2024, notable
fluctuations were observed in both temperature and
rainfall. In September, average temperatures ranged
from 13.0°C to 17.1°C, exceeding the long-term av-
erage values. In October, temperatures ranged from
7.8°Cto 12.6°C, in November from 2.9°C to 4.7°C, and
in December from-1.2°Cto 2.5°C. The highest temper-
atures in November and December were recorded in
2021 and 2023, respectively.




Regarding precipitation, September totals varied
from 78.8 mm (2023) to 180.4 mm (2022). In October,
rainfall ranged from 4.2 to 68.9 mm. November general-
ly experienced moderate precipitation (21.5-39.8 mm),
except in 2023, when rainfall exceeded the long-term
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average by 34.7 mm, while December precipitation
ranged from 8.2 to 63.7 mm, peaking in 2021. These
weather patterns indicate a trend towards a mild autumn
with elevated temperatures and variable rainfall,as well
as gradual warming during the winter period (Fig. 2).
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Figure 2. Monthly distribution of precipitation during the growing seasons of 2021-2024

Source: developed by the authors

Overall, the data indicate a steady increase in air
temperatures during the growing season over recent
years, suggesting a trend towards global warming that
affects agronomic conditions for crop cultivation. Addi-
tionally, the changing precipitation regime, character-
ised by uneven monthly distribution, necessitates the
adaptation of agronomic practices to maintain stable
yields. Considering these factors, agricultural manage-
ment methods must be adjusted to respond to evolving
climatic conditions.

Based on the analysis of precipitation, considera-
ble variability can be observed, particularly during the
summer months, when rainfall totals often exceeded
long-term averages, indicating an increase in the fre-
quency of intense rainfall events. This can affect the
water supply available to crops, necessitating adjust-
ments to agronomic practices to ensure stable yields.
Changing climatic conditions, including rising tem-
peratures and fluctuations in precipitation, require a
comprehensive adaptation of agricultural practices,
encompassing the optimisation of cultivation tech-
niques and the selection of crops resilient to emerg-
ing climatic challenges. Harvests were assessed using
a complete (whole-plot) method. The cut grass was
weighed immediately, and a representative sample
of 1-2 kg was taken for drying. Each sample was la-
belled with the experiment name, replicate, treatment
variant, and date of assessment. The air-dry mass was
weighed twice at intervals of 2-3 days, and the lower
value was recorded in the log. From this, the hay yield
per plot and hectare was calculated. The initial mois-
ture content was determined using the formula:

B-C
100, (1)

X1=

where B, is the sample mass before drying and Cis the
mass after drying.

The air-dry matter content of the grass was calcu-
lated as:

100 - X,. 2)

Hay and pasture yields were expressed in terms
of absolute dry matter. For this, the hygroscopic mois-
ture in the air-dry mass was determined, after which
the total water content in the grass was calculated. To
determine hygroscopic moisture, the air-dry mass was
chopped, placed in crucibles, weighed, and dried in a
thermostat at 100°C-150°C for 4-5 hours. The crucibles
with the samples were then removed, placed in a des-
iccator for one hour to cool, weighed, and the percent-
age of hygroscopic moisture was calculated using the
formula:

By

X, =
2 B,

- 100, (3)
where B, is the mass after drying (g) and B, is the mass
of the air-dry sample (g).

The total water content in the grass consists of the
initial moisture (X,) and the hygroscopic moisture (X,):

X,-(100-X1)
100 (4)

A= X1 +

The percentage of absolute dry matter is then
100 - A (%). For the determination of absolute dry
matter during harvest assessment, samples of green
mass were taken, chopped, placed in crucibles (3-4
per sample), weighed, and dried at 105°C to constant
mass according to DSTU I1SO 6497:2005 (2008). Botan-
ical composition of the hay was assessed by sorting
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samples of grass taken for drying from two non-adjacent
replicates following DSTU 6017:2008 (2010). Onekilo-
gram portions of grass were divided into three groups:
grasses, legumes, and mixed herbs, indicating the pre-
dominant species in each group. During species anal-
ysis, each sample was separated into individual plant
species. The identified species were weighed on labora-
tory scales with 0.1 g precision, recorded in a botanical
analysis register, and calculated as a percentage of the
sample mass. Statistical analysis was applied to sum-
marise and process the results of the study (Ushkaren-
ko et al., 2014). The values obtained from the analysis
were expressed as percentages, rounded to the nearest
whole number for each defined category. The reliability
of the analysis was assessed by comparing the extreme
values of the replicates with the arithmetic mean.

The energy assessment of the studied practices
was carried out in accordance with relevant method-
ological guidelines and the methodology of O. Med-
vedovskyi & P. lvanenko (1988). The study compared

energy expenditures for cultivating different types of
grass mixtures, considering each stage of the techno-
logical process (soil preparation, sowing, fertilisation,
harvest, etc.), standardised to a single unit (GJ),and used
to determine the active component of each element.
Energy analysis of crop production concludes with the
calculation of the energy cost of the harvest - the ratio
of the amount of non-renewable energy contained in
the harvested product to the amount of non-renewable
energy expended to produce it. This ratio is referred to
as the energy efficiency ratio (EER). During the study,
the authors adhered to the norms established by the
Convention on Biological Diversity (1992) and the Con-
vention on International Trade in Endangered Species
of Wild Fauna and Flora (1979).

RESULTS AND DISCUSSION

Based on the research conducted from 2021 to 2024,
the highest yields were observed in multi-component
grass mixtures (Table 1).

Table 1. Grass mixture yields depending on component composition, dry matter t/ha (2021-2024)

No

Var. Grass mixture (species) 2021 2022 2023 2024  Average
1 Timothy 7.56 4.44 712 5.42 6.14
2 Timothy + Red clover 12.0 10.2 8.24 711 9.39
3 Timothy + Alfalfa 731 10.0 8.97 6.79 8.27
4 Timothy + Common bird’s-foot trefoil 8.66 7.5 8.36 798 8.13
5 Timothy + Red clover + Alfalfa + Common bird’s-foot trefoil 11.4 10.8 11.4 6.94 10.14
6 Timothy + Perennial ryegrass + Tall fescue + Red clover + Alfalfa + 12.6 11.8 14.49 749 11.60

Common bird’sfoot trefoil

Source: developed by the authors

The highest yield was recorded in variant 6 (tim-
othy, tall fescue, perennial ryegrass, common bird’s-
foot trefoil, red clover, and alfalfa), which reached
11.60 t/ha. The second most productive mixture con-
sisted of timothy, red clover, common bird’s-foot tre-
foil, and alfalfa, yielding 10.14 t/ha. In variant 2, the
mixture including red clover showed a substantial in-
creaseinyield (9.39 t/ha) compared with timothy alone
(6.14 t/ha). It is worth noting that in the first year,
the mixture of timothy and alfalfa produced slightly
lower yields than the other variants, reaching 7.31 t/
ha of dry matter. The grass mixture of red clover and
timothy achieved the highest dry-matter yield among
two-component mixtures, at 9.39 t/ha.

The data indicate that in the first year of use, the
rate of vegetative mass accumulationinred clover was
considerably higher than in common bird’s-foot trefoil

or alfalfa. The accumulation of green mass in alfalfa
was significantly lower compared with common bird’s-
foot trefoil. However, by the second year, this figure
increased to 10.0 t/ha.As shown in the table, the yield
of timothy in 2021 was 7.56 t/ha, but it declined to
4.44 t/ha the following year. Botanical analysis in-
dicates changes in the proportion of different plant
groups in the harvest structure across the three cut-
tings (Table 2). Grasses generally dominate the first
cutting, comprising around 86% of the yield; how-
ever, their share decreases in subsequent cuttings,
while the proportion of herbs increases, reflecting
the depletion of grasses and the growth of compet-
ing species. The inclusion of leguminous plants (red
clover, common bird’s-foot trefoil, alfalfa) significant-
ly reduces the proportion of grasses in the green
mass yield.

Table 2. Botanical composition of sown stands depending on the species composition
of the mixtures,% of green mass (average 2021-2024)

No.

Var. Grass mixture (species) Plant type Cutting | Cutting Il Cutting Il
. Grasses 86 75 84
! Timothy Herbs 14 25 16
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Table 2. Continued

\’;laor: Grass mixture (species) Plant type Cutting | Cutting Il Cutting Il
Grasses 51 81 45
2 Timothy + Red clover Legumes 45 10 48
Herbs 5 15 7
Grasses 42 40 21
3 Timothy + Alfalfa Legumes 52 54 74
Herbs 7 7 4
Grasses 43 45 37
4 Timothy + Commpn bird’s- Legumes 49 48 55
foot trefoil
Herbs 8 7 8
Grasses 32 46 23
Timothy + Red clover + Red clover 46 E 27
5 Alfalfa + Common bird’s- Alfalfa 22 34 38
foot trefoil Common bird’s-foot trefoil 8 13 8
Herbs 7 5
Grasses 34 46 26
Timothy + Perennial Red clover 43 3 37
+ +
6 over » Atflfa + Common Alfalfa 23 50 2
bird’s-foot trefoil Common bird’sfoot trefoil 6 14 7
Herbs 6 10 4

Source: developed by the authors

In variant 2 (timothy + red clover), the proportion
of grasses decreases to 51%, while legumes account for
45%. In the variant sown with alfalfa and timothy, the
legume content reaches 52%-74%, particularly in the
third cutting, indicating a gradual increase in their pro-
ductivity. Variant 4 (timothy + common bird’s-foot tre-
foil) demonstrates a more balanced composition, with
a relatively even proportion of grasses (37%-45%) and
legumes (48%-55%), indicating a stable growth dynam-
ic between both plant groups. According to research,
increasing diversity in grass mixtures promotes more
even resource utilisation and enhances grass stand sta-
bility. The variant including timothy, red clover, alfalfa,
and common bird’s-foot trefoil exhibited the greatest
variability in species proportions: red clover (3%-46%),
alfalfa (22%-38%), and common bird’sfoot trefoil (8%-
13%), allowing a gradual increase in their share over
successive cuttings. The multicomponent mixture (Var-
iant 6) was characterised by a balanced ratio of grasses
(26%-46%),red clover (3%-43%), alfalfa (23%-30%),and
common bird’s-foot trefoil (6%-14%), reflecting a more

even coexistence of different species, which positively
influences grass stand resilience.

Overall, increasing the proportion of legumes in
grass mixtures improves total yield, particularly in later
cuttings. Multi-component mixtures are more stable in
terms of productivity, as different plant species compen-
sate for seasonal fluctuations in each other’s growth. In
contrast, dominance of grasses is observed in single- or
low-component mixtures, whereas in complex mixtures
the share of grasses gradually declines. The study also
found that energy expenditure for soil preparation and
harvest constitutes a significant portion of total energy
costs for crop production. Therefore, reducing energy
inputs at these stages could substantially enhance the
energy efficiency of the cultivation technology. The bo-
tanical composition of grass mixtures directly affects
their energy efficiency, that is, the ratio of energy in-
vested to energy obtained from the harvest. Analysis of
the data indicates that mixed stands containing both
grasses and legumes are more productive and ener-
gy-efficient (Table 3).

Table 3. Energy efficiency of sown stands depending on the species composition of grass mixtures (2021-2024)

Mo Gassmixure(peces)  Enerayependiure  Crossencrgyoutput  Metaboliablecnersy g
1 Timothy 19.4 103.1 59.2 3.0
2 Timothy + Red clover 224 164.3 94.3 4.2
3 Timothy + Alfalfa 22.6 142.0 81.5 3.6
4 Timothy + Common bird’s-foot trefoil 22.4 132.3 75.9 34
s Tty Red cover s Al + 259 1813 1041 40

Timothy + Perennial ryegrass +
6 Tall fescue + Red clover + Alfalfa + 28.7 209.7 120.4 4.2

Common bird’s-foot trefoil

Source: developed by the authors
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Energy expenditure for cultivating grass mixtures
varies according to their composition. The lowest en-
ergy input (19.4 GJ) was observed for pure timothy, re-
flecting its low maintenance requirements. In two-com-
ponent mixtures (timothy + red clover or alfalfa), energy
expenditure rises to 22.4-22.6 GJ due to the higher
maintenance demands of legumes. The highest energy
input (28.7 GJ) was recorded for the multi-component
mixture (Variant 6), where grasses (timothy, perennial
ryegrass, tall fescue) are grown together with several
legume species (red clover, alfalfa, common bird’s-foot
trefoil). The greater the diversity of the grass mixture,
the higher the gross energy output. A monoculture of
timothy yields 103.1 GJ, whereas the six-species mix-
ture produces 209.7 GJ. A pure stand of timothy pro-
vides 59.2 GJ of metabolisable energy; when red clover
or alfalfa is added, this rises to 75.9-94.3 GJ. The high-
est metabolisable energy (120.4 GJ) was observed in
the multi-component mixture (Variant 6), making it the
most nutritious and energy-efficient as fodder.

The lowest EER of 3.0 was recorded for pure timo-
thy, indicating that its cultivation is less advantageous
from an energy perspective. The highest EER of 4.2 was
observed in two mixtures: (timothy + red clover) and
(timothy + red clover + perennial ryegrass + tall fes-
cue + red clover + common bird’s-foot trefoil + alfalfa),
reflecting a high energy return and making these mix-
tures optimal for cultivation. Thus, mixed grass-leg-
ume mixtures provide a higher energy yield, enhancing
their feed value. Multi-component mixtures (Variants 5
and 6) demonstrated the highest metabolisable energy
output and efficiency ratio, making them the most fa-
vourable for cultivation. The inclusion of legumes (red
clover, alfalfa, common bird’s-foot trefoil) improves the
energy balance of the sward, reducing dependence on
additional fertilisation.

According to O. Rognli et al. (2021), legume-grass
stands provide high-quality fodder with lower energy
and financial inputs due to the high productivity of
these stands. They can increase yields by 1.3-2.0 times
without the application of nitrogen fertilisers compared
with grass-only stands, thereby reducing nitrogen re-
quirements and improving overall soil fertility. Leg-
ume-grass stands surpass other fodder types in protein,
mineral, and vitamin content, with a single feed unit
containing 140-160 g of digestible protein, compared
with only 62-95 g in cereal grains. The careful selec-
tion of fodder species in optimal proportions enhanc-
es the productivity of grasslands. It also allows for the
production of balanced plant material in terms of nu-
trients while reducing production costs. In stands, leg-
umes should exhibit high vigour and productivity, while
grasses are expected to form a strong root system. Phe-
nological studies confirm that grasses vary in growth
and development rates, being classified as early- mid-,
or late-maturing. This classification enables a contin-
uous supply of green fodder, extending the harvesting
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period without compromising feed quality (from 7 up
to 25-38 days). Morphological and agronomic traits of
different grass and legume species are determined by
root system types, which differ in branching and depth
of soil penetration during the growing season, ensuring
efficient uptake of nutrients from various soil layers.
Red clover is most commonly sown in a mixture
with common bird’s-foot trefoil, as the latter compen-
sates for any losses of clover in the stand. Common
bird’s-foot trefoil is a perennial plant that can persist
in the stand for 6-8 years. I. Senyk (2020) and V. Olif-
irovych & Yu. Veklenko (2021) noted that common
bird’s-foot trefoil can be successfully cultivated even
on low-fertility and acidic soils, where other legumes
perform poorly. In addition, common bird’s-foot trefoil
is frost-tolerant and exhibits greater resistance to pests
and diseases compared with other legume species. Ac-
cording to K. Kovtun et al. (2020), it has high nutritional
and fodder value; its hay contains 14%-22.3% protein,
1.5%-3.6% fat, 22.4%-26.0% fibre, 39%-51% digesti-
ble nutrients, and 6.9%-11.2% ash. The stand tolerates
regular mowing and grazing well. All researchers em-
phasise the importance of studying the development
of legume-grass mixtures under changing climatic
conditions. These findings should be considered when
designing grass mixtures for hay production, as they
contribute to higher yields and improved feed quality.

CONCLUSIONS

Research showed that multi-component grass mixtures
yield more and are more stable compared with sin-
gle- or low-component mixtures. The best results were
obtained from a mixture comprising timothy, tall fes-
cue, perennial ryegrass, red clover, alfalfa, and common
bird’s-foot trefoil, with an average yield of 11.60 t/ha.
The high efficiency of these mixtures is attributed to
the ability of different species to compensate for each
other’s seasonal growth fluctuations and to provide a
balanced proportion of grasses and legumes. A stand of
timothy and legume species (red clover,common bird’s-
foot trefoil, and alfalfa) also performed well, ranking
second in productivity. The lowest average yield was
observed in the treatment with timothy as the sole
component (6.13 t/ha). Therefore, for a stable yield, it is
advisable to use multi-component mixtures that com-
bine grasses and legumes.

The inclusion of legumes in the grass mixtures
composition significantly alters the harvest structure:
the proportion of grasses decreased from 86% in the
timothy monoculture to 21%-45% in mixed stands,
while legumes accounted for 48%-74%, particular-
ly in the later cuttings. The most stable results were
observed in the multi-component mixtures (variants
5 and 6), where grasses comprised 26%-46% and leg-
umes up to 74%, ensuring uniform growth, high adapt-
ability, and stable productivity of the sown agrocenoses
in the Precarpathian region. Future research should




focus on the detailed study of legume persistence in
perennial cenoses, the development of adaptive fer-
tilisation schemes for different mixture types, and the
assessment of how agronomic practices influence feed
quality and the ecological stability of sown areas in the
Foothill zone. Hence, a multi-component grass mixture
represents an optimal choice for cultivation, as it pro-
vides the highest energy yield with relatively moderate

Karasevych et al.

FUNDING

This study was conducted under the commission of the
National Academy of Agrarian Sciences of Ukraine in ac-
cordance with task 09.01.04.02.F, “Improving the scien-
tific foundations for modelling meadow phytocoenoses
of multifunctional use within zonal adaptive-landscape
systems for meadow forage production in the Precar-
pathian region”.

inputs.

CONFLICT OF INTEREST
ACKNOWLEDGEMENTS The authors of this study declare no conflict of
None. interest.
REFERENCES

[1] Babych,A.O., Kulyk, M.F., & Makarenko, P.S. (1998). Methodology for conducting experiments on feed production
and animal feeding. Kyiv: Ahrarna Nauka.

[2] Convention on Biological Diversity.
show/995_030#Text.

[3] Convention on International Trade in Endangered Species of Wild Fauna and Flora. (1979, June). Retrieved
from https://zakon.rada.gov.ua/laws/show/995_129#Text.

[4] de Haas, B., Hoekstra, N., Schoot, J.R., Visser, E.J., Kroon, H., & Eekeren, N.V. (2019). Combining agro-
ecological functions in grass-clover mixtures. AIMS Agriculture and Food, 4(3), 547-567. doi: 10.3934/
agrfood.2019.3.547.

[5] DSTU 6017:2008. (2010). Natural fodder grounds. The method of botanical research of the grass stands. Retrieved
from https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=91707.

[6] DSTU ISO 6497:2005.(2008). Fodder for animals. Sampling methods (1SO 6497:2002, IDT). Retrieved from https://
online.budstandart.com/ua/catalog/doc-page?id_doc=91972.

[7]1 Dziubailo, A.H., & Pylypiv, N.I. (2022). The dynamics of the sowed herb density depending on the fertilization.
Foothill and Mountain Agriculture and Animal Husbandry, 71(1), 80-95. doi: 10.32636/01308521.2022-(71)-1-5.

[8] Feng,Y.,etal.(2022).Yield and quality properties of alfalfa (Medicago sativa L.) and their influencing factors in
China. European Journal of Agronomy, 141, article number 126637. doi: 10.1016/j.eja.2022.126637.

[9] Karbivska, U.M.,Martyshchuk, V., Kyrhak, V., & Voloshchuk, M. (2020). Effectiveness of the surface improvement
of the mountain slope meadows of the Carpathians. Bulletin of Agrarian Science, 98(7), 38-45. doi: 10.31073/
agrovisnyk202007-05.

[10] Komainda, M., Kiichenmeister, K., Kiichenmeister, F., Breitsameter, L., Wrage-Monnig, N., Kayser, M., & Isselstein,
J. (2019). Forage legumes for future dry climates: Lower relative biomass losses of minor forage legumes
compared to Trifolium repens under conditions of periodic drought stress.Journal of Agronomy and Crop Science,
205(5),460-469.doi: 10.1111/jac.12337.

[11] Kovtun, K.P., Veklenko, Yu.A., Korniichuk, OV., & Babych-Poberezhna, A.A. (2020). Biochemical composition
and forage productivity of lotus corniculatus (Lotus Corniculatus L.) in the conditions of the Right Bank Forest
Steppe of Ukraine. Norwegian Journal of Development of the International Science, 2(45), 4-7.

[12] Kurhak, V.H., & Karbivska, U.M. (2020). Features of the formation of lequme-cereal agrophytocenoses on sod-
podzolic soils of the Carpathian region of Ukraine. Feeds and Feed Production, 89, 121-133. doi: 10.31073/
kormovyrobnytstvo202089-12.

[13] Martsinko, T.I. (2020). The influence of fertilizer on the productivity and botanical and economic composition
of sown meadow agrocenoses. Foothill and Mountain Agriculture and Animal Husbandry, 68(1), 135-145.
doi: 10.32636/01308521.2020-(68)-1-10.

[14] Medvedovskyi, O.K., & Ivanenko, P.I. (1988). Energy analysis of intensive technologies in agricultural production.
Kyiv: Urozhay.

[15] Monjardino, M., Loi, A., Thomas, D.T., Revell, CK., Flohr, B.M., Llewellyn, R.S., & Norman, H.C. (2022). Improved
legume pastures increase economic value, resilience and sustainability of crop-livestock systems. Agricultural
Systems, 203, article number 103519. doi: 10.1016/j.agsy.2022.103519.

[16] Olifirovych, V.0., & Veklenko, Yu.A. (2021). Increasing the efficiency of cultivation of alfalfa and cereal grass
mixtures on eroded slopes. Feeds and Feed Production, 91, 93-102. doi: 10.31073/kormovyrobnytstvo202191-08.

[17] Panakhyd, H., Konyk, H., & Stasiv, O. (2020). Economic evaluation of models ofestablishmentand use
technologies of leqgume-grass. Agricultural and Resource Economics: International Scientific E-Journal, 6(3), 221-
234.doi: 10.51599/are.2020.06.03.12.

(1992, June). Retrieved from https://zakon.rada.gov.ua/laws/

Scientific Horizons, 2026, Vol. 29, No. 1

17


https://www.aimspress.com/article/10.3934/agrfood.2019.3.547
https://www.aimspress.com/article/10.3934/agrfood.2019.3.547
https://online.budstandart.com/ua/catalog/doc-page.html?id_doc=91707
https://online.budstandart.com/ua/catalog/doc-page?id_doc=91972
https://online.budstandart.com/ua/catalog/doc-page?id_doc=91972
https://phzt-journal.isgkr.com.ua/71-1/5.pdf
https://doi.org/10.1016/j.eja.2022.126637
https://doi.org/10.31073/agrovisnyk202007-05
https://doi.org/10.31073/agrovisnyk202007-05
https://doi.org/10.1111/jac.12337
https://nor-ijournal.com/wp-content/uploads/2023/09/NJD_45_2.pdf
https://nor-ijournal.com/wp-content/uploads/2023/09/NJD_45_2.pdf
https://nor-ijournal.com/wp-content/uploads/2023/09/NJD_45_2.pdf
https://doi.org/10.31073/kormovyrobnytstvo202089-12
https://doi.org/10.31073/kormovyrobnytstvo202089-12
https://phzt-journal.isgkr.com.ua/ua-68-1/10.pdf
https://retrokniga.com/estestvennye-i-tekhnicheskie-nauki/promyshlennost-proizvodstvo/medvedovskiy-ok-%D1%96vanenko-p%D1%96-energetichniy-anal%D1%96z-%D1%96ntensivnih-tehnolog%D1%96y-v-s%D1%96lskogospodarskomu-virobnitstv%D1%96
https://www.sciencedirect.com/science/article/pii/S0308521X2200155X?via%3Dihub
https://doi.org/10.31073/kormovyrobnytstvo202191-08
https://doi.org/10.51599/are.2020.06.03.12

18

Assessment of the impact of the component composition...

[18] Patra, PS., & Paul, T. (2021). Lucerne (Alfalfa). In Md. Hedayetullah & P.Zaman (Eds.), Forage crops of the world
(pp. 231-243). Florida: CRC Press, Apple Academic Press, Inc.

[19] Petrychenko, V.F., Hetman, N.la., & Veklenko, Yu.A. (2020). The rationale for the productivity of seeded alfalfa
under long-term use of grass stands under climate change conditions. Bulletin of Agrarian Science, 98(3), 20-26.
doi: 10.31073/agrovisnyk202003-03.

[20] Rognli, O.A., Pecetti, L., Rao Kovi, M., & Annicchiarico, P. (2021). Grass and legume breeding match the future
needs of European grassland farming. Grass and Forage Science, 76(2), 175-185.doi: 10.1111/gfs.12535.

[21] Senyk, LI. (2020). The formation of the botanical composition of clover-cereal and alfalfa-cereal
agrophytocenoses depends on the sowing method. Agrobiology, 1, 160-169. doi: 10.33245/2310-9270-2020-
157-1-160-168.

[22] State register of plant varieties suitable for distribution in Ukraine. (2025). Retrieved from https://minagro.gov.
ua/napryamki/roslinnictvo/reyestr-sortiv-roslin-ukrayini/reyestr-sortiv-roslin-ukrayini.

[23] Ushkarenko, V.O., Vozhehova, R.A., Holoborodko, S.P,, & Kokovikhin, SV. (2014). Methodology of the field
experiment. Kherson: D.S. Grin.

[24] Zhang, H.H., Shi, S.L., Wu, B., Li, Z.L., & Li, X.L. (2022). A study of yield interactions in mixed sowings of alfalfa
and three perennial grasses. Acta Prataculturae Sinica, 31(2), 159-170.doi: 10.11686/cyxb2021175.

[25] Zhang, Y.L., Teng, Z.,Hao., Yu, T.F., & Zhang, Y.X. (2024). Effects of different mixed sowing patterns and sowing
ratios of alfalfa on grassland productivity and community stability in grass-legume mixtures. Acta Prataculturae
Sinica, 33(2), 185-197.doi: 10.11686/cyxb2023161.

Scientific Horizons, 2026, Vol. 29, No. 1



https://www.routledge.com/Forage-Crops-of-the-World-2-volume-set-Volume-I-Major-Forage-Crops-Volume-II-Minor-Forage-Crops/Hedayetullah-Zaman/p/book/9781774635223?srsltid=AfmBOoqYyxC2od35ouQiEHI3DSbxAE__H1CNCn7tRKngHtWOCh9wtjUr
https://doi.org/10.31073/agrovisnyk202003-03
https://doi.org/10.1111/gfs.12535
https://doi.org/10.33245/2310-9270-2020-157-1-160-168
https://doi.org/10.33245/2310-9270-2020-157-1-160-168
https://minagro.gov.ua/napryamki/roslinnictvo/reyestr-sortiv-roslin-ukrayini/reyestr-sortiv-roslin-ukrayini
https://minagro.gov.ua/napryamki/roslinnictvo/reyestr-sortiv-roslin-ukrayini/reyestr-sortiv-roslin-ukrayini
http://search.nbuv.gov.ua/publ/REF-0000516094
http://search.nbuv.gov.ua/publ/REF-0000516094
http://cyxb.magtech.com.cn/EN/10.11686/cyxb2021175
http://cyxb.magtech.com.cn/EN/10.11686/cyxb2023161

Karasevych et al.

OuiHKa BMNJIUBY KOMMOHEHTHOIO CK/lagy TpaBocyMiluen
Ha NPOAYKTUBHICTb CiTHUX arpoueHo3iB B yMoBax lNepeakapnatrs

Haranis KapaceBuu

HokTtop dinocodii, cTapwinin HAyKOBUIM CNiBPOBITHUK
IHCTUTYT CinbCbKOro rocnogapcTea Kapnatcbkoro perioHy HauioHanbHOi akageMii arpapHuMxX Hayk
81115, Byn. [pyweBscbkoro, 5, c. 06poLwmnHe, YkpaiHa
https.//orcid.org/0000-0002-1416-559X

Tapac MapuiHko

Kananpat cinbkorocnoaapcbkmx Hayk, MpoBiAHMI HAYKOBMI CMiBPOBITHMK
IHCTUTYT CinbCbKOro rocnogapcTea Kapnatcbkoro perioHy HauioHanbHOI akageMii arpapHMxX HayK
81115, Byn. Ipywescbkoro, 5, c. 06polumnHe, YkpaiHa
https://orcid.org/0000-0002-6912-420X

Jlw6omup byrpuH

KaHanaaT cinbKorocnogapCbKnx Hayk, CTapLUMii HAyKOBUI CNiBPOBITHMK
IHCTUTYT cinbCbKoro rocnogapcTea Kapnatcbkoro perioHy HauioHanbHOI akageMii arpapHMX Hayk
81115, Byn. Ipywescobkoro, 5, c. ObpowunHe, YkpaiHa
https://orcid.org/0000-0001-6180-203X

AHppin [3106aiino

[loKTOp CiNbKOrocnoaapcbkux HayK, rONOBHUIM HAayKOBMIA CMiBPOBITHUK
IHCTUTYT cinbCcbKOro rocnogapcTea Kapnatcbkoro perioHy HauioHanbHOi akageMii arpapHMX Hayk
81115, Byn. Ipywescobkoro, 5, c. O6powwnHe, YkpaiHa
https://orcid.org/0000-0002-1309-6924
CrenaH berei
KaHampaT cinbkorocnopaapcbkmx HayK, NPOBiLHMIA HAYKOBMIA CNiBPOBITHMK
IHCTUTYT CinbCbKOro rocnogapcTea Kapnatcbkoro perioHy HauioHanbHOI akageMii arpapHMxX Hayk

81115, Byn. Ipywescbkoro, 5, c. 06polumnHe, YkpaiHa
https://orcid.org/0000-0002-7193-0550

AHoTauis. MeToto focnigxkeHHs 6yn0 BCTAHOBUTW BMJIMB KOMMOHEHTHOO CKafy 6aratopiyHMX TpaBoOCyMillei Ha
NPOAYKTUBHICTb CiSIHUX arpoLeHO3iB Yy PYHTOBO-KAIMaTMUHMX yMoBax [lepeakapnatTs. [1onboBi fOCAIAXEHHS
nposoamnn y 2020-2024 pokax Ha AepHOBO-MiA30AUCTUX IPYHTAX i3 BUKOPUCTAHHAM 6E3MNOKPUBHOMO NiTHLOMO
crnocoby ciBbu Ta 3acTOCYyBaHHAM MiHepanbHOro yaobpeHHs B n003i N; P, K,  BiANOBiAHO 00 METOAMYHMX
pekoMeHAauin HauioHanbHOT akageMii arpapHmx HarK YKpaiHu. YpoXxanHiCTb OLiHIOBaNW MNOAINSHOYHO-BAaroBUM
METOA,0M; BMICT abCONOTHO CYX0i peYOBMHU BM3HAUANM WASXOM BUCYLLIYBaHHS 3pa3kiB npu Temnepatypi 105 °C;
6O0TaHiYHMIA CKNag TPABOCTOIB aHani3yBann Ha OCHOBI BMGIpKOBMX Npob 3eneHoi Macu. Pe3ynstaTv [oChigKeHb
3aCBigYMAK, WO Hanbinbwy NpoAyKTUBHICTL 3abe3nevyBann 6araTOKOMMOHEHTHI TPaBOCYMillli, 4O CKIAAy SKMX
BXOOMAM SIK 3/1aKOBi, Tak i 60060Bi BMAW. BCTaHOBNEHO MO3UTUBHMUIA BMNIMB OMNTMMAaNbHOMO CMiBBiOHOLWEHHS
KOMMOHEHTIB Yy CyMillaX Ha MOKAa3HWKKU YPOXKAMHOCTI CYyXOi PEYOBUHM, eHepreTuyHy edeKkTUBHICTb Ta CTIMKICTb
TPaBOCTOIB. Y3aranbHeHHsI pe3ynbTaTiB NOKa3ano, Wo BK/IOUYEHHS 6060BMX KyNbTyp, 30KPEMA KOHIOWMHU NTYYHOI
(Trifolium pratense), nouepHu nocisHoi (Medicago sativa) Ta naaBeHuto poratoro (Lotus corniculatus), cnpusno
NiABULWEHHIO YpoXanHOCTi Ha 30-45 % NopiBHAHO 3 OAHOBMAOBMMU NOCiBaMU. [IpOaHani3oBaHO AMHAMIKY 3MiHU
60TaHiYHOro Cknagy NpoTaroM TpbOX YKOCiB. BcTaHoBneHo, Wwo 6araTOKOMMOHEHTHI TpaBOCYMilli GOpMYHOThb
CTabinbHiWy CTPYKTYpy TPABOCTOIB i 3abe3nevytoTb BULLY YAaCTKy 60O0BUX KOMMOHEHTIB Yy APYroMy Ta TPETbOMY
ykocax. [lpoBefeHa eHepreTM4Ha OUiHKA MNiATBEpAMAA AOLINbHICTb BUKOPUCTAHHSA 3MillaHMX MOCIBIB 3aBOSKM
BMLWOMY KoedilieHTy eHepreTuyHoi Bigaayi. OTpMMaHi pe3ynbTaTM MOXYTb OYTM BMKOPUCTaHi arpoHomamu,
daxiBusMM 3 KOPMOBMPOOHMLTBA Ta E€KOCMCTEMHOro 3emnepobcTBa AN CTBOPEHHS BMCOKOMPOAYKTUBHMUX i
CTabinbHMX TPABOCTOIB Y 30HI [NepeakapnarTts

KniouoBi cnoBa: npoAyKTMBHICTb YPOXKato; BMICT CyXOi pe4yoBMHM; BOTAHIUYHWMI CKIaL TPaBOCTOH); TPABOCYMillli;
eHepreTMyHa eQpeKTUBHICTb
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weight of 1,000 seeds, the fractional composition of the seeds and quality indicators. The protein and oil content
in the seeds was determined by infrared spectroscopy, and the moisture content was determined by a standard
laboratory method. The dynamics of above-ground biomass formation were analysed using the sum of effective
temperatures and a logistic growth model. It was found that in 2024, under conditions of moisture deficiency and
elevated temperatures, the rate of biomass growth, 1,000-seed weight, and yield decreased by 8-25% compared to
2023 and 2025. According to the average three-year data, the highest and most stable yields were formed by the
ES Mentor and Kobza varieties, while the Gallek and Sigalia varieties were more sensitive to stressful conditions.
Seed quality indicators were mainly determined by variety: the Gallek variety was distinguished by the highest
weight of 1,000 seeds and a high proportion of large seeds, while the protein and oil content remained relatively
stable throughout the years of research. The practical value of the work lies in substantiating the feasibility of
selecting soybean varieties with high ecological plasticity and stable seed quality for the conditions of the Right-
Bank Forest-Steppe of Ukraine in the context of increasing climate variability

Keywords: soybean productivity; varietal characteristics; seed quality; sugar content; economic efficiency;

inoculation; cultivation technology

INTRODUCTION

Soybean (Glycine max (L) Merr) is one of the strate-
gically important leguminous crops in global agricul-
ture due to its high nutritional value, significant protein
and oil content, and wide range of uses in the food,
feed and processing industries. Soybeans play an in-
creasingly important role in the structure of agricul-
tural production in Ukraine, as they combine high eco-
nomic potential with the ability to adapt to different
soil and climatic conditions. At the same time, modern
challenges related to climate change, soil degradation
and the need to improve resource efficiency necessitate
the improvement of crop cultivation technologies and
the optimisation of agrotechnical elements. An impor-
tant component of stable soybean production is the
selection of varieties capable of ensuring high yields
and seed quality in changing agroecological conditions.
According to the results of research by M. Alburaki et
al. (2024), varietal characteristics significantly affect
crop productivity, its adaptability to abiotic factors, and
the realisation of yield potential. Similar conclusions
were reached by Z.I. Hlupak (2020), who found that the
varietal response of soybeans to moisture and temper-
ature conditions is a determining factor in yield forma-
tion in different agroclimatic zones.

The problem of soybean variety adaptability to
changing environmental conditions is also highlighted
in the works of O. Laslo et al. (2024), which emphasise
the significant variability of productivity indicators de-
pending on the combination of genetic characteristics
of the variety and growing conditions. The authors em-
phasise that the potential of modern varieties can only
be realised with an optimal combination of agronomic
factors. Similar conclusions were reached by L. Bilavska
& A. Rybalchenko (2019), who point to significant dif-
ferences between varieties in terms of protein content
and other economically valuable traits, caused by both
genetic and environmental factors. The mineral nutri-
tion system has a significant impact on the formation
of the yield and quality indicators of seeds. M. lvasyk

& M. Bakhmat (2022) proved that balanced fertilisa-
tion contributes to increased yield and improved grain
quality, but the effectiveness of such measures largely
depends on soil and climatic conditions and the biolog-
ical characteristics of the variety.

The impact of plant protection systems on crop for-
mation and seed quality characteristics is of particu-
lar scientific interest. S.P. Hen et al. (2022) showed that
the use of modern protection schemes can reduce crop
losses from phytopathogens and stabilise productivity
indicators, while the intensity of chemical load can af-
fect the physiological state of plants. Climatic factors
also make a significant contribution to the formation of
soybean quality indicators. A. Riabultchenko & A. Serdi-
uk (2023) emphasised the complex nature of the rela-
tionship between yield, protein content and oil content
of seeds depending on weather conditions during the
growing season. A review of current scientific sources
has shown that the formation of soybean seed quality
indicators is a multifactorial process determined by a
combination of genetically determined characteristics
of the variety, agrotechnical features, plant protection
systems, and specific soil and climatic conditions of cul-
tivation. Despite the availability of a significant number
of scientific works devoted to individual elements of
soybean cultivation technology, there is a lack of sys-
tematic research in the scientific community aimed at a
comprehensive assessment of the interaction between
varietal characteristics and elements of the plant pro-
tection system in the formation of sowing and quality
indicators of seeds. Generalised data on such interac-
tions in the soil and climatic conditions of the Right-
Bank Forest-Steppe of Ukraine, which are characterised
by increased variability of weather factors and specific
agro-ecological conditions, remain particularly limited.
In this regard, there is a need for an in-depth scientific
analysis of the role of varietal characteristics and tech-
nological elements in the formation of soybean seed
quality, taking into account regional specifics, which
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determines the relevance of conducting relevant re-
search and determines its scientific and practical signif-
icance.That is why the aim of the study was to determine
the influence of varietal characteristics and elements
of the plant protection system on the formation of
sowing and quality indicators of soybean seeds in the
conditions of the Right-Bank Forest-Steppe of Ukraine.

MATERIALS AND METHODS

Research on the productivity and quality of soybean
seeds depending on varietal characteristics, plant pro-
tection systems, and foliar fertilisation was conducted
in 2023-2025 on the experimental field of the Depart-
ment of Plant Growing of Uman National University
(Cherkasy region), which belongs to the Right-Bank For-
est-Steppe zone of Ukraine. The soil of the experimen-
tal site is podzolised medium loam chernozem with
a humus content of 3.4-4.1% and a pH of 6.4-6.7. The
climate of the region is temperate continental with an
average annual precipitation of 520-580 mm. Weather
conditions during the years of research differed signif-
icantly in terms of temperature and moisture supply,
creating a contrasting background for assessing vari-
etal responses. The meteorological conditions during
the years of the study were characterised by signifi-
cant variability in temperature and precipitation, which
made it possible to evaluate the response of soybean
plants to different levels of heat and moisture supply
(Central Geophysical Observatory named after Borys
Sreznevskyi, 2024). To quantitatively assess heat re-
sources, was used the Growing Degree Days (GDD) in-
dex, which was calculated using the formula:
GDD=X(T,,-T), 1)

ser [

where T, - average daily air temperature, °C; T, - base

temperature for soybean growth, assumed to be 10°C.
To analyse the dynamics of above-ground biomass

growth, a logistic growth model was used, which is de-

scribed by the equation:
Y=Yo/(1+e(GDD ~1,), 2)

where Y - accumulated above-ground biomass;
Yosym — @symptotic (maximum) biomass value; k - growth
intensity coefficient; t, — GDD value at the inflection
point of the growth curve.

The model parameters were estimated using non-
linear regression. The quality of the approximation was
checked using the coefficient of determination (R?) and
the root mean square error. Field experiments were
conducted using a three-factor design (variety x pro-
tection system x foliar feeding) in four replicates: factor
A - variety: ES Mentor, Gallek, OAC Brook, Sigalia, Kob-
za; factor B - plant protection system: control (with-
out treatment), chemical, biological, integrated; factor
C - foliar feeding: growth regulator Rizohumin-Plus in
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concentrations of 0.5% and 0.75%. Sowing was carried
out with a row spacing of 70 cm and a sowing rate of
450 thousand viable seeds/ha. Application phases and
application rate: foliar feeding with chlormequat chlo-
ride Rizohumin-Plus was performed twice:

® in the phase of the 3-5" true leaf (V3-V5) and
in the phase of budding (R1), working solution rate -
400 l/ha;

m for the plant protection system (chemical, bio-
logical, integrated), the preparations recommended for
soybeans were used,according to the phases: weed con-
trol - before emergence; fungicide and insecticide - in
the V4-V6 phase; working solution consumption rate -
300-400 l/ha, frequency - 1-2 times depending on the
type of protection.

During the growing season, phenological observa-
tions, biometric measurements (plant height, number
of nodes, pods, grains per pod, weight of 1,000 seeds),
assessment of plant density and activity of symbiotic
structures were carried out. Seed quality was assessed
based on a set of indicators:

m fractional composition: calibration through 7.0,
6.0,and 5.0 mm sieves;

® weight of 1,000
(DSTU 4138-2002, 2004);

B moisture content determined by standard meth-
od;

m protein and oil content: infrared spectroscopy
(NIR,DSTU EN ISO 12099:2022, 2023);

m total sugars and sucrose: extraction-chromato-
graphic method;

m symbiotic efficiency of soybeans was assessed by
the weight of nodules in phases R3-Ré and calculated
indicators of active symbiotic potential and biological-
ly fixed nitrogen, averaged for 2023-2025. The mass of
biologically fixed nitrogen was calculated based on the
symbiotic potential value, converted per plant and per
hectare.

Statistical data processing was performed with the
determination of LSD, .. To assess the impact of factors,
dispersion analysis was used, statistical significance
was determined at p<0.05,and the average values were
compared using standard statistical methods. Correla-
tion analysis was used to determine the relationship
between seed weight, protein content and other quality
indicators. The authors adhered to the standards of the
Convention on Biological Diversity (1992) and the Con-
vention on International Trade in Endangered Species
of Wild Fauna and Flora (1979).

RESULTS AND DISCUSSION

Weather conditions during the years of research dif-
fered significantly in terms of temperature and mois-
ture supply, which created a contrasting background for
assessing the response of soybean plants. The lowest
amount of precipitation during the growing season was
observed in 2024 (166.0 mm), while in 2025 it reached

seeds: triple weighing




359.8 mm. At the same time, 2024 was characterised
by the highest number of days with air temperatures

Kravchenko et al.

above +35°C, which created stressful conditions for
plant growth (Table 1).

Table 1. Weather conditions and soybean growth parameters in the Right-Bank Forest-Steppe of Ukraine (2023-2025)

Indicator 2023-2024 2024-2025 LSD,
Precipitation during the growing season (May-October), mm (V-X) 166.0 359.8 18
Annual precipitation, mm 487.2 525.5 27
Average annual air temperature, °C 11.8 10.3 0.4
Average temperature during the growing season (V-VIII), °C 20.1 18.6 0.3
Number of days with temperatures > +35 °C 25 10 2
Biomass growth rate, k (GDD) 5.80x10* 6.72x107 0.13x103
Biomass asymptote, Yasym (kg/ha) 6,345 7,015 145
Inflection point tm (GDD) 845 905 22

Source: developed by the authors

The results of growth modelling show that in con-
ditions of moisture deficiency and elevated tempera-
tures, the rate of biomass accumulation decreased, as
evidenced by lower values of the coefficient k and the
asymptotic biomass level (Y,,). In contrast, in years
with better hydrothermal conditions, these indicators
increased, indicating more active growth processes and
more efficient use of thermal resources. Among the va-
rieties studied, the highest average yield for 2023-2025
was provided by ES Mentor (3.30 t/ha) and Kobza (3.16 t/
ha), confirming their high plasticity and ability to form a
stable yield even under contrasting weather conditions.
The years of research differed significantly in terms of
hydrothermal conditions: during the growing season,
precipitation ranged from 42.4-15.8 - -92.5 mm (2023)
to 15.4-99.2-10.0 mm (2025), which caused fluctuations

in moisture availability at certain stages of plant
growth. A particularly acute precipitation deficit was
observed in 2024, while 2023 was characterised by a
more even distribution. In addition to yield, an impor-
tant indicator of the technological value of varieties is
the fractional composition of seeds, as it determines
the suitability of the crop for processing and seed pro-
duction. The weight of 1,000 seeds, the proportion of
large seeds, and seed uniformity are key criteria that
are determined by a combination of factors, including
the biology of the variety, moisture availability, and
temperature conditions. According to the results of the
research, the largest proportion of the large fraction
was formed by the varieties Gallek, ES Mentor and OAC
Brook, which confirms their better response to the mod-
erate moisture conditions of 2023 and 2025 (Table 2).

Table 2. Fractional composition of soybean seed depending on the variety, average for 2023-2025, %

Variety Large fraction (>5.0 mm) Medium (4.0-5.0 mm) Small (<4.0 mm)
Gallek 63.5 31.8 4.7

ES Mentor 59.2 36.1 4.7

OAC Brook 50.4 473 23
Sigalia 44.6 379 17.5
Kobza 47.2 44.4 8.4

LSD 4.55 410 3.35

(p<0.05)

Source: developed by the authors

During 2023-2025, it was established that the
formation of quality indicators for soybean seeds and
yields was largely determined by variable weather
conditions. In 2023, with moderate rainfall and no pro-
longed droughts, most varieties produced a higher pro-
portion of large seeds and yielded maximum harvests.
In 2024, when there was a moisture deficit during the
critical stages of branching and flowering, the yield of
most varieties decreased, and the proportion of small
seeds increased. The Kobza and ES Mentor varieties
performed best under these conditions, maintaining a
relatively even fraction composition. In 2025, a sharp
contrast in precipitation (excess at the beginning and

deficit at the end of the growing season) contributed
to an increase in the average fraction and a decrease
in the small fraction in varieties with high adaptive
potential. ES Mentor and Kobza provided the highest
stability of indicators, forming a yield of 3.15-3.41 t/ha.

According to the average results for 2023-2025, the
highest yields were provided by: ES Mentor - 3.30 t/ha;
Kobza - 3.16 t/ha. The lowest average productivity was
observed for Gallek (2.66 t/ha) and Sigalia (2.64 t/ha).
Overall, the data demonstrate significant varietal differ-
entiation and make it possible to recommend the most
productive and stable varieties for the Forest-Steppe
zone of Ukraine. In the dry year of 2024, against the
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backdrop of high temperatures and moisture deficiency,
there was an overall decrease in the weight of 1,000
seeds by 8-10% and a decrease in the large fraction
by 5-7%. This directly affected the yield, as its decline
ranged from 0.2 to 0.5 t/ha depending on the variety.
The smallest decrease was observed in the OAC Brook
variety, while Gallek and Sigalia proved to be more
sensitive to stressful conditions. In 2025, with more
optimal moisture and temperature conditions, most
varieties restored their productivity to 2023 levels. ES
Mentor and Kobza again showed the highest yield val-
ues - from 3.33 to 3.40 t/ha. The Sigalia variety showed

moderate but stable performance, ranging from 2.75 to
2.93 t/ha.According to the average results of three-year
studies, the highest yields were provided by the ES Men-
tor (3.30 t/ha) and Kobza (3.16 t/ha) varieties. Slightly
lower but more consistent results were obtained for the
OAC Brook variety - 3.09 t/ha. The lowest average pro-
ductivity was achieved by the varieties Gallek (2.66 t/
ha) and Sigalia (2.64 t/ha). In general, the data obtained
demonstrate significant varietal differentiation in terms
of productivity and allow for the recommendation of
the most productive and stable varieties for cultivation
in the forest-steppe zone of Ukraine (Table 3).

Table 3. Weight of 1,000 seeds and protein content in soybean varieties in the Uman district of the Cherkasy region

Variety Weight of 1,000 seeds, g (o) CV% of weight Protein content, % (*c) CV% of protein
Gallek 160%3.0 1.9 34.2%0.6 1.8

ES Mentor 156+3.0 1.9 33.5%0.6 1.8

OAC Brook 152+3.0 2.0 32.5%+0.6 1.8
Sigalia 146+3.0 2.1 32.0%0.6 1.9
Kobza 151+3.0 20 33.8%+0.6 1.8

LSD 6.74 - 1.8 -

(p<0.05)

Source: developed by the authors

The graph shows the ratio of seed weight to pro-
tein content, allowing for a visual assessment of the

3451
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differences between varieties in terms of these indica-
tors (Fig. 1).
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Figure 1. Ratio of the weight of 1,000 seeds and protein content
in soybean varieties in the Uman district of the Cherkasy region

Source: developed by the authors

The conducted research confirmed significant var-
iability in the indicators. The highest weight of 1,000
seeds was recorded for Gallek (160 g) and ES Men-
tor (156 g), while the lowest was recorded for Sigalia
(146 g), which was combined with the largest propor-
tion of small fraction (<4 mm - 17.5%). The protein
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content ranged from 32.0% (Sigalia) to 34.2% (Gallek),
indicating the overall stability of this indicator. There
was a tendency towards an inverse relationship be-
tween seed weight and protein content, confirmed by
correlation analysis. The data can be used to select va-
rieties for the conditions of the Central Forest-Steppe




of Ukraine. To assess the quality of soybean seeds, it
is important to consider not only the yield, but also
the chemical composition of the seeds, in particular
the protein and oil content, which was determined by
near-infrared spectroscopy (NIR), as well as the com-
position of protein fractions, amino acids and sugars.
These indicators determine the food and feed value of
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the crop, as well as its technological suitability for pro-
cessing. During the 2023-2025 studies, the content of
globulins, albumins, gliadins, lysine and methionine, fat
and acid composition of oil, total sugars and sucrose, as
well as active symbiotic potential were analysed. The
calculation of LSD, . allows to assess the reliability of
differences between varieties (Table 4).

Table 4. Protein and oil content, chemical composition and quality of seeds of the studied soybean varieties
(average for 2023-2025, determined by near-infrared spectroscopy)

) 4 e g
® X N e x £ % 2 x 8%, =
z g g ;X g e s o g . 23& g
@ = < e a z X o Q & 2 ESS =
2 = g £ g s — ° =R 5 8 ] 2
o 2 5 8 @ = S ] 5 o ] o B2 o
° ) 3 = £ B 3 5 5 259 @
o] = (U] § ‘3 g :_5 w 3 8 =
wv =) S
Gallek 70 20 10 6.1 1.2 19.0 16 84 6.2 4.4 22.34 11.2
ES Mentor 68 22 10 6.0 1.2 18.5 16 84 7.8 5.6 16.46 11.5
OAC Brook 67 23 10 5.9 1.1 18.0 16 84 7.5 5.3 15.88 11.3
Sigalia 66 24 10 5.8 1.1 18.2 16 84 6.1 473 15.72 11.4
Kobza 69 21 10 6.0 1.2 18.7 16 84 7.6 5.4 15.97 11.3
LSD, s 1.6 1.5 0.3 0.25 0.12 0.6 0.4 0.4 0.7 0.6 2.3 0.5

Source: developed by the authors

Data analysis showed that protein content in seeds
ranged from 36.0% (Sigalia) to 37.5% (Gallek). The high-
est level of globulins was also observed in the Gallek
variety, while albumins and gliadins remained rela-
tively stable in all varieties (20-24% and 10%, respec-
tively), indicating a balanced protein composition of
the seeds. The key amino acids lysine and methionine
demonstrate high nutritional value, ranging from 5.8-
6.1% and 1.1-1.2%, respectively. The fat content of the
seeds was 18.0-19.0%, with saturated and unsaturated
acids accounting for 16% and 84%, respectively, which
ensures the high technological value of the oil. Total
sugars and sucrose varied depending on the variety
(6.1-7.8% and 4.3-5.6%), reflecting varietal differenc-
es in nutritional value. The active symbiotic potential
index (thousand kg-day/ha) was used for evaluation.
The moisture content of the seeds is within the range
of 11-11.5%, which allows assessing their suitability
for storage and use. The calculated LSD,; indicates

statistically significant differences between varieties
in all seed quality indicators. The data in the table
show that the Gallek and ES Mentor varieties have an
optimal combination of protein value, oil content and
symbiotic potential, which makes them promising for
cultivation in the forest-steppe zone of Ukraine. The
near-infrared spectroscopy (NIR) method provided a
fast,accurate and non-destructive determination of the
protein, oil and amino acid composition of the seeds,
which allowed for a comprehensive assessment of seed
quality on an experimental scale without additional
chemical analysis. The studies also demonstrated the
high effectiveness of using improved plant protection
systems in combination with optimised mineral nu-
trition. The use of biological and chemical protection
agents together with foliar application of the growth
regulator chlormequat chloride at concentrations of
0.5% and 0.75% had a positive effect on biometric
indicators, plant resistance and productivity (Table 5).

Table 5. Soybean plant density before harvesting depending on variety
and seed treatment, thousand plants/ha (average for 2023-2025)

Variety Control (untreated) Rhizohumin-Plus, 0.5% Rhizohumin-Plus, 0.75%
Gallek 555.7 565.5 585.9
ES Mentor 550.6 555.4 569.8
OAC Brook 548.9 553.1 566.2
Sigalia 546.3 550.6 563.7
Kobza 552.4 558.3 571.5
LSD, 4.7 75 111

Source: developed by the authors

Scientific Horizons, 2026, Vol. 29, No. 1

25



26

Formation of soybean seed quality depending...

Analysis of the data in Table 5 shows that the den-
sity of soybean plants before harvesting depended sig-
nificantly on both varietal characteristics and the culti-
vation techniques used. In the control variant without
seed treatment, plant density varied between 546.3
and 555.7 thousand plants/ha, reflecting the geneti-
cally determined difference between varieties in terms
of initial growth intensity and plant survival during
the growing season. The use of a biological prepara-
tion in combination with the growth regulator chlorm-
equat chloride at a concentration of 0.5% provided a
statistically significant increase in plant density in all
studied varieties. The increase compared to the control
averaged 4.0-6.2 thousand plants/ha, which indicates
a positive effect of the technological method on ger-
mination energy and plant survival during vegetation.

The highest density indicators were formed when
using a concentration of 0.75%, where the density of
the Gallek, Kobza and ES Mentor varieties exceeded

569 thousand plants/ha. The increase compared to
the control reached 14-17 thousand plants/ha, which
indicates a significant positive effect of combining bi-
ological seed treatment with growth regulation. At the
same time, varietal characteristics remained a deter-
mining factor in the formation of sowing density: the
Gallek and Kobza varieties consistently formed a higher
density regardless of the treatment option. The value
of LSD,; confirms the statistical significance of the dif-
ferences between the variants. The results obtained in-
dicate that the combination of biological preparations
with growth regulators is an effective element of soy-
bean cultivation technology, which contributes to the
preservation of plants and creates the conditions for
high yields under various soil and climatic conditions.
For a comprehensive assessment of the impact of tech-
nological methods on the formation of plant produc-
tion potential, it is also important to analyse symbiotic
activity, the results of which are presented in Table 6.

Table 6. Symbiotic efficiency of soybeans depending on technological methods in the experimental field
of the Department of Plant Growing of Uman National University (average for 2023-2025)

g .5 £ voos =. B = &
£ o 5 EX 23 €985 <S988o <SSR 2
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7] < g S hav g o - o 7]
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Control - 221 15.72 77.38 77.38
ES Mentor Rizohumin-Plus 0.5 226 15.88 77.87 77.87 0.91
Rizohumin-Plus 0.75 232 16.46 79.06 79.06
Control - 453 19.76 117.54 117.54
Gallek Rizohumin-Plus 0.5 470 20.32 119.87 119.87 0.91
Rizohumin-Plus 0.75 489 22.34 124.56 124.56
Control - 420 15.88 92.00 92.00
OAC Brook Rizohumin-Plus 0.5 435 16.30 94.50 94.50 0.85
Rizohumin-Plus 0.75 450 16.80 97.00 97.00
Control - 410 15.72 91.00 91.00
Sigalia Rizohumin-Plus 0.5 425 16.20 93.50 93.50 0.84
Rizohumin-Plus 0.75 440 16.65 96.00 96.00
Control - 430 15.97 92.50 92.50
Kobza Rizohumin-Plus 0.5 445 16.40 95.00 95.00 0.85
Rizohumin-Plus 0.75 460 16.90 97.50 97.50

Source: developed by the authors

Data analysis showed that the use of “Rizo-
humin-Plus” in combination with foliar application of
the retardant contributed to an increase in nodule mass,
active symbiotic potential, and biological nitrogen fix-
ation in all studied varieties. The highest indicators for
all parameters were observed at a retarder concentra-
tion of 0.75%, which indicates the stimulating effect of
the technological technique on the symbiotic activity
of soybeans. Among the varieties, Gallek showed the
highest symbiotic efficiency, while the lowest indica-
tors of active symbiotic potential were observed in the
Sigalia variety. The calculated LSD, . for the treatments
demonstrates the reliability of the differences between

Scientific Horizons, 2026, Vol. 29, No. 1

the variants and confirms the effectiveness of the tech-
nological measures used in increasing plant productivi-
ty and adaptability. In general, the results of three years
of research have shown a significant influence of the
combination of varietal characteristics, weather condi-
tions and technological methods on the formation of
productivity and quality indicators of soybean seeds
in the conditions of the Right-Bank Forest-Steppe of
Ukraine. It was established that the most productive
and stable varieties were ES Mentor and Kobza, while
the highest symbiotic activity was demonstrated by the
Gallek variety, especially when inoculated and treat-
ed with a 0.75% concentration of retardant. The data




obtained indicate the feasibility of using integrated
technological approaches that include inoculation, nu-
trition optimisation, and selection of varieties with high
adaptive potential, which ensures stable yields even in
contrasting agroclimatic conditions. The presented re-
sults can serve as a scientific basis for improving soy-
bean cultivation technologies and formulating recom-
mendations for production practice.

The results obtained indicate the significant role of
varietal characteristics and technological techniques in
the formation of soybean symbiotic efficiency, which is
consistent with modern ideas about biological nitrogen
fixation as a complex physiological and biochemical
process.Similar patterns regarding the significant role of
varietal characteristics in the formation of the symbiotic
apparatus of soybeans are noted in the work of A. Ko-
robka (2021), where it was found that modern varieties
differ significantly in their response to elements of cul-
tivation technology in organic systems. The authors em-
phasise that the genetically determined ability to symbi-
osis determines the efficiency of biological nitrogen use,
which is confirmed by the results of current research,
where the highest values of active symbiotic potential
were recorded in the Gallek and OAC Brook varieties.

The results of studies by O. Grygoreva et al. (2019)
and K. Cartier (2025), conducted under irrigation condi-
tions, also indicate a close relationship between varie-
tal characteristics and plant response to technological
techniques. The authors found that intensification of
technology promotes the growth of root system biomass
and nodule activity, which correlates with the observed
increase in nodule mass and biologically fixed nitro-
gen following seed inoculation. O. Milenko et al. (2021),
0. Revtio & 0. Zolin (2023) note that the adaptive po-
tential of modern soybean varieties is determined not
only by the level of yield, but also by the efficiency of
physiological processes, in particular nitrogen fixation.
Their studies showed that varieties with higher ecolog-
ical plasticity demonstrate more stable performance
under variable growing conditions. A similar trend was
observed in current study, where varieties with a higher
nodule mass provided higher symbiotic potential val-
ues regardless of the treatment option.

Data from L. Bilavska & A. Rybalchenko (2020),
A. Parfenuk et al. (2021) and B. Siamabele (2021) con-
firm that the variability of economically valuable traits
in soybeans is largely determined by growing condi-
tions and the biological characteristics of the variety.
Although the study focused primarily on productivity,
the authors note that effective nitrogen nutrition is
one of the key factors in yield formation, which is con-
sistent with the observed increase in biologically fixed
nitrogen mass. The work of Y.M. Hadzalo et al. (2023)
emphasises the importance of optimising mineral nu-
trition and biological factors to increase soybean pro-
ductivity. The authors point out that the combination of
biological and agronomic measures contributes to a
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more complete utilisation of the symbiotic potential
of the crop. The present findings complement these
findings, demonstrating that seed inoculation can ef-
fectively enhance symbiotic activity even without ex-
cessive application of mineral fertilisers. In general,
the results of the studies are consistent with current
scientific data and, at the same time, refine them, show-
ing the variety-specific nature of soybean response to
technological techniques. The differences identified be-
tween varieties indicate the need for a differentiated
approach to the development of cultivation technology,
taking into account their biological characteristics and
symbiotic nitrogen fixation potential.

CONCLUSIONS

According to the results of three-year studies (2023-
2025) conducted in the Right-Bank Forest-Steppe zone
of Ukraine, a significant influence of hydrothermal con-
ditions during the growing season on the growth, de-
velopment, productivity and quality of soybean seeds
has been established. The contrasting weather con-
ditions during the years of research, in particular the
lack of rainfall and higher temperatures in 2024 and
more favourable moisture conditions in 2023 and 2025,
made it possible to objectively assess the adaptive po-
tential of the varieties studied. Among the five soybean
varieties (Gallek, ES Mentor, OAC Brook, Sigalia, Kobza),
ES Mentor (3.30 t/ha) and Kobza (3.16 t/ha) provided
the highest average yield for 2023-2025, which indi-
cates their high ecological plasticity and ability to form
a stable yield under changing weather conditions. The
OAC Brook variety (3.09 t/ha) had slightly lower but
more consistent yield indicators. The lowest average
productivity over the three-year period was recorded
for the Gallek (2.66 t/ha) and Sigalia (2.64 t/ha) vari-
eties, indicating their higher sensitivity to drought and
temperature stress conditions.

The fractional composition of seeds significantly
depended on both varietal characteristics and weather
conditions of the year. The largest share of the large
fraction (>5.0 mm) according to the average indicators
for 2023-2025 was formed by the varieties Gallek, ES
Mentor and OAC Brook, while the variety Sigalia con-
sistently showed an increased share of the small frac-
tion, especially in conditions of moisture deficiency in
2024. The ES Mentor and Kobza varieties were distin-
guished by the highest stability of fraction composi-
tion regardless of the year of cultivation. The weight
of 1,000 seeds and protein content were characterised
by moderate varietal variability and relative stability
over the years of research. The highest weight of 1,000
seeds was formed by the Gallek variety, while the Siga-
lia variety had the lowest values of this indicator, which
is consistent with the high proportion of small seeds.
The protein content in soybean seeds ranged from 32.0
to 34.2%, without sharp interannual changes, which
indicates the genetically determined stability of this
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indicator. A tendency towards an inverse relationship be-
tween seed weight and protein content was established.

A comprehensive assessment of the chemical com-
position of seeds using near-infrared spectroscopy (NIR)
showed that the Gallek and ES Mentor varieties com-
bined high protein content, optimal amino acid compo-
sition and sufficient fat content in the seeds, which de-
termines their high nutritional and technological value.
The ES Mentor and Kobza varieties were also character-

conditions for increasing their production potential. In
general, the results of three years of research confirm
the feasibility of growing the ES Mentor and Kobza va-
rieties as the most productive and stable in the condi-
tions of the Right-Bank Forest-Steppe of Ukraine, while
the OAC Brook variety can be recommended as plastic
with balanced seed quality indicators.
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under different primary tillage methods - disc harrowing (up to 15 cm), ploughing
(25-27 cm), and deep loosening (35-37 cm) - and yields and moisture release were
compared across treatments and hybrid maturity groups. A statistically high correlation
coefficient (r=0.74""") indicated the dependence of corn grain yield on the depth of
the main tillage. Loosening at 35-37 cm provided an increase in the yield of corn grain
from 0.7 to 1.6 t/ha compared to ploughing, and disc harrowing reduced the yield
from -0.3 t/ha to -0.9" t/ha. The yield regression equation from the ripeness group
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grain was possible by growing later-maturing hybrids, while the moisture content of grain will also increase. The
highest grain yield was provided by mid-season hybrids with Tesla (FAO 350) - 8.95 t/ha (+1.03*t/ha) and KWS
351 (FAO 350) - 8.77 t/ha (+1.6**t/ha) against the background of deep loosening of the soil at 35-37 cm with an
average humidity of 16.81% and 16.28%, respectively. As a result of the experiment, it was recommended to sow
in the central Forest-Steppe with mid-season corn hybrids (FAO 300-350) using deep loosening of the soil with a

disc-chisel unit up to 35-37 cm as the main treatment

Keywords: corn hybrids; correlation; regression; variation coefficient; deep loosening; depth of cultivation; FAO

INTRODUCTION

An important role in implementing the genetic poten-
tial of corn is played by the presence of sufficient mois-
ture in the root layer of the soil. Due to the specific
weather conditions of the last decade, plants mainly
suffer from insufficient moisture during the most crit-
ical periods of growth - from flowering to grain filling
and wax maturity. The method and depth of the main
tillage is a significant factor in the possibility of pre-
serving and effectively using the existing natural mois-
ture reserves by the plant, and given the lack of irriga-
tion in the vast majority of the central Forest-Steppe of
Ukraine, establishing the optimal method and depth of
the main tillage for corn and determining hybrids with
fast moisture recovery in the field and high grain yield
was relevant for study.

V. Poliakov (2020) and O. Havriushenko & V. Ru-
das (2025) noted that an important factor influencing
the value of grain yield and its quality is the sowing
of corn hybrids of certain ripeness groups that are
more adapted to local growing conditions, which have
their own genetic characteristics. The difference in the
growing season between FAO 190 and 380, according
to R. Vozhehova et al. (2023), is up to 19-22 days, this
affects the yield properties of hybrids, maturation time,
and harvesting humidity.V.Palamarchuk et al. (2020) and
M. Kyrpa et al. (2023) indicated differences in moisture
recovery in different ripeness groups. One of the most
important energy-intensive technological operations in
the cultivation of corn is tillage, which is used to create
comfortable conditions for the growth and develop-
ment of plants in the field. S. Dolia (2024b) noted that
the method and depth of primary soil tillage play an
important role in the water and air permeability of the
upper layers, where the root system of plants is main-
ly located. There was no consensus among researchers
about the absolute superiority of one or another method
of primary soil tillage, since this was influenced by the
predecessor, soil, climatic,and weather conditions of the
growing year,terms and seeding rates, and other factors.

For agricultural production in Ukraine, ploughing
is the most common and traditional method of prima-
ry soil tillage, which has a number of advantages over
other methods of tillage. According to specialists from
the Institute of Irrigated Agriculture, under irrigation
in the Steppe zone, ploughing to a depth of 25-27 cm
is the most appropriate, providing up to 14.9 t/ha of

corn grain compared with 11.2 t/ha with disc harrowing
(Pysarenko et al., 2020). The study by A. Kovalenko et
al. (2022) on sunflower indicated that the proportion of
influence of the method oftillage on the yield is 51-75%
and the highest yield is achieved when using plough-
ing. T. Chaika et al. (2023) and A. Andriienko et al. (2025)
established a differential response of soybean varieties
to tillage methods, but traditional ploughing had the
advantage. Conclusions of the dissertation by A. Ko-
han (2021) on sunflower in the Steppe zone of Ukraine,
and experiments by M. Marenych & K. Koba (2024) on
corn showed the superiority of ploughing over oth-
er methods of tillage. In the literature sources, there
was also an alternative opinion about the method and
depth of the main tillage, as evidenced by the conclu-
sions from the experiments of other researchers on
other crops. The advantage of deep tillage over surface
tillage was proved by experiments of P. Pysarenko et
al. (2020), which pointed out the advantage of deep
loosening of the soil over ploughing and disc harrowing
according to the phytosanitary state of crops, where the
number of pathogens is lower and the yield is higher.

Thus, the purpose of the study was to investigate
the influence of the method and depth of the main till-
age on the yield and harvesting moisture of corn hy-
brids of different FAO groups and the level of variability
of these characteristics in the conditions of the central
part of the Forest-Steppe of Ukraine.

MATERIALS AND METHODS

The experiment was conducted in the central part of
the Forest-Steppe during the growing season of 2019-
2021 in the field crop rotation of the Uman District,
Cherkasy Oblast, on podzolized chernozem with a pH
of 5.9-6.2 and a humus content of up to 3.1%. The pre-
decessor was winter wheat, the seeding rate for all hy-
brids was 80 thousand pcs/ha, the amount of mineral
fertilisers applied (N,,,P,.K,,S,, of active substance)
and plant protection - identical for all variants of the
experiment for 3 years. The temperature regime of the
growing season exceeded the long-term average val-
ues of all years of the experiment. The most critical
temperatures were June, July, and August. According to
data from the Uman meteorological station, total pre-
cipitation during the 2019 growing season (April-Au-
gust) amounted to 192 mm, in 2020 - to 232 mm, and

Scientific Horizons, 2026, Vol. 29, No. 1

31



32

Variability of corn grain yield and moisture depending...

in 2021 - to 371 mm, compared with a long-term aver-
age of 281 mm (Novak & Novak, 2022; 2023).

The subjects under study were 11 corn hybrids of
various genetic origins with FAO 210-350, which were
divided into conditional ripeness groups:

1. FAO 210-250 - Gran 220 (FAO 210), Gran 310
(FAO 250), DKC 3795 (st.) (FAO 250) - standard for the
group;

2.FAO 260-300 - VN 63 (FAO 280),Gran 6 (FAO 300),
LG 30315 (st.) (FAO 280) - standard for the group;

3. FAO 310-350 - VN 6763 (FAO 320), Amarok 290
(FAO 320), DKC 3511 (FAO 330), Tesla (FAO 350), KWS
381 (st.) (FAO 350) - standard for the group.

Variants of the experiment were three methods of
primary soil tillage:

1.Option 1 (control) - classic ploughing with a skim
coulter to a depth of 25-27 cm;

2. Option 2 - double disc harrowing to a depth of
12-15 cm;

3.0ption 3 - combined cultivation to a depth of 35-
37 cm - deep loosening of the soil with a disc-chisel unit.

The number of repetitions was 3 for each hybrid
in each of the tillage options. The area of the site was
0.56 ha (500711.2 m). Placement of plots (hybrids) with-
in each tillage option was randomised. Corn harvesting
was carried out using a combine harvester equipped
with a corn header, with grain yield determined by the
weighing method and recalculated into t/ha. The grain
harvest moisture was determined by the Wile 55 grain
moisture meter. Statistical analysis was carried out ac-
cording to generally accepted methods (Yeshchenko et
al., 2014) with the definition of statistical indicators of
the average value (x), standard deviation (S,), coefficient
of variation (CV,%), correlation coefficient (r), regression
coefficient (b).

RESULTS AND DISCUSSION

The optimal duration of the harvesting period of tech-
nologically ripe grain is 10-20 days, provided that the
threshing time increases, there are risks of significant
losses due to lodging of plants, shedding of grain,

damage by pathogens and pests. Therefore, the simul-
taneous maturation and moisture recovery of grain at
all cobs in the array is important, which is given consid-
erable attention by breeders (Vozkhehova et al., 2021;
Bibel & Chernobai, 2023). High-yielding modern corn
hybrids, contained in the state register of plant vari-
eties suitable for distribution in Ukraine (2025), pro-
vide grain yields — up to 20 t/ha, silage mass - up to
80-90 t/ha.As of 2024, the known record corn yield was
39.14 t/ha on irrigation in the United States (Corteva
agriscience, 2024). In Ukraine, the real yield of grain
crops reached in the Steppe conditions on irrigation
from 14.2 t/ha (Hadzalo et al, 2024) up to 15.6 t/ha
(Skoryk & Prykhodko, 2025). In the Forest-Steppe, the
yield of corn hybrids of different ripeness groups with-
out irrigation, according to O. Mishchenko et al. (2024) -
9.4-12.1 t/ha, according to Z. Hlupak & A. Buten-
ko (2022) - up to 11.4 t/ha.

The experimental data obtained indicate a differ-
ence in the yield level by year, since the weather condi-
tions were diverse during the experiment. Average tem-
peratures from April to September (the growing season
of corn) exceeded the long-term average in all years of
observation. 2019 was favourable in terms of weather
conditions for the development of an average yield level
by corn hybrids under study (Table 1). The beginning of
the corn growing season in 2020 was optimal for plant
development in terms of temperature and precipitation.
In Mayand June,a total of 171.4 mm fell,and the average
temperature contributed to the active growth of plants.
But extreme high temperatures and very limited precip-
itation during the period of flowering and grain filling
(July = August) negatively affected the development of
grains, so the average yield of corn ranged from 3.4 t/ha
to 7.3 t/ha for hybrids of different ripeness groups. 2021
was optimal, during the experiment period, for the max-
imum implementation of the genetic yield potential of
the corn hybrids under study. Significantly higher than
the average long-term precipitation and optimal, with-
out sharp highs, temperatures of the growing season
allowed developing a grain yield from 6.5 to 12.6 t/ha.

Table 1. Precipitation and average air temperature during the corn growing season, 2019-2021

Precipitation, mm, by year

Average temperature, °C, by year

Month of the year

2019 2020 2021  Average long-term 2019 2020 2021  Average long-term

March 16.3 23.9 324 36.0 4.3 6.3 2.0 0.4

April 224 21.0 49.9 41.0 124 9.2 74 8.5

May 35.6 101.0 56.4 52.0 19.2 12.5 14.0 14.6

June 69.8 70.4 104.7 81.0 22.3 20.9 19.8 17.6

July 33.8 214 89.8 68.0 221 21.6 23.2 19.0

August 19.2 17.1 69.9 49.0 219 21.2 20.3 18.2

September 30.6 274 16.2 61.0 123 17.8 13.0 13.6
fotalforthe growing 5,55 yg75 4193 388.0

season of the study year

Total for a year 376.6 478.9 641.6 586.0

Note: according to the Uman weather station

Source: developed by the authors based on V. Novak & A. Novak (2022; 2023)
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The results of the dispersion analysis of the
obtained experimental data indicate a significant
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differentiation of hybrid yield depending on the meth-
od of primary soil tillage (Table 2).

Table 2. Average grain yield of corn hybrids based on the results
of variance analysis of a two-factor experiment, 2019-2021

Method of primary soil tillage (factor A)

Hybrid name (factor B)

Difference by factor

Average by variant, x, t/ha

A B
DKC 3795 (st.) 6.99
Gran 220 5.54 -1.44
Gran 310 6.72 -0.27
LG 30315 (st.) 6.23
VN 63 6.59 0.35
Ploughing (25-27 cm) (control) Gran 6 6.73 0.50
KWS 381 (st.) 7.16
VN 6763 7.03 -0.13
Amarok 290 6.94 -0.23
DKC 3511 721 0.05
Tesla 7.92 0.76
DKC 3795 (st.) 6.25 -0.74
Gran 220 4.60 -0.94 -1.65™
Gran 310 6.14 -0.58 -0.11
LG 30315 (st.) 5.90 -0.33
VN 63 5.80 -0.79 -0.10
Disc harrowing (12-15cm) Gran 6 6.25 -0.48 0.35
KWS 381 (st.) 6.70 -0.46
VN 6763 6.69 -0.34 -0.01
Amarok 290 6.47 -0.47 -0.23
DKC 3511 6.51 -0.70 -0.19
Tesla 6.99 -0.94 0.29
DKC 3795 (st.) 8.04 1.06”
Gran 220 6.59 1.05* -1.45*
Gran 310 7.55 0.83* -0.49
LG 30315 (st.) 771 1.47*
VN 63 7.45 0.86" -0.26
Loosening (35-37cm) Gran 6 7.52 0.79 -0.19
KWS 381 (st.) 8.77 1.60*
VN 6763 8.12 1.09* -0.65
Amarok 290 8.15 1.21* -0.62
DKC 3511 7.87 0.66 -0.89"
Tesla 8.95 1.03* 0.19
LSD,,, by factors 0.80 0.78
LSD, 4, by factors 1.84 1.10

Note: %, ™ - significant at P, ,, and P,,,, respectively

Source: developed by the authors based on V. Skoryk & V. Prykhodko (2025)

In comparison with the control (ploughing 25-
27 cm) in the 12-15 cm disc harrowing variant, all corn
hybrids under study formed a lower grain yield, within
the limits of the experiment error. Significant reduction
in yield, with LSD, 4 > 0.80 t/ha, found in hybrids Gran
220 (-0.94" t/ha, or -16.97%) and Tesla (-0.94" t/ha, or

-11.87%) on disc harrowing compared to ploughing.

When using combined deep tillage with a disc-chisel
unit to a depth of 35-37 cm, the corn hybrids under
study formed mainly significantly higher grain yields
compared to the control. Hybrids Gran 6 (+0.79 t/ha, or
+11.74%) and DKC 3511 (+0.66 t/ha, or +9.15%) gave an

increase within the statistical error of the experiment.
In other hybrids under study, the increase ranged from
+0.83" t/ha (+12.35%) to + 1.60™ t/ha (+22.35%), which
is significant at P ..

The average yield of corn grain in the experiment
on different variants of primary soil tillage differs de-
pending on the depth of processing. On average, ac-
cording to the experiment for three years, the yield
on the control version of ploughing at 25-27 cm was
6.82 t/ha, on disc harrowing at 12-15 cm - 6.21 t/ha,
on deep combined cultivation - 7.88 t/ha. That is, in
the conditions of the central Forest-Steppe, with an
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increase in the depth of the main cultivation, a signifi-
cant increase in grain yield by +1.06 t/ha (+15.5%) was
established during deep loosening of the soil with a
combined disc-chisel unit. When using disc harrowing
at 12-15 cm, the yield in the experiment decreased by
an average of -0.61 t/ha (-8.9%). Similar results were
obtained and described in the literature sources, where
when using disc harrowing, a decrease in yield com-
pared to ploughing was recorded by more than 20%
(Dolia, 2024b).

Correlation coefficient between the depth of till-
age and the average experimental yield of hybrids
r=+0.74"" significant at P,,,, and it indicates a di-
rect significant relationship between the yield of corn

100 y = 0.0753x + 49894
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grain and the depth of the main tillage - 54.76%. The
regression graph statistically confirms that with an in-
crease in the depth of the main tillage, the yield of
corn grain in this experiment increases (Fig. 1). M. Tk-
achenko & N. Borys (2018) in the conditions of the
Right-Bank Forest-Steppe also claimed the high effi-
ciency of chisel deep loosening of the soil when grow-
ing corn in comparison with other non-pole methods
of cultivation and control ploughing. Experiments in
the Steppe zone on irrigation obtained similar results
and proved that with deep loosening of the soil for
corn hybrids, the increase in grain yield was signifi-
cant compared to ploughing and disc harrowing (Sko-
ryk & Prykhodko, 2025).
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Figure 1. Graph of regression of corn grain yield from the depth of tillage (a) and ripeness groups (b)
Source: developed by the authors based on V. Skoryk & V. Prykhodko (2025)

Thus, deep loosening of the soil at 35-37 cm in
the conditions of the central part of the Forest-Steppe
provides a significant increase in the yield of corn
grain (from +0.66 t/ha to +1.60* t/ha) in comparison
with classical ploughing at 25-27 ¢m and has signif-
icant advantages over disc harrowing at 12-15 cm
for mid-early and mid-season hybrids with FAO 210-
350, which were studied in this experiment. Similar
conclusions were highlighted in in the dissertation
by S. Dolia (2024a), which indicates the advantage of
deep loosening over chiseling and disc harrowing in
optimising the agrophysical state of soils. Based on
the results of the analysis of variance, it also became
possible to compare the yield indicator between hy-
brids of different ripeness groups (Table 2). Signifi-
cantly lower than the standard yield for hybrids was
established in the FAO 210-250 group for Gran 220
(FAO 210). With disc harrowing, the crop shortage
was -1.65"t/ha (-26.40%), with ploughing - -1.44"t/ha
(-20.60%), with deep loosening --1.45"t/ha (-18.03%),
with LSD, s = 0.78t/ha, and with LSD,,, = 1.10"t/ha.
Gran 310 (FAO 250) in terms of grain yield was close
to the standard DKC 3795 (FAO 250) within the limits
of the experiment error. In the FAO 260-300 group,
there was no statistically significant difference in the
yield of hybrids by tillage options with a condition-
al standard, that is, the hybrids of this ripeness group
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presented in the experiment do not significantly differ
in productivity among themselves.

For the FAO 310-350 group - significantly lower
yield, compared to the group standard, recorded in the
hybrid DKC 3511 (FAO 330) - -0.89t/ha (-10.15%) on
deep loosening of the soil. Hybrids with FAO 320 - VN
6763 and Amarok 290 - produced lower than stand-
ard grain yields in all soil cultivation variants within
the margin of error of the experiment. A small in-
crease in grain yield was established for the Tesla hy-
brid (FAO 350): with disc harrowing -+0.29 t/ha, with
ploughing - +0.76 t/ha, with deep processing - +0.19 t/
ha, respectively. Hybrid Gran 6 (FAO 300) formed a
higher (within the limits of the experiment error) from
the conditional standard of the group yield with disc
harrowing - +0.35 t/ha and on ploughing +0.50 t/ha.
Hybrid VN 63 on average slightly exceeded the stand-
ard against the background of ploughing +0.35 t/ha.
In general, according to the experiment, mid-season
hybrids with a higher FAO - up to 350, compared to
other ripeness groups, provided consistently high grain
yields. The graph and regression equation are shown
in Figure 1. Variation of the trait grain yield by year of
the experiment differed significantly for all the hybrids
under study. The largest, average coefficient of varia-
tion in grain yield against the background of the con-
trol variant was ploughing at 25-27 cm (Table 3).
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Table 3. Variability and correlations of average values of corn grain yield
and moisture according to experimental variants, 2019-2021

Primary soil tillage options by Grain yield at 14% humidity Harvesting moisture of grain Correlation coefficients between traits

year of testing X, t/ha o, % X, % o, % “grain yield - grain moisture”

2019 6.03 18.80 15.10 6.23 0.23*

Average for 2020 4.62 26.28 14.70 11.29 0.18*
the year of 2021 10.27 12.98 15.50 9.31 0.59**
oG averageforthe 4 o7 38.75 15.10 9.39 0.35%

experiment

2019 5.36 17.11 15.10 7.18 0.55*

Disc 2020 4.02 15.90 13.83 7.31 0.10
harrowing at 2021 9.23 10.88 15.00 9.66 0.61*
12-15cm - “3verage for the .

experiment 6.21 38.32 14.60 9.01 0.42

2019 6.05 17.06 15.21 4.89 0.10

Ploughing 2020 3.88 16.26 15.24 11.98 0.13
25-27cm 2021 10.54 10.24 15.68 9.54 0.59*
average for the *

expgriment 6.82 43.03 15.40 9.32 0.22

2019 6.67 15.94 15.02 6.51 0.15

Loosening 2020 5.94 16.57 14.99 11.30 0.21
35.37cm 2021 11.04 10.95 15.87 7.95 0.50*
average for the . *

expgriment 7.88 31.78 15.30 9.12 0.38

Note: %, ™, *™ - significance of the indicator at P, P, o, Py oor respectively

Source: compiled by the authors

Comparison of the coefficients of variation in grain
yield and moisture by year allows indirectly assessing
the influence of weather conditions on the implemen-
tation of the genetic potential of the corn hybrids un-
der study. Thus, the highest average yield variation is in
2020 with extreme weather conditions (CV = 26.28%),
and the lowest - in a favourable 2021 (CV=12.98%).
According to the variants of primary soil tillage, this
reaction is similar. That is, severe extreme weather
conditions of the growing year increase the variability
of the grain yield trait in the corn hybrids under study,
regardless of the method of tillage. The trend of the
average harvesting humidity indicator is similar, and its
variation in tillage methods is close to 9%, while the
average values of the grain humidity indicator are very
close to each other, regardless of the ripeness group.
Thus, the corn hybrids under study with FAO 210-350

16 o
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differed little in grain moisture at the time of harvest-
ing over the years of study.

Correlation analysis of grain yield and moisture indi-
cates a positive average significant relationship between
these traits. The average correlation coefficient between
yield and harvesting humidity in the experiment is posi-
tive and significant and amounts to r=+0.35"" (or 12.3%).
With disc harrowing, the correlation coefficient r=+0.42**
(17.6%), with ploughing - r=+0.22*" (4.8%), with deep
loosening - r=+0.38"*(14.4%), respectively (Table 3),that
is,regardless of the method of primary soil tillage,a high-
er harvesting humidity is established with a higher grain
yield. The regression graph is shown in Fig. 2. The average
grain moisture content in the experiment did not change
significantly according to the tillage variants - from
14.6% to 15.4%, and the difference between the options
was within the limits of the experiment error at P

18.0
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g ]
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g ° %1 o
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y =0.0195x + 9.3548
12.0
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Figure 2. Regression graphs between features
Source: developed by the authors based on V. Skoryk & V. Prykhodko (2025)
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The harvesting humidity of grain and the humidity
of technological ripeness are extremely important when
choosing a hybrid for growing in a particular region,
since the profitability of growing a crop significantly de-
pends on these indicators. Given that the corn grain must
meet the humidity indicator of 14%, information on the

actual harvesting humidity of the hybrids under study
is a valuable result of the experiment. Analysis of grain
harvesting moisture indicators of the corn hybrids under
study allows assessing the level of grain moisture loss at
the time of threshing. The average values of harvesting
humidity for the variants are shown in the table (Table 4).

Table 4. Average harvesting moisture content of corn hybrids on various variants of primary soil tillage, %, 2019-2021

Methods of tillage (factor A)

Hybrid name (factor B) Ploughing 25-27 cm

Disc harrowing, 12-15 cm Combined deep processing 35-37cm

Grain moisture content, %

DKC 3795 (st.) 14.02 13.44 13.76

Gran 220 14.65 13.68 14.58

Gran 310 14.17 13.86 14.05

Average for the FAO group 210-250 14.28 13.66 14.13
LG 30315 (st.) 14.54 13.34 14.70

VN 63 14.46 14.28 14.35

Gran 6 15.78 14.37 15.74

Average for the FAO group 260-300 14.93 13.99 14.93
KWS 381 (st.) 16.53 15.55 16.28

VN 6763 15.76 15.46 16.15

Amarok 290 16.15 15.76 16.34

DKC 3511 16.07 15.67 15.48

Tesla 16.94 15.48 16.81

Average for the FAO group 310-350 16.29 15.58 16.21

LSD, o5 (byfactora) — 1.03%, LSD,, o (by factor B) — 1.01%

Source: developed by the authors based on V. Skoryk & V. Prykhodko (2025)

Among the hybrids under study, there is a tenden-
cy for higher harvesting moisture of grain with an in-
crease in the ripeness group (FAO) (Fig. 2). On the con-
trol variant with ploughing, the variation in the average
value of this trait for FAO 210-250 is 14.02-14.65%,
for FAO 260-300 - 14.46-15.78%, for FAO 310-350 -
15.76-16.94%, respectively. Similar conclusions were
onbtained by Z. Hlupak & A.Butenko (2022) when stud-
ying hybrids of other breeding institutions. The same
trend in the average humidity value was observed in
the variants with disc harrowing and deep combined
processing - the harvesting moisture content of grain
was higher in hybrids with a longer growing season
(FAO). The statistical substantiation of the experimen-
tal data of the experiment confirms a similar mani-
festation of the dependence of grain moisture during
harvesting and the ripeness group of corn hybrids in
the conclusions of Ya. Bielov (2022), who argued that
as FAO increases, the moisture content of grain during
harvesting is higher. There was no significant difference
in the average humidity between the FAO 210-250 and
FAO 260-300 groups in all variants of primary soil till-
age in this experiment (LSD g5 aet0r 5 = 1.01%. This result
is also similar to the conclusions of Ye. Bazylenko &
T. Marchenko (2024) in the Steppe zone, which indi-
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cates that a greater difference in humidity was clearly
outlined in hybrids with a longer growing season, and
FAO 190-280 did not differ much in humidity at the
time of harvesting, which is confirmed by this experi-
ment in the Forest-Steppe.

Significantly higher grain moisture content on all
tillage options in hybrids with FAO over 310 compared
to hybrids with a shorter growing season (FAO < 300).
Comparing the indicators of harvesting humidity be-
tween hybrids of different ripeness groups, it should
be noted that regardless of the method of primary soil
tillage and the group of ripeness of hybrids for three
years of observation (2019-2021), the maximum aver-
age value did not exceed 16.94% in ploughing in the
most late-maturing of the Tesla hybrids under study
(FAO 350). The low harvesting humidity of corn grain
over the years of the experiment was also conditioned
by rather high positive temperatures and significantly
lower than normal precipitation in September-October
(Novak & Novak 2022; 2023). The figure graphically
shows the difference in yield and harvesting humidity
of the corn hybrids under study compared to the control
version of ploughing during disc harrowing and deep
combined primary soil tillage (Fig. 3). The control op-
tion is taken as zero (0.00).
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Figure 3. Average difference (%) of grain yield and harvesting moisture in corn hybrids
of different ripeness groups compared to the control variant (ploughing - taken as 0 - zero),
depending on the method of primary soil tillage in 2019-2021
Source: developed by the authors based on V. Skoryk & V. Prykhodko (2025)

Comparison of the average moisture content of
grain during harvesting indicates a mostly low insignif-
icant difference in the indicator for the main process-
ing options compared to the control. It was found that
the highest average harvesting humidity of grain was
developed on the control version of ploughing at 25-
27 c¢cm, and with an increase or decrease in the depth
of the main tillage, the harvesting humidity was lower
within the limits of the experiment error. Corn hybrids
with the disc harrowing variant (12-15 c¢cm) had the
lowest average grain humidity during harvesting com-
pared to deeper processing options. Significantly lower
humidity compared to the control was found with disc
harrowing in hybrids LG 30315 (13.34%, or-1.2%"), Gran
6 (14.37%,0r-1.41%"), Tesla (15.48,0r-1.47%"). Insignif-
icant low values of the correlation coefficients between
yield and harvesting humidity in 2020 also indirectly
indicate a significant influence of weather conditions
of the year on the nature of changes in grain humidity
in an extreme year.

The highest positive and significant values for P,
were correlation coefficients in 2021. In conditions fa-
vourable for the maximum realisation of the yield po-
tential, corn hybrids showed the highest dependence
of harvesting humidity on the yield level, that is, higher
grain humidity was observed in more productive hy-
brids with higher FAO, and in early hybrids with lower
yields, lower harvesting humidity was noted. This re-
sult is similar to the data by Ya. Bielov (2022) from an
experiment in the Steppe, which indicates that despite
the maximum water consumption of corn -4,863 m3/
ha - harvesting moisture of grain is higher in hybrids
with higher FAO. Statistical analysis establishes cor-
relation and regression coefficients between features
and defines regression equations. The relationship of
the ripeness group (FAO) with the experimental aver-
age yield and experimental average humidity of corn
grain of the hybrids under study is significant at P,,.

It is determined that the correlation coefficient be-
tween FAO and yield is high positive r=+0.86""* (re-
gression equation - y=3.53+0.0117X) (Fig. 1). Corre-
lation between hybrid FAO and grain moisture of the
studied samples - r=+0.89"** (regression equation -
y =9.36 + 0.0195X) (Fig. 2). Therefore, in this experi-
ment, it was established that the studied mid-early
and mid-season hybrids of corn with FAO 210-350 are
characterised by an increase in grain yield and an in-
crease in harvesting humidity with the growth of FAO,
that is, later hybrids form a higher yield with higher
grain humidity in identical conditions. Similar results
were obtained in previous experiments in the Steppe
zone - V. Skoryk & V. Prykhodko (2025), and in experi-
ments V. Poliakov (2020) found a relationship between
the potential and actual yield of corn grain from the
hybrid ripeness group - the larger the FAQ, the high-
er the yield, and the yield increases from early-matur-
ing to late-maturing. Based on the above, conclusions
can be drawn that are characteristic of the cultivation
conditions of mid-early and mid-season corn hybrids
(FAO 210-350) under rainfed conditions in the central
part of the Forest-Steppe zone of Ukraine.

CONCLUSIONS

Deep tillage at 35-37 cm with a disc-chisel unit pro-
vided a significant increase in the yield of corn of
mid-early and mid-season hybrids with FAO 210-350
compared to control ploughing at 25-27 cm. Disc har-
rowing to a depth of 12-15 cm after the predecessor,
winter wheat reduces grain yield in the studied corn
hybrids and is not advisable as the main process-
ing method. Corn hybrids with higher FAO provided
an increase in grain yield with a higher percentage
of humidity and identical growing conditions, which
was confirmed by high significant correlation coeffi-
cients. The advantage of growing corn hybrids with
FAO 320-350 in the central Forest-Steppe against the
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background of deep tillage with a combined disc-chis-
el unit, which provides a significant increase in grain
yield, was substantiated.

In the conditions of the central part of the For-
est-Steppe of Ukraine without irrigation, when growing
corn for grain, it is recommended to carry out combined
deep primary soil tillage (35-37 cm), which is optimal in
the cultivation technology, and ensures the maximum
implementation of the genetic potential of hybrids. Pri-

substantiate the feasibility of using no-till and strip-till
technologies in the Forest-Steppe of Ukraine.
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MiHNUBICTb YPOXXAaMHOCTI Ta BOJIOIrOCTi 3epHa KyKypyA3u
3aNeXXHo BiA cnocoby o6po6iTKY FPYHTY
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AHotauia. OnTuMizauis BUpoOHMLTBA 3epHa KYKYPYA3W BUMArae KOMMAEKCHOro NiaAxoAy A0 CKOPOYEHHS BUTPAT Ha
TEXHO/0rit0. BU3HauMTH onTMManbHuiA cnocib Ta mMmMbuHy OCHOBHOMO 00p0oBITKY FPYHTY AN 3HUXKEHHS BTPAT I'PYHTOBOI
BOJIOTU Ta OBOFPYHTYBATU HEOOXiLHY rpyny CTUIIOCTi BUPOLLYBAHUX ribpuaiB y peanisalii reHeTMYHOro noTeHuiany
BPOXAMHOCTi 3epHa 3 MakCMManbHOK BOMOrOBiALaYel0 B NOAbOBMX YMOBaX LieHTpanbHoro Jlicocteny 6yno meTtoro
npoBeAeHOro JOCNIAY Ta aKTyaNbHUM AN BUBYEHHS. BusHayeHo peakuito 11 cepeaHbopaHHiX Ta cepefHbOCTUIINX
riopuais kykypyasum (PAO 210-350) 8 2019-2021 pp.3a pi3HMX cnocobiB 0CHOBHOIO 06POBITKY I'PYHTY — AUCKYBAHHS
(o 15 cm), opaHka (25-27cm), rmnboke posnywyBaHHA (35-37 cM) i NpoOBEAEHO MOPIBHSAHHA YPOXaMHOCTI Ta
BOJIOrOBifAaui MO BapiaHTaM i rpynam cTturnocTi ribpmais. CraTUCTUYHO BMCOKMIA KoediuieHT Kopensuii (r=0,74"")
BKA3yBaB HA 3aNIEXHICTb YPOXXaMHOCTi 3epHa KYKypyA3u Bif rMUOUMHM OCHOBHOIO 06pobiTKy FpyHTY. Po3nywwyBaHHS
Ha 35-37 cM 3aba3nedvyBano npubaBKy ypoxKaliHOCTi 3epHa Kykypyasu Big 0,7 1o 1,6 T/ra B NOPiBHAHHI 3 OpaHKoOIo, a
OMCKYBaHHS 3HUXKYBANO ypoxarHicTb Bia -0,3 1/ra o -0,9% 1/ra. PiBHSHHS perpecii ypoXXanHoCTi Bif rpynu CTUrOCTI
(PAO) -y=3,5269+0,0117x - noka3zano Ha MOXNIMBICTb 36iNbLUEHHS YPOXAMNHOCTi 3epHa NpY BUKOPUCTaHHI ribpuais
3 OOBWMM NepiofoM BereTauii, WO MiATBEPAXKEHO iCTOTHUM MO3UTMBHMM KoediuieHTOM kopenauii r =+ 0,86
(73,96 %). CraTUCTUYHO iCTOTHMI KOpEensuiMHWMI 3BK30K LMX O03HAK Mpu ABOPA30BOMY AMCKYBaHHI - r=+ 0,42
(17,6 %),Ha opaHui - r=+0,22"* (4,8 %), Ha rMMbokoMy po3nywyBaHHi — r=+0,38"" (14,4 %) BignosigHo. BctaHoBNEHa
TEHAEHLiS NifABULLEHHS BOMIOTOCTi 3€pHA NPU 3pOCTaHHI YpoXKalHOCTi — r=+0,89**" y BUBYUEHUX riOpUAIB HE3ANEXHO
B cnocoby 06pobiTky IpyHTY. [MiaBULLEHHS YPOXKAMHOCTI 3epHA KYKYPYA3M MOX/IMBE WASXOM BUPOLLYBAHHS HinbLy
Ni3HbOCTUINIUX TiOpUAIB, NPU LLbOMY BOJIOTICTb 3epHa Takox Oyae 36inblyBaTMCh. HaliBuMLLYy ypoXKalHiCTb 3epHa
3abe3neunnu cepegHbocTurai ribpmam 3 Tecna (PAO 350) - 8,95 1/ra (+1,03*1/ra) Ta KBC 351 (PAO 350) - 8,77 1/
ra (+1,6*1/ra) Ha doHi rMbBoKOro po3nylyBaHHs IpyHTY Ha 35-37cM 3 cepeaHboto BonoricTio 16,81 % Ta 16,28 %
BianosigHo. B pe3ynbrati npoBeaeHOro A0CNiAy PEKOMEeHAOBaHO NPOBOAMTM MOCIB B LeHTpanbHomy Jlicocteny
cepenHbocTUMMK ribpuaammn Kykypyasn (@AO 300-350) 3 BMKOPUCTAHHAM MMOOKOro pO3MyLIYBaHHS FPYHTY
[MCKO-N1anoBMM arperatoM Ao 35-37 cM ik OCHOBHOro 06pobiTky

KniouoBi cnoBa: ribpuam Kykypynsu; kopensuis; perpecis; koediuieHT Bapiauii; rmunboke po3nywyBaHHS; rMMbUHa
06pobiTky; GAO

Scientific Horizons, 2026, Vol. 29, No. 1



https://orcid.org/0009-0008-8715-8826
https://orcid.org/0000-0002-3421-3042
https://orcid.org/0000-0003-4241-6154

ISSN 2663-2144 e-ISSN 2709-8877

SCIENTIFIC HORIZONS

|SCIENTIFIC

Journal homepage: https://sciencehorizon.com.ua
Scientific Horizons, 29(1), 41-51

UDC 633.13:632.954 DOI: 10.48077/scihor1.2026.41

Regulation of the weed component
in the maize phytocoenosis using herbicides
for the sustainable functioning of agroecosystems

Tetiana Tymoshchuk’

PhD in Agricultural Sciences, Associate Professor
Polissia National University
10008, 7 Staryi Blvd., Zhytomyr, Ukraine
https://orcid.org/0000-0001-8980-7334

Oleh Kharchuk

LLC “Syngenta UA”
03022, 120/4 Kozatska Str., Kyiv, Ukraine
https://orcid.org/0009-0008-6466-3803

Article’s History: Abstract. Maize is a crop with low competitive ability against weeds, especially at
Received: 28.10.2025 the early stages of growth and development. The problem of weed infestation in
Revised:  20.02.2026 maize crops during the critical period of vegetation remained one of the key factors
Accepted: 25.03.2026 and led to a substantial reduction in the realisation of the crop yield potential. The
Published: 06.04.2026 purpose of the study was to evaluate the effectiveness of herbicide application for
regulating the weed component in the maize phytocoenosis and its impact on yield
formation. The research was conducted during 2024-2025 under the conditions of Biryt
Shevchenko LLC in Zhytomyr region on soddy medium-podzolic soils. The effectiveness
of herbicides for regulating segetal vegetation in the phytocoenosis of three maize
hybrids depending on the timing and application rates was highlighted. The combined
application of the pre-emergence herbicide Primextra TZ Gold and the post-emergence
herbicide Elumis ensured a reduction in the number of grass and broadleaf weeds in
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maize phytocoenoses aimed at reducing weed infestation during the critical period of crop development and

ensuring the sustainable functioning of agroecosystems

Keywords: agrocenosis; segetal vegetation; grain yield; synergism; ecological sustainability; herbicide load;

control strategy

INTRODUCTION

Maize belongs to agricultural crops with low competi-
tive ability against weeds, especially at the early stages
of growth and development. In the period from emer-
gence to the formation of 5-7 leaves, maize plants were
characterised by slow growth rates, weak development
of the root system, and insufficient canopy closure,
which created favourable conditions for the intensive
development of segetal vegetation. Under such condi-
tions, weeds more effectively used moisture, nutrients,
and light, thereby suppressing the growth and devel-
opment of crop plants. The most negative impact of
weeds on maize yield formation was observed during
the critical period of competition, which occurred at
the stages from 3-4 to 8-10 leaves. Weed infestation of
crops during this period led to suppression of growth
processes, a reduction in the assimilating surface area,
and disturbances in the formation of generative organs,
which caused a substantial decrease in the potential
productivity of the crop (Anand et al., 2025). Even short-
term competition with weeds during the critical period
of maize development could lead to a significant yield
reduction that was not compensated in subsequent
phases of plant growth and development, even after
the complete removal of the weed component. In this
regard, timely and effective control of weed infestation
at the early stages of vegetation was a decisive factor
in realising the genetic potential of maize productivity.

Weeds compete with crop plants for light, moisture,
and nutrients, suppress their growth and development,
and worsen the phytosanitary condition of crops, which
resulted in a reduction inyield and product quality (Ger-
asko et al., 2024; Hurmanchuk et al., 2025). According to
R. Absy (2019), R. Idziak et al. (2022), weed infestation
of maize crops led to a reduction in grain yield from
30 to 93% depending on the weather conditions in the
years of research. It was established that the combined
application of a mixture of terbuthylazine, mesotrione,
and S-metolachlor provided the highest effectiveness
of weed control and promoted stable formation of grain
yield. According to the researchers R. Idziak & Z. Wozni-
ca (2020), effective control of a wide spectrum of weeds
was ensured by the use of combined herbicides con-
taining several active substances with different mech-
anisms. The use of such products made it possible to
minimise crop injury due to lower doses and reduced
chemical residues in plants and soil. In addition, the use
of a combination of herbicides with different mecha-
nisms of action slowed the development of resistant
weed species and simultaneously reduced costs for
plant protection.
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In the work of Yu. Skatula & R. Ostapchuk (2023),
the effectiveness of herbicide application in maize
agrocenoses and their impact on the level of weed in-
festation of crops was highlighted. The effects of dif-
ferent herbicide protection schemes on the formation
of the weed component and crop productivity were an-
alysed. The expediency of using herbicides to reduce
competition with segetal vegetation and to increase
the efficiency of maize cultivation was established.
According to R. Hutianskyi & V. Zuza (2022), herbicide
application substantially reduced weed infestation (by
61-65% and 80%), improved plant growth and devel-
opment, and ensured an increase in maize grain yield
by 2.72 t/ha under the conditions of the Eastern For-
est-Steppe of Ukraine. In the study by V. Yukhymuk et
al. (2022), the features of interaction and the effective-
ness of weed control in maize crops under the use of
herbicide tank mixtures were investigated. The authors
found that combining active substances with different
mechanisms of action increased the level of control of
segetal vegetation and ensured the stability of herbi-
cide protection of the crop.

In the study by O. Gurmanchuk et al. (2020), the ef-
fectiveness of post-emergence herbicides (rimsulfuron,
250 g/kg, and florasulam 6.25 g/L + 2-ethylhexyl ester
of 2,4-D 452.5 g/L) and their tank mixtures for regulat-
ing the presence of segetal plants in maize crops was
evaluated. It was established that separate application
of herbicides reduced weed infestation by 47.5-56.1%,
whereas their mixtures reduced weed infestation
by 92.5%. This ensured the maximum maize yield of
5.7 t/ha, which exceeded the control without herbicides
by 3.0 t/ha. According to S. Shevchenko et al. (2025), the
combination of nicosulfuron (40 g/ha) with 2,4-D and
florasulam ensured a reduction in the number of an-
nual weed species by 91%. Y. Tkalich et al. (2023) em-
phasised that effective weed control during the critical
period of yield formation substantially reduced compe-
tition for resources and thereby contributed to higher
maize productivity. The studies by N. Shokalo & V. Be-
letskyi (2022) also noted that post-emergence herbi-
cides provided high effectiveness of weed control and
positively affected yield under conditions of a mixed
type of weed infestation.

In this regard, studies on the effectiveness of mod-
ern herbicides and the assessment of their influence
on maize yield formation became important, which
was a key factor in increasing agroecosystem produc-
tivity, strengthening food security, and implementing
the principles of sustainable agricultural development.




Therefore, the purpose of the study was to evaluate the
effectiveness of herbicide application for regulating
the weed component in the maize phytocoenosis and
its impact on crop yield formation.

MATERIALS AND METHODS

Field research was conducted during 2024-2025 un-
der the conditions of the experimental field of Biryt
Shevchenko LLC, located in Radulyn village, Zviahel
district, Zhytomyr region. The soil of the experimental
plots was soddy medium-podzolic and was character-
ised by the following indicators: humus content (accord-
ing to Tiurin and Kononova (DSTU 7855:2015, 2016)) -
2.5%; easily hydrolysable nitrogen (according to
Kornfield (DSTU 7863:2015, 2016)) - 63-79 mg/kg
of soil; mobile phosphorus (according to Chirik-
ov (DSTU 4115-2002, 2003)) - 74-85 mg/kg of
soil; exchangeable potassium (according to Chirik-
ov (DSTU 4115-2002, 2003)) - 83-92 mg/kg of soil;
pHcon - 5.6-5.9 (DSTU ISO 10390:2021, 2022). The cli-
mate of the region where the research was conducted
was temperate continental, with a cool winter and a
moderately warm summer. Winters were character-
ised by frosts and an average temperature below 0°C.
The average winter temperature (December-February)
ranged within -1 to -5°C, with mean minimum values
of about -6 to -8°C in the coldest months. The aver-
age temperature in the summer months varied within
+18...+25°C. The mean annual precipitation amounted
to 530-600 mm. Precipitation was distributed through-
out the year, with a maximum in the summer months.
Weather conditions during the maize vegetation peri-
ods differed from long-term averages. The experimen-
tal design included the following factors:

m Factor A - maize hybrid (SY Phenomen FAO 220,
SY Marimba FAO 240, SY Fortago FAO 260);

m Factor B - application of a soil herbicide at dif-
ferent rates (control without treatment; Primextra TZ
Gold 500 SC at 3.5 L/ha; Primextra TZ Gold 500 SC at
4.0 L/ha; Primextra TZ Gold 500 SC at 4.5 L/ha);

m Factor C - application of a post-emergence her-
bicide at different rates (control without treatment;
Elumis 105 OD at 1.5 L/ha; Elumis 105 OD at 1.75 L/ha;
Elumis 105 OD at 2.0 L/ha).

Primextra TZ Gold 500 SCis a combined soil herbi-
cide of selective systemic action intended for effective
control of the main annual grass and broadleaf weeds
in the phytocoenoses of agricultural crops. It combined
two active substances with different mechanisms of
action: S-metolachlor (312.5 g/L) and terbuthylazine
(187.5 g/L). S-metolachlor blocked cell division in
young seedlings, while terbuthylazine suppressed pho-
tosynthetic processes, which led to weed death before
emergence or immediately after crop emergence.

Elumis 105 OD is a selective systemic post-emer-
gence herbicide intended to control a wide spectrum
of annual and perennial grass and broadleaf weeds in
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maize crops. Developed and produced by Syngenta, the
product combined two active substances with different
biochemical mechanisms of action: mesotrione (75 g/L)
and nicosulfuron (30 g/L). The product had systemic ac-
tion; therefore, after application to weed leaves, active
molecules penetrated tissues, moved via xylem and
phloem, and blocked key metabolic processes. Mesotri-
one inhibited carotenoid biosynthesis, which resulted in
chlorophyll degradation, chlorosis, and tissue necrosis.
Nicosulfuron inhibited amino acid synthesis by block-
ing enzymes involved in acetolactate synthase synthe-
sis, which prevented normal growth and cell division in
meristematic tissues of weeds. This combination made
it possible to integrate a rapid foliar effect with pro-
longed systemic suppression of segetal plants. Elumis
effectively prevented the emergence of several weed
flushes during the vegetation period and reduced com-
petition with the crop for resources. The studied prod-
ucts were developed and produced by Syngenta Ukraine.

The plot size was 100 m2. The experiment had four
replications, and plot arrangement was systematic. The
maize cultivation technology was generally accepted
for the research zone. Soybean was the preceding crop.
Primary tillage involved ploughing with a Kverneland
RN 100 plough to a depth of 25-27 cm, followed by
pre-sowing cultivation with a Case IH Tiger-Mate 255
cultivator to a depth of 6-8 cm. Sowing of maize hybrids
was carried out in the third ten-day period of April us-
ing a Kverneland Optima TF Profi planter with a target
stand density of 80 thousand plants per 1 hectare. The
soil herbicide Primextra TZ Gold 500 SC was applied
immediately after sowing. Post-emergence application
of the herbicide Elumis 105 OD was carried out at the
4-5-leaf stage of maize (the third ten-day period of
May) using a Berthoud Raptor 4240 sprayer equipped
with injector twin-fan nozzles. The working solution
rate was 250 L/ha.

The study used a field method to assess the effect
of herbicides on weed infestation and maize yield; an
accounting method to determine weed density on ex-
perimental plots; a gravimetric method to determine
crop yield indicators; and a mathematical-statistical
method to process and interpret the obtained experi-
mental data. During the vegetation period, phenological
observations of maize plant growth and development
were carried out. Herbicide phytotoxicity was assessed
using a 9-point scale, where 1 point corresponded to
complete plant death and 9 points corresponded to the
absence of visual damage symptoms. On accounting
plots with an area of 10 m?, the total number of segetal
plants and their numbers by groups were recorded and
compared with the untreated control. The species com-
position of weed plant communities in the maize phy-
tocoenosis was determined using generally accepted
methods with the use of identification guides, atlases,
and reference materials (Veselovsky et al, 1988). The
effectiveness of herbicide action was calculated before
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harvesting. The effectiveness of herbicide application
was assessed by analysing the accounting results and
comparing them with the control variant in which her-
bicide treatment was not performed. The effectiveness
of herbicide action in maize crops was calculated us-
ing a widely known formula. The authors adhered to
the standards of the Convention on Biological Diver-
sity (1992) and the Convention on International Trade

in Endangered Species of Wild Fauna and Flora (1979).

Mathematical processing of the research results was
performed by analysis of variance and correlation-re-
gression analysis on a personal computer using special-
ised application software packages such as MS Excel.

RESULTS

The use of soil and post-emergence herbicides enabled
the control of a wide spectrum of annual and perenni-
al grass and broadleaf weeds, ensuring crop protection
during the critical period of its growth. Timely applica-
tion of herbicides contributed to the formation of an
optimal phytosanitary situation, reduced weed compe-
tition with maize plants, and increased the efficiency of
moisture and nutrient use. The results of weed counts
before harvest indicated a substantial dependence of
herbicide protection effectiveness on the application
rate of the product and the characteristics of the maize
hybrid (Table 1).

Table 1. Weed infestation of the maize phytocoenosis depending on the timing
and application rates of herbicides, mean for 2024-2025

Hybrid (Factor A) Pre-emergence application of Primextra

Post-emergence application of Elumis

Number of weeds, plants/m?

TZ Gold 500 SC, CS, L/ha (Factor B) 105 OD, MD, L/ha (Factor C) grass broadleaf total
Control - 18.5 22.3 40.8
3.5 Control 3.2 8.7 11.9
4.0 Control 2.8 7.5 10.3
4.5 Control 2.5 6.9 9.4
3.5 1.5 0.8 15 2.3
3.5 1.75 0.5 12 1.7
SY Phenomen 3.5 2.0 0.3 1.0 13
4.0 1.5 0.6 1.3 1.9
4.0 1.75 0.4 1.0 14
4.0 2.0 0.2 0.8 1.0
4.5 1.5 0.7 14 2.1
4.5 1.75 0.5 11 1.6
4.5 2.0 0.3 0.9 1.2
Control - 16.2 20.1 36.3
3.5 Control 2.9 7.8 10.7
4.0 Control 2.5 6.7 9.2
4.5 Control 2.2 6.1 8.3
3.5 1.5 0.7 13 2.0
3.5 1.75 0.4 1.0 14
SY Marimba 35 20 0.2 0.8 1.0
4.0 1.5 0.5 11 1.6
4.0 1.75 0.3 0.8 11
4.0 2.0 0.1 0.6 0.7
4.5 1.5 0.6 1.2 1.8
4.5 1.75 0.4 0.9 1.3
4.5 2.0 0.2 0.7 0.9
Control - 20.1 25.5 45.6
3.5 Control 3.5 9.5 13.0
4.0 Control 3.0 8.2 11.2
4.5 Control 2.7 7.6 10.3
3.5 1.5 0.9 1.7 2.6
3.5 1.75 0.6 14 2.0
SY Fortago 3.5 2.0 0.4 1.2 1.6
4.0 1.5 0.7 15 2.2
4.0 1.75 0.5 1.2 1.7
4.0 2.0 0.3 1.0 1.3
4.5 1.5 0.8 1.6 2.4
4.5 1.75 0.6 1.3 1.9
4.5 2.0 0.4 1.1 1.5

Source: compiled by the authors
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In the control treatment, a high level of weed infes-
tation of the crops was recorded, both by annual grass
weeds (Echinochloa crus-galli L., Setaria pumila (Poir.)
Roem. & Schult.) and by annual broadleaf weeds (Che-
nopodium album L., Amaranthus retroflexus L., Ambrosia
artemisiifolia L.). The results of weed density assess-
ments in maize crops indicated a substantial effect of
both the separate and the combined use of herbicides
on the formation of the phytosanitary status of the agro-
cenosis. In the untreated control (without chemical pro-
tection), a high level of weed infestation was recorded,
which depended on the maize hybrid and ranged from
36.3 plants/m? in the hybrid SY Marimba to 45.6 plants/
m? in the hybrid SY Fortago. This indicated differenc-
es in the competitive ability of hybrids against weeds.

Pre-emergence application of Primextra TZ Gold
at rates of 3.5, 4.0, and 4.5 L/ha ensured a substantial
reduction in weed density compared with the control.
At the same time, partial re-establishment of certain
broadleaf weed species was observed during the veg-
etation period. Under this application approach, the
number of annual grass weeds decreased more ef-
fectively, whereas the density of broadleaf species
remained relatively higher, especially in the second
half of vegetation. Increasing the rate of Primextra TZ
Gold contributed to a reduction in the total number of
weeds; however, the difference between the rates of
4.0 and 4.5 L/ha was minor. Post-emergence applica-
tion of Elumis at the studied rates (1.5,1.75,and 2.0 L/
ha) ensured a substantial reduction in the density of
both grass weeds and broadleaf weeds during the
maize vegetation period. Increasing the application
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rate from 1.5 to 2.0 L/ha contributed to higher effec-
tiveness in controlling late-emerging weeds and to an
expanded spectrum of susceptible species.

The highest level of herbicide protection effec-
tiveness was ensured by combining pre-emergence
application of Primextra TZ Gold with post-emergence
application of Elumis. In this treatment, a sharp and
statistically significant reduction in the density of
both grass weeds and broadleaf weeds was observed
(p<0.05). The total number of weeds decreased to 0.7-
1.5 plants/m? depending on the hybrid and the appli-
cation rates, which indicated a synergistic action of the
soil and post-emergence herbicides.With an increase in
the post-emergence rate of Elumis from 1.5 to 2.0 L/ha,
higher effectiveness in controlling late-emerging
weeds and an expanded spectrum of controlled spe-
cies were recorded, primarily among broadleaf weeds.
At the same time, the combinations Primextra TZ Gold
4.0-4.5 L/ha with Elumis 1.75-2.0 L/ha proved to be
optimal in terms of effectiveness and rational use. The
analysis of the hybrid effect showed that the hybrid SY
Marimba was characterised by the lowest level of weed
infestation across all protection treatments, whereas in
the crops of the hybrid SY Fortago a higher number
of weeds was consistently recorded. This confirmed the
expediency of considering hybrid-specific characteris-
tics when developing the herbicide protection system
for maize. The results of calculations of herbicide effec-
tiveness for regulating the presence of the weed com-
ponent in the agrocenosis of maize of different hybrids
depending on the timing and application rates are pre-
sented in Table 2.

Table 2. Effectiveness of herbicide application in the maize phytocoenosis depending on the timing
and application rates, mean for 2024-2025

Hybrid (Factor A) Pre-emergence application of Primextra

Post-emergence application of Elumis

Number of weeds, plants/m?

TZ Gold 500 SC, CS, L/ha (Factor B) 105 OD, MD, L/ha (Factor C) grass broadleaf total
Control - - - -

3.5 Control 82.70 60.99 70.83

4.0 Control 84.86 66.37 74.75

4.5 Control 86.49 69.06 76.96

3.5 1.5 95.68 93.27 94.36

3.5 1.75 97.30 94.62 95.83

SY Phenomen 3.5 2.0 98.38 95.52 96.81

4.0 1.5 96.76 94.17 95.34

4.0 1.75 97.84 95.52 96.57

4.0 2.0 98.92 96.41 97.55

4.5 1.5 96.22 93.72 94.85

4.5 1.75 97.30 95.07 96.08

4.5 2.0 98.38 95.96 97.06
Cotrol - - - -

3.5 Control 82.10 61.19 70.52

4.0 Control 84.57 66.67 74.66

SY Marimba 4,5 Control 86.42 69.65 7713

3.5 1.5 95.68 93.53 94.49

3.5 1.75 97.53 95.02 96.14

3.5 2.0 98.77 96.02 97.25

Scientific Horizons, 2026, Vol. 29, No. 1

45



46

Regulation of the weed component...

Table 2. Continued

Pre-emergence application of Primextra Post-emergence application of Elumis

Number of weeds, plants/m?

Hybrid (Factor A) "7 014 500 SC, CS, L/ha (Factor B) 105 OD, MD, L/ha (Factor C) grass broadleaf total
40 15 9691 9453 9559
40 175 9815 9602 9697
, 40 20 9938 9701 9807
SY Marimba 45 15 9630 9403  95.04
45 175 9753 9552 9642
45 20 9877 9652 9752
Control - - - -
35 Control 8259 6275 7165
4.0 Control 85.07 67.84 75.60
45 Control 8657 7020  77.58
35 15 9552 9333 9451
35 175 9701 9451 9582
SY Fortago 35 20 9801 9529 9670
40 15 9652 9412 9538
40 175 9751 9529  96.48
40 20 9851 9608  97.36
45 15 9602 9373 9495
45 175 9701 9490 9604
45 20 9801 9569  96.92

Source: compiled by the authors

Pre-emergence application of Primextra TZ Gold
ensured a high level of weed control in the maize agro-
cenosis; in particular, the effectiveness of control of an-
nual grass weeds ranged from 82.1 to 86.57%, whereas
that of broadleaf weeds ranged from 60.99 to 70.2%.
Increasing the application rate from 3.5 to 4.5 L/ha led
to a gradual increase in control effectiveness, especial-
ly for broadleaf species. Post-emergence application of
Elumis markedly increased the effectiveness of weed
control in the phytocoenoses of all studied hybrids.
In combination with pre-emergence application of
Primextra TZ Gold, the effectiveness of control of grass
weeds reached 98-99%, broadleaf weeds 95-97%, and
overall effectiveness amounted to 94-98%. The highest
values were observed at the Elumis rate of 2.0 L/ha.
Combined application of the products (pre-emergence
+ post-emergence) demonstrated a synergistic effect,
ensuring the maximum possible level of weed control,

including late-emerging flushes and a broad spectrum
of species.This confirmed the expediency of an integrat-
ed approach to herbicide protection in maize to ensure
the ecological sustainability of agricultural systems.

The highest herbicide effectiveness for weed con-
trol at the same application rates and timing was re-
corded in the hybrid SY Marimba, whereas the lowest
was recorded in SY Fortago, which indicated differenc-
es in the competitive ability of plants against weeds
and the need for a differentiated approach to selecting
herbicide rates. Maximum weed control was achieved
with the combination of Primextra TZ Gold 4.0-4.5 L/ha
and Elumis 1.75-2.0 L/ha, which ensured a 96-98% re-
duction in total weed density in maize crops regardless
of the hybrid. Application of the herbicides Primextra
TZ Gold and Elumis ensured an increase in grain yield
of the maize hybrids SY Phenomen, SY Marimba, and SY
Fortago (Table 3).

Table 3. Productivity of maize hybrids depending on the timing and application rates of herbicides (mean for 2024-2025)

Hybrid Pre-emergence application of Primextra

Post-emergence application of Elumis

Increase relative

(FactorA)  TZ Gold 500 SC, CS, L/ha (Factor B) 105 OD, MD, L/ha (Factor C) Yield, t/ha :/oh;he c°"t;: l
Control - 4.85 - -
3.5 Control 8.52 3.67 75.67
40 Control 8.79 394 4624
45 Control 8.65 436 49.60
sy 35 15 9.21 436 5040
Phenomen 35 175 948 463 5027
35 20 9.35 45 4747
40 15 9.55 47 5027
40 175 9.82 497 5204
40 20 968 483 4919
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Table 3. Continued

Hybrid Pre-emergence application of Primextra

Post-emergence application of Elumis

Increase relative

(FactorA)  TZ Gold 500 SC, CS, L/ha (Factor B) 105 OD, MD, L/ha (Factor C) Yield, t/ha :/"h;he °°"t£/:’l
45 15 9.42 457 4721
A, 45 175 9.65 48 50.96
45 20 951 466 4829
Control - 5.21 - -
35 Control 8.93 372 7140
40 Control 9.17 396 7601
4.5 Control 9.05 3.84 73.70
35 15 958 437 8388
35 175 979 458 8791
SY Marimba 35 20 965 444 8522
40 15 985 464  89.06
40 175 1008 487 9347
40 20 992 471 9040
45 15 9.71 45 8637
45 175 995 474 9098
45 20 980 459 8810
Control - 453 - -
35 Control 8.19 366  80.79
40 Control 8.45 392 47.86
4.5 Control 8.32 3.79 4485
35 15 887 434 5216
35 175 909 456 5141
SY Fortago 35 20 895 442 4862
40 15 916 463 5173
40 175 902 449 4902
40 20 889 436 4834
45 15 9.03 45 5062
45 175 890 437 4839
45 20 877 424  47.64

Source: compiled by the authors

Pre-emergence application of Primextra TZ Gold
had a substantial effect on maize yield. In the phy-
tocoenoses of all maize hybrids, the use of the soil
herbicide at application rates of 3.5, 4.0, and 4.5 L/ha
ensured a grain yield increase of 3.66 to 4.36 t/ha
compared with the control (without treatment), which
amounted to 44.85-76.01%. Increasing the application
rate of the product resulted in a slight increase in yield,
especially in the hybrids SY Phenomen and SY Marimba.
Post-emergence application of Elumis in combination
with Primextra TZ Gold substantially increased grain
yield. The highest increase was ensured by the hybrid
SY Marimba, where, with the application of the com-
bination Primextra 4.0 L/ha and Elumis 1.75 L/ha, the
yield reached 10.08 t/ha, which exceeded the control by
93.47%. For the other hybrids, the yield increase under
combined protection amounted to 47-52%.

Combined application of the soil and post-emer-
gence herbicides ensured a synergistic effect, which
contributed to a stable increase in grain yield of maize
hybrids compared with treatments involving only
pre-emergence application. This confirmed the expedi-
ency of an integrated approach to herbicide protection

in maize to maximise crop productivity. The highest
grain yields were recorded in the hybrids SY Phenomen
(9.82 t/ha) and SY Marimba (10.08 t/ha) under com-
bined application of Primextra TZ Gold (4.0 L/ha) and
Elumis (1.75 L/ha). The maximum grain yield of the hy-
brid SY Fortago (9.16 t/ha) was obtained with the appli-
cation of the combination Primextra TZ Gold (4.0 L/ha)
and Elumis (1.5 L/ha). Therefore, herbicide protection
was an important element of the protection strategy
and a necessary condition for effective maize cultiva-
tion. In addition, the rational use of modern combined
herbicides, taking into account the species composition
of weeds, crop development stages, and environmen-
tal conditions, made it possible to reduce the herbicide
load on the agroecosystem, minimise negative environ-
mental impacts, and ensure stable maize productivity.

DISCUSSION

The obtained results were consistent with Ukrainian
and international studies, which reported that maize
was one of the crops most sensitive to weed infesta-
tion during the first 30 to 40 days of vegetation, and
that yield losses in the absence of effective weed
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control could exceed 30to 50% (Yoshithaetal.,2025).The
high level of weed infestation in the control treatments
recorded in the experiment (36.3 to 45.6 plants/m?)
corresponded to values reported by researchers who
noted the dominance of annual grass weeds and
broadleaf weeds in maize crops in the absence of
herbicide protection (Gurmanchuk et al., 2020). In the
study by S. Okrushko (2019), it was indicated that soil
herbicides effectively controlled annual grass weeds
and early-emerging broadleaf species; however, their
protective effect could weaken in the second half of
vegetation, particularly under favourable conditions for
repeated weed emergence. A similar tendency was also
observed in this study, where, under separate pre-emer-
gence application of Primextra TZ Gold, re-establish-
ment of broadleaf weeds was noted, and increasing
the product rate did not always ensure a proportional
increase in effectiveness.

According to the findings of B.Wiqgar et al. (2021), the
most stable weed control in maize crops was achieved
under an integrated use of soil and post-emergence
herbicides. This was also supported by the results of
the present research, where the combination of Primex-
tra TZ Gold with post-emergence application of Elumis
reduced total weed density to 0.7 to 1.5 plants/m?. Sim-
ilar effectiveness indicators were reported in studies
devoted to the use of mesotrione and nicosulfuron for
controlling both grass weeds and broadleaf weeds, in-
cluding late-emerging flushes (Mitkov et al., 2022). The
literature also indicated that the level of weed infesta-
tion depended on the crop hybrid (Kryvulko, 2025). This
was associated with differences in the intensity of early
growth, leaf canopy architecture, and the competitive
ability of plants. The differences identified in this study
between hybrids, in particular the higher level of weed
infestation in the crops of the hybrid SY Fortago com-
pared with SY Phenomen and SY Marimba, fully agreed
with these provisions and confirmed the need to adapt
herbicide schemes to the biological characteristics of
specific hybrids.

The obtained results regarding the effectiveness of
herbicide weed control in maize crops were consistent
with data reported in the literature. Thus, in field studies
by V. Gurtovenko and O.Tsyuk (2024), the use of soil her-
bicides demonstrated a high level of weed suppression
at the early stages of maize growth. The effectiveness
of control of grass weeds and broadleaf weeds 14 days
after application reached up to 87%, and after 40 days
up to 75%, which corresponded to the present results,
where pre-emergence application of the soil herbicide
ensured a weed control level above 70% in the experi-
mental treatments. The results of combined weed con-
trol, when post-emergence herbicides complemented
the soil action of Primextra, were also supported by the
study of S. Soroka (2025). In the studies by V. Sudak et
al. (2021), it was noted that post-emergence products
could provide high control effectiveness depending on
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weed species composition and application conditions,
and that maximum values were achieved when com-
bined with soil products, which expanded the spectrum
of controlled species and prolonged the duration of the
protective effect.

The research by O. Milenko et al. (2022) on the ef-
fectiveness of Elumis 105 OD also emphasised its high
efficacy in controlling both grass weeds and broadleaf
weeds during the phase of active maize vegetation,
particularly when applied at optimal timings, namely
at the 2 to 8 leaf stages of the crop. This supported the
observations regarding the high level of weed control
in treatments with post-emergence herbicide applica-
tion. Therefore, the obtained data not only correspond-
ed to existing scientific sources regarding the high
effectiveness of soil and post-emergence herbicides
in maize protection systems, but also highlighted the
practical expediency of the combined use of herbicides
to achieve the maximum level of weed control, which
was consistent with the recommendations of modern
agronomic technologies (Sudak et al., 2021).

The data of H. Alptekin et al. (2023) confirmed that
weed control intensity and maize yield were closely re-
lated to the selected herbicide protection schemes, and
that the use of herbicide combinations was effective for
achieving consistently high yield levels, which support-
ed the appropriateness of the schemes selected in this
study. The findings obtained in the present experiment
on the effect of herbicide protection on maize yield
were consistent with the published study by M. Devko-
ta et al. (2024), which confirmed the positive role of
herbicides in increasing crop productivity. Thus, field
experiments by O.Markovska et al. (2024) indicated that
the application of soil and post-emergence herbicides
substantially reduced above-ground weed biomass and
contributed to a significant increase in grain yield in
research where comprehensive herbicide protection
schemes were applied. An increase in grain yield un-
der the integrated use of soil and post-emergence pro-
tection was also observed in this study. Consequently,
the results not only confirmed well-established regu-
larities of herbicide weed control in maize crops, but
also complemented the literature data regarding the
expediency of the combined application of soil and
post-emergence herbicides while taking into account
hybrid-specific characteristics.

CONCLUSIONS

Post-emergence application of Elumis at rates of 1.5
to 2.0 L/ha significantly reduced the density of grass
weeds and broadleaf weeds in maize crops (p < 0.05).
Increasing the rate to 2.0 L/ha ensured more effec-
tive control of late-emerging weeds. Weed density
assessments showed that combining pre-emergence
application of Primextra TZ Gold (3.5 to 4.5 L/ha) with
post-emergence application of Elumis (1.5 to 2.0 L/ha)
ensured a substantial reduction in the total number of




grass weeds and broadleaf weeds in maize crops com-
pared with the control (p £0.05). The highest effective-
ness of weed control was recorded under the combined
use of the products at Primextra TZ Gold rates of 4.0
to 4.5 L/ha and Elumis rates of 1.75 to 2.0 L/ha, where
weed density decreased to 0.7 to 1.5 plants/m? The ef-
fectiveness of herbicide protection varied depending
on the maize hybrid; in the crops of the hybrid SY For-
tago, a tendency towards higher weed infestation was
recorded compared with the hybrids SY Phenomen and
SY Marimba.

Pre-emergence application of Primextra TZ Gold
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of the maximum grain yield of the maize hybrids
SY Phenomen (9.82 t/ha) and SY Marimba (10.08 t/
ha). The highest grain yield of the hybrid SY Fortago
(9.16 t/ha) was obtained under the integrated ap-
plication of Primextra TZ Gold (4.0 L/ha) and Elumis
(1.5 L/ha). This highlighted the expediency of a differ-
entiated approach to herbicide protection. Further re-
search should be directed towards optimising herbicide
protection technologies for maize, taking into account
the species structure of segetal vegetation, soil and
climatic conditions, and minimising the herbicide load,
with the aim of forming resilient agrophytocoenoses.

(3.5 to 4.5 L/ha) ensured 71 to 77% effectiveness of
weed control in maize crops. Its combination with the
post-emergence herbicide Elumis (1.5 to 2.0 L/ha) in-
creased effectiveness to 94 to 98%, ensuring control
of both grass weeds and broadleaf weeds, including
late-emerging flushes. The highest effectiveness was
observed at the Elumis rate of 1.75 to 2.0 L/ha. The com-
bined application of Primextra TZ Gold (4.0 to 4.5 L/ha)
and Elumis (1.75 to 2.0 L/ha) ensured the formation
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PerynioBaHHS 6yp’AHOBOro KOMMNOHEHTY Y ¢diToLeHO3i KyKypyA3u
3a BUKOPUCTaHHA rep6iunaie ansa cranoro ¢pyHKLiOHYyBaHHSl arpOEKOCUCTEM
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AHortauis. Kykypyasa € KynbTypoto 3 HU3bKOK KOHKYPEHTHO 3AaTHICTIO LWOAO 6yp’sHiB, 0COBIMBO HA paHHix eTanax
pocTyTa po3BuUTKY.[Tpobnema 3abyp’'sHEHOCTI NOCIBiB KYKYPYA3W Y KPUTUUHUI Nepiof BereTaw,ii 3a1MILAETbCS OAHUM
i3 KNYOBMX PaKTOPiB, NPU3BOAUTL A0 ICTOTHOrO 3HWXKEHHS peanisaLii NoTeHLiany BpoXXanHOCTi KynbTypu. MeToto
nocnifxeHb 6yno ouiHUTK edEeKTUBHICTb 3aCTOCYBAHHS repbiunaiB Ans perynoBaHHs OypAHOBOIrO KOMMOHEHTY Y
diTouEHO3i KYKYpyA3u Ta iX BNAMB Ha GOPMYBaHHS BPOXAWHOCTI KynbTypu. JocniaXeHHs NpOBOAMAN NPOTATOM
2024-2025 pp. B ymoBax TOB «bipiT im. LLeBueHka» XXnutoMmpcbkoi 06nacTi Ha cepefHbo NiA30AUCTUX AEPHOBUX
rpyHTax. BucsitneHo edekTuBHICTb repbiLMAaiB AN peryntoBaHHS CeretanbHOi POCMHHOCTI Y diTOLEHO3i TpboX
riopuaiB KyKypyasu 3anexHo Bif, CTPOKiB i HOpM BHeceHHs. KoMBiHOBaHe 3acTOCyBaHHA A,0CX0L0BOrO repbiumay
Mpumekctpa TZ Tonpn Ta nicngcxopoBoro repbiumay Entomic 3abe3neymno 3HMKEHHS KiNbKOCTi 31aKOBMX i
[BOLONBbHUX OYpaHiB Yy (diTOLEHO3i KyKypya3u. HaMBuMLLi MOKA3HMKM 3HMXKEHHS KiNbKOCTI Oyp'aHiB BigMiuyeHO
3a HopM [llpumekctpa TZ Tong 4,0-4,5 n/ra y noeaHaHHi 3 Entomicom 1,75-2,0 n/ra. BctaHOBNEHO BiAMiHHOCTI
3abypaHeHoCTi diToLEeHO3iB pi3HUX ribpuAiB, 30KpemMa BULLI NoKasHUKK y ribpuaa CU @opTaro nopiBHaHO 3 CU
®eHomeH Ta CM Mapimba. KombiHoBaHe 3actocyBaHHs repbiumais Mpumekctpa TZ long (3,5-4,5 n/ra) i Entomic
(1,75-2,0 n/ra) 3abe3neunno epekTUBHICTb HA PiBHI 94-98 % KOHTPO/IO 31aKOBUX i ABOAONbHUX OYPSHIB Y NOCiBax
riopuaie Kykypyasu. KombiHoBaHe 3actocyBaHHa repbiuunais MNpumekctpa TZ Tong (4,0 n/ra) i Entomic (1,75 n/
ra) 3a6esneynsio MakCMManbHy YPOXanHiCTb 3epHa KyKypyaswu riopuais CM @eHomeH (9,82 T1/ra) i CU Mapimba
(10,08 1/ra). HaviBuwy npoaykTuBHicTb ribpuay CW ®optaro (9,16 T/ra) 3abe3neunno BHeCEHHS KOMOiHALii
Mpumekctpa TZ lTong (4,0 n/ra) i Entomic (1,5 n/ra). OTpuMaHi pe3ynbtaTv MOXyTb 6YTW BUKOPUCTaHI A1 po3po6Ku
Ta HayKOBOro 06rpyHTyBaHHs e®eKTUBHMX CTpaTerii KOHTPO/O cereTanbHUX poCiaunH y GiToLEHO3aX KyKypya3u,
CNPSIMOBAHMX Ha 3HWXKEHHS piBHA 3abypsHEHOCTi B KPUTUYHWIA Nepiod pO3BMTKY KynbTypu Ta 3abe3neyeHHto
CTanoro GyHKLiOHYBaHHS arpoOeKoCcUcTeM

KniouoBi cnoBa: arpoueH03; ceretanbHa POC/MHHICTb, YPOXAWHICTb 3€pHa; CMHEPri3M; eKOoMorivyHa CTiMKiCTb;
repbiumaHe HaBaHTAXKEHHS; CTPATETiS KOHTPOJIO
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(biofungicides). The aim was to establish the effectiveness of various pre-sowing seed
treatment schemes and foliar application of fungicides and micronutrients, as well as
to develop mathematical models for predicting soyabean yield depending on weather
conditions. Field studies were conducted in 2024-2025 at the Training and Production
Centre of Bila Tserkva National Agrarian University using soybean varieties ‘RGT Salsa’
and ‘RGT Saidina’ The experiment included 50 variants. It was established that the
highest average vyield (2.71 t/ha) was obtained for the variety ‘RGT Saidina’ under the
combined use of the fungicides Maxim XL, Apron XL, the inoculant BioMAG Soya, and
double application of the fungicide Kolosal Pro with micronutrient fertilisers Intermag
Molybdenum and Quantum Bor Active at the budding stage (BBCH 51-59) and the
flowering stage (BBCH 60-69). Under this scheme, variants with the biofungicide
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of the results lies in identifying optimal combinations of biological and chemical fungicides, inoculants, and
micronutrient fertilisers to increase soybean productivity, as well as in the possibility of forecasting yield based

on climatic indicators

Keywords: inoculation; fungicides; variety; micronutrient fertilisers; climatic conditions; clustering

INTRODUCTION

Soybean (Glycine max (L.) Merr.) is one of the most im-
portant grain legume crops in the world, playing a key
role in providing protein and vegetable oils for both
the food and feed sectors. W.M. Singer et al. (2023) and
D.B.Shelke et al.(2023) noted that the growing demand
for this crop necessitates improving the efficiency of its
cultivation through the enhancement of agrotechnolo-
gies. In this context, optimisation of soybean growing
conditions in modern agroecosystems is of particular
importance. Under current conditions of climatic in-
stability and agricultural intensification, optimisation
of agronomic practices for soybean cultivation be-
comes especially significant. In particular, according to
O. Milenko et al. (2022), an important direction is the
study of the influence of varietal characteristics in com-
bination with different schemes of seed treatment with
fungicides and inoculants, as well as foliar application
of fungicides and micronutrient fertilisers. As noted by
[. Prymak et al. (2025), determining the effectiveness of
these measures makes it possible to increase yield, im-
prove product quality, and reduce risks associated with
adverse weather conditions.

At the same time, the effectiveness of these agro-
technical measures largely depends on the influence of
abiotic factors, particularly water regime. Leguminous
crops are highly sensitive to drought, both during veg-
etative and reproductive stages of development. The
yield of agricultural crops, including legumes, is the
result of a complex interaction between the genetic
potential of the plant and a set of environmental fac-
tors. Grain productivity of legumes is also determined
by symbiotic performance, which depends on the effi-
ciency of symbiosis formed with highly active and viru-
lent strains of nodule bacteria. In the studies of M. Na-
deem et al. (2019), the efficiency of legume-rhizobial
symbiosis under unfavourable growing conditions de-
pends on the ability of the host plant to induce its anti-
oxidant defence systems. This leads to adaptive chang-
es in plant metabolism and increases their tolerance.
The most noticeable effects of drought conditions on
legumes include reduced germination, delayed growth,
severe damage to the photosynthetic apparatus, de-
creased photosynthetic productivity, and reduced nu-
trient uptake. Accordingly, the study of plant responses
and the formation of adaptive potential in crops, par-
ticularly soybean, under climate change conditions has
both economic and agronomic significance.

Given the need to account for climatic factors on
soya beanyields,the role various forecasting methods is

increasing. One of the promising approaches to improv-
ing soybean productivity is the application of elements
of mathematical modelling, which allows prediction of
potential yield depending on climatic conditions. This
is particularly relevant in view of increasing weather
variability, which often makes it difficult to assess risks
in advance and plan cultivation technologies. Crop
yield modelling is an important tool for evaluating the
impact of climatic factors on productivity. Researchers
such as H.Chen et al. (2020) have used statistical meth-
ods together with process-based models to assess the
impact of climate change on crop yields.

At the same time, the development of such models
is associated with a number of methodological difficul-
ties. As noted by L.B. Jaques et al. (2022), attempts to
develop physiologically based soybean yield models
over large areas have been complicated by the lack of
a growth-stage model capable of accounting for these
responses and applicable across a wide geographical
and climatic range. T.D. Setiyono et al. (2021) developed
a soybean phenological model, which uses nonlinear
functions of temperature and photoperiod and sepa-
rates flowering induction and post-induction phases to
simulate flowering time. In the studies of J.Q. Zhang et
al.(2019),the artificial neural network method provided
the highest accuracy in predicting soybean phenological
development stages, indicating that this approach can
be effectively applied in modelling. However, according
to A. Moreira et al. (2023) and K.R. Hopper (2023), the
problem of modelling soybean growth and yield lies in
the complexity of accurately describing plant respons-
es to stress factors (drought, temperature anomalies)
and the specific nature of symbiotic nitrogen fixation,
which often leads to errors in traditional models un-
der changing climatic conditions. In addition, existing
systems require continuous and complex calibration for
new varieties and local growing conditions.

Thus, improving the efficiency of soybean cultiva-
tion requires a comprehensive approach that incorpo-
rates both technica and analytical tools. Comprehensive
studies of soybean cultivation technology components
are necessary to achieve a balance between plant pro-
tection against harmful organisms, preservation of ni-
trogen-fixing potential, and maintenance of resilience
to abiotic stress factors. The development of mathe-
matical models for specific soil and climatic conditions
makes it possible to predict the influence of weather on
plant development and forecast yield. This enables the
adaptation of soybean cultivation techniques, minimise
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climatic risks and ensure stable economic efficiency.
The aim of the research was to establish the effective-
ness of various pre-sowing seed treatment regimens
using fungicides and inoculants, and the foliar appli-
cation of fungicides and micronutrients, as well as to
develop mathematical models for forecasting soyabean
yield depending on weather conditions.

LITERATURE REVIEW

Under current climate change conditions, accord-
ing to the Food and Agriculture Organisation of the
United Nations (FAO, 2021), crop yields could fall by
more than 50% of their potential productivity, which
could pose serious food security challenges. As not-
ed in their works by G.L. Hartman et al. (2011) and
A.Y. Bandara et al. (2020), realising the potential pro-
ductivity of legquminous crops is one of the main tasks
in ensuring their high yield and is determined by a
harmonious combination of all modern methods: or-
ganisational and economic, agrotechnical, immuno-
logical, biological and chemical. Among agrotechnical
measures, pre-sowing seed treatment is of particular
importance. As noted by N. Strom et al. (2020), one of
the important technological practices used in soybean
cultivation is pre-sowing seed treatment with fungi-
cides, as yield losses due to damage to soybeans by
phytopathogens can reach up to 40%. Subsequent
studies focused on combining various elements of
this technology. Studies by J.R. Rathjen et al. (2020)
and Z. Getachew & L. Abeble (2021) investigated the
combined use of seed inoculation with nodule-form-
ing bacteria and fungicides to regulate the metabo-
lism of leguminous crops and enhance their tolerance
to fungal diseases and productivity. And according to
data obtained by I. Fedoruk et al. (2021), combining
the inoculation process with the use of micronutrient
fertilisers in cultivation technology yields significant
results and increases soyabean yield. This is linked
to the specific functioning of the symbiotic system of
leguminous crops. Research by O. Mazur et al. (2025)
established that to maximise the development of the
symbiotic system’s parameters - including the num-
ber and mass of nodules, their intensive functioning
with the formation of the highest levels of total and
active symbiotic potential, as well as the amount of
biologically fixed nitrogen - it is necessary to combine
pre-sowing seed treatment (with the HighCot Super
inoculant, Wonder Micro microfertiliser and Maxim XL
seed dressing) with foliar feeding using chelated fer-
tilisers containing macro-and microelements (Wonder
Yellow and Wonder Blue), alongside the application of
mineral fertilisers at the standard rate of N,,P,,S,.
Practical aspects of implementing these processes
are reflected in the results of field studies. According
to V. Petrychenko et al. (2024), the use of pre-sowing
seed treatment with a bacterial preparation based on
nodule-forming bacterial strains had a lesser effect
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on laboratory germination and a greater effect on the
germination energy of soyabeans. The highest value
was obtained for the Slavna soyabean variety - 93.4% -
when using nitrogen-fixing bacteria (Rhizolin + Rhiz-
osavei) in pre-sowing seed treatment. S. Didorenko et
al. (2023), under agroclimatic conditions of Kazakhstan,
found that treating soybean seeds with molybdenum
and cobalt salts before sowing is economically ben-
eficial for the early-maturing variety Ivushka and the
mid-maturing variety Lastivka. For the early-maturing
variety Birlik KV, the highest profitability was recorded
with combined seed treatment using the nitrogen-fix-
ing inoculant HiStick and Mo and Co salts. In the soy-
bean variety Zhansaya, additional seed treatments re-
duced production profitability.

Alongside biological factors, the plant nutrition
system plays an important role. According to the work
of S. Bagale (2021), effective management of the soy-
bean nutrition regime helps to provide the necessary
nutrients for the plant without causing a significant
reduction in yield, and also helps the crop to with-
stand biotic and abiotic stresses. A total of fifteen nu-
trients are required for the growth and development
of soya. These nutrients can be classified as micro-and
macronutrients. Macronutrients required in quantities
>0.01% include nitrogen (N), phosphorus (P), potassi-
um (K), sulphur (S), calcium (Ca) and magnesium (Mg).
They perform structural and functional roles in plants.
Similarly, soya also requires micronutrients, but in
quantities of <0.01%. These are copper (Cu), iron (Fe),
manganese (Mn), zinc (Zn), boron (B), chlorine (Cl), mo-
lybdenum (Mo) and nickel (Ni). These micronutrients
perform enzymatic and cellular regulatory functions.
In practice, the supply of these elements to plants is
often achieved through foliar fertilisation. According
to studies by V. Petrychenko et al. (2016), the most ef-
fective way to provide plants with micronutrients is
foliar feeding during the growing season at critical
stages of soybean development: the 3-5 trifoliate leaf
stage, budding, and pod formation. In this way, up to
100% of the plant’s micronutrient requirements can
be satisfied.

The effectiveness of such approaches is confirmed
by a number of experimental studies. AV. Golodna et
al. (2024) found that foliar feeding of soybean plants
with the organo-mineral fertiliser Khelprost Soya at
the branching and budding stages, against the back-
ground of fertilisation N;.P,.K,, + N5, and pre-sowing
seed treatment, increased yield to 3.67 and 3.74 t/ha
(by 23.2% and 25.5%, respectively) and provided a yield
increase compared to the absolute control of 0.69 t/
ha and 0.76 t/ha. Fertilisation at the flowering stage
ensured soybean seed yield at the level of 3.62 t/ha,
with a yield increase of 0.64 t/ha. Under the conditions
of the Forest-Steppe of Ukraine, according to M.P. Bai-
da (2025), higher yields of the soybean variety Arat-
ta were obtained with the combined use of YaraVita




Mono Molitrac at the budding stage (0.25 L/ha) and
the micronutrient fertiliser Radostym - 2.35 t/ha, as
well as in variants combining YaraVita Mono Molitrac
at the budding stage (0.25 L/ha) and at the flower-
ing stage (0.25 L/ha) with growth regulators Biosil
and Radostym - 2.34 t/ha and 2.35 t/ha, respectively.
The yield of the soybean variety Cordoba under these
same treatment combinations was 2.40 t/ha, 2.41 t/ha,
and 2.45 t/ha, respectively. In the southern part of
the Western Forest-Steppe of Ukraine, D.V. Kozyrsky et
al. (2025) reported that double foliar feeding with the
preparation Fulvohumin resulted in a yield increase
of 0.18-0.37 t/ha compared to the base fertilisation
variant N4 P, K. Foliar fertilisation with Fulvohumin
in combination with fungicidal protection ensured a
greater realisation of the productivity potential of soy-
bean varieties than the application of these techno-
logical elements separately. Yield increases amount-
ed to 0.35 t/ha for the variety Samorodok, 0.43 and
0.41 t/ha for Rohiznianka and Triada, respectively, and
0.65 t/ha for the variety Azymut.

An important criterion for evaluating the effec-
tiveness of agrotechnologies is not only yield but
also the economic feasibility of their application. Un-
der the conditions of the Forest-Steppe of Ukraine,
M. Grabovskyi et al. (2025) found that the maximum
conditional net profit and profitability were achieved
in the soybean varieties Amadea and Aurelina in the
variant with pre-sowing seed treatment using fungi-
cides containing the active ingredients fipronil, thio-
phanate-methyl, and pyraclostrobin (2 L/t), along with
the application of fungicides pyraclostrobin and epox-
iconazole during the growing season. The use of these
preparations contributed to a statistically significant
increase in soybean yield.

Alongside mineral nutrition, seed inoculation is
an important factor in increasing productivity. In the
study by Ya.O. Yarovyi (2024), it was shown that, on av-
erage over three years, soybean vyield increased from
2.50 to 3.03 t/ha with the application of N,, and up to
3.19 t/ha with N4,. The application of complete mineral
fertilisers at rates of N;,P,,K,, increased this value to
3.20 t/ha (by 6%), and NP, K., to 3.40 t/ha (by 7%)
compared to nitrogen-only systems. The use of inocu-
lation contributed to a yield increase of 0.38-0.41 t/ha
depending on the experimental variant. In the
north-eastern Forest-Steppe of Ukraine, A. Melnyk et
al.(2022) obtained the highest soybean yield (3.02 t/ha)
under the application of calculated fertiliser rates
(N5oPgoKso): with foliar fertilisation using Wuxal Mi-
croplant + Wuxal Combi Plus + Wuxal Aminoplant,
yields reached 3.45 t/ha for the variety Lissabon and
3.22 t/ha for Diadema Podillia, which is 1.24-1.41 t/ha
higher compared to the absolute control; with the use
of fertilisers Basfoliar 36 Extra + Solu Bor + Basfoliar
6-12-6, the variety Kyoto achieved 3.37 t/ha, which is
1.35 t/ha higher than the absolute control.

Labunskyi & Grabovskyi

MATERIALS AND METHODS

The research was conducted in 2024-2025 at the Train-
ing and Production Centre of Bila Tserkva National
Agrarian University. Experimental design: Factor A - va-
rieties: ‘RGT Salsa’and ‘RGT Saidina’ Factor B - pre-sow-
ing seed treatment with fungicides and inoculants.
1. Control: no treatment. 2. Fungicide Maxim XL (1.0 L/t)
+ Apron XL (0.5 L/t) + inoculant RhizoStart (2.0 kg/t).
3. Fungicide Maxim XL (1.0 L/t) + Apron XL (0.5 L/t) +
inoculant BioMAG Soya (3.0 kg/t). 4. Inoculant RhizoS-
tart (2.0 kg/t) + biofungicide Ekostern Trichoderma, SC
(1.5 L/t). 5. Inoculant BioMAG Soya (3.0 kg/t) + biofungi-
cide Ekostern Trichoderma, SC (1.5 L/t). Factor C - fun-
gicides and micronutrient fertilisers applied during the
growing season. 1. Control: no application. 2. Fungicide
Kolosal Pro (0.5 L/ha) + micronutrient fertilisers In-
termag Molybdenum (1.0 L/ha) + Quantum Bor Active
(1.0 L/ha) at the budding stage (BBCH 51-59). 3. Fun-
gicide Kolosal Pro (0.5 L/ha) + micronutrient fertilisers
Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active
(1.0 L/ha) at the budding stage (BBCH 51-59) and at
the flowering stage (BBCH 60-69). 4. Biofungicide Fi-
tosporin-M Soya (1.5 L/ha) + micronutrient fertilisers
Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active
(1.0 L/ha) at the budding stage (BBCH 51-59). 5. Bio-
fungicide Fitosporin-M Soya (1.5 L/ha) + micronutrient
fertilisers Intermag Molybdenum (1.0 L/ha) + Quantum
Bor Active (1.0 L/ha) at the budding stage (BBCH 51-59)
and at the flowering stage (BBCH 60-69).

The arrangement of treatments in the experiment
was systematic and sequential. The total plot area was
70 m?, with an accounting area of 56 mZ2 The experi-
ment was conducted in triplicate. Soybean cultivation
practices,apart from the studied factors, followed those
generally accepted for the Right-Bank Forest-Steppe of
Ukraine. The research was carried out in accordance
with the methodological recommendations of V.V.Volko-
dav (2001). Pre-sowing seed treatment with Maxim XL
(1.0 L/t), Apron XL (0.5 L/t), and Ekostern Trichoderma,
SC (1.5 L/t) was performed in advance, 5-7 days prior to
sowing, while inoculation with RhizoStart (2 kg/t) and
BioMAG Soya (3 kg/t) was carried out on the day of sow-
ing, in accordance with the manufacturers’ recommen-
dations for product use. Seeds and soybean crops in the
control treatments were treated with water. Application
of fungicides and micronutrient fertilisers was carried
out using a knapsack sprayer, in accordance with the
application rates recommended by the manufactur-
ers and the working solution rates at the appropriate
growth and development stages of the crop.

Yield assessment of soybean varieties was conduct-
ed by plot harvesting, followed by grain cleaning and
recalculation to 100% purity and 14% moisture content.
Statistical processing of the research results was per-
formed using analysis of variance and correlation-re-
gression analysis with the application software Excel
and Statistica 12.0. Clustering of soybean yield data was

Scientific Horizons, 2026, Vol. 29, No. 1

55



56

Formation of soybean yield depending...

carried out using the method of J.H. Ward (1963) based
on Euclidean distances, which minimises the increase in

within-group variance at each stage of cluster merging.

This method allows for the formation of compact and
clearly separated groups of objects according to sim-
ilar characteristics, making it particularly effective for
the analysis of quantitative agronomic data, including
yield. During the study, the requirements of the Con-

vention on Biological Diversity (1992) were observed.

RESULTS

The data in Table 1 showed that for the soybean vari-
ety ‘RGT Salsa’, in the control treatment without seed

treatment and foliar application of preparations, grain
yield amounted to 1.34 t/ha in 2024 and 2.51 t/ha in
2025, with an average value of 1.92 t/ha. The highest
yield in 2024-2025 was obtained in the experimental
variant with pre-sowing seed treatment using Maxim
XL + Apron XL + BioMAG Soya and double application
during the growing season of the fungicide Kolosal
Pro (0.5 L/ha) with micronutrient fertilisers Inter-
mag Molybdenum (1.0 L/ha) and Quantum Bor Active
(1.0 L/ha) at the budding stage (BBCH 51-59) and
at the flowering stage (BBCH 60-69), reaching 1.82
and 3.13 t/ha, respectively, with an average value of
2.48 t/ha.

Table 1. Grain yield of the soybean variety ‘RGT Salsa’ depending
on the applied agrotechnological measures (average for 2024-2025), t/ha

Pre-sowing seed treatment

with fungicides and inoculants (B) Fungicides and micronutrient fertilisers (C)* 2024 2025 Average
1 1.34 2.51 1.92
2 1.57 2.82 2.19
Control 3 1.68 2.96 2.32
4 1.50 2.75 2.13
5 1.62 2.92 2.27
1 1.45 2.65 2.05
2 1.69 2.97 2.33
Maxim XL + Apron XL + RhizoStart 3 1.80 3.10 2.45
4 1.62 2.89 2.26
5 1.75 3.06 2.40
1 1.48 2.68 2.08
2 1.70 3.00 2.35
Maxim XL + Apron XL + BioMAG Soya 3 1.82 3.13 2.48
4 1.64 2.92 2.28
5 1.76 3.10 2.43
1 1.43 2.61 2.02
2 1.68 2.94 231
RhizoStart + Ekostern Trichoderma, SC 3 1.77 3.02 2.40
4 1.59 2.85 2.22
5 1.72 3.00 2.36
1 1.44 2.64 2.04
2 1.67 2.95 231
BioMAG Soya + Ekostern Trichoderma, SC 3 1.78 3.06 2.42
4 1.60 2.93 2.27
5 1.72 3.07 2.40
B 0.05 0.07
LSD, s, t/ha, for C 0.03 0.05
BC 0.10 0.12

Note: 1. Control: no application. 2. Fungicide Kolosal Pro (0.5 L/ha) + micronutrient fertilisers Intermag Molybdenum
(1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH 51-59). 3. Fungicide Kolosal Pro (0.5 L/ha) +
micronutrient fertilisers Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH
51-59) and at the flowering stage (BBCH 60-69). 4. Biofungicide Fitosporin-M Soya (1.5 L/ha) + micronutrient fertilisers
Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH 51-59). 5. Biofungicide
Fitosporin-M Soya (1.5 L/ha) + micronutrient fertilisers Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/
ha) at the budding stage (BBCH 51-59) and at the flowering stage (BBCH 60-69)

Source: compiled by the authors
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When the chemical product Kolosal Pro (0.5 L/ha)
was replaced with the biofungicide Fitosporin-M
Soya (1.5 L/ha), productivity was lower, amounting
to 1.78 t/ha in 2024 and 3.06 t/ha in 2025, with no
statistically significant difference between these
variants (LSD,,; =0.10 in 2024 and LSD,,,=0.12 in
2025). Due to improved weather conditions in 2025,
an increase in soybean grain yield was observed,
with gains ranging from 0.5 to 1.2 t/ha. For the va-
riety ‘RGT Saidina’, grain yield in 2025 was higher by
80.6-93.1% compared to 2024 (Table 2). On average
over the two years, the application of pre-sowing
seed treatment with fungicides and inoculants re-
sulted in an increase in productivity of 0.18-0.30 t/ha
compared to the control plots. In variants with the use
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of fungicides and micronutrient fertilisers during the
growing season, the yield increase compared to the
control ranged from 0.21 to 0.40 t/ha. The maximum
yield values (1.84 t/ha in 2024 and 3.39 t/ha in 2025)
were observed in the variant with pre-sowing seed
treatment using Maxim XL + Apron XL + BioMAG Soya
and double application during the growing season
of the fungicide Kolosal Pro (0.5 L/ha) with micro-
nutrient fertilisers Intermag Molybdenum (1.0 L/ha)
and Quantum Bor Active (1.0 L/ha) at the budding
stage (BBCH 51-59) and at the flowering stage (BBCH
60-69). The use of the biofungicide Fitosporin-M Soya
(1.5 L/ha) in this scheme led to a slight decrease in
soybean productivity, indicating the high effective-
ness of biological protection systems.

Table 2. Grain yield of the soybean variety ‘RGT Saidina’ depending
on the applied agrotechnological measures (average for 2024-2025), t/ha

Pre-sowing seed treatment with fungicides

and inoculants (B) Fungicides and micronutrient fertilisers (C) 2024 2025 Average
1 1.45 2.72 2.09
2 1.63 3.04 2.34
Control 3 1.72 3.16 2.44
4 1.59 2.99 2.29
5 1.60 3.09 2.35
1 1.57 2.95 2.26
2 1.79 3.30 2.54
Maxim XL + Apron XL + RhizoStart 3 1.88 3.43 2.66
4 1.74 3.26 2.50
5 1.84 3.40 2.62
1 1.64 3.00 2.32
2 1.82 3.33 2.57
Maxim XL + Apron XL + BioMAG Soya 3 193 3.49 2.71
4 1.77 3.30 2.53
5 1.86 3.43 2.65
1 1.52 291 1.72
2 1.76 3.27 2.51
RhizoStart + Ekostern Trichoderma, SC 3 1.84 3.39 2.62
4 171 3.22 2.47
5 1.83 3.37 2.60
1 1.60 2.96 2.28
2 1.78 3.29 2.53
BioMAG Soya + Ekostern Trichoderma, SC 3 1.90 3.43 2.67
4 1.72 3.27 2.49
5 1.81 3.39 2.60
B 0.05 0.07
LSD, s, t/ha, for C 0.03 0.05
BC 0.10 0.12

Note: 1. Control: no application. 2. Fungicide Kolosal Pro (0.5 L/ha) + micronutrient fertilisers Intermag Molybdenum
(1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH 51-59). 3. Fungicide Kolosal Pro (0.5 L/ha) +
micronutrient fertilisers Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH
51-59) and at the flowering stage (BBCH 60-69). 4. Biofungicide Fitosporin-M Soya (1.5 L/ha) + micronutrient fertilisers
Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH 51-59). 5. Biofungicide

Fitosporin-M Soya (1.5 L/ha) + micronutrient fertilisers Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/

ha) at the budding stage (BBCH 51-59) and at the flowering stage (BBCH 60-69)

Source: compiled by the authors
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It was established that the average grain yield of
the variety ‘RGT Saidina’ was 2.47 t/ha, whereas for
‘RGT Salsa’it was 2.27 t/ha, which is higher by 0.2 t/ha
or 9.1% in relative terms. In both varieties, the high-
est yield indicators were obtained under conditions
of combined use of chemical (Maxim XL (1.0 L/t) +
Apron XL (0.5 L/t)) or biological fungicidal seed pro-
tection and inoculation (BioMAG Soya (3 kg/t)), to-
gether with double application during the growing
season of the fungicides Kolosal Pro (0.5 L/ha) and
Fitosporin-M Soya (1.5 L/ha), and micronutrient fer-
tilisers Intermag Molybdenum (1.0 L/ha) + Quantum
Bor Active (1.0 L/ha). It was determined that the
greatest contribution to soybean yield formation

G
N

is made by the genotype (variety) - 43.1% (Fig. 1).
The second most influential factor is Factor C with
a share of 17.6%, demonstrating the significant im-
pact of fungicides and micronutrient fertilisers on
yield. The influence of Factor B amounts to 15.0%,
while the interaction between factors B x C accounts
for 8.4%. This indicates that the combined applica-
tion of seed treatment and foliar use of fungicides
and micronutrient fertilisers provides an additional
increase in yield. Weather conditions also have a con-
siderable effect on soybean productivity - 8.2%. The
growing seasons for soya in 2024 and 2025 differed
significantly in terms of precipitation and tempera-
ture (Table 3).

W Variety (A)

B Pre-sowing treatment (B)

m Fungicides and microfertilizers during vegetation (C)
AxB interaction

m AxC interaction
BxC interaction

B Other (weather conditions)

Figure 1. Contribution of the factors under study to soyabean yield, %

Source: compiled by the authors

Table 3. Weather conditions during the study years

Month Decade — 2024 — 2025

Total precipitation,mm Average temperature, °C Total precipitation, mm Average temperature, °C

| 0.8 14.8 20.9 12.6

May | 0.1 129 2.7 125

n 14.8 19.5 715 15.8

per month 15.7 15.8 95.1 13.6

1 21.8 21.3 11.5 21.6

| 58.8 20 16.0 20.4

June M 0.7 212 10.2 217

per month 81.4 20.8 37.7 21.2

| 0 225 7.8 221

July Il 40.9 26.5 16.0 24.6

]l 1.2 214 319 220

per month 42.1 23.5 55.7 22.9

| 7.8 20.7 15.9 20.4

August | 1.8 21.2 239 21.5

]| 0 235 125 24.1

per month 9.6 21.8 52.3 22.0

| 3.9 20.8 4.1 19.7

September | 9.3 19.5 18.3 20.4

][] 0 18.2 8.6 16.5

per month 13.2 19.5 31.0 18.9

Note: 1. Control: no application. 2. Fungicide Kolosal Pro (0.5 L/ha) + micronutrient fertilisers Intermag Molybdenum
(1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH 51-59). 3. Fungicide Kolosal Pro (0.5 L/ha) +
micronutrient fertilisers Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH
51-59) and at the flowering stage (BBCH 60-69). 4. Biofungicide Fitosporin-M Soya (1.5 L/ha) + micronutrient fertilisers
Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/ha) at the budding stage (BBCH 51-59). 5. Biofungicide
Fitosporin-M Soya (1.5 L/ha) + micronutrient fertilisers Intermag Molybdenum (1.0 L/ha) + Quantum Bor Active (1.0 L/
ha) at the budding stage (BBCH 51-59) and at the flowering stage (BBCH 60-69)

Source: Crop-monitoring (n.d.)
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In May 2024, dry conditions were observed, with
total precipitation of 15.7 mm, whereas in 2025 this
indicator amounted to 95.1 mm, providing more fa-
vourable conditions for the initial development of
soybean plants. June 2024 was better supplied with
moisture (81.4 mm) compared to 2025 (37.7 mm). In
July 2025, more favourable conditions were observed
during the flowering and seed formation period of
soybean (55.7 mm of precipitation), along with a
more even distribution throughout the month. Au-
gust 2024 was dry (9.6 mm), which negatively affect-
ed the yield potential of soybean, while in 2025 it
was, on the contrary, sufficiently supplied with mois-
ture (52.3 mm). The total precipitation in 2024 for

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

0

Yield, t/ha

2024
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the May-September period amounted to 162.0 mm,
with an average air temperature of 20.3°C, whereas
in 2025 it was 271.8 mm and 19.7°C, respectively.
Overall, 2025 was characterised by more favoura-
ble conditions for the growth and development of
soybean plants, while 2024 was characterised as a
stressful year, particularly during critical periods -
May and August. To quantitatively assess the influ-
ence of weather factors on soybean yield formation,
predictive models were developed. Figure 2 presents
a comparison of the actual soybean seed yield in
2024 and 2025 with the calculated values obtained
based on models that take into account the weather
conditions of July and August.

[ Calculated by July weather
A\ Calculated by August weather
@ Actual Yield

2025

Figure 2. Actual and model-calculated soybean seed yield figures, tonnes per hectare

Source: compiled by the authors

The actual yield in 2024 amounted to 1.68 t/ha,
and in 2025 - 3.06 t/ha, indicating a significant in-
crease in productivity due to more favourable weather
conditions. Models developed on the basis of weather
factors of individual months demonstrated high fore-
casting accuracy. In 2024, the July model (1.62 t/ha)
closely matched the actual data, confirming the de-
cisive role of conditions during the soybean devel-
opmental stages (BBCH 51-69) in shaping future
productivity. In 2025, the July model slightly overesti-
mated the yield (3.12 t/ha). In 2024, the August model
showed a higher value (1.75 t/ha) than the actual yield,
indicating that the extreme drought in August (only
1.8 mm of precipitation in the second ten-day period)
acted as a limiting factor that the model could not
fully account for.In 2025, the August model (2.98 t/ha)
was lower than the actual yield. The deviations be-
tween actual and calculated values were insignificant
(up to 0.07 t/ha), which confirms the adequacy of the
models and the strong dependence of soybean yield
on climatic indicators in July and August. The July
model is more stable for predicting the overall trend
in soybean yield, as it is during this period that the
structure of the future yield is formed.

In addition to analysing the influence of weather
factors, cluster analysis was applied to generalise the
obtained results and identify similarities between ex-
perimental variants. Figure 3, which presents the re-
sults of cluster analysis of the average soybean yield

for 2024-2025, clearly shows several hierarchically
formed clusters. Clustering was performed using the
method of J.H. Ward (1963) with Euclidean distances,
allowing the degree of similarity between variants to
be assessed based on yield level. The first large cluster
includes variants with the highest yield values: 13, 30,
45,46,49, and 50. This indicates that, regardless of the
variety, certain agrotechnological measures (pre-sow-
ing seed treatment and inoculation, as well as foliar
application of fungicides and micronutrient fertilisers)
contributed to consistently high yield results in both
years of the study. The internal structure of this cluster
is quite compact, indicating a high degree of similarity
among the variants included in it. The second cluster
consists of variants that demonstrated medium yield
levels. Within this group, greater variability between
variants is observed; however, they form a distinct
branch separated from both high-and low-productivity
combinations. Variants within this cluster are grouped
at smaller Euclidean distances, indicating relatively
similar, although not maximum, characteristics.

The third cluster comprises the variants with the
lowest yield values: 1, 4, 15, 16, 35, 41. Variant 41 has
one of the lowest average yields (1.66 t/ha) and forms
its own isolated sub-cluster, showing the greatest dis-
tance from the other variants, which may indicate the
influence of adverse weather conditions in this trial.
Overall, the dendrogram confirms that soyabean yield
depends to a significant extent not only on the variety
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but also on the combination of agronomic practices.

Despite the differences between varieties, some ex-
perimental variants had similar productivity and are

grouped into common clusters, indicating the possi-
bility of optimising cultivation technologies for differ-
ent genotypes.

Variant number

DL AL,

4.0 3.5 3.0 2.5

T
2.0 15 10 0.5

Euclidean distance

Figure 3. Dendrogram of cluster analysis of yield of soybean varieties ‘RGT Salsa’ and ‘RGT Saidina’ for 2024-2025

Source: compiled by the authors

DISCUSSION

The obtained research results are consistent with
data from other authors regarding the influence of cli-
matic factors on crop yields. According to E. Vogel et
al. (2019), climate extremes increase yield variability
of agricultural crops by 18-43%, accounting for more
than half of the variance for maize, soybean, and rice.
Temperature extremes have a stronger relationship
with yield changes than precipitation-related variables
such as drought or heavy rainfall. H.Zhang et al. (2019)
indicated that for every 1°C increase in growing sea-
son temperature, soybean yield decreases by 3.1%.
Soybean plants are particularly sensitive to elevated
temperatures during the reproductive stage, espe-
cially during flowering and grain filling. According to
H.A. Araji et al. (2018), water stress caused by reduced
precipitation affects the physiological development
of soybean plants and yield formation. As reported by
K.Jumrani & V.S. Bhatia (2018), both temperature and
water stress influence soybean growth and yield, but
the effect is more pronounced when water deficit oc-
curs under high air temperatures.

These findings fully correspond with the results
of the present study. In the weather-stressful year of
2024, yields of the soybean varieties ‘RGT Salsa’ and
‘RGT Saidina’ranged from 1.34-1.82 and 1.45-1.93 t/ha,
respectively, whereas in the more climatically favour-
able 2025 (in terms of precipitation and temperature),
they reached 2.51-3.13 and 2.72-3.49 t/ha, respective-
ly, which is 70.6-93.1% higher. However, according to

Scientific Horizons, 2026, Vol. 29, No. 1

results obtained by R. Ramteke et al. (2015) in India
during 2001-2013, a shift in precipitation from July to
August was observed, while soybean yield in Indore
district and Madhya Pradesh state increased by 21.6
and 13.9 kg, respectively.

According to the authors’ calculations, in 2024 the
July model (1.62 t/ha) closely matched the actual soy-
bean yield data, whereas in 2025 the July model slight-
ly overestimated the yield (3.12 t/ha). In 2024, the Au-
gust model showed a higher value (1.75 t/ha) than the
actual yield, while in 2025 the August model (2.98 t/ha)
was lower than the actual yield. At the same time, de-
viations between actual and calculated values were
insignificant (up to 0.07 t/ha), indicating the adequacy
of the models and the strong dependence of soybean
yield on climatic indicators in July and August. These
conclusions are also supported by findings of other re-
searchers. According to O. Sobko et al. (2020), soybean
yield showed a significant positive correlation with so-
lar radiation (r=0.32) and precipitation (r=0.33), but
a significant negative correlation with crop heat units
(CHU) (r=-0.42). M. Tsekhmeistruk et al. (2021), based
on correlation analysis of weather conditions and soy-
bean yield during 2004-2020, identified a negative ef-
fect of average daily temperature in August (correlation
coefficient r=-0.428). Ya.O. Yarovyi (2024) reported
that July precipitation had a positive effect on the crop
(r=0.501-0.555). Soybean seed yield varies significantly
depending on the weather conditions of the study year,
as indicated by a low stability index of 0.36-0.40.




According to Kazakh researchers S. Didorenko et
al. (2023), the yield of soybean varieties shows a posi-
tive correlation with maturity group (r=0.87). Weather
conditions had an inconsistent effect on the yield of
varieties from different maturity groups. In the driest
year, the yield of late-maturing soybean varieties Bir-
lik KV and Zhansaya decreased the most. N.G. Buslae-
va et al. (2024) established relationships between
soybean seed yield and weather elements: a strong
correlation with average monthly air temperature
was observed for July (r=-0.931), while correlations
with monthly precipitation were identified for May
(r=-0.875), June (r=0.720), and August (r=-0.950).
The strongest combined influence of average daily air
temperature and precipitation was found during the
third ten-day period of June (r=-0.938 and 0.996)
and August (r=0.976 and -0.999).Ya.O. Yarovyi (2024)
stated that soybean seed vyield is most affected by
weather conditions and fertilisation, and least by in-
oculation. Y. He & M.L. Matthews (2023) noted that
solar radiation, temperature and relative humidity
were the main climatic factors influencing yield im-
provement, and they showed an inverse correlation
with yield improvement during the vegetative phase
compared to the reproductive phase of soya.

In addition to the influence of climatic factors,
agrotechnological measures, in particular pre-sowing
seed treatment and the application of biological prod-
ucts, play an important role in determining soyabean
yield. The results of this study showed that pre-sow-
ing treatment of soya bean seeds with fungicides and
inoculants contributed to an increase in grain yield
of 0.09-0.30 t/ha or 5.1-12.8%, compared to the con-
trol. According to S. Hussain et al. (2009), soyabean
yield in treatments involving seed treatment with the
bacterium B. japonicum and the fungicide fludioxonil
+ B. japonicum was the highest and significantly ex-
ceeded the control treatment by 0.27-0.60 t/ha. Data
from S. Kobak et al. (2025) indicated that inoculation
of soyabean seeds with biological preparations in-
creased yield: 40-45 days before sowing — by 7-10%,
19-21 days before sowing - by 10-16%, and on the day
of sowing - by 13-19%. In experiments conducted by
Ya.O. Yarovyi (2024), inoculating seeds before sowing
yielded 0.54-0.60 t/ha of seeds, compared to plots
without fertiliser. Pre-sowing inoculation of soyabeans
with a cellular protector was effective 30 days before
sowing, and grain yield was similar to that of standard
inoculation even under unfavourable environmental
conditions, indicating the potential for using this tech-
nology even under adverse conditions.

However, researchers A.S.F.D. Aratjo & R.S. Arau-
jo (2006) and EJ. Hartley et al. (2012) reported on the
toxicity of plant protection products used for pre-sow-
ing seed treatment to the bacteria present in inocu-
lants and a possible reduction in yield due to this an-
tagonistic effect. Thus, according to P.P. Pukhtaievych et
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al. (2023), the combined application of inoculants and
the Benorad preparation resulted in a reduction in the
above-ground biomass of soyabeans by 8.7-20.9% and
root biomass by 4.8-16.8% during the growing season,
compared with control plants (regardless of the rhizo-
bium strain used for inoculation). A negative effect of
seed treatment on the nitrogenase activity of symbiotic
systems was noted following the application of Beno-
rad at the three-true-leaf stage and during budding to
early flowering.

T. Nyzhnyk et al. (2024) found that the application
of the inoculant Bradyrhizobium japonicum (titre 10°
cells per ml) and the fungicide fludioxonil (25 g/L) to
seeds promoted the development of antioxidant pro-
tection in soybean plants under drought conditions
through the activation of key enzymatic complexes
and regulation of lipid peroxidation processes, which
positively affect nitrogen fixation and soybean pro-
ductivity. This increased the nitrogen-fixing activity
of soybean at the pod formation stage by more than
71.7% and also increased soybean yield by 12.7%. Ac-
cordingly, in this study no negative effect of fungicides
on the growth and development of soybean plants
was observed either in the initial period of vegetation
or in later stages.

An important element of cultivation technology is
also the foliar application of fungicides and micronu-
trients, the effectiveness of which is confirmed by the
obtained results. According to the data, the influence of
foliar application of micronutrients and fungicides dur-
ing soybean vegetation (17.6%) was more significant
for yield formation. Thus, grain yield in these variants
exceeded the control plots, depending on the variety,
by 0.23-0.42 t/ha. This is confirmed by the findings of
AV. Melnyk et al. (2019), according to which the use of
foliar fertilisation products contributed to an increase
in soybean grain yield on average by 0.3-0.5 t/ha,
or 12.5-15.5%. Studies by AV. Holodna et al. (2024)
showed that plant feeding at the flowering stage with
an organo-mineral fertiliser ensured an increase in soy-
bean yield of 0.64 t/ha; the application of the micro-
nutrient YaraVita Mono Molytrac at the budding stage
and additionally at the flowering stage with growth
regulators increased yield by 0.21-0.44 t/ha. According
to D.V. Kozyrsky et al. (2025), the fungicide protection
system was effective and contributed to the formation
of 0.23-0.45 t/ha more soybean grain compared with
variants without their application.

Particular attention in modern soybean cultivation
technologies is given to the use of biological products
as an environmentally safe alternative to chemical
plant protection agents. The use of biological prod-
ucts in crop production is highly relevant, and micro-
biological preparations are increasingly being applied.
S.S. Nimenko & M.B. Grabovskyi (2023) and A. Korob-
ko et al. (2024) noted that modern biological products
contain various microorganisms that can enhance plant
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resistance to diseases and pests, promote growth and
development, and improve the qualitative composition
of soil microbiota. According to H. Panda (2017), they
are an alternative to mineral fertilisers and pesticides
that disrupt natural cycles and negatively affect biota
and the environment. L.E. Fuentes-Ramirez & J. Cabal-
lero-Mellado (2006) pointed out that the widespread
use of biological factors for the intensification of agri-
culture has not only environmental but, in most cases,
economic priority. The positive effect of biofungicides
is also confirmed by the data of Y. Prayogo et al. (2023)
and T.P.C. Ezeorba et al. (2023). In this study, the use
of the biofungicide Ecostern Trichoderma, SC (1.5 L/t)
for pre-sowing seed treatment and the biofungicide Fi-
tosporin-M Soya (1.5 L/ha) during vegetation resulted
in lower grain yield than in variants where chemical
products were used; however, the difference was not
statistically significant, indicating the effectiveness of
biological products in soybean cultivation technology.

CONCLUSIONS

According to the results of the two-year study, a sig-
nificant influence of varietal characteristics, pre-sow-
ing seed treatment and inoculation, as well as foliar
application of fungicides and micronutrient fertilisers
on soybean yield was established. The highest yield
was obtained for the variety ‘RGT Saidina’ in the exper-
imental variant with pre-sowing seed treatment using
Maxim XL + Apron XL + BioMAG Soya and double appli-
cation during the growing season of the fungicide Ko-
losal Pro (0.5 L/ha) with micronutrient fertilisers Inter-
mag Molybdenum (1.0 L/ha) and Quantum Bor Active
(1.0 L/ha) at the budding stage (BBCH 51-59) and at
the flowering stage (BBCH 60-69) - 2.71 t/ha. The use
of the biofungicide Fitosporin-M Soya (1.5 L/ha) within
this scheme resulted in a yield of 2.65 t/ha, indicating
the high effectiveness of biological preparations. For
the variety ‘RGT Salsa;, yield indicators under these var-
iants were 2.48 and 2.43 t/ha. The variety RGT Saidina’

provided an average yield of 2.47 t/ha over two years,
whereas ‘RGT Salsa’yielded 2.27 t/ha, which is higher by
0.2 t/ha or 9.1%.

In 2024, the average soybean yield across the ex-
periment was 1.68 t/ha, while in 2025, under favoura-
ble moisture conditions, it increased to 3.06 t/ha. The
developed mathematical models confirmed that July
data have higher predictive value. Deviations between
actual and calculated values were insignificant (up to
0.07 t/ha), indicating the adequacy of the models and
the strong dependence of soybean yield on climatic in-
dicators inJuly and August. Cluster analysis of 50 experi-
mental variants based on soybean grain yield identified
three main groups according to productivity level. The
first cluster included variants with yields above 2.5 t/ha,
most of which combined the use of the inoculant Bi-
oMAG Soya with the fungicides Maxim XL (1.0 L/t) +
Apron XL (0.5 L/t), as well as the fungicide Kolosal
Pro and micronutrient fertilisers Intermag Molybde-
num (1.0 L/ha) + Quantum Bor Active. Further research
should be aimed at expanding environmental testing of
the experimental variants to assess the stability of the
identified relationships under different soil and climat-
ic conditions, as well as at studying the long-term ef-
fects of biological preparations on soil microbiota and
the efficiency of symbiotic nitrogen fixation in soybean
plants. A promising direction is yield modelling using
long-term weather datasets to develop adaptive man-
agement systems for soybean cultivation under varying
climatic conditions.
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AHoTauif. Y cTaTTi BUCBITNEHO pe3ynbTaT ABOPIYHOro NOAbOBOrO AOCAIAY WOAO BUBYEHHS BMIMBY COPTOBMUX
0cobnMBOCTEN, arpoOTEXHONOTIYHUX MNPUIOMIB Ta MOrOAHMX YMOB Ha BPOXAMHICTb COi 3 BMKOPUCTAHHSAM
NPOrHOCTMYHOrO MOJAENOBaHHA. AKTyaNnbHiCTb AOCNILXEHHS 00yMoBAeHa HeoOXiAHICT NigBULLEHHS
CTabiNnbHOCTI BPOXKato COi B YMOBAX KIIMAaTUYHUX 3MiH i BaX/IMBICTIO 3aCTOCYBaHHS BionoriyHmnx 3acobis 3axmcry
pocauH (biodyHriumais). Metoo 6yno BcTaHOBNEHHS edeKTMBHOCTI pi3HMX CXxeM nepennociBHOi 06pobku
HaCiHHSA Ta MNO3aKOPEHEeBOro 3acTOCyBaHHA GYHriUMAIB i MikpoaobOpwMB, @ TaKOX PO3pO6NEHHS MaTeMATUYHUX
MoAenen NporHo3yBaHHSA BPOXAMHOCTI COT 3aneXHOo Big norogHMx ymoB. [1onboBi [OCAIAXKEHHS NPOBOAMAMUCS
B 2024-2025 pokax Ha 6a3i HaB4YanbHO-BMpOOHMYOro LeHTpy binouepkiBCcbkOro HaliOHaNbHOrO arpapHoro
yHiBepcuTeTy 3 copTamu coi ‘PXT Canbca’ i ‘PXT Caigiva. Jocnig Bkaoyas 50 BapiaHTiB. BcTaHoBeHo,
WO Haibinbwy BpoxarHicTb (2,71 1/ra) otpumano y copTy ‘PXT CaitgiHa’ 32 KOMBIHOBAHOTO BMKOPUCTAHHA
dyHriumais Makcim XL, AnpoH XL, iHokynaHTa bioMAI Cos i aBopa3soBoro BHeceHHs dyHriumay Konocanb lNpo
3 Mikpopobpuamu IHTepmar MonibaeH i KeaHtym bop AkTus y da3y byTtonisauii (BBCH 51-59) i da3y uBiTiHHS
(BBCH 60-69). 3a ui€i cxemu, BapiaHTh 3 BiodyHriumaom @itocnopunn-M Cos 3abe3neunnu BpoxarnHictb 2,65 1/
ra, Wwo nigTBepAXye BUCOKY eDeKTUBHICTb 6ioN0oriYHOro 3axmcTy. MateMaTMyHe MOLENOBaHHS BUSBMIO BUCOKUNA
piBEeHb BiANOBIAHOCTI MiXK PaKTUUYHMMMK | po3paxoBaHUMM JaHUMK (noxmnbka po 0,07 T/ra). KnactepHui aHanis
50 pocnigxeHux BapiaHTIB 32 BPOXXAWHICTIO 3epHa COi BUSIBMB TPM OCHOBHI rpynu 3a CTyneHeM npoayKTUBHOCTI.
[o nepworo knactepy yBiMWAM BapiaHTM 3 BPOXAMHICTIO MoHan 2,5 T/ra, BinbWwicTb 3 SKMX MNOEQHYBaNu
3acTocyBaHHs iHokynaHTa bioMAT Cos 3 dyHriumpamm Makcim XL (1,0 n/1) + Anpon XL (0,5 n/T) Ta dyHriumoom
Konocanb lMpo i Mmikpopo6pusamu IHTepmar MonibaoeH (1,0 n/ra) + KBaHTym bop AkTuB. [pakTUyHa LiHHICTb
pe3ynbTaTiB NOAATa€ y BUAINEHHI ONTUManbHMX KOMOIHALIM 3acTyBaHHA 6ioNoriyHMX i XiMiYHUX QYHriLMAIB,
iHOKYNSHTIB Ta MiKpoAo6puB ANS MNiABULEHHS NPOAYKTMBHOCTI COi, @ TaKOX Y MOX/IMBOCTI MPOrHO3yBaHHS
BPOXaMHOCTI Ha OCHOBI KNiMaTUYHMUX NOKA3HUKIB
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multicollinearity test using the variance inflation coefficient confirmed the correctness of the model, since the
values for most variables did not exceed 4, and the maximum indicator was 5.17 for mineral fertilisers. The
analysis emphasised the key role of agrotechnical management, since the influence of factors such as Selyaninov
hydrothermal coefficient (r=0.083) and moisture deficit (r=0.092) turned out to be weak within the paired analysis.
The practical value of the results lies in the possibility of using the developed regression models to predict
sunflower productivity and optimise mineral nutrition systems in order to minimise risks caused by adverse

meteorological factors

Keywords: agrometeorological indicators; Selyaninov hydrothermal coefficient; multicollinearity; correlation

analysis; linear regression; variance inflation factor

INTRODUCTION

Sunflower has traditionally occupied the place of one
of the leading oilseed crops of Ukraine, acting as a
strategic resource for domestic consumption and ex-
port potential of the country. Its role as a key compo-
nent of the world agricultural market has led to special
attention of researchers to the stability of yield, since
any fluctuations in production volumes had a direct
impact on economic security and food stability. In cur-
rent conditions of climatic instability, there has been
an increase in the importance of both agrotechnical
and meteorological factors, which together deter-
mined the dynamics of yield development and caused
interannual variability in crop productivity.

Scientific studies have confirmed the complex
nature of yield development under the influence of
a complex of factors. In particular, D. Baranskyi (2024)
substantiated that the temperature regime and
the level of moisture supply acted in close interac-
tion with soil cultivation systems, which determined
the final productivity of the crop. In turn, J. Beteri et
al. (2024) established that dynamic changes in air
temperature and precipitation significantly adjusted
the suitability of certain periods for the sowing cam-
paign. The researchers also proved that the ecolog-
ical parameters of the environment determined the
limits of the potential yield level that the crop could
approach under optimal conditions. Additionally, the
study by F. Zabel et al. (2025) highlighted the role of
solar insolation and mineral nutrition systems as fac-
tors that minimised the negative effects of climatic
stresses. The importance of weather conditions as the
main determinant of interannual yield variation has
been extensively analysed in a number of interna-
tional studies based on multi-year climate series. For
example, S. Majumder & C.M. Mason (2025) focused
on the analysis of historical data, which allowed them
to identify a high predictive potential of temperature
indicators precisely during critical phases of sunflow-
er vegetation. Furthermore, C.0. Joseph et al. (2025)
demonstrated that the amount of precipitation during
the growing season was the main limiting factor, ex-
plaining up to 60% of yield variability in arid regions.
These scientific results indicated the need for deeper
integration of agrometeorological trends in the model
for estimating future productivity.

Along with natural factors, the scientific communi-
ty has actively investigated the role of anthropogenic
and technological influences. The study by M. Zalai et
al. (2025) showed that the negative effect of meteor-
ological anomalies could be partially offset by the in-
troduction of precise fertilisation systems. Moreover,
E. Partal (2022) emphasised that the choice of tillage
method directly modified the impact of precipitation
on the water regime, creating a complex system of in-
teraction between the agronomist’s management de-
cisions and the forces of nature. Thus, crop formation
was considered not as a linear process, but as the result
of the synergy of many variables. For the agricultural
sector of Ukraine, this issue has become particularly
acute. S.M. Shakalii & Ye.l. Kulyk (2025) stated in their
study that the agroclimatic conditions of the last dec-
ade were characterised by a steady trend towards an
increase in average annual temperatures and a shift in
the zones of comfortable cultivation of oilseeds.

In view of the above, there was an objective need
to conduct a comprehensive quantitative analysis of
the impact of agrotechnical and meteorological factors
on sunflower yield. The use of advanced statistical and
econometric tools allowed considering the problem of
multicollinearity of indicators, which previously often
became an obstacle to obtaining reliable models. The
use of distribution testing methods and regression anal-
ysis provided the opportunity not only to identify the
most influential factors, but also to assess the degree
of their contribution to the overall result. The purpose
of this study was to assess the impact of agrotechnical
and meteorological factors on sunflower yield based on
statistical analysis of empirical data over a long period.

LITERATURE REVIEW

Based on the analysis of the current state of the ag-
ricultural market, 1.V. Chekhova (2022) highlighted the
specifics of the functioning of the oilseed market in
Ukraine, argued the need to improve the state agrari-
an policy to support the diversification of production,
expand the range of products, and stimulate producers
to grow various oilseeds. The study by OV. Sydiakina
& VV. Hamajunova (2023) was devoted to the analysis
of the current state and prospects of sunflower seed
production. The researchers considered the key factors
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affecting the efficiency of seed production and out-
line the areas of development of the industry based
on contemporary scientific and practical achievements.
K. Vasylkovska et al. (2022) investigated the dynamics
of sunflower production in Ukraine and the world for
the period 2000-2021 in the context of global climate
change. The study emphasised that due to the adapta-
tion of technologies and the selection of drought-re-
sistant hybrids, the average yield in Ukraine increased
by 2.5 times, which allowed the country to remain the
world leader in sunflower oil exports despite adverse
climatic challenges.

P. Debaeke et al. (2023) developed and evaluated
methods for predicting sunflower yields at the field
level using a combination of remote sensing (satel-
lite imagery) and statistical modelling. The paper by
K.Amankulova et al. (2023) explored methods for accu-
rately estimating future sunflower yields. The research-
ers used remote sensing data to analyse vegetation in-
dices in combination with phenological phases of plant
development, which allowed creating reliable statisti-
cal models for predicting agricultural land productivity.
The study by Z. Song et al. (2023) was devoted to the
development of a method for automatic recognition of
sunflower growth phases using deep learning technol-
ogies and multispectral images from unmanned aerial
vehicles. The results of the study, tested on multi-year
data, demonstrated the high efficiency of the approach
for the needs of precision agriculture, providing farmers
with operational information for making crop manage-
ment decisions.

The study by V. Hnatiienko & H. Hnatiienko (2024)
was devoted to the development of an intelligent sys-
tem for accurate assessment of future yields within the
framework of digital agronomy. The study analysed the
methods of machine learning, deep learning, and com-
puter vision applied to the processing of satellite data
and other multivariate indicators. R. Karan et al. (2024)
examined the application of artificial intelligence meth-
ods for yield prediction and early detection of oilseed
diseases in the agriculture of the state of Tamil Nadu (In-
dia). The researchers proposed an Al-based model that
combinesagronomic,meteorological,and historical data
to improve the accuracy of yield predictions and timely
detection of plant diseases. It was shown that the use
of machine learning can significantly improve the deci-
sion-making process of farmers, contribute to increas-
ing productivity, reducing crop losses, and sustainable
development of the agricultural sector of the region.

The study by M.A.Jabed & M.A.A. Murad (2024) was
devoted to a comprehensive review of modern machine
learning and deep learning approaches for crop yield
forecasting, with a detailed analysis of the algorithms
used, data sources (climatic, soil, remote sensing, etc.)
and model performance indicators. The paper by S.Tha-
vareesan et al. (2025) investigated the application of
various machine learning methods to accurately predict
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crop yields in South Asian countries using historical
data on yields, weather factors (rainfall, temperature)
and pesticide use; the researchers compared the per-
formance of regressor models, highlighting the poten-
tial of machine learning to support decision-making in
agriculture and resource planning.

Recent research in the agricultural sector demon-
strated the increasing use of regularisation methods
(Lasso, Ridge, Elastic Net) in yield forecasting models
and agricultural indicators, which allows improving the
generalisation of estimates and reducing the impact of
multicollinearity between variables. Z. Qiu (2022) pro-
posed an algorithm for forecasting the gross domestic
product of China’s agricultural sector based on the Elas-
tic Net method for working with multivariate economic
data. The researchers analysed the impact of various
macroeconomic and agricultural indicators on the dy-
namics of agricultural gross domestic product, reduced
the problem of multicollinearity between variables, and
improved the accuracy of forecasting. N. Acir (2025) ap-
plied regularised regression models (Ridge, Lasso, Elas-
tic Net) to develop a model for predicting soil fertility in
semi-arid agroecosystems based on limited data.

A review of the literature has shown that signifi-
cant progress has been made in the application of cut-
ting-edge technologies and methods for predicting the
yield of oilseed crops, particularly sunflowers. The re-
searchers were actively using remote sensing, machine
learning, and statistical models to more accurately pre-
dict yields considering factors such as climate change,
agronomic conditions, and technological adaptations.
However, issues such as multicollinearity among vari-
ables and data limitations still restrict the accuracy of
forecasts. Thus, this literature review demonstrates the
importance of further improving yield forecasting meth-
ods for effective agricultural production management.

MATERIALS AND METHODS

The object of the study was the processes of sunflower
yield development within the Vinnytsia Oblast, Ukraine.
The choice of this region as a geographical coverage
was conditioned by its key role in the agricultural sector
of the state and its location in the Forest-Steppe zone,
which was the most representative for analysing the
impact of climate change on oilseed crops. Vinnytsia
Oblast was characterised by a transition from sufficient
to risky moisture, which enabled the most complete
assessment of the sensitivity of modern sunflower hy-
brids to fluctuations in hydrothermal indicators. The
empirical basis of the study was annual statistical and
meteorological data for the period 2007-2024. The in-
itial boundary of the study (2007) was determined by
the availability and integrity of data, and it was from
this year that a full array of open data was available.
Paired linear regression was used to analyse the
relationship between sunflower yield and individu-
al agro- and meteorological factors, which allowed




assessing the area and strength of the influence of each
explanatory variable separately. The research data on
agro-factors was obtained from the website of the Main
Department of Statistics in Vinnytsia Oblast of Ukraine
(State Statistics Service of Ukraine, n.d.), and about me-
teorological factors — from the Sectoral State Archive
of Hydrometeorological Observation Materials of the
State Emergency Service of Ukraine (n.d.) for the period
2007-2024 and covered each year of the study in the in-
terval from May to September (tables of meteorological
observations are not publicly available). The covered
18-year cycle provided the necessary climatic variabil-
ity, including a representative sample of weather ex-
tremes (droughts, temperature anomalies), which was
important for high-quality modelling of the crop re-
sponse to external stimuli. From a statistical standpoint,
such a sample size (n=18) was sufficient to confirm the
normality of the distribution of variables according to
the Shapiro-Wilk criterion and ensure high reliability
of the obtained correlation and regression coefficients.

In this study, eight independent variables were
used to model sunflower yield, covering both agro-
nomic and meteorological factors. Agronomic factors
included the amount of applied mineral and organic
fertilisers in kg/ha, which were direct indicators of the
level of agrotechnical support of crops and significantly
affected the stability and development of plants, con-
tributing to an increase in yield under the conditions
of their balanced application. Meteorological factors
included: soil surface temperature in May (soil_5), since
thermal dynamics determine the rate of crop develop-
ment and the passage of vegetation phases; average
wind speed (wind), which can affect transpiration, mois-
ture evaporation, and the spread of diseases and pol-
len; air moisture saturation deficit (saturation_deficit),
which characterised atmospheric dryness and affects
the water balance of plants; the total number of clear
days (clear_days), which reflected the solar insolation
necessary for photosynthesis; and the hydrothermal co-
efficient (HTC), which generally characterised the ratio
of heat and moisture and was a critical indicator of the
favourableness of meteorological conditions for crop
growth and development. The choice of these indica-
tors was substantiated by their key role in shaping sun-
flower yield. The involvement of both agro- and mete-
orological factors provided a comprehensive approach
to yield forecasting, as it considered both controllable
(technological) and uncontrollable (natural) compo-
nents of agricultural production.

The months of May, June, July, August, and Septem-
ber were chosen for meteorological observations, as
they were the most representative of the growing sea-
son of sunflower. During this period, weather conditions
had the maximum impact on the growth, development
and yield of the crop. One of the key meteorological
indicators included in the analysis was the HTC, which
was used to assess the moisture content of an area
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during the growing season of agricultural crops. HTC
was calculated using the Selyaninov equation:

10-%P

HTC =227, (1)

where P - the sum of precipitation (mm) for the peri-
od when the average daily temperature exceeds +10°C,
and y T - the sum of average daily air temperatures (°C)
for the same period.

The Selininov HTC reflects the complex influence
of precipitation and temperature on soil water balance
and crop development. The normality of the distribu-
tion of the studied variables was checked using the
S.S. Shapiro & M.B. Wilk (1965) test and QQ-plots (Hu
& Yu, 2016). The Shapiro-Wilk test determined the W
statistic by the equation:

_ & apxp)”
= Sernt %)

where x, - observations ordered in ascending order,
x; — variable value, x - average value, a;, - coefficients
calculated based on the covariances of the normal dis-
tribution.

The p-value for a test determined the probability
of observing this or a more extreme W-statistic, assum-
ing the data were normally distributed. If the p-value
>0.05, the null hypothesis of normality was not reject-
ed. For all indicators, the p-value exceeded the signifi-
cance level of 0.05, which formally allowed the use of
parametric analysis methods, in particular the Pearson
correlation coefficient:

Lx—D)i—7)
Ty = b 3
VB0 E6i-)? (3)

where x; and y, - observations for variables X and Y, x
and y - their average values.

Furthermore, given the small sample size (n=18)
and possible marginal effects, to increase the stability
of the results, the Spearman correlation coefficient was
additionally used, which was calculated using the ranks
of the variables:

_ exd}
n(n2-1)’ (4)

p=1

where d.=R(x) - R(y) - difference in the ranks of obser-
vations for each pair of variables.

Comparison of the results obtained using both co-
efficients allowed assessing the reliability of the iden-
tified relationships between sunflower yield and agro-
and meteorological factors. To quantitatively assess the
impact of agro- and meteorological factors on sunflow-
er yield, a classical linear regression model was used:

y=ﬁo+2fﬁ?(iv (5)

wherey - predicted yield, B, - free term, 8, - coefficients
for traits, x; - values of independent variables (agro-
and meteorological factors).
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The feasibility of using classical linear regres-
sion was substantiated by the results of multicolline-
arity analysis using the variance inflation factor (VIF)
(O'Brien, 2007). For each explanatory variable X; VIF was
calculated using the equation:

1
VIF; = ——, 6)

where Rf - coefficient of determination when regress-
ing a variable X; on all other variables.

All calculations and visualisations were performed
using Jupyter Notebook (Python 3). A significance level
of p<0.05 was used throughout the study.

RESULTS AND DISCUSSION

The trends in sunflower yield in the Vinnytsia Oblast
from 2007 to 2024 were examined. Figure 1 shows a
generally upward but unstable dynamics of sunflower
yield in Vinnytsia Oblast in 2007-2024. In 2007-2012,
the yield was relatively low and fluctuated within
approximately 14-22 g/ha, which may indicate less
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intensive cultivation technologies and higher depend-
ence on weather conditions. Starting from 2013, there
has been a sharp increase in yield (over 30 g/ha), af-
ter which a period of increased but variable values
was established. In 2013-2019, the yield was mainly
maintained at the level of 27-34 g/ha with a maximum
around 2019, which may be a result of a combina-
tion of favourable meteorological conditions, the use
of advanced hybrids and optimisation of the fertiliser
system. However, noticeable decreases in yield were
recorded in 2020 and 2022, which were likely associat-
ed with adverse weather conditions or stress factors in
agricultural production. In 2023-2024, a partial recov-
ery of yield was observed, but the level remains lower
than the peak values of the previous period, which em-
phasised the high sensitivity of the crop to agro- and
meteorological factors. In general, the dynamics indi-
cate a long-term increase in sunflower productivity in
the region with significant fluctuations, which justifies
the feasibility of quantitative analysis of the impact of
agrotechnical and climatic factors on yield.
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Figure 1. Dynamics of changes in sunflower yield in Vinnytsia Oblast from 2007 to 2024
Source: compiled by the authors based on State Statistics Service of Ukraine (n.d.)

The data in Table 1 were consistent with the
graph of sunflower yield dynamics in Vinnytsia Oblast
for 2007-2024. The average vyield level is 25.65 g/ha,
which corresponds to the predominance of values in
the range of 25-30 g/ha on the graph in the second
half of the period under study. The standard deviation
of 5.91 g/ha indicates moderate annual fluctuations in
yield, which are clearly manifested in the form of sepa-
rate sharp declines and rises of the curve (in particular,

a minimum of 14.1 g/ha at the beginning of the period
and a maximum of 34.4 g/ha in 2019). The negative
value of the asymmetry coefficient (Skew =-0.47) indi-
cates a weak left-sided asymmetry of the distribution.
The negative coefficient of kurtosis (Kurtosis =-0.88)
reflects the absence of sharply expressed peak values
and confirms the uniform nature of yield fluctuations.
Table 1 presented statistical characteristics of sun-
flower yield.

Table 1. Statistical characteristics of sunflower yield, g/ha

Metrics

Mean Std. Min.

Max. Skew. Kurt.

Yield 25.65 591

14.1

34.4 -0.47 -0.88

Source: compiled by the authors
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Thus, descriptive statistics and the shape of the
time series indicate the absence of extreme outliers
and the relatively stable nature of yield variation in
the period under study. In order to correctly select fur-
ther statistical methods of analysis, the assumption of
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normality of the distribution of the studied indicators
was additionally checked. Table 2 showed the results
of testing the normality of the distribution of variables
using the Shapiro-Wilk criterion for agro- and meteor-
ological factors.

Table 2. Shapiro-Wilk normality test results for yield, agro- and meteorological variables

Variable W_statistic p_value
yield 0.942 0.312
mineral 0.942 0.310
organic 0.950 0.418
soil_5 0.915 0.106
saturation_deficit 0.948 0.393
HTC 0.952 0.458

wind 0.945 0.353
clear_days 0.917 0.117

Source: compiled by the authors

For all variables, the p-values exceed the signif-
icance level of 0.05, which means there is no statis-
tical reason to reject the null hypothesis of normal
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distribution. Figure 2 shows QQ-plots of the assess-
ment of the normality of the distribution of the re-
search variables.
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Figure 2. Visual assessment of the normality of the distribution of agro- and meteorological factors using QQ-plot

Source: compiled by the authors

The presented QQ-plots for agro- and meteorolog-
ical variables allow visually assessing the correspond-
ence of their empirical distributions to the theoretical
normal distribution and logically complement the re-
sults of the Shapiro-Wilk test. QQ-plots for the variables
mineral, organic, soil_5, saturation_deficit, wind, and
clear_days generally demonstrated a linear arrange-
ment of points without significant systematic deviations
from the theoretical straight line. Minor deviations at
the extreme quantiles, in particular for meteorological
factors, may be conditioned by the small sample size

(n=18) and variability of weather conditions. Simul-
taneously, the central parts of the distributions are in
good agreement with the normal law, which confirms
the acceptability of the assumption of normality and
the possibility of using parametric methods of analysis.

Considering the results of checking the normali-
ty of the distribution of variables and visual analysis
of QQ graphs, to further assess the relationship be-
tween sunflower yield and agro- and meteorological
factors, correlation analysis was applied using both
the Pearson coefficient and the Spearman coefficient,
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which allows comparing linear and rank dependen-
cies between indicators. Table 3 displays the values
of the Pearson and Spearman correlation coefficients

between sunflower yield and agro- and meteorological
factors, which allows assessing both linear and mono-
tonic relationships.

Table 3. Value of Pearson and Spearman correlation coefficients between sunflower yield
and agro- and meteorological factors

Variable Pearson Spearman
mineral 0.656 0.632
organic 0.074 0.102
soil_5 -0.190 -0.068
saturation_deficit 0.092 0.066
HTC 0.083 0.035
wind 0.512 0.569
clear_days 0.081 -0.043

Source: compiled by the authors

The most pronounced and stable relationship with
sunflower yield was recorded for mineral fertilisers
(r=0.656; p =0.632), which indicates a moderately
strong positive and predominantly linear dependence.
A moderate positive relationship was also observed for
the wind indicator (r=0.512; p=0.569), and a slightly
higher value of the Spearman coefficient indicates a
monotonic, but not strictly linear nature of the influ-
ence. Other agro- and meteorological factors demon-
strated weak or absent pairwise correlations with yield,
which indicates their indirect influence or manifes-
tation in interaction with other variables. The weak
negative correlation of soil temperature in May does
not allow drawing unambiguous conclusions within

the framework of the pairwise analysis. In general, the
closeness of the values of the Pearson and Spearman
coefficients confirmed the absence of significant non-
linearities and justified the feasibility of further multi-
variate regression analysis. Since pairwise correlation
analysis reflects only two-dimensional relationships
between indicators and does not consider the possi-
ble interdependence of explanatory variables, the next
stage of the study was to assess the level of multicol-
linearity between agro- and meteorological factors. For
this, the VIF was used, which helped to identify hidden
linear dependencies between regressors and assess the
feasibility of their simultaneous inclusion in the multi-
variate regression model (Table 4).

Table 4. Value of the VIF for agro- and meteorological factors

Variable VIF
soil_5 1.602
organic 1.784
HTC 2.384
clear_days 2.665
saturation_deficit 3.863
wind 5.08
mineral 5.17

Source: compiled by the authors

The values of the VIF indicate the absence of crit-
ical multicollinearity between agro- and meteorologi-
cal factors. Most variables are characterised by a low
or moderate level of interdependence (VIF < 4), which
confirms their independent contribution to the model.
For wind and mineral fertilisers, the VIF threshold val-
ues (= 5) were recorded, which indicate moderate mul-
ticollinearity, but do not exceed the permissible thresh-
olds, enabling the use the least squares method. The
results obtained confirm the correctness of the mod-
el specification and the feasibility of using the least
squares method, providing the possibility of reliable
interpretation of the influence of individual agro- and
meteorological factors on sunflower yield. The applied
approach preserves the transparency of the model and
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creates the basis for a well-founded economic and ag-
ronomic interpretation of the obtained estimates. The
linear regression equation describes the average im-
pact of agro- and meteorological factors on sunflower
yield, assuming other variables are fixed:

yield=25.65+5.13"mineral -
-0.81%organic+0.42%soil 5 -

- 0.18*saturation_deficit-0.24*HTC -
-0.11*wind - 1.93"clear_days. (7)

Analysis of equation (7) and data in Table 5 iden-
tified key patterns in the development of crop produc-
tivity. The most statistically significant positive contri-
bution to yield was made by the application of mineral




fertilisers (p=0.03), where an increase in the rate of fer-
tilisers per unit lead to an increase in yield by 5.13 g/ha.
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This confirmed the critical role of nutrition intensifica-
tion as the main factor in stabilising production.

Table 5. Statistical parameters of the multiple linear regression model

Coefficient Value Standard error p-value
mineral 5.134 2.811 0.031
organic 0.810 1.651 0.354
soil_5 0.422 1.560 0.084
saturation_deficit -0.183 2433 0.413
HTC -0.243 1.910 0.144

wind -0.115 2.785 0.024
clear_days -1.932 2.014 0.361

Note: coefficient of determination R? = 0.683
Source: compiled by the authors

High statistical significance was demonstrated by
the indicator (p = 0.02). The negative coefficient for
this parameter indicates the depressive effect of ex-
cessive wind activity, which may be associated with
increased transpiration and the risks of crop drying in
critical phases. The positive coefficient of soil temper-
ature in May (p=0.08) at the level of statistical trend
confirms the importance of the thermal regime for the
emergence of seedlings and the formation of the root
system. Negative coefficients for moisture deficit, HTC,
and number of clear days reflect the complex nature of
plant response to hydrothermal stresses. In particular,
the negative impact of a large number of clear days

40— y=0.105x+ 1560

0o

o o
30 °

% ° °

yield (c/ha)

60 80 100 120 140 160
mineral

y=0065x+24.20

yield (c/ha)

35 "

30

yield (c/ha)
SE )
o

|

@

may indicate the risks of temperature stress and exces-
sive solar insolation. In general, the obtained model
with a high degree of probability (R?=0.68) describes
the dominant role of agrotechnical factors, which are
the main lever of yield management against the back-
ground of changing climatic conditions of the region.
Figure 3 shows paired scatter plots and linear regres-
sion lines between sunflower yield and selected factors.
The presented visualisation clearly reflects the nature
of the relationship between sunflower yield and indi-
vidual agro- and meteorological factors and is in good
agreement with the results of correlation and regres-
sion analyses.
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Figure 3. Linear relationship between sunflower yield and agro- and meteorological factors (pair analysis)

Source: compiled by the authors
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The most pronounced positive linear dependence
was observed for mineral fertilisers: the regression
line has a pronounced increasing slope, and the con-
fidence interval was relatively narrow in the central
range of values, which indicates a stable and signifi-
cant impact of this factor on yield. A positive trend is
also observed for the wind indicator, but with a greater
scatter of points, which indicates a moderate and con-
textual nature of its impact. The dependence of yield
on organic fertilisers and the number of clear days is
weak: the regression lines are almost horizontal, and
the confidence intervals are wide, which indicates the
absence of a clearly pronounced linear effect within
the paired analysis. A similar situation was observed for
the accumulation deficit, where the variation in yield
largely overlaps the possible trend. Soil temperature in
May was characterised by a weak negative trend, which
may reflect a decrease in yield due to excessive soil
warming in the early stages of vegetation, however, the
significant scatter of observations does not allow inter-
preting this effect as dominant.In general, the graphs
confirm that mineral nutrition was the main factor with
a linear effect on sunflower yield, while meteorological
factors mainly modify this effect and manifest them-
selves weaker or nonlinearly, which justifies the need
for multifactorial analysis.

The obtained results of the quantitative analysis
of the influence of agro- and meteorological factors
on sunflower yield in Vinnytsia Oblast are consistent
with contemporary studies on the role of agrotechni-
cal factors under climatic conditions. The most stable
and statistically significant positive relationship was
found between sunflower yield and the level of min-
eral fertiliser application, which was confirmed by both
correlation analysis (r=0.656, p=0.632) and linear re-
gression results. Similar conclusions were obtained in
studies by M.J. Mokgolo et al. (2024) and M. Furmanets
& Y. Furmanets (2025), who showed that adequate
mineral nutrition significantly increases sunflower
productivity regardless of variations in weather condi-
tions, especially in areas of risky farming. In particular,
according to MJ. Mokgolo et al. (2024), the combined
use of organic and mineral fertilisers increased yield
by 38.9%. Furthermore, the weak or statistically insig-
nificant pairwise relationship between yield and organ-
ic fertilisers obtained in this study is consistent with
the findings E. Partal (2022), who noted the prolonged
and contextual nature of their impact, depending on
the timing of application, soil conditions, and interac-
tion with other agrotechnical measures. The significant
influence of meteorological conditions on sunflower
productivity was further confirmed in the multi-year
study by F.G. Anton et al. (2025), conducted across nine
counties of Romania in 2022-2024. The researchers es-
tablished that the year factor had a statistically highly
significant effect on seed yield (F=1397.87, p<0.001).
This confirmed that even under conditions of applied
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agrotechnical measures, extreme heat and moisture
deficit during the growing season can critically reduce
sunflower yield, which was consistent with the pattern
of weak but negative relationship between tempera-
ture and yield identified in this study. In the context
of projected climate change, the findings of J. Junk et
al. (2024) were particularly relevant: based on pheno-
logical modelling of winter oilseed rape the research-
ers showed that rising temperatures accelerate crop
development and introduce new agroclimatic risks.

Among meteorological factors, the most noticea-
ble positive relationship with yield was demonstrated
by average wind speed. Similar results were present-
ed by H. Gurkan (2023) and V. Georgieva et al. (2024),
who showed that moderate wind regime can contrib-
ute to the development of a favourable microclimate
for crops. Simultaneously, significant scatter of data
indicates the contextual nature of this influence and
its dependence on the combination with temperature
and hydrothermal conditions. The results obtained
regarding meteorological factors are also consistent
with the study by J. Beteri et al. (2024), who showed
a strong positive relationship between precipitation
and sunflower productivity for Tanzanian conditions
(r=0.65-0.75) and a negative effect of high temper-
atures (r=-0.60...-0.77). These numerical indicators
confirmed that it is rain and water supply (similar to
the Selyaninov hydrothermal coefficient and moisture
deficit) that are more important for the establishment
of favourable conditions for sunflower growth, while
high temperatures during critical phases of develop-
ment can have a restraining effect.

Weak pairwise correlations between yield and such
indicators as the number of clear days, air moisture
saturation deficit, and hydrothermal coefficient do not
contradict the literature data. C.O.Joseph et al. (2025)
emphasised that climatic factors usually affect pro-
ductivity not in isolation, but through interaction with
each other and with agrotechnical factors, which lim-
its the possibilities of pairwise analysis. The results
obtained also correspond to the general conclusions
regarding the increasing sensitivity of sunflower to
climatic fluctuations, given by D. Baranskyi (2024) and
F. Zabel et al. (2025). Similarly to these studies, the
Vinnytsia Oblast is characterised by noticeable inter-
annual fluctuations in yield against the background of
a general increase in its average level. Compared to
approaches based on machine learning methods (Cve-
jicetal,2023; Seck et al., 2025; Nazir et al., 2025), the
linear regression used in this research has a lower pre-
dictive potential, but provides high interpretability of
the results. This allows for clear identification of key
influencing factors and is important for agro-economic
analysis and practical recommendations.

In general, the results of the study confirmed that
sunflower yield is formed under the influence of a com-
plex interaction of agrotechnical and meteorological




factors, with mineral nutrition playing a leading role
under conditions of increasing climatic variability. Sta-
tistical analysis highlighted the critical importance of
the hydrothermal regime and wind load, which sig-
nificantly adjusted crop productivity within the For-
est-Steppe zone. It was found that the stabilisation of
yields during periods of weather anomalies is achieved
mainly by intensification of nutrition systems, which
eliminates part of the risks of product shortages. The
results obtained emphasise the need to transition to
adaptive cultivation technologies that consider not
only standard agricultural applications, but also the dy-
namics of local meteorological indicators.

CONCLUSIONS

The conducted study quantitatively assessed the im-
pact of agrotechnical and agrometeorological factors
on sunflower yield in Vinnytsia Oblast for 2007-2024
and established the nature and strength of the relation-
ship between the variables under consideration. The
normality test using the Shapiro-Wilk test confirmed
the absence of statistically significant deviations from
normal distribution for all variables (p > 0.05), which
justified the use of parametric analysis methods. Multi-
collinearity analysis using VIF did not reveal any critical
violations: VIF values for most variables did not exceed
4, which confirmed the independent contribution of
each factor to the model. Correlation analysis revealed
that the most stable and statistically significant rela-
tionship with yield was characteristic of mineral fertil-
isers (r=0.656; p=0.632), which showed a moderately
strong positive linear relationship. A moderate positive
relationship was also recorded for the average wind
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the literature data on the predominantly nonlinear and
interdependent nature of the influence of climatic fac-
tors. The constructed regression model demonstrated
high predictive ability, describing 68% of the variability
of yield was conditioned by the selected set of factors.
Analysis of regression coefficients confirmed the lead-
ing role of mineral nutrition (p=0.03): an increase in
the rate of mineral fertiliser application per unit was
accompanied by a statistically significant increase in
crop productivity. A probable negative contribution was
recorded for the wind regime indicator (p =0.02): ex-
cessive wind activity was associated with a decrease
in yield due to increased transpiration and the risks of
crop drying out in critical phases of development.

Thus, sunflower yield was developed under the
complex influence of controlled agrotechnical and
uncontrolled meteorological factors, with the Llevel
of mineral nutrition playing a decisive role. The ob-
tained regression equations can be used to predict
sunflower productivity and optimise nutrition systems
to minimise the risks of climate variability. Prospects
for further research are related to expanding the geo-
graphical coverage of the sample, including nonlinear
and regularised models (Lasso, Ridge, Elastic Net), and
analysing interactions between factors to more fully
consider the complex nature of crop development in a
changing climate.
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AHotauif. COHAWHWK € OOHIE 3 NPOBIAHMX ONIMHMX KyNbTyp YKpaiHW, a CTabinbHICTb MOro BPOXaMHOCTI Mae
BXX/IMBE €KOHOMiYHEe Ta MPOAOBO/bYE 3HAYEHHS. B yMOBaxX MOCMNIEHHS KNIMATUYHOI MIHAMBOCTI aKTyani3yeTbcs
notpeba B KifbKiCHOMY aHanisi BM/JMBY arpoTexXHiYHMX i METeopOooriYHMX GakTopiB Ha (GOPMYyBaHHS BPOXalo.
MeToto gocnipkeHHs Byna KinbKicHa OLiHKa PO arpoTeXHIYHMX | KNiIMAaTUYHUX YUHHUKIB Y DOPMYBAHHI YPOXKaNHOCTI
COHSILUHMKA 3 BMKOPUCTAHHAM CTaTUCTUYHWMX METOAIB aHanidy. EMnipuuHy 6a3y AocCnigXeHHs CTaHOBMAM AaHi 3a
2007-2024 pp., WO BKAOYANM MOKA3ZHUKWU YPOXKAMHOCTI COHSILLIHWUKA, PIBHI BHECEHHS MIHEPAaNbHUX i OpraHiyHMX
[0OpUB, @ TaKOX METeOpOJIOTiYHi XapaKTepUCTUKKM (TeMmepaTypa IPYHTY Y TpaBHi, KinbkicTb onagis, gediuut
HaCMYEHHSA MOBITPS BONIOrO0, riapoTepMidyHnin KoediuieHT CensHiHOBa, WBMAKICTb BITPY, KiNbKICTb ICHUX OHIB Y
BereTauiliHui nepioa). Y poboTi 3aCTOCOBAHO ONMCOBY CTAaTUCTUKY, KpuTepin LWanipo-Binka, kopenauifiHuii aHanis
MipcoHa i CnipmeHa, a TakoX 6araTodakTopHY NiHilHY perpecito. Pe3ynbTaTv AOCNILKEHHS CBIAYMAN, LLO CEpPeaHii
piBEHb YPOXAMHOCTI 3a Nepiof, CTaHOBMB 25,65 L/ra 3i CTaHAApTHUM BiaxuneHHsam 5,91 u/ra. Hanbinbw ctabinbHui
i CTaTUCTMYHO 3HAYYLLMIA BMMB HAa YPOXAMHICTb COHSIWHWMKA MaB piBEHb BHECEHHS MiHepanbHWX L0OpuB, ANs
AKOro 3aikCcoBaHO MOMIPHO CMNIbHMI NO3UTUBHMI 3B'30K (r=0,656). Cepen MeTeodakTopiB HaMbiNbLL NOMITHUI
NO3UTUBHUIA 3B’930K BMSABAEHO Ana weuakocTi BiTpy (r=0,512). MNepeBipka Ha MyNbTUKONIHEAPHICTb 3@ LOMNOMOIO0
KoediuieHTa iHdNALiT aucnepcii NigTBEpAMNa KOPEKTHICTb MOAENI, OCKIIbKM 3HAUYEHHS A1 BinbWwOoCTi 3MiHHMX He
nepesuLLyBanu 4, a MakCMManbHUIM NOKa3HMK cknaB 5,17 ang miHepanbHUX fo6pvB. AHANi3 NiLKpecInB KIo4YOoBY
ponb arpoTEXHIYHOro YNpaBAiHHS, OCKiNbKM BRAMB Taknx GakTopis, AK rigpotepmivHuii KoediuieHT CensiHiHoBa
(r=0,083) Ta pediumt Bonoru (r=0,092), BuSBMBCS CNAOKMM Yy Mexax MApHOro aHanisy. NpakTMyHa LiHHICTb
pe3y/nbTaTiB MONArae y MOXIMBOCTI BWMKOPUCTAHHSA pO3pobneHMX perpeciiHux Monener Ans NporHo3yBaHHS
NPOAYKTUBHOCTI COHSILLHMKA Ta ONTMMI3aLii CMCTEM MIHEPaNbHOIO >XKMBJIEHHS 3 METOK MiHiMi3auii pu3KKiB,
3YMOBNEHUX HECNPUATIMBUMU METEOPONOTIYHUMU YNHHUKAMM

KniouoBi cnoBa: arpoMeTeoponoriyHi NOKa3HWKK; rigpotepMivuHuii koediuieHT CensHiHOBa; MyNbTUKOMIHEAPHICTb;
KopenauiH1i aHanis; nidinHa perpecia; koediuieHT iHdnauii gucnepcii
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INTRODUCTION

Agriculture is increasingly being viewed not only as
a source of greenhouse gas emissions, but also as a
sector with significant potential for biological carbon
sequestration. Industrial hemp, due to its intensive bi-
omass accumulation over a short growing season, is a
promising crop for carbon farming systems; however, a
quantitative assessment of its net climate impact in the
Ukrainian context remains under-researched, although
Ukraine is characterised by favourable natural and cli-
matic conditions for growing industrial hemp, particu-
larly in the Polissya and Forest-Steppe zones, where a
combination of moderate temperatures, sufficient mois-
ture and fertile soils ensures high crop productivity.

In Ukrainian studies, O.M. Drozd et al. (2025) sub-
stantiated the feasibility of growing industrial hemp
in the Forest-Steppe zone as the region with the most
balanced soil and climatic conditions, adaptive crop
rotations and suitable agronomic practices. Field ex-
periments by M.V. Roik et al. (2024) also confirmed the
feasibility of zone-oriented variety selection and opti-
misation of the mineral nutrition system to achieve sta-
ble biomass yields. The dominant direction of research
into the environmental efficiency of industrial hemp is
the application of a full life-cycle assessment approach
and the analysis of the potential ‘carbon negativity’ of
products based on hemp biomass. Such studies focus
not only on the biological absorption of carbon diox-
ide during crop cultivation, but also on the entire val-
ue chain - from field to end product. A TM.F. Ahmed et
al. (2022) considered industrial hemp as a promising
renewable resource, including its potential use in pa-
per, textiles, composites, biofuels and the food industry.

LCA studies of materials by J.H. Arehart et al. (2020)
showed that the overall CO, balance depends signif-
icantly on the business processes accounted for, the
method of carbon accounting, and the consideration
of carbonisation processes in binding materials. Under
certain long-term use scenarios, materials made from
industrial hemp can demonstrate a neutral or even neg-
ative carbon balance (Nazari & Woods, 2025). The study
by M. Michels et al. (2025) analysed three aspects that
influence the cultivation of industrial hemp: economic,
environmental and social. In particular, regarding en-
vironmental aspects, it is emphasised that industrial
hemp’s ability to absorb CO, classifies it as a critical-
ly important crop for mitigating the effects of climate
change. Furthermore, CO, sequestration in biomass, as
well as the use of industrial hemp in sectors such as
construction, further cements this crop’s status as “im-
portant” for mitigating the effects of climate change,
highlighting the need to utilise these plants to create
long-term sustainable agricultural systems.

In turn,Z. Shen et al. (2022) investigated the poten-
tial for carbon sequestration in soil using the example
of 100 years of hemp cultivation in France. The study
assessed two long-term scenarios for the production of
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products such as insulation boards for buildings and
automotive panels. The production of such products
requires the use of hempcrete as a by-product. The
study by Z. Shen et al. showed that, although additional
long-term carbon sequestration in the soil could not
be achieved, both scenarios provided long-term cli-
mate benefits even beyond 2100, mainly due to carbon
sequestration in hemp-based products, as well as the
avoidance of fossil fuel-based products.

In the scientific literature, the environmental as-
pects of industrial hemp cultivation are primarily con-
sidered in the context of sustainable agriculture, re-
source conservation and the reduction of the negative
impact of agricultural production on the environment.
Indeed, industrial hemp is classified as a crop with high
environmental efficiency due to its intensive biomass
growth, low requirement for plant protection products,
and ability to produce significant amounts of plant bio-
mass over a short growing season without substantially
depleting soil resources (Mishchenko & Laiko, 2024). In
addition, industrial hemp is considered a bioremedia-
tion crop suitable for cultivation on degraded and con-
taminated land, as it is one of the few plant species
capable of reclaiming polluted and abandoned soils.

A study by the Intergovernmental Panel on Climate
Change (2019) considered the use of degraded land for
industrial hemp cultivation as an effective approach to
avoiding competition with food agriculture and mini-
mising the risks of indirect land-use change, which is
an important factor in assessing the carbon balance of
the agricultural sector. According to the recommenda-
tions of the Food and Agriculture Organization of the
United Nations (2021), the use of marginal land for
growing industrial crops with high biomass accumula-
tion potential allows for a positive climate effect to be
achieved even with moderate yields. In turn, there are
studies analysing CO, emissions from industrial hemp.
Thus, the largest contribution of industrial hemp to
CO, emissions is associated with harvesting, the use of
mineral fertilisers and diesel fuel, as well as with ener-
gy-intensive post-harvest processing (drying, grinding,
pressing) and logistics (Akbarian-Saravi et al., 2025).

Despite the growing number of scientific studies,
the issue of quantitatively assessing the net climate
effect of industrial hemp cultivation in Ukraine, taking
into account both biological carbon sequestration and
agronomic emissions, remains under-researched. This
study aimed to establish the role of industrial hemp in
shaping the carbon balance of agricultural systems and
to provide a quantitative justification of its ability to
facilitate carbon sequestration in the context of the cli-
mate transformation of Ukrainian agriculture.

MATERIALS AND METHODS

The study employed a comprehensive methodological
approach combining the synthesis of contemporary




scientific research, the processing of official statistics
on the scale of industrial hemp cultivation, and the use
of elements of life cycle assessment methodology to
identify the principal sources of emissions within the
production process. Quantitative evaluation of the cli-
matic effect was carried out on the basis of a developed
“digital twin” model of a hemp agroecosystem covering
1 hectare, parameterised in accordance with the typical
soil and climatic conditions of the Forest-Steppe zone
of Ukraine, which accounts for CO, absorption during
plant growth, carbon accumulation in biomass and soil,
and related processes. The methodological founda-
tion of the study also included a systematic analysis
of scientific publications by Ukrainian and international
authors, regulatory documents of the European Union
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(EU) in the field of climate policy, and research findings
devoted to the environmental characteristics of indus-
trial hemp cultivation and the directions of utilisation
of its biomass. The “digital twin” of the hemp field is a
conceptual computational model of 1 hectare of indus-
trial hemp crops. The modelling utilised data obtained
from the analysis of scientific publications by Ukrainian
and international researchers, the author’s own calcu-
lations, and assumption-based forecasting methods, as
presented in Table 1.

The “digital twin” model of a hemp field has been
applied to the national statistics on industrial hemp
cultivation in Ukraine, shown in Figure 1, in order to
determine potential volumes and model possible ab-
sorption scenarios in Ukraine.

Table 1. Key parameters of the ‘“digital twin” model

Area of modelling

1 ha

Crop used

Cannabis sativa L

Duration of the growing season

120-150 days

Average yield of dry biomass per hectare

8-15 tonnes

Carbon content in dry biomass

45-50%

Average CO, absorption per hectare per season

13-25 tonnes

Energy inputs

Diesel fuel for mechanised operations

Source: created by the author
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Figure 1. Trends in the area under industrial hemp cultivation, 2015-2025, in thousands of hectares
Source: compiled by the author based on data from the State Statistics Service of Ukraine (n.d.)

The empirical basis for the scenario modelling
consisted of official statistical data on the areas sown
with industrial hemp in Ukraine. In particular, data
from the State Statistics Service of Ukraine (n.d.) were
used to calculate the potential volumes of carbon se-
questration by industrial hemp at the national level
for the period 2020-2025, on the basis of which the
dynamics of changes in industrial hemp cultivation ar-
eas from 2015 to 2025 were constructed. To estimate
the volume of emissions absorption, the results of the
study by S.M. Madden et al. (2022) on CO, absorption
by industrial hemp under temperate climate conditions
were utilised. According to this study, the level of CO,
absorption in temperate climates is determined by the
duration of the growing season, agronomic practices,

and the volume of biomass per hectare, which were
taken into account in the parameterisation of the digi-
tal twin model. For an accurate assessment of CO, ab-
sorption, data on dry biomass yield (stems/straw) and
the carbon content in the plant mass of Cannabis sativa
L. were used. In Ukraine, according to the research of
H.Laiko (2023),the dry biomass of stems at a minimum
level amounts to 8.55-9.81 tonnes per hectare; at a
medium level (under average agronomic conditions) -
8-12 tonnes per hectare; and at a high level (in trials
with high nutrient supply and optimal conditions) — up
to 15 tonnes per hectare. CO, absorption is determined
on the basis of the stoichiometric relationship between
the carbon content in dry biomass and the molar mass-
es of carbon (12) and CO, (44). It is assumed that all
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carbon accumulated in plant biomass originates from
atmospheric CO,. The calculation of absorption was
carried out taking into account the carbon fraction in
dry biomass using the following formula:

absorption indicator (tonnei4C02/ha)=
=Y(dry) x 0.45 x 3, (1)

where Y(dry) - the yield of dry stem biomass; the co-
efficient 0.45 represents the carbon content in the dry

biomass of industrial hemp stems (45%); and the mul-
tiplier %’ - the stoichiometric conversion factor from
carbon mass to CO, equivalent.

For the analysis of energy inputs in the baseline
cultivation model, in particular diesel fuel consump-
tion, it was established on the basis of the author’s
own calculations and developed technological maps
that over the growing season 1 hectare of industrial
hemp crops requires approximately 159.9 litres of die-
sel fuel (Table 2).

Table 2. Diesel fuel consumption in the baseline model of industrial hemp cultivation technology, litres per hectare

Type of work Quantity, l/ha
Fuel consumption for direct work 1179
Fuel consumption for indirect work 42.0
Total 159.9

Note: direct work - ploughing, sowing, harvesting and other types of land cultivation; indirect work - transporting seeds,

workers and other items
Source: created by the author

Using the method of carbon mass balance under
complete combustion, it should be noted that diesel
fuel has a density of approximately 0.838 kg per li-
tre and a composition of carbon and hydrogen such
that, upon complete oxidation, all carbon is converted
into CO,. The database of the Intergovernmental Pan-
el on Climate Change (2019), which contains emission
factors for all types of fuel, including diesel, is based
on the assumption that all carbon in the fuel is oxi-
dised to CO,, and the emission factor for diesel fuel is
determined by its calorific value and carbon content,
amounting to 2.63 kg CO, per litre. The CO, formation
factor is determined on the basis of combustion stoi-
chiometry:

0.838 kg/L x 12~ 2.63 kg CO,/L, )
where 44 and 14 - the molar masses of CO, and the
carbon equivalent of diesel fuel, respectively.

This approach is widely used in scientific research
and national reporting, as the amount of CO, produced
is directly proportional to the amount of fuel burned
and its physicochemical characteristics.

RESULTS AND DISCUSSION

Achieving climate neutrality is one of the key challeng-
es facing contemporary global environmental policy.
The European Green Deal sets the target of reducing
greenhouse gas emissions by at least 55% by 2030
and establishing a climate-neutral economy by 2050,
as enshrined in the relevant EU strategic and regu-
latory acts (Regulation (EU) 2021/1119, 2021; Euro-
pean Commission, n.d.b). In this context, agriculture
is increasingly viewed not only as a source of emis-
sions, but as a sector with significant potential for bi-
ological carbon sequestration and the implementation
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of nature-based climate solutions. One of the prom-
ising crops in this regard is industrial hemp (Cannabis
sativa L.), the cultivation of which is showing a steady
upward trend globally due to the liberalisation of
legislation and growing demand for environmental-
ly friendly raw materials. As of 2025, over 70 coun-
tries permit the cultivation of industrial hemp, with
China, France, Canada and the USA being the largest
producers. Furthermore, Australia, New Zealand, Ger-
many, the Netherlands and other countries have ac-
tive industrial hemp markets that continue to grow
(Fig. 2). The cultivation of industrial hemp is gaining
momentum in the EU as well, as evidenced by data
from the European Commission (n.d.a.), which showed
that the area under industrial hemp has increased
significantly. The overall trend in the development of
this segment of agricultural production between 2004
and 2023 is shown in Figure 3. Thus, cultivation are-
as are gradually increasing across the EU, with France
being the largest producer of industrial hemp in the
EU, accounting for around 60% of total production,
followed by Germany (17%) and the Netherlands (5%),
whilst the remaining market share is accounted for by
other Member States (European Commission, n.d.a). A
study by J.G. Cortés et al. (2024) noted that the rise
in demand for industrial hemp in the EU has contrib-
uted to a significant increase in the area under cul-
tivation of this plant, rising by 46.5% between 2016
and 2022. This demand is driven not only by the wide
range of economic applications for industrial hemp,
but also by its environmental benefits, particular-
ly the goal of achieving climate neutrality by 2050.
The authors also highlight the industrial use of hemp
fibre in the context of the future potential of hemp
by-products as alternative agricultural commodities in
EU countries. According to estimates by the European




Commission (n.d.a), industrial hemp directly contrib-
utes to achieving the goals of the European Green
Deal, as one hectare of crops is capable of absorbing
between 9 and 15 tonnes of carbon dioxide, which is
comparable to the figures for young forest plantations,
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but over a significantly shorter growth period, name-
ly around five months. This rate of biomass formation
leads to industrial hemp being considered a promising
crop for carbon farming systems and for rapidly offset-
ting emissions from other sectors of the economy.

Figure 2. Map of countries that are active producers of industrial hemp
Source: compiled by the author based on research of Hemp CBD Business Plans (2026)
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Figure 3. Trends in industrial hemp acreage in the EU, 2004-2023, in thousands of hectares
Source: compiled by the author based on research of O. Nykoliuk & K. Sych (2025)

In Ukraine, the development of industrial hemp cul-
tivation has long been held back by excessive regulato-
ry burdens, with the result that cultivation areas have
fluctuated between 2,000 and 4,000 hectares, despite
the sector’s significant historical potential. The adop-
tion of Law of Ukraine No. 3528-1X (2023) on the state
regulation of the circulation of plants of the genus
Cannabis liberalised the conditions for industrial hemp
production, setting the permissible level of tetrahydro-
cannabinol at 0.3% and permitting the use of all parts
of the plant in economic activities. Deregulation has
contributed to a reduction in administrative costs, an

increase in the economic efficiency of cultivation, and
the creation of conditions for the restoration of pro-
cessing infrastructure. In this context, the resumption
of industrial hemp cultivation has taken on additional
significance as a factor in strengthening the agricultur-
al sector’s potential for CO, sequestration by crops.

As noted by S. Amaducci et al. (2015), the key ob-
jective of hemp cultivation is to achieve high biomass
accumulation rates, and the crop itself is characterised
by relatively simple and low-cost cultivation technolo-
gies. Given that the volume of CO, absorption is directly
dependent on the accumulated plant biomass, these
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characteristics of the crop indicate its significant po-
tential as a tool for carbon sequestration in agricul-
tural systems. Furthermore, a study by E. Campiglia et
al. (2020) notes that the cultivation of industrial hemp
is characterised by a relatively low need for capital

investment and can be carried out using simplified
technologies. Based on data on sown areas (Fig. 1), the
potential carbon sequestration volumes of industrial
hemp in Ukraine for the period 2020-2025 were calcu-
lated under three scenarios (Table 3).

Table 3. Potential carbon sequestration volumes by industrial hemp
in Ukraine for the period 2020-2025 under three scenarios

Biomass
accumulation rate

Annual sequestration
volume per 1 ha

Sequestration volume
for the period 2020-2025

Low scenario 8.55-9.81 tonnes/ha

15.5 tonnes of CO, per hectare per year

1.05 million tonnes CO,

Medium scenario 8-12 tonnes/ha

16.5 tonnes of CO, per hectare per year

1.12 million tonnes CO,

High scenario 15 tonnes/ha

24.75 tonnes of CO, per hectare per year

1.68 million tonnes CO,

Source: compiled by the author

For a total cultivated area of 11.3 thousand hec-
tares, it was determined that under the low scenario
for the period from 2020 to 2025, industrial hemp, un-
der conditions of minimal biomass accumulation, ab-
sorbed approximately 15.5 tonnes of CO, per hectare
per year. This corresponds to a cumulative sequestra-
tion volume of about 1.05 million tonnes of CO, over
six years. The medium scenario indicates that under
average agro-climatic conditions and typical yield lev-
els, the average absorption amounts to 16.5 tonnes of
CO, per hectare per year. Over the period 2020-2025
and with an area of 11.3 thousand hectares, the to-
tal sequestration is estimated at approximately 1.12
million tonnes of CO,, which significantly exceeds di-
rect emissions associated with diesel fuel use in the
baseline cultivation model. The high scenario assumes
that, taking into account optimal biomass growth, an
extended growing season, and intensive agricultural
technologies, the sequestration level may reach 24.75
tonnes of CO, per hectare per year. Under these con-
ditions, the total CO, absorption by industrial hemp
across 11.3 thousand hectares amounts to approxi-
mately 1.68 million tonnes of CO,.

It should be noted separately that the obtained
volumes of CO, absorption by industrial hemp did not
initially account for greenhouse gas emissions associ-
ated with cultivation operations. Thus, for an accurate
assessment of the net carbon balance of the agroeco-
system, it is appropriate to compare the CO, absorp-
tion potential of plant biomass with emissions arising
from, in particular, the use of fuel and lubricants for
field operations, application of plant protection prod-
ucts, harvesting, and related activities. The assessment
of energy inputs in the baseline cultivation model in-
dicates that approximately 159.9 litres of diesel fuel
are required per hectare of industrial hemp crops. Us-
ing the emission factor of 2.63 kg CO, per litre, con-
firmed by combustion stoichiometry, the emissions
amount to:
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159.9 Lx2.63 kg CO,/L=420.54 kg CO,. (3)

Following the calculation of potential carbon se-
questration volumes by industrial hemp in Ukraine for
the period 2020-2025 under three scenarios (Table 3),
it was established that under the low scenario the es-
timated absorption amounts to 15.5 tonnes of CO, per
hectare per year. Considering that the baseline cultiva-
tion model for 1 hectare requires 159.9 litres of diesel
fuel,direct emissions from complete combustion, using
the adopted factor of 2.63 kg CO, per litre, are equal
to 0.421 tonnes of CO, per hectare (3). The comparison
shows that absorption under the low scenario exceeds
direct CO, emissions from diesel use by approximately
36.8 times, with a difference of about 15.1 tonnes of
CO, per hectare. Under the calculated medium scenar-
io, the estimated absorption for industrial hemp is 16.5
tonnes of CO, per hectare per year, exceeding direct
CO, emissions from diesel by approximately 38 times,
with a difference of about 16.1 tonnes of CO, per hec-
tare. Under the high scenario, absorption exceeds di-
rect CO, emissions from diesel use by approximately
58.8 times, with a difference of about 24.3 tonnes of
CO, per hectare. Taking the above into account, it can
be concluded that direct CO, emissions from diesel use
per hectare are relatively small compared to the mag-
nitude of the potential carbon sequestration by indus-
trial hemp biomass.

The findings of S.M. Madden et al. (2022) have
demonstrated the potential environmental benefits
of growing industrial hemp. This is also evident in the
present study, as a synthesis of the findings suggests
that industrial hemp possesses high climate potential
as a crop with intensive biomass accumulation and
significant CO, sequestration capacity. Even under a
low-carbon absorption scenario, the carbon absorbed by
industrial hemp significantly exceeds the direct emis-
sions associated with the use of diesel fuel during cul-
tivation, indicating a positive net carbon balance at the




agroecosystem level. At the same time, the estimates
obtained reflect only the initial stage of the climate ef-
fect and do not take into account the impact of the use
of plant protection products, nor the subsequent accu-
mulation or release of CO, during the processing, use
and disposal of hemp products. This is confirmed by the
study by A. Pawar et al. (2026), particularly regarding
the need to account for the carbon content accumulat-
ed in above-ground and below-ground biomass.

As noted in the study by C. Schluttenhofer &
L. Yuan (2017), the cultivation of industrial hemp re-
quires further research, as the global production mar-
ket has growth potential. This statement is consistent
with the authors’ research; to assess the effectiveness
of industrial hemp’s actual contribution to achieving
carbon neutrality in the agricultural sector, an in-depth
analysis of the product’s full life cycle is advisable -
from cultivation and primary processing of biomass to
its end uses. A similar view regarding the need to inves-
tigate all aspects related to factors that potentially in-
fluence carbon sequestration by industrial hemp, such
as soil type, climate and agricultural practices, in order
to define industrial hemp as an environmentally friend-
ly crop, is shared by the authors A. Suardi et al. (2024).

In contrast to the authors’ study, there is debate in
the scientific literature regarding the environmental
viability of growing even organic hemp, as its impact
on the environment is not unequivocally positive and
depends on production technology and the subsequent
use of biomass.As demonstrated by Z. Shen et al. (2022),
the climate impact of hemp cultivation involves trade-
offs: leaving plant residues in the soil contributes to an
increase in organic carbon stocks, but does not provide
effective climate change mitigation, whereas the use
of biomass for the production of durable biomaterials
yields a more pronounced long-term climate effect.

In particular, a study by M. Meffo Kemda et al. (2024)
showed that, alongside the positive effects (the abili-
ty to absorb and store carbon), it is necessary to take
into account the emissions arising at various stages
of production, as some hemp processing products are
climate-neutral: for example, the production of oil and
flour is accompanied by significant emissions that are
not fully offset by carbon sequestration; furthermore,
the environmental impacts of processing and pack-
aging play an important role, as they also contribute
to the overall carbon footprint of production. This is
also confirmed by a study by I. BoSkovi¢ & A. Radivoje-
vi¢ (2023), which demonstrates a pessimistic scenario
regarding the impact of industrial hemp on the carbon
balance throughout its life cycle, due to the possibility
that greenhouse gas emissions may exceed absorption
over the product’s full life cycle.

Summarising the results obtained in the context
of existing scientific research, it can be stated that
industrial hemp demonstrates high climate potential
as a crop with intensive biomass accumulation and
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significant CO, sequestration capacity. At the same
time, as the literature review indicates, the assessment
of the actual climate effect is ambiguous and depends
significantly on cultivation technology, the uses of bio-
mass, and the accounting of emissions at all stages of
the production chain. Thus, the results of this study are
consistent with the broader scientific debate regarding
the potential of industrial hemp as a tool for decarbon-
isation, whilst emphasising the need for a comprehen-
sive approach to assessing its carbon balance.

CONCLUSIONS

The study confirmed the high climatic potential of in-
dustrial hemp (Cannabis sativa L.) as a tool for atmos-
pheric carbon sequestration in Ukraine’s agricultural
sector. During its short growing season, the crop is
capable of accumulating significant amounts of car-
bon, making it a promising tool for carbon farming
and climate-oriented agricultural practices. A “digital
twin” model of a 1-hectare hemp field, developed for
the typical soil and climatic conditions of the Ukraini-
an Forest-Steppe, enabled a quantitative assessment of
the ratio between biological CO, absorption during bi-
omass formation and direct emissions associated with
the use of diesel fuel in agricultural operations. It was
found that the potential CO, absorption from 1 ha over
a single growing season ranges from 15.5 tonnes under
a low dry biomass yield scenario to 24.75 tonnes un-
der a high scenario. At the same time, direct CO, emis-
sions associated with the combustion of diesel fuel in
the baseline cultivation model are estimated at around
0.421 tonnes CO,/ha, demonstrating the significant
dominance of sequestration processes over agricultural
emissions. Under the medium scenario, absorption ex-
ceeds direct emissions by approximately 38 times, con-
firming the formation of a positive net carbon balance
within the agroecosystem.

Scenario modelling, based on official statistics re-
garding the areas under industrial hemp cultivation in
Ukraine in 2020-2025, showed that under the medium
scenario, the total sequestration potential could exceed
1.1 million tonnes of CO, over the specified period. Even
with relatively small cultivation areas, this highlights
the crop’s significant contribution to achieving decar-
bonisation goals and strengthening the role of agricul-
ture as a compensatory sector in the national carbon
balance. The results obtained confirmed the feasibili-
ty of integrating industrial hemp into carbon farming
programmes, climate policies and sustainable land use
strategies. The high rate of biomass accumulation over
a short growing season allows industrial hemp to be
considered an effective tool for rapidly offsetting a por-
tion of anthropogenic CO, emissions. However, the as-
sessment conducted covered mainly the cultivation and
harvesting stages and did not account for the likely use
of fertilisers, post-harvest processing, biomass process-
ing, long-term storage, or the re-release of carbon in
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end products. Thus, industrial hemp should be viewed
not merely as an agricultural crop, but as an element
of an integrated climate strategy, the effectiveness of
which is determined by a combination of agricultural
technologies, the spatial distribution of crops and the
development of processing infrastructure, as well as its
potential to contribute to sustainable agricultural de-
velopment in Ukraine.

Prospects for further research involve extending
the “digital twin” model to cover the full product life
cycle, accounting for changes in soil organic carbon
stocks, regional variations in growing conditions, and
scenarios for the use of hemp biomass with varying
durations of biogenic carbon sequestration. The further
development of such models may provide a foundation

for establishing a system of quantitative accounting of
the climatic effects of industrial hemp within national
decarbonisation policy and carbon farming frameworks.
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OuiHKa ByrneueBoro 6anaHcy BUpoLLyBaHHA MPOMMUCIIOBUX KOHOME b
B YKpaiHi Ta ix BN/IMB HA AOCArHEeHHS ByrneueBoi HEMTPaNbHOCTI

IpuHa lpysiHcbka

AcnipaHT
MonicbKunii HaLWioOHaNbHWIA YHiBepcUTeT
10008, 6ynba. Crapui, 7, M. Xutomup, YkpaiHa
https.//orcid.org/0009-0007-6579-316X

AHoTauif. MeTol [OCNigKEHHS Oyno BU3HAYEHHS KNiIMAaTMYHOrO MOTEHUiany NPOMWCIOBUX KOHOMENb K
{HCTPYMEHTY CcekBecTpalii Byrneut Ta OuiHKA iX BHECKY Yy AOCATHEHHS BYrieLeBOi HEeMTpanbHOCTI arpapHoro
cekTopy YKpaiHW. Y poboTi 3aCTOCOBAHO CUCTEMHMIA aHANi3 Cy4aCHUX HAYKOBMX AOCAIAXKEHb, aHaNi3 o@iLlinHux
CTaTUCTUYHUX AAHUX LWOAO NAOLL, BUPOLLYBAHHS MPOMUCIOBUX KOHOMESb, @ TAKOX e/leMEHTU MiAX0A4Y OLiHIOBaHHS
NMOBHOMO XWUTTEBOTO UMKNY Ana iaeHTudikauii oxepen BUKWUAIB Y TEXHOMOMYHOMY NaHLIOTY BUPOLLYBAHHS.
[ns KinbKicHOi OuUiHKKM KniMaTuyHoro edekTy po3pobneHO po3paxyHKOBY MoAenb «UM@POBOro ABiMHWMKa»
KOHOMASAHOrO MONS NAOWE OAMH rektTap AN TUNOBMX FPYHTOBO-KAiMaTM4yHMX yMmoB Jlicocteny YkpaiHu. Ha
OCHOBI MOJENoBaHHA «LMPPOBOro ABIMHUKA» KOHONASHOIO NOJS Ta pO3pPaxXyHKOBMX napameTtpiB chopMOBaHO
TPpU cueHapii cekBecTpaLii Byrieut: HU3bKWUIA, CepepHii Ta BUCOKMI, LLO BifobpaxatoTb MiHiIManbHi, cepenHi
Ta MaKCMManbHi MOKa3HUKKM ypoxarHoCTi H6iomacu. BcTtaHoBneHo, WO 33 HM3bKOrO, CepedHbOro Ta BMCOKOIO
CLeHapiiB NOTeHUiMHI 06CArM MOrMMHAHHA CTaHOBAATb BignoBigHO 6ansbko 15,5, 16,5 Ta 24,75 TonH CO, 3 1
ra 3a OAMH BereTauiMHuit nepiog. BogHouac npsami Bukmamn CO, Big cnanoBaHHS AM3EMbHOrO ManbHOro ANS
06pobiTKy nons y 6a3o.ift Mogeni BUPOLLYBaHHS OLiiHEHO Ha piBHi 6an3bko 0,421 TonH CO,/ra, Wwo cBigunTb Npo
CYTTEBE NepeBaXaHHS NPOLECiB CEKBECTPALii HAaJ arpOTEXHONOMIYHUMM BUKMAAMU. 33 HU3bKOTO CLeHapito obcar
NOTNIMHAHHSA MepeBULLYE NpsSMi BUKMAM NpubausHo y 36,8 pa3u, 3a cepedHboro — npubnmsHo y 38 pasis, a 3a
BMCOKMM —y 58,8 pas. CueHapHe MoLeNntoBaHHS, ke po3pobsieHo Ha OCHOBI 0diLLiHUX CTaTUCTUYHMX AAHWX WOA0
NAOLY, BUPOLLYBAHHS MPOMUCNOBUX KOHOMENb, 3aCBiAUYMIIO, WO HABITb 338 HEBEIMKMUX NOCIBHUX MOLL, BUPOLLYBAHHS
NPOMMUCIIOBUX KOHOMENb NMOKa3ano No3UTUBHY AMHAMIKY Y LOCATHEHHI uini nekapboHisauii Ta nifBULWEHHS poni
CiNbCbKOrO rocnofapcTBa y HauioHanbHOMY ByrneueBoMy 6anaHci. [MpakTUYHA LiHHICTb JOCNIOXKEHHS NONsArae
Yy MOXJIMBOCTi BUKOPUCTAHHS OTPUMaHUX pe3ynbTaTiB Ans obrpyHTyBaHHS nporpam Byrneuesoro ¢gepMepcTsa,
iHTerpauii NpOMMCNOBMX KOHOMENb Y KNiIMAaTUYHY NOAITUKY Ta NNaHYBAaHHS pO3BUTKY NepepobHOi iHDpacTpyKTypH

KniouoBi cnoBa: pekapboHi3alis CinbCbKOro rocnofapcrTBa; CeKBecTpauis; 3MiHa knimaty; 6iomaca; cueHapHe
MOJENOBaAHHSA
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INTRODUCTION
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livelihoods of hundreds of millions of people world- and milk,and concluded that this capacity allows cattle
wide. S.E. Place (2024) emphasised that ruminant to contribute uniquely to sustainable food systems by

Suggested Citation:
Mata, F. (2026). Sustainable and regenerative cattle production systems: Literature review. Scientific Horizons,
29(1), 89-101 doi: 10.48077/scihor1.2026.89.

Copyright © The Author(s). This is an open access article distributed under the terms of the
oy Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)

*Corresponding author



https://orcid.org/0000-0002-5687-7114
https://sciencehorizon.com.ua

90

Sustainable and regenerative cattle production systems...

producing high-quality human nutrition from marginal
resources.A. Dominguez-Hernandez et al. (2025) further
showed that cattle have historically stimulated mixed
crop-livestock systems by recycling nutrients through
manure and converting forages and crop residues into
food, forming the agronomic basis of both traditional
systems such as the Norfolk rotation and modern inte-
grated and regenerative farming approaches.

Sustainability in cattle systems is inherently mul-
tidimensional, encompassing environmental integrity,
animal welfare, economic viability, and social accepta-
bility. N. Britten & S.Mahendran (2025) emphasised that
sustainability assessments have historically prioritised
environmental indicators such as land use, water con-
sumption, and greenhouse gas (GHG) emissions, often
neglecting animal welfare and biological functioning.
SJ. Hendriks et al. (2025) argued that welfare should
be integrated as a core sustainability component rath-
er than treated as an ethical add-on. Among environ-
mental concerns, GHG emissions from cattle have re-
ceived particular attention. S. Malyugina et al. (2025)
quantified enteric methane emissions as a significant
component of global agricultural methane output and
identified enteric fermentation as the dominant source.
JV.AA. Muller (2025) noted that this has driven climate
policy and research to focus strongly on methane miti-
gation strategies.

Cattle systems vary widely in structure and impact,
ranging from intensive feed-based systems to exten-
sive grazing systems embedded within complex land-
scapes. R. Teague & U. Kreuter (2020) demonstrated
that well-managed grazing systems can enhance soil
carbon storage, nutrient cycling, and habitat provision,
particularly when aligned with regenerative or agro-
ecological principles. In contrast, X. Niu et al. (2025)
showed that poorly managed systems, regardless of in-
tensity, can contribute to land degradation, biodiversity
loss, and compromised animal welfare. These findings
highlighted the need for sustainability assessments
that evaluate management quality and context rather
than generic comparisons of cattle versus alternative
food systems. Animal welfare represents a critical but
often underrepresented pillar of sustainable cattle pro-
duction. L. Boyle & P. Stevenson (2025) reported that
poor health, chronic stress, and suboptimal living con-
ditions reduce productivity and increase resource use
per unit of output. Methane emissions must therefore
be interpreted within a broader biological and manage-
ment context. B-R. Min et al. (2022) showed that enter-
ic methane represents an energetic loss of 2-12% of
gross energy intake and concluded that strategies im-
proving feed efficiency and rumen function can reduce
emissions per unit of product. H.R. Albarki et al. (2025)
provided evidence that nutritional interventions, ge-
netic selection for feed efficiency, and improved pas-
ture quality can simultaneously enhance productivity,
welfare, and emissions performance. These authors
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highlighted that such approaches align with regenera-
tive principles by optimising biological function rather
than targeting methane reduction in isolation. Regen-
erative cattle farming has emerged as a proposed path-
way to reconcile production with ecological restoration.

N. Adams et al. (2025) highlighted policy pressures
to reduce agricultural emissions alongside rural devel-
opment goals. Sustainability strategies must balance
environmental performance, ethical considerations,and
farmer livelihoods to maintain social legitimacy. These
findings reinforced the need for integrative frameworks
that recognise cattle as biological agents within com-
plex agroecosystems rather than solely as sources of
environmental burden. This review aimed to clarify how
cattle production systems can contribute to sustaina-
bility and regeneration when evaluated through inte-
grated environmental, animal welfare, and socio-eco-
nomic perspectives. Specifically, the objectives were to:
(i) examine how management-driven improvements in
biological efficiency and animal welfare influence envi-
ronmental performance, including emissions intensity;
(ii) assess the potential and limitations of regenerative
beef and dairy systems across different production con-
texts; and (iii) identify key gaps in current sustainability
frameworks that arise from reliance on single metrics,
particularly methane emissions.

A narrative review approach was employed to syn-
thesise current knowledge on sustainable and regener-
ative cattle systems. Peer-reviewed literature published
primarily between 2019 and 2025 was identified us-
ing targeted searches in the major scientific databases
(Web of Science, and Scopus) with keywords related to
cattle production, sustainability, methane mitigation,
animal welfare, and regenerative agriculture. Sources
were selected based on relevance, methodological ro-
bustness, and applicability to beef and dairy systems,
and were analysed thematically to integrate findings
across environmental, biological, and socio-economic
dimensions.

ANIMAL WELFARE AND ONE HEALTH

Animal welfare has emerged as a critical component of
sustainability assessments in livestock production, par-
ticularly for cattle, as societal expectations increasingly
demand that welfare outcomes be considered alongside
environmental and economic performance L. Boyle &
P. Stevenson (2025) emphasised that societal pressure
is driving the integration of welfare considerations into
sustainability frameworks, while Q. Zhang et al. (2023)
highlighted that ignoring welfare may undermine the
perceived legitimacy of livestock systems.. Traditional
sustainability frameworks often focus on measurable
metrics such as GHG emissions or land use, but this nar-
row focus can overlook welfare dimensions that are in-
herently biological, behavioural and affective in nature.
Contemporary animal welfare science emphasised that
welfare is not simply the absence of disease or stress




but also includes the animal’s ability to express nat-
ural behaviours, maintain good health, and achieve a
positive mental state, elements captured in established
conceptual models such as the Five Domains frame-
work. The One Health paradigm, endorsed by global
health authorities, recognises the interdependence of
human,animal and ecosystem health,and it has become
foundational in understanding complex agro-ecosys-
tem challenges. SJ. Pitt & A. Gunn (2024) argued that
One Health promotes interdisciplinary collaboration
to address shared threats such as zoonoses, antimi-
crobial resistance, and food safety, yet they note that
broader welfare outcomes are often underemphasised.

However, One Health traditionally emphasises
disease and health outcomes more than broader wel-
fare concerns. This has led to the development of One
Welfare, an extension of One Health that explicitly in-
tegrates animal welfare with human well-being and
environmental sustainability within a single compre-
hensive framework. S. Platto et al. (2025) argued that
One Welfare recognises the bidirectional relationship
between animal and human welfare and their joint de-
pendency on environmental integrity. The relevance of
One Welfare to livestock systems is notable: production
animals such as cattle not only influence but are influ-
enced by the health and well-being of their caretakers,
consumers and the ecosystems they live in. C. Spigarel-
li et al. (2021) demonstrated that improvements in an-
imal welfare can enhance farmer satisfaction and eco-
system services, suggesting practical benefits beyond
ethical considerations. In the context of regenerative
agriculture, systematic analysis illustrated that current
research often links animal welfare outcomes to animal
health and human financial or psychological well-being,
and environmental conservation. MJ. Hargreaves-Mén-
dez & MJ.Hotzel (2023) concluded that welfare actions
are integral to broader sustainability goals, reinforcing
the need to move beyond narrow environmental or eco-
nomic metrics. Despite the conceptual advances, oper-
ationalising One Welfare within cattle production sys-
tems remains challenging, as welfare assessments are
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variably integrated into sustainability models.A.van der
Linden et al. (2020) observed that many decision-sup-
port tools still inadequately capture welfare along-
side environmental and socio-economic indicators,
limiting their utility for holistic system management.

The literature argued that embedding welfare into
sustainability requires systems-level thinking and in-
terdisciplinary collaboration across veterinary science,
animal behaviour, ecology, public health and policy
domains. C. Ducrot et al. (2024) emphasised that inte-
grating welfare indicators with societal outcomes, such
as public trust, is essential for resilient and socially
acceptable livestock systems. In practical terms, wel-
fare improvements can enhance production efficien-
cy and reduce disease burdens. J.K. Lane et al. (2025)
found that interventions such as improved housing and
nutrition reduced infectious disease incidence, there-
by decreasing antimicrobial use and associated costs,
aligning with One Health goals. Although much of the
One Welfare literature remained emergent S. Platto et
al. (2025) pointed out that welfare must be central to
sustainability evaluations, not merely an ethical add-on.

A One Biology perspective emphasises that biologi-
cal processes across levels, from microbial communities
to whole animals and ecosystems, are interconnected
and collectively shape sustainability outcomes.Y. Xie et
al. (2022) highlighted that the rumen microbiome
drives nutrient metabolism, feed efficiency, and meth-
ane emissions while influencing host physiology, illus-
trating how microbe-host dynamics underpin sustaina-
ble cattle performance. X. Liu et al. (2023) extended this
view to soil-plant-animal microbiomes, demonstrating
that microbial diversity supports ecosystem function,
nutrient cycling, and resilience, providing a biological
foundation for One Health and holistic sustainability. As
shown in Figure 1, the making of a regenerative cattle
production system is conceptualised through the inte-
gration of societal expectations into the complemen-
tary frameworks of One Health, One Welfare, and One
Biology, emphasising the interdependence of animal,
human, and ecosystem processes.

POLICY & SOCIETAL EXPECTATIONS

/

Human welbeing (One Health)
M Food Security & Nutrition
M Framer livelihoods
M Public Health & Trust

\

. 2

B Nutrition & Feed
B Grazing & Housing
B Health & Welfare

Regenerative cattle production systems management practices

Animal welfare (One Health)
B Health

M Behaviour
B Longevity

i

Environmental integrity (One Biology)
B Soil health
M Bjodiversity
MW Eater cycles

SYSTEM-LEVEL SUSTAINABILITY
(Productivity, emission intensity, resilience, ecosystem services, social legitimacy)

Figure 1. The making of a regeneratiuve cattle production system

Source: created by the author
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Overall, the convergence of the concepts of “One
Health,”“One Welfare,” and “One Biology” demonstrated
that animal welfare cannot be considered a peripheral
component of sustainable livestock development, but
must be integrated into the design and evaluation of
the system. Welfare outcomes have a biological basis,
are mediated by social factors, and are conditioned by
environmental conditions, linking productivity, emis-
sion intensity, public trust, and ecosystem resilience
within a single integrated system. Therefore, the regen-
erative cattle production model requires coordinated
assessment tools that simultaneously consider health,
behavior, microbiology, and socio-economic aspects.
The inclusion of welfare in interdisciplinary, systemic
management is a prerequisite for creating livestock
systems that are scientifically sound, ethically justified,
and environmentally sustainable in the long term.

SUSTAINABILITY AND REGENERATION PRACTICES
IN CATTLE PRODUCTION SYSTEMS: BEEF CATTLE

Beef cattle production occupies a central yet contested
role in global food systems. The environmental foot-
print of beef cattle is characterised by multiple inter-
acting pressures. C. Evangelista et al. (2024) quantified
enteric methane as a dominant contributor to agricul-
tural GHG emissions, while H. Guo et al. (2022) demon-
strated that beef has one of the highest emissions in-
tensities per unit of protein among livestock products.
However, these emissions are part of a larger suite of
environmental impacts that include land conversion,
nutrient runoff, soil degradation and biodiversity loss.
DJ. Eldridge et al. (2022) argued that focusing sole-
ly on carbon obscures these co-occurring pressures.
Well-managed grazing systems can influence some
of these outcomes positively. Strategic grazing, where
cattle are moved across paddocks or pasture cells in
ways that allow vegetation recovery and minimise bare
ground, has been shown to improve or maintain soil
health and reduce nitrate runoff compared with contin-
uous grazing.

In beef systems, regenerative approaches typical-
ly involve rotational or adaptive grazing, integration
with crop systems or silvopastoral designs, and man-
agement practices that encourage ecological flows.
PL. Peri et al. (2024) described regenerative grazing
as a systems-based approach that reconnects live-
stock management with ecological processes. U. Kha-
tri-Chhetri et al. (2022) found that rotational grazing
reduced overgrazing and improved root development,
while C.D. Morris (2021) highlighted its role in stimu-
lating soil biological activity and manure distribution.
While the precise outcomes depend on context, grazing
that prevents vegetation from being consumed below
critical thresholds can promote plant recovery and re-
silience. Systems thinking research further shows that
improved grazing and manure management can create
feedback loops. K.M. Brewer et al. (2023) demonstrat-
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ed that better soil structure enhances forage quality,
which improves cattle nutrition and productivity, while
L.O.Tedeschi et al.(2024) linked these gains to improved
economic performance and stewardship outcomes. To-
gether, these positive loops showed how ecological
and production goals can be aligned when cattle are
managed as part of an integrated system rather than
isolated production units.

One of the core regenerative claims is that cattle
managed on permanent pastures can increase soil or-
ganic carbon and support broader ecosystem functions.
Q.Zhang et al. (2023) reported that well-managed graz-
ing improves soil structure,increases below-ground car-
bon storage and stimulates microbial activity essential
for soil fertility. However, the magnitude and longevity
of carbon sequestration from regenerative grazing re-
mains debated. S.Ren et al. (2024) synthesised evidence
showing that while soil carbon gains are possible, se-
questration rates vary widely and are temporally limit-
ed. A.T. Simmons et al. (2026) documented measurable
soil carbon increases under managed grazing, whereas
K. Georgiou et al. (2022) cautioned that soils can reach
saturation points, constraining long-term sequestra-
tion.Y.Wang et al. (2023), alongside S. Ren et al. (2024),
argued that pasture-based sequestration alone cannot
offset methane emissions but may contribute as part of
a broader mitigation portfolio that also targets meth-
ane and nitrous oxide. Regenerative beef systems can
also impact biodiversity and hydrological functions.
Y. Wang et al. (2026) showed that managed grazing re-
gimes that limit compaction and maintain permanent,
diverse plant cover enhance habitat heterogeneity
and ecosystem resilience. Regenerative practices can
also improve hydrological performance. T.F. Dobert et
al. (2021) demonstrated that restored soil structure
increases infiltration capacity, while G. Agunbiade et
al.(2025) found that improved plant cover reduced run-
off and erosion, contributing to drought resilience and
reduced reliance on irrigation.

Adoption of regenerative practices in beef systems
is influenced by socio-economic drivers and policy con-
texts. C. Moisés et al.(2025) showed that incentives such
as carbon markets, certification schemes and emissions
reporting frameworks can motivate farmers to docu-
ment and adopt soil- and ecosystem-enhancing prac-
tices. C. Early (2025) highlighted Brazil as a case where
pasture improvement, agroforestry integration and
methane-reducing feeds are being trialled to reduce
deforestation while enhancing productivity. However,
C. Moisés et al. identified gaps in technical knowledge,
high initial costs, and limited access to finance as major
barriers, especially for smallholder farmers.

Sustainable development and restoration of beef
cattle farming systems depend on moving beyond
the assessment of individual issues and recognizing
cattle as an active component of agroecosystems. Ev-
idence showed that adaptive grazing, nutrient cycling,




biodiversity enhancement, and soil management can
deliver additional environmental and production
benefits, but results remain dependent on specific
conditions and cannot be considered universal. Soil
carbon sequestration and improved ecosystem servic-
es can make a significant contribution to mitigation
and resilience, but they do not eliminate the need to
directly address methane and other greenhouse gas
emissions. Therefore, the long-term sustainability of
beef cattle systems requires integrated environmen-
tal management combined with a supportive policy
framework, economic incentives, and robust monitor-
ing that aligns environmental management with via-
ble farm livelihoods.
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SUSTAINABILITY AND REGENERATION PRACTICES

IN CATTLE PRODUCTION SYSTEMS: DAIRY CATTLE
Regenerative dairy farming shares similarities with
regenerative beef farming but also exhibits distinct
characteristics, as summarised in Table 1. The dairy
cattle sector faces substantial sustainability challeng-
es.R.W.McDowell et al. (2022) identified dairy systems
as among the leading contributors to agricultural GHG
emissions. A comprehensive understanding of dairy
sustainability, therefore, must extend beyond simple
productivity metrics. M. Bojovic & A. McGregor (2023),
who emphasised regenerative capacity and social eg-
uity as essential components of long-term dairy sys-
tem viability.

Table 1. Comparative table of regenerative beef and dairy cattle production systems

Aspect Regenerative beef systems

Regenerative dairy systems

Production focus

Typically, on extensive or semi-intensive pastures.

Usually pasture-based or mixed crop-livestock systems.

Grazing

management strategic forage recovery.

Rotational/adaptive grazing, silvopastoral integration,

Rotational grazing, forage diversification, integration
with cover crops or forage crop rotation.

Animal welfare

Emphasis on natural behaviours, reduced stocking
stress, improved longevity and health.

Pasture access, improved housing, lameness prevention,
metabolic and reproductive health management.

Feed efficiency and adaptive grazing.

Optimised through forage quality, supplementation,

Balanced diets, pasture quality, supplementation, feed
monitoring, and reduced metabolic stress.

Environmental

outcomes infiltration.

Soil carbon accumulation, improved soil structure,
nutrient cycling, biodiversity enhancement, water

Soil carbon retention, nutrient recycling through
manure, reduced synthetic fertiliser use, enhanced
biodiversity in pastures.

Green house gas

Partial offset via soil carbon; methane reduction
achieved via improved forage quality, animal health,

Partial offset via soil carbon; reduced emissions
intensity per litre of milk through improved feed

mitigation and genetics. efficiency and animal welfare.
Biodiversity Increased habitat heterogeneity, pollinator support, Enhanced pasture flora diversity, improved soil
impacts microbial diversity. microbiome, support for beneficial insects.

Often more suitable for smallholders or marginal
lands; requires knowledge-intensive management;

Socio-economic

Requires infrastructure for milk collection/processing;
knowledge-intensive; economic viability supported by

aspects influenced by carbon markets and regenerative . . .
certification. productivity and ecosystem service incentives.
Resilience & High resilience to drought and marginal lands if Resilient systems, diversified forage, integrated crop-

sustainability

properly managed; multifunctional landscapes.

livestock rotations; reduces reliance on external inputs.

Source: compiled by the author

One of the perennial sustainability concerns in
dairy production is its environmental footprint. J. Her-
ron et al.(2022) demonstrated through life cycle assess-
ment that enteric methane from ruminal fermentation
constitutes a major share of dairy GHG emissions, while
C. Galloway et al. (2024) showed that the magnitude
of these emissions varies widely across regions and
management systems. Pasture-based systems generally
produce GHG emissions in the range of ~0.8 to 1.7 kg
CO,-eq/kg of fat- and protein-corrected milk. These
studies consistently identified enteric methane and
manure management as dominant emission sources,
while also showing that herd productivity, feed quality
and analytical boundaries strongly influence report-
ed outcomes. Environmental impacts extend beyond
climate change. R. Hu et al. (2024) demonstrated that
dairy manure and fertiliser application are major sourc-
es of nitrogen and phosphorus losses to water bodies,

while A.B. Leytem et al. (2021) linked pasture and feed-
crop mismanagement to soil degradation. Together
these impacts revealed the tightly coupled nature of
dairy production and ecosystem processes, supporting
the conclusion that sustainability assessments must
address multiple impact categories rather than rely on
single indicators.

Animal welfare is a key sustainability dimension in
dairy systems,and welfare outcomes are increasingly in-
tegrated into dairy research and practice.A.B. Petrean et
al. (2024) found that pasture access and well-designed
housing systems reduce lameness and improve cow
comfort. Systematic reviews by M. Verdon et al. (2025)
showed a substantial increase in pastoral dairy welfare
research, particularly in nutrition, behavioural expres-
sion and environmental conditions. These authors con-
verged on the conclusion that healthy cows with good
welfare status exhibit higher lifetime productivity and
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longevity, reduce resource use per unit of output, and
experience lower disease burdens, aligning welfare
improvements with One Health objectives. Regenera-
tive agriculture seeks not just to sustain current condi-
tions but to restore and strengthen ecological function.
L.M. Alderkamp et al. (2025) documented a growing
application of regenerative principles in pasture-based
and mixed crop-livestock dairy systems. Although the
academic literature on dairy-specific regenerative agri-
culture remained emergent, these authors emphasised
that ecological benefits depend strongly on local adap-
tation and management context.

Regenerative dairy practices include rotational
grazing, cover cropping, crop rotations, integration of
livestock with arable production, and reduced external
inputs. B. Emmett et al. (2025) described these practic-
es as mechanisms for enhancing soil organic matter
and system resilience. Empirical studies by S. Zhu et
al. (2024) showed that such practices increase micro-
bial diversity, improve water infiltration, reduce erosion
and support habitat provision. D. Finlay (2024) argued
that these outcomes represent a shift from extractive
dairy production toward landscape-level regeneration.
For example, O. Obasoro et al. (2025) demonstrated
that mixed-species pastures increase biological nitro-
gen fixation via legumes, reduce dependence on syn-
thetic fertilisers, and enhance soil structure and carbon
stocks. X. Niu et al. (2025) further showed that improved
soil biodiversity, including beneficial microbes and
earthworms, enhances nutrient cycling and reduces
nutrient runoff risks. Together, these studies illustrated
that dairy cattle integrated into diversified landscapes
can contribute positively to ecosystem services rather
than degrade them.

Dairy farms that prioritise regenerative practic-
es can also support biodiversity outcomes. A. Sher et
al. (2024) found that managed grazing supports mo-
saics of plant communities that benefit invertebrates,
pollinators and soil organisms. S. Lv et al. (2024) showed
that increasing grassland diversity through rotational
grazing and forage diversification maintains habitat
complexity and strengthens ecological networks. These
outcomes are consistently more favourable in grass-
based systems than in confined systems, particularly
where permanent pastures are maintained. Linking
livestock to landscape function also entails improved
nutrient flow management. Z.K. Al-Musawi et al. (2025)
demonstrated that recycling dairy manure within crop
rotations improves soil fertility and reduces reliance on
synthetic fertilisers, thereby lowering eutrophication
risks in adjacent water bodies.

Adopting regenerative and sustainable dairy prac-
tices is influenced by economic and policy frameworks.
E. Bull et al. (n.d.), through the Regen Dairy project,
illustrated how collaboration between farmers and
global food companies can co-develop farmer-centric
regenerative models that enhance biodiversity while
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maintaining productivity and profitability. These au-
thors emphasised that regenerative dairy must be lo-
cally adapted and embedded within. whole-system
response to climate, biodiversity and food security chal-
lenges. However, E. Bull et al. identified upfront transi-
tion costs, infrastructure requirements and knowledge
gaps as major constraints, particularly in the absence
of strong market incentives. They argued that policy
instruments such as payments for ecosystem services,
certification schemes, carbon markets and targeted
research support are critical for scaling regenerative
dairy practices. While regenerative approaches offer
pathways to enhance ecological integrity, Y. Wang et
al. (2023) cautioned against overstating their climate
mitigation potential. Authors showed that soil carbon
sequestration is context-dependent and subject to
saturation, and that gains from regeneratively man-
aged pastures do not fully offset enteric methane
emissions. Consequently, these authors concluded that
regenerative practices must be integrated with meth-
ane mitigation strategies, improved genetics, manure
management and enhanced feed efficiency to achieve
meaningful sustainability outcomes.

Taken together, the evidence suggests that the fu-
ture sustainability of dairy systems hinges on improving
biological efficiency rather than simply reducing scale
or intensifying inputs. Dairy cattle convert human-in-
edible biomass into high-value nutrients, and when
embedded within diversified crop-livestock systems,
they can close nutrient loops and stabilise agroecosys-
tem functioning. At the same time, unresolved trade-
offs between productivity, methane emissions, nutrient
leakage and welfare performance highlight the need
for transparent, multi-criteria evaluation frameworks.
The transition toward regenerative dairy therefore rep-
resents not a single practice shift, but a systemic re-
design that aligns metabolic efficiency, ecological res-
toration and socio-economic viability within regionally
adapted production models.

REFRAMING SUSTAINABILITY IN CATTLE PRODUCTION
SYSTEMS: BEYOND SINGLE METRICS.
METHANE EMISSIONS

This review revealed that sustainability in cattle pro-
duction cannot be adequately assessed through isolat-
ed indicators such as GHG emissions or land-use ef-
ficiency alone. While methane emissions from enteric
fermentation remain a legitimate concern, an exclusive
focus on methane, risks overshadowing the broader bi-
ological, ecological, and socioeconomic roles of cattle
within agroecosystems. The evidence reviewed sup-
ports a reframing of sustainability as a multidimen-
sional framework containing aspects of environmental
integrity, animal welfare, system productivity, economic
viability, and social legitimacy. Cattle, as ruminants, oc-
cupy a distinct niche in food systems by converting fi-
brous biomass into high-quality human nutrition while




interacting dynamically with soils, plants, and micro-
bial communities. Sustainability outcomes, therefore,
depend less on the mere presence of cattle and more
on how, where, and within which management frame-
works they are integrated. This systems perspective is
increasingly aligned with regenerative and agroecolog-
ical paradigms, which emphasise functional outcomes,
such as soil health, biodiversity, and resilience, rather
than narrow efficiency metrics.

Methane mitigation remains a critical component
of climate strategies for cattle systems, but its inter-
pretation requires nuance. Enteric methane represents
an energetic loss to the animal and is influenced by
diet composition, rumen function, health status, and
overall management. I. Kyriazakis et al. (2024) demon-
strated that improvements in feed efficiency and forage
quality reduce methane emissions per unit of output,
while S. Malyugina et al. (2025) showed that animal
health and longevity further lower emissions intensi-
ty by spreading production over a longer productive
lifespan. These studies consistently indicated that
methane reductions often emerge as co-benefits of
welfare-oriented and regenerative management, rather
than as outcomes of emission-targeted interventions
alone. Short-lived climate pollutants such as methane
also differ fundamentally from carbon dioxide in at-
mospheric behaviour, revealing the importance of tem-
poral and systems-level perspectives when evaluating
climate impacts. The reviewed evidence supported the
position that methane mitigation should be embedded
within integrated strategies that enhance biological ef-
ficiency and ecosystem function rather than pursued as
a stand-alone objective.

A central finding of this review was that animal wel-
fare functions not merely as an ethical consideration but
as a critical driver of sustainability outcomes.).L. Capper
& P. Williams (2023) showed that poor welfare, mani-
fested through chronic stress, disease, or lameness, re-
duces productivity and increases resource use per unit
of output, while T.S. Winton et al. (2024) linked welfare
deficits to reduced system resilience. Conversely, sys-
tems that prioritise cattle welfare consistently demon-
strate improvements in longevity, reproductive per-
formance, feed efficiency, and emissions intensity. The
integration of welfare within sustainability frameworks
is strengthened by the One Welfare concept, which ex-
plicitly links animal welfare, human well-being, and
environmental integrity. A. Diana et al. (2020) provided
early empirical evidence that welfare-positive systems
reduce disease prevalence and antimicrobial use, while
L. Boyle & P. Stevenson (2025) demonstrated links be-
tween improved animal welfare, farmer satisfaction
and mental health. S. Platto et al. (2025) synthesised
this evidence to argue that welfare improvements of-
ten generate simultaneous benefits across animal, hu-
man and environmental domains. Despite these links,
the authors collectively noted that welfare remains

Mata

inconsistently incorporated into sustainability assess-
ment tools, suggesting a need for more comprehensive
indicators that capture animal-based measures along-
side environmental and economic metrics.

In regenerative contexts, welfare gains often
emerge indirectly through management practices such
as pasture access, adaptive grazing and reduced stock-
ing stress. These approaches enable cattle to express
natural behaviours, including grazing, social interaction
and movement, while reducing the chronic pressures
associated with confinement or overstocking. Improved
comfort and behavioural freedom are commonly linked
with better hoof condition, lower stress levels and im-
proved overall health status. At the same time, these
management strategies support vegetation recovery
and soil function, illustrating that animal well-being
and environmental performance can develop in parallel.

REGENERATIVE CATTLE PRODUCTION SYSTEMS:
POTENTIAL AND CONSTRAINTS

Regenerative beef production systems demonstrate
clear potential to improve soil health, biodiversity,
and nutrient cycling when grazing is well managed.
J. Mehre et al. (2024) reported that rotational and
adaptive grazing enhance soil structure, promote per-
ennial root systems and stimulate microbial activity,
while A.T. Simmons et al. (2026) linked these changes
to improved long-term productivity. These outcomes
are particularly relevant in regions where beef cattle
utilise marginal lands unsuitable for cropping, rein-
forcing their role in multifunctional landscapes rather
than purely extractive production systems. However,
the climate mitigation potential of regenerative beef
systems remains contested. C. Rousset et al. (2024) cau-
tioned that soil carbon sequestration rates are highly
context-dependent and may plateau over time, limiting
long-term mitigation potential. While soil carbon gains
can partially offset emissions, the evidence consistently
suggests that regenerative grazing alone is unlikely to
render beef production climate-neutral. This reveals
the importance of avoiding overgeneralised claims and
instead adopting transparent, site-specific assessments.

Beyond carbon, regenerative beef systems con-
tribute meaningfully to biodiversity conservation, hy-
drological regulation, and landscape heterogeneity.
These benefits are often absent from conventional life
cycle assessments, yet are central to ecosystem sus-
tainability. Socio-economic factors, including access to
knowledge, finance, and supportive policy instruments,
remain decisive in determining adoption rates, particu-
larly among smallholders. Scaling regenerative beef
production, therefore, requires institutional support
alongside scientific validation. Dairy production pre-
sents distinct sustainability challenges due to its inten-
sity, nutrient flows, and reliance on high productivity
per animal. Nevertheless, R. Teague & U.Kreuter (2020)
showed that regenerative principles can be successfully
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applied to dairy systems, particularly in pasture-based
and mixed crop-livestock contexts. Practices such as ro-
tational grazing, forage diversification, cover cropping,
and integrated manure management can enhance soil
health, reduce nutrient losses, and improve biodiversity
outcomes. Animal welfare plays a particularly salient
role in dairy sustainability. As with beef systems, regen-
erative dairy practices should not be viewed as a singu-
lar climate solution. Y. Wang et al. (2023) showed that
soil carbon sequestration contributes to mitigation but
does not negate the need for methane-reducing feed
additives, genetic selection for efficiency and precision
nutrient management. The emerging consensus is that
regenerative dairy systems are most effective when
embedded within holistic sustainability strategies rath-
er than promoted through simplified climate narratives.

Overall, regenerative cattle production systems of-
fer a credible pathway to enhance ecological function,
animal welfare and system resilience, but their benefits
are conditional rather than automatic. Outcomes de-
pend on context-specific management, realistic expec-
tations regarding carbon sequestration, and integration
with complementary mitigation strategies targeting
methane and nutrient losses. Both beef and dairy sec-
tors demonstrate that regeneration is most effective
when embedded within multifunctional landscape
management and supported by coherent policy and
economic frameworks. Long-term credibility therefore
requires transparent measurement, interdisciplinary
governance and alignment between environmental
goals, productivity and farmer livelihoods.

SOCIETAL EXPECTATIONS, POLICY, AND SYSTEM
LEGITIMACY: FUTURE RESEACH DIRECTIONS

The long-term viability of cattle production systems is
increasingly shaped by societal expectations regard-
ing environmental responsibility, animal welfare, and
transparency. F. Mata & |. Domingues (2025) argued
that public trust depends not only on emissions re-
ductions but also on visible commitments to ethical
animal treatment and land stewardship. Regenerative
and welfare-oriented systems may therefore enhance
social licence by aligning production practices with
consumer and policy priorities. Policy frameworks that
reward ecosystem services, welfare outcomes, and ver-
ifiled sustainability performance are likely to be pivot-
al in supporting transition pathways. Carbon markets,
regenerative certification schemes, and payments for
biodiversity or water regulation services offer potential
mechanisms but require robust, standardised metrics to
avoid greenwashing and ensure credibility. Importantly,
farmer livelihoods must remain central to these frame-
works; sustainability transitions that undermine eco-
nomic viability risk low adoption and social resistance.

Despite the rapid growth of literature on sustain-
able and regenerative cattle production, important
knowledge gaps persist that limit robust system-level
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evaluation and effective policy alignment. Address-
ing these gaps is essential for positioning cattle sys-
tems within global sustainability agendas, including
the United Nations Sustainable Development Goals
(SDGs) (United Nations, 2026). The research communi-
ty should aim for long-term, integrated experimental
research that simultaneously evaluates productivity,
GHG emissions, soil carbon dynamics, biodiversity, nu-
trient cycling, and animal welfare. Most current stud-
ies focused on isolated indicators or short time frames,
which constrains their relevance to SDG 2 (Zero Hun-
ger), SDG 12 (Responsible Consumption and Produc-
tion), and SDG 13 (Climate Action). Long-term trials are
particularly important for assessing the durability of
soil carbon sequestration and ecosystem service gains,
given growing evidence of saturation limits and vulner-
ability to climate variability. Coordinated research net-
works across agro-ecological zones would improve the
robustness and comparability of sustainability claims.
Future research must also explicitly integrate animal
welfare into sustainability assessment frameworks,
aligning livestock research with SDG 3 (Good Health
and Well-Being) and SDG 12. While substantial evi-
dence links improved welfare to enhanced productivity,
longevity, and reduced emissions intensity, welfare in-
dicators are rarely embedded within life cycle assess-
ments or whole-farm sustainability models. Developing
standardised, animal-based welfare metrics that can be
incorporated alongside environmental and economic
indicators would strengthen One Welfare approaches
and improve the ethical credibility and societal rele-
vance of sustainability evaluations.

Context-specific methane mitigation research re-
mains a critical priority for SDG 13. Many mitigation
strategies have been developed under confined or
high-input systems, with limited validation in pas-
ture-based, mixed, or regenerative cattle systems. Fu-
ture research should assess how dietary strategies,
grazing management, rumen microbiome function, and
genetic selection interact under diverse production con-
texts, while also considering impacts on animal health
and welfare. Emphasis should be placed on mitigation
approaches that deliver co-benefits for productivity and
resilience, rather than narrowly targeting methane re-
duction alone. Soil carbon and ecosystem service re-
search must move beyond offset-centric narratives to
support SDG 15 (Life on Land) and SDG 6 (Clean Water
and Sanitation). While regenerative grazing and inte-
grated crop-livestock systems can enhance soil organic
carbon, water infiltration, nutrient retention, and biodi-
versity, reliance on soil carbon sequestration as a long-
term offset for ruminant emissions carries substantial
risk. Future studies should therefore prioritise realistic
assessments of sequestration potential, permanence,
and trade-offs, while placing greater emphasis on mul-
tifunctional ecosystem outcomes rather than single
carbon metrics.




Social and economic dimensions of system adop-
tion require far greater research attention to support
SDG 8 (Decent Work and Economic Growth) and SDG 10
(Reduced Inequalities). Farmer decision-making is in-
fluenced by labour requirements, financial risk, knowl-
edge access, market structures, and policy incentives,
yet these factors remain underrepresented in biophysi-
cal studies. Comparative and participatory research ap-
proaches are needed to identify region-specific barriers
and enablers of adoption, particularly for small- and
medium-scale producers whose livelihoods are closely
tied to cattle production. Future research should also
address policy coherence, governance, and sustainabil-
ity assessment methodologies, directly contributing to
SDG 17 (Partnerships for the Goals). Aligning climate
mitigation targets, agri-environmental schemes, animal
welfare regulations, and market-based instruments is
essential to avoid incentivising narrow techno-fixes or
unintended environmental and social trade-offs. Ad-
vances in systems modelling, interdisciplinary assess-
ment frameworks, and stakeholder-engaged research
will be critical for evaluating cattle production as a
dynamic component of agro-ecosystems rather than
solely as a source of emissions.

Cattle production systems interact directly with
multiple dimensions of the SDGs, including food se-
curity, climate action, ecosystem integrity, human
well-being, and rural livelihoods. Because cattle sys-
tems simultaneously influence nutrition provision
(SDG 2), greenhouse gas emissions (SDG 13), land and
water resources (SDGs 6 and 15), animal and human
health (SDG 3), and socio-economic resilience in rural
communities (SDGs 8 and 10), they represent a critical
leverage point for achieving integrated sustainability
outcomes. Explicitly linking future cattle research to
the SDGs is therefore essential for ensuring that sci-
entific advances inform policy, guide investment prior-
ities, and support coherent, systems-based transitions
rather than fragmented or single-issue interventions.
Embedding SDG alignment within research agendas
also strengthens the societal relevance, legitimacy,
and global comparability of sustainability assess-
ments in cattle production.

CONCLUSIONS

Beef cattle sustainability and regeneration interact
actively. Regenerative beef systems offer pathways to
integrate ecological restoration with productive ag-
riculture, enhancing soil health, promoting biodiver-
sity, supporting water function, and increasing resil-
ience, but they are not a universal solution. Outcomes
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depend on how cattle are managed, where they are
kept, and how human and ecological needs are bal-
anced.Achieving meaningful sustainability in beef pro-
duction thus demands system-level, evidence-based
assessments that embrace both environmental and
regenerative principles, recognising cattle as part of
dynamic agroecosystems rather than discrete pro-
duction machines. Sustainability and regeneration in
dairy cattle systems require holistic, systems-level
approaches that integrate environmental, animal wel-
fare, social and regenerative principles. Dairy systems
must be evaluated not only for their productivity but
for their ecological contributions, such as soil carbon,
biodiversity, water quality, nutrient cycling, and for
their socio-economic resilience. Appropriately man-
aged, regenerative dairy cattle systems can transition
from being a source of environmental pressure to
co-designers of healthier agroecosystems, though this
depends on context, management quality and sup-
portive policy frameworks.

This review supported the conclusion that cattle
can contribute to sustainable and regenerative agricul-
tural systems when managed within integrative frame-
works that prioritise biological function,animal welfare,
and ecosystem health. Methane mitigation remains
necessary but insufficient as a singular goal. Instead,
sustainability gains emerge most consistently where
welfare-positive management, regenerative practices,
and system optimisation converge. Advancing such sys-
tems will require robust science, transparent metrics,
supportive policy, and recognition of cattle as active
participants in complex agro-ecosystems rather than
solely as sources of environmental burden. Continued
rigorous research and transparent assessment frame-
works are essential to understand the regenerative po-
tential of both beef and dairy systems and to guide sci-
ence-based decision-making. Future research priorities
should address the need for integrative, long-term, and
context-specific evidence to support cattle production
systems that contribute meaningfully to multiple SDGs,
balancing food provision, environmental stewardship,
animal welfare, and socio-economic resilience.
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Mata

CTani Ta pereHepaTUBHiI CUCTeMU BUPOGHMLITBA BE/IMKOI poraToi xyaoéu:
ornapa nitepaTtypm

®MepHaHpo Marta
[okTop dinocodii, cTaplumit HAYKOBKUI CNiBPOBITHMK
HauioHanbHa 300TexHi4YHa cTaHLig HaLioHaNbHOro iHCTUTYTY arpapHMX i BETEpUHAPHUX JOCTIAXKEHD
2005-424, Byn. npodecopa pokropa Bawa Moptyrana, M. Banne-pe-CaHtapeH, lNoptyranis
https.//orcid.org/0000-0002-5687-7114

AHorTauis. BUpobHMLTBO BenMKoi poratoi XyAobu 3anuWaeTbCs BaXAUBUM ANS rNobanbHUX NPOAOBObYMX CUCTEM
yepes 1Oro 3B’A30K i3 MPOAOBO/bYOD He3nekoto, BNAMBOM Ha LOBKiNAs, 4O6pOOYTOM TBapWH Ta OYiKyBaHHAMM
cycninbcTBa. Metot Lboro ornsgy 6yno AOCNIAUMTM poib MICHOI Ta MOJIOYHOI BENIMKOI poraToi XyAaobu B CTiMKMX
Ta pereHepaTMBHUX CiNbCbKOrOCNOAapCbKMX CUCTEMAX 3 BMKOPUCTAHHSAM iHTErpOBaHOro, CUCTEMHOrO Miaxoay.
Ornap 6a3yBaBCs Ha KPUTUYHOMY Y3arasibHEHHI peLLeH30BaHOI NiTepaTypu, WO CTOCYETbCS EKONOTIYHMX NOKA3HUKIB,
BMKMAIB MeTaHy, foOpobyTy TBapuH, pereHepaTMBHUX METOAIB YNpaBAiHHA Ta COLiabHO-eKOHOMIYHUX acMeKTiB
BMPOOHMLTBA BeNMKOi poraToi xynobu. byno npoaHanizoBaHO paMKu CTanoro po3BuTKY, WO BMKOPUCTOBYHTLHCS B
CcMCTeMax BUPOLLYBAHHS BEIMKOI poraTtoi xynobu, 3 0cobnmMBoio yBarok Ao ob6MexeHb 04HONapaMeTpUUYHMX OLiHOK,
TaKuUX K BUKMAM NAapHUKOBUMX rasiB. byno onucaHo 6ionoriuHi o0CHOBM BUPOBHULITBA METaHY Ta MOro B3aEMO3B'S30K 3
eQeKTUBHICTIO roAiBNi, 340pOB’AM TBapWH Ta YNpaBAiHHAM. Bynu po3rnsHyTi 4OKa3W Wo[0 pereHepaTUBHUX NPaKTUK
y BUPOOHMLTBI AN10BUUYMHM Ta MOJIOYHMX NPOAYKTIB, BK/IKOYAKOUM YNPABAiHHA BUNACOM, AMHAMIKY BYIeLto B IPYHTI,
pe3ynbTath 6iOpi3HOMAHITTA Ta LMK/ NOXMBHUX peyvoBMH. Ponb 0obpobyTy TBapuH Byna npoaHanizoBaHa yepes
IHTEHCUBHICTIO BMKMAIB Ta CTiMKiCTIO cucTeMu. bynu BuSBAEHi NporanuMHM B MOTOYHMX OLIHKax CTIKKOCTI Ta
METO[0MOrIAX [OCNIAXKEHb, 30KpeMa LWOoAO0 [O0BroCTPOKOBOI e(pEeKTMBHOCTI CMCTEMM, MOKA3HWUKIB [06pobyTy
Ta Y3ro[KEHOCTi MONiTUKU. Pe3ynbTaTm LbOro ornggy MoxyTb 6yTM BMKOPUCTaHI AOCAIAHWMKAMM, NOMAITUKAMMK,
KOHCYNbTaHTaMM Ta depmepaMu AN MNiATPUMKM pO3POOKM, OLIHKM Ta BMNPOBAKEHHS CUCTEM BUPOLLYBAHHS
BE/IMKOI poraToi xyfobu, ki NOEAHYIOTb MPOAYKTUBHICTb 3 paLiOHaNIbHUM BUKOPUCTAHHSM MPUPOSHMX PecypciB Ta
[06po6yTOM TBApUH

KniouoBi cnoea: arpoekocucteMu; Lo06pobyT TBAPUH; BUKMAM NAPHUKOBUX ra3iB; 3MEHLLEHHS BUKMAIB METAHY; EAUHE
3[10POB'; EAMHMI [06POBYT; pereHepaTMBHE CiflbCbKe rocnofapCcTBo
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Retraction:
“Use of contraceptives in cats with ovarian and uterine pathology”

The Editorial Board of Scientific Horizons hereby announces the retraction of the article “ Use of contraceptives
in cats with ovarian and uterine pathology ” authored by O. Chekan, A. Rokochyi, O. Kysterna, Yu. Musiienko, and
I. Levchenko published in Scientific Horizons, 2024, volume 27, No. 2, pages 9-18, DOI: https://doi.org/10.48077/
scihor2.2024.09.

The decision to retract the article was made following an additional editorial review and independent external
peer review initiated after substantiated concerns regarding the content of the publication were raised by a third
party.

The repeated assessment identified substantial shortcomings, including discrepancies between certain
citations and the content of the referenced sources, insufficient completeness of the description of materials
and methods, limited statistical substantiation of the reported results, and inadequate evidential support for
certain conclusions presented in the article. Taken together, these issues do not allow the published findings and
conclusions to be considered sufficiently reliable for further scientific use.

In view of the above, the Editorial Board has decided to retract the article in accordance with the COPE
principles of publication ethics and internationally recognised standards of academic integrity.

The authors were informed of the concerns and of the Editorial Board’s decision to retract the article.

The electronic version of the article will remain available in the journal archive as part of the scholarly record,
clearly marked as Retracted.

The Editorial Board reaffirms its commitment to academic integrity, transparency of editorial procedures, and
maintaining the quality of published research.

BioKNUKaHHSA CTaTTi
“3acTocyBaHHS NpoTM3annigHMX 3acobiB KillKaM i3 naTonorielo A€YHUKIB Ta MaTKn”

PepakuifiHa koneris XypHany «HaykoBi FOpM30HTM» MOBIAOMASE MPO BiAKAMKAHHA CTATTi «3aCTOCYBAHHS
npoTM3annigHMx 3acobiB KilKaM i3 NaToNOriel S€EYHUKIB Ta MaTku» aBTopiB O. YekaH, A. Pokounit, O. KuctepHa,
t0. MycieHko, |. JleBuyeHko, onybnikoBaHoi y 2024 poui, Tom 27, N2 2, c. 9-18. DOI: https://doi.org/10.48077/
scihor2.2024.09.

PiweHHs npo BiAKAMKAHHS CTaTTi 6ByNo NPUIHATO 3a pe3ynbTaTaMu OOAATKOBOI pefakLuiiHoi nepesipku Ta
He3aneXHOoi 30BHILHbOI peLeH3ii, gKki 6ynu iHiLiioBaHi micng Toro, K TpeTs CTOPOHa BMC/IOBMIA O6rpyHTOBAHI
3ayBaXkKeHH$ LWoA0 3MicTy nybnikauii.

Mig yac NoBTOPHOI ekcnepTu3u Oyn0 BCTAHOBNEHO CYTTEBI HEAOMIKWM, 30KpeMa HEeBIAMOBIAHICTb YACTUHM
LUMTYBaHb 3MICTY HaBeOeHWX [)Kepen, HeOoCTaTHH MOBHOTY ONuCy MaTtepianiB i MeTOLIB [AOCNIAXKEHHS,
0OMEeXEeHICTb CTaTUCTUUYHOrO OBOFPYHTYBAHHS pe3ynbTaTiB, @ TAakOX HELOCTAaTHH A0KA30BiCTb OKPEMUX BUCHOBKIB
CTaTTi. Y CyKYMHOCTi 3a3HayeHi 06CTaBUHM He [at0Tb MOXIMBOCTI BBAXATU NpeACcTaBNeHi pe3ynbTaTv Ta BUCHOBKM
[OCTaTHbO HAAIMHUMM AN NOAANBLLUOTO HAYKOBOIO BUKOPUCTAHHS.

3 ornspy Ha Ue pefakuiiHa Koneris yxBanuna pilleHHsa Npo BiAKAMKAHHS CTATTi BiAMOBILHO A0 MPUHLUMMIB
ny6nikauiriHoi eTukn (COPE) Ta MixkHapoaHUX cTaHOApTiB akageMivyHoi Lob6poyecHOCTi.

ABTOpiB 6yN0 NOIHPOPMOBAHO MPO 3ayBaXEHHS Ta PilleHHs peaaKLUiiHOi Konerii Woao BigKAUKaHHS CTaTTi.

EnektpoHHa Bepcia cTaTTi 30epiraTuMeTbCs B apXiBi XypHany $SIK 4YaCTMHA HAYKOBOrO 3anucy 3 YiTKUM
no3HavyeHHsaM cTaTycy Retracted.

Pepakuis >xypHany niaTBepaXye BigAaHICTb MPUHLMNAM HAYKOBOI J0O6POYECHOCTI, NPO30POCTi peaaKLiiHuX
npouenyp i 3abe3neyeHHI0 HaneXxHoi gKoCTi onybnikoBaHUX MaTepianis.

Copyright © The Author(s). This is an open access article distributed under the terms of the
oy Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)
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