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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 legumes. 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 

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 

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 legume 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
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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 legume 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 

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 (Е, 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; 

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 leguminous to 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 N30P60K90. 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.
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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 

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°C to 12.6°C, in November from 2.9°C to 4.7°C, and 
in December from -1.2°C to 2.5°C. The highest temper-
atures in November and December were recorded in 
2021 and 2023, respectively.
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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  

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).

Figure 2. Monthly distribution of precipitation during the growing seasons of 2021-2024
Source: developed by the authors
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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:

Х₁ = В−С
В₁

· 100  ,                           (1)

where В1 is the sample mass before drying and C is the 
mass after drying.

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

100 – Х1.                                (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:

Х₂ = В₁
 В₂

· 100  ,                            (3)

where В1 is the mass after drying (g) and В2 is the mass 
of the air-dry sample (g).

The total water content in the grass consists of the 
initial moisture (X1) and the hygroscopic moisture (X2):

А = Х₁ + Х₂·(100−Х₁)
100

   .                        (4)

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 ISO 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.  Ivanenko  (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).

Source: developed by the authors

No.  
Var. Grass mixture (species) 2021 2022 2023 2024 Average

1 Timothy 7.56 4.44 7.12 5.42 6.14
2 Timothy + Red clover 12.0 10.2 8.24 7.11 9.39
3 Timothy + Alfalfa 7.31 10.0 8.97 6.79 8.27
4 Timothy + Common bird’s-foot trefoil 8.66 7.5 8.36 7.98 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 + 
Common bird’sfoot trefoil 12.6 11.8 14.49 7.49 11.60

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

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-
crease in yield (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 accumulation in red 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.

No.  
Var. Grass mixture (species) Plant type Cutting I Cutting II Cutting III

1 Timothy
Grasses 86 75 84
Herbs 14 25 16

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

No.  
Var. Grass mixture (species) Plant type Cutting I Cutting II Cutting III

2 Timothy + Red clover
Grasses 51 81 45

Legumes 45 10 48
Herbs 5 15 7

3 Timothy + Alfalfa
Grasses 42 40 21

Legumes 52 54 74
Herbs 7 7 4

4 Timothy + Common bird’s-
foot trefoil

Grasses 43 45 37
Legumes 49 48 55

Herbs 8 7 8

5
Timothy + Red clover + 

Alfalfa + Common bird’s-
foot trefoil

Grasses 32 46 23
Red clover 46 3 27

Alfalfa 22 34 38
Common bird’s‑foot trefoil 8 13 8

Herbs 4 7 5

6

Timothy + Perennial 
ryegrass + Tall fescue + Red 
clover + Alfalfa + Common 

bird’s-foot trefoil

Grasses 34 46 26
Red clover 43 3 37

Alfalfa 23 30 26
Common bird’sfoot trefoil 6 14 7

Herbs 6 10 4

Table 2. Continued

Source: developed by the authors

No. 
Var. Grass mixture (species) Energy expenditure  

for crop cultivation, GJ
Gross energy output  
from the harvest, GJ

Metabolisable energy 
output, GJ EER

1 Timothy 19.4 103.1 59.2 3.0
2 Timothy + Red clover 22.4 164.3 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 3.4

5 Timothy + Red clover + Alfalfa + 
Common bird’s-foot trefoil 25.9 181.3 104.1 4.0

6
Timothy + Perennial ryegrass + 

Tall fescue + Red clover + Alfalfa + 
Common bird’s-foot trefoil

28.7 209.7 120.4 4.2

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

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 

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 
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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 
inputs.
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Анотація. Метою дослідження було встановити вплив компонентного складу багаторічних травосумішей на 
продуктивність сіяних агроценозів у ґрунтово-кліматичних умовах Передкарпаття. Польові дослідження 
проводили у 2020-2024 роках на дерново-підзолистих ґрунтах із використанням безпокривного літнього 
способу сівби та застосуванням мінерального удобрення в дозі N30P60K90 відповідно до методичних 
рекомендацій Національної академії аграрних найк України. Урожайність оцінювали поділяночно-ваговим 
методом; вміст абсолютно сухої речовини визначали шляхом висушування зразків при температурі 105 °C; 
ботанічний склад травостоїв аналізували на основі вибіркових проб зеленої маси. Результати досліджень 
засвідчили, що найбільшу продуктивність забезпечували багатокомпонентні травосуміші, до складу яких 
входили як злакові, так і бобові види. Встановлено позитивний вплив оптимального співвідношення 
компонентів у сумішах на показники урожайності сухої речовини, енергетичну ефективність та стійкість 
травостоїв. Узагальнення результатів показало, що включення бобових культур, зокрема конюшини лучної 
(Trifolium pratense), люцерни посівної (Medicago sativa) та лядвенцю рогатого (Lotus corniculatus), сприяло 
підвищенню урожайності на 30-45 % порівняно з одновидовими посівами. Проаналізовано динаміку зміни 
ботанічного складу протягом трьох укосів. Встановлено, що багатокомпонентні травосуміші формують 
стабільнішу структуру травостоїв і забезпечують вищу частку бобових компонентів у другому та третьому 
укосах. Проведена енергетична оцінка підтвердила доцільність використання змішаних посівів завдяки 
вищому коефіцієнту енергетичної віддачі. Отримані результати можуть бути використані агрономами, 
фахівцями з кормовиробництва та екосистемного землеробства для створення високопродуктивних і 
стабільних травостоїв у зоні Передкарпаття

Ключові слова: продуктивність урожаю; вміст сухої речовини; ботанічний склад травостою; травосуміші; 
енергетична ефективність
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Abstract. The aim of the study was to establish the patterns of formation of soybean seed 
productivity and quality depending on weather conditions and varietal characteristics 
in the Right-Bank Forest-Steppe of Ukraine. Field studies were conducted during 2023-
2025 on experimental plots in the Uman district of the Cherkasy region. The object of 
the research was five soybean varieties of different genetic origin and morphobiological 
characteristics: Gallek, ES Mentor, OAC Brook, Sigalia, and Kobza. The soil and climatic 
conditions during the years of research differed significantly in terms of temperature 
and moisture supply, which made it possible to assess the adaptive potential of varieties 
under contrasting hydrothermal conditions. Methodologically, the research was based 
on a field experiment taking into account the main elements of the yield structure, the 
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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.  Ivasyk 

& 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  

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
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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 = Σ(Tser
 − To),                        (1)

where Tser – average daily air temperature, °C; To – 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 = Yasym/(1 + e-k(GDD − tm)),                   (2)

where Y  – accumulated above-ground biomass;  
Yasym – asymptotic (maximum) biomass value; k – growth 
intensity coefficient; tm – 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 (R²) and 
the root mean square error. Field experiments were 
conducted using a three-factor design (variety × pro-
tection system × 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 

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

 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: 

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

 weight of 1,000 seeds: triple weighing 
(DSTU 4138-2002, 2004); 

 moisture content determined by standard meth-
od;

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

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

 symbiotic efficiency of soybeans was assessed by 
the weight of nodules in phases R3-R6 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 LSD0.5. 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 
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359.8 mm. At the same time, 2024 was characterised 
by the highest number of days with air temperatures 

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

Source: developed by the authors

Indicator 2023-2024 2024-2025 LSD0.5

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-1) 5.80 × 10-3 6.72 × 10-3 0.13 × 10-3

Biomass asymptote, Yasym (kg/ha) 6,345 7,015 145
Inflection point tm (GDD) 845 905 22

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

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 (Yasym). 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).

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 47.3 2.3

Sigalia 44.6 37.9 17.5
Kobza 47.2 44.4 8.4

LSD (p<0.05) 4.55 4.10 3.35

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

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).

Variety Weight of 1,000 seeds, g (±σ) CV% of weight Protein content, % (±σ) 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 2.0 33.8 ± 0.6 1.8

LSD (p<0.05) 6.74 – 1.8 –

Table 3. 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 graph shows the ratio of seed weight to pro-
tein content, allowing for a visual assessment of the 

differences between varieties in terms of these indica-
tors (Fig. 1).

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
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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  

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 
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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 

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 LSD0.5 allows to assess the reliability of 
differences between varieties (Table 4).
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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 4.3 15.72 11.4
Kobza 69 21 10 6.0 1.2 18.7 16 84 7.6 5.4 15.97 11.3
LSD0.5 1.6 1.5 0.3 0.25 0.12 0.6 0.4 0.4 0.7 0.6 2.3 0.5

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)

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 LSD0.5 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).

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

LSD0.5 4.7 7.5 11.1

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

Source: developed by the authors
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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 LSD0.5 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.
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ES Mentor
Control – 221 15.72 77.38 77.38

0.91Rizohumin-Plus 0.5 226 15.88 77.87 77.87
Rizohumin-Plus 0.75 232 16.46 79.06 79.06

Gallek
Control – 453 19.76 117.54 117.54

0.91Rizohumin-Plus 0.5 470 20.32 119.87 119.87
Rizohumin-Plus 0.75 489 22.34 124.56 124.56

OAC Brook
Control – 420 15.88 92.00 92.00

0.85Rizohumin-Plus 0.5 435 16.30 94.50 94.50
Rizohumin-Plus 0.75 450 16.80 97.00 97.00

Sigalia
Control – 410 15.72 91.00 91.00

0.84Rizohumin-Plus 0.5 425 16.20 93.50 93.50
Rizohumin-Plus 0.75 440 16.65 96.00 96.00

Kobza
Control – 430 15.97 92.50 92.50

0.85Rizohumin-Plus 0.5 445 16.40 95.00 95.00
Rizohumin-Plus 0.75 460 16.90 97.50 97.50

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)

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 LSD0.5 for the treatments 
demonstrates the reliability of the differences between 

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  
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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. Grygor’eva 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), 
O. Revtio & O. 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 

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-
ised by stable indicators of active symbiotic potential. 
The use of the biological preparation Rizohumin-Plus 
in combination with the growth regulator chlormequat 
chloride at concentrations of 0.5 and 0.75% contrib-
uted to an increase in plant density, symbiotic activity 
and crop preservation in all studied varieties. The most 
pronounced positive effect was observed in the vari-
eties Gallek, ES Mentor and Kobza, which creates the  

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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Анотація. Метою дослідження було встановлення закономірностей формування продуктивності та якості 
насіння сої залежно від погодних умов і сортових особливостей у Правобережному Лісостепу України. Польові 
дослідження проводили упродовж 2023–2025 рр. на дослідних ділянках Уманського району Черкаської 
області. Об’єктом досліджень були п’ять сортів сої різного генетичного походження та морфобіологічних 
особливостей: Галлек, ЕС Ментор, ОАЦ Брук, Сигалія та Кобза. Ґрунтово-кліматичні умови років досліджень 
суттєво відрізнялися за температурним режимом і вологозабезпеченням, що дало змогу оцінити адаптивний 
потенціал сортів за контрастних гідротермічних умов. Методично дослідження базувалися на польовому 
експерименті з обліком основних елементів структури врожаю, маси 1  000 насінин, фракційного складу 
насіння та показників якості. Вміст білка й олії в насінні визначали методом інфрачервоної спектроскопії, а 
вологість – за стандартною лабораторною методикою. Динаміку формування надземної біомаси аналізували 
з використанням суми ефективних температур та логістичної моделі росту. Встановлено, що у 2024 році за 
умов дефіциту вологи та підвищених температур темпи наростання біомаси, маса 1 000 насінин і врожайність 
знижувалися на 8-25  % порівняно з 2023 та 2025 роками. За середніми трирічними даними найвищу та 
найстабільнішу врожайність сформували сорти ЕС Ментор і Кобза, тоді як сорти Галлек і Сигалія виявилися 
більш чутливими до стресових умов. Якісні показники насіння мали переважно сортову детермінацію: сорт 
Галлек вирізнявся найбільшою масою 1 000 насінин і високою часткою крупної фракції, тоді як вміст білка 
та олії залишався відносно стабільним упродовж років досліджень. Практична цінність роботи полягає в 
обґрунтуванні доцільності добору сортів сої з високою екологічною пластичністю та стабільною якістю 
насіння для умов Правобережного Лісостепу України в умовах зростаючої кліматичної мінливості

Ключові слова: продуктивність сої; сортові особливості; якість насіння; цукристість; економічна ефективність; 
інокуляція; технологія вирощування
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Abstract. Optimisation of corn grain production requires a comprehensive approach to 
reducing technology costs. The purpose of the experiment and the research objective 
was to determine the optimal method and depth of primary soil tillage to reduce soil 
moisture losses and to substantiate the appropriate maturity group of the cultivated 
hybrids for the implementation of their genetic yield potential with maximum moisture 
release under field conditions of the central Forest-Steppe zone. The response of 11 
mid-early and mid-season corn hybrids (FAO 210-350) was evaluated in 2019-2021 
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 
(FAO) – y = 3.5269 + 0.0117x – indicated the possibility of increasing grain yield when 
using hybrids with a longer growing season, which was confirmed by a significant 
positive correlation coefficient r = + 0.86*** (73.96%). Statistically significant correlation 
of these features with double disc harrowing – r = + 0.42** (17.6%), with ploughing – 
r = + 0.22** (4.8%), with deep loosening – r = + 0.38**(14.4%), respectively. The trend of 
increasing grain moisture with increasing yield was established – r = + 0.89*** in the 
hybrids under study, regardless of the method of tillage. Increasing the yield of corn 
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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 (N114P24K24S24 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 

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
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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. Option 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 (500*11.2 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 (x̅ ), standard deviation (Sx̅), 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 May and 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.

Month of the year
Precipitation, mm, by year Average temperature, °C, by year

2019 2020 2021 Average long-term 2019 2020 2021 Average long-term
March 16.3 23.9 32.4 36.0 4.3 6.3 2.0 0.4
April 22.4 21.0 49.9 41.0 12.4 9.2 7.4 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 21.4 89.8 68.0 22.1 21.6 23.2 19.0

August 19.2 17.1 69.9 49.0 21.9 21.2 20.3 18.2
September 30.6 27.4 16.2 61.0 12.3 17.8 13.0 13.6

Total for the growing 
season of the study year 227.7 282.2 419.3 388.0

Total for a year 376.6 478.9 641.6 586.0

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

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  

differentiation of hybrid yield depending on the meth-
od of primary soil tillage (Table 2).

Method of primary soil tillage (factor A) Hybrid name (factor B) Average by variant, x, t/ha
Difference by factor
A B

Ploughing (25-27 cm) (control)

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
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 7.21 0.05

Tesla 7.92 0.76

Disc harrowing (12-15cm)

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
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

Loosening (35-37cm)

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.) 7.71 1.47*
VN 63 7.45 0.86* -0.26
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
LSD0.95 by factors 0.80 0.78
LSD0.99 by factors 1.84 1.10

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

Note: *, ** – significant at P0.05 and P0.01, 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 LSD0.95

 ≥ 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 P0.05.

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 P0.001 and it indicates a di-
rect significant relationship between the yield of corn 

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). 

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)

a b

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 cm 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 LSD0.05

  =  0.78*t/ha, and with LSD0.01
  =  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 

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) – -0.89*t/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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Primary soil tillage options by 
year of testing

Grain yield at 14% humidity Harvesting moisture of grain Correlation coefficients between traits
“grain yield – grain moisture”x̅ , t/ha CV, % x̅ , % CV, %

Average for 
the year of 

testing

2019 6.03 18.80 15.10 6.23 0.23**
2020 4.62 26.28 14.70 11.29 0.18*
2021 10.27 12.98 15.50 9.31 0.59***

average for the 
experiment 6.97 38.75 15.10 9.39 0.35**

Disc 
harrowing at 

12-15 cm

2019 5.36 17.11 15.10 7.18 0.55**
2020 4.02 15.90 13.83 7.31 0.10
2021 9.23 10.88 15.00 9.66 0.61**

average for the 
experiment 6.21 38.32 14.60 9.01 0.42**

Ploughing 
25-27cm

2019 6.05 17.06 15.21 4.89 0.10
2020 3.88 16.26 15.24 11.98 0.13
2021 10.54 10.24 15.68 9.54 0.59**

average for the 
experiment 6.82 43.03 15.40 9.32 0.22**

Loosening 
35-37cm

2019 6.67 15.94 15.02 6.51 0.15
2020 5.94 16.57 14.99 11.30 0.21
2021 11.04 10.95 15.87 7.95 0.50**

average for the 
experiment 7.88* 31.78 15.30 9.12 0.38**

Table 3. Variability and correlations of average values of corn grain yield  
and moisture according to experimental variants, 2019-2021

Note: *, **, *** – significance of the indicator at P0.05, P0.01, P0.001, 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 

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 P0.05.

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).

Hybrid name (factor B)

Methods of tillage (factor A)

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

LSD0.95 (by factor a)
 = 1.03%, LSD0.95 (by factor B)

 = 1.01%

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

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 (LSD0.95 (factor B)

 = 1.01%. This result 
is also similar to the conclusions of Ye.  Bazylenko & 
T.  Marchenko  (2024) in the Steppe zone, which indi-

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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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 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  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%, or -1.41%*), Tesla (15.48, or -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 P0.01 
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 P0.001. 

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 FAO, 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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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)
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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-
mary shallow tillage by disc harrowing to a depth of 
12-15 cm is not advisable due to a significant reduction 
in yield compared with ploughing and deep loosening. 
In addition, it is recommended to give preference to 
modern corn hybrids with FAO  300-350, which com-
bine high grain yield with maximum moisture output. 
For further study, it will be relevant to involve more 
than 350 corn hybrids with FAO   in the study and  

substantiate the feasibility of using no-till and strip-till 
technologies in the Forest-Steppe of Ukraine.
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Анотація. Оптимізація виробництва зерна кукурудзи вимагає комплексного підходу до скорочення витрат на 
технологію. Визначити оптимальний спосіб та глибину основного обробітку ґрунту для зниження втрат ґрунтової 
вологи та обґрунтувати необхідну групу стиглості вирощуваних гібридів у реалізації генетичного потенціалу 
врожайності зерна з максимальною вологовіддачею в польових умовах центрального Лісостепу було метою 
проведеного досліду та актуальним для вивчення. Визначено реакцію 11 середньоранніх та середньостиглих 
гібридів кукурудзи (ФАО 210-350) в 2019-2021 рр. за різних способів основного обробітку ґрунту – дискування 
(до 15  см), оранка (25-27см), глибоке розпушування (35-37  см) і проведено порівняння урожайності та 
вологовіддачі по варіантам і групам стиглості гібридів. Статистично високий коефіцієнт кореляції (r = 0,74***) 
вказував на залежність урожайності зерна кукурудзи від глибини основного обробітку ґрунту. Розпушування 
на 35-37 см забазпечувало прибавку урожайності зерна кукурудзи від 0,7 до 1,6 т/га в порівнянні з оранкою, а 
дискування знижувало урожайність від -0,3 т/га до -0,9* т/га. Рівняння регресії урожайності від групи стиглості 
(ФАО) – y = 3,5269 + 0,0117x – показало на можливість збільшення урожайності зерна при використанні гібридів 
з довшим періодом вегетації, що підтверджено істотним позитивним коефіцієнтом кореляції r  =  +  0,86*** 
(73,96  %). Статистично істотний кореляційний зв’язок цих ознак при дворазовому дискуванні – r = + 0,42** 
(17,6 %), на оранці – r = + 0,22** (4,8 %), на глибокому розпушуванні – r = + 0,38** (14,4 %) відповідно. Встановлена 
тенденція підвищення вологості зерна при зростанні урожайності – r = + 0,89*** у вивчених гібридів незалежно 
від способу обробітку ґрунту. Підвищення урожайності зерна кукурудзи можливе шляхом вирощування більш 
пізньостиглих гібридів, при цьому вологість зерна також буде збільшуватись. Найвищу урожайність зерна 
забезпечили середньостиглі гібриди з Тесла (ФАО 350) – 8,95 т/га (+1,03*т/га) та КВС 351 (ФАО 350) – 8,77 т/
га (+1,6**т/га) на фоні глибокого розпушування ґрунту на 35-37см з середньою вологістю 16,81 % та 16,28 % 
відповідно. В результаті проведеного досліду рекомендовано проводити посів в центральному Лісостепу 
середньостиглими гібридами кукурудзи (ФАО  300-350) з використанням глибокого розпушування ґрунту 
диско-лаповим агрегатом до 35-37 см як основного обробітку

Ключові слова: гібриди кукурудзи; кореляція; регресія; коефіцієнт варіації; глибоке розпушування; глибина 
обробітку; ФАО

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


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

Suggested Citation:
Tymoshchuk, T., & Kharchuk,  O.  (2026). Regulation of the weed component in the maize phytocoenosis using 
herbicides for the sustainable functioning of agroecosystems. Scientific Horizons, 29(1), 41-51. doi:  10.48077/
scihor1.2026.41.

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

*Corresponding author

Abstract. Maize is a crop with low competitive ability against weeds, especially at 
the early stages of growth and development. The problem of weed infestation in 
maize crops during the critical period of vegetation remained one of the key factors 
and led to a substantial reduction in the realisation of the crop yield potential. 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 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 
the maize phytocoenosis. The highest indicators of weed reduction were recorded at 
Primextra TZ Gold rates of 4.0-4.5 L/ha in combination with Elumis at 1.75-2.0 L/ha. 
Differences in weed infestation of phytocoenoses among hybrids were established, in 
particular higher values in the hybrid SY Fortago compared with SY Phenomen and 
SY Marimba. The combined use of Primextra TZ Gold (3.5-4.5 L/ha) and Elumis (1.75-
2.0 L/ha) ensured effectiveness at the level of 94-98% control of grass and broadleaf 
weeds in crops of maize hybrids. The combined application of Primextra TZ Gold (4.0 L/
ha) and Elumis (1.75 L/ha) ensured the maximum grain yield of the maize hybrids SY 
Phenomen (9.82  t/ha) and SY Marimba (10.08  t/ha). The highest productivity of the 
hybrid SY Fortago (9.16 t/ha) was ensured by applying the combination of Primextra 
TZ Gold (4.0 L/ha) and Elumis (1.5 L/ha). The obtained results could be used to develop 
and scientifically substantiate effective strategies for the control of segetal plants in 
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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 in yield 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.

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. 

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
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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; 
pHсол – 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:

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

 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);

 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 SC is 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 

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 m2, 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).

Hybrid (Factor A) Pre-emergence application of Primextra 
TZ Gold 500 SC, CS, L/ha (Factor B)

Post-emergence application of Elumis 
105 OD, MD, L/ha (Factor C)

Number of weeds, plants/m2

grass broadleaf total

SY Phenomen

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 1.5 2.3
3.5 1.75 0.5 1.2 1.7
3.5 2.0 0.3 1.0 1.3
4.0 1.5 0.6 1.3 1.9
4.0 1.75 0.4 1.0 1.4
4.0 2.0 0.2 0.8 1.0
4.5 1.5 0.7 1.4 2.1
4.5 1.75 0.5 1.1 1.6
4.5 2.0 0.3 0.9 1.2

SY Marimba

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 1.3 2.0
3.5 1.75 0.4 1.0 1.4
3.5 20 0.2 0.8 1.0
4.0 1.5 0.5 1.1 1.6
4.0 1.75 0.3 0.8 1.1
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

SY Fortago

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 1.4 2.0
3.5 2.0 0.4 1.2 1.6
4.0 1.5 0.7 1.5 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

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

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/m2 in the hybrid SY Marimba to 45.6 plants/
m2 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 

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/m2 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.

Hybrid (Factor A) Pre-emergence application of Primextra 
TZ Gold 500 SC, CS, L/ha (Factor B)

Post-emergence application of Elumis 
105 OD, MD, L/ha (Factor C)

Number of weeds, plants/m2

grass broadleaf total

SY Phenomen

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
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

SY Marimba

Cotrol – – – –
3.5 Control 82.10 61.19 70.52
4.0 Control 84.57 66.67 74.66
4,5 Control 86.42 69.65 77.13
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

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

Hybrid (Factor A) Pre-emergence application of Primextra 
TZ Gold 500 SC, CS, L/ha (Factor B)

Post-emergence application of Elumis 
105 OD, MD, L/ha (Factor C)

Number of weeds, plants/m2

grass broadleaf total

SY Marimba

4.0 1.5 96.91 94.53 95.59
4.0 1.75 98.15 96.02 96.97
4.0 2.0 99.38 97.01 98.07
4.5 1.5 96.30 94.03 95.04
4.5 1.75 97.53 95.52 96.42
4.5 2.0 98.77 96.52 97.52

SY Fortago

Control – – – –
3.5 Control 82.59 62.75 71.65
4.0 Control 85.07 67.84 75.60
4.5 Control 86.57 70.20 77.58
3.5 1.5 95.52 93.33 94.51
3.5 1.75 97.01 94.51 95.82
3.5 2.0 98.01 95.29 96.70
4.0 1.5 96.52 94.12 95.38
4.0 1.75 97.51 95.29 96.48
4.0 2.0 98.51 96.08 97.36
4.5 1.5 96.02 93.73 94.95
4.5 1.75 97.01 94.90 96.04
4.5 2.0 98.01 95.69 96.92

Source: compiled by the authors

Table 2. Continued

Hybrid 
(Factor A)

Pre-emergence application of Primextra 
TZ Gold 500 SC, CS, L/ha (Factor B)

Post-emergence application of Elumis 
105 OD, MD, L/ha (Factor C) Yield, t/ha

Increase relative 
to the control
t/ha %

SY 
Phenomen

Control – 4.85 – –
3.5 Control 8.52 3.67 75.67
4.0 Control 8.79 3.94 46.24
4.5 Control 8.65 4.36 49.60
3.5 1.5 9.21 4.36 50.40
3.5 1.75 9.48 4.63 50.27
3.5 2.0 9.35 4.5 47.47
4.0 1.5 9.55 4.7 50.27
4.0 1.75 9.82 4.97 52.04
4.0 2.0 9.68 4.83 49.19

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



Tymoshchuk & Kharchuk

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

47

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  

Hybrid 
(Factor A)

Pre-emergence application of Primextra 
TZ Gold 500 SC, CS, L/ha (Factor B)

Post-emergence application of Elumis 
105 OD, MD, L/ha (Factor C) Yield, t/ha

Increase relative 
to the control
t/ha %

SY 
Phenomen

4.5 1.5 9.42 4.57 47.21
4.5 1.75 9.65 4.8 50.96
4.5 2.0 9.51 4.66 48.29

SY Marimba

Control – 5.21 – –
3.5 Control 8.93 3.72 71.40
4.0 Control 9.17 3.96 76.01
4.5 Control 9.05 3.84 73.70
3.5 1.5 9.58 4.37 83.88
3.5 1.75 9.79 4.58 87.91
3.5 2.0 9.65 4.44 85.22
4.0 1.5 9.85 4.64 89.06
4.0 1.75 10.08 4.87 93.47
4.0 2.0 9.92 4.71 90.40
4.5 1.5 9.71 4.5 86.37
4.5 1.75 9.95 4.74 90.98
4.5 2.0 9.80 4.59 88.10

SY Fortago

Control – 4.53 – –
3.5 Control 8.19 3.66 80.79
4.0 Control 8.45 3.92 47.86
4.5 Control 8.32 3.79 44.85
3.5 1.5 8.87 4.34 52.16
3.5 1.75 9.09 4.56 51.41
3.5 2.0 8.95 4.42 48.62
4.0 1.5 9.16 4.63 51.73
4.0 1.75 9.02 4.49 49.02
4.0 2.0 8.89 4.36 48.34
4.5 1.5 9.03 4.5 50.62
4.5 1.75 8.90 4.37 48.39
4.5 2.0 8.77 4.24 47.64

Table 3. Continued

Source: compiled by the authors
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control could exceed 30 to 50% (Yoshitha et al., 2025). The 
high level of weed infestation in the control treatments 
recorded in the experiment (36.3 to 45.6  plants/m2)  
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. Wiqar 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/m2. 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 

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 
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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/m2. 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 
(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 

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.
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Анотація. Кукурудза є культурою з низькою конкурентною здатністю щодо бур’янів, особливо на ранніх етапах 
росту та розвитку. Проблема забур’яненості посівів кукурудзи у критичний період вегетації залишається одним 
із ключових факторів, призводить до істотного зниження реалізації потенціалу врожайності культури. Метою 
досліджень було оцінити ефективність застосування гербіцидів для регулювання бур’янового компоненту у 
фітоценозі кукурудзи та їх вплив на формування врожайності культури. Дослідження проводили протягом 
2024-2025 рр. в умовах ТОВ «Біріт ім. Шевченка» Житомирської області на середньо підзолистих дернових 
ґрунтах. Висвітлено ефективність гербіцидів для регулювання сегетальної рослинності у фітоценозі трьох 
гібридів кукурудзи залежно від строків і норм внесення. Комбіноване застосування досходового гербіциду 
Примекстра TZ Голд та післясходового гербіциду Елюміс забезпечило зниження кількості злакових і 
дводольних бур’янів у фітоценозі кукурудзи. Найвищі показники зниження кількості бур’янів відмічено 
за норм Примекстра TZ Голд 4,0-4,5  л/га у поєднанні з Елюмісом 1,75-2,0  л/га. Встановлено відмінності 
забур’яненості фітоценозів різних гібридів, зокрема вищі показники у гібрида СИ Фортаго порівняно з СИ 
Феномен та СИ Марімба. Комбіноване застосування гербіцидів Примекстра TZ Голд (3,5-4,5 л/га) і Елюміс 
(1,75-2,0 л/га) забезпечило ефективність на рівні 94-98 % контролю злакових і дводольних бур’янів у посівах 
гібридів кукурудзи. Комбіноване застосування гербіцидів Примекстра TZ Голд (4,0 л/га) і Елюміс (1,75 л/
га) забезпечило максимальну урожайність зерна кукурудзи гібридів СИ Феномен (9,82 т/га) і СИ Марімба 
(10,08 т/га). Найвищу продуктивність гібриду СИ Фортаго (9,16  т/га) забезпечило внесення комбінації 
Примекстра TZ Голд (4,0 л/га) і Елюміс (1,5 л/га). Отримані результати можуть бути використані для розробки 
та наукового обґрунтування ефективних стратегій контролю сегетальних рослин у фітоценозах кукурудзи, 
спрямованих на зниження рівня забур’яненості в критичний період розвитку культури та забезпеченню 
сталого функціонування агроекосистем

Ключові слова: агроценоз; сегетальна рослинність; урожайність зерна; синергізм; екологічна стійкість; 
гербіцидне навантаження; стратегія контролю
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Abstract. The article presented the results of a two-year field experiment investigating 
the influence of varietal characteristics, agrotechnological practices, and weather 
conditions on soybean yield using predictive modelling. The relevance of the study 
stems from the need to improve the stability of soya bean yields in the context of 
climate change and the importance of using biological plant protection products 
(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 yield (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 
Fitosporin-M Soya provided a yield of 2.65 t/ha, confirming the high effectiveness of 
biological protection. Mathematical modelling revealed a high level of agreement 
between actual and calculated data (error up to 0.07 t/ha). Cluster analysis of the 50 
studied 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 BioMAG 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 Molybdenum (1.0 L/ha) + Quantum Bor Active. The practical value 
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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 
I. 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 bean yields, 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 

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
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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 leguminous 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 N20P20S9.

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 

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. A.V. 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 N15P45K60 + N30 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  
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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 N30P60K60. 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 yield increased from 
2.50 to 3.03 t/ha with the application of N30 and up to 
3.19 t/ha with N60. The application of complete mineral 
fertilisers at rates of N30P30K30 increased this value to 
3.20  t/ha (by 6%), and N60P60K60 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 
(N30P60K90): 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.

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 m2, with an accounting area of 56 m2. 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 
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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.

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

Pre-sowing seed treatment  
with fungicides and inoculants (B) Fungicides and micronutrient fertilisers (C)* 2024 2025 Average

Control

1 1.34 2.51 1.92
2 1.57 2.82 2.19
3 1.68 2.96 2.32
4 1.50 2.75 2.13
5 1.62 2.92 2.27

Maxim XL + Apron XL + RhizoStart

1 1.45 2.65 2.05
2 1.69 2.97 2.33
3 1.80 3.10 2.45
4 1.62 2.89 2.26
5 1.75 3.06 2.40

Maxim XL + Apron XL + BioMAG Soya

1 1.48 2.68 2.08
2 1.70 3.00 2.35
3 1.82 3.13 2.48
4 1.64 2.92 2.28
5 1.76 3.10 2.43

RhizoStart + Ekostern Trichoderma, SC

1 1.43 2.61 2.02
2 1.68 2.94 2.31
3 1.77 3.02 2.40
4 1.59 2.85 2.22
5 1.72 3.00 2.36

BioMAG Soya + Ekostern Trichoderma, SC

1 1.44 2.64 2.04
2 1.67 2.95 2.31
3 1.78 3.06 2.42
4 1.60 2.93 2.27
5 1.72 3.07 2.40

LSD0.05, t/ha, for
В 0.05 0.07
С 0.03 0.05

ВС 0.10 0.12

Table 1. Grain yield of the soybean variety ‘RGT Salsa’ depending  
on the applied agrotechnological measures (average for 2024-2025), t/ha
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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 (LSD0.05

 = 0.10 in 2024 and LSD0.05
 = 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 

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.

Pre-sowing seed treatment with fungicides 
and inoculants (B) Fungicides and micronutrient fertilisers (C) 2024 2025 Average

Control

1 1.45 2.72 2.09
2 1.63 3.04 2.34
3 1.72 3.16 2.44
4 1.59 2.99 2.29
5 1.60 3.09 2.35

Maxim XL + Apron XL + RhizoStart

1 1.57 2.95 2.26
2 1.79 3.30 2.54
3 1.88 3.43 2.66
4 1.74 3.26 2.50
5 1.84 3.40 2.62

Maxim XL + Apron XL + BioMAG Soya

1 1.64 3.00 2.32
2 1.82 3.33 2.57
3 1.93 3.49 2.71
4 1.77 3.30 2.53
5 1.86 3.43 2.65

RhizoStart + Ekostern Trichoderma, SC

1 1.52 2.91 1.72
2 1.76 3.27 2.51
3 1.84 3.39 2.62
4 1.71 3.22 2.47
5 1.83 3.37 2.60

BioMAG Soya + Ekostern Trichoderma, SC

1 1.60 2.96 2.28
2 1.78 3.29 2.53
3 1.90 3.43 2.67
4 1.72 3.27 2.49
5 1.81 3.39 2.60

LSD0.05, t/ha, for
В 0.05 0.07
С 0.03 0.05

ВС 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

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

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 × 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).

Figure 1. Contribution of the factors under study to soyabean yield, %
Source: compiled by the authors

Month Decade
2024 2025

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

May

І 0.8 14.8 20.9 12.6
ІІ 0.1 12.9 2.7 12.5
ІІІ 14.8 19.5 71.5 15.8

per month 15.7 15.8 95.1 13.6

June

І 21.8 21.3 11.5 21.6
ІІ 58.8 20 16.0 20.4
ІІІ 0.7 21.2 10.2 21.7

per month 81.4 20.8 37.7 21.2

July

І 0 22.5 7.8 22.1
ІІ 40.9 26.5 16.0 24.6
ІІІ 1.2 21.4 31.9 22.0

per month 42.1 23.5 55.7 22.9

August

І 7.8 20.7 15.9 20.4
ІІ 1.8 21.2 23.9 21.5
ІІІ 0 23.5 12.5 24.1

per month 9.6 21.8 52.3 22.0

September

І 3.9 20.8 4.1 19.7
ІІ 9.3 19.5 18.3 20.4
ІІІ 0 18.2 8.6 16.5

per month 13.2 19.5 31.0 18.9

Table 3. Weather conditions during the study years

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: Сrop-monitoring (n.d.)

Variety (A)
Pre-sowing treatment (B)
Fungicides and microfertilizers during vegetation (C)
A×B interaction
A×C interaction
B×C interaction
Other (weather conditions)

43.1

15.0

17.6

4.3
3.4 8.2 8.4
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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 

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.

4.0 
3.5  Calculated by July weather

Calculated by August weather
 Actual Yield

3.0 
2.5 
2.0 
1.5 
1.0 
0.5 

0 
2024 2025

Yi
el

d,
 t/

ha

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. 

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 

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.
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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 yield 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.  Araújo & R.S.  Araú-
jo (2006) and E.J. 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 

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 109 
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 
A.V. 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 A.V.  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-Ramírez & 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 in July 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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Анотація. У статті висвітлено результати дворічного польового досліду щодо вивчення впливу сортових 
особливостей, агротехнологічних прийомів та погодних умов на врожайність сої з використанням 
прогностичного моделювання. Актуальність дослідження обумовлена необхідністю підвищення 
стабільності врожаю сої в умовах кліматичних змін і важливістю застосування біологічних засобів захисту 
рослин (біофунгіцидів). Метою було встановлення ефективності різних схем передпосівної обробки 
насіння та позакореневого застосування фунгіцидів і мікродобрив, а також розроблення математичних 
моделей прогнозування врожайності сої залежно від погодних умов. Польові дослідження проводилися 
в 2024-2025 роках на базі Навчально-виробничого центру Білоцерківського національного аграрного 
університету з сортами сої ‘РЖТ Сальса’ і ‘РЖТ Сайдіна’. Дослід включав 50 варіантів. Встановлено, 
що найбільшу врожайність (2,71 т/га) отримано у сорту ‘РЖТ Сайдіна’ за комбінованого використання 
фунгіцидів Максім XL, Апрон XL, інокулянта БіоМАГ Соя і дворазового внесення фунгіциду Колосаль Про 
з мікродобривами Інтермаг Молібден і Квантум Бор Актив у фазу бутонізації (ВВСН 51-59) і фазу цвітіння 
(ВВСН 60-69). За цієї схеми, варіанти з біофунгіцидом Фітоспорин-М Соя забезпечили врожайність 2,65 т/
га, що підтверджує високу ефективність біологічного захисту. Математичне моделювання виявило високий 
рівень відповідності між фактичними і розрахованими даними (похибка до 0,07 т/га). Кластерний аналіз 
50 досліджених варіантів за врожайністю зерна сої виявив три основні групи за ступенем продуктивності. 
До першого кластеру увійшли варіанти з врожайністю понад 2,5 т/га, більшість з яких поєднували 
застосування інокулянта БіоМАГ Соя з фунгіцидами Максім XL (1,0 л/т) + Апрон XL (0,5 л/т) та фунгіцидом 
Колосаль Про і мікродобривами Інтермаг Молібден (1,0 л/га) + Квантум Бор Актив. Практична цінність 
результатів полягає у виділенні оптимальних комбінацій застування біологічних і хімічних фунгіцидів, 
інокулянтів та мікродобрив для підвищення продуктивності сої, а також у можливості прогнозування 
врожайності на основі кліматичних показників

Ключові слова: інокуляція; фунгіциди; сорт; мікродобрива; кліматичні умови; кластеризація
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Abstract. Sunflower is one of the leading oilseed crops in Ukraine, and the stability 
of its yield is of important economic and food importance. In conditions of increasing 
climate variability, the need for quantitative analysis of the influence of agrotechnical 
and meteorological factors on the development of the yield is becoming more urgent. 
The purpose of the study was to quantitatively assess the role of agrotechnical and 
climatic factors in the development of sunflower yield using statistical analysis 
methods. The empirical basis of the study was data for 2007-2024, including 
sunflower yield indicators, levels of mineral and organic fertilisers, and meteorological 
characteristics (soil temperature in May, precipitation, air moisture saturation deficit, 
Selyaninov hydrothermal coefficient, wind speed, number of clear days during the 
growing season). The study used descriptive statistics, the Shapiro-Wilk test, Pearson 
and Spearman correlation analysis, and multivariate linear regression. The results of 
the study showed that the average yield level for the period was 25.65 q/ha with a 
standard deviation of 5.91 q/ha. The most stable and statistically significant effect on 
sunflower yield was the level of mineral fertiliser application, for which a moderately 
strong positive relationship was recorded (r = 0.656). Among meteorological factors, 
the most noticeable positive relationship was found for wind speed (r = 0.512). The 
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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.O.  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.I. 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, I.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 O.V.  Sydiakina 
& V.V. Hamajunova (2023) was devoted to the analysis 
of the current state and prospects of sunflower seed 
production. The researchers considered the key factors 

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
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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 AI-based model that 
combines agronomic, 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 

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  
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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  

during the growing season of agricultural crops. HTC 
was calculated using the Selyaninov equation:

HTC = 10⋅∑𝑃𝑃𝑃𝑃
∑𝑇𝑇𝑇𝑇

  ,                             (1)

where ∑P – the sum of precipitation (mm) for the peri-
od when the average daily temperature exceeds +10°C, 
and ∑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:

𝑊𝑊𝑊𝑊 =
�∑𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥(𝑖𝑖𝑖𝑖)�

2

∑(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)2
  ,                            (2)

where x(i) – observations ordered in ascending order, 
xi – variable value, x ̄ – average value, ai – 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:

𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 = ∑(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)
�∑(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)2 ∑(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−𝑥̄𝑥𝑥𝑥)2

  ,                     (3)

where xi and yi – observations for variables X and Y, x ̄ 
and ȳ – 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:

𝜌𝜌𝜌𝜌 = 1 − 6∑𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖
2

𝑛𝑛𝑛𝑛(𝑛𝑛𝑛𝑛2−1)
  ,                           (4)

where di
 = R(xi) - R(yi) – 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:

ŷ = β0
 + ∑iβixi,                            (5)

where ̂y – predicted yield, β0 – free term, βi – coefficients 
for traits, xi – 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 Xi VIF was 
calculated using the equation:

VIF𝑖𝑖𝑖𝑖 = 1
1−𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖

2  ,                             (6)

where Rj
2 – coefficient of determination when regress-

ing a variable Xi 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  q/ha, which may indicate less  

intensive cultivation technologies and higher depend-
ence on weather conditions. Starting from 2013, there 
has been a sharp increase in yield (over 30 q/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 q/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.

Source: compiled by the authors

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 yield level is 25.65 q/ha, 
which corresponds to the predominance of values in 
the range of 25-30 q/ha on the graph in the second 
half of the period under study. The standard deviation 
of 5.91 q/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 q/ha at the beginning of the period 
and a maximum of 34.4 q/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.

Metrics Mean Std. Min. Max. Skew. Kurt.

Yield 25.65 5.91 14.1 34.4 -0.47 -0.88

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

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.

Source: compiled by the authors

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

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

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  

distribution. Figure  2 shows QQ-plots of the assess-
ment of the normality of the distribution of the re-
search variables.

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.

Source: compiled by the authors

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

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

The most pronounced and stable relationship with 
sunflower yield was recorded for mineral fertilisers 
(r  =  0.656; ρ  =  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; ρ = 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 

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 
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fertilisers (p = 0.03), where an increase in the rate of fer-
tilisers per unit lead to an increase in yield by 5.13 q/ha.  

This confirmed the critical role of nutrition intensifica-
tion as the main factor in stabilising production.

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 2.433 0.413
HTC -0.243 1.910 0.144
wind -0.115 2.785 0.024

clear_days -1.932 2.014 0.361

Figure 3. Linear relationship between sunflower yield and agro- and meteorological factors (pair analysis)
Source: compiled by the authors

Table 5. Statistical parameters of the multiple linear regression model

Note: coefficient of determination R2 = 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 

may indicate the risks of temperature stress and exces-
sive solar insolation. In general, the obtained model 
with a high degree of probability (R2 = 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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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, ρ = 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 M.J. 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  

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. Gürkan (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-
jić et al. , 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 
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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; ρ = 0.632), which showed a moderately 
strong positive linear relationship. A moderate positive 
relationship was also recorded for the average wind 
speed indicator (r = 0.512; ρ = 0.569).

Other meteorological factors – the number of clear 
days, air humidity deficit, and the Selyaninov hydrother-
mal coefficient – demonstrated weak or indirect pair-
wise relationships with yield, which was consistent with 

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 level 
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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Анотація. Соняшник є однією з провідних олійних культур України, а стабільність його врожайності має 
важливе економічне та продовольче значення. В умовах посилення кліматичної мінливості актуалізується 
потреба в кількісному аналізі впливу агротехнічних і метеорологічних факторів на формування врожаю. 
Метою дослідження була кількісна оцінка ролі агротехнічних і кліматичних чинників у формуванні урожайності 
соняшника з використанням статистичних методів аналізу. Емпіричну базу дослідження становили дані за 
2007-2024 рр., що включали показники урожайності соняшника, рівні внесення мінеральних і органічних 
добрив, а також метеорологічні характеристики (температура ґрунту у травні, кількість опадів, дефіцит 
насичення повітря вологою, гідротермічний коефіцієнт Селянінова, швидкість вітру, кількість ясних днів у 
вегетаційний період). У роботі застосовано описову статистику, критерій Шапіро-Вілка, кореляційний аналіз 
Пірсона і Спірмена, а також багатофакторну лінійну регресію. Результати дослідження свідчили, що середній 
рівень урожайності за період становив 25,65 ц/га зі стандартним відхиленням 5,91 ц/га. Найбільш стабільний 
і статистично значущий вплив на урожайність соняшника мав рівень внесення мінеральних добрив, для 
якого зафіксовано помірно сильний позитивний зв’язок (r = 0,656). Серед метеофакторів найбільш помітний 
позитивний зв’язок виявлено для швидкості вітру (r = 0,512). Перевірка на мультиколінеарність за допомогою 
коефіцієнта інфляції дисперсії підтвердила коректність моделі, оскільки значення для більшості змінних не 
перевищували 4, а максимальний показник склав 5,17 для мінеральних добрив. Аналіз підкреслив ключову 
роль агротехнічного управління, оскільки вплив таких факторів, як гідротермічний коефіцієнт Селянінова 
(r  =  0,083) та дефіцит вологи (r  =  0,092), виявився слабким у межах парного аналізу. Практична цінність 
результатів полягає у можливості використання розроблених регресійних моделей для прогнозування 
продуктивності соняшника та оптимізації систем мінерального живлення з метою мінімізації ризиків, 
зумовлених несприятливими метеорологічними чинниками

Ключові слова: агрометеорологічні показники; гідротермічний коефіцієнт Селянінова; мультиколінеарність; 
кореляційний аналіз; лінійна регресія; коефіцієнт інфляції дисперсії
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Abstract. The aim of the study was to determine the climatic potential of industrial 
hemp as a tool for carbon sequestration and to assess its contribution to achieving 
carbon neutrality in Ukraine’s agricultural sector. The work employed a systematic 
analysis of contemporary scientific research, an analysis of official statistical data 
on areas under industrial hemp cultivation, as well as elements of a full life cycle 
assessment approach to identify emission sources within the cultivation process 
chain. For the quantitative evaluation of the climatic effect, a computational model 
of a “digital twin” of a one-hectare hemp field was developed for typical soil and 
climatic conditions of the Forest-Steppe zone of Ukraine. Based on the modelling 
of the “digital twin” of the hemp field and the calculated parameters, three carbon 
sequestration scenarios were established: low, medium and high, reflecting minimum, 
average and maximum biomass yield levels. It was determined that under the low, 
medium and high scenarios, the potential absorption amounts to approximately 15.5, 
16.5 and 24.75 tonnes of CO2 per hectare over a single growing season, respectively. At 
the same time, direct CO2 emissions from the combustion of diesel fuel used for field 
operations in the baseline cultivation model were estimated at approximately 0.421 
tonnes of CO2 per hectare, indicating a substantial predominance of sequestration 
processes over agrotechnological emissions. Under the low scenario, the volume of 
absorption exceeds direct emissions by approximately 36.8 times; under the medium 
scenario, by approximately 38 times; and under the high scenario, by 58.8 times. 
Scenario modelling, developed on the basis of official statistical data on industrial 
hemp cultivation areas, demonstrated that even with relatively small sown areas, 
industrial hemp cultivation showed positive dynamics in achieving decarbonisation 
goals and enhancing the role of agriculture in the national carbon balance. The 
practical value of the study lies in the possibility of using the obtained results to 
substantiate carbon farming programmes, integrate industrial hemp into climate 
policy, and plan the development of processing infrastructure
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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 CO2 emissions from industrial hemp. 
Thus, the largest contribution of industrial hemp to 
CO2 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  

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.T.M.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 CO2 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 CO2 classifies it as a critical-
ly important crop for mitigating the effects of climate 
change. Furthermore, CO2 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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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 CO2 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 

(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.

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 CO2 absorption per hectare per season 13-25 tonnes

Energy inputs Diesel fuel for mechanised operations

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

Source: created by the author

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 CO2 absorption 
by industrial hemp under temperate climate conditions 
were utilised. According to this study, the level of CO2 
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 CO2 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. CO2 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 CO2 (44). It is assumed that all 

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.)
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carbon accumulated in plant biomass originates from 
atmospheric CO2. The calculation of absorption was 
carried out taking into account the carbon fraction in 
dry biomass using the following formula:

absorption indicator (tonnes CO2/ha) =
= Y(dry) × 0.45 × 44

12,                       (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 4412 – the stoichiometric conversion factor from 
carbon mass to CO2 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).

Type of work Quantity, l/ha

Fuel consumption for direct work 117.9
Fuel consumption for indirect work 42.0

Total 159.9

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

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 CO2. 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 CO2, and the emission factor for diesel fuel is 
determined by its calorific value and carbon content, 
amounting to 2.63 kg CO2 per litre. The CO2 formation 
factor is determined on the basis of combustion stoi-
chiometry: 

0.838 kg/L × 44
14≈

 2.63 kg СО2/L,              (2)

where 44 and 14 – the molar masses of CO2 and the 
carbon equivalent of diesel fuel, respectively.

This approach is widely used in scientific research 
and national reporting, as the amount of CO2 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  

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  
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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, 

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)

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)
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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-IX (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 CO2 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 CO2 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).

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 CO2 per hectare per year 1.05 million tonnes CO2

Medium scenario 8-12 tonnes/ha 16.5 tonnes of CO2 per hectare per year 1.12 million tonnes CO2

High scenario 15 tonnes/ha 24.75 tonnes of CO2 per hectare per year 1.68 million tonnes CO2

Source: compiled by the author

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

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 CO2 per hectare 
per year. This corresponds to a cumulative sequestra-
tion volume of about 1.05 million tonnes of CO2 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 
CO2 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 CO2, 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 CO2 per hectare per year. Under these con-
ditions, the total CO2 absorption by industrial hemp 
across 11.3 thousand hectares amounts to approxi-
mately 1.68 million tonnes of CO2.

It should be noted separately that the obtained 
volumes of CO2 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 CO2 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 CO2 per litre, con-
firmed by combustion stoichiometry, the emissions 
amount to:

159.9 L × 2.63 kg CO2/L = 420.54 kg CO2.        (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 CO2 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 CO2 per litre, are equal 
to 0.421 tonnes of CO2 per hectare (3). The comparison 
shows that absorption under the low scenario exceeds 
direct CO2 emissions from diesel use by approximately 
36.8 times, with a difference of about 15.1 tonnes of 
CO2 per hectare. Under the calculated medium scenar-
io, the estimated absorption for industrial hemp is 16.5 
tonnes of CO2 per hectare per year, exceeding direct 
CO2 emissions from diesel by approximately 38 times, 
with a difference of about 16.1 tonnes of CO2 per hec-
tare. Under the high scenario, absorption exceeds di-
rect CO2 emissions from diesel use by approximately 
58.8 times, with a difference of about 24.3 tonnes of 
CO2 per hectare. Taking the above into account, it can 
be concluded that direct CO2 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 CO2 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 
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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 CO2 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. Bošković & A. Radivoje-
vić  (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  

significant CO2 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 CO2 absorption during bi-
omass formation and direct emissions associated with 
the use of diesel fuel in agricultural operations. It was 
found that the potential CO2 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 CO2 emis-
sions associated with the combustion of diesel fuel in 
the baseline cultivation model are estimated at around 
0.421 tonnes CO2/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 CO2 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 CO2 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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Анотація. Метою дослідження було визначення кліматичного потенціалу промислових конопель як  
інструменту секвестрації вуглецю та оцінка їх внеску у досягнення вуглецевої нейтральності аграрного 
сектору України. У роботі застосовано системний аналіз сучасних наукових досліджень, аналіз офіційних 
статистичних даних щодо площ вирощування промислових конопель, а також елементи підходу оцінювання 
повного життєвого циклу для ідентифікації джерел викидів у технологічному ланцюгу вирощування. 
Для кількісної оцінки кліматичного ефекту розроблено розрахункову модель «цифрового двійника» 
конопляного поля площею один гектар для типових ґрунтово-кліматичних умов Лісостепу України. На 
основі моделювання «цифрового двійника» конопляного поля та розрахункових параметрів сформовано 
три сценарії секвестрації вуглецю: низький, середній та високий, що відображають мінімальні, середні 
та максимальні показники урожайності біомаси. Встановлено, що за низького, середнього та високого 
сценаріїв потенційні обсяги поглинання становлять відповідно близько 15,5, 16,5 та 24,75 тонн CO2 з 1 
га за один вегетаційний період. Водночас прямі викиди CO2 від спалювання дизельного пального для 
обробітку поля у базовій моделі вирощування оцінено на рівні близько 0,421 тонн CO2/га, що свідчить про 
суттєве переважання процесів секвестрації над агротехнологічними викидами. За низького сценарію обсяг 
поглинання перевищує прямі викиди приблизно у 36,8 рази, за середнього – приблизно у 38 разів, а за 
високим – у 58,8 раз. Сценарне моделювання, яке розроблено на основі офіційних статистичних даних щодо 
площ вирощування промислових конопель, засвідчило, що навіть за невеликих посівних площ вирощування 
промислових конопель показало позитивну динаміку у досягненні цілі декарбонізації та підвищення ролі 
сільського господарства у національному вуглецевому балансі. Практична цінність дослідження полягає 
у можливості використання отриманих результатів для обґрунтування програм вуглецевого фермерства, 
інтеграції промислових конопель у кліматичну політику та планування розвитку переробної інфраструктури

Ключові слова: декарбонізація сільського господарства; секвестрація; зміна клімату; біомаса; сценарне 
моделювання
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Abstract. Cattle production remains relevant to global food systems due to its links 
with food security, environmental impacts, animal welfare, and societal expectations. 
The purpose of this review was to examine the role of beef and dairy cattle within 
sustainable and regenerative agricultural systems using an integrated, systems-
based perspective. The review was based on a critical synthesis of peer-reviewed 
literature addressing environmental performance, methane emissions, animal 
welfare, regenerative management practices, and socio-economic dimensions of 
cattle production. Sustainability frameworks used in cattle systems were analysed, 
with particular attention to the limitations of single-metric assessments such as 
greenhouse gas emissions. The biological basis of methane production and its 
relationship with feed efficiency, animal health, and management was described. 
Evidence on regenerative beef and dairy practices, including grazing management, 
soil carbon dynamics, biodiversity outcomes, and nutrient cycling, was examined. 
The role of animal welfare was analysed through One Health, One Welfare, and One 
Biology frameworks, highlighting its integration with productivity, emissions intensity, 
and system resilience. Gaps in current sustainability assessments and research 
methodologies were identified, particularly regarding long-term system performance, 
welfare indicators, and policy coherence. The findings of this review can be used by 
researchers, policymakers, advisors, and farmers to support the design, assessment, 
and implementation of cattle systems that align productivity with environmental 
stewardship and animal welfare

Keywords: agroecosystems; animal welfare; greenhouse gas emissions; methane 
mitigation; one health; one welfare; regenerative agriculture
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INTRODUCTION
Cattle production (beef and dairy) remains a corner-
stone of global agricultural systems, providing milk, 
meat, and ecosystem services while supporting the 
livelihoods of hundreds of millions of people world-
wide. S.E.  Place  (2024) emphasised that ruminant  

livestock, including cattle, possess a digestive physiol-
ogy that enables them to convert fibrous and otherwise 
non-human-edible forage into nutrient-dense meat 
and milk, and concluded that this capacity allows cattle 
to contribute uniquely to sustainable food systems by 
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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 

producing high-quality human nutrition from marginal 
resources. A. Domínguez-Hernández 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. 
S.J.  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. 
J.V.A. 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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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. S.J. 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. M.J. Hargreaves-Mén-
dez & M.J. Hötzel (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 

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.

Figure 1. The making of a regeneratiuve cattle production system
Source: created by the author

POLICY & SOCIETAL EXPECTATIONS 
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Regenerative cattle production systems management practices
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SYSTEM-LEVEL SUSTAINABILI TY
(Productivity, emission intensity, resilience, ecosystem services, social legitimacy)

 Food Security & Nutrition
 Framer livelihoods
 Public Health & Trust

 Nutrition & Feed
 Grazing & Housing
 Health & Welfare

 Health
 Behaviour
 Longevity

 Soil health
 Biodiversity
 Eater cycles



Sustainable and regenerative cattle production systems...

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

92

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 СATTLE

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. 
D.J.  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. 
P.L.  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-

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. Döbert 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, 
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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.

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 eq-
uity as essential components of long-term dairy sys-
tem viability.

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
Rotational/adaptive grazing, silvopastoral integration, 

strategic forage recovery.
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 Optimised through forage quality, supplementation, 
and adaptive grazing.

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

Environmental 
outcomes

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

infiltration.

Soil carbon retention, nutrient recycling through 
manure, reduced synthetic fertiliser use, enhanced 

biodiversity in pastures.

Green house gas 
mitigation

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

and genetics.

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

efficiency and animal welfare.
Biodiversity 

impacts
Increased habitat heterogeneity, pollinator support, 

microbial diversity.
Enhanced pasture flora diversity, improved soil 

microbiome, support for beneficial insects.

Socio-economic 
aspects

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

influenced by carbon markets and regenerative 
certification.

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

productivity and ecosystem service incentives.

Resilience & 
sustainability

High resilience to drought and marginal lands if 
properly managed; multifunctional landscapes.

Resilient systems, diversified forage, integrated crop-
livestock rotations; reduces reliance on external inputs.

Source: compiled by the author

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

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 
CO2‑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  

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 
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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. J.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  

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 



Sustainable and regenerative cattle production systems...

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

96

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 & I.  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-
ified 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  

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.



Mata

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

97

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  

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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Сталі та регенеративні системи виробництва великої рогатої худоби:  
огляд літератури
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Національна зоотехнічна станція Національного інституту аграрних і ветеринарних досліджень
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Анотація. Виробництво великої рогатої худоби залишається важливим для глобальних продовольчих систем 
через його зв’язок із продовольчою безпекою, впливом на довкілля, добробутом тварин та очікуваннями 
суспільства. Метою цього огляду було дослідити роль м’ясної та молочної великої рогатої худоби в стійких 
та регенеративних сільськогосподарських системах з використанням інтегрованого, системного підходу. 
Огляд базувався на критичному узагальненні рецензованої літератури, що стосується екологічних показників, 
викидів метану, добробуту тварин, регенеративних методів управління та соціально-економічних аспектів 
виробництва великої рогатої худоби. Було проаналізовано рамки сталого розвитку, що використовуються в 
системах вирощування великої рогатої худоби, з особливою увагою до обмежень однопараметричних оцінок, 
таких як викиди парникових газів. Було описано біологічні основи виробництва метану та його взаємозв’язок з 
ефективністю годівлі, здоров’ям тварин та управлінням. Були розглянуті докази щодо регенеративних практик 
у виробництві яловичини та молочних продуктів, включаючи управління випасом, динаміку вуглецю в ґрунті, 
результати біорізноманіття та цикл поживних речовин. Роль добробуту тварин була проаналізована через 
рамки «Одне здоров’я», «Один добробут» та «Одна біологія», підкреслюючи її інтеграцію з продуктивністю, 
інтенсивністю викидів та стійкістю системи. Були виявлені прогалини в поточних оцінках стійкості та 
методологіях досліджень, зокрема щодо довгострокової ефективності системи, показників добробуту 
та узгодженості політики. Результати цього огляду можуть бути використані дослідниками, політиками, 
консультантами та фермерами для підтримки розробки, оцінки та впровадження систем вирощування 
великої рогатої худоби, які поєднують продуктивність з раціональним використанням природних ресурсів та 
добробутом тварин

Ключові слова: агроекосистеми; добробут тварин; викиди парникових газів; зменшення викидів метану; єдине 
здоров’я; єдиний добробут; регенеративне сільське господарство
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