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0.1-0.5%. A dose-dependent effect was observed in bees under laboratory conditions: concentrations of 0.5-2.05%
caused acute toxicity with a mortality peak on the 7th day, whereas optimal concentrations of 0.05-0.1% exhibited
a stimulating effect —-maximum lifespan of 17-18 days, a 25% increase in viability compared to the control, and a
probable immunomodulatory effect associated with iodine deficiency correction. Based on the obtained results,
a 0.1% solution of the preparation in sugar syrup is recommended for oral administration and a 0.2% aqueous
solution for hive sanitation in the presence of bees. The therapeutic concentration range has been established for
further research. The findings may serve as a foundation for developing new prevention schemes of bee bacterioses
based on iodine-containing preparations, considering the identified dose-dependent effects

Keywords: honeybees (Apis mellifera); povidone-iodine; antimicrobial activity; enterobacteria; microbiological

studies; bee viability; immunomodulatory effect

INTRODUCTION

The decline in the population of honeybees (Apis mel-
lifera) represents one of the most acute challenges
in modern agricultural production, as the stability of
pollination and global food security depend directly
on the health of these insects. The mass losses of bee
colonies, known as Colony Collapse Disorder (CCD), are
of a multifactorial nature, combining biological, toxi-
cological and microbiological factors. According to the
findings of B. Mohammadian et al. (2024), the primary
causes of this phenomenon include dysbiosis of the
gut microbiota, pesticide burden and a decline in im-
mune resistance, which together lead to the progres-
sive weakening of colonies. Similar conclusions were
drawn by G. Singh and A.Rana (2025), who emphasised
that the economic losses caused by colony collapse
reach hundreds of millions of dollars, with global eco-
logical consequences.

Bacterial infections remain among the key factors
contributing to brood mortality and reduced produc-
tivity in honeybees. M. Alburaki et al. (2024) reported
that American and European foulbroods were detected
in more than half of the apiaries examined across the
USA, and their pathogens exhibited antibiotic resist-
ance. Comparable results were obtained by S. Yakan et
al. (2025) in Turkey, where the combination of bacteri-
al infections and pesticide exposure led to increased
colony mortality. Ukrainian researchers O. Galatyuk et
al. (2020) also noted the high resistance of enterobac-
teria isolated from diseased bees to conventional disin-
fectants, which complicates the effective prevention of
bacterial diseases in apiaries.

Due to legislative restrictions on the use of anti-
biotics in apiculture, the development of alternative
antimicrobial agents has become a particularly rel-
evant direction. According to R. Dinata et al. (2023),
bee-derived bioactive peptides demonstrate a broad
spectrum of antibacterial activity; however, their in-
dustrial application is limited by structural instabil-
ity. Meanwhile, A. Truong et al. (2023) demonstrat-
ed that the use of probiotic Lactobacillus strains
reduces larval mortality during Paenibacillus larvae
infection, although the effect depends on the specific
strain combination and environmental temperature.
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M. Damico et al. (2025) found that commercial pro-
biotic formulations do not always ensure consistent
outcomes, highlighting the need for compounds with
prolonged antimicrobial effects.

One of the most promising approaches involves
the use of iodine-containing antiseptics, which com-
bine bactericidal and immunomodulatory properties.
G. Kampf (2024) notes that povidone-iodine provides
effective disinfection through the controlled release
of active iodine, acting against a wide range of patho-
gens without inducing resistance. According to J. Mee-
han (2025), povidone-iodine solutions exhibit potent
antimicrobial activity even at low concentrations and
do not cause damage to animal cellular structures. At
the same time, M. Karbownik-Lewinska et al. (2022)
stress the importance of maintaining optimal dosages,
as excessive iodine intake can affect the endocrine sys-
tem through the activation of oxidative stress.

Ukrainian researchers have made a significant con-
tribution to the study of iodine-containing preparations
in veterinary medicine. D. Demyanenko et al. (2021)
demonstrated the efficacy of the preparation Kombi-
yod in disinfecting poultry farm water systems without
signs of toxicity and with the preservation of high bac-
tericidal activity even at low concentrations. The advan-
tages of such preparations lie in their broad-spectrum
activity: they act against Gram-positive and Gram-nega-
tive bacteria, fungi, spores and viruses, without promot-
ing pathogen habituation. As noted by I. Tlak Gajger et
al. (2024), iodine-containing antiseptics effectively sup-
press P. larvae under laboratory conditions, indicating
the feasibility of their application for hive sanitation.
Given the proven effectiveness of Kombiyod in poultry
and aquaculture, investigating its impact on the micro-
flora and viability of honeybees represents a logical
continuation of scientific inquiry in the field of safe an-
timicrobial technologies.

Thus, scientific interest in the study of the antisep-
tic properties of povidone-iodine and in determining
its safe concentrations in apiculture is driven by the
need to identify effective antibiotic alternatives capa-
ble not only of controlling pathogenic microflora but
also of supporting the physiological state of bees. At




present, there is a lack of comprehensive studies that
simultaneously evaluate the antimicrobial activity of
preparations in vitro and their effects on bee viability in
vivo. Therefore, the aim of this study was to investigate
the effects of various concentrations of Kombiyod on
pathogenic enterobacteria in vitro and on the viability
of honeybees in vivo.

MATERIALS AND METHODS

A mixed microbial association isolated from hives
where bees exhibited signs of dysbiosis, along with
pathogenic enterobacterial cultures of Klebsiella pneu-
moniae and Klebsiella (Enterobacter) aerogenes, was
used for the study. The cultures were obtained from
diseased colonies originating from various apiaries in
the north-western region of Ukraine. Pure cultures of
enterobacteria (Klebsiella pneumoniae, Klebsiella (En-
terobacter) aerogenes) were identified at the Research
Laboratory of the Department of Veterinary Epidemiol-
ogy, Faculty of Veterinary Medicine, Polissia University,
and the State Institution “Zhytomyr Regional Laborato-
ry Centre of the Ministry of Health of Ukraine”. The stud-
ied cultures are maintained at a temperature of 5-7°C
at the Department of Veterinary Epidemiology, Faculty
of Veterinary Medicine, Polissia University.

At the first stage of the study (in vitro), the effect
of Kombiyod on pathogenic enterobacteria of bees was
examined using the disc diffusion method in Petri
dishes. The preparation was tested at the following
concentrations: 0.01%, 0.05%, 0.1%, 0.2%, 0.3% and
0.5%. The inoculation of test cultures was carried out
on Mueller-Hinton Agar (MHA). Distilled water was
used for dilution. The disc diffusion test was conduct-
ed using sterile absorbent paper discs, which were im-
pregnated with the respective concentrations of the
preparation for 30 minutes. Following deep inocula-
tion, the impregnated discs were placed on the surface
of solidified MHA media containing the test cultures
(Balazs et al., 2021). The study was performed in five
Petri dishes per culture, with observations made over
three consecutive days.

At the second stage of the study (in vivo), the ef-
fect of Kombiyod on mortality dynamics and lifespan
of worker bees of the Ukrainian steppe breed (summer
generation) was assessed under laboratory conditions.
The experiment was conducted on worker bees aged
10-15 days. The influence of the preparation on bee
longevity was evaluated in entomological cages by
daily monitoring of the insects’ physiological state and
recording the number of dead bees in each cage (Fig. 1).
Each cage was populated with 40 bees, with a total of
10 cages (400 bees). Bees in the control groups were
fed native 50% sugar syrup simultaneously with those
in the experimental groups. The cages were kept in a
thermostat at a temperature of +22 to +24°C and a rel-
ative humidity of 50-70%. The experiment continued
until the death of the last bee in each cage.
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Figure 1. Determination of the effect
of preparations on the lifespan of honeybees under
laboratory conditions (in entomological cages)
Note: A - consumption of the Kombiyod solution diluted
with sugar syrup by bees per os; B, C - appearance of
entomological cages populated with experimental bees
Source: developed by the authors

The preliminary stage involved assessing the impact
of “high” concentrations of Kombiyod: 2.05% (cage 3),
1.7% (cage 4), 1.35% (cage 5), and 1.0% (cage 6), each
diluted with sugar syrup (1 part sugar: 1 part water).
Cage 1 served as the control for testing high concentra-
tions. During the experiment, these doses demonstrat-
ed high toxicity for bees; therefore, further observa-
tions were conducted using lower concentrations. The
subsequent concentrations tested were 0.5% (cage 7),
0.1% (cage 8),0.05% (cage 9),and 0.01% (cage 10), also
diluted with sugar syrup (1 part sugar : 1 part water).
Cage 2 served as the control for the assessment of low
concentrations. The solutions were freshly prepared
each day and administered in a volume of 4-5 cm® per
feeding into the feeders of each cage three times dai-
ly. The experimental studies involving live honeybees
(Apis mellifera) were conducted in accordance with the
ethical principles of animal research. All procedures
were carried out with minimal stress and harm to the
bees, in compliance with the Law of Ukraine No. 3447-
IV (2006) and international standards and recommen-
dations, including those of the OECD (n.d.).

RESULTS AND DISCUSSION

Honeybees (Apis mellifera) are highly sensitive to path-
ogenic bacteria that can significantly affect their viabil-
ity and productivity (Motta & Moran, 2024). The present
in vitro studies indicate the antimicrobial activity of
the preparation Kombiyod against enterobacteria and
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demonstrate its potential for protecting bees from bac-
terial infections in apiculture. The effect of Kombiyod
on enterobacterial cultures isolated from bees, specifi-
cally Klebsiella pneumoniae and Klebsiella (Enterobacter)
aerogenes, as well as on a mixed microbial association,
was examined using the disc diffusion method (DDM) on
Mueller-Hinton Agar (MHA). The aqueous solutions of
Kombiyod were tested at concentrations of 0.01%,0.05%,
0.1%,0.2%, 0.3%, and 0.5%. Visual changes observed at

different concentrations and the manifestation of the
preparation’s activity on the tested bacterial cultures
are presented in Figures 2 and 3. As can be seen from
the results displayed in Figures 2 and 3, no bactericidal
effect of the preparation was detected against the test-
ed bacterial cultures. A negative bactericidal effect was
recorded when the preparation diluted with distilled
water was applied at the studied concentrations, both
on the first and the third day of in vitro observations.

Figure 2. Visual changes observed during bacteriological studies
of the preparation’s activity on the tested bacterial cultures
Note: medium - Mueller-Hinton Agar (MHA); tested concentrations: 0.01%, 0.05%, 0.1%, 0.2%, 0.3%, 0.5%; A - Klebsiella
pneumoniae (1 day); B - Klebsiella (Enterobacter) aerogenes (1 day); C, D — mixed microbial association (3 days)

Source: developed by the authors

At the same time, a bacteriostatic effect of Kombi-
yod was recorded on the first day of the experiment at
concentrations of 0.1%, 0.2%, 0.3%, and 0.5%, where
growth inhibition of the mixed bacterial culture was
observed, indicating the development of bacteriosta-
sis in the pathogenic microorganisms (Fig. 3). These
concentrations of the preparation affect pathogenic
microorganisms by altering their metabolism, ener-
gy exchange, and cellular structure. Such pathogens
are no longer capable of exhibiting a high degree of

W'F\

pathogenicity within the host organism; however, they
may persist latently and be excreted into the external
environment. In this state, the infected organism be-
comes a bacterial carrier, and such bee colonies con-
tinue to serve as a source of infection within the api-
ary. Therefore, it can be assumed that the treatment of
dysbiotic conditions in bees from an affected apiary,
following a course of Kombiyod, should be continued
with the administration of probiotics until complete
recovery is achieved.

Y |
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Figure 3. Visual changes observed during bacteriological studies of Kombiyod activity against
the mixed bacterial culture on Mueller-Hinton Agar (MHA) on the first day of the experiment

Note: concentrations - 0.01%, 0.05%, 0.1%, 0.2%, 0.3%, 0.5%

Source: developed by the authors
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Thus, Kombiyod at concentrations of 0.1%, 0.2%,
0.3%, and 0.5% exhibits a bacteriostatic effect against
the mixed bacterial culture isolated from hives in vitro,
where bees showed clinical signs of dysbiosis. There-
fore, the preparation represents an environmentally
safe therapeutic agent of potential interest for apicul-
ture. The active substance of the preparation is pov-
idone-iodine (polyvinylpyrrolidone-iodine complex) -
an iodine-containing polymer compound characterised
by pronounced bactericidal properties combined with
lower toxicity compared to preparations containing
free iodine (Boisson et al., 2019: Makhayeva et al., 2023).
This effect is due to the gradual release of free iodine,
which binds to proteins and penetrates through cellu-
lar membranes (Eggers, 2019). In the present in vitro
experiment, at low concentrations (0.01-0.05%), the
bacterial test cultures multiplied faster than free iodine
was released during the dissociation of povidone-io-
dine, which explains the absence of both bactericidal
and bacteriostatic effects.
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At the same time, Kombiyod at concentrations of
0.1%, 0.2%, 0.3%, and 0.5% exhibited a bacteriostatic
effect against the mixed bacterial culture isolated from
hives in vitro, where bees presented clinical manifesta-
tions of dysbiosis, confirming its potential as an envi-
ronmentally safe therapeutic preparation. Subsequent-
ly, the effect of higher concentrations (1.0%, 1.35%,
1.7%, and 2.05%) of Kombiyod on the lifespan dynamics
of worker bees of the summer generation was studied
in cage experiments under laboratory conditions. The
results of the influence of high concentrations of the
preparation on caged bees are presented in Table 1. Ac-
cording to the data in Table 1, bees in the control group,
which received native sugar syrup, showed mortality as
follows: on day 1 - 2 bees (5%), on day 6 - 4 bees (10%),
and on day 12 - 7 bees (17.5%). In the subsequent days
of the experiment, bees in the control group continued
to die daily, with all individuals perishing between the
13* and 17" days of the experiment. Therefore, bees in
the first control group survived for a total of 17 days.

Table 1. Dynamics of bee mortality in cages at different concentrations of Kombiyod in sugar syrup

Number of dead bees

Day of Control Group 3 Group 4 Group 5 Group 6
experiment group (1) <br>2.05% Kombiyod =~ <br>1.7% Kombiyod =~ <br>1.35% Kombiyod ~ <br>1.0% Kombiyod
in sugar syrup in sugar syrup in sugar syrup in sugar syrup
n % n % n % n % n %
1 2 5 0 0 0 0 0 0 0 0
2 0 0 5 12.5 3 7.5 0 0 2 5
3 0 0 2 5 5 12.5 1 2,5 8 20
4 0 0 0 0 0 0 0 0 3 7.5
5 0 0 5 12.5 5 12.5 4 10 9 22.5
6 4 10 0 0 1 2.5 1 2.5 8 20
7 0 0 13 32.5 9 22.5 3 7.5 3 7.5
8 0 0 5 12.5 3 7.5 1 2.5 0 0
9 0 0 2 5 4 10 4 10 2 5
10 0 0 2 5 6 15 5 12.5 5 12.5
11 0 0 6 15 1 25 0 0
12 7 17.5 3 7.5 6 15
13 2 5 15 375
14 8 20
15 11 27.5
16 4 10
17 2 5
Total 40 100 40 100 40 100 40 100 40 100

Note: concentrations - 1.0%, 1.35%, 1.7%, 2.05%
Source: developed by the authors

Studies of bee mortality dynamics at high concen-
trations of the preparation Kombiyod demonstrated
that insect mortality was higher compared with the
first control group. At concentrations of 2.05% (Fig. 4A)
and 1.7%, the maximum lifespan of bees was 11-12
days, accompanied by diarrhoea and subsequent death
of the individuals. The highest mortality rate was

recorded on the 7 day of the experiment. It is likely
that the gradual accumulation of the preparation in
the bodies of experimental bees reached critical levels
for most individuals during this period. A reduction in
concentration to 1.35% did not alter the overall trend
in mortality dynamics (Fig. 4B). When Kombiyod was
administered at a concentration of 1%, a reduction
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in bee lifespan and a high mortality rate within 3-5
days were observed. This concentration is likely toxic
to the experimental insects (cage 6). During observa-
tion of the physiological condition of bees in this cage,
clustering behaviour was noted, with bees forming a
tight cluster on the wall of the cage starting from the
third day of the experiment, indicating hyperthermia -

a sign of intoxication. In some individuals from this
cage, diarrhoea was also observed, visible on the mesh
surface of the cage, further confirming the presence
of intoxication (Fig. 5A). In contrast, no signs of hyper-
thermia or diarrhoea were observed in bees from the
control cage; the bees remained active and consumed
all the syrup provided (Fig. 5B).

-
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Figure 4. Physiological condition of experimental insects from cages 3 and 5
Note: A - Appearance of bees fed with 2.05% Kombiyod solution diluted with sugar syrup (cage 3, day 7 of the experiment);
B - Appearance of experimental bees fed with 1.35% Kombiyod solution diluted with sugar syrup (cage 5, day 7 of the

experiment)
Source: developed by the authors

Figure 5. Physiological condition of insects from the experimental and control groups
Note: A - Clustering of experimental bees following administration of a 1% Kombiyod solution diluted with sugar syrup
(cage 6, day 3 of the experiment); B - Appearance of bees from the control group (day 3 of the experiment)

Source: developed by the authors

Thus, the consumption of sugar syrup containing
Kombiyod at concentrations ranging from 1% to 2.05%
proved to be acutely toxic, causing symptoms of toxi-
cosis and bee mortality by days 10-12. The subsequent
stage of experimental research focused on analysing
the effects of lower Kombiyod concentrations (0.01%,
0.05%, 0.1%, and 0.5%) on the lifespan of summer-gen-
eration worker bees under laboratory cage conditions.
It was established that the use of low-concentration
Kombiyod solutions resulted in an extension of bee

Scientific Horizons, 2025, Vol. 28, No. 10

lifespan compared with administration of the prepara-
tion at higher concentrations. Moreover, the viability of
worker bees exposed to low concentrations of Kombi-
yod was longer (at 0.1% and 0.05%) or comparable (at
0.01%) to that of insects from the second control group
(Table 2). The physiological state of bees in entomolog-
ical cages 8 and 9 was characterised by pronounced ac-
tivity: constant buzzing, absence of anorexia and thirst,
rapid movement of bees along the cage walls, and the
absence of diarrhoea or depression (Fig. 6).
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Figure 6. Physiological condition of insects from experimental cages 8 and 9
Note: A - Appearance of experimental bees fed with 0.1% Kombiyod solution diluted with sugar syrup (cage 8, day 10
of the experiment); B — Appearance of experimental bees fed with 0.05% Kombiyod solution diluted with sugar syrup
(cage 9, day 10 of the experiment)
Source: developed by the authors

Table 2. Dynamics of bee mortality in cages with Kombiyod diluted
in sugar syrup (0.01%, 0.05%, 0.1%, 0.5%) under laboratory conditions

Number of dead bees

Day of Control group Group 7 Group 8 Group 9 Group 10
experiment (2) <br>0.5% Kombiyod in  <br>0.1% Kombiyod in <br>0.05% Kombiyod in <br>0.01% Kombiyod in
n sugar syrup sugar syrup sugar syrup sugar syrup
n % n % n % n % n %

1 0 0 0 0 0 0 0 0 0 0
2 0 0 2 5 2 5 0 0 0 0
3 1 2.5 5 12.5 4 10 2 5 1 2,5
4 1 2.5 1 2.5 1 2.5 0 0 0 0
5 0 0 3 7.5 2 5 0 0 0 0
6 0 0 4 10 2 5 2 5 2 5
7 3 7.5 9 22.5 2 5 1 2.5 1 2.5
8 6 15 8 20 2 5 1 25 8 20
9 5 12.5 8 20 2 5 1 25 4 10
10 10 25 2 5 1 25 7 17.5
11 8 20 7 17.5 4 10 10 25
12 3 7.5 3 7.5 11 27.5 7 17.5
13 3 7.5 2 5 4 10
14 2 5 6 15
15 2 5 4 10
16 2 5 2 5
17 3 7.5 1 25
18 2 5

Total 40 100 40 100 40 100 40 100 40 100

Source: developed by the authors

Changes in the trends of bee mortality dynamics
and lifespan may be associated with the kinetics of
iodine release from the complex compound polyvi-
nylpyrrolidone-iodine (Meehan, 2025). From a chem-
ical perspective, the release dynamics of iodine in a
0.1% solution of the preparation reach an equilibrium
state, meaning that a stable ratio between chemically
bound and free iodine is maintained. Disruption of this

equilibrium occurs depending on the depletion of one
of the compound’s components. The release of iodine
therefore proceeds gradually, as the available free io-
dine is consumed (Turganbay et al., 2025). Consequent-
ly, no abrupt imbalance in concentration occurs, which
creates favourable conditions for the preparation’s
physiological effect on the organism of experimental
bees under laboratory conditions.
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The optimal disinfectant concentration providing
the longest lifespan and best physiological condition
of bees was determined to be 0.1%, as confirmed by the
obtained experimental data (Fig. 6A). Thus, the most
“favourable” concentrations for the insects were 0.1%
and 0.05%, at which the preparation exhibited a stim-
ulating effect, improving the viability of experimental
bees under laboratory conditions. The lifespan of bees
in these cages was maximal, lasting 17-18 days. Further
reduction of the solution concentration led to mortality

v ‘v‘

and lifespan indicators approaching those of the con-
trol group, suggesting a weak physiological impact of
the preparation on the experimental insects. Converse-
ly, the use of higher concentrations ranging from 0.5%
to 2.05% resulted in rapid death due to the toxic ef-
fects of the preparation. A relatively high concentration
of 0.5% at this stage of the experiment demonstrated
a clear tendency towards toxicity: bees in group seven
survived for only nine days - four days less than the
bees in the control group (Fig. 7).
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Figure 7. Physiological condition of insects from experimental cages 7 and 10
Note: A - Appearance of experimental bees fed with 0.5% Kombiyod solution diluted with sugar syrup (cage 7, day 7
of the experiment); B — Appearance of experimental bees fed with 0.01% Kombiyod solution diluted with sugar syrup

(cage 10, day 8 of the experiment)
Source: developed by the authors

The active substance of Kombiyod is povidone-io-
dine (polyvinylpyrrolidone-iodine complex), an io-
dine-containing polymer compound possessing bac-
tericidal properties while exhibiting lower toxicity
compared with free iodine formulations. This is attrib-
uted to the controlled release of free iodine, which
binds to proteins and penetrates cellular membranes.
The molecular structure of the polymer forms steric
barriers that restrict substance transport through bio-
logical membranes, thereby reducing systemic toxicity
(Verwold et al., 2021). The toxicity of povidone-iodine
is likely associated with several mechanisms of action:
poisoning by free iodine, leading to inactivation or deg-
radation of structural and enzymatic proteins, disrup-
tion of protein and nucleic acid synthesis, impairment
of excretory system function, induction of epithelial
cell apoptosis, and disturbances in the intestinal mi-
crobiota balance of bees (Lepelletier et al., 2020). On
a molecular level, toxicity involves oxidation of sulf-
hydryl groups in enzymes and structural proteins by
free iodine, resulting in loss of their functional activ-
ity (Shi et al., 2024). The inhibition of macromolecular
synthesis is related to oxidative stress induction and
nucleic acid damage (Karbownik-Lewinska et al., 2022).
Epithelial toxicity manifests through activation of the
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caspase cascade (Wang et al., 2022), while microbiome
disturbances arise due to the non-selective antiseptic
action of the compound (Chen et al., 2024). The bacte-
ricidal activity of Kombiyod ensures the prevention of
bacterial, helminthic, viral, and protozoal infections. In
addition, its application contributes to the correction of
iodine deficiency in bees, an important factor for main-
taining metabolic homeostasis (Morthorst et al., 2023).
The obtained results suggest that the preparation also
exhibits immunomodulatory properties, likely realised
through two interrelated mechanisms: enhancement of
bacterial toxin neutralisation followed by the induction
of anatoxin formation (Yu et al., 2022).

Modern research into infectious diseases of hon-
eybees demonstrates an integration of microbiologi-
cal, toxicological, and immunological approaches to
assessing colony health. G. Pena-Chora et al. (2023)
emphasise that American and European foulbroods re-
main the most widespread bacterial infections globally,
while the absence of safe antimicrobial agents limits
the possibilities for effective prevention. These con-
clusions confirm the relevance of exploring antiseptic
preparations, particularly those based on iodine-con-
taining compounds. B.A. Daisley et al. (2023) demon-
strated that the development of bacterial infections




in bees is closely associated with intestinal dysbiosis,
which reduces the colonisation resistance of the or-
ganism. S.M. Killam et al. (2024) argue that maintaining
a stable microbiota is key to sustaining colony health
and therefore propose microbial therapeutics as alter-
natives to antibiotics. The obtained antimicrobial test
results confirm the potential for using preparations
with selective bacteriostatic effects that inhibit path-
ogenic microorganisms without destroying the natural
microflora. A similar perspective is expressed by A. Sm-
riti Rana et al. (2024), who highlight the importance of
combining probiotics with antiseptic agents to achieve
long-term remission in cases of bee dysbiosis.

N.S. Deslardins et al. (2023) reported that sublethal
doses of pesticides can cause cognitive impairments
in bees, including reduced learning and orientation
abilities. The absence of such effects in laboratory
observations when using low concentrations of the
iodine-containing preparation indicates its relative
safety. R. Hussain et al. (2023) proposed silver and zinc
nanoparticles as antibiotic alternatives but noted the
risk of metal accumulation and toxicity with prolonged
exposure. Z.S. Lamas et al. (2024) stressed that mass
colony losses result not only from infections but also
from the combined influence of environmental stress-
ors. A. Brhich et al. (2025) similarly noted the synergis-
tic interaction between pesticides and bacterial agents,
which increases the risk of colony collapse. In this
context, the toxic effect of high concentrations of io-
dine-containing compounds may be regarded as a mod-
el for studying the combined impact of chemical stress
on bee physiology. Meanwhile, S. Nekoei et al. (2023), in
a systematic review, questioned the efficacy of chemical
disinfectants and recommended focusing on biological
approaches. However, the present experimental data
demonstrate that, within the therapeutic concentration
range, the antiseptic can be both safe and effective.

Several researchers adopt contrasting positions.
L. Silva Morais et al. (2023) consider genetic selection
of resistant bee lines the primary means of prevent-
ing diseases, while M.A. Aziz and S. Alam (2024) sug-
gest prioritising the enhancement of natural resistance
rather than relying on chemical agents. Although these
approaches possess undeniable scientific value, they
do not provide a rapid reduction in pathogenic load
under practical apiary conditions. Experimental data
on the dose-dependent activity of the iodine-contain-
ing preparation confirm the feasibility of a combined
approach that integrates antiseptic action with the
maintenance of physiological balance in the bee or-
ganism. M. Zhyla et al. (2024) reported that Kombiyod
in low doses improves morphofunctional parameters in
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poultry, indicating a potentially universal mechanism of
polymeric iodine action. These findings support the hy-
pothesis that the preparation may exert immunomod-
ulatory properties and enhance resistance to bacterial
infections across various animal species.

The synthesis of literature data allows the conclu-
sion that polymeric iodine-based antiseptics can com-
bine bactericidal, anti-inflammatory, and immunocor-
rective properties. The demonstrated effectiveness of
Kombiyod at low concentrations confirms its potential
for preventive use in apiculture as a safe alternative to
antibiotics in the control of bacterial infections.

CONCLUSIONS

Bacteriostatic effects were established when Kombi-
yod, diluted with distilled water, was applied in vitro at
concentrations of 0.1%, 0.2%, 0.3%, and 0.5% against a
mixed bacterial culture isolated from hives where bees
exhibited clinical signs of dysbiosis. High concentra-
tions of Kombiyod ranging from 0.5% to 2.05%, when
administered to bees with sugar syrup, caused acute
toxicosis, with the highest mortality rate observed on
the seventh day. The lifespan of bees in these groups
was 11-12 days. Such concentrations of Kombiyod are
classified as toxic and unsuitable for use in the pres-
ence of bees. It was determined that the most accept-
able concentrations for bees are 0.05% and 0.1%. The
administration of the preparation in these doses with
sugar syrup exhibited a stimulating effect, resulting in
the maximum mean lifespan of 17-18 days - 4-5 days
(approximately 25%) longer than that of the control
group - demonstrating a significant improvement in
bee viability. For the prevention and treatment of infec-
tious diseases in bees, it is recommended to administer
a 0.1% solution of Kombiyod in 50% sugar syrup, or to
apply a 0.2% aqueous solution for spraying bees and
combs as stimulating doses of the preparation. Further
experimental studies are planned to assess the thera-
peutic efficacy of 0.1% and 0.2% Kombiyod solutions in
apiaries affected by infectious bee diseases.
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AHoTauis. Enizootisa 6akTepianbHUX iHQeKLiN y BoKINbHULTBI, NOCUNEHA SBULLEM KONANCY BAXONMHUX CiMe, BUMarae
po3pobKM HOBMX Ta Be3neyHnx NpodinakTMyHMX 3acobis. Yepes 3aKkOHOAABYI 0OMEXEHHS 3aCTOCYBaHHS aHTUOIOTHKIB
NPiOPUTETHUM HANPSAMKOM € A0CHIOXKEHHS aHTUCENTUKIB 3 iIMYHOMOZLY/OKUYMMK BNACTUBOCTAMU. MeToo poboTu
CTana KOMM/IeKCHa oLiHKa edeKkTMBHOCTI npenapaTy «Kombiony, a caMe — BU3HAYEHHS aHTUMIKPOOHOI aKTUBHOCTI
in vitro Ta BCTAHOB/IEHHSI ONTUMAsbHUX BE3NeYHUX KOHLEHTpaLiM ANa NiABULLEHHS XUTTEIAATHOCTI B4Xin in vivo.
[ocnipkeHHs BKIYAN0 AUCKO-AUPY3iAHUI METOL 3 BUKOPUCTAHHAM YMCTUX LUTAMIB eHTepobaKTepii Ta 3MillaHoi
KynbTypu Mikpodnopu Bif, XBOpuX 64Kin in vitro, a TaKoX CafKOBMM €KCNEPUMEHT 3 OLIHKM XMTTE3AATHOCTI Ta
dizionoriyHoro ctaHy 64xin npu fofaBaHHi npenapaty Ao uykposoro cupony (0,01-2,05 %) in vivo y nabopatopHux
yMoBax. BctaHoBneHo BakTepiocTaTuHy eeKTUBHICTb NpenapaTy in vitro npu koHueHTpauisx 0,1-0,5 %. Busasnexo
[0303anexHuin edekT y 64xin B yMoBax nabopatopii: KoHueHTpauii 0,5-2,0 5 % BWKIMKAKOTb FOCTPY TOKCUYHICTb
3 MiKOM CMepTHOCTI Ha 7 poby, Tofi 9Kk onTuManbHi koHueHTpauii 0,05-0,1 % neMOHCTpYTb CTUMYIOYY Ait0 —
MaKCUManbHYy TPUBaNiCTb XuTTsa 17-18 fi6, NiABULLEHHS XXUTTE3AATHOCTI HA 25 % BifHOCHO KOHTPOO Ta MMOBIpHUNA
iMyHOMoZynoUMiA edekT i3 Kopekuieto nogHoro aediumty. Ha niactaBi OTpMMaHMX pe3ynbTaTiB peKOMeHA0BaHo
0,1 % po3unH 3acoby B LLyKPOBOMY CMPONi A/ NepopanbHOro 3acTocyBaHHa Ta 0,2 % BOAHMI PO3UMH ANS CaHaLii
rHi3ga B NpUCYTHOCTI 64Kin. BcTaHOBNEHO TepaneBTUYHUIM Aiana30oH KOHUEHTpauin An9 nofanblimMx AOCNIAXKEHb.
OTpuMaHi pe3ynbTaTv MOXYTb OYTH OCHOBO N1 pO3POOKM HOBMX CXeM NPOodinakTukm 6akTepiosiB 64N Ha OCHOBI
MOLOBMICHMX NpenapaTiB 3 ypaxyBaHHSM BUSBAEHOT A0303aNEXHOCTI IXHbOI Ail

KniouoBi cnoBa: megoHocHi 6mxonu (Apis mellifera); noBigoH-ioa; aHTMMiKpobHa aKTUBHICTb; eHTepobakTepii;
MiKpOBGionoriyHi LOCNIIKEHHS; XUTTE3AATHICTb B4XIN; IMyHOMOAYNOUMIA edekT
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farms to enterprises with closed water supply systems (CWSS). The analysis covered
a five-year period (2020-2024) using correlation and regression analysis methods to
assess feed conversion rate (FCR), cost-effectiveness, and the impact of environmental
factors on productivity. As a result of the study, significant fluctuations in feed
consumption volumes and interspecific differences in FCR values were established.
It was revealed that the minimum feed costs occurred in 2022 (23,327.3 tonnes), and
the maximum - in 2020 (34,243.3 tonnes), which is conditioned by economic and
military instability. Carp species demonstrated the highest feed conversion efficiency,
with FCR for broodstock and commercial fish falling to 1.2 and 1.3, respectively, in
2024. Catfish have consistently high FCR values, indicating low feeding efficiency for
this group. Sturgeon showed a sharp deterioration in feed efficiency in 2023-2024
due to technological failures and the feed base degradation. Salmon showed extreme
fluctuations with a record high FCR of 3.5 in 2023 and a sharp improvement to 1.0 in
2024, indicating a technological adaptation of production. It was generalised that a
high FCR in a broodstock is not only a current economic loss, but also an indicator of
future decline in offspring productivity, so feeding optimisation should be based on
the use of functional feeds and precise control technologies. The practical significance
of the study lies in the possibility of using the results obtained to develop strategies
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for rational management of feed costs in fisheries enterprises of Ukraine, which will contribute to increasing the
profitability and environmental sustainability of aquaculture production

Keywords: feed conversion rate (FCR); fish farms; fish feeding; broodstock and replacement stock; commercial fish

INTRODUCTION
The dev

According to review by C. Ai et al. (2025), in world
practice, research in the field of fish nutrition is aimed
at optimising the composition of feed, improving the
protein-energy ratio, and reducing the loss of nutrients
during feeding. The researchers emphasised that the
key priorities were to increase the efficiency of feed use
(reducing the FCR indicator) and minimise the impact
on the environment. A similar opinion was expressed
by C. Boyd and A. McNevin (2023), who emphasised that
it is systems with high FCR that are the main source
of excessive resource consumption and eutrophication
of water bodies. According to the researchers, effective
management of feed costs is not only an economic, but
also an ecological category that determines the sus-
tainability of aquaculture production.

The issue of finding alternative protein sources re-
mains central to current research. V. Serra et al. (2024)
analysed the possibilities of replacing fish meal with
plant and microbiological proteins, emphasising that
the use of local raw materials can reduce dependence
on imports and increase economic profitability. A sig-
nificant contribution to the development of this area
was made by R. Fantatto et al. (2024), who proved that
insect protein has a high digestibility potential and
has a positive effect on fish growth, reducing the feed
conversion rate by 12-18%. Additionally, N. Yadav et
al. (2025) emphasised that the integration of insect
protein into mixed feeds is not only an environmentally
sustainable solution, but also allows creating high-per-
formance functional feeds. B. Glencross et al. (2024)
reviewed the evolution of sustainability indicators in
the marine ingredients sector, highlighting the need to
move to “closed cycles” in feed production and reduce
the carbon footprint through processing by-products of
the fishing industry. L. Li et al. (2025) proved that the
use of fermented food industry waste as a substrate for
bioconversion into protein feed mass provides a double
effect - reducing the cost of mixed feed and reducing
the amount of waste. Another promising area for opti-
mising the feed base is the selective improvement of
feed efficiency. A. Kause et al. (2022) demonstrated that
genetic selection based on FCR in rainbow trout re-
duced feed consumption by 15% without compromising
growth rates.Analysis of morphophysiological factors of
Micropterus salmoides by X. Shi et al. (2024) found a di-
rect link between genetic growth traits and nutrient up-
take efficiency, opening up new perspectives in breed-
ing work with highly productive aquaculture species.

Among Ukrainian researchers, the problem of

Scientific Horizons, 2025, Vol. 28, No. 10

feed efficiency was actively covered by R. Umanets et
al. (2023), who summarised the results of global stud-
ies on the use of non-conventional protein sources in
feeding African sharptooth catfish (Clarias gariepinus).
The researchers noted that replacing deficient fish
meal with vegetable proteins is an effective way to
reduce the cost, but requires careful balancing of the
amino acid composition so as not to worsen the biolog-
ical value of the feed. The practical aspect of rational
use of feed was also revealed by N. Myskovets (2020),
who noted that the fishing industry in Ukraine faces
the problem of import dependence in the production
of mixed feed and needs to develop a national raw
material base. An important addition to the scientific
context was the results of the study by M. Klimenko et
al. (2025), which proved the significant influence of the
temperature regime on nitrification processes and the
state of the aquatic environment in aquaponic systems.
This factor indirectly determines the effectiveness of
feeding, because changes in temperature affect fish
metabolism and nutrient bioavailability. In Ukrainian
conditions with pronounced seasonal variability, this
aspect is of particular importance for the development
of adaptive feeding strategies.

Generalisation of contemporary scientific ap-
proaches shows that the development of the aquacul-
ture feed base is moving towards resource efficiency,
biotechnological innovations, and replacement of con-
ventional protein components with alternative sources
that can provide a stable increase and decrease in the
FCR coefficient. However, the task of developing an eco-
nomically sustainable feed production system based
on local resources and the biological characteristics
of cultivated species and regional climatic conditions
remains relevant for Ukraine. The purpose of the study
was to analyse the dynamics of production indicators
of the main groups of fish in aquaculture of Ukraine for
2022-2024, considering factors that determine inter-
specific differences in feeding efficiency and prospects
for optimising the feed base.

MATERIALS AND METHODS

The study was conducted on a combined scientific and
practical basis using the methods of system, statisti-
cal and comparative analysis. The empirical basis was
the data of twelve fisheries enterprises of Ukraine op-
erating in different climatic zones - Poltava, Chernihiy,
Sumy, Lviv, and Kyiv oblasts. The sample included both
conventional pond farms that use semi-intensive cul-
tivation technologies, and high-tech enterprises using




closed water supply systems (CWSS). This approach pro-
vided representative coverage of different levels of ag-
uaculture intensification and allowed investigating the
effect of the type of production on feeding efficiency.

The chronological limits of the study covered
2020-2024, which allowed tracing the five-year dynam-
ics of changes in feed use, feed conversion rate (FCR),
and production structure of the main fish groups. The
main source of primary data was technological logs
and accounting documents of farms, which contained
information on feed consumption, average weight of
livestock, growth and volume of production. Second-
ary data was obtained from official statistical materials
of the State agency of Ukraine for the development of
land reclamation, fisheries and food programme (forms
No. 1-Fish, No. 2-Aqua, reporting bulletins for 2020-
2024) (n.d.), and from industry analytical reports (Re-
port on research work..., 2022).

The objects under study were classified into three
main categories: juveniles - fish in their first year of life
with an average weight of up to 0.1 kg; broodstock and
replacement stock - breeding individuals used for re-
production; commercial fish - fish weighing more than
0.5 kg, grown to marketable size. This systematisation
corresponds to the classical principles of fish farming
and breeding provided by I. Sherman et al. (1999). The
following indicators were determined for each category:

1. Absolute weight gain of fish (Aw, kg);

2.Feed consumption per unit of production (t/t);

3. Share of expenses by category (%);

4. Feed conversion rate (FCR) calculated using the
equation:

FCR =L, 1)
wg
where Wf - weight of feed consumed, kg; Wgw - fish
weight gain, kg.
A lower FCR value indicates a higher feed efficien-
cy. The analytical part of the study was performed us-
ing specialised software Statistica 13.5 and Microsoft
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Excel 365. Correlation (R-Pearson) and regression anal-
ysis methods were used to identify statistically sig-
nificant dependencies. The reliability of interannual
differences was checked using the Student’s t-test at
the significance level p < 0.05. Additionally, compar-
ative modelling of the economic efficiency of various
feed strategies was carried out by estimating the ra-
tio between FCR and the cost of grown products. En-
vironmental and technological factors that may affect
feeding efficiency were considered to ensure a compre-
hensive assessment. These factors included water tem-
perature, dissolved oxygen concentration, ammonium
nitrogen, nitrites, phosphates, and pH of the medium.
Hydrochemical parameters were determined in accord-
ance with the current state standards for aquaculture
(Law of Ukraine No. 400, 2010).

The methodological basis of the study was an in-
tegrated approach that combines quantitative analysis
of feed efficiency dynamics with a critical assessment
of industry trends. In the course of the study, methods
of descriptive statistics, dynamic analysis for tracking
interannual changes and comparative analysis for in-
terspecific assessment of feed efficiency were used.
Correlation and regression models allowed establish-
ing relationships between FCR, fish weight growth, and
feed costs for different groups of aquaculture facilities.
Ethical aspects of the study were considered in accord-
ance with the provisions and recommendations of the
Food and Agriculture Organisation of the United Na-
tions (2025). All data were collected without interfering
with the physiological state of fish, in compliance with
the principles of bioethics and confidentiality of eco-
nomic information.

RESULTS AND DISCUSSION

Analysis of the dynamics of feed consumption in the
fisheries sector during 2020-2024 revealed significant
fluctuations in the total volume, which indicates insta-
bility of production processes (Table 1).

Table 1. Analysis of feed use in fish farms of Ukraine by fish categories, tonnes

fish categories

Years Total n - -
juveniles broodstock commercial fish
2020 34,2433 7,941.6 738.9 25,562.7
2021 28,454.5 6,336.5 1,263.4 20,854.5
2022 23,327.3 5,335.1 717.0 17,275.1
2023 28,770.9 10,007.6 593.2 18,265.9
2024 29,4934 8,062.2 7438 20,687.4

Note: the initial statistics were based on official data from the State agency of Ukraine for the development of land
reclamation, fisheries and food programme (n.d.) and generalised materials of the report (Report on research work...,
2022), which ensured the reliability of the initial analysis parameters

Source: compiled by the authors

Fluctuations in total feed costs were significant: the
minimum value was recorded in 2022 (23,327.3 tonnes),
probably due to the devastating impact of military

operations and economic instability,while the maximum
was in 2020 (34,243.3 tonnes). This dynamic is condi-
tioned by a number of factors, in particular, changes
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in production volumes, technologies, availability and
prices for feed, and external economic and environmen-
tal conditions. Spending on juvenile fish showed high
volatilitywithasharpincreasein 2023 (by 87.58%),which
may indicate adjustments in the strategy for raising fish.
However, the cost of broodstock, although insignificant,
35000 r
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S 15000
10000 ¢
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Feed consumption
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2020
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2022

also had noticeable relative changes, probably related
to the intensity of breeding or breeding. The largest
share of total costs (from 63.49% to 74.65%) was spent
on commercial fish, which underlines the critical impor-
tance of optimising the feed base and managing these
costs to improve overall production efficiency (Fig. 1).

= Total
Juveniles
™ Broodstock
= Commercial fish

2023 2024

Figure 1. Analysis of feed use in fish farms in Ukraine

Source: compiled by the authors

The results of the analysis indicate the need for
constant monitoring and study of factors that affect
feed costs. The purpose of such monitoring is to de-
velop effective strategies for improving production
processes. This includes: the introduction of advanced
feeding methods, the use of high-quality and cost-ef-
fective feed, and rapid adaptation to changing market
conditions and strict environmental requirements. The
findings confirm the critical importance of feed ration-
alisation and cost management for increasing overall
efficiency. It should be remembered that feed costs are
one of the most significant components in the cost
of grown fish, directly affecting the profitability of
fish farms. The broodstock showed a slight temporary
drop in weight in 2023, followed by recovery, while
feed costs were stable. However, the FCR worsened
significantly in 2023, indicating a temporary decline
in feed efficiency, although the indicator improved

slightly in 2024. The juvenile category, on the contra-
ry, showed high stability: a slight decrease in weight
and an increase in spending in 2023 was replaced by
an increase in weight and a decrease in spending in
2024. Its FCR remained low throughout the entire pe-
riod, confirming the high efficiency of feed assimila-
tion by juvenile fish. The commercial fish category was
marked by a significant increase in weight throughout
the study, especially intensive in 2023-2024, which,
quite logically, was accompanied by an increase in
feed costs. The FCR was relatively stable at a mod-
erate level, although its slight increase in 2024 may
indicate a slight decrease in feeding efficiency in the
final stages of cultivation.

Feed conversion rate (FCR) is a key indicator that
shows how many kilogrammes is required to spend
to get 1 kilogramme of fish weight gain. A lower FCR
means higher economic efficiency (Table 2).

Table 2. Feed conversion rate indicators

Category FCR dynamics (2022-2024) FCR level efficiency Category
Juveniles Stable The most effective group Juveniles
Commercial fish Relatively stable The efficiency is satisfactory Commercial fish
Broodstock Increased Least effective Broodstock

Source: compiled by the authors

The best efficiency of feed use during 2022-2024
was demonstrated by the juvenile category due to the
consistently low FCR value. The broodstock is of the
greatest concern, where a significant increase in FCR
in 2023 indicates the need to review the feed composi-
tion or feeding regime for this group to increase prof-
itability. The analysis clearly shows the need for con-
stant and detailed monitoring of all factors affecting
feed costs, and the development of targeted strategies
for optimising production processes. This optimisation
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should include the introduction of advanced and effi-
cient feeding technologies, the use of high-quality and
cost-effective feed products, and flexible adaptation
to changing market realities and strict environmen-
tal standards. It is worth noting that feed costs make
up the most significant part of the cost of farmed fish,
which makes them a key lever of influence on the eco-
nomic efficiency of any fisheries.

A high feed conversion rate (FCR) in broodstock is
a wake-up call, as it means that the fish is receiving an




unbalanced diet or has problems effectively absorbing
key nutrients. This directly leads to a deterioration in
the quality of sexual products. In particular, a lack of
vital nutrients, such as omega-3 fatty acids and vita-
mins E and C, causes the accumulation of insufficient
reserves in caviar. As a result, the fertilisation rate of
eggs decreases sharply, its overall quality decreases,
and the vyield of viable larvae decreases significantly.
In addition, nutrient deficiencies negatively affect the
subsequent stages of development, causing a decrease
in the survival rate of embryos and larvae. Caviar that
does not have sufficient energy reserves does not go
well through critical stages of development. This leads
to high mortality at the embryonic stage, frequent de-
formities in larvae (e.g. curvature of the spine) and low
resistance to disease at an early age. Thus, inefficient
feeding of the broodstock actually creates weak, vul-
nerable, and unviable offspring. Even those larvae that
survive show slower growth of juveniles and worse
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health indicators compared to those from parents who
had sufficient nutrition. This slow initial growth direct-
ly extends the time frame for fish to reach marketable
weight, which, in turn, reduces the economic efficien-
cy of the farm in the long term. Therefore, high FCR in
broodstock is far more than just feed wastage; it is an
investment in low productivity and future losses due to
the weakness of the next generation of fish.

Analysis of quantitative data on carp fish produc-
tion for 2022-2024 revealed heterogeneous dynamics
of key production parameters. In particular, significant
annual fluctuations in the total weight of broodstock
and replacement stock were observed. This instability
can be caused both by adjusting the strategy for es-
tablishing the breeding core of the farm, and by the
influence of various external factors. At the same time,
the feed conversion rate (FCR) indicators for different
age groups of carp fish also show high dynamism (var-
iability) (Fig. 2).
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B Broodstock and replacement stock 1.7 2.9 1.2
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B Commercial fish 2 2.3 1.3

Figure 2. Feed conversion rate of carp species

Source: compiled by the authors

In 2024, there was a statistically significant im-
provement in the feed conversion rate (FCR) for two key
groups: broodstock (decrease to 1.2) and commercial
fish (decrease to 1.3) compared to previous years. This
clearly indicates an increase in the efficiency of using
feed resources in these categories. Simultaneously, the
FCR for juvenile fish, although it showed positive dy-
namics in 2024 (1.6) compared to the problematic year
2023 (2.9), it remained higher than in 2022 (1.3). This
fact indicates the presence of potential reserves for fur-
ther optimisation of both diets and holding conditions
in this age group. The sharp increase in the absolute
weight of juveniles and commercial fish in 2024 is
probably a direct consequence of the increase in breed-
ing stock and the overall improvement in reproduction
rates. However, a more in-depth statistical analysis is
needed to establish accurate causal relationships be-
tween these parameters and to accurately predict fu-
ture production dynamics. Such an analysis must nec-
essarily consider potential correlations between the
studied indicators, and the external influence of en-
vironmental and technological factors. Thus, the data

obtained indicate the development of positive trends
in the production of carp fish in 2024. These trends are
expressed in an increase in total production volumes
and simultaneously an increase in the efficiency of feed
use for the most important production groups. Further
scientific research should focus on identifying specific
factors that determine the observed dynamics, and on
developing evidence-based recommendations to en-
sure the sustainable development of the entire industry.

Analysis of quantitative indicators of catfish pro-
duction for the period 2022-2024 revealed significant
instability of key production parameters (Fig. 3). The
weight of broodstock and replacement stock shows
unstable dynamics: after growth in 2023, there was a
decrease in 2024 to the level of 2022. Feed costs for
this group also vary greatly and do not always directly
correlate with changes in weight. This may indicate an
adjustment in the intensity of feeding or changes in the
composition of diet. The feed conversion rate (FCR) for
broodstock was the best (lowest) in 2023 (0.6), which
indicates a relatively high efficiency in the use of feed
resources during this period.
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Figure 3. Feed conversion ratio of catfish species

Source: compiled by the authors

The production of juvenile catfish is characterised
by significant unevenness (interannual fluctuations)
both in terms of total weight and in the correspond-
ing feed costs. The feed conversion rate (FCR) for this
age group remained relatively high throughout the
analysed period, reaching peak values in 2023 (2.5)
and 2024 (2.3). Such high FCR values clearly indicate
a lower economic efficiency of using feed resources to
increase the weight of juvenile fish compared to other
categories. This signals the need for an urgent review
of the diet and/or rearing conditions to increase di-
gestibility. Commercial fish production showed a steady
positive trend towards weight growth in 2023 and
2024 compared to 2022. Logically, feed costs for this
growing group also increased, particularly significantly
in 2024. The best feeding efficiency score (lowest FCR)
was achieved in 2023 (0.3), which is an exceptionally
high result. However, in 2024, the FCR increased again
to 0.9, approaching the indicator of 2022 (0.7). This in-
crease in FCR indicates a deterioration in efficiency in
the final stages of fattening and indicates a potential
problem that requires attention. Overall, the dynamics
of catfish production during 2022-2024 highlights the
high volatility of key operational indicators. Chronically
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high FCR values for juveniles and worsening FCR val-
ues for commercial fish in 2024 outline critical areas
for optimising both feeding technologies and overall
holding conditions.

Analysis of production indicators of sturgeon fish
for the period 2022-2024 revealed complex,ambiguous
dynamics in different categories of livestock. The weight
of broodstock and replacement stock experienced a
statistically significant decrease in 2023 compared to
2022, followed by a partial recovery in 2024. Feed costs
correlated with weight changes, showing declines in
2023 and 2024. The feed conversion rate (FCR) for this
group remained relatively stable in the narrow range
of 0.6-0.8. This indicates a stable efficiency in the use
of feed resources, despite fluctuations in total biomass.
The production of juvenile sturgeon is characterised by
high variability. In 2023, the lowest FCR was recorded
(0.4), which may indicate a high growth rate under op-
timal conditions. However, in 2024, the volume of juve-
nile fish continued to decline, and the FCR increased
sharply to 1.2. This threefold deterioration in efficiency
is a direct indicator of destabilisation of technological
holding conditions or degradation of the quality/com-
position of the diet for this sensitive age group (Fig. 4).
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Figure 4. Feed conversion ratio of sturgeon species

Source: compiled by the authors
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Production of commercial sturgeon fish showed sta-
bilisation by weight during 2023-2024, but the record-
ed volumes were significantly lower than in 2022.There
was an increase in absolute feed costs for commercial
fish both in 2023 and in 2024. This situation has led
to a critical increase in the feed conversion rate (FCR).
In particular, the FCR indicator in 2023 was 2.0, and in
2024 — 1.4. Both values significantly exceed the 2022
FCR (0.8), which clearly indicates a significant decrease
in the efficiency of using feed resources to obtain final
marketable products. The decline in the weight of the
breeding stock of sturgeon in 2023 is highly likely due
to the combined impact of military and economic fac-
tors, since sturgeon are sensitive to any failures in in-
tensive aquaculture. Direct military impact included the
physical loss of livestock as a result of the destruction
of aquaferms and environmental disasters, such as the
explosion of the Kakhovka HPP. The indirect economic
impact was reflected in the deterioration of the qual-
ity of the feed base due to rising prices and logistical
problems, which led to the use of less nutritious diets
and, as a result, to the loss or slowing of weight gain. In
addition, technological failures caused by power out-
ages caused stress in fish in CWSS systems, which also
negatively affected their overall condition and biomass.
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Analysis of key production indicators in salmon
farming for 2022-2024 revealed a high degree of
instability and significant fluctuations in all catego-
ries, which indicates serious problems in operational
processes. The weight of broodstock and replacement
stock showed an alarming downward trend in 2023,
with a slight, only partial, stabilisation in 2024. In
parallel, feed costs for the maintenance of this group
were constantly growing. The result was a doubling
of the feed conversion rate (FCR): it increased from
0.6 in 2022 to 1.3 in 2024. This indicates a significant
drop in the efficiency of using feed resources for the
breeding core. The juvenile salmon segment shows
extreme changes from year to year, which is the most
critical indicator of instability. In 2023, there was a
sharp decrease in the weight of juveniles with a si-
multaneous increase in feed consumption, which led
to a critically high FCR (3.5). However, in 2024, the sit-
uation changed dramatically: the weight of juveniles
increased sharply while significantly reducing feed
costs, which provided a record low FCR (1.0). Such a
drastic change in the efficiency of cultivation requires
an urgent and in-depth analysis of the reasons that
led to such drastic changes in technological process-
es (Fig. 5).
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Figure 5. Feed conversion ratio of salmon species

Source: compiled by the authors

The weight of commercial fish remained relatively
stable. However, feeding efficiency significantly wors-
ened in 2024: the feed conversion rate (FCR) doubled,
from 0.7 (in 2022-2023) to 1.4, which directly indicates
a decrease in the efficiency of using feed resources. The
extreme increase in the weight of juvenile salmon in
2024 with a sharp drop in FCR from a critically high
3.5 to a record low of 1.0 is a clear indication of the
successful solution of a serious technological or biolog-
ical problem that existed in 2023 and the achievement
of an optimal biological breakthrough. The most likely
causes are the correction of a critical deficiency in the
feed composition, the elimination of an epizootic prob-
lem (disease) that suppressed growth in the previous
year, or the introduction of precise control of conditions

of keeping (temperature and water quality), which al-
lowed salmon to fully meet its genetic potential. Such
a rapid recovery of efficiency, possibly enhanced by the
effect of compensatory (catch-up) growth,demonstrates
the high potential of the farm for rapid adaptation and
effective management.

Juvenile production was characterised by high var-
iability and critical deterioration in efficiency. In 2023,
despite a sharp decline in weight, FCR increased to 1.7
(due to increased feed costs). However, in 2024, the situ-
ation worsened catastrophically: the weight of juvenile
fish continued to fall, and the FCR reached the highest
value (3.0), which indicates a significant decrease in
the economic efficiency of growing this age group. The
production of commercial fish in this group showed a
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strong positive trend: in 2024, a significant increase in
weight was recorded, exceeding the indicators of previ-
ous years.The FCR remained extremely low (0.2) in both

2023 and 2024. This exceptionally low FCR indicates a
high efficiency of using feed resources to produce mar-
ketable products, which is a significant positive trend.
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Figure 6. Total feed conversion ratio in fish

Source: compiled by the authors

The crisis,which was expressed in the growth of the
FCR of juvenile fish to 3.0, required urgent and compre-
hensive intervention aimed at eliminating critical tech-
nological failures. Priority actions should include: audit
of the feed base with replacement of low-quality batch-
es and correction of the diet to ensure optimal protein
digestibility; detailed diagnosis of the epizootic situa-
tion and urgent treatment of detected infections or in-
festations that inhibit growth; and stabilisation of hold-
ing conditions, which provides for increased monitoring
and correction of water quality (especially oxygen lev-
els and toxic metabolites). Moreover, it was necessary to
implement strict feeding control to prevent overfeeding
and feed losses, which directly lead to an increased FCR.

The results of the study show that the indicators of
the feed conversion rate (FCR) in Ukrainian fishing en-
terprises have a significant dynamism, which depends
on the type of fish, age category, holding conditions,
and feed composition. The average value of FCR in the
farms under study varied from 1.2 to 1.6 in high-tech
closed water supply systems (CWSS) and from 1.4 to
1.8 in pond ones, which corresponds to the level of
contemporary world indicators for intensive aquacul-
ture. A similar trend was observed by Y. Li et al. (2025),
who noted that the use of microbial cultures of Bacil-
lus licheniformis and Yarrowia lipolytica as part of the
feed provided an improved conversion of the protein
component and a decrease in FCR by an average of 10-
12%. Therefore, the similarity with the results of the
current study is that the efficiency of feed conversion
increases not only due to the composition of the feed,
but also due to microbiological processes that increase
the bioavailability of nutrients.

Similar conclusions were obtained by H. Shima et
al. (2024), O. Adagha et al. (2024), who found that
controlling the ratio of starches in mixed feeds and
the time of their feeding can significantly affect the
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digestibility of feed and the stability of fish growth.
This is consistent with the observations in this paper,
where optimisation of the feeding regime allowed re-
ducing FCR fluctuations in the commercial fish catego-
ry. However, C. Boyd and A. McNevin (2023) noted that
excessive restriction of feeding or changing regimens
can lead to a decrease in weight gain, which was also
partially confirmed in the case of broodstock, where an
excessive reduction in feed rates was accompanied by
an increase in FCR. Thus, the optimal level of feeding
should be based on a trade-off between the growth
rate and the efficiency of feed use. Confirmation of the
value of technological factors was obtained by J. Thorn-
burg (2025), who showed that automated feed feeding
systems improve dosing accuracy and reduce losses by
up to 15%. A similar effect was observed in high-tech
CWSS farms, where the average FCR value was 0.3 low-
er than in pond farms. This indicates the crucial role of
automation in improving feed efficiency.

An important area of research is the search for al-
ternative protein sources to replace deficient fish meal.
V. Serra et al. (2024) note that the introduction of plant
protein or insects into feed formulations can reduce
the cost of feed by 20-25%, but can cause an amino
acid imbalance and an increase in FCR without care-
ful balancing of the composition. N. Yadav et al. (2025)
proved that the use of larval flour of Hermetia illucens
or Tenebrio molitor reduces FCR to 1.0-1.2 while main-
taining weight gain. These results are consistent with
current data for juvenile catfish, where the lowest FCR
was also observed when using functionally enriched
feeds with a high protein content. A key factor affecting
FCR is the genetic potential of fish.A. Kause et al.(2022)
showed that breeding based on growth indicators can
reduce FCR by 8-10% over two generations of rainbow
trout. This approach may be promising for Ukrainian
farms, where maintaining the stability of feed efficiency




requires a combination of genetic selection and optimi-
sation of holding conditions.

Among Ukrainian researchers, a similar pattern
was noted by R. Umanets et al. (2023), who proved that
the use of non-conventional protein sources, such as
yeast products, when feeding Clarias gariepinus reduc-
es FCR by 12-15%. These results are consistent with
the authors’ observations, where in the catfish group,
feed conversion rates were the lowest among all the
species under study. Special attention should be paid
to B. Glencross et al. (2024), who emphasised the need
for a comprehensive assessment of the sustainability of
feed systems, considering not only biological, but also
economic parameters. This is directly related to the re-
sults of this study, where cost-effectiveness modelling
showed a direct link between a decrease in FCR and an
increase in profitability. An important aspect of inter-
preting the results obtained is to consider environmen-
tal and economic factors that directly affect the stabil-
ity of the aquaculture feed base. According to research
by A.Horchanok et al. (2021), overexploitation of aquat-
ic ecosystems and poor management of fish resources
lead to degradation of hydrobiocoenoses, which reduc-
es the natural feed capacity of reservoirs. This state-
ment is consistent with the fluctuations in the feed
conversion rate (FCR) identified in this study, because
the ecological state of water bodies directly affects
the digestibility of feed and the physiological activity
of fish. A violation of biological balance increases the
risk of eutrophication, which, in turn, reduces the con-
centration of dissolved oxygen, causing an increase in
FCR in sensitive species such as sturgeon. Additionally,
it is worth noting the meta-analysis by T.0. Magbanua
and J.A. Ragaza (2022), who systematised the results of
experiments on feeding tilapia with mixed feeds based
on coconut meal. The researches proved that even par-
tial replacement of conventional protein components
can provide a stable reduction in FCR without reducing
weight gain, provided that the amino acids are properly
balanced. The results from the current study on carp
confirm this pattern: in 2024, the improvement in FCR
coincided with the transition of farms to functional pro-
tein mixtures containing alternative protein sources.

From an economic standpoint, I. Sinenok (2021)
argued that the organisational and economic mecha-
nisms of fishery management in Ukraine remain frag-
mented, which hinders the development of a sustain-
able feed safety policy. The researcher emphasised
the need to create regional programmes to support
aquaculture, taking into consideration local resourc-
es. A similar opinion was shared by N. Vdovenko et
al. (2020), who emphasised that the efficiency of the
feed system depends not only on biological indicators,
but also on the financial ability of enterprises to invest
in high-quality feed and automation technologies. This
is directly consistent with the conclusions of the cur-
rent study, where lower FCR values were observed in
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high-tech CWSS farms that can implement advanced
feeding control systems. From an ecological standpoint,
the fundamental study by O. Uvaeva et al. (2020) con-
firmed the critical role of hydrobiological conditions
in maintaining feed equilibrium. The researchers em-
phasised that water quality - oxygen concentration, pH
level, nitrite and phosphate content - is a key deter-
minant of fish metabolism efficiency. In this study, this
factor was also found to be significant: fluctuations in
hydrochemical parameters correlated with changes in
FCR, especially in pond farms. Thus, the generalisation
of these sources confirmed the multidimensional na-
ture of feed efficiency, which was formed under the in-
fluence of environmental, economic, and technological
factors. The results demonstrate the need to integrate
environmental monitoring and economic planning into
the aquaculture management system.

CONCLUSIONS

The study comprehensively assessed the dynamics of
production indicators of the main groups of fish in ag-
uaculture of Ukraine in 2022-2024 and identified fac-
tors that determine the effectiveness of the feed base.
It was established that the volume of feed consump-
tion during the study period experienced significant
fluctuations, which reflects the general instability of
the fisheries sector under the influence of economic,
military, and environmental factors. Peak costs were
recorded in 2020 (34.2 thousand tonnes), while the
minimum costs were recorded in 2022 (23.3 thousand
tonnes). This variability was explained by the uneven
resumption of production, changes in the availability
of mixed feed, and different levels of farm intensifica-
tion. An in-depth analysis of the feed conversion rate
(FCR) revealed clear interspecific differences. The high-
est feed efficiency was demonstrated by carp species,
where in 2024 the FCR for broodstock decreased to
1.2, and for commercial fish - to 1.3, which indicates
an improvement in feeding technologies and stabili-
sation of holding conditions. Catfish are characterised
by a chronically increased FCR (2.3-2.5), which reduces
economic profitability and requires correction of diets.
Sturgeon species suffered a deterioration in efficiency
due to technological failures and degradation of the
feed base, while salmon fish showed a sharp variation
in FCR - from a critical 3.5 in 2023 to a record low of
1.0 in 2024, indicating a productive adaptation of pro-
duction. It has been proven that high FCR in broodstock
directly affects the quality of sexual products and the
viability of offspring, creating long-term economic risks.
Therefore, the key areas of optimisation should be the
development of differentiated feed strategies for age
groups, improvement of feed quality, automation of
feeding processes, and introduction of genetic selec-
tion based on feed efficiency indicators. Prospects for
further research lie in the development of mathemati-
cal models for predicting FCR and assessing the impact
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of climatic factors on feeding efficiency in conditions of FUNDING
environmental changes. None.
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relationship between the success of digital reforms and producers’ readiness for digital innovation. The practical
value of the study lies in its applicability for policymakers, agribusiness associations, and research institutions in
designing targeted strategies to enhance digital infrastructure, improve digital literacy, and accelerate sustainable

post-war transformation of Ukraine’s agricultural sector

Keywords: digital readiness; agricultural reforms; e-governance; innovation policy; post-war recovery; EU

integration; sustainable development

INTRODUCTION

The digital transformation of agriculture has become
a defining component of sustainable economic growth
and competitiveness across the world. In the Ukrainian
context, the development of digital technologies in the
agricultural sector has gained strategic importance as
a mechanism for rebuilding the economy, enhancing
transparency, and integrating into the European Un-
ion’s policy and market frameworks. The ongoing war
and post-war reconstruction have exposed the vulnera-
bility of traditional management systems, demonstrat-
ing that the adoption of digital solutions is crucial for
ensuring resilience, effective governance, and resource
efficiency. According to G. Celi et al. (2022), the asym-
metry of recovery processes in European agriculture
highlights that institutional and technological readi-
ness are the key prerequisites for sustainable devel-
opment. The Ukrainian agricultural sector, being one
of the pillars of national recovery, therefore requires a
comprehensive digital transition supported by political
and economic reforms.

The conceptual link between policy, innovation, and
economic transformation has been examined by S. Ab-
bate et al. (2023), who demonstrated that digital tran-
sition in the agri-food sector can only be effective un-
der coherent governance and sustainability strategies.
Their research confirms that the integration of tech-
nology into institutional mechanisms ensures system-
ic efficiency and environmental performance. In turn,
A. Sridhar et al. (2023) emphasised that the implemen-
tation of digital solutions in agriculture depends on the
synergy between technological advancement, financial
policy, and human capital development. The authors
identify data-driven management systems, precision
farming, and digital advisory services as fundamental
elements of a resilient agri-food ecosystem. The Ukrain-
ian academic community also contributes significantly
to understanding digital transformation in agriculture.
A. Cherep and L. Sarbey (2023) argue that digitalisa-
tion acts as a catalyst for rebuilding Ukraine’s economy,
primarily by improving administrative transparency and
reducing corruption risks in state support mechanisms.
0.Borodina (2022) emphasises that the post-war trans-
formation of Ukraine’s agricultural system must adhere
to the principles of social and environmental sustaina-
bility, which are best achieved through digital govern-
ance tools and open-data systems. Similar conclusions
were reached by Z. Taishykov et al. (2024), who found

that innovation management in agriculture requires
strong institutional stability and a coherent investment
policy to maintain the pace of technological progress.

According to Yu. Hurtovyi (2025), the modernisation
of agricultural state support mechanisms, including
digital monitoring and electronic application systems,
improves both transparency and the efficiency of finan-
cial resource allocation. These findings align with the
conclusions of B. Farace and A. Tarabella (2024), who
confirmed that the implementation of digital tools in
small and medium-sized enterprises fosters circular
economy practices and reduces resource losses. More-
over, I. Kosmidailo and O. Makoviichuk (2025) note that
adapting foreign digital platforms to Ukrainian agricul-
tural management enhances efficiency but requires fur-
ther investments in education and digital literacy. The
importance of digitalisation for policy harmonisation
and global competitiveness was underlined by I. Vyso-
chyn & 0O.Zhuk (2025), who concluded that Ukraine’s in-
tegration into the digital global space directly depends
on the quality of national digital governance systems
and the ability of institutions to align with EU regulato-
ry standards. M. Wrzecinska et al. (2023) also observed
that the effectiveness of digital transformation corre-
lates with the availability of advisory infrastructure, fi-
nancial incentives, and trust in public digital platforms.

Consequently, recent studies confirm that digitali-
sation in agriculture should be viewed not merely as a
technological process but as a multidimensional reform
encompassing political, economic, and institutional
domains. The integration of digital governance instru-
ments, sustainable financing models, and innovation
ecosystems determines the effectiveness of Ukraine’s
agricultural modernisation and its future position with-
in the European digital and economic landscape. The
purpose of the study was to examine how political and
economic framework conditions influenced the devel-
opment and effectiveness of digital transformation in
Ukraine’s agricultural sector within the framework of
the Ukraine Facility Plan 2024-2027.

MATERIALS AND METHODS

The study was designed to examine how political and
economic framework conditions influenced the de-
velopment of digital transformation in Ukraine’s ag-
ricultural sector. A mixed-methods research design
was applied, combining regulatory analysis, empirical
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observation,and comparative evaluation to ensure both
analytical depth and empirical reliability. Quantitative
methods were used to identify measurable trends in
the adoption of digital tools, levels of digital readiness,
and trust in state digital systems. Qualitative content
analysis complemented these findings by providing in-
terpretive insights into the contextual and institution-
al factors shaping the effectiveness of digital reforms.
The empirical component of the study was based on a
structured survey involving 127 respondents, including
agricultural producers, representatives of local govern-
ments, and expert communities from various regions of
Ukraine. The questionnaire addressed digital readiness
indicators, access to e-support systems, and percep-
tions of state digitalisation policies. The questionnaire
also included a ranking module, where respondents
assessed the relative importance of six agricultural re-
forms introduced under the Ukraine Facility Plan 2024-
2027. Each reform was rated on a 1-6 priority scale
(1 = highest, 6 = lowest). The survey was conducted in
2025, using a combined online and offline format to
ensure representativeness across regions and accessi-
bility for respondents with limited internet connectivi-
ty. Participation in the study was entirely voluntary and
anonymous. No personal identifiers were collected, and
respondents were informed of the purpose of the re-
search, the use of their responses for academic purpos-
es only, and their right to withdraw at any time without
consequence. All participants provided informed con-
sent prior to participation. The authors adhered to the
principles of the American Sociological Association’s
Code of Ethic (1997).

The informational base of the study consisted
of open-access governmental and institutional data
sources. The main policy framework analysed was the
Ukraine Facility Plan 2024-2027 (Ministry of Econo-
my of Ukraine, 2024), complemented by the Strategy
of Agriculture and Rural development of Ukraine -
2030 (2024), publications from the Ministry of Agrarian
Policy and Food of Ukraine (2023), and legislative acts
related to the State Agrarian Register and DREAM public
investment platform (Public Investment Management
System, n.d.). Additional materials were obtained from
the State Statistics Service of Ukraine (n.d.), OECD (n.d.)
agricultural policy reviews and analytical data from
KSE Agrocenter (2022). Special attention was paid to
the digital components of six key reforms: EU poli-
cy alignment, land market, investment management,
agrarian register development, irrigation, and demining
of land. Data were processed using descriptive statis-
tical analysis for quantitative responses and thematic
coding for qualitative statements. The integration of
both methods ensured a comprehensive understanding
of the relationship between policy frameworks, eco-
nomic mechanisms, and the practical capacity of the
agricultural sector to adopt digital technologies during
the post-war recovery period.
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RESULTS AND DISCUSSION

The conducted research confirms that policy and eco-
nomic framework conditions play a fundamental role in
shaping the trajectory of digitalisation in Ukraine’s agri-
cultural sector. In the post-war context, digital transfor-
mation functions not merely as a technological upgrade
but as a structural reform mechanism that enhances
transparency, aligns governance with EU standards, and
improves the efficiency of public resource allocation. As
noted by A. Devaux et al. (2018), effective digital innova-
tion in agriculture requires strong institutional support,
adaptive policy instruments, and inclusive mechanisms
for integrating producers into innovation systems. This
corresponds to Ukraine’s strategy of embedding digital
solutions in the Ukraine Facility Plan as a cross-cutting
component of all major reforms. The Ukraine Facility is
the European Union’s financial assistance programme
for Ukraine. During the period of 2024-2027, 50 billion
euros from the EU will be allocated to finance the state
budget, stimulate investment, and provide technical
support in the implementation of the program (Ministry
of Economy of Ukraine, 2024)

European experience demonstrates that digital
agriculture is most effective where policy design and
economic instruments are closely integrated (Cam-
peanu, 2022). In Ukraine, key reforms-such as the
interoperability of land and property registries, the
introduction of automated monitoring systems, the dig-
italisation of the State Agrarian Register, and the inte-
gration of geospatial land valuation-mirror EU practic-
es aimed at building transparent and efficient agri-food
governance systems.These approaches are fully aligned
with the principles of the Common Agricultural Policy,
which emphasises data-driven governance and sustain-
able resource use (Abbate et al, 2023). The trust fac-
tor and inclusiveness are equally critical. As R. Tomble
and H. Smuts (2023) highlight, digital transformation is
most impactful when farmers are active participants in
decision-making through accessible, reliable platforms.
In Ukraine, such platforms include the State Agrarian
Register and automated public monitoring systems,
which serve not only as administrative tools but also as
instruments of accountability. B. Farace and A. Tarabel-
la (2024) note that digital technologies foster circular
economy practices, which in turn strengthen sustain-
ability outcomes in agricultural production and value
chains. This corresponds with findings from N. Mamon-
ova (2023), which emphasise that transparent and in-
clusive mechanisms increase resilience in rural areas
during and after crises.

The economic dimension of digitalisation involves
both national and international investment frame-
works. According to O. Radchenko et al. (2023) invest-
ment in digital infrastructure enables wider technolog-
ical diffusion and accelerates structural transformation.
A. Sridhar et al. (2023) emphasise the role of pub-
lic-private partnerships in scaling up digital solutions,




particularly for small and medium-sized farms. In
Ukraine, this is reflected in the integration of digital in-
vestment platforms, such as DREAM, into key recovery
and modernisation strategies, which helps link policy
priorities with concrete financial mechanisms (Kyivstar
Business Hub, 2022; KSE Agrocenter, 2022). Finally, the
development of human capital and advisory systems
is a cornerstone of sustainable digital transforma-
tion.N. Pavlishyna and A. Kharin (2023) and Y. Doukas et
al. (2022) stress the importance of education, exten-
sion services, and knowledge exchange in ensuring
technology adoption. In this context, AKIS (Agricultural
Knowledge and Innovation System) can serve as an in-
stitutional bridge between policy frameworks, econom-
ic mechanisms, and farm-level practices. Such systems
enhance adaptive capacity, strengthen resilience, and
enable alignment with EU Green Deal and CAP objec-
tives (Pryshliak et al., 2023). This creates a comprehen-
sive ecosystem in which digitalisation acts as both a
governance tool and a driver of economic modernisa-
tion in agriculture.

The development of digitalisation in Ukraine’s ag-
ricultural sector is closely linked to the creation of a
modern regulatory framework that defines the policy
and economic conditions for reform implementation.
One of the key steps in this direction was the adoption
of the Strategy of Agriculture and Rural development
of Ukraine - 2030 (2024). This document aims to shift
from traditional administrative management to modern
digital instruments that ensure land market transpar-
ency, more efficient interaction between stakeholders
and government institutions, and alignment of national
agricultural policy with EU standards. A central digital
element of this strategy is the establishment of the
Farm Sustainability Data Network (FSDN), which ena-
bles the collection, processing, and analysis of agricul-
tural data from pilot regions in accordance with the ac-
quis communautaire. This system provides continuous
monitoring of the sector and supports evidence-based
policy decisions on state support for producers.
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Digital accounting of production indicators, environ-
mental factors, and economic parameters forms the ba-
sis for a data-driven governance model,bringing Ukraine
closer to the EU’s sustainable development standards.

Another milestone in the digital transformation is
the automated exchange of data between the State Land
Cadastre of Ukraine (n.d.) and the State Register of Real
Rights to Immovable Property (n.d.). This integration
improves the efficiency and transparency of land trans-
actions, reduces bureaucratic procedures, and minimis-
es corruption risks. An automated public land monitor-
ing system and a GIS-based mass land valuation system
have also been launched, significantly increasing the
transparency and efficiency of land resource manage-
ment. A key role in digitalisation is played by the State
Agrarian Register (n.d.) (SAR), officially recognised as a
public digital register of all stakeholders in the agri-
cultural sector - producers, processors, water users, and
others (Table 1).Registration in SAR is a prerequisite for
receiving state support,and the publication of the list of
beneficiaries increases transparency in the allocation of
financial resources. According to official reports, by the
end of 2025, at least 80% of agricultural state support
will be distributed through this platform. Systemic dig-
italisation also extends to water resource management,
including the adoption of a Long-Term Development
Plan for Ukraine’s Irrigation System (Ministry of Agrar-
ian Policy and Food of Ukraine, 2023). This plan inte-
grates digital platforms into the planning, analysis, and
implementation of irrigation projects, applying a basin
management approach and environmental impact as-
sessment consistent with EU and national legislation.
Equally important is mine action, which plays a critical
role in restoring agriculture in de-occupied regions. The
adoption of the Strategic Document on Mine Action un-
til 2033 sets out mechanisms for coordination, operator
support, donor engagement, and the use of electron-
ic certification registries to enhance transparency and
operational efficiency (Ministry of Agrarian Policy and
Food of Ukraine, 2023).

Table 1. Directions for the recovery of the agri-food sector
within the Ukraine facility and the integration of digital components

Reforms and Investments Content

Digital Component

Adoption of the strategy for the
development of agriculture and rural

Reform 1.Alignment of
institutional frameworks
for agriculture and rural

areas until 2030

An important part of the strategy is to ensure the
functioning of the land market on the basis of transparency
and openness, supported by digitalisation of processes,
digital solutions for learning, service access, and registry
interoperability.

development with EU policy
data network (FSDN)

Creation of the farm sustainability

Creation of a digital system for data collection,
processing and analysis to support digitalisation of public
administration and analytics in the sector.

Automated data exchange between
land cadastre and property register

Reform 2. Ensuring the

Automation of data exchange between registers
(interoperability) to ensure access to information in land
relations.

functioning of the land
market

monitoring system

Launch of an automated public land

Creation of a digital land relations monitoring system
through the interaction of different registers (databases). A
geoinformation system for automated land valuation as part
of the digitalisation of land resource management.
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Table 1. Continued

Reforms and Investments Content

Digital Component

Reform 3. Strengthening
investment program
management

Entry into force of legislation on state
support for agriculture in Ukraine

Digitalisation of producer information, expansion of
electronic document management, and engagement of
producers and processors through a single digital platform
for state support distribution.

Reform 4. Improvement of

) . State Agrarian Register
the agricultural enterprise

Entry into force of the Law on the

Use of the digital information and communication
platform - the State Agrarian Register - for analysis and
decision-making on state support (for public administration).

register

Provision of support through the
State Agrarian Register (SAR)

Prioritisation of the digital platform for providing state
support to agricultural producers.

Reform 5. Long-term
irrigation development for

climate resilience system development plan

Adoption of a long-term irrigation

The digital component is ensured through the public
investment platform.

Reform 6. Demining of land
and water areas

Entry into force of the strategic
document on mine action until 2033

Mine action certificate registry operates and is integrated
into the DREAM investment platform

Source: developed by the authors based on the Ministry of Agrarian Policy and Food of Ukraine (2023) and Ministry of

Economy of Ukraine (2024)

The investment component of this program fore-
sees allocating at least €100 million for agricultural
land demining, financed through the state budget and
monitored using digital treasury and reporting tools.
This ensures transparent fund allocation, efficient mon-
itoring, and accelerated restoration of agricultural land
for production purposes. Together, these results confirm
that digitalisation is not just a technological upgrade
but a core structural element of Ukraine’s agricultural
policy, enabling transparency, efficiency, and alignment
with European standards in the post-war recovery pe-
riod. Digitalisation is becoming an integral component
of the policy and economic framework conditions for
the development of Ukraine’s agricultural sector. It
ensures interoperability of state registers, transparen-
¢y in resource allocation, supports data-driven deci-
sion-making, and facilitates the sector’s adaptation to
EU standards. These transformations not only stimu-
late post-war recovery but also shape a new quality of
governance, enhancing the sector’s international com-
petitiveness. Digital infrastructure is emerging as the
foundation for Ukraine’s integration into the European
economic space within the framework of the Ukraine
Facility Plan 2024-2027.

Most measures for restoring the agri-food sector
are based on digital solutions-building electronic in-
teraction systems, collecting and analysing large data-
sets, and ensuring register interoperability. This is a key
element of digital transformation for the development
of e-governance in agriculture. Such measures not only
enhance the efficiency of public authorities but also
simplify access for businesses, citizens, and analysts to
information and services by integrating registers into a
unified interaction system at both the national and Eu-
ropean levels. The 69 reforms in the Plan are supported
by more than 150 quarterly implementation indicators.
In addition to the reform indicators, the plan includes
16 investment indicators. To fulfill them, it is necessary
to allocate funds for the implementation of individu-
al projects - infrastructure development, demining,
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renewable energy, support for small and medium-sized
enterprises, etc (Ministry of Economy of Ukraine, 2024).

Reform 1. Alignment of the institutional framework
for agriculture and rural development with EU policy.
Reform 1 is strategically significant for modernising
Ukraine’s agricultural sector and bringing it closer to
EU standards. Its central element is the adoption of
the Strategy for the Development of Agriculture and
Rural Areas until 2030, which identifies digitalisation
as a core transformation tool. The document envisages
the wide application of digital technologies to ensure
transparency and efficiency in governance, particular-
ly through interoperability of state registers, digitisa-
tion of phytosanitary documentation, integration into
international data exchange systems, and automation
of permitting procedures in the land sector. In the field
of land relations, the strategy emphasises the full digi-
tal registration of agricultural land and the creation of
online platforms for open data access. This will allow
effective monitoring of land use, the implementation
of state support programs-including compensation for
war damages and increased transparency of all pro-
cesses. Mandatory registration of all producers in the
State Agrarian Register is a fundamental element of the
new digital ecosystem, ensuring transparent resource
allocation and creating a solid basis for EU integration
of the sector. A key instrument of this reform is the es-
tablishment of the Farm Sustainability Data Network
(FSDN), which evolves from the European FADN system.
It expands the scope of analysis from economic to en-
vironmental and social indicators, supporting the im-
plementation of the EU’s Common Agricultural Policy.
The integration of FSDN with the State Agrarian Reg-
ister will allow combining producer data with sustain-
ability metrics, thereby enabling evidence-based policy
and support programs. An additional component is the
integration of FSDN with the State Land Cadastre and
GIS systems. This synergy will ensure the collection and
analysis of spatial, environmental, and economic data
necessary for strategic planning. It will strengthen the




state’s analytical capacity, improve resource manage-
ment efficiency, and establish a modern digital archi-
tecture for agricultural policy aligned with European
sustainability standards.

Reform 2. Ensuring the functioning of the land market.
Reform 2 focuses on establishing a transparent and ef-
ficient land market in Ukraine through the integration
of key digital registries. Its foundation is the automat-
ed exchange of data between the State Land Cadastre
and the State Register of Property Rights. This integra-
tion combines cadastral data with ownership, proper-
ty rights, and encumbrance information. The result is
a reliable market pricing database, reduced corruption
risks, prevention of undervaluation of land, and the
creation of a transparent valuation mechanism. Auto-
mated data exchange also enables electronic services
for citizens and businesses, such as automatic land val-
uation and the issuance of property value certificates.
Another important component is the automated pub-
lic land monitoring system, integrated within the State
Land Cadastre. It continuously collects, processes, and
updates information on land resources, market trans-
actions, ownership changes, and other indicators. Such
monitoring increases market transparency, improves
evidence-based decision-making, and allows for timely
responses to changes in land use patterns. A key role
in this reform is played by the GIS-based mass land
valuation system, which is fully interoperable with ca-
dastral software and connected to the State Service of
Ukraine for Geodesy, Cartography, and Cadastre and the
Unified State Register of Court Decisions. This creates a
comprehensive digital platform for land valuation and
management, increasing trust in the land market, im-
proving the investment climate, and fostering sustaina-
ble development of the agricultural sector.

Reform 3. Strengthening institutional and adminis-
trative structures for investment program management.
Reform 3 is aimed at creating an effective system of
state support for the agricultural sector through the
digitalisation of management processes. A key step was
the adoption of the Law of Ukraine No.13202-1 (2025),
which establishes new principles for designing state
aid policies and mandates automated data collection
and processing on beneficiaries. The law provides for
the transition to electronic document management
and the operation of a single digital platform for dis-
tributing state funds. Producers and processors will
receive support exclusively through this platform, en-
suring transparency, preventing abuse, and increasing
the efficiency of program administration. This approach
strengthens institutional mechanisms and builds trust
in state instruments supporting the agricultural sector.

Reform 4. Enhancing the official public electronic reg-
ister of agricultural enterprises. Reform 4 defines the dig-
ital component as a structural foundation for govern-
ance transformation in the agricultural sector. Its goal
is to improve regulatory quality, ensure data accuracy,
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reduce corruption risks, and build an analytical base for
forecasting agricultural development. A major step was
the adoption of the Law of Ukraine No. 3980-1X (2024),
which establishes the State Agrarian Register (DAR) as
an automated electronic system and online platform
for registering producers, informing them about sup-
port programs, and simplifying application procedures.
SAR functions as a data hub, automatically exchang-
ing information with other state registries - the Uni-
fied State Register (EDR), the State Land Cadastre, the
State Register of Property Rights, and the Unified State
Register of Animals. This minimises paperwork and
consolidates data on land banks, livestock, and produc-
tion activities. Such integration provides a comprehen-
sive overview of the agricultural sector and prepares
Ukraine to implement the Integrated Administration
and Control System (IACS), a prerequisite for future EU
financial support. The implementation of state support
mechanisms through SAR has already shown tangible
results. According to official reports, by the end of 2025
at least 80% of all agricultural state support will be al-
located through this system. Consolidated, verified, and
regularly updated data will allow for targeted and effi-
cient support programs, enhance transparency, reduce
corruption risks, and broaden access for producers to
financing instruments.

Reform 5. Long-term irrigation development plan to
strengthen climate resilience.Reform 5 targets climate ad-
aptation of agriculture through the modernisation and
digitalisation of irrigation systems. The focus is on en-
hancing climate resilience byautomating water resource
management during the construction or rehabilitation
of irrigation infrastructure. This ensures more efficient
water use, reduces costs, and increases productivity in
irrigated farming. Although the digital component of
this reform is relatively limited, it remains essential for
integrated water governance. It provides for digitalisa-
tion of planning and water use control, and allows cer-
tain projects to be implemented through the DREAM
public investment platform. This approach lays the
groundwork for transparent resource management, at-
tracting investment,and integrating irrigation solutions
into Ukraine’s modern digital agricultural ecosystem.

Reform 6. Demining of land and water areas. Reform 6
focuses on creating an effective system for mine action
management and strengthening the safety of agricul-
tural production. In 2024, the Cabinet of Ministers of
Ukraine adopted the resolution on the approval of the
National Mine Action Strategy until 2033 and the Oper-
ational Action Plan for 2024-2026 (Ministry of Economy
of Ukraine, 2024). This document defines the state’s key
priorities in mine action and emphasises the impor-
tance of digital transformation of certification and con-
trol processes in line with Ukraine’s national digitalisa-
tion strategy. Digitalisation in this sphere will enable
more efficient control over operators’ activities, stand-
ardise certification and record-keeping procedures,
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and enhance transparency in resource management.
The creation of modern digital mechanisms is an im-
portant step toward strengthening the confidence of
international partners and donors supporting human-
itarian demining. It will also improve the planning of
operations, ensure rapid information exchange be-
tween state institutions, and reduce risks to the popu-
lation and agricultural producers in demined areas.

A crucial element of the reform is the creation
of a “Mine Action” sectoral portfolio on the DREAM
public investment platform (Ministry of Economy of
Ukraine, 2024). This tool enables real-time monitor-
ing of project implementation in mine action, consol-
idates data on funding, implementers, and outcomes,
and strengthens the state’s ability to manage resources
transparently and efficiently. It provides a strategic digi-
tal instrument for coordinating humanitarian demining,
supporting the safe return of agricultural land to pro-
duction and fostering a favorable investment environ-
ment in liberated territories. Within the context of the
study, a survey was conducted among representatives
of the agricultural sector, public authorities, local gov-
ernments,and experts. The main objective was to deter-
mine how public policy and economic conditions influ-
ence the adoption of digital technologies in agriculture.
Special attention was paid to perceptions of reforms
under the Ukraine Facility Plan 2024-2027 and the lev-
el of readiness of agricultural producers to adopt new
digital solutions. The results show that most respond-
ents view digitalisation not only as a tool to optimise
production but also as a driver of transparency, market
openness, and trust in state institutions. Participants

noted that the integration of digital registers and auto-
mated land management systems is a key prerequisite
for reducing corruption risks and improving the invest-
ment climate in agriculture.At the same time,the survey
revealed a significant gap between policy goals and the
practical capacity of certain regions to meet new digi-
tal requirements. Respondents emphasised the need for
additional investments in digital infrastructure, mod-
ernisation of IT solutions, capacity building, and mech-
anisms to support small and medium-sized producers.
Without adequate funding and coordination, digital re-
forms risk being implemented unevenly across regions.

The interaction between policy decisions and eco-
nomic framework conditions plays a crucial role in shap-
ing Ukraine’s digital agricultural ecosystem. Respond-
ents highlighted the importance of instruments such
as the State Agrarian Register, automated public land
monitoring systems, GIS-based land valuation tools,
and digital investment platforms. These are viewed as
fundamental mechanisms for transparent land govern-
ance and effective delivery of state support. The dia-
gram 1 illustrates the current state of digitalisation in
the Ukrainian agricultural sector based on survey data.
The results indicate that satellite or drone monitoring
is the most commonly used digital tool, applied by 37%
of respondents. This reflects a growing interest in preci-
sion agriculture technologies, which enable farmers to
optimise field management and increase productivity.
GIS and field mapping tools are used by 23% of partic-
ipants, showing that spatial data analysis is becoming
an increasingly important component of modern agri-
cultural practices (Fig. 1).

Satellite or drone monitoring [F R I T - 37%
GIS/field maps [ | 23%
E-document flow |- 18%
E-support platforms | 14%
None - 8%
0 10 20 30 40 50

Share of respondents (%)

Figure 1. Use of digital tools in Ukrainian agriculture

Source: developed by the authors

At the same time, 18% of respondents utilise elec-
tronic document flow systems, and 14% rely on various
e-support platforms, indicating steady progress toward
administrative and operational digitalisation. However,
8% of respondents still do not use any digital tools, high-
lighting existing gaps in access to technology, infrastruc-
ture, or knowledge. These findings confirm that while
the sector is undergoing digital transformation, its pace
and coverage remain uneven, underscoring the need for
supportive policies, capacity building, and investment in
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digital infrastructure. The chart illustrates the level of
trust in state digital systems among agricultural stake-
holders in Ukraine. The largest share of respondents
(46%) indicated that they partly trust these systems,
reflecting a generally positive but cautious attitude to-
ward state digitalisation efforts. Meanwhile, 22% of par-
ticipants reported that they fully trust state platforms,
which demonstrates a solid foundation of confidence
in existing digital services and their potential to sup-
port transparency, efficiency, and accountability (Fig. 2).
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Figure 2. Trust in state digital systems

Source: developed by the authors

However, 21% of respondents stated that they do
not trust state digital systems,and 11% found it hard to
say, highlighting persistent concerns about data secu-
rity, system reliability, and governance practices. These
results suggest that, while digital transformation in the
agricultural sector is progressing, strengthening trust
in state platforms remains a critical task. This will re-
quire not only technological improvements but also
greater institutional transparency, communication, and
user-oriented service design. The chart presents the
average priority ranking of key agricultural reforms in
Ukraine, based on respondents’ assessments. The two
highest priorities are EU policy alignment (average rank
2.0) and demining of land and water areas (2.3), reflect-
ing the urgent need to harmonise national agricultural
policies with EU standards and to address the large-
scale contamination of farmland caused by the war.The
functioning of the land market ranks third (2.5), under-
scoring its crucial role in ensuring transparent property
relations, investment attractiveness, and the efficient
use of agricultural resources.

Reforms related to investment governance
strengthening (3.5), irrigation development (3.8), and
improvements to the State Agrarian Register (4.2) are

EU policy alignment f= i
Land market functioning

Investment governance strengthening

State Agrarian Register improvement

recognised as strategically important but are per-
ceived as less urgent than land reform, EU integra-
tion, and demining efforts. This indicates that while
stakeholders acknowledge their relevance to the sec-
tor's long-term modernisation and competitiveness,
they view immediate priorities through the lens of
security, land access, and compliance with European
regulations. Such prioritisation reflects a practical
understanding of the current recovery context, where
addressing critical infrastructure and regulatory gaps
comes first. At the same time, these reforms play an es-
sential enabling role in ensuring sustainable growth.
Strengthening investment governance can create a
more predictable and transparent environment for
both domestic and international investors. Expanding
irrigation infrastructure is key to adapting to climate
challenges and improving productivity, particularly
in southern regions. Enhancing the functionality and
interoperability of the State Agrarian Register will
expand access to support programs and improve da-
ta-driven decision-making. Together, these reforms
form the backbone for deeper structural transforma-
tion, aligning Ukraine’s agricultural sector with EU
standards and ensuring long-term resilience (Fig. 3).
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Figure 3. Priority ranking of reforms

Source: developed by the authors
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The chart demonstrates respondents’ views on the
role of digitalisation in the successful implementation
of agricultural reforms in Ukraine. A clear majority con-
siders digitalisation essential: 37% of respondents view
it as important, while 35% see it as critically important.

Not important

Low importance

Moderately important

Critically important

This highlights a strong consensus that digital tools
and platforms are key to ensuring transparency, effi-
ciency, and accountability in reform processes, particu-
larly in land governance, resource management, and
policy implementation (Fig. 4).

50

Share of respondents (%)

Figure 4. Importance of digitalisation for reform implementation

Source: developed by the authors

Meanwhile, 18% of respondents rated digitali-
sation as moderately important, and only 10% con-
sidered it of low or no importance, indicating limited
skepticism toward the digital transformation agenda.
These results confirm that digitalisation is widely
perceived as a strategic driver of institutional change
in the agricultural sector, reinforcing its role as a
foundation for modernisation and integration with
EU standards. The chart highlights the key priority ar-
eas for digital transformation in Ukraine’s agricultural

Land resource management
Access to state support programs

Irrigation and water systems management

sector. The highest priority identified by respondents
is land resource management (29%), reflecting the
critical role of digital tools in ensuring transparent
and efficient use of land, improving cadastral data
systems, and supporting decision-making. The sec-
ond most important area is access to state support
programs (21%), which underscores the need for us-
er-friendly digital platforms that simplify administra-
tive procedures and improve the targeting of finan-
cial assistance (Fig. 5).
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Demining and land safety
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Market analytics and sales

Other '2%

0
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Figure 5. Priority areas for digitalisation in agriculture

Source: developed by the authors

Other notable priorities include production mon-
itoring using drones, satellites, and GIS technologies
(16%) and irrigation and water systems management
(14%), which are essential for optimising resource use
and climate adaptation. Meanwhile, demining and land
safety (10%) and market analytics and sales (8%) were
ranked lower but remain strategically significant for
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post-war recovery and market competitiveness. These
findings confirm that stakeholders view digitalisation
primarily as a tool for improving governance, efficien-
cy, and transparency in land and resource management.
Thus, the survey results confirm that the effectiveness
of digital transformation in Ukraine’s agricultural sector
directly depends on the quality of political decisions




and the economic mechanisms of their implementation.
Digitalisation is viewed not merely as a technological
upgrade but as a structural reform of sectoral govern-
ance. The combination of strategic decision-making, fi-
nancial resources, and institutional support can form
a resilient digital ecosystem, enhancing the competi-
tiveness of Ukrainian agriculture and accelerating its
integration into the European economic space.

The survey of farmers and agricultural producers
revealed that one of the key factors for effective dig-
ital transformation is the development of knowledge,
skills, and extension services. Most respondents em-
phasised that even with access to digital tools, practi-
cal training, peer learning, and expert support remain
essential. This indicates the need for systematic in-
stitutional development to ensure effective commu-
nication and knowledge exchange between the state,
businesses, research institutions, and producers. An
effective model to address this challenge could be
the Agricultural Knowledge and Innovation System.
This system enables collaboration among research in-
stitutions, advisory services, businesses, and farmers
to foster innovation and support the implementation
of digital solutions. AKIS not only provides practical
knowledge to producers but also helps disseminate
innovations through the integration of educational,
scientific,and governance tools. Within the implemen-
tation of state agricultural policy, AKIS can serve as an
institutional platform linking political objectives with
economic mechanisms. It can support small and medi-
um-sized producers, promote public-private partner-
ships, attract investment in digital infrastructure, and
expand extension services. In this way, digitalisation
becomes not only a technological shift but also a so-
cioeconomic transformation of the sector. The use of
AKIS will also support Ukraine’s alignment with the
EU’s Common Agricultural Policy and the European
Green Deal. It will help create a sustainable inno-
vation ecosystem based on digital solutions, ensure
transparent information exchange, and enable effec-
tive knowledge management. Ultimately, this will en-
hance the competitiveness of Ukraine’s agricultural
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of the post-war economic recovery and European in-
tegration process. The analysis of the Ukraine Facility
Plan 2024-2027 and related policy instruments con-
firmed that digitalisation serves as both an enabler
and a driver of institutional transparency, resource ef-
ficiency, and investment accessibility. Empirical results
revealed that Ukrainian agricultural producers show a
growing level of digital readiness, though the pace of
implementation remains uneven across regions and
enterprise types. Survey findings indicate that 37% of
respondents already use satellite or drone-based mon-
itoring, 23% apply GIS systems for land management,
18% employ electronic document management, 14%
rely on e-platforms for administrative procedures, while
8% still operate without digital tools. The perception
of governmental digital initiatives was moderately pos-
itive: 46% of respondents expressed partial trust and
22% full trust in state digital systems, while the re-
mainder noted the need for better data protection and
user training. Among the six priority reforms identified
under the Ukraine Facility Plan, the highest average
rankings were assigned to EU policy alignment (2.0),
land and water demining (2.3), and land market devel-
opment (2.5), reflecting a focus on security, regulatory
coherence, and economic resilience.

The integration of quantitative and qualitative
analyses confirmed a clear correlation between the
success of reforms and the adaptability of agricultur-
al producers to new digital standards. However, infra-
structural disparities, limited digital literacy, and insuf-
ficient institutional coordination continue to constrain
the full-scale implementation of digital solutions.
Strengthening advisory systems and expanding the
Agricultural Knowledge and Innovation System (AKIS)
network remain essential for achieving the long-term
goals of sustainable and inclusive agricultural growth.
Future research should focus on modelling regional
disparities in digital adoption, assessing cost-benefit
ratios of digital investments, and developing mecha-
nisms for synchronising digital platforms across all lev-
els of agricultural governance.

sector, strengthen its integration into the European ACKNOWLEDGEMENTS
market, and ensure sustainable development in the None.
face of global challenges.
FUNDING

CONCLUSIONS None.
The conducted study demonstrated that the digital
transformation of Ukraine’s agricultural sector is not CONFLICT OF INTEREST
merelyatechnological trend but a structuralcomponent  None.
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AHoTauis. MeToto gocnigpkeHHs 6yno 3'acyBaTu, SK NOAITUYHI Ta EKOHOMIYHI paMKOBi YMOBM BM/IMHYAN HA PO3BMTOK
i eekTUBHICTb LMdpoBOI TpaHchopMauii arpapHoro cektopy Ykpainu B mMexax nporpamu Ukraine Facility Plan
2024-2027.Y poboTi 3aCTOCOBAHO 3MillaHWI METOA0NOTIYHMUIA NiAXiA, WO NOEAHYE NONITUKO-HOPMATUBHUI aHani3
i3 CTPYKTYpPOBaHWM ONUTYBaHHAM 127 CinbCbKOrocnogapcbkiMx BUPOOHMKIB, NPeACTaBHMKIB OpPraHiB MicLLEBOrO
CaMOBPSIAYBAHHSA Ta EKCNEPTHUX CMNiNbHOT, NPOBEAEHUM Y OHNIaMH Ta odnariH dopmaTax y nepiod 3 TpaBHS Mo MnNeHb
2025 poky. KinbKicHi MeToan [,03BONUAN BUSBUTU BUMIPIOBAHI TEHAEHLi Y BUKOPUCTaHHI LMDPOBUX IHCTPYMEHTIB,
TOAI K SKICHWMIM KOHTEHT-aHanis AOMOMIr iHTepnpeTyBaTH iHCTUTYLIAHI Ta NOBEAIHKOBI YMHHMKM LudpoBi3aLii.
byno BcTtaHoBneHo, Wwo umdpoBa TpaHchopMaLis B arpapHin chepi BUCTYNAE CUCTEMHUM MEXaHI3MOM MiABULLEHHS
Npo30pOCTi, IHBECTULIMHOT eheKTUBHOCTI Ta iHTerpaLii O EBpONenCbKOro LMGpoBOro npoctopy. AHanis gepKaBHUX
crpateriv i nporpamu Ukraine Facility Plan nokasas, wo umdpoBisaLis iHTerpoBaHa y WicTb KNHOYOBUX pedopM:
Y3roZ)KeHHs nonituku 3 €C, pO3BUTOK PUHKY 3eMJTi, yNPaBAiHHSA iHBECTULISIMU, MOLEPHI3aLLIl0 arpapHOro peecTpy,
BAOCKOHANEHHS 3POLUEHHS T3 PO3MiHYBaHHS CiIbCbKOrOCNOAAPChKUX 3eMenb. Pe3ynsTaT onMTyBaHHSA 3acBiaunu,
Wwo 37 % arpoBUpOBOHUKIB yke BUKOPUCTOBYHOTb CYMYTHUKOBMI aB0 APOHOBUIA MOHITOPUHT, 23 % 3actocoBytoTb [1C-
TexHonorii, 18 % — enekTpoHHUI fLOKYMeHTOoO0bir, 14 % - umMdpoBi NnathopMu Ang agMiHiCTpaTUBHUX NpoLeayp,
a 8 % e He BNpPOBaAXYOTb LMGDPOBUX IHCTPYMEHTIB. PEUTUHI npiopuTeTHOCTI pedopM BUSBMB AOMiHYBAHHS
eBpoiHTerpauii (cepenHin panr 2,0), po3MiHyBaHHS (2,3) Ta pedopMu puHKY 3eMmni (2,5). IHTerpauia KinbKicHUX i
AKiCHWX pe3ynbTaTiB NiATBEpAMAA NPSIMUIA B3aEMO3B'I30K MiXK YCMiXOM LMdPpOBUX pedOopM i rOTOBHICTIO BUPOOHMKIB
[0 umbpoBmX iHHOBAULiN. NpaKTUYHA LiHHICTb 4OCNIAXEHHS NONATAE B MOXANBOCTI BUKOPUCTAHHS MOro pe3ynbratis
OopraHaMu [ep>aBHOi BnaAu, rany3eBMMM acoLiauisMM Ta HAayKOBMMM YCTaHOBaMW ON5 po3pobieHHs LinboBMX
cTpateriv po3BuTKY undpoBOi iHOPaACTPYKTYypH, NiABULLEHHS LMOPOBOI FPaMOTHOCTI Ta MPUCKOPEHHS CTanoro
NiCNSBOEHHOrO BIAHOB/IEHHS arpapHOro cektopy YKpaiHu

Kntouosi cnoBa: cvna; umdpoBa rotoBHICTb; arpapHi pedopMu; enekTpoHHe BpaAyBaHHS; iHHOBALIMHA NONITUKA;
NiCNSIBOEHHE BiJHOBMEHHS; EBPOIHTErpaLig; CTanui po3BUTOK
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Article’s History: Abstract. The aim of this study was to evaluate the effects of different primary tillage
Received: 06.04.2025 technologies and the application of biopreparations on the structural condition of
Revised:  05.09.2025 chernozem soils in sunflower cultivation. Understanding these effects is essential for
Accepted: 24.09.2025 optimising soil management practices and enhancing crop productivity. To achieve
this goal, the study employed a combination of field, laboratory, and statistical
methods. Field methods included the establishment of a stationary experiment using
a randomised block design. Laboratory analyses involved the determination of soil
particle-size fractions using the dry sieving method. Statistical analysis, specifically
analysis of variance, was applied to assess the significance of differences among
treatments.The results demonstrated that conventional plowing produced the highest
content of large aggregates (>10 mm) in the 0-30 cm soil layer (35.1%). Nevertheless,
this method was associated with a relatively low proportion of agronomically
valuable 5-3 mm fractions, thereby reducing structural stability against erosive
processes. In contrast, chisel subsoiling and deep non-inversion tillage reduced
the proportion of large clods while increasing the proportion of optimally sized
aggregates by 3.6-8.3% compared to the control. These improvements contributed
to a better soil water-air regime and created favorable conditions for sunflower
root development. The application of microbial biopreparations (Azotobacter,
Bacillus subtilis, Trichoderma, and a microbial consortium) further improved soil
structure by decreasing the proportion of oversised clods and enhancing the share
of agronomically valuable fractions 0.25-10 mm. The most pronounced effect was
recorded during the consortium treatment, which contributed to the formation of
a more homogeneous and stable lumpy-grained structure, where the number of
agronomically valuable aggregates was 81.5%. The practical significance of this
study lies in identifying effective tillage practices and the use of biopreparations to
improve the structural condition of typical chernozem under sunflower cultivation.
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The obtained results can be applied in production systems to preserve soil fertility, enhance water use efficiency,

and ensure the ecological stability of agroecosystems

Keywords: tillage systems; soil structural-aggregate composition; chernozem; agrophysical propertie; sunflower;

biologisation of agriculture

INTRODUCTION

Enhancing soil fertility is a key objective of modern ag-
riculture, as it directly affects the stability and efficiency
of crop production. One of the main indicators of soil
fertility is its structural status, which determines water
retention, aeration, and nutrient availability. In this con-
text, studying the effects of different tillage practices
and the application of biopreparations on soil structure
is particularly relevant.X.Meng et al. (2024) emphasised
that reduced-tillage technologies decrease mechanical
impact on the soil and ensure a more stable structur-
al condition, positively affecting the soil water regime
and the development of crop root systems. Convention-
al tillage practices, such as moldboard ploughing, can
lead to a reduction in soil aggregates, particularly in
the upper soil layer. Specifically, W. Paye et al. (2024)
reported a decrease in the content of 0.25-10 mm ag-
gregates following ploughing to a depth of 25-27 cm.In
contrast, the use of alternative tillage methods, such as
chisel subsoiling, can positively influence soil structure
preservation. For instance, C. Smith and P. Chalk (2021)
observed an increase in aggregate content when apply-
ing chisel tillage to a depth of 30 cm.Among Ukrainian
researchers, O. Poliakov et al. (2021) analysed energy
efficiency and the impact on soil structure under pri-
mary tillage technologies in the southern regions of
Ukraine. International studies also emphasise the im-
portance of integrating tillage technologies with bio-
logical approaches.A.Sher et al. (2021) investigated the
combined effects of tillage and drought stress on sun-
flower productivity, showing that minimal tillage sup-
ports better morphophysiological traits compared to
conventional tillage under arid conditions. M. Mokgo-
lo et al. (2024) reported that the application of organic
fertilizers in combination with different tillage systems
enhances sunflower yield, indicating a synergistic effect
between agrotechnology’s and organic inputs. M. Nan-
kova and N. Nenova (2023) noted that soil compaction
under minimal tillage reduces leaf area, plant height,
and yield, confirming the close relationship between
soil structure and crop productivity.

Recently, there has been growing interest in the use
of biopreparations, particularly plant-associated micro-
organisms, which can mitigate the negative effects of
abiotic stresses and indirectly influence soil structural
condition. Soil bacteria belonging to the PGPR (plant
growth-promoting rhizobacteria) group produce phy-
tohormones and secondary metabolites that stimu-
late root system development, improve the water re-
gime in the rhizosphere, and promote the formation of

organo-mineral bonds. These processes, in turn, acti-
vate mechanisms that stabilise soil aggregates, directly
affecting the structural condition of chernozem soils
in sunflower (Helianthus annuus L.) cultivation. R. Sam-
mauria et al. (2020) reported that the application of
microbial biopreparations capable of fixing atmos-
pheric nitrogen, mobilising phosphorus and potassium,
producing phytohormones, and stimulating root system
development promotes an increase in water-stable ag-
gregates, reduces soil bulk density, and improves field
water-holding capacity. P. Yadav et al. (2024) confirmed
that the use of biopreparations enhances soil struc-
tural stability and ensures more efficient water reten-
tion, which is critical for root system development and
the resilience of soil structure. M. Janmohammadi and
N. Sabaghnia (2023) demonstrated that combining bio-
preparation application with conservation tillage tech-
nologies in sunflower crops significantly improves both
soil structural properties and crop yield, highlighting
the synergistic effect between biologisation and opti-
misation of agronomic practices.

Regarding biopreparations, recent studies in
Ukrainian agricultural practice demonstrate their po-
tential to improve soil properties. In particular, I. Ne-
pran et al. (2021) analysed the effectiveness of bio-
logically active substances on soil structure, showing
that the application of humic preparations and micro-
bial inoculants stimulates microbial development and
positively affects aggregate composition. Research by
Ye. Yurkevych et al. (2023) demonstrated that the use
of the Groundfix preparation enhances crop productiv-
ity under different application methods. Additionally,
C. Zhang et al. (2023) reported that the application of
biopreparations can promote the formation of more sta-
ble soil aggregates,improving both soil structure and its
water-physical properties. Despite these contributions,
the combined effects of specific tillage methods (mold-
board, chisel, non-inversion, and disk) together with bi-
opreparation application on the structural condition of
chernozem under sunflower cultivation in the Left-Bank
Forest-Steppe of Ukraine remain insufficiently studied.

Sunflower occupies a leading position among oil-
seed crops both globally and in Ukraine; however, the
stability of its yield largely depends on the structural
condition of the soil. Optimisation of tillage systems
and the application of biopreparations represent prom-
ising strategies for increasing the efficiency of sun-
flower production, particularly under conditions of cli-
mate change and growing demand for environmentally
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sustainable agriculture. Therefore, the integration of
microbial biopreparations with soil-conserving tillage
systems provides a promising approach for increasing
agroecosystem resilience and improving the structural
condition of chernozem soils in sunflower cultivation,
supporting the rationale for an integrated management
strategy in modern agriculture. Thus, the aim of this
study was to determine the impact of selected primary
tillage methods and biopreparations on the formation
of the aggregate structure of typical chernozem in sun-
flower (Helianthus annuus L.) cultivation.

MATERIALS AND METHODS

The study was conducted in 2023-2024 at the
Dokuchaevske experimental field of the State Bio-
technological University, located in the Left-Bank For-
est-Steppe zone of Ukraine. According to data from
the Kharkiv National Agrarian University meteoro-
logical station, during the sunflower growing season
(May-September) in 2023-2024, total precipitation
amounted to 373.1 mm, and the average air temper-
ature was 19.0 °C. The soil cover of the experimental
field is represented by typical chernozem heavy loam
on loess-like loam (Chernozem Haplic). This soil is
characterised by good physical and mechanical, agro-
chemical, and some chemical properties, fairly high
reserves of nutrients available to plants, high humus
content, and intensive biological activity. The arable
layer of the soil (0-30 cm) contains humus (accord-
ing to Tyurin (DSTU 7828:2015, 2016)) - 4.9-5.1%,
easily hydrolyzable nitrogen (according to Kornfield
(DSTU 7863:2015, 2016)) - 81 mg/kg of soil, mobile
forms of phosphorus and potassium (according to Chirik-
ov (DSTU 4115:2002, 2003)) - 100 and 200 mg/kg of
soil. Content of exchangeable cations: calcium - 37.8%,
magnesium - 6.6%, sodium - 0.49%, potassium - 0.5%,
hydrogen - 21 mg-equiv./kg soil. The soil reaction - pH:
aqueous - 7.0, salt - 5.2-5.6. The experimental plots
were arranged using a systematic method with four
replicates. The size of the observation plot was 50 m2.

Experiment A - primary tillage methods:

1. Ploughing with PLN-4-35 at 25-27 cm (control).

2. Chisel local tillage by PC-2.5 at 33-35 cm.

3.Non-moldboard tillage with PRN-31000 at 33-
35 cm.

4. Disking by BDM-2.5 at 10-12 cm.

Experiment B — microbial biopreparations:

1. Control (without entry)

2. Azotobacter

3. Bacillus subtilis

4. Trichoderma

5.Microbial consortium (Azotobacter + Bacillus
subtilis + Trichoderma).

The study on the effect of biopreparations was
conducted under the background of moldboard plow-
ing (PLN-4-35) to a depth of 25-27 cm. The plot area
was 30 m?, with an accounting area of 10 m2. A total of
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20 plots (five treatments with four replications) were
established, covering a total area of 600 m2. The ex-
periment with biopreparations was analysed as an in-
dependent single-factor trial in the statistical analysis.
The plots were arranged systematically. Effect of bio-
preparations on soil structure in sunflower Limagrain
LG 59580 crops was studied in a randomised block de-
sign with four replications. Seed inoculation was per-
formed using four microbial preparations: Azotobacter
chroococcum (strain AC-10, Collection N2 IMV B-7075) -
nitrogen-fixing agent; Bacillus subtilis (strain BS-26,
IMV B-7324) - phosphate-mobilising bacterium; Tricho-
derma harzianum (strain TH-17, IMV B-7162) - fungal
antagonist; a consortium of the above strains in equal
proportions. The preparations were applied as liquid
suspensions with a concentration of 1x10° CFU/mL.
Sterile water with 0.5% humic substances was used as
a carrier and natural adhesive. Seeds were sprayed with
the suspension 24 hours before sowing at a rate of 10
mL per 1 kg of seed (=1x10® CFU per seed). The inocu-
lation was performed at 20 £2°C and relative humidity
of 60-70%. Treated seeds were air-dried and stored un-
der ventilated conditions at €15°C until sowing. In the
consortium treatment, the ratio of Azotobacter:Bacil-
lus:Trichoderma was 1:1:1 in terms of viable cell count.
All treatments were applied only under the ploughing
background, without additional soil inoculation.

The experimental agrobackground was uniform
across treatments: previous crop — winter wheat; min-
eral fertilisation - Ng,P, K, kg/ha a.i.; herbicide re-
gime - application of “Euro-Lightning”at 1.0 l/ha in the
3-4 leaf stage. Soil structural-aggregate composition
was determined using the sieving method modified
by N.I. Savvinov with the definition of the main frac-
tions of structural aggregates: lumpy (size >10 mm),
agronomically valuable (10-0.25 mm) and dusty frac-
tions (<0.25 mm) (DSTU 4744:2007, 2008). This meth-
od assesses the granulometric composition of soil ag-
gregates by passing soil samples through a series of
sieves with different mesh sizes. The material retained
on each sieve was weighed, and the percentage of each
fraction was calculated, allowing the classification of
soil aggregates by size. The statistical assessment of
the reliability of the differences in the measurement
results was carried out using the least significant dif-
ference (LSD, ) by comparing the calculated Fisher cri-
terion with the theoretical one.

RESULTS AND DISCUSSION

The analysis of soil structural condition revealed signif-
icant differences in aggregate distribution depending
on the tillage method. In the upper 0-10 cm soil layer,
the control treatment (ploughing) exhibited the high-
est proportion of aggregates >10 mm at 42.4%, which
is 1.3-20.6% higher than in the other treatments (Ta-
ble 1), indicating a lower degree of aggregate fragmen-
tation under conventional plowing. Chisel local tillage




reduced the proportion of large clods to 36.3%, while
non-inversion tillage further decreased it to 21.8%, re-
flecting more intensive breakdown of large aggregates
and the formation of a more uniform structure. The
highest content of the agronomically valuable 5-3 mm

Shevchenko & Dehtiarova

fraction was observed under non-inversion tillage
(18.7%), which is 10% higher than in the control. Disk-
ing maintained a high proportion of large aggregates
>10 mm (41.1%), similar to ploughing, but exhibited a
lower content of fine fractions (<1 mm).

Table 1. Effect of different tillage practices on soil aggregate content

Content of macroaggregate fractions, %; by diameter, mm

Soil layer, cm

>10 10-7 7-5 3-2 2-1 1-0,5 0,5-0,25
Ploughing with PLN-4-35 at 25-27 cm (control)
0-10 424 11.2 8.0 8.2 11.3 31 4.5
10-20 379 8.4 10.7 12.3 9.2 10.8 3.7 4.3
20-30 25.1 10.4 11.9 18.0 15.7 109 2.5 4.0
0-30 35.1 10.0 10.2 13.0 11.0 11.0 3.1 4.3
Chisel local tillage by PC-2.5 at 33-35 cm
0-10 36.3 9.3 10.4 14.7 10.1 12.3 2.1 29
10-20 30.4 11.7 124 19.3 12.7 9.1 1.6 1.8
20-30 28.6 10.8 11.0 15.8 11.2 139 2.8 3.6
0-30 31.8 10.6 11.3 16.6 11.3 11.8 2.2 2.8
Non-moldboard tillage with PRN-31000 at 33-35 cm
0-10 21.8 11.8 10.0 18.7 16.1 14.7 23 29
10-20 25.9 147 16.6 226 10.7 73 0.9 0.8
20-30 17.2 16.9 20.3 22.6 10.8 8.3 14 14
0-30 21.6 145 15.6 21.3 12.5 10.1 1.5 1.7
Disking by BDM-2.5 at 10-12 cm
0-10 41.1 9.4 9.0 12.8 10.6 10.6 1.9 2.7
10-20 19.8 18.2 20.9 20.6 8.5 83 13 1.5
20-30 37.3 253 15.9 11.7 44 3.6 0.7 0.6
0-30 32.7 17.6 15.3 15.0 79 7.5 13 1.6

Source: developed by the authors

More pronounced changes in soil aggregate com-
position were observed in the 10-20 cm layer under
different tillage practices. In the control treatment, the
proportion of aggregates >10 mm was 37.9%, where-
as it decreased to 25.9% under non-inversion tillage
and to 19.8% under disking. In the disking variant,
there was a notable increase in the 10-7 mm (18.2%)
and 7-5 mm (20.9%) fractions, indicating active frag-
mentation of structural units in this layer. Chisel local
tillage was characterised by an increased content of the
5-3 mm fraction (19.3%), which is 7% higher than in the
control. Under non-inversion tillage, the same fraction
reached 22.6%, exceeding the control by 10.3%. The
results obtained demonstrate that soil tillage systems
exert a decisive influence on the structural organisa-
tion of the plough layer, particularly in the 20-30 cm
horizon. The prevalence of large aggregates (>10 mm)
under conventional ploughing indicates the formation
of compacted clods, a characteristic feature of inver-
sion tillage, which restricts root penetration and reduc-
es soil porosity. Similar conclusions were reported by
V.Steponaviciené et al. (2023), who found that ploughed
Chernozem soils exhibited increased bulk density and
limited aeration compared with non-inversion tillage.

In contrast, the high proportion of 7-5 mm and
5-3 mm aggregates under non-moldboard tillage sug-
gests the development of a more stable and uniform
aggregate structure across the profile.B. Liu et al. (2024)
confirmed that conservation tillage enhances the conti-
nuity of soil pore space and promotes aggregate binding
through organic carbon stabilisation. The dominance of
intermediate fractions under non-inversion systems
can thus be attributed to minimal mechanical distur-
bance combined with the preservation of biological
activity, particularly fungal hyphae and bacterial exu-
dates that act as natural aggregating agents. Moreover,
A.Vasilchenko et al. (2023) demonstrated that reduced
tillage fosters greater microbial biomass and enzymatic
activity in deeper horizons, which supports the stabili-
sation of soil aggregates through polysaccharide and
glomalin accumulation.The trend observed in this study
aligns with the findings of P. Wojewodzki et al. (2024),
who emphasised that non-inversion tillage increases
macroaggregate stability by maintaining higher levels
of labile organic matter and hyphal networks. Disking,
despite increasing the 10-7 mm fraction, resulted in un-
even aggregate distribution, implying that shallow me-
chanical treatment fails to improve structural integrity
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in deeper horizons. J. Pohlitz et al. (2022) noted similar
effects in light-textured soils, where surface disking im-
proved only the upper layer while leaving subsurface
layers compacted. Consequently, the present results
confirm that conservation and non-moldboard sys-
tems are more effective for maintaining the structural
stability of typical chernozem soils than conventional
ploughing or shallow disking.

The obtained results demonstrated that ploughing
with the PLN-4-35 maintained a predominance of large
aggregates (>10 mm) throughout the 0-30 cm layer, re-
flecting the typical cloddy structure of conventionally
inverted soil. This phenomenon is associated with in-
tensive mechanical disturbance and insufficient disinte-
gration of the lower horizons. E. Tobia3ova et al. (2023)
also reported that conventional moldboard systems
tend to produce a high share of large, unstable clods in
chernozem soils, reducing structural uniformity and ag-
gregate stability. In their study on maize-sunflower ro-
tations, the proportion of aggregates >10 mm exceeded
40%, which is consistent with the present findings. In
contrast, the current experiment showed that chisel
and non-moldboard tillage promoted the formation of
medium-sized aggregates (7-3 mm), contributing to a
more favorable soil structure. V. Lozanova and I. Dim-
itrov (2021) found that chisel loosening at 30-35 cm
improved water infiltration by 15% and increased the
share of stable aggregates within the 5-3 mm range
compared with ploughing. Likewise,L.Wang et al. (2023)
observed that non-inversion tillage maintained higher
aggregate stability in dry continental climates due to
reduced mechanical disruption and better root-soil in-
teractions. These trends correspond well with the pres-
ent study, where non-moldboard tillage resulted in a
4.6% higher content of 5-3 mm aggregates than under
ploughing, suggesting enhanced structural uniformity
in the 20-30 cm horizon.

Disking to 10-12 cm produced a markedly different
pattern. In this treatment, the upper layers (0-10 cm)
contained a higher proportion of agronomically valua-
ble aggregates (0.25-10 mm), whereas the deeper lay-
ers showed structural degradation. Similar outcomes
were described by T. Das et al. (2021), who noted that
shallow disking tends to over-pulverise surface soil
while leaving compacted subsurface layers. M. Ram-
adhan (2021) also confirmed that excessive fragmen-
tation of the topsoil under disking leads to unstable
aggregate formation and increased erosion risk. The
current results support these observations, demon-
strating a decline in structural quality with depth un-
der disking. The structural coefficient obtained in the
present research ranged from 1.3 to 1.6 in the top
0-10 cm layer under ploughing and disking, indicating
a satisfactory but not optimal structure. M. Voitovyk et
al. (2024) in long-term experiments at Bila Tserkva Na-
tional Agrarian University similarly found that different
tillage methods significantly influence soil aggregation
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dynamics in sunflower agroecosystems. Their results
revealed that both ploughing and deep non-moldboard
tillage increased the proportion of agronomically val-
uable aggregates (0.25-10 mm) by approximately 6%
at the beginning of the vegetation period, followed by
a decline by harvest time due to structural re-compac-
tion. This pattern mirrors the findings of the current
study. The increased content of >10 mm and <0.25 mm
fractions at the end of the growing season may indicate
partial degradation of aggregate stability under repeat-
ed mechanical and environmental impacts. Overall, the
comparison of results confirms that moderate loosen-
ing without inversion, combined with controlled me-
chanical load, ensures optimal aggregate distribution
and water stability in typical chernozem soils. These
structural improvements can create favorable condi-
tions for sunflower root growth and moisture retention,
thereby supporting sustainable soil management and
long-term productivity.

The study revealed significant differences in the
content of agronomically valuable aggregates sized
10-0.25 mm depending on the primary tillage system
(Fig.1).In the plowing treatment (control), the total pro-
portion of these aggregates in the 0-30 cm layer was
62.6%. Under chisel tillage, a notable increase was ob-
served, with the content of 0.25-10 mm aggregates av-
eraging 4.0% higher than the control, indicating a more
balanced structural condition of the arable layer. Deep
non-moldboard tillage had the most favorable effect
on aggregate formation across all soil layers, with the
mean proportion reaching 77.2%, which exceeded the
control by 14.6%. The greatest increases were recorded
in the 0-10 cm surface layer (76.5%) and the 20-30 cm
layer (81.7%). These results confirm the effectiveness
of this tillage practice in increasing the share of aggre-
gates optimal for soil physical properties, thereby im-
proving water infiltration, aeration, and creating favora-
ble conditions for sunflower root system development.

In the disking variant, soil structure was character-
ised by high variability. On average, aggregates in the
0.25-10 mm range accounted for 66.2%, a proportion
comparable to that observed under chisel local tillage
but with more pronounced differences between soil
layers. In the 10-20 cm soil layer, the share of these ag-
gregates increased to 79.3%, whereas in the 20-30 cm
soil layer it sharply decreased to 62.2%. This pattern
indicates structural heterogeneity and greater suscepti-
bility of aggregates to breakdown in deeper soil layers.
To assess the statistical significance of the differences,
an approximate least significant difference (LSD,) was
used: 0-10 cm - 6.3, 10-20 cm - 7.0, 20-30 cm - 7.2,
0-30 cm - 6.8. The differences between the non-in-
version tillage (PRN-31000) and plowing (PLN-4-35)
exceeded the LSD in all layers, indicating their statis-
tical significance within the experiment. Differences
between chisel and disk tillage were less pronounced
and, in some cases, did not exceed the LSD.
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Figure 1. The content of agronomically valuable aggregates with a size of 0.25-10 mm, %

Source: developed by the authors

The results corroborate findings by I|. Engell et
al. (2022) and G. Kovacs et al. (2023), who reported
that conservation and non-inversion tillage maintain
better aggregate stability and organic matter retention
compared with conventional ploughing. Thus, the use
of non-moldboard tillage in sunflower cultivation pro-
vides measurable improvements in the structural con-
dition of typical chernozem soils. The obtained results
demonstrate that different tillage systems substantially
affect the proportion of agronomically valuable aggre-
gates (0.25-10 mm), reflecting their influence on the
physical and structural state of the chernozem. The
higher proportion of such aggregates under non-mold-
board tillage suggests improved soil aggregation and
stability, which are critical indicators of soil quality and
resilience to degradation. Similar outcomes were re-
ported by Y. Kravchenko et al. (2022), who found that
non-inversion tillage promoted the accumulation of
medium-sized aggregates and enhanced aggregate-as-
sociated organic carbon in loamy chernozems. The au-
thors explained this by reduced mechanical disturbance
and greater microbial activity in the rhizosphere, which
facilitated the cementation of particles into stable
structural units. According to M. Malobane et al. (2021),
chisel and strip tillage systems increase the proportion
of water-stable macroaggregates compared to conven-
tional ploughing by 8-15%, owing to the conservation
of crop residues and improved pore connectivity. The
moderate rise in aggregates of 0.25-10 mm observed
in this experiment under chisel tillage (by 4.0% rela-
tive to control) corresponds well with their conclusions,
confirming that partial soil loosening without inversion
supports aggregate regeneration while maintaining
aeration and moisture balance.

The pronounced improvement in aggregate for-
mation under deep non-moldboard tillage aligns with
findings by C. Wortmann and Y. Dang (2020), who ob-
served enhanced aggregate stability and porosity in
deep-loosened chernozem horizons due to reduced

plow pan formation and increased biological aggrega-
tion. This indicates that loosening without soil turnover
fosters a gradual reconstruction of natural structural ho-
rizons, which in the following study resulted in a 14.6%
higher content of agronomically valuable aggregates
compared to plowing. However, E. Farahani et al. (2022)
reported that in some coarse-textured soils, excessive
loosening can lead to temporary structural instability if
organic matter is insufficient to sustain aggregate co-
hesion. This observation partly explains the variability
seen in disking treatment in this article, where struc-
tural heterogeneity was apparent — especially the sharp
decline of aggregates in the 20-30 cm layer - indicating
the limited efficiency of shallow disk tillage for deeper
profile improvement. The obtained patterns are consist-
ent with the conclusions of A. Alinejadian-Bidabadi et
al. (2021), who emphasised that soil aggregation is a
dynamic process strongly governed by tillage intensity,
residue management, and microbial activity. According
to these authors, stable aggregates of 0.25-10 mm rep-
resent the optimal structural class for balancing aer-
ation, water infiltration, and mechanical strength-pa-
rameters that determine the effective rooting of crops
such as sunflower (Helianthus annuus L.). Thus, the in-
crease in this fraction under non-inversion and chisel
tillage in the following experiment indicates not only
enhanced soil physical quality but also the potential
for improved root development and vyield stability.

The application of biopreparations had a distinct
effect on the distribution of soil aggregate fractions
in the 0-30 cm layer compared to the control. In the
control treatment, the proportion of agronomically
valuable aggregates (10-0.25 mm) averaged 62.6%,
with a relatively high share of large clods (>10 mm,
25.0%) (Fig. 2). To assess the statistical significance of
the differences, an approximate least significant differ-
ence (LSD) of 7.9% was applied. Considering this LSD,
none of the treatments exceeded it relative to the con-
trol, indicating that the increase in the proportion of
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agronomically valuable aggregates was not statistically
significant within the experiment. However, a tendency
toward improved soil structure was observed with the
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78.0 1
76.0 1
74.0 T
72.0 1
70.0 -

units, %

75.0

Contents of the

application of Bacillus subtilis, Trichoderma, and a mi-
crobial consortium, which may have practical relevance
with long-term use.

H Control
81.5
Azotobacter
M Bacillus subtilis
M Trichoderma

Consortium

Agronomically valuable aggregates with a size of 0,25-10 mm

Figure 2. Effect of biopreparation application on soil structural condition in sunflower crops in the 0-30 cm layer

Source: developed by the authors

The obtained results clearly demonstrate that mi-
crobial inoculation modifies the soil’s aggregate-size
distribution by shifting it toward a finer and more sta-
ble structural state. Similar structural transformations
were reported by B. Liu et al. (2024), who found that in-
oculation with Azotobacter chroococcum increased the
proportion of microaggregates (2-1 mm) and enhanced
soil aggregate stability through the accumulation of
extracellular polysaccharides that cement mineral par-
ticles together. This agrees with the following findings,
where Azotobacter inoculation increased the share of
1-2 mm aggregate to 17.5% compared to the control,
indicating active biogenic aggregation processes. Ac-
cording to A. Ortiz and E. Sansinenea (2022), Bacillus
subtilis strains secrete organic acids and biofilms that
bind soil particles and stabilise medium-size fractions,
particularly in the 3-5 mm range. A similar mechanism
likely operated in the experiment in this article, where
the 5-3 mm and 2-1 mm fraction under Bacillus subtilis
treatment rose to 16.0% and 18.2%, respectively, sug-
gesting enhanced formation of agronomically valuable
aggregates.

The stronger effect observed under Trichoderma
and microbial consortium treatments aligns with the
conclusions of V. Bolokhovsky et al. (2024), who demon-
strated that multi-strain inoculants based on Trichoder-
ma harzianum intensify soil aggregation by stimulating
fungal hyphal growth and increasing glomalin-related
soil proteins. These biopolymers act as natural “glues,”
stabilising fine and medium-sized aggregates while re-
ducing the presence of large clods. In this study, this
mechanism was reflected in a decrease of large aggre-
gates to 18.5-19.0% and an increase of 5-3 mm and
2-1 mm fraction up to 17.2-19.6%, indicating the devel-
opment of a more uniform cloddy-granular structure.
Comparable observations were made by A. Ansabaye-
va et al. (2025), who reported that integrated biofor-
mulations containing Azotobacter, Bacillus, and Tricho-
derma enhanced soil porosity, aeration, and moisture
retention by promoting the aggregation of soil parti-
cles into stable structural units. The results if this ar-
ticle confirm these conclusions, showing a consistent
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transition from a course, cloddy structure toward a
finely aggregated one, which supports improved water
infiltration and sunflower root growth. Thus, microbial
inoculation, particularly using multifunctional consor-
tia, can be regarded as a promising biotechnological
tool for improving soil physical quality and structural
resilience.

CONCLUSIONS

The study results demonstrated that primary tillage
technology significantly influences the formation of
soil structure in sunflower (Helianthus annuus L.) culti-
vation. Conventional moldboard plowing (PLN-4-35 at
25-27 cm) produced the highest proportion of large ag-
gregates (>10 mm) in the 0-30 cm layer (35.1%), but this
was accompanied by a lower content of agronomically
valuable 5-3 mm fractions, which may reduce structural
resistance to water erosion. Chisel subsoiling (PC-2.5 at
33-35 cm) and deep non-inversion tillage (PRN-31000
at 33-35 cm) reduced the proportion of large clods and
increased the 5-3 mm fraction by 3.6-8.3% compared to
the control, creating more favorable conditions for root
growth and water infiltration. Disking (BDM-2.5 at 10-
12 cm) increased the proportion of medium aggregates
(10-5 mm) in the upper horizon but showed limited
effect on deeper layers, which may limit its long-term
effectiveness.

Based on statistical assessment using the least sig-
nificant difference (LSD,;), deep non-inversion tillage
(PRN-31000) significantly improved the overall pro-
portion of agronomically valuable aggregates in the
0-30 cm layer (77.2%) compared to conventional plow-
ing - 62.6%, whereas differences between chisel and
disking treatments were less pronounced and mostly
did not exceed the LSD threshold - 6.3-7.2%, indicat-
ing non-significant effects. The application of microbial
biopreparations contributed to improving soil struc-
tural status in sunflower crops. Their use led to a re-
duction in oversised aggregates (>10 mm) and a simul-
taneous increase in agronomically valuable fractions
(0.25-10 mm), particularly in the 5-3 mm and 2-1 mm
range.Among the treatments, the microbial consortium




exhibited the most pronounced effect, yielding the
highest proportion of optimally sized aggregates
(81.5%) and promoting a more homogeneous and sta-
ble granular-cloddy structure. However, LSD,, analy-
sis (7.9%) indicated that differences from the control
were not statistically significant, suggesting that while
trends were positive, further research is required to
confirm significance.

In summary, deep non-inversion and chisel till-
age were the most effective mechanical methods for
maintaining chernozem fertility and promoting a stable
cloddy structure under the experimental conditions.The
integration of microbial biopreparations can enhance
soil porosity, water infiltration, and aeration, creating

Shevchenko & Dehtiarova

particular attention to microbiological processes with-
in different structural fractions and their role in stabi-
lising soil organic matter.
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BnamB cnoco6iB 06po6iTKy FpyHTY Ta 6ionpenapaTiB Ha CTPYKTYPHUIA CTaH FPYHTY
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AHoTauif. MeTa foCnimKeHHs nonsrana y BU3HAYeHHI BNAMBY Pi3HUX TEXHOMOTNIM OCHOBHOro 06pobiTKy FpyHTY Ta
3aCToCcyBaHHs bionpenapariB Ha CTPYKTYPHMIA CTaH YOPHO3EMY Y MOCiBaX COHALWHMKY.Y AOCNiAXEHHI OyNM BUKOPUCTaHI
Taki MeToAu: NMOMbOBWIA (3aKkafka CTaLiOHApHOro AOC/IAY 32 CXeMOK peHAoMi3oBaHMX 6nokiB), nabopaTopHuit
(BM3HaYeHHs dpakLiMHOrO CKnagy rpyHTY METOAOM CyXOro MpoOCitOBaHHS), CTaTUCTUYHUIA (AMCNEPCIMHUI aHani3
0N OLiHKM OOCTOBIPHOCTI pi3HMUb MiXK BapiaHTamu). OTpUMaHi pe3ynsTaTi MoKasanu, Wo TpajguuiiHa opaHKa
3abe3neyye HaMBULLMI BMiCT Benukux arperatis (>10 mm) y wapi 0-30 cM (35,1 %), npoTe xapakTepu3yeTbCs BifHOCHO
HW3bKMM BMICTOM arpoHOMIYHO LiHHMX DpaKLUii 5-3 MM, WO 3MEHLIYE CTIMKICTb CTPYKTYPU 4O BMNIMBY €PO3iMHUX
npoLieciB. Yn3enbHuit NOKanbHMIM Ta 6e3nonunueBuii Mmnboki 06poBITKM CNPUANN 3HUKEHHIO YAaCTKMU BEUKUX FPYLOK
i NiABMLLEHHIO BMICTY ONTMMalbHMUX 33 PO3MipOM arperaTiB Ha 3,6-8,3 % y NOpiBHSHHI 3 KOHTpOEM, Wo 3abe3nevye
KpaLL1in BOAHO-MOBITPSHWUI PEXUM | CNPUSTANBI YMOBU A5 PO3BUTKY KOPEHEBOI CUCTEMU COHSILLHMKY. 3aCTOCYBAHHS
MikpobHKMX HGionpenapaTiB CNPUSAN0 NOAANbLIOMY MOKPALLEHHIO CTPYKTYPU FPYHTY 3@ PaxyHOK 3MEHLIEHHS YacTKK
H6punmctnx dpakui Ta 36inblEHHS YacTKM arpoHOMIYHO LiHHMX po3mipoM 0,25-10 mMm. Haiibinbw BupaxeHwui
edekT 6yno 3adikcoBaHo nNpu 06pobLi KOHCOPLiYMOM, WO cnpusno GopMyBaHHK Bifbll ofHOPiAHOI Ta cTabinbHOI
rPYAKYBATO-3€PHUCTOI CTPYKTYPU, i€ KiNbKiCTb arpOHOMIYHO LiHHMX arperaTiB cknana 81,5 %. MpakTnyHa LiHHICTb
pob0TU NONsrae y BM3HAYEHHI edEeKTUBHWMX NPUItOMIB 0OpOBITKY IPyHTY Ta 3aCToCyBaHHsA bGionpenapaTiB Ans
NONIMNWEeHHS CTPYKTYPHOrO CTaHy YOPHO3€eMy TUMOBOrO B MOCiBax COHAWHWMKY. OTpuMaHi pe3ynstatu MoxyTb ByTu
BMKOPWUCTaHI y BUPOOHMUYMX YMOBaX AN5 36epeXeHHs POAKYOCTI I'PYHTIB, NiABULLEHHS ePeKTUBHOCTI BUKOPUCTAHHS
BOJIOTM Ta 3a6e3neyYeHHs eKONOriYHOT CTIMKOCTI arpoeKocucTem

KniouoBi cnoBa: cucteMu OCHOBHOrO 06poBITKY; CTPYKTYPHO-arperaTHUM CKNag rpyHTY; YOpHO3eM; arpodi3nyHi
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Article’s History: Abstract. The study aimed to assess the composition and mensurational characteristics
Received: 29.05.2025 of near-native and secondary forest stands, compare their mean annual increment with
Revised:  03.09.2025 native references, and clarify natural productivity patterns across site conditions. The
Accepted: 24.09.2025 analysis was based on forest inventory data combined with geoinformation resources.
Productivity was assessed by comparing mean increment values and ranking natural
productivity scores. The average species composition of compositionally near-native
modal stands differed from that of the reference native stands across most forest-
site types. In poor and fairly poor site conditions, a higher share of silver birch (Betula
pendula Roth) was observed; in fairly rich site conditions, higher proportions of birch
(B. pendula) and European hornbeam (Carpinus betulus L.); and in rich site conditions,
a suite of native hard- and soft-broadleaved species. Secondary stands showed the
following patterns: in poor site conditions they were dominated by jack pine (Pinus
banksiana Lamb.) and birch (B. pendula); in fairly poor and fairly rich site conditions by
birch (B. pendula); and in rich site conditions by hornbeam (C. betulus), northern red oak
(Quercus rubra L.),Scots pine (Pinus sylvestris L.),black alder (Alnus glutinosa (L.) Gaertn.),
and birch (B. pendula). The mean increment of modal Scots pine stands exceeded native
references by 17-58% in poor site conditions and by 2-48% in fairly poor site conditions,
depending on the soil moisture regime, whereas in fairly rich site conditions, modal
stands close in composition to native forests fell short by 19-37%, while in rich site
conditions the increments were similar. In the most widespread site types in poor, fairly
poor, and fairly rich site conditions, modal native stands were more productive than
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secondary ones; in rich site conditions, however, secondary stands prevailed by 13-16%. The productivity scores
of modal stands differed substantially from those of the native reference scales: they were higher in poor and
fairly poor site conditions but lower in rich site conditions. The highest natural productivity scores of secondary
stands were recorded in fresh and moist rich site conditions and in fresh fairly poor site conditions. The obtained
results provided a scientific basis for refining the scales of natural productivity and for typology-based planning

of silvicultural measures

Keywords: forest site conditions; mean annual increment; tree species composition; secondary forest stand;

native reference stands; productivity assessment scale

INTRODUCTION

The assessment of forest productivity in relation to
stand composition and site conditions has acquired
growing importance in light of climate change and the
intensification of forest use. The productivity of native
and secondary forest stands is a key indicator of ecosys-
tem stability, carbon sequestration, and the efficiency
of forest management strategies. In Ukrainian Polis-
sia, where natural and post-disturbance stands coexist
across diverse forest-site conditions, understanding
how species composition and stand origin influence
productivity remains a priority for sustainable forest-
ry planning. The research of H. Pretzsch et al. (2023)
showed that forest growth in Europe demonstrates di-
vergent regional trends, largely due to climate-induced
disturbances such as droughts and heatwaves, which
significantly alter biomass accumulation patterns.
These findings emphasise the need to investigate pro-
ductivity not only by ecological region but also with-
in typological frameworks reflecting site quality and
stand composition.

Numerous studies have underlined that the stabil-
ity and level of forest productivity are closely linked to
the biological and structural diversity of stands. M. del
Rio et al. (2022) found that the mixture of two or more
tree species increases resistance to interannual climate
variability, contributing to more stable productivity.
T.Hilmers et al. (2024) further demonstrated that struc-
tural diversity modifies crown biomass allocation and
enhances growth efficiency, promoting resource-effi-
cient and climate-resilient forests. Similarly, T. Wang et
al. (2024) confirmed that stand structure plays a more
decisive role in sustaining productivity stability than
species diversity alone, highlighting that optimal can-
opy stratification and age heterogeneity are crucial for
maintaining increment under changing environmen-
tal conditions. Climatic sensitivity varies considerably
among tree species typical for Polissia. Research by
P.Dukat et al. (2023) revealed that Scots pine (Pinus syl-
vestris L.) exhibits a pronounced physiological response
to drought, manifested in reduced sap flow and photo-
synthetic activity, which directly limits its increment po-
tential in poor site conditions. In contrast, A. Jansons et
al. (2025) demonstrated that older hemiboreal stands,
particularly those dominated by broadleaved species,
retain higher carbon storage and long-term productivity,

although they grow more slowly than secondary pine or
birch forests. These conclusions support the principle
that natural or near-natural stands provide greater eco-
logical stability and contribute more effectively to car-
bon balance maintenance. At the policy level, the State
Forest Resources Agency of Ukraine (2025) emphasised
the gradual implementation of close-to-nature silvicul-
tural approaches, reduction of reconstruction fellings,
and greater reliance on natural regeneration processes.
This reflects a broader shift in forest management phi-
losophy from a raw-material focus to a multifunctional
ecological framework.

Therefore, the scientific community increasingly
recognises that the assessment of forest productivity
must integrate ecological typology, site conditions, and
stand origin. Comparative evaluation of native, near-na-
tive, and secondary formations provides a robust basis
for refining natural productivity scales and guiding
adaptive silvicultural strategies in Polissia. The aim of
the research is to evaluate the average composition and
average mensurational indicators (age, stock volume,
increment) of compositionally close to native and sec-
ondary forest stands, to compare their mean annual in-
crement with native reference stands, and to refine the
scale of natural productivity across forest site conditions.

LITERATURE REVIEW

Forest stand productivity is one of the key indicators
of the ecological and economic functionality of forest
ecosystems, as well as an important measure of their
long-term capacity to accumulate biomass and carbon.
Within Ukrainian Polissia, traditionally characterized by
a cold-humid climate, widespread pine forests, podzolic
soils, and extensive coniferous and mixed forest are-
as, contemporary climatic and anthropogenic drivers
may significantly alter the spatiotemporal dynamics
of productivity (Snizhko et al, 2024). When analyzing
productivity and stability, it is essential to distinguish
stand origin. In national forestry and mensurational
practice, native stands are defined as those formed un-
der minimal anthropogenic disturbance, with natural
succession and a typical valuable species composition
characteristic of specific forest formations. In contrast,
secondary stands emerge following major disturbances
(clear-cutting, fire, drainage, or changes in groundwater
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regime) and are often represented by fast-growing or
secondary species combinations, modified in taxonomic
and structural composition (Tkach et al., 2024). Accord-
ing to national estimates, the area of secondary stands
in lowland Ukraine reaches about 400,000 ha, with
nearly 48% located in Polissia. In Polissia, stand origin
directly affects the level and stability of productivity:
empirical field studies indicate that mixed and partial-
ly restored stands (e.g., pine=birch combinations) may
demonstrate higher bioproductivity compared with
pure modal pine stands, though with a different sen-
sitivity profile to fire risk or water deficit. To enhance
structural stability and increase productivity in young
secondary stands, close-to-nature silviculture is effec-
tive. This approach maximizes site potential by apply-
ing complex regeneration harvests in combination with
measures that support natural regeneration of native
species (Zhezhkun et al., 2023). Ukrainian researchers
emphasize that the foundation for increasing forest
productivity should be the differentiation of forest
management systems and silvicultural measures on a
zonal-typological basis.

The forest cenoses of Ukrainian Polissia, depend-
ing on site type, are dominated by Scots pine (Pinus
sylvestris L.), silver birch (Betula pendula Roth), pedun-
culate oak (Quercus robur L.), black alder (Alnus gluti-
nosa (L.) Gaertn.), and aspen (Populus tremula L.). Scots
pine (P. sylvestris), common in northern temperate lat-
itudes, traditionally exhibits high plasticity regarding
soil-moisture regimes and often ensures stable pri-
mary increment on the poor sandy soils of Polissia.
However, its productivity is strongly constrained under
extreme events, as droughts can significantly reduce
increment and regeneration. This is confirmed by re-
gional and interregional analyses of pine responses
to climatic drivers and previous growth status (Mika-
lajanas et al., 2021). On poor and dry sites, pine stands
often outperform more demanding species, but their
sensitivity to frequent extremes (drought-induced die-
back, windthrow, or pest outbreaks following stress)
makes long-term stability of productivity vulnerable.
Oak stands (Q. robur and Q. petraea) are characterized
by slower initial growth, but under favorable soil and
nutrient conditions, they form high long-term pro-
ductivity and stable biomass stocks (Uhl et al., 2022;
Cerny et al., 2024). Recent studies show that mixing oak
with other species (particularly pine) may partly com-
pensate for productivity losses under climate change,
though the effects depend strongly on soil quality and
local microclimatic conditions (Vospernik et al., 2024).
Oak forests provide more stable long-term carbon se-
questration potential compared with secondary stands
of fast-growing species, although their early produc-
tivity is often lower. Management interventions (site
selection, species mixtures) are therefore crucial for
enhancing total productivity in young stands (Sabati-
ni et al., 2019).
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Birch (B. pendula) and aspen (P.tremula) are typical
early successional species colonizing disturbed areas.
They rapidly occupy open space, accelerate biomass
accumulation, and improve soil fertility in the early
stages of recovery. However, in the mid- to long-term,
their productivity often falls short of target stands due
to lower long-term carbon accumulation and faster
dieback of groups under natural thinning (Martinik et
al., 2024). New modeling approaches and the devel-
opment of site-index systems for birch have improved
the ability to predict its productivity across different
soils (Lee et al., 2024). As pioneer species, birch and
aspen enhance early cumulative productivity and
support reclamation and soil improvement, but their
long-term contribution to timber reserves and sta-
bility is limited. Thus, their optimal role is temporary
within restoration systems or as components of mixed
stands (Tullus et al., 2025).

Black alder (A.glutinosa) is an important tree species
that plays a key role in restoring degraded lands, par-
ticularly in Ukrainian Polissia (Lukyanets et al., 2022).
Its capacity for rapid growth, efficient nitrogen fixation,
and soil-improving properties makes it promising for
forestry (Anadon-Rosell et al., 2022). Black alder thrives
on moist soils, including floodplains, where its produc-
tivity can reach 10-15 m*- ha!-yr! depending on wa-
ter regime and soil fertility. In mixed stands of black
alder with other species such as willow (Salix), total
biomass accumulation increases. For example, studies
in Croatia revealed that alder-willow mixtures pro-
duced greater total biomass than alder monocultures
(Bogdan et al., 2017), highlighting the positive effect
of species coexistence in enhancing productivity and
ecosystem stability. In general, forest productivity in
Ukrainian Polissia depends on the interaction between
climate, site conditions, and species composition. Scots
pine dominates poor soils but is vulnerable to drought
stress, while oak and black alder provide higher long-
term productivity and carbon storage on richer sites.
Birch and aspen enhance early biomass accumula-
tion but have limited long-term potential. Mixed and
near-natural stands offer greater stability and efficien-
cy, confirming the importance of close-to-nature and
typology-based management for sustaining productivi-
ty across diverse forest conditions.

MATERIALS AND METHODS

The database of the production association Ukrder-
zhlisproekt (n.d.) served as the primary source of data
for the analysis. The general population of forest-cov-
ered plots belonging to the structural subdivisions of
the the State Specialized Forest Enterprise Forests of
Ukraine (n.d.) that territorially fall within Ukrainian
Polissia includes: parts of Volyn, Rivne, Khmelnytskyi,
Zhytomyr, Kyiv, Chernihiv, and Sumy regions. A geospa-
tial analysis was conducted using data from the Ukrain-
ian Research Institute of Forestry and Agroforestry (n.d.)




and the State Forest Fund of Ukraine (2025), which
made it possible to establish the territorial affiliation of
the forest fund of the forestry divisions of the Northern
Forestry Enterprise, Polissya Forestry, Stolychny Forest-
ry, and Podillya Forestry to the Ukrainian Polissya re-
gion. The query and analysis were conducted using the
Lisovporiadnyk software in two stages for each forest
site type (Aleksiiuk et al., 2019). At the first stage, the
average tree species composition of native (including
those close to and distant from the reference native
structure) and secondary stands was determined for
each forest type. The correspondence of the main tree
species to the native species of a given forest type was
determined programmatically by using the query “na-
tive species of the forest type” in the “Derived Indica-
tors” section. Stands where the main species matched
the native species of the forest type were classified as
native; otherwise, they were classified as secondary. At
the second stage, the average mensurational indicators
of modal stands - both those corresponding and not
corresponding to the main species of native stands of a
given forest type - were calculated for the most wide-
spread forest site conditions.

The average tree species composition was de-
termined as the ratio of cumulative growing stock of
component species using the query in the “Character-
istics of Tree Species Components” section, following
the standard forest inventory methodology (Ukrderzh-
lisproekt, n.d.). The average age and average volume
stock per hectare were determined programmatical-
ly: average age was calculated as a weighted mean
of the main species values across compartments, and
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average growing stock per hectare was obtained as a
weighted mean of the cumulative values of the first
and second canopy layers of each stand unit. The mean
annual increment (MAI) was calculated as the ratio of
the average growing stock per hectare to the average
age. The basic unit of analysis was the forest subcom-
partment. The sample sizes of stands across forest site
types were as follows: A, - 0.1 thousand subcompart-
ments, A, (n.d.) 14.8 thousand, A, (n.d.) 90.6 thousand,
A; (n.d.) 11.2 thousand, A, (n.d.) 6.3 thousand, A, (n.d.)
7.1 thousand, B, (n.d.) 1.9 thousand, B, (n.d.) 247.1 thou-
sand, B; (n.d.) 196.6 thousand, B, (n.d.) 65.7 thou-
sand, B, (n.d.) 16.9 thousand, C, (n.d.) 99.0 thousand,
C; (n.d.) 133.5 thousand, C, (n.d.) 89.0 thousand, C; (n.d.)
9.8 thousand, D, (n.d.) 16.5 thousand, D (n.d.) 11.1 thou-
sand, D, (n.d.) 1.9 thousand, and D, (n.d.) 0.1 thousand.
The assessment scale of natural productivity by forest
site conditions was developed through ranking pro-
ductivity scores separately for native and secondary
stands (Turkevych et al., 1973). Productivity scores were
defined by ranking MAI values for native and second-
ary stands independently. Comparisons of productivity
between native and secondary stands across forest site
conditions were made based on MAI indicators.

RESULTS AND DISCUSSION

Based on the analysis of forest inventory data from
more than 130,000 subcompartments within Ukrainian
Polissia, it was established that in poor site conditions,
the most productive stands are modal Scots pine for-
ests in fresh and moist sites, where the MAI per hectare
exceeds 4 m* (Table 1).
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Table 1. Average mensurational characteristics of modal stands corresponding
to the main species of forest types in poor site conditions

Foresrt.site Tree species composition Mean age, Mean stand volume, m*-ha* Mean annual increment
conditions years ’ (MAI), m*-ha't

A, 100% -Scots pine 50 43 0.86

A, 100% -Scots pine, <5% (n.d.) silver birch 50 134 2.68

A, 100% -Scots pine, <5% (n.d.) silver birch 47 200 4.26

A, 90% —-Scots pine, 10% (n.d.) silver birch 46 186 4.04

A, 90% —-Scots pine, 10% (n.d.) silver birch 50 137 2.74

A, 90% —Scots pine, 10% (n.d.) silver birch 70 100 143

Source: developed by the authors

It should be noted that, compared with the data
in Table 1, average tree species composition of mod-
al stands in fresh and moist poor site conditions of
Ukrainian Polissia, according to V. Tkach et al. (2024),
reveals a relatively lower proportion of silver birch: oc-
curring sporadically in fresh sites and up to 5% in moist
sites. In comparison with findings reported by research-
ers |. Turkevych et al. (1973) half a century ago, who also
confirmed the highest productivity of native reference
Scots pine stands in these site conditions, the MAI per
unit area of modal stands is now 17% higher in A, and

as much as 47% higher in A;. It is also worth noting the
comparatively higher MAI of modal Scots pine stands
in other forest site conditions: 27% higher in A, 58% in
A, and 55% in A..

The productivity of secondary stands in dry poor
site conditions is lower compared with modal Scots
pine (P. sylvestris L.) stands, with MAI reduced by 9%.
Secondary stands are also less productive in fresh
and moist poor site conditions, where their increment
falls short of modal stands by 9% and 21%, respec-
tively. Conversely, in very dry and very wet poor site
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conditions, secondary stands demonstrate higher MAI:
in A, by 33% and in A, by 51% (Tables 1-2). The tree
species composition of secondary stands in dry and

very dry poor site conditions is dominated mainly by
jack pine (Pinus banksiana Lamb.), whereas in other site
conditions silver birch (B. pendula Roth) prevails.

Table 2. Average mensurational characteristics of secondary forest stands in poor site conditions

Forest site Tree species composition Mean age, Mean stand volume, Mean annual increment
conditions P P years m?-ha? (MAI), m3-ha*
A, 60% - jack pine, 40% (n.d.) Scots pine 53 68 1.28

50% - jack pine, 30% (n.d.) silver birch, 20% (n.d.)
A, Scots pine, <5% (n.d.) Crimean pine (Pinus nigra 45 110 2.44
subsp. pallasiana)
70% (n.d.) silver birch, 10% (n.d.) Scots pine,
A, 10% - jack pine, 10% - black locust (Robinia 40 155 3.88
pseudoacacia L.). <5% (n.d.) Crimean pine
o - : S -
A, 80% (n.d.) S|l\:er birch, 10% (n.d.) Scots pine, 38 122 391
10% - European aspen
90% (n.d.) silver birch, 10% (n.d.) Scots pine,
As <5% (n.d.) European aspen, black alder 33 %2 279
o, H H 0, H
A, 80% (n.d.) silver birch, 20% (n.d.) Scots pine, 37 107 789

<5% (n.d.) European aspen, black alder

Source: developed by the authors

According to long-term studies in Northern and
Eastern European countries, the MAI of Scots pine
(P. sylvestris L.) on poor sandy soils ranges from 4 to
6 m*-hat-yr! (Varnagiryte-Kabasinskiené et al., 2015).
Ukrainian studies demonstrate similar productivity val-
ues for modal stands in poor site conditions. The MAI of
modal stands corresponding to the main species of the
native forest type in fairly poor site conditions, based
on current forest inventory data, demonstrates higher

productivity compared with native reference Scots pine
stands (Turkevych et al., 1973). In dry fairly poor site
conditions, the MAIl was 32% higher; in fresh fairly poor
site conditions (n.d.) 7% higher; in moist site condi-
tions (n.d.) 2% higher; in wet site conditions (n.d.) 42%
higher; and in very wet site conditions (n.d.) 48% higher.
With regard to productivity across moisture regimes, the
most productive forest site conditions are fresh sites,
whereas the least productive are very wet sites (Table 3).

Table 3. Average mensurational characteristics of modal stands corresponding
to the main species of forest types in fairly poor site conditions

Forest site Tree species composition Mean age. vears Mean stand volume, Mean annual increment
conditions P P ge.y m?-ha? (MAI), m3-hat
B, 100% -Scots pine, <5% (n.d.) silver birch 50 199 398
90% -Scots pine, 10% - silver birch,

B, <5% (n.d.) pedunculate oak >1 268 225
90% -Scots pine, 10% - silver birch,

B <5% (n.d.) pedunculate oak, black alder °1 236 4.6
80% -Scots pine, 20% - silver birch,

B, <5% (n.d.)black alder 48 172 5.58

o - o o -
B, 80% -Scots pine, 20% - silver birch, 63 131 208

<5% (n.d.)black alder

Source: developed by the authors

The tree species composition of modal stands cor-
responding to the main species of forest types in fresh,
moist, wet, and very wet fairly poor site conditions dif-
fers somewhat from the data reported by V. Tkach et
al. (2024). In fresh fairly poor site conditions, a higher
proportion of silver birch (B. pendula Roth) and pedun-
culate oak (Q. robur.) was observed; in moist sites, black
alder (A. glutinosa (L.) Gaertn.) appeared in the com-
position; while in wet and very wet sites, silver birch
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(B. pendula Roth) was markedly more abundant along
with the presence of black alder (A.glutinosa (L.) Gaertn.).
In the composition of secondary stands in fairly poor
site conditions, silver birch (B. pendula Roth) predom-
inates. The MAI of secondary stands in most moisture
regimes, except for very wet sites, is lower than that of
modal Scots pine stands by 7-21% (Table 4). In very wet
sites, however, secondary birch stands exhibit a higher
MAI, exceeding that of modal Scots pine stands by 11%.
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Table 4. Average mensurational characteristics of secondary forest stands in fairly poor site conditions

Forest site Tree species composition Mean age, Mean stand volume, Mean annual increment
conditions years m?-ha? (MAI), m*-ha*
40% - silver birch, 30% —Scots pine, 20% (n.d.)
B, pedunculate oak, 10 % - Norway spruce (Picea 42 139 3.31
abies (L.) H.Karst.) <5% (n.d.) black locust
70% - silver birch, 10% -Scots pine, 10% (n.d.)
B, pedunculate oak, 10% - European aspen, 45 195 4.33
<5% (n.d.) black locust, Norway spruce
60% - silver birch, 10% -Scots pine, 10% (n.d.)
B, pedunculate oak, 10 % - European aspen, 47 171 3.64
10 % - black alder, <5% (n.d.) Norway spruce
70% - silver birch, 10% -Scots pine,
B, 10 % - black alder, 10 % - European aspen 38 127 3.34
B, 80% - silver birch, 10% -Scots pine, 46 108 235

10 % - black alder, <5% (n.d.) European aspen

Source: developed by the authors

According to studies conducted in Lithuania
by E. LinkeviCius et al. (2023), the MAI of Scots pine
(P sylvestris L.) on sandy loam soils is approximately
5.2 m®- ha? - yrt Silver birch (B. pendula Roth) also
demonstrates high productivity under fairly poor site
conditions. In comparison, data obtained in Ukraine in-
dicate that the MAI of Scots pine on sandy loam soils
is about 4.5 m*- ha-yr?, while that of silver birch is
5.0 m*- ha'-yrl These values highlight certain dif-
ferences in productivity across Central Europe (Mar-
tinik et al., 2018).

In fairly rich site conditions of Ukrainian Polissia,
dry moisture regimes are atypical. Native stands in
fresh and moist fairly rich site conditions are generally
complex in structure, with Scots pine (P. sylvestris) pre-

vailing in the upper canopy layer and European horn-
beam (Carpinus betulus L.) dominating the lower layer.In
wet and very wet fairly rich site conditions, black alder
(A. glutinosa (L.) Gaertn.) is typically the dominant spe-
cies. The composition of modal stands corresponding to
the main species of forest types in fresh and wet fairly
rich site conditions differs somewhat from the findings
of V. Tkach et al. (2024): in fresh sites, a higher share
of silver birch (B. pendula) occurs in the upper canopy
layer and a lower share of hornbeam (C. betulus) in the
lower layer, while in wet sites, silver birch (B. pendula)
accounts for a substantially greater proportion. The av-
erage mensurational characteristics of modal stands
corresponding to the main species of forest types in
fairly rich site conditions are presented in Table 5.

Table 5. Average mensurational characteristics of modal stands corresponding
to the main species of forest types in fairly rich site conditions

Forest site Tree species composition 1% canopy layer / 2" canopy layer Mean age, Mean stand Mean annual increment
conditions years volume, m*-ha* (MAI), m3-ha't
70% - Scots pine, 20% (n.d.) pedunculate oak, 10% - silver
birch, <5% (n.d.) European hornbeam, European aspen /
C 70% - European hornbeam, 10% - Norway spruce, 55 273 496
2 10% (n.d.) pedunculate oak, 10% - Scots pine, <5% (n.d.) '
silver birch, small-leaved lime (Tilia cordata Mill.),
Norway maple (Acer platanoides L.)
50% - Scots pine, 30% (n.d.) pedunculate oak,
10% - silver birch, 10% - black alder, <5% (n.d.)
European hornbeam, European aspen, Norway spruce /
S 70% - Euro hornb 20% >2 218 419
6 pean hornbeam, 20% (n.d.) pedunculate oak,
10% - Norway spruce, <5% (n.d.) silver birch,
Scots pine, small-leaved lime
C 80% - black Elder, 20% - silver birch, <5% (n.d.) Scots pine, 45 169 376
uropean aspen, pedunculate oak
C, 80% - black alder, 20% - silver birch, <5% (n.d.) Scots pine, 51 154 3.02

European aspen

Source: developed by the authors

The highest values of MAI in modal stands cor-
responding to the main species of forest types were
recorded in fresh and moist fairly rich site conditions.

The MAI of modal stands corresponding to the main
species of forest types is lower in all fairly rich site con-
ditions than in native reference stands: in fresh sites by
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30%, in moist sites by 37%, in wet sites by 19%, and in
very wet sites by 26%. In tree species composition of
secondary stands, pedunculate oak (Q. robur .) is most
common in fresh fairly rich site conditions, while silver
birch (B. pendula Roth) dominates in more humid site

conditions (Table 6). The MAI of secondary stands
across all mesic site types is lower compared with mod-
al stands corresponding to the main species of fairly
rich site conditions: in fresh sites by 20%, in moist sites
by 8%, in wet sites by 4%, and in very wet sites by 11%.

Table 6. Average mensurational characteristics of secondary forest stands in fairly rich site conditions

Forest site
conditions

Tree species composition 1% canopy layer / 2™ canopy layer

Mean annual increment
(MAI), m3-ha*

Mean Mean stand
age,years volume, m®-ha

40% (n.d.) pedunculate oak, 20% - silver birch, 20% -Scots pine,
10% - European hornbeam, 10% - European aspen, <5% (n.d.)

C, Norway spruce, northern red oak (Quercus rubra L.), black alder 53 211

3.98

/ 80% - European hornbeam, 10% - Norway spruce, 10% (n.d.)
pedunculate oak, <5% (n.d.) Scots pine, Norway maple

40% - silver birch, 20% (n.d.) pedunculate oak, 10% - black
alder, 10% - European aspen, 10% —Scots pine, 10% - European

hornbeam, <5% (n.d.) Norway spruce, northern red oak, European
ash (Fraxinus excelsior L.) / 80% — European hornbeam, 10% -

51 196 3.84

pedunculate oak, 10% - silver birch, <5% (n.d.)Norway maple,

small-leaved lime

60% - silver birch, 20% - black alder, 10% - European aspen,

C, 10% - Scots pine, <5% (n.d.)pedunculate oak, Norway spruce, 41 148

white willow (Salix alba L.)

3.61

G <5% (n.d.) Scots pine, white willow

70% - silver birch, 20% - black alder, 10% - European aspen,

50 134 2.68

Source: developed by the authors

According to A. Terentiev et al. (2023), the MAI of
Scots pine (P.sylvestris L.) on loamy soils varies from 5
to 8 m*-ha?-yr? at the age of 60-80 years. These val-
ues may change depending on specific site conditions,
particularly humus content and soil moisture (Aldea et
al., 2021). The MAI of pedunculate oak (Q. robur.) on
loamy soils is approximately 4-6 m*-ha*-yr? at the
age of 80-100 years (Kazimirovi¢ et al., 2024). Com-
pared with other species, silver birch (B. pendula Roth)
demonstrates faster growth in fairly rich site condi-
tions. The MAI of black alder (A. glutinosa (L.) Gaertn.)
on loamy soils reaches about 6-8 m*-ha™-yr? at the

age of 50-70 years. Alder is especially productive at
a young age. Rich site conditions are comparatively
the least represented in Ukrainian Polissia, dry sites
are absent altogether in the region. In the tree species
composition of modal stands corresponding to the
main species of forest types in fresh and moist rich
site conditions, pedunculate oak (Q. robur) typically
dominates the upper canopy layer, accounting for 30-
40% of the total volume, while hornbeam (C. betulus
L.) dominates the lower canopy. In wet and very wet
rich site conditions, black alder (A. glutinosa) prevails
in simple-structured stands (Table 7).

Table 7. Average mensurational characteristics of modal stands corresponding
to the main species of forest types in rich site conditions

Forest site
conditions

Tree species composition 1% canopy layer / 2™ canopy layer

Mean annual
increment (MAI),
m3-ha?

Mean Mean stand
age,years volume, m?-ha*

40% (n.d.) pedunculate oak, 10% - European hornbeam, 10% -
European aspen, 10% - silver birch, 10% - European ash, 10% -

D, Norway maple, 10% — small-leaved lime, <5% (n.d.) Norway spruce, 53 202

3.81

Scots pine/ 70% - European hornbeam, 20% - Norway spruce,
10% (n.d.) Norway maple, <5% (n.d.) small-leaved lime

30% (n.d.) pedunculate oak, 10% - European hornbeam, 10% -
European aspen, 10% - silver birch, 10% - European ash, 10% -

D, Norway maple, 10% - small-leaved lime, 10% - black alder,<5% (n.d.) 54 204

3.78

Norway spruce / 70% — European hornbeam, 20% - Norway spruce,
10% (n.d.) Norway maple, <5% (n.d.) small-leaved lime

70% - black alder, 10% pedunculate oak, 10% - silver birch,

D, 10% - European ash, <5% (n.d.) European aspen, small-leaved lime, 47 179

European hornbeam

3.81

Ds white willow

90% - black alder, 10% - silver birch, <5% (n.d.) European ash,

54 172 3.19

Source: developed by the authors
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The tree species composition of modal stands
corresponding to the main species of forest types in
fresh and wet rich site conditions differs substantially
from the data of V. Tkach et al. (2024), showing greater
species diversity and a lower share of the main spe-
cies (n.d.) pedunculate oak (Q. robur.) and black alder
(A. glutinosa (L.) Gaertn.). The MAI of modal stands cor-
responding to the main species of forest types does
not vary significantly among fresh, moist, and wet rich
site conditions. Native reference stands of rich site
conditions demonstrate considerably higher incre-
ments, with the highest productivity recorded in moist
rich site conditions. Based on current forest inventory
data, the MAI of modal stands corresponding to the
main species is lower than that of native reference
stands by nearly 41% in fresh sites, by 51% in moist
sites, by 30% in wet sites, and by 45% in very wet sites.

Siruk et al.

Regional studies have shown that the optimal produc-
tivity range of oak stands in Polissia is between 5 and
12 m*-ha!-yr! depending on age and site index. The
highest increments are reached in intermediate-aged
stands (~35 years), after which current increment sta-
bilizes or slightly declines.

In the tree species composition of secondary stands,
hornbeam (C. betulus L.) dominates in fresh and moist
rich site conditions, black alder (A. glutinosa) in wet
sites, and silver birch (B. pendula Roth) in very wet sites
(Table 8). The productivity of secondary stands com-
pared with modal stands corresponding to the main
species of forest types is higher in all moisture regimes
of rich site conditions except wet ones. In fresh rich site
conditions, the MAI of secondary stands exceeds that of
modal stands by 16%, in moist sites by 13%, and in very
wet sites by 14%.

Table 8. Average mensurational characteristics of secondary forest stands in rich site conditions

Forest site
conditions

Tree species composition 1% canopy layer / 2" canopy layer

Mean annual increment
(MAI), m3-hat

Mean stand
volume, m?-hat

Mean age,
years

20% - European hornbeam, 20% - northern red oak, 20% -

61

Scots pine, 10% (n.d.) pedunculate oak, 10% - silver birch, 10% -

D2 European ash, 10% - European aspen, <5% (n.d.) Norway spruce, 48 217

small-leaved lime / 70% - European hornbeam, 20% - Norway
maple, 10% - Norway spruce, <5% (n.d.) small-leaved lime
20% - European hornbeam, 10% - northern red oak, 10% -

Scots pine, 10% (n.d.) pedunculate oak, 10% - silver birch, 10% -

European ash, 10% - European aspen, 10% - black alder, 10% -

4.52

D3

51 222 4.35

small-leaved lime, <5% (n.d.) Norway spruce / 50% - European
hornbeam, 20% - Norway maple, 20% - Norway spruce,
10% (n.d.) pedunculate oak, <5% (n.d.) small-leaved lime

40% - black alder, 20% - European ash, 20% - silver birch,

D4 10% - pedunculate oak, 10% - European aspen, <5% (n.d.) 48 177

European hornbeam, small-leaved lime

3.69

D> Scots pine, <5% (n.d.) European aspen

40% - silver birch, 20% - black alder, 20% - white willow, 10% -

58 215 3.71

Source: developed by the authors

Local studies indicate that in Ukrainian Polissia
hornbeam (C. betulus L.) is characterised by relatively
high mean increment values on fertile soils in mid-
dle-aged stands; however, its productivity declines
markedly with age. This defines its role as an accompa-
nying rather than a main species in the highly produc-
tive oak forests of the region. Northern red oak (Q. ru-
bra L.) in Europe and North America shows high growth
rates on fertile soils. Typical MAI values range between
7 and 12 m?-ha'-yr! in middle-aged stands (40-90
years), with peak values exceeding 12 m*-ha-yr? on
particularly nutrient-rich sites under proper tending re-
gimes (Nicolescu et al., 2020; Stefantik & Pastor, 2023).
Summarizing the data on the MAI of modal stands cor-
responding to the main species of forest types and rank-
ing them revealed that the productivity scores of forest
site types derived from the Ukrderzhlisproekt (n.d.)
database differ substantially from the evaluation scale

compiled by researchers of the Ukrainian Research In-
stitute of Forestry and Forest Melioration (URIFFM) for
native reference stands (Turkevych et al., 1973) (Fig. 1).

The highest productivity scores of native reference
stands were recorded in moist rich site conditions (100),
fresh fairly rich site conditions (92), moist fairly rich site
conditions (87), and fresh rich site conditions (82). In
contrast, analysis of forest inventory materials revealed
that the highest productivity scores are currently ob-
served in modal stands of fresh fairly poor site condi-
tions (100), fresh fairly rich site conditions (94), moist
fairly poor site conditions (88),fresh poor site conditions
(81),and moist fairly rich site conditions (80). A compar-
ison of the two evaluation scales shows that consistent
scores are found only in fairly rich site conditions. In
poor and fairly poor site conditions, modal stands now
have substantially higher productivity scores compared
to the data reported for native reference stands of
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Ukrainian Polissia. However, in rich site conditions, the
situation is the opposite - modal stands corresponding
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to the main native species of forest types exhibit lower
scores than native reference stands.
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B4

Forest site condltuons

Figure 1. Evaluation scale of productivity of native forest stands under site conditions of Ukrainian Polissia
Source: developed by the authors based on Ukrderzhlisproekt (n.d.) and I. Turkevych et al. (1973)

Across different regions of Ukraine, the gap be-
tween modal and reference stands is consistently evi-
dent and is mainly driven by relative density of stocking,
site index class, stand origin, and the correspondence of
the main species to the forest type. For Ukraine as a
whole, the actual realization of site potential averages
50-75%, indicating significant reserves. A comparison of
the productivity evaluation scales of modal stands cor-
responding to the main native species of forest types
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and secondary stands, based on the analysis of the re-
lational database of Ukrderzhlisproekt (n.d.), revealed
certain differences. These were particularly pronounced
in the productivity scores under rich site conditions
(Fig. 2). The highest productivity scores of secondary
stands were recorded in fresh rich site conditions (100),
moist rich site conditions (96), fresh fairly poor site con-
ditions (96), and fresh and moist fairly rich site condi-
tions (88 and 86, respectively).

W Secondary

| | Native
B4 B5 (2 ¢4 C5 D2 D4 D5

Forest site conditions

Figure 2. Evaluation scale of productivity of modal stands corresponding
to the main native species of forest types and secondary stands under site conditions of Ukrainian Polissia

Source: developed by the authors

A comparison of these results with independent
regional studies provides partial confirmation: native
stands of target species in their “appropriate” forest
types consistently achieve higher growing stock in
middle- and older-age classes than secondary stands
(Musienko et al., 2021). This aligns with our conclu-
sion on the differentiation of productivity scales
between modal and reference stands. In spruce for-
ests of the Ukrainian Carpathians, it has been shown
that the transition from less fertile to more fertile
site types sharply increases potential growing stock,
with reference high-density plots exceeding modal
ones several times. This further confirms that spe-
cies-site correspondence and high relative density
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of stocking determine the upper limits of productiv-
ity, where native structures have a clear advantage
(Lavnyy & Matusevych, 2022). Although secondary
stands in favorable site conditions may temporarily
demonstrate high productivity scores due to the rap-
id early growth of pioneer species, in the long term
native stands are more productive in terms of grow-
ing stock and stability of increment in middle- and
older-age classes, provided high density and proper
silvicultural care are maintained. Accordingly, a strat-
egy for enhancing productivity should be based on
reducing the proportion of secondary stands and mov-
ing toward the structure and composition of native
forest stands (Zhezhkun et al., 2023).




In summary, the analysis of forest inventory data
across Ukrainian Polissia revealed clear differentiation
of productivity between modal, secondary, and native
reference stands depending on forest-site conditions.
Modal Scots pine stands demonstrated the highest
mean annual increment in poor and fairly poor sites,
while in rich site conditions secondary mixed stands
slightly outperformed modal ones due to the pres-
ence of fast-growing species. However, native reference
stands remain superior in terms of long-term stability
and biomass accumulation, particularly in fertile and
moist environments. These findings confirm that pro-
ductivity is strongly dependent on the correspondence
of dominant species to site type and that enhancing
forest productivity requires gradual transformation of
secondary formations toward structures and composi-
tions characteristic of native forests.

CONCLUSIONS

The average tree species composition of modal stands
differs from that of native reference stands in most for-
est types of Ukrainian Polissia. When the main species
corresponds to the native forest type, modal stands in
poor and fairly poor site conditions include a higher
proportion of silver birch (B. pendula Roth); in fairly rich
site conditions, higher proportions of silver birch and
hornbeam (C. betulus L.); and in rich site conditions, a
range of native hardwood and softwood species. In sec-
ondary stands, jack pine (P. banksiana Lamb.) and silver
birch dominate in poor site conditions; silver birch dom-
inates in fairly poor and fairly rich site conditions; while
hornbeam (C. betulus L.), northern red oak (Q. rubra L.),
Scots pine (P. sylvestris L.), black alder (A. glutinosa (L.)
Gaertn.), and silver birch prevail in rich site conditions.

The mean annual increment of modal Scots pine
stands in poor and fairly poor site conditions is high-
er than in native reference stands: by 17-58% in poor
sites and by 2-48% in fairly poor sites, depending on
the moisture regime. In fairly rich site conditions, the
mean increment of modal stands corresponding to the

Siruk et al.

main species is lower than in native reference stands by
19-37% across all site types, whereas in rich site con-
ditions the increments of modal and native stands are
similar. In the most widespread types of poor, fairly poor
and fairly rich site conditions, the mean increment of
modal stands corresponding to the native species ex-
ceeds that of secondary stands. By contrast, in fairly rich
site conditions, secondary stands are more productive
than modal stands corresponding to the native species
in the most common site conditions, by 13-16%.

The productivity scores of modal stands differ con-
siderably from the evaluation scale developed for na-
tive reference stands. Consistency was observed only in
fairly rich site conditions conditions. In poor and fairly
poor site conditions conditions, modal stands current-
ly exhibit significantly higher productivity scores com-
pared with native reference stands of Ukrainian Polissia,
whereas in rich site conditions conditions the opposite
trend is evident. The highest productivity scores of sec-
ondary stands were recorded in fresh and moist fairly
rich site conditions, as well as in fresh fairly poor site
conditions. Future research should focus on long-term
monitoring of productivity dynamics under changing
climatic and hydrological conditions, with particular
attention to carbon balance and resilience indicators
of modal and secondary stands. Expanding compara-
tive analyses using remote sensing and process-based
models would allow refinement of productivity assess-
ment scales and support the development of adaptive,
typology-based strategies for sustainable forest man-
agement in Ukrainian Polissia.
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AHoTauis. ocnigKeHHs Mano Ha MeTi OLUIHUTM CKNafL i TakcauiMHi XapakTepuCTUKU HabIMKEHUX 0O NMPUPOLHUX
Ta BTOPUHHUX AEPEeBOCTAHIB, MOPIBHATK iX cepeaHii piyHMM NPUPICT i3 NPUPOAHUMU €TANOHHUMK HACAMKEHHAMM
Ta YTOYHWUTM 3aKOHOMIPHOCTI MPUPOLHOI MPOAYKTUBHOCTI 33 Pi3HMX TUMIB NiCOPOCAMHHMX YMOB. AHani3 6a3yBaBcs
Ha MaTepianax NicoBNOpsSAKYBaHHS, MOEAHAHMX i3 reociHdopMaLiiHMMK pecypcamu. MpoAYKTUBHICTb OLLiHIOBaNacs
LWNSXOM MOPIBHSAHHA CepeaHiX 3HayeHb NPUPOCTY Ta PaHXYBAaHHS MOKA3HWKIB MPUPOAHOI MPOAYKTUBHOCTI.
CepepnHilt BUOOBUIA CKNad AePEBOCTaHIB, HABIMXKEHUX 33 KOMMO3MLIiEN [0 NPUPOAHUX, BiAPI3HABCS Bif €TaNOHHUX
NPUPOLHUX HACAZKEHb Y BiNbLIOCTI TUMIB NiICOPOCAMHHUX YMOB. Y BigHUX i 4OCKUTb BigHWX YMOBax crnocTepiranacs
6inbla yactka 6epesn nosucnoi (Betula pendula Roth); y nocutb 6aratux — nigBueHa Yactka bepesu (B. pendula)
Ta rpaby 3uuariHoro (Carpinus betulus L.); a B 6araTux yMoBax nepeBaxanu KOMMAEKCUM abopuUreHHUx TBepamx i
M’SIKONUCTAHMX nopia. BTOpMHHI JepeBoCcTaHM XapakTepu3yBanncs TakUMM 3aKOHOMIpHOCTAMU: y BifHMX yMOBax
BOHM OYyNM nepeBaXkHO NpencTaBneHi cocHot baHkca (Pinus banksiana Lamb.) Ta 6epe3oto (B. pendula); y [ocuTb
6inHMX | LocuTb Baratux — nepeBaxHo bepesoto (B. pendula); a B 6araTux ymoBax - rpabom (C. betulus), 4epBOHUM
ny6om (Quercus rubra L.), cocHoto 3BMYaiHo (Pinus sylvestris L.), Binbxoto YopHoto (Alnus glutinosa (L.) Gaertn.) Ta
6epe3soto (B. pendula). CepenHin npupicT MOAANbHUX HACAAXKEHb COCHU 3BMYAMHOT NEepEBULLYBAB €TaIOHHI MPUPOSHI
nokasHuMkM Ha 17-58 % y 6ioHMX NiCOPOCAMHHMX yMOBax i Ha 2-48 % y pocuTb GifHWUX, 3aNEXHO Bif pexumy
3BOJIOXKEHHSA TPYHTY. Y AoCuTb BaraTmux yMOBax MPMpPICT HacamkeHb, HABMMXKEHUX 33 CKNAAOM A0 NPUPOLHMX,
6yB HWKUMM Ha 19-37 %, Toai gk y BaraTux ymMoBax MOKasHMKM NpupocTy Bynu nodibHMMKU. Y HamnowmpeHiwmx
TMNAX NiCOPOCAMHHUX YMOB — BiAHMX, JOCUTb BifHMX i OOCUMTb BaraTMx - MoAanbHi NPUPOLHI AepeBOCTaHM
BMABMANCS MPOAYKTUBHILLMMM 33 BTOPUHHI, TOAI SK y 6araTvx yMOBaxX BTOPMHHI HacaKeHHS nepesaxanu Ha 13-
16 %. MNoka3HMKM NPUPOAHOI NMPOAYKTUBHOCTI MOAANIbHUX HACA[KEHb CYTTEBO BIAPI3HANMCA Bif €TaNOHHMX LIKa:
BOHM OYNM BULWMMHK Y BiLHMX | LOCUTb BiAHMX YMOBaX, ane HUXYMMU — y BaraTux. HalBuLLi 3HAYEeHHS NPUPOLHOI
NPOAYKTUBHOCTI BTOPUHHUX AEPEBOCTAHIB CMOCTEPIranncs y CBiXMX i BONOrMx Baratmx NiCOPOCAMHHUX YMOBAX,
a TAKOX Yy CBIXKMX AOCUTb 6ifHMX yMoBax. OTpMMaHi pe3ynbTaT CTasM HAayKOBOK OCHOBOK A/ YTOYHEHHS LUKan
NPUPOAHOT MPOAYKTUBHOCTI Ta TMMONOriYHO OBIPYHTOBAHOrO MaHYBAaHHSA NiCOrOCNoAaPCbKMX 3aX0iB

KniouoBi cnoBa: nicOpoCiMHHI YMOBM; CepedHii piYHWI NpuUpicT; BMOAOBWUM CKNajh LepeBOCTaHiB; BTOPUHHMUN
[lepeBOCTaH; eTaNIOHHI MPUPOAHI HAaCa[XKEHHS; LWKaNa OLiHIBAHHS NPOLYKTUBHOCTI
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Article’s History: Abstract. The aim of the study was to establish the relationship between polymorbid
Received: 10.06.2025 pathology, morphological changes in the liver, and the productivity of animals at
Revised:  20.08.2025 different lactations. A complex of clinical, morphological, histological, and cytometric
Accepted: 24.09.2025 methods was applied. A comparative analysis was conducted between the control and
experimental groups of cows in their first, second, and third lactations. A total of 327
animals were examined, among which pathological conditions were detected in 60%
of first-lactation cows, 53.57% of second-lactation cows, and 47.27% of third-lactation
cows. For the morphological study, animals with combined metabolic disorders were
selected, namely ketosis in combination with endometritis, mastitis, or hypocalcaemia.
It was found that the proportion of such combinations was 20.95%,17.85%,and 14.54%
in the first, second, and third lactations, respectively. The average daily milk yield in
the experimental groups was lower than in the control groups, while body weight
significantly (p < 0.05) decreased across all age groups. The experimental animals
showed an increase in both absolute and relative liver mass (p < 0.001), indicating
functional hypertrophy of the organ. Histological examination revealed disruption of
lobular architecture, diffuse vacuolisation of hepatocytes, areas of necrosis, infiltration
of portal tracts, and the development of periportal fibrosis. In cows with a combination
of ketosis and mastitis, signs of chronic hepatitis were observed, whereas in those with
ketosis and hypocalcaemia, hepatosis with macrovesicular steatosis predominated.
Cytometric analysis demonstrated a significant increase in the volume of hepatocytes
and their nuclei (p<0.05; p<0.01) along with a decrease in the nuclear-to-cytoplasmic
ratio, confirming the development of fatty degeneration. The degree of morphological
alterations intensified with age and the duration of the lactation period. The practical
value ofthe studylayin establishingmorphologicaland cytometriccriteria of liver lesions
under polymorbid conditions,which could be applied to diagnose the level of metabolic
load, predict disease progression,and develop preventive measures in animal husbandry
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INTRODUCTION

Modern animal husbandry is undergoing a stage of pro-
found transformation caused by both global econom-
ic changes and the consequences of military actions
that have significantly affected the agricultural sector
of Ukraine. The restoration of productive cattle herds
and the improvement of their health are strategic ob-
jectives, as this sector forms the basis of food security
by ensuring stable production of milk, meat, and other
livestock products (Kotykova et al., 2024). Against this
background, the issues of prevention and early diagno-
sis of metabolic disorders, particularly liver pathologies
in high-yielding dairy cows, are of special importance,
as they substantially affect productivity, reproductive
ability, and overall health.

During the transition period, which encompasses
the final weeks of gestation and the first weeks after
calving, profound metabolic changes occur in the cow’s
body aimed at meeting the energy demands of lactation
(Huralska et al., 2025a). As emphasised by M. Arshad and
J. Santos (2024), this period is critical for maintaining
physiological balance, since even a short-term energy
deficit leads to the activation of pathological metabolic
mechanisms. Fatty hepatosis is one of the leading caus-
es of hepatic dysfunction and the related diseases and
mortality in cattle. A. Vlizlo et al. (2024) reported that
this disorder is most frequently registered in high-pro-
ducing dairy cows during the postpartum period when
energy demands reach their maximum. Its development
is caused by an excessive influx of non-esterified fatty
acids into the liver and intensified mobilisation of Li-
pid reserves from body tissues. As a result, the hepatic
parenchyma begins to accumulate triglycerides inten-
sively, leading to a decrease in metabolic activity and a
disturbance of energy metabolism (Zhang et al., 2023).

Predominantly, fatty hepatosis develops within the
first four weeks after calving, when the organism expe-
riences the maximum load associated with the onset of
lactation. M. Tharwat et al. (2025) demonstrated that at
this stage an excess of triglycerides, combined with hor-
monal fluctuations,creates favourable conditions for the
development of steatosis and inflammatory processes
in the hepatic tissue. When the rate of triglyceride syn-
thesis exceeds their removal, these compounds, togeth-
er with cholesterol esters, accumulate in hepatocytes.
Under normal conditions, triglycerides are removed
from the liver through the secretion of very-low-density
lipoproteins or hydrolysis; however, this mechanism is
impaired under metabolic disorders (Osada et al., 2024).

Alongside lipid imbalance, such animals exhibit
increased formation of ketone bodies, resulting in en-
dogenous intoxication, appetite suppression, reduced
milk yield, and overall exhaustion. A particular danger is
posed by the subclinical form of ketosis, when external
signs of pathology are absent but productivity and re-
productive capacity are significantly reduced. M. Bauer
and W. Jagusiak (2022) noted that such latent forms of
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ketosis often remain unnoticed but cause the greatest
economic damage to farms. The liver has a high com-
pensatory potential; however, its reserves are limited.
When glycogen, cofactors, and antioxidant systems are
depleted, a state of decompensation develops, deepen-
ing structural and functional disorders. O. Olishevskyi
and S. Huralska (2025) indicated that the combination
of metabolic, inflammatory, and degenerative process-
es forms a complex polymorbid syndrome that leads
to significant morphofunctional changes in the liver -
from fatty degeneration and cytoplasmic vacuolisation
to necrosis, fibrosis, and architectural disorganisation.
The severity of these changes directly depends on the
combination of diseases and the lactation period.
Thus, metabolic disturbances during the transition
period in dairy cows, particularly the development of
fatty hepatosis, represent one of the most serious chal-
lenges of modern dairy farming. Excessive lipid accu-
mulation in the liver, energy metabolism disruption,
and ketosis formation lead to reduced productivity, im-
paired reproductive function, and the development of
polymorbid conditions. The aim of the study was to in-
vestigate the effect of polymorbid pathology of various
combinations on the morphological and functional state
of the liver in cows of different lactations, to determine
the nature of structural alterations, and to establish
their relationship with the level of animal productivity.

LITERATURE REVIEW

Fatty liver degeneration (hepatic lipidosis) is one of
the most common metabolic disorders in dairy cattle,
leading to substantial economic losses due to reduced
milk yield, impaired reproductive performance, and in-
creased culling rates (Melendez & Pinedo, 2024). Re-
searchers have noted that both the incidence and sever-
ity of this disorder have increased in recent years, which
may be a consequence of intensive selection for high
productivity. Such genetic selection is accompanied by
the emergence of pleiotropic genes associated with a
higher predisposition to obesity, ketosis, and other met-
abolic complications. Although the high productivity of
modern cows ensures considerable milk yields, it simul-
taneously reduces the organism’s adaptive reserves and
resistance to metabolic stress.

T. Swartz et al. (2021) and C. Zhang et al. (2024)
emphasised that fatty liver degeneration is not merely
a consequence of excessive lipid loading but rather a
complex pathogenetic process linked to disturbances in
energy metabolism, oxidative stress, and inflammato-
ry responses. An excess of triglycerides in hepatocytes
causes disruption of intracellular organelles, particular-
ly mitochondria, thereby diminishing the liver's detox-
ification capacity and its ability to synthesise essential
metabolites. This state leads to profound systemic dys-
functions, including impaired immune responses and
increased susceptibility to infections. At the same time,




D. Giannuzzi et al. (2021) drew attention to the diffi-
culties of early diagnosis of this disorder. Liver biopsy
remains the gold standard; however, due to its invasive-
ness and technical complexity, it is unsuitable for large-
scale screening. Therefore, the search for non-invasive
biomarkers that would allow assessment of the degree
of hepatic lipid infiltration at early stages remains an
important direction in contemporary research.

Studies by Z. Cheng et al. (2023) revealed that im-
pairment of hepatic function can markedly shorten
the lifespan of dairy cows. Although under favoura-
ble conditions these animals are capable of living for
more than 20 years, in modern high-yielding herds the
average productive lifespan is only about three years
after the first calving. In primiparous cows, inflamma-
tory alterations in the liver were already detected at
the beginning of the first lactation, later progressing to
fibrosis. The authors concluded that each subsequent
lactation accelerates the “ageing” process of hepatic tis-
sue, aggravating metabolic and immune dysfunctions
and thereby increasing the risk of premature culling.
According to D. Giannuzzi et al. (2021), hepatic lipidosis
is closely associated with ketosis, which is a common
metabolic disorder in cows during the transition peri-
od. Both conditions develop as a result of a negative
energy balance, when the energy required for lactation
exceeds nutrient intake. Early detection of these dis-
orders is a key factor in reducing their impact on herd
productivity and improving profitability.

C.Zhang et al. (2023) further clarified that fatty liv-
er degeneration is accompanied not only by triglyceride
accumulation but also by structural tissue alterations,
including fibrosis. This process results from excessive
synthesis of extracellular matrix components in re-
sponse to hepatocellular damage, disrupting lobular
architecture and reducing the liver’s synthetic and met-
abolic functions. Despite numerous studies, the patho-
genesis of fibrosis in fatty liver degeneration remains
insufficiently elucidated, opening new perspectives for
further morphological and biochemical research. The
study of the morphofunctional state of the liver in Hol-
stein cows under metabolic and chronic disorders is
particularly relevant, as this organ plays a central role
in maintaining energy, protein, and lipid metabolism.
Evaluation of body weight dynamics, hepatic structure,
and function enables timely diagnosis of early stages
of metabolic imbalance, development of preventive
strategies, and enhancement of recovery efficiency in
high-producing cows during the postpartum period.

MATERIALS AND METHODS

The study was conducted during 2022-2025 at PISC PC
“Podillia” (Dzyhivka village, Mohyliv-Podilskyi district,
Vinnytsia region). The research had a comprehensive
production-experimental design and was performed in
accordance with the Law of Ukraine No. 3447-1V (2006),
the European Convention for the Protection of

Huralska & Olishevskyi

Vertebrate Animals Used for Experimental and Other
Scientific Purposes (1986), and the provisions of the
Universal Declaration on Animal Welfare (2007). Ethical
review of the study protocol was carried out following
the recommendations of S. Huralska et al. (2025b).

The research was conducted on Holstein cows aged
3-7 years at different stages of lactation. The total sam-
ple included 327 animals, of which 105 were in the first
lactation, 112 in the second, and 110 in the third. All
cows were maintained under identical housing condi-
tions, received balanced diets, and followed a standard
milking routine in an “electronic herringbone” parlour
system. For comparative analysis, the animals were di-
vided into three control groups (clinically healthy) and
three experimental groups (diagnosed with polymorbid
pathologies), each corresponding to a specific lactation.
The experimental groups included cows with ketosis
combined with one of three concurrent disorders - en-
dometritis, mastitis, or hypocalcaemia. Inclusion criteria
comprised the presence of clinical signs of metabolic
disorders confirmed by laboratory indicators and the ab-
sence of infectious ortraumatic lesions.Exclusion criteria
included cachexia, non-metabolic systemic inflamma-
tion, chronic hepatopathies, or postoperative changes.

Clinical examinations were performed using con-
ventional veterinary diagnostic methods. Ketosis was
diagnosed with the Ketotest ® (KetoLact, Germany) rapid
test and confirmed by laboratory determination of B-hy-
droxybutyrate in blood plasma (threshold >1.2 mmol/L).
Endometritis was identified through clinical examina-
tion, vaginal inspection, and cytological evaluation of
discharges. Mastitis was diagnosed using the California
Mastitis Test (CMT) and somatic cell count in milk. Hypoc-
alcaemia was detected photometrically by measuring
total serum calcium (<2.0 mmol/L). Additionally, in the
experimental animals, total protein, glucose, triglycer-
ides, and alanine aminotransferase (ALT) activity were
determined as indicators of hepatic functional status.

Morphological analysis of the liver was performed
on samples collected from animals subjected to forced
slaughter. Tissue specimens were fixed in 10% neutral
formalin, dehydrated through graded alcohols, and em-
bedded in paraffin. Sections of 5-7 ym thickness were
prepared using a Leica RM2235 microtome. Staining
was performed with haematoxylin and eosin to assess
general architecture, Van Gieson’s method to identify
connective tissue elements, and Sudan Il to visualise
lipid inclusions. Microscopic examination was carried
out using a Carl Zeiss Primo Star light microscope at
x400 and x1000 magnifications. Morphological as-
sessment included evaluation of lobular architecture,
hepatocyte vacuolisation, necrotic changes, portal in-
filtration, connective tissue proliferation, and fibrosis
development. Cytometric measurements were conduct-
ed using the Image Scope digital morphometric sys-
tem (Aperio Technologies, USA). For each specimen, no
fewer than 100 hepatocytes were analysed across 10
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randomly selected fields of view. The following param-
eters were determined:

B mean hepatocyte volume (V,, um>);

® mean nuclear volume (V,, um?);

® nuclear-to-cytoplasmic ratio (NCR=V_/V,).

These indices were used for quantitative assess-
ment of hepatocellular hypertrophy, lipid degeneration,
and tissue disorganisation. Live body weight was meas-
ured individually before morning milking using Axis
BCA-1500 electronic scales. Average daily milk yield
was calculated from data of the automated Milk Mas-
ter control system (GEA Farm Technologies, Germany)
over 10 consecutive days during the stable lactation
period. The analysed parameters included mean body
weight, absolute and relative liver mass, milk yield, and
body condition score (BCS) on a five-point scale. Data
processing was carried out using Statistica 6.0 soft-
ware (StatSoft Inc., USA). For each parameter, the mean
(M), standard error (m), and significance level (p) were
calculated using Student’s t-test. Differences between

third lactation

second lactation

first lactation

hmsiz.oz*

groups were considered statistically significant at
p <0.05, p<0.01, and p<0.001. Graphical visualisation
was performed in Microsoft Excel 2021.

RESULTS AND DISCUSSION

In the examined cows, 60% of pathologies were re-
corded among 105 animals of the first lactation,
53.57% among 112 animals of the second lactation,
and 47.27% among 110 animals of the third lacta-
tion. For the experiment, animals with polymorbid
pathology were selected, namely the following com-
binations: ketosis-endometritis, ketosis-mastitis,
and ketosis - hypocalcaemia. In cows of the first lac-
tation, these pathologies accounted for 20.95%, in
the second - 17.85%, and in the third - 14.54%. The
average daily milk yield in the experimental group
was 43.26 £ 2.02 kg (p < 0.05), 50.06 # 1.51 kg, and
49.07 £ 2.14 kg, respectively. In the control group,
the yield was 48.07 £ 1.56 kg, 51.40 + 1.41 kg, and
50.27 £2.12 kg, respectively (Fig. 1).

hwm +2.14

35 40 45

J 50.27%2.12
50.6%1.51 m experimental group
J514+141
control group
J 48.07+1.56
50 55

Figure 1. Average daily milk yield in experimental groups of animals, kg

Note: p<0.05 compared with control
Source: developed by the authors

The average body weight in the control group dur-
ing the first lactation was 567.83 = 5.67 kg, while in
the experimental group of the same age this indicator

was significantly lower (p < 0.05) and amounted to
533.66%5.95 kg. A similar pattern was observed during
the second and third lactations (Table 1).

Table 1 Body weight indices of cows with polymorbid pathology (M*m)

Body weight, kg

Animal groups
first lactation

second lactation third lactation

Control 567.83%5.67

633.83+7.47 661.67%9.77

Experimental 533.66+5.95"

556.33+£10.51* 570.66+9.89*

Note: p<0.05 compared with control
Source: developed by the authors

In cows, the liver is located on the right side of the
abdominal cavity, adjoining the diaphragm. In clinically
healthy animals, it has a reddish-brown colour and a
soft consistency. In cows of the experimental group, the
liver was enlarged, yellowish or yellow-brown in col-
our, and soft in texture. The absolute liver mass in the
control group of cows during the first, second, and third
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lactations primarily depended on the animals’ body
weight indices. In cows of the experimental groups at
different lactations, a significant (p <0.001) increase in
the absolute mass of the organ was observed compared
with the control, whereas the body weight indices, as
previously noted, were significantly (p <0.05) lower rel-
ative to the control (Fig. 2).




18 1
16
14
12
10

9.91+0.25* 10.08+0.26

8.06%0.21

O N MOV
!

16.17+1.19*

Huralska & Olishevskyi

16.33+1.33"

10.41£0.22 M control group

experimental group

first lactation second lactation

third lactation

Figure 2. Absolute liver mass of cows with polymorbid pathology, kg

Note: p<0.05 compared with control
Source: developed by the authors

With high statistical significance (p < 0.001), the
relative liver mass values predominated in the experi-
mental groups across all lactations. Thus, in cows of the
control group during the first lactation, this indicator
was 1.42 +0.04, whereas in the experimental group it

291+0.22°

1.86+0.06"
1.42+0.04

i

1.59+0.04 | 1.58+0.04 I

was 1.86 £0.06 (p < 0.001). The highest value of rela-
tive liver mass was recorded in experimental cows
during the second lactation, amounting to 2.91+0.22
(p<0.001), which was 1.83 times higher compared with
the corresponding control group (Fig. 3).

2.88+0.27*

m control group

experimental group

first lactation second lactation

third lactation

Figure 3. Relative liver mass of cows with polymorbid pathology

Note: p <0.05 compared with control
Source: developed by the authors

Histological examination of the liver in cows
from the control groups revealed normal histoarchi-
tectonics. The parenchyma of the organ consisted of
polygonal lobules, with connective tissue septa be-
tween them being poorly developed. The lobules were
formed by hepatic plates composed of hepatocytes,
which perform most of the metabolic functions of the
liver. At the corners of the hepatic lobules (between
three adjacent lobules), triads consisting of a vein, an
artery, and a bile duct were observed. It was estab-
lished that in cows of the first lactation, the most fre-
quent combination was ketosis with endometritis. His-
tological examination of the liver revealed moderate
diffuse vacuolisation of hepatocyte cytoplasm, areas
of diffuse necrosis, and lymphocytic-macrophage in-
filtration of the portal tracts. Disorganisation of hepat-
ic plates and disturbance of lobular architecture were
also noted. In cases of ketosis combined with hypoc-
alcaemia, the hepatic plate structure was preserved;
however, pronounced vacuolisation of hepatocytes,

widespread necrosis, and slight lymphocytic-mac-
rophage infiltration were observed. Such alterations
indicate significant functional overload and damage
to the hepatic parenchyma. In the combination of ke-
tosis and mastitis, pronounced diffuse vacuolisation of
hepatocytes (signs of severe fatty degeneration), mod-
erate diffuse necrosis, and accumulation of inflamma-
tory cells were observed, indicating the development
of focal chronic hepatitis.

In cows of the second lactation with ketosis com-
bined with endometritis, enlargement and structural
changes of the portal tracts, areas of fibrosis around
central veins, accumulation of inflammatory cells, and
dilation of bile ducts were detected. These changes
indicated chronic inflammation with the development
of periportal fibrosis. The combination of ketosis and
hypocalcaemia in cows of the second lactation was
accompanied by pronounced diffuse vacuolisation of
hepatocyte cytoplasm (macrovesicular steatosis), ac-
tive necrosis, slight diffuse lymphocytic-macrophage
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infiltration with eosinophils, and proliferation of con-
nective tissue around the portal tracts. The obtained re-
sults indicated a severe form of hepatosis with signs of
chronic inflammation and initial fibrosis, reflecting pro-
nounced metabolic stress. In cows of the third lactation,
the most frequently registered combination was ketosis
with mastitis. Microscopic examination revealed signs
of hepatosis with elements of chronic inflammation

1912.35+168.04*

1504.07 +168.2

|

2055.35+267.53"

1569.62+223.0 !

and fibrosis, confirmed by the presence of lymphocytes,
macrophages, and connective tissue proliferation. Cyto-
metric examination showed that hepatocytes differed
in size and in the volume of their cytoplasm and nu-
clei. Analysis of these parameters demonstrated a sig-
nificant increase in the mean hepatocyte and nuclear
volumes in animals of the experimental groups across
all lactations (Figs. 4, 5).

2203.29+272.93*
—x

707.063+200.41

m control group

experimental group

first lactation second lactation

third lactation

Figure 4. Hepatocyte volume indices in control and experimental groups, um?

Note: p <0.05 compared with control
Source: developed by the authors
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108.46 £3.46
90.66 +13.89*

m control group

experimental group

0

first lactation second lactation

third lactation

Figure 5. Hepatocyte nuclear volume indices in control and experimental groups, um?

Note: p<0.05 compared with control
Source: developed by the authors

In the experimental animals, as noted, hepatocel-
lular damage was observed. In these cows, a significant
increase in the volume of hepatocytes was recorded.
According to cytometric data, in cows of the first lac-
tation, the hepatocyte volume in the control group was
1504.07 £ 168.29 pm?, whereas in the experimental
group it reached 1912.35+168.04 um* (p<0.01). In an-
imals of the second and third lactations, this parameter
also showed an increase (p <0.05). A significant differ-
ence was also noted in the nuclear volume of hepat-
ocytes between the control and experimental groups.
Thus, in the first lactation, the experimental group ex-
hibited a 1.25-fold (p < 0.05) increase compared with
the control, whereas in the second and third lactations,
the nuclear volume of hepatocytes was significantly
lower - by 1.27 and 1.2 times, respectively. The nu-
clear-to-cytoplasmic ratio (NCR) of hepatocytes in all
experimental groups with ketosis decreased compared
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with the control (Fig. 6). This indicates an increase in
cytoplasmic volume relative to the nucleus, caused by
the accumulation of lipid inclusions, vacuolisation, and
the development of fatty degeneration.

In the experimental animals of the first lactation, a
tendency towards a decrease in the nuclear-to-cytoplas-
mic ratio (NCR) was observed, while in the second and
third lactations the decrease was significant (p<0.01).In
clinically healthy cows of the second lactation, the NCR
value was 0.086 £ 0.014, whereas in the experimental
animals it was 0.053+0.008 (p<0.01), being 1.62 times
lower compared with the control. Summarising the re-
sults, it can be stated that polymorbid pathology in cows
causes pronounced morphofunctional alterations in the
liver, ranging from fatty degeneration and necrotic le-
sions of hepatocytes to the formation of fibrosis. The in-
tensity of these pathological processes depends both on
the combination of diseases and on the lactation period.
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Figure 6. Nuclear-cytoplasmic ratio

Note: p <0.05 compared with control
Source: developed by the authors

The obtained results confirmed that the transition
period in cows is a critical stage characterised by pro-
found metabolic changes that significantly affect the
condition of the liver. According to D. Kang et al. (2025),
about 45-60% of dairy cows experience metabolic dis-
orders during this period. U. Arshad and J. Santos (2024)
reported that hepatic lipidosis develops in 40-50% of
dairy cows in the first weeks of lactation. This stage is
critical due to the substantial physiological and hor-
monal changes associated with the transition from rest
to active lactation. In the present study, the frequency
of detected pathologies was similar - 60% in cows of
the first lactation, 53.57% in the second, and 47.27%
in the third - which confirms the trends described in
the literature. Hepatic pathology in dairy cows remains
a relevant problem in modern animal husbandry since
the liver plays a key role in maintaining energy balance
during the transition period. According to K. Aksoy et
al. (2025), the detection of hepatic lesions of varying
degrees in 46% of examined samples indicates the
widespread occurrence of both subclinical and clinical
forms of hepatopathies among high-producing cows.
The most common findings were inflammatory process-
es, whereas fibrosis and necrosis were rare, suggest-
ing that most morphological changes are reversible if
metabolic correction and diagnosis are performed in
time. It should be noted that histopathological stud-
ies of the bovine liver still lack unified approaches for
the quantitative evaluation of tissue damage, as most
research is based on selective sample analysis, which
can introduce bias in data interpretation (Hellen &
Karpen, 2023). This highlights the need to standardise
morphometric assessment methods for hepatocytes, fi-
brosis, and steatosis to ensure greater objectivity and
comparability of results.

The obtained data correspond to findings from oth-
er studies confirming significant metabolic and hormo-
nal changes during the period from late gestation to
early lactation (McGuckin et al., 2023). During this time,
active lipid mobilisation from fat depots increases the
metabolic load on the liver and may lead to steatosis,
ketosis, and hepatodystrophy. According to Takahashi et
al. (2021), lipid metabolism and lipoprotein profiles in

cows vary depending on age and number of lactations,
supporting the following results that demonstrated
differences among cows of the first, second, and third
lactations. Older cows showed a greater tendency for
triglyceride accumulation in hepatocytes and a higher
susceptibility to metabolic disorders. Histological find-
ings by K. Theinert et al. (2022) are consistent with the
following results, indicating that fat accumulation in
the liver during the early postpartum period is a revers-
ible process that gradually decreases toward the end
of the lactation cycle. At the same time, lipidosis was
found to correlate positively with the degree of cellular
degeneration and inflammation. This study also con-
firmed that fibrosis occurred more frequently in older
cows with a higher number of lactations, reflecting the
cumulative effect of prolonged metabolic stress. These
results have practical importance for monitoring hepat-
ic condition in animals of different age groups.

Liver lesions in dairy cows are multifactorial and
result from complex metabolic shifts occurring dur-
ing the transition period. The detected morphological
changes - from mild fatty infiltration to moderate hep-
atitis - confirm the reversibility of the pathological pro-
cess and underline the importance of early diagnosis.
The data obtained are consistent with the observations
of L. Vogel et al. (2024), who considered postpartum Li-
pid mobilisation in cows a natural model of metabolic
stress, analogous to chronic liver diseases in humans. A
decrease in the NCR in experimental animals compared
with controls indicates the predominance of cytoplas-
mic alterations over nuclear ones, which may be caused
by the accumulation of triacylglycerols and the develop-
ment of fatty degeneration. These findings confirm the
data of C.Zhang et al. (2024), who reported that hepatic
lipidosis is not merely a consequence of excess fat ac-
cumulation but also a manifestation of systemic meta-
bolic disorders accompanied by oxidative stress, inflam-
matory response, and damage to cellular organelles.

The link between the development of lipidosis and
ketosis was also confirmed, as both conditions are driv-
en by negative energy balance in the postpartum peri-
od. In animals with pronounced morphological changes
in the liver, reduced synthetic function of the organ was
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observed, which may lead to decreased productivity,
impaired reproductive performance, and increased sus-
ceptibility to infections. These observations are in line
with P. Melendez and P. Pinedo (2024), who reported
significant economic losses associated with hepatoses
in high-producing dairy cows. The detected cytological
alterations can be regarded as morphological markers
of disrupted adaptive mechanisms during the transition
period. As noted by Z. Cheng et al. (2023), such animals
exhibit accelerated “ageing” of hepatic tissue, reducing
the productive lifespan of cows. The obtained results
morphologically confirmed this mechanism, revealing
signs of degeneration and initial fibrosis, as described
by C.Zhang et al. (2023).

Thus, the conducted research demonstrated that
fatty liver degeneration represents a typical morpholog-
ical response to metabolic stress during the transition
period, and its severity may serve as an indicator of the
intensity of energy deficit. The results expand the under-
standing of the morphofunctional characteristics of the
liver in dairy cows during the transition period, confirm-
ing the close relationship between inflammatory reac-
tions and age-related physiological features of animals.

CONCLUSIONS

In cows with polymorbid pathology during the first,
second, and third lactations, a significant (p < 0.05)
decrease in live body weight was observed compared
with the control groups - by 37.17 kg, 77.5 kg, and
91.01 kg, respectively. This indicates a disruption of
energy metabolism and loss of structural reserves in
the organism as a result of metabolic stress. The ab-
solute and relative liver mass in the experimental
groups was significantly higher (p < 0.001) compared
with the control, indicating oedematous changes, in-
filtration, and accumulation of lipid inclusions in the
hepatic parenchyma. The highest relative liver mass
(2.91£0.22) was recorded in cows of the second lac-
tation, exceeding the control value by 1.83 times.

Histological examination revealed, in animals of the
experimental groups, disturbances in the architecture
of hepatic lobules, diffuse vacuolisation of hepatocyte
cytoplasm, focal necrosis, lymphocytic-macrophage
infiltration, and development of fibrosis, indicating a
combination of fatty degeneration with chronic hepa-
titis and periportal fibrosis. Cytometric analysis demon-
strated a significant increase in hepatocyte and nuclear
volumes in the experimental animals. In the control
group of cows during the first lactation, the nuclear
volume was 90.88 = 7.51 um?, whereas in the experi-
mental group it reached 113.95%16.03 um?* (p<0.05).

At the same time, a tendency toward a decrease in
the nuclear-to-cytoplasmic ratio (NCR) was observed
in the cows of the first lactation, and a significant re-
duction (p<0.01) was recorded in the second and third
lactations. In particular, during the second lactation,
the NCR decreased from 0.086 £0.014 in the control
to 0.053£0.008 in the experimental group. This find-
ing reflects the expansion of cytoplasm caused by lipid
infiltration and the progression of fatty degeneration. A
promising direction for further research is the determi-
nation of correlations between cytometric parameters
of hepatocytes, biochemical markers of liver function,
and clinical manifestations of ketosis, which will con-
tribute to improving the diagnosis and prevention of
hepatosis in dairy cows.
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MeTaboniuyHi po3naamn SK YUHHUK 3MiH MopdonoriyHmnx
i NPOAYKTUBHUX NOKA3HUKIB y KOPIB roNILUTUMHCbKOI nopoau
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AHortauis. MeToto po6oTu 6yno BCTaHOBUTM B3aEMO3B’A30K Mix noniMopbifHO naTonorieto Ta MopdonoriyHumMm
3MiHaMM NeYiHKX | NPOAYKTUBHICTIO TBAPMH Pi3HUX NaKTaLi. Y AOCNIAXKEHHI 3aCTOCOBAHO KOMMAEKC KNTHIYHMX,
MOP®ONOriYHUX, FICTONOTIYHUX | LUTOMETPUYHUX MeTOAiB. lNpoBefeHO MOPiBHANbHMI aHani3 NOKa3HMWKIB Y
KOHTPONIbHUX Ta AOCAIAHUX rpynax KOpiB nepuoi, apyroi i TpeTboi naktauii. ObctexxeHo 327 TBapwH, cepen
SKMX Y KOpiB nepwoi naktauii natonorii suasneHo y 60 %, apyroi — y 53,57 %, Tpetboi - y 47,27 %. Ons
MopdonoriyHoro gocnigy 6yno BiaibpaHo TBApWH i3 NOEAHAHUMU MeTaboNiYHMMM 3aXBOPHOBAHHAMM, a caMe
KeTo30oM y KombiHauii 3 eHOOMEeTpUTOM, MacTMToM abo rinokanblieMielo. BctaHoBneHo, WO nuTtomMa 4vacTka
Takux KOMGiHauii cTaHoBuna 20,95 %, 17,85 % i 14,54 % BinnoBifHO 3a nepLioi, Apyroi Ta TpeTboi NakTauii.
CepenHbon060Bi HAZOT Y AOCAIAHMX FPYNAX BYNM HUXKYMMM, HIXK Y KOHTPO/bHMX, @ Maca Tina goctosipHo (p<0,05)
3MeHlyBanacb y BCiX BiKOBMX rpynax. ¥ OOCAIAHMX TBapWH BiAMiYanu niaBuLLEHHS abCONKOTHOI i BiAHOCHOI
Macu nevidku (p < 0,001), wo cBigumTb Npo PyHKLiOHaNbHY rinepTpodito opraHa. [icTonoriYyHo BCTAHOBNEHO
NOpYLWEHHS apXiTEKTOHIKM YacTo4oK, AMdY3HY BaKyonisauitlo renaToumTiB, LiNSHKM Hekposy, iHdinbTpauito
nopTanbHUX TPaKTiB Ta PO3BMTOK nepunopTanbHoro ¢ibposy. Y TBapWH i3 NOEAHAHHAM KeTo3y Ta MacTuUTy
BMSBNANM 03HAKM XPOHIYHOrO renatuty, TOAI K NpU KeTo3i 3 rinoKaNbLiEMIE0 NepeBaXxann NposiBu renaTosy 3
MaKpOBE3UKYNSIPHUM CTeaTo30M. LIuToMeTpuyHMiA aHanis nokasasB LOCTOBipHe 36inblieHHs 06’eMy renaTtoumTiB
i ix anep y pocnigHux tBapuH (p < 0,05; p <0,01) npu 0AHOYACHOMY 3HUXEHHI S0EePHO-LMTONAA3MATUUYHOIO
BiJHOLUEHHS, LLO MiATBEPAXKYE PO3BUTOK XMPOBOi AMUCTPOdii. CTyniHb MOPhONOriYHUX NOpYLIEHb NOCUITHOBABCS i3
BiKOM i TpMBanicTio nakTauinHoro nepiody. MpakTMyHa LiHHICTb pob0TH NONSra€e y BCTAaHOBAEHHI MOP(ONOTiYHUX
Ta LMTOMETPUYHMUX KPUTEPIiB YpaxeHHs Ne4yiHKK Npu noniMopbiaHMX NaToNorisx, Wo Moxe 6yTM BUKOPUCTAHO
LN [iarHOCTUKM CTyneHs MeTaboniyHOro HaBAHTAXEHHSs, NPOrHo3y nepebiry 3axBoptoBaHb i pPoO3pobKu
Npo@inakTUYHUX 3aXOAIB Y TBAPUHHULITBI

KntouoBi cnoBa: nakrauis; KETO3-eHOOMETPUT; KETO3-MaCTUT; KETO3-TiNoKanbLieMiq; neyviHka; Mopdonoris
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Mochevyn K No. 2 positively affected soil microflora development, enhanced enzymatic processes, and contributed
to the stability of microbial communities. It was also found that, even without the application of mineral fertilisers,
the use of biological preparations significantly increased microbial activity, whereas the mineral system maintained
a lower but stable level of response. The generalisation of results confirmed the synergistic effect of combining
organic and mineral nutrient sources, which ensured a balanced microbiological environment and sustained soil
fertility. The practical value of the study lies in the potential use of the findings to optimise fertilisation systems
and integrate biopreparations into cereal crop production technologies in the Polissia zone of Ukraine to enhance
the ecological efficiency of agriculture

Keywords: soil microflora; organo-mineral nutrition; enzymatic activity; biological decomposition; agroecological
stability; biologisation of agriculture; microbial consortia

INTRODUCTION

Maintaining soil microbiological activity is a funda-
mental condition for the sustainable functioning of
agroecosystems and for ensuring food security. The
activity of soil microorganisms determines the rate of
mineralisation of organic residues, the transformation
of nutrients, the formation of humus, and the overall
fertility of the soil. Within the framework of intensive
farming systems dominated by mineral fertilisers,
there is a significant risk of microbiota degradation,
decreased enzymatic activity, and deterioration of soil
physico-chemical properties. Therefore, assessing the
influence of fertilisation systems and biological prepa-
rations on soil biological activity is essential for de-
veloping environmentally safe technologies for cereal
cultivation, particularly for winter rye.

Recent research increasingly emphasises that a
combination of organic and mineral nutrient sources
creates optimal conditions for the development of mi-
crobial communities. W. Liu et al. (2023) demonstrated
that the application of organic amendments signifi-
cantly enhances microbial diversity, increases the abun-
dance of cellulolytic bacteria, and stimulates enzymatic
activity across various agroecosystems. In the study by
V. Seitz et al. (2024), it was shown that the combined
use of organic and mineral fertilisers promotes the
formation of stable microbial networks, improves nu-
trient cycling, and enhances agroecosystem resilience
to external stress factors. Similar results were obtained
by X. Chen et al. (2025), who proved that organic fer-
tilisers slow down excessive mineralisation of organic
matter and ensure the stability of microbial communi-
ties, which is key to the long-term maintenance of soil
fertility. The research of J. Behr et al. (2023) confirmed
that the introduction of microbial consortia in winter
rye crops stimulates rhizosphere biota and increases
the availability of macro- and microelements. In an ex-
tensive review, D-C. Topa et al. (2025) summarised the
results of more than 120 studies and emphasised that
integrated fertilisation systems combined with bio-
preparations deliver the highest ecological efficiency,
balancing crop productivity with the restoration of soil
biological functions.

Scientific Horizons, 2025, Vol. 28, No. 10

Ukrainian researchers have made a substantial
contribution to the study of organic matter mineralisa-
tion processes. L. Tsentylo (2019) found that indicators
of soil microbiological activity serve as sensitive mark-
ers of agroecosystem sustainability, and that the inten-
sity of biological processes significantly increases un-
der organo-mineral fertilisation systems. The study by
V. Ivanina and O. Tabachuk (2023) showed that the ap-
plication of organo-mineral fertilisers on typical cher-
nozem soils of the Forest-Steppe zone leads to an in-
crease in microbial biomass and higher dehydrogenase
activity. Similar findings were reported by Y. Borko et
al. (2025), who noted that the use of biopreparations in
cereal production enhances soil enzymatic activity by
20-30% and improves ecological condition. Moreover,
P.Lykhovyd (2024) confirmed in their meta-analysis that
the biological activity of Ukrainian soils depends on the
cultivation and fertilisation system; organo-mineral
combinations stimulate the formation of stable micro-
bial communities and prevent degradation processes.

The analysis of these studies indicates that most
contemporary research focuses on the beneficial effects
of organic fertilisers and biological agents on microbial
activity. However, the optimal ratio of organic and min-
eral components in fertilisation systems for specific ce-
real crops remains insufficiently studied. Despite avail-
able data on maize, soybean, and wheat, there is a lack
of research addressing microbiological processes in
winter rye under the conditions of the Polissia region of
Ukraine. The degree of influence of different biological
preparations — particularly Trichodermin, Organik-D2M,
and potassium humate - on soil microbiological activ-
ity under varying proportions of organic and mineral
nutrients also requires clarification. Therefore, study-
ing the dynamics of soil microbiological activity under
different fertilisation systems and biological agents in
winter rye crops is crucial for improving modern envi-
ronmentally oriented agricultural technologies.

The aim of the study was to determine the effects
of various fertilisation systems - biological, orga-
no-mineral, and mineral - in combination with biolog-
ical preparations on the microbiological activity of soil




in winter rye cultivation under the conditions of the
Ukrainian Polissia region.

MATERIALS AND METHODS

The field experiment was carried out during 2019-
2021 at the experimental plots of Polissia National
University. The object of the study was winter rye (Se-
cale cereale L.). Two fertilisation systems were investi-
gated - biological and organo-mineral with different
ratios of organic to mineral components (50:50 and
75:25) - in combination with the following bioprepara-
tions: Trichodermin, Potassium Humate, Organik-D2M,
Mochevyn K No. 1, and Mochevyn K No. 2. In addition to
the biological and organo-mineral fertilisation systems,
a mineral system (N,P,,K,,) was included for compar-
ative analysis. This treatment involved the application
of nitrogen, phosphorus, and potassium at rates of 50,
40, and 70 kg ha' respectively, corresponding to the
regionally recommended fertilisation standards for
winter rye. The mineral system served as a reference
to evaluate the compensatory and synergistic effects of
biopreparations under conditions of mineral nutrient
dominance.

Soil microbiological activity was assessed by deter-
mining the percentage of linen fabric decomposition at
a depth of 0-20 cm. The linen samples were placed in
triplicate, and the results were processed statistically
using analysis of variance (ANOVA). Winter rye of the
variety Khlibne was sown according to standard agro-
nomic practices recommended for the Polissia region.
Foliar application of the biopreparations was carried
out twice during the intensive growth phase, in accord-
ance with the manufacturers’ recommendations. All

Zastulka et al.

applied preparations were included in the official State
Register of Pesticides and Agrochemicals Approved for
Use in Ukraine (n.d.).

Preparations

1.Trichodermin, solution (1 L/ha) - a biological fun-
gicide designed to protect crops from a wide range of
fungal and bacterial diseases. It suppresses pathogenic
agents transmitted through soil and plant residues.

2. Mochevyn K No. 1, solution (1 L/ha) - the active
ingredients are macroelements (NPK) and microele-
ments (0.1%). It promotes root system development,
increases plant biomass, and enhances plant immunity.

3. Mochevyn K No. 2, solution (1 L/ha) - the active
ingredients are macroelements (NPK) and microele-
ments (1 g/L). It reduces plant water demand, increases
drought resistance, stimulates the formation of addi-
tional shoots, and accelerates maturation.

4. Organik-D2M, solution (1 L/ha) - the active in-
gredients are: N - 2.0-3.0%, P,0, - 1.7-2.8%, K,0 - 1.3-
2.0%, total calcium - 2.0-6.0%, and organic substanc-
es - 65-70% (in terms of carbon content). It strengthens
plant immunity against various diseases, enhances seed
germination and vigour, reduces nitrate accumulation
in fruit and vegetable products, inhibits the uptake of
heavy metals and radionuclides by plants, increases the
content of easily available nutrients in the soil,and pro-
motes higher microbiological activity.

5. Potassium Humate, solution (2 L/ha) - contains
macroelements (NPK) and microelements (0.3-2.5 g/L).
It improves plant tolerance to drought and frost, con-
tributing to better growth and development.

The experimental layout for the organic and orga-
no-mineral fertilisation systems is presented in Table 1.

Table 1. Experiment design

Variant No. Treatment name Preparation / treatment Application rate, L/ha
1 Control Water treatment -
2 Trichodermin Biological fungicide 1.0
3 Mochevyn KNo.1  Complex of macro- and microelements (NPK + 0.1% microelements) 1.0
4 Mochevyn K No.2 ~ Complex of macro-and microelements (NPK + 1 g/L microelements) 1.0
5 Organik-D2M Organo-mineral biostimulator 1.0
6 Potassium Humate Humic preparation 2.0

Source: compiled by the authors

The authors adhered to the standards of the Con-
vention on Biological Diversity (1992) and the Conven-
tion on International Trade in Endangered Species of
Wild Fauna and Flora (1979).

RESULTS AND DISCUSSION

The obtained results indicated that, under the biolog-
ical control variant without the application of mineral
fertilisers, the indicators of soil microbiological ac-
tivity were the lowest (Fig. 1). The control treatment
demonstrated a level of 87.38% in 2019, followed by

a decline to 38% in 2020 and a partial recovery to
63.69% in 2021. The application of biopreparations
ensured a consistent increase in microbiological ac-
tivity throughout all experimental years. In particular,
Trichodermin enhanced microbial activity to 97.06%
in 2019 and 70.12% in 2021, which exceeded the con-
trol by 10-12%. A similar trend was observed under
the application of Mochevyn K No. 2, where activity
reached 72.74% in 2021, while Organik-D2M and Po-
tassium Humate demonstrated activity levels of ap-
proximately 70%.
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Figure 1. Soil microbiological activity in winter rye crops under biological
and organo-mineral fertilisation systems with biopreparations, % of linen fabric decomposition

Source: compiled by the authors

Thus, even in the absence of mineral fertilisers, bi-
opreparations positively influenced the development
of soil microflora, particularly in the variants where
Trichodermin and Mochevyn K No. 2 were applied. Un-
der an equal ratio of organic and mineral fertilisers, soil
microbial activity was the highest among all studied
fertilisation systems. The control in 2021 accounted for
68.13%, whereas the variants treated with bioprepara-
tions exceeded this value by 3-5%. Specifically, Tricho-
dermin ensured activity at 70.93%, Mochevyn K No. 1 at
73%, Organik-D2M at 73%, and Potassium Humate at
70.5%.0n average, over the three years of the study, the
organo-mineral fertilisation system (50:50) combined
with Organik-D2M and Trichodermin demonstrated the
highest biological activity. These findings confirmed
the advisability of combining organic and mineral com-
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ponents to optimise soil microbiological processes.

The combination of 75% organic and 25% min-
eral fertilisers noticeably stimulated soil microbiota
(Fig. 2).In the control variant, microbial activity reached
66.11% (2021), whereas under the application of
Trichodermin, the value increased to 66.55%, and un-
der Organik-D2M - to 71.73%. The application of Mo-
chevyn K No. 1 and Potassium Humate provided activity
levels of 70.0-70.1%, exceeding the control by 5-6%.
The highest microbiological activity was recorded in
2021 under the Organik-D2M treatment, where activity
reached 71.73%. These results indicate that the partial
incorporation of mineral elements alongside organic
inputs creates favourable conditions for the develop-
ment of microorganisms and contributes to enhanced
soil fertility.

m 2019 2020 m2021
1] 3 < 7 ¥~ = £ g
o 5 > ©
E £ £ £2 82 2 Gt
DI 8 o [ ] ™~ © =
o < < = o T
= (%] (%) o
S o o © a
= > > 2
= o
2. Organo-mineral system - (75:25)

Figure 2. Soil microbiological activity in winter rye crops under the organo-mineral fertilisation system
and biopreparations, % of linen fabric decomposition

Source: compiled by the authors

When mineral fertilisers were applied, microbial
activity was slightly lower than under organo-min-
eral systems, yet it exceeded the level observed in
the biological control (Fig. 3). The control treatment
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recorded 67.27% in 2021, whereas under the influence
of Trichodermin, the indicator reached 71.23%, under
Mochevyn K No. 1 - 70.25%, Organik-D2M - 71.11%,
and Potassium Humate - 71.21%. The highest activity




was observed with Organik-D2M (71.11%), indicating
the mitigating effect of biopreparations on the mineral
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load of the soil and their ability to stimulate microbial
development.
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Figure 3. Soil microbiological activity in winter rye crops under the mineral fertilisation system
and biopreparations, % of linen fabric decomposition

Source: compiled by the authors

Summarising the obtained results, all fertilisation
systems involving biopreparations had a positive effect
on soil microbiological activity; however, the extent of
this effect depended on the ratio of organic and mineral
components. The highest values were observed in vari-
ants combining organic and mineral inputs, confirming
their synergistic influence on soil microbiota. The ap-
plication of biopreparations, particularly Trichodermin
and Organik-D2M, enhanced the activity of organic mat-
ter decomposers, intensified enzymatic processes, and
improved the overall biological condition of the soil.

It was established that even in the complete ab-
sence of mineral fertilisers, the use of biopreparations
led to a significant increase in microbial activity com-
pared with the control, indicating the high potential
of biological preparations in maintaining soil fertility.
Nevertheless, the combination of organic and mineral
nutrient sources in a 50:50 ratio proved to be the most
effective, as it created a balanced environment for the
development of microbial communities and stable
mineralisation processes. Under this system, activity
exceeded the control by an average of 8-10%, confirm-
ing its suitability for environmentally oriented agricul-
ture. The findings demonstrate that the regulation of
soil microbiological activity can be achieved through
a rational integration of organic, mineral, and biologi-
cal components within fertilisation systems. Bioprepa-
rations serve not only as plant growth stimulants but
also as key agents maintaining the functional balance
of soil microorganisms, ensuring sustainable nutrient
cycling and the long-term preservation of fertility in
the chernozem and sod-podzolic soils of the Polissia
region of Ukraine.

The results of the study confirmed that the combi-
nation of organic and mineral fertilisation systems with
biopreparations is an effective factor in enhancing soil

microbiological activity. This pattern aligns with the
findings of P.Cong et al. (2025),who reported that the ap-
plication of organic amendments stimulates the growth
of decomposer microorganisms and improves the struc-
tural and functional stability of microbial communities,
even in saline soils. The data obtained in the present
study demonstrated a similar tendency: organic compo-
nents and biopreparations increased the percentage of
linen fabric decomposition, indicating the activation of
cellulose-based organic matter degradation processes.

The meta-analysis by D.P. Bebber and V.R. Rich-
ards (2022) emphasised that combined nutrient sys-
tems promote greater microbial diversity and enhance
functional interactions among microorganisms. The
results obtained for winter rye crops revealed a com-
parable relationship: microbiological activity under
the organo-mineral system (50:50) exceeded that of
the biological control, highlighting the positive influ-
ence of combining different nutrient sources. Similarly,
Z.Yu et al. (2025) observed that the partial substitu-
tion of mineral fertilisers with organic inputs increases
soil enzyme activity and improves crop quality, thereby
supporting the rationale for an integrated fertilisation
approach. According to A. Shamshitov et al. (2025) and
X.Pan et al. (2025), the use of organic fertilisers fosters
more stable microbial communities in the rhizosphere
of leguminous crops, particularly under conditions of
increased carbon availability. A similar trend was ob-
served for winter rye, where the organic components of
the nutrient system ensured long-term stability in soil
biotic activity. Z. Wang et al. (2025) reported that the
combined application of microbial agents and organic
fertilisers enhances humus content and improves soil
quality on saline-alkaline lands. The consistently high
levels of microbiological activity identified under the
organo-mineral system in this study suggest a broadly
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positive effect of such combinations across different
agroclimatic conditions.

The findings of C.A. Zeiner et al. (2024) demon-
strated that even in urban agroecosystems, organic
composts enhance dehydrogenase and urease enzyme
activities. This observation aligns with the results ob-
tained for potassium humate and Organik-D2M, which
stimulated enzymatic processes and maintained high
microbial activity throughout the three years of exper-
imentation.

Ukrainian researchers M. Voitovyk and M. Zhov-
tun (2024) demonstrated that soil biological activity
depends on the fertilisation system, confirming that
organic components contribute to maintaining agro-
ecological balance. The results of the present experi-
ment supported this pattern, as the highest activity was
recorded when mineral fertilisers were partially sub-
stituted with organic inputs. Similar conclusions were
presented by Y. Borko et al. (2025), who noted that bio-
logical preparations combined with fertilisers enhance
soil microflora activity and maize yield. The application
of Trichodermin and Organik-D2M produced a compa-
rable positive effect for winter rye crops. The study by
O. Kuts et al. (2022) confirmed that the excessive use
of mineral fertilisers reduces enzymatic activity and
disrupts microbial balance. These findings align with
the observations obtained in this research, where the
mineral system demonstrated lower biological activity
compared with the organo-mineral system.

Overall, the analysis of current studies indicates
that combined fertilisation systems incorporating bi-
opreparations form functionally stable microbial com-
munities, improve soil structure, and contribute to the
sustainable regeneration of its fertility. The findings

fertilisation system efficiency and the level of agroeco-
system ecological stability. Over the three-year observa-
tion period, it was established that the combination of
organic and mineral components in fertilisation systems
created the most favourable conditions for the devel-
opment of soil microflora. The organo-mineral system
with an equal ratio of components (50:50) provided the
highest biological activity, exceeding the control treat-
ments by an average of 8-10%. This finding indicates a
synergistic effect between available nutrient forms and
organic carbon sources, stimulating mineralisation and
humification processes. The application of bioprepara-
tions, particularly Trichodermin, Organik-D2M, and Mo-
chevyn K No. 2, increased microbial activity across all
fertilisation systems, reduced the negative impact of
mineral load, and improved the condition of soil micro-
flora. These preparations enhanced enzymatic activity,
accelerated the decomposition of organic matter, and
contributed to the potential increase in soil fertility. The
exclusive use of organic fertilisers also had a positive
effect on soil biota; however, under combined fertilisa-
tion, the effect was more stable and consistent through-
out the study years. The obtained results confirm the
necessity of transitioning from one-sided mineral nu-
trition to integrated fertilisation schemes that combine
biological agents with organic and mineral fertilisers.
Prospects for further research include investigating the
impact of biopreparations on the activity of specific
groups of soil microorganisms, determining the dynam-
ics of enzymatic processes during different phenological
stages of winter rye development, and assessing long-
term changes in the structure of microbial communities
under the influence of combined fertilisation systems.

highlight the need for further biologisation of cereal ACKNOWLEDGEMENTS
cultivation technologies and for scientifically substan-  None.
tiated optimisation of organic and mineral component
ratios within nutrient management systems. FUNDING
None.
CONCLUSIONS

The conducted research demonstrated that soil mi- CONFLICT OF INTEREST
crobiological activity serves as a sensitive indicator of  None.
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AHoTauis. MeToto gocnigxkeHHs 6yn0 BU3HAUYUTK BNAMB Pi3HUX CUCTEM YA0OpEHHS Y NOEAHAHHI 3 BionpenapaTtamu
Ha MikpobionoriyHy akTUBHICTb PYHTY Nif, NOCIBaMM XMTa 03MMOro B ymoBax lNonicca Ykpainu. MeTtogonoris po6oTu
rPYHTYBanacs Ha NosbOBOMY eKCMepUMEHTI, Skuit npoeoamecsa npotarom 2019-2021 pokiB Ha AOCAIAHMX AiNSHKaX
Monicbkoro HauioHanbHOro yHiBepcuteTy. byno BMKopucTaHO ABi cucTemMu yoobpeHHs — BionoriyHy Ta opraHo-
MiHepasbHy 3 pi3HUM CNiBBiAHOLWEHHAM KOMNOHeHTIB (50:501 75:25),a Takox MiHepanbHy CUCTEMY SK NOPIBHAIbHUN
BapiaHT. [1na ouiHKM MiKpoBioNoriyHoi aKTMBHOCTi 3aCTOCOBYBABCS METOJ, PO3KNAAAHHS NNSHOIO NOAOTHA Yy Wapi
rpyHTy 0-20 cM, pe3ynsTat 06pobnsnuca metoaamu AUCNEpPCiAHOro aHanisy.Y xo4i focnigxkeHHs 6yn10 BCTaHOBNEHO,
O HaMBMLLi MOKAa3HMKM BIONOriYHOI aKTUBHOCTI CMOCTEPIrannca 3a opraHo-MiHepanbHOi CUCTEMU YLOOPEHHS i3
piBHMM CMiBBIAHOWEHHSAM OpPraHi4yHOi Ta MiHepanbHOi CKNaf0BMX, A€ aKTUBHICTb MiKpOOpPraHi3MiB nepesumLlyBana
KoHTponb Ha 8-10 %. byno goBeneHo, wo H6ionpenapati TpuxopepmiH, Opraxik 2M i MoyeBmH K N22 nosuTtnBHO
BMN/IMBANM Ha PO3BUTOK Mikpodnopu, nocunoBanu GepMeHTaTUBHI NpoLecu Ta cnpusanu cTabinbHOCTI MiKpoBHMX
yrpynoBaHb. [1poaHanizoBaHo, WO HaBiTb 6e3 BHECEHHS MiHepanbHWX [0OpPUB 3acTOCyBaHHA OGionpenapartis
3abe3neyvyBasno CyTTEBE MiABULLEHHS AaKTMBHOCTI MiKpPOOPraHi3MiB, TOAi K MiHEpaNnbHa CMCTEMa Mana HUXYUI, ane
cTabinbHMI piBeHb Aii. Y3aranbHeHHs pe3ynbTaTiB MiATBEPAMIO CUHEPTETUYHMI edeKT NOEAHAHHS OPraHiYHuX i
MiHepasbHUX eIEMEHTIB XMUBEHHS, KUK 3abe3neyye 36anaHcoBaHe MikpobionoriyuHe cepefoBuLLe Ta NiATPUMYE
POAIOYICTb FPYHTY. [IpaKTUYHA LiHHICTb pOBOTHU MONSAra€ y MOXAMBOCTI BUKOPUCTAHHS OTPUMAHMUX pe3ynbTaTiB Ans
ONTUMI3aLii cucTeM yoobpeHHS Ta BNpOBaAXeHHS BionpenapaTiB y TEXHOMOTiT BUPOLLYBAHHS 3€PHOBUX KYNbTYp Y
30Hi Moniccs YkpaiHu 3 MeTo NiABULLEHHS €KONOTiYHOT ePeKTUBHOCTI 3eM1epobCTBa

KniouoBi cnoBa: rpyHTOBa Mikpodiopa; opraHo-MiHepasibHe XMBNEHHS; GepMeHTaTUBHA aKTWUBHICTb; BionoriyHa
[LecTpyKLis; arpoekonoriyHa cTabinbHicTb; 6ionorisauis 3emnepobcTBa; MikpobHi KOHCOpLiyMK
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composition at three observation periods, and yield was measured according to standard agronomic procedures
with an untreated control. The study found that the structure of weed infestation was dominated by grass
species, accounting for 77.2% of the total weed population. The application of Norvel Extra alone ensured a
technical efficiency of 77.1%, whereas its combinations with Horizon, Tsukron+, and Helianthex provided weed
control ranging from 88.5% to 95.5%. A strong correlation was observed between yield preservation and weed
suppression, with yield retention levels of 23.5-42.6% compared to the control. The results indicated that the
highest performance was achieved when Tsukron+ and Helianthex were combined with the graminicide, due
to their selective activity against both grass and broadleaf species. The practical value of the study lies in the
potential use of its results by agronomists, crop consultants, and agricultural producers to optimise buckwheat

herbicide management systems and improve crop productivity under Forest-Steppe conditions in Ukraine

Keywords: crops; weeds; herbicide; efficiency; yield; protection technologies

INTRODUCTION

Buckwheat (Fagopyrum esculentum Moench.) is one of
the leading cereal crops with significant nutritional,
melliferous, and agroecological importance. Although
its share in global crop production remains limited, this
crop is an essential component of Ukraine’s national
food security. Increasing buckwheat yield and ensuring
the stability of its production are strategic objectives
for the agricultural sector, given the reduction in sown
areas and low profitability across most regions. Buck-
wheat cultivation also performs an ecological function,
improving soil structure, promoting the accumulation
of organic matter, and serving as a valuable preceding
crop for other species. One of the key factors in enhanc-
ing buckwheat productivity is the effective control of
weeds, which significantly affect plant growth, develop-
ment, and yield. Therefore, the search for optimal her-
bicides for buckwheat agrocenoses remains a relevant
research direction.

Recent studies have demonstrated significant
changes in approaches to buckwheat cultivation tech-
nology, particularly concerning the use of herbicides
and biological preparations. According to V. Moisiien-
ko et al. (2023), yield improvement in buckwheat di-
rectly depends on balanced nutrition and foliar feeding,
yet weed competition remains a crucial limiting factor
even under optimal fertilisation. Research by Q. Wang et
al. (2024) confirmed that optimising herbicide types
and concentrations is a key element in increasing the
intensity of buckwheat cultivation without compro-
mising grain quality. Ukrainian researchers have also
focused considerable attention on agronomic factors
affecting buckwheat productivity. Yu. Mashchenko and
|. Semeniaka (2018) established that the correct selec-
tion of preceding crops, adherence to crop rotation, and
technological discipline are critical for achieving sta-
ble yields. O.Vavrynovych and O. Kachmar (2019) noted
that changes in the species composition of buckwheat
weed flora depend not only on soil fertility but also on
the fertilisation system, which influences weed germi-
nation dynamics during the growing season.

International research in recent years has concen-
trated on issues of herbicide resistance and the search
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for environmentally safe methods of weed manage-
ment. T.A. Gaines et al. (2020) outlined the principal
biochemical mechanisms underlying the evolution of
weed resistance to herbicidal active substances, high-
lighting the need for developing new compounds to
maintain agro-technological efficiency. Similar conclu-
sions were drawn by T. Randell-Singleton et al. (2025),
who determined that herbicide selection for buck-
wheat must be based on an assessment of selectivity
to avoid phytotoxic effects on the crop. Y. Vieites-Alva-
rez et al. (2024) demonstrated that different genotypes
of common (Fagopyrum esculentum) and Tartary buck-
wheat (Fagopyrum tataricum) exhibit varying abilities to
exert allelopathic suppression of weeds, opening pros-
pects for biological weed management.

A significant contribution to the study of varietal
characteristics of buckwheat was made by P. Karazh-
bei et al. (2022), who focused on the creation of
high-yielding and adaptive varieties resistant to abi-
otic stresses. Meanwhile, H. Debski et al. (2018) found
that certain herbicides, including glyphosate and flua-
zifop-P-butyl, can alter the flavonoid content in buck-
wheat plants, which requires careful management to
avoid negative impacts on product quality.

Thus, the current level of scientific research con-
firms that effective weed management in buckwheat
crops remains a complex and multifaceted challenge.
Alongside breeding and agronomic measures, improv-
ing herbicide control systems is an essential area for
ensuring environmental safety, biodiversity conserva-
tion, and yield enhancement. Therefore, the aim of this
study was to determine the effectiveness of herbicides
for controlling segetal vegetation in the agrocenosis of
common buckwheat (Fagopyrum esculentum Moench.)
while considering their influence on crop development
and productivity.

MATERIALS AND METHODS

Field studies were carried out during 2021-2025 at the
Educational and Research Field of Polissia National Uni-
versity, located 20 km north of Zhytomyr, in the village
of Velyka Horbasha, Zhytomyr District,Zhytomyr Region.




The soil at the experimental site was predominantly
sandy loam, sod-podzolic, characterised by the follow-
ing parameters: humus content (according to Tyurin
and Kononova, DSTU 7828:2015, 2016) - 1.07-1.22%;
easily hydrolysable nitrogen (according to Kornfield,
DSTU 7863:2015, 2016) - 56-67 mg/kg of soil; availa-
ble phosphorus (according to Chirikov,DSTU 4115:2002,
2003) - 107-175 mg/kg of soil; exchangeable potassi-
um (according to Chirikov, DSTU 4115:2002, 2003) -
74-105 mg/kg of soil; and soil pH - 5.6-6.5. Weather
conditions during the research period slightly deviated
from long-term averages but did not have a significant
influence on the development of buckwheat.

Buckwheat in the experiment was cultivated ac-
cording to the conventional soil tillage technology. The
preceding crop was winter wheat. After harvesting the
predecessor, stubble cultivation was performed to a
depth of 7-10 cm. Once weed seedlings and volunteer
wheat appeared, deep ploughing was conducted to a
depth of 23 cm. In spring, moisture preservation and
pre-sowing cultivation were carried out. Buckwheat
sowing took place from the third decade of May to the
first decade of June using the variety Syn 3/02.The seed-
ing rate was 2.8 million grains per hectare, and sow-
ing was conducted with an SZ-3.6 seed drill. Certified
seed material treated with a fungicidal preparation was
used. During sowing, fertiliser NPK 10:26:26 was ap-
plied at a rate of 80 kg/ha. The studied herbicides were
applied using a backpack sprayer at the 12-14 BBCH
growth stage with a working fluid rate of 200 L/ha.
During the growing season, pest control measures
were taken when necessary, particularly against aphids.
Throughout the research period, the application of fun-
gicides was not required, as no significant signs of dis-
ease were observed in buckwheat plants. The species
composition of weeds present in the buckwheat agro-
cenosis was determined using the Weed Identifier Atlas
(Veselovsky et al., 1988). The evaluation of herbicide ef-
fectiveness against weeds was conducted according to
the following experimental design:

1. Weedy control (treatment with water);

2. Norvel Extra, EC (active ingredient: quizalofop-P-
ethyl 125 g/L) - 1.0 L/ha;

3.Horizon, EC (active ingredients: phenmedipham -
91 g/L, desmedipham - 71 g/L, and ethofumesate -
112 g/L) - 0.7 L/ha, followed after 10 days by Norvel
Extra, EC, 1.0 L/ha;

4. Tsukron+, SL (active ingredient: clopyralid
300 g/L) - 0.2 L/ha, followed after 10 days by Norvel
Extra, EC, 1.0 L/ha;

5.Helianthex, SC (active ingredient: halauxifen-me-
thyl 68.5 g/L) - 0.04 L/ha, followed after 10 days by
Norvel Extra, EC, 1.0 L/ha.

The size of each experimental plot was 50 m?,
with four replications and a one-row sequential lay-
out. Weed infestation assessments in buckwheat crops
were performed three times: the first — before herbi-
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cide application, the second - 30 days after applica-
tion, and the third - prior to harvest. Herbicide efficacy
was calculated on the 30" day after treatment, using
the initial weed density as a control. The calculation
of herbicide efficiency employed a correction formu-
la relative to the control. Buckwheat yield was deter-
mined for each treatment variant in accordance with
the methodology described by S. Tribel (2001). The au-
thors adhered to the standards of the Convention on
Biological Diversity (1992) and the Convention on In-
ternational Trade in Endangered Species of Wild Fauna
and Flora (1979).

RESULTS AND DISCUSSION

Since buckwheat is one of the main grain crops in
Ukraine, improving its cultivation techniques enables
producers to increase productivity per hectare. In mod-
ern technological maps for buckwheat cultivation, the
protection section mainly focuses on controlling cer-
tain pest species and grass weeds, while information on
disease management is almost absent. A similar situa-
tion applies to the control of broadleaf weeds, as there
are no registered herbicides for their effective suppres-
sion. Therefore, the present study aimed to investigate
the possibility of herbicidal control of both broadleaf
and grass weed species in buckwheat crops. As a result
of assessing the weed infestation within the buckwheat
phytocenosis, it was found that the majority of segetal
plants belonged to grass species, which accounted for
more than 70% of the total (Fig. 1).

228 Dicotyledonous weed
species

B Monocotyledonous
weed species

Figure 1. Ratio of monocotyledonous and dicotyledonous
weed species in common buckwheat crops, 2021-2025
Source: developed by the authors

The most numerous weed species in buckwheat
crops were green foxtail (Setaria viridis), yellow foxtail
(Setaria pumila), barnyard grass (Echinochloa crus-gal-
li L)), and witchgrass (Panicum capillare L.). Among the
broadleaf weeds, the following species were identified:
common lambsquarters (Chenopodium album L.), wild
mustard (Sinapis arvensis L.), creeping thistle (Cirsium
arvense L.), black-bindweed (Polygonum convolvulus L.),
and spotted lady’s thumb (Persicaria maculosa Gray),
among others (Fig. 2).

As a result of applying the studied preparations in
buckwheat crops, a high level of effectiveness was ob-
served in controlling unwanted vegetation. The initial
weed infestation of the buckwheat stands averaged
65.4 plants per m? (Table 1).
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W Grey foxtail

W Green foxtail

u Wild mustard
Cypress spurge

W Barnyard grass

B Common lambsquarters
Other species

Figure 2. Structure of weed infestation in common buckwheat crops, 2021-2025

Source: developed by the authors

Table 1. Effect of herbicides on weed infestation in common buckwheat crops (2021-2025)

Number of monocotyledonous and

dicotyledonous weed species, pcs/m? Technical

Experimental variant .“ 30 days after before efﬁc:ency,
initial treatment harvest %
Weedy control (water treatment) 65.5 74.9 78.0 -
Norvel Extra, EC, 1.0 L/ha 65.2 171 19.5 771
Horizon, EC, 0.7 L/ha, followed after 10 days by Norvel Extra, EC, 1.0 L/ha 63.9 8.4 9.3 88.5
Tsukron+, SL, 0.2 L/ha, followed after 10 days by Norvel Extra, EC, 1.0 L/ha 66.2 3.4 5.0 95.5
Helianthex, SC, 0.04 L/ha, followed after 10 days by Norvel Extra, EC, 1.0 L/ha 66.1 4.2 5.5 94 .4
LSD 0.06 0.1 0.1 -

Source: developed by the authors

In the control variant, the number of weeds in-
creased to 74.9 plants per m? on the 30" day after the
first observation and reached 78.0 plants per m? before
harvesting. The application of the graminicide Norvel
Extra at a rate of 1.0 L/ha provided almost complete
control of grass-type segetal species; however, some
dicotyledonous weeds remained, resulting in an over-
all efficiency of 77.1% compared to the control. In the

treatment with Horizon (0.7 L/ha) followed after 10
days by Norvel Extra (1.0 L/ha), the technical efficiency
reached 88.5%. The use of Tsukron+ and Helianthex, fol-
lowed by the graminicide application,demonstrated the
highest weed suppression, achieving 95.5% and 94.4%
effectiveness, respectively. Due to the reduced weed
pressure on the buckwheat agrocenosis, a significant
increase in crop yield indicators was observed (Table 2).

Table 2. Effect of post-emergence herbicides on the yield of common buckwheat (2021-2025)

Experimental variant Application Yield, Yield % relative to
rate, L/ha t/ha preserved weedy control
Weedy control (water treatment) - 1.15 - -
Norvel Extra, EC, 1.0 L/ha 1.0 142 0.27 23.5
Horizon, EC, 0.7 L/ha, followed after 10 days by Norvel Extra, EC, 1.0 L/ha 0.7+1.0 1.50 0.35 30.4
Tsukron+, SL, 0.2 L/ha, followed after 10 days by Norvel Extra, EC, 1.0 L/ha 0.2+10 1.64 0.49 42.6
Helianthex, SC, 0.04 L/ha, followed after 10 days by Norvel Extra, EC,1.0 L/ha 0.04 + 1.0 161 0.46 40.0
LSD, - 0.01 0.01 -

Source: developed by the authors

In the control variant, this indicator was the lowest,
amounting to 1.15 t/ha. The other experimental vari-
ants demonstrated significantly higher yield values. The
application of the graminicide Norvel Extra at a rate
of 1.0 L/ha resulted in yield preservation of 0.27 t/ha,
correspondingto 23.5% comparedtothe control.Aslight-
ly higher buckwheat yield of 1.50 t/ha was obtained in
the treatment involving Horizon followed after 10 days
by Norvel Extra, providing a yield increase of 30.4%.
The highest yield values - 1.64 t/ha and 1.61 t/ha -
were recorded in the variants where Tsukron+ and
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Helianthex were followed by Norvel Extra, respectively,
allowing yield preservation at 42.6% and 40.0% com-
pared to the weedy control. This study contributes to
the development of plant protection technologies by
proposing effective solutions for weed management
and yield enhancement in buckwheat cultivation.

The results of the present research demonstrat-
ed high herbicidal control efficiency against segetal
vegetation in the agrocenosis of common buckwheat,
which is consistent with findings from previous stud-
ies emphasising the crucial role of technological




optimisation in improving crop productivity. In the
study by I. Tkalich et al. (2019), it was shown that the
growth intensity and yield of buckwheat significantly
depended on the application of rational agrotechnical
practices, among which timely weed control played a
decisive role. The authors noted that in areas with high
weed infestation, yield losses exceeded 40%, which
aligns with the current results indicating the adverse
effect of segetal vegetation on yield formation.

According to Z. Hrytsaienko and A. Datsenko (2014),
the use of biological preparations contributed to in-
creasing buckwheat productivity by stimulating growth
processes and enhancing the crop’s competitive ability
against weeds. The results obtained in this experiment
confirm the effectiveness of an integrated approach,
where herbicidal control is combined with optimal
plant nutrition and biostimulation, ensuring yield pres-
ervation of up to 40-42%. These findings highlight the
necessity of comprehensive management of the phy-
tosanitary condition of the buckwheat agrocenosis to
achieve sustainable economic efficiency.

A comparison with the study by V. Onychko et
al. (2015) revealed that the interaction between sow-
ing rate, fertilisation level, and herbicide control deter-
mines the final crop yield. In their research, the optimal
plant density and fertiliser application promoted the
formation of a more developed leaf surface, enabling
buckwheat to compete more effectively with weeds.
A similar pattern was observed in the present experi-
ment: under conditions of reduced weed pressure and
sufficient nutrient supply, buckwheat showed an in-
creased nutrient uptake efficiency and a higher level of
photosynthetic activity.

At the same time,V.Khomina and O. Pastukh (2016)
emphasised the importance of agroecological factors in
buckwheat cultivation under mixed cropping systems,
where weed control is achieved through mutual sup-
pression between crops. The current results partially
align with their conclusions, as in both cases the key
factor was the reduction of competition for light and
nutrients. However, herbicide application in this study
provided a faster and more predictable effect, which of-
fers a practical advantage under production conditions.

Particular attention should be given to the find-
ings of I. Straholis et al. (2019), who highlighted the
response of different buckwheat varieties to the com-
bined use of biological preparations and mineral fertil-
isers. The authors established that the resistance of va-
rieties to stress conditions, including weed competition,
increased due to balanced nutrition. A similar phenom-
enon was observed in the present study: yield improve-
ment inthe herbicide-treated variants was accompanied
by enhanced growth parameters, confirming the impor-
tance of an integrated crop management approach.

The results of R.Tobiasz-Salach et al. (2018) demon-
strated that foliar fertilisation of buckwheat affects not
only yield quantity but also the chemical composition
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of the grain. This aspect is significant in the context of
herbicide application, as improved weed control effi-
ciency must coincide with the preservation of the bi-
ochemical quality of the produce. In the present study,
no negative impact of herbicides on crop productivity
was detected, confirming the safety of the recommend-
ed herbicide combinations.

Similar results were reported by A. Stomka et
al. (2017), who described the positive effects of bi-
ostimulants on buckwheat seed productivity. The au-
thors showed that hormonal regulation in flowers
promoted fertilisation and seed formation, partially
compensating for losses caused by weed competition.
In this study, herbicide application also contributed to
an increase in the total number of seeds per plant, in-
directly confirming the importance of reducing biotic
stress to realise the crop’s yield potential. The findings
of A. Ptazek et al. (2019) are also noteworthy, as they
demonstrated the effect of high temperatures on buck-
wheat embryogenesis. Their research indicated that un-
der stressful conditions, ovule development disturbanc-
es and reduced seed germination may occur. The results
obtained in the present study indicate that effective
herbicidal control not only improves the phytosanitary
condition of the agrocenosis but also indirectly miti-
gates environmental stress effects by reducing compe-
tition, which enhances reproductive organ formation.

Therefore, the findings confirm that herbicidal con-
trol of segetal vegetation in the buckwheat agrocenosis
is a crucial element of modern cultivation technology.
Its efficiency depends on integration with the fertilisa-
tion system, varietal characteristics, and soil biological
activity level. The consistency of these results with the
conclusions of contemporary researchers supports the
scientific and practical reliability of the findings, while
the observed differences highlight the need for further
testing of new herbicide combinations under various
climatic conditions to ensure stable yield improvement
in buckwheat cultivation.

CONCLUSIONS

Under the conditions of the Educational and Research
Field of Polissia National University, the agrocenosis of
common buckwheat was predominantly infested with
grass weed species. The proportion of monocotyledon-
ous weeds accounted for 77.2% of the total undesirable
vegetation. The dominant representatives of the grass
flora were grey foxtail (Setaria pumila), green foxtail (Se-
taria viridis), and barnyard grass (Echinochloa crus-galli).
Among dicotyledonous weeds, the most common were
wild mustard (Sinapis arvensis), cypress spurge (Euphor-
bia virgata), and common lambsquarters (Chenopodium
album).The application of all tested herbicides resulted
in a significant reduction of weed pressure within the
buckwheat agrocenosis.Inthe variant where the gramin-
icide Norvel Extra was applied at a rate of 1.0 L/ha,
almost complete control of grass weeds (98.9%) was
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achieved, allowing for yield preservation of 23.5%. The
treatment combining Horizon with a subsequent appli-
cation of Norvel Extra provided control over both grass
and broadleaf weeds at 88.5%, resulting in a 30.4%

further studies aimed at identifying herbicides with di-
verse mechanisms of action to ensure sustainable and
environmentally safe weed management in buckwheat
cultivation.

yield increase compared to the control.

The most effective treatments were those combin-
ing Tsukron+ and Helianthex with Norvel Extra applied
10 days later. The technical efficiency in these variants
reached 95.5% and 94.4%, respectively, relative to the
initial weed infestation, while yield increased by 42.6%
and 40.0%. The results of this research confirm the high
efficiency of herbicidal control of segetal vegetation in
buckwheat agrocenoses and highlight the potential for
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AHoTauisn. MeToto focnifxkeHHs 6yno BU3Ha4YeHHs eeKTUBHOCTI repbiumaiB NS KOHTPOSO CereTanbHOi POC/IMHHOCTI
B arpoLLeHosi rpeykn nocisHoi (Fagopyrum esculentum Moench.) 3 ypaxyBaHHSM iX BNAMBY Ha CTaH KynbTypu Ta
dopMyBaHHS BpoXanHocTi. MeToponoria pobotn nepepbayana 3aknagaHHsg NOMbOBOrO AOCAiAY Ha HaBYasibHO-
pocnigHoMy noni MNonicbkoro HauioHanbHoro yHisepcuteTy npotarom 2021-2025 pp., e ouiHiOBanu N'aTb BapiaHTiB
repbiunaHOro KOHTPO/IO, BK/IOYAOYM BMKOPUCTAHHSA rpaMiHiumMay HopBen ekcTpa okpeMo Ta B KOMOiHauii 3
npenapatamu FopusoHT, LlykpoH+ i leniaHTekc. EQekTMBHICTb repbiumnaiB BU3HaYanM 3a AMHAMIKOK KiNbKiCHOrO
cknapy 6yp’sHiB y Tpbox 00niKax, a BPOXaMHICTb BCTAHOB/IOBANM 33 CTAaHAAPTHOK METOAMKOK 3 YpaxyBaHHSAM
KOHTPOJIbHOMO BapiaHTa. Y pe3ynbTati AOCNIAKEHHS BYN0 BUSABIEHO, WO Y CTPYKTYpi 3abyp’aHEHOCTI NOCiBiB rpeyku
nepeBa)anu 31aKoBi BUAM, YaCcTKa SKMUX cTaHoBuna 77,2 %. byno BCTaHOBNEHO, O 3aCTOCYBaHHS nLLE rpaMiHiLuay
Hopeen ekcTtpa 3abe3neuvyBano 77,1 % TexHiuHOi epeKTUBHOCTI, TOAi K MOro NOEAHAHHSA 3 NpenapaTtaMu [0pU30HT,
LlykpoH+ i TeniaHTekc cnpusino koHTponto 88,5-95,5 % Byp’aHis. byno npoaHanizoBaHO 3aneXHiCTb YPOXAUHOCTI
rpeyku Bif, piBHS 3a0yp’IHEHOCTI Ta Bii3Ha4YeHO 36epexXeHHs BPOXato Ha PiBHi 23,5-42,6 % NOPiBHAHO 3 KOHTPONEM.
byno y3aranbHeHo, Lo HaMBULLY pe3ynbTaTUBHICTb 3a6e3nevyBanu BapiaHTU 3 BUKOPUCTAHHAM LlykpoH+ i leniaHTekc
Yy NOEAHAHHI 3 TPaMiHiLMAOM, WO 3YMOBNEHO iX BUOIPKOBOK i€ HA LIMPOKOMMUCTI ¥ 3nakoBi BUAM. [pakTUMUHa
LiHHICTb poBOTM NONATAE Y MOX/IMBOCTI BUKOPUCTAHHS pe3yNbTaTiB arpOHOMaMM, KOHCY/IbTaHTaMM Ta BUPOBHUKaMM
CiNnbCbKOroCcnoapcbkoi MpoAykuii Ans onTuMisauii cucteMu repbilMAHOro 3axXMCTy Fpeyku Ta MigBULLEHHS i
BPOXAWHOCTI B ymMoBax Jlicocteny YkpaiHu

KniouoBi cnoBa: nocisu; bypaH; repbiumna; epekTUBHICTb; YPOXKANHICTb; TEXHONOTIT 3aXUCTY
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