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Abstract. Increasing the gross yield of high-quality grain requires the improvement of breeding
programmes through their continuous enrichment with new genetic plasma. Therefore, the aim of the
study was to identify sources of improvement in grain quality indicators for use in the breeding process
by differentiating between different varieties of winter bread wheat in the central part of the Forest-
Steppe zone of Ukraine. Thirty-one varieties of winter bread wheat were evaluated for protein content,
wet gluten content, and sedimentation index in the 2023 and 2024 harvests. The distribution of the
obtained grain quality indicators was analysed. It was found that the degree of asymmetry and excess
distribution did not exceed the critical value (JAs/ocAs|< 3 and |Ex/cEx| € 3). Thus, the experimental data
on sedimentation, protein and wet gluten content during the years of testing were close to normal
distribution. The variability of the quality indicators of winter bread wheat grain depending on the
hydrothermal conditions of cultivation was established. A higher average protein content (13.3%) and
wet gluten content (28.7%) were obtained in 2023, and a higher sedimentation index (74 ml) in 2024.
The coefficient of variation revealed significant variability (CV =10.2-13.5%) in the sedimentation
index between winter bread wheat varieties during the years of testing, as well as weak and moderate
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variation in protein content (CV =5.3-8.6%) and wet gluten content (CV =3.9-5.8%). A decisive (40.7-
63.8%) influence of the variety on the studied grain quality indicators was revealed. The conditions
of the year had an insignificant effect on the sedimentation index (2.5%), but a significant effect on
the protein (23.2%) and wet gluten (24.0%) content. The proportion of the interaction between the
variety x year factors was significant (26.9-32.5%) for all three grain quality indicators. The following
winter bread wheat varieties were identified as having the highest protein content: 'MIP Kniazhna'
and Avrora Myronivska'; wet gluten content: 'MIP Kniazhna’, ‘Avrora Myronivska’, 'Pokrovska’, 'Hlad,
"Zolotokolosa), 'Kolumbiia), '‘Optyma odeska), ‘Doskonalist odeska), 'Perevaga) ‘Nyva odeska’, 'Kuialnyk,
'Kubok|, 'Vahoma'; for sedimentation value - 'Pokrovska’,'Osnova odeska), 'Kuialnyk’,'Kubok'

Keywords: Triticum aestivum L.; protein content; wet gluten content; sedimentation index;

hydrothermal conditions; coefficient of variation; ANOVA

Introduction

Wheat - one of the principal food crops in both
Ukraine and worldwide. The grain of Triticum aes-
tivum L. is a staple food for a large proportion of
the global population due to its high nutrition-
al value. Owing to its production potential and
technological value, wheat plays a crucial role in
the global economy. According to the State Reg-
ister of Plant Varieties Suitable for Dissemination
in Ukraine, as of 2025, there are 776 registered
varieties of winter bread wheat. However, not all
of them are of high quality. The majority (38%)
belong to the category of valuable wheats, while
only 27% meet the criteria for strong wheats. A
considerable proportion (23%) are fillers, and
12% belong to an undefined quality group (State
Register..., 2025). To improve grain quality, both
in Ukraine and globally, targeted breeding pro-
grammes are being carried out to combine in a
single genotype a high yield potential with en-
hanced technological properties of grain and
flour, as well as resistance to a complex of ad-
verse abiotic and biotic environmental factors.

K. Wysocka et al. (2024) studied the effect
of different cultivation systems for winter bread
wheat (organic, integrated, and conventional) on
flour quality. The authors found that the cultiva-
tion technology significantly affects baking qual-
ity parameters, particularly protein content, wet
gluten content, and sedimentation value. Grain
from organic systems had lower protein and wet

gluten contents, whereas integrated and conven-
tional systems ensured higher values of the pro-
tein and wet gluten complex and better baking
quality. T.P. Khumalo-Mthembu et al. (2025) ana-
lysed the current state and prospects of breeding
bread wheat (Triticum aestivum L.) for pre-harvest
sprouting resistance in South Africa, emphasis-
ing that this trait is crucial for maintaining bak-
ing quality, and that effective breeding requires
combining traditional methods with modern mo-
lecular and genomic approaches. A.A. Melash &
E.B.Abraham (2022) conducted a detailed analysis
of innovative agronomic and breeding strategies
to improve wheat productivity and grain quality
under changing climatic conditions. The authors
demonstrated that optimal nitrogen fertilisation
and the selection of cultivars capable of efficient-
ly utilising nutrients make it possible to obtain
high yields with improved technological proper-
ties of the grain.T. Hao et al. (2023) examined the
effect of different nitrogen application frequen-
cies under drip irrigation on the quality indicators
of winter wheat grain. They found that increasing
the frequency of nitrogen application significant-
ly increased protein content (by 2-8.6%) and wet
gluten (by 4.5-22.1%) and had little effect on the
sedimentation value, although it could lead to a
reduction in flour quality.

H.A. Dutova et al. (2024), when evaluating
new cultivars of winter bread wheat under various

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6



soil and climatic conditions with respect to grain
quality indicators, observed a trend of increas-
ing protein and crude wet gluten content from
the north to the south of Ukraine, specifically
from the Polissya zone to the Steppe. A.M. Zvo-
nar (2020) investigated the influence of cultivar
and annual weather conditions on the quality of
winter wheat grain and established that nitrogen
accumulation in wheat grain depends more on
the genetic characteristics of the cultivar than on
hydrothermal conditions. Higher protein and wet
gluten content were obtained under dry grow-
ing conditions. A. Szuba-Trznadel et al. (2024)
compared winter bread wheat cultivars based
on their chemical composition, biological value
of proteins, and content of macro- and microe-
lements, and found that the chemical composi-
tion of the grain was dependent on the genetic
properties of the cultivars. They established that
a higher protein content in the grain, even with
a greater sum of essential amino acids, does not
always correlate with a higher nutritional value
of the protein, which depends on the specific
amino acid composition. Knowledge and under-
standing of the various physical and chemical
properties, protein quality, and information on
the amino acid composition will be useful for a
wide range of specialists, and conducting a tar-
geted breeding process to create cultivars with
the necessary nutrients will satisfy diverse dietary
needs. H. Wieser et al. (2020) analysed the chem-
ical composition of wheat grain in detail and
concluded that the content and composition of
proteins in the grain largely determine its baking
qualities. The authors note that the variation in
protein content in wheat grain ranges from 7%
to 22%, but most commonly lies between 10%
and 15%. Protein content, wet gluten content, and
its quality play an important role in the food in-
dustry, as these indicators determine the quality
of the final product. The quantity and quality of
the protein-gluten complex primarily influence
the formation of the commercial value of wheat
samples. M.V. Radchenko et al. (2024) evaluated
the potential of winter wheat cultivars created in
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various breeding centres for the rational utilisa-
tion of agro-meteorological resources and iden-
tified cultivars with high adaptive potential and
superior baking qualities. The authors noted that
the successful choice of cultivar is one of the most
important elements of winter wheat cultivation
technology for realising the genetic potential.
Breeding programmes necessarily require con-
stant replenishment with new genetic material - a
condition without which progress in breeding is im-
possible. Evaluating new winter bread wheat culti-
vars based on grain quality indicators and select-
ing samples with higher content and better quality
of the protein-gluten complex will provide breed-
ers with high-quality starting material for further
use in breeding programmes of various directions.
The aim of this study was to evaluate win-
ter bread wheat cultivars under the conditions of
the central part of the Forest-Steppe of Ukraine
for protein content, wet gluten content, and sed-
imentation index, and to identify genotypes with
higher grain quality indicators. To achieve this
aim, the following tasks needed to be addressed:
» todetermine the level of expression of grain
quality indicators of winter bread wheat depend-
ing on the hydrothermal conditions of the year;
» to establish the pattern of distribution of
grain quality indicators of winter bread wheat;
» to differentiate winter bread wheat culti-
vars according to protein content, wet gluten con-
tent, and sedimentation index.

Materials and Methods
The study was conducted under the conditions
of the V.M. Remeslo Myronivka Institute of Wheat
of the National Academy of Agrarian Sciences of
Ukraine (NAAS), located in the village of Tsen-
tralne, Obukhiv District, Kyiv Region, Ukraine
(49°38'41.5" N, 31°05'33.2" E). Thirty-one vari-
eties of winter bread wheat (Triticum aestivum L.)
harvested in 2023 and 2024 were evaluated, in-
cluding four varieties of winter bread wheat bred
by the V.M. Remeslo Myronivka Institute of Wheat
NAAS (MIW) and the Institute of Plant Physiology
and Genetics of the National Academy of Sciences
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of Ukraine - 'Podolianka),'Expromt’,'Kolumbiia), and
'Zolotokolosa'; three varieties bred by MIW - 'MIP
Kniazhna, 'MIP Yuvileina, and ‘Avrora Myronivska’;
24 varieties selected by the Plant Breeding and
Genetics Institute — National Centre of Seed and
Cultivar Investigation - 'Pokrovska), 'Heizer', 'Hlad,
'‘Optyma odeska), 'Doskonalist odeska’, 'Spadshchy-
na odeska) 'Versiia odeska’, 'Manera odeska/, 'Pere-
vaha, 'Pontiika’, 'Vidpovid odeska’, 'Virnist, '‘Osnova
odeska,'Peremoha odeska),'Zhuravka odeska), "Zysk,
"Zorepad),'Nyva odeska),'Kantata odeska’, 'Kuialnyk;,
'‘Mudrist odeska), 'Kubok/, ‘'Lira odeska), and 'Vaho-
ma’. The research was carried out in accordance
with the Convention on Biological Diversity (1992).

The soil cover of the MIW experimental
fields is represented by deep low-humus slight-
ly leached chernozem (38-42 cm). The humus
content in the 20 cm soil layer is 3.6-4.0%, with
readily available nitrogen - 0.006%, phospho-
rus - 0.025%, and exchangeable potassium -
0.011-0.018%. Soil pH ranges from 5.3 to 6.4, the
sum of absorbed bases is 0.23-0.29 g-eq kg™* soil,
and the base saturation degree is 86.2-94.4%.
Winter bread wheat was cultivated according to
the standard agronomic practices recommended
for the Forest-Steppe zone of Ukraine (Sirosh-
tan & Kavunets, 2023). The preceding crop was
soybean. Sowing was performed on 10 October
using a cassette drill SN-10Ts at a sowing depth
of 4-5 cm and a seeding rate of 4.5 million viable

seeds per hectare, with an experimental plot area
of 3 m2 Grain was harvested manually.

To obtain flour, winter bread wheat grains
were ground in a QuadrumatJunior Brabender lab-
oratory mill (Germany). The protein and wet glu-
ten content was measured using a near-infrared
reflectance spectrometer (spectral range 1,400-
2,400 nm) on a SPECTRAN 119M Lomo Photon-
ics (Russia) device. The sedimentation index was
determined in a 2% acetic acid solution with the
addition of bromophenol blue dye using the mi-
cro method of A.Ya. Pumpianskyi. Statistical pro-
cessing of experimental data was performed us-
ing descriptive statistics and analysis of variance
(ANOVA) (Rudakov & Tishkoy, 2016; Koval, 2021).

Results and Discussion
The years of research were characterised by var-
iability in air temperature and precipitation by
month. In 2022/23, the average annual air tem-
perature exceeded the long-term average (LTA) by
1.4°C,and in 2023/24 by 3.3°C.Each year, there was
a significant increase in the average monthly air
temperature of 1.0-6.5°C above the LTA in August,
November, December,January, February, March and
June. September, October, April and July 2023/24
were also abnormally warm, exceeding the LTA by
3.6-4.2°C. A decrease in air temperature from the
LTA was observed only in September and Octo-
ber 2022/23,by 1.6 and 0.2°C, respectively (Fig. 1).
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Figure 1. Hydrothermal regime during the study period

Note: LTA - long-term average value for 1960/61-2021/22

Source: developed by the authors of this study based on data from the Department of Biotechnology, Genetics

and Physiology of the Myronivka Institute of Wheat
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During the 2022/23 growing season, precipi-
tation amounted to 773 mm (132% of the LTA),and
in 2023/24 - 544 mm (93% of the LTA). Critically
low precipitation (<50% of the LTA) was observed
in January, May and June 2022/23, and in August,
September, May and July 2023/24. An abnormal-
ly high amount (2150% of the LTA) was recorded
in August, September, November, April and July
2022/23, and in October, November, March and
April 2023/24. It should be noted that torrential
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rainfall (230% of the LTA) in July 2023 fell after the
harvest from the experimental plots, so its exces-
sive amount during that month did not have a neg-
ative impact on the accumulation of nitrogen-con-
taining compounds in winter bread wheat grain.

The results of the studies showed significant-
ly higher minimum, maximum and average values
of protein (12.2,15.5 and 13.3%, respectively) and
wet gluten (26.7, 32.3 and 28.7%, respectively)
content in 2023 than in 2024 (Table 1).

Table 1. Variation in grain quality indicators during the study period

| Protein content, % Wet gluten content, % Sedimentation rate, ml
Value 2023 2024 X 2023 2024 X 2023 2024 X
Min 12.2 10.4 11.5 26.7 24.0 25.7 47 49 57
Max 15.5 14.3 14.4 32.3 29.2 29.9 89 89 87
X 13.3 12.3 12.8 28.7 27.0 27.9 71 74 73
CV, % 5.3 8.6 5.5 4.3 5.8 3.9 11.5 13.5 10.2
LSDgs 0.4 0.6 3

Note: Min, Max, X — minimum, maximum and average values, respectively, CV — coefficient of variation,

LSD,ys — smallest significant difference at p<0.05
Source: developed by the authors of this study

The conditions of the trial years did not sig-
nificantly affect the formation of the sedimenta-
tion index limits, but the above-average value of
this characteristic (74 ml) was obtained in 2024.
A slight variation (CV<5.0%) in protein and wet
gluten content was observed in 2023 and a mod-
erate variation (6.0 € CV £10.0%) in 2024. The
variation in the sedimentation index was signif-
icant (11.0<€CV£20.0%) for both years. A.Z. Gha-
foor et al. (2024) also noted a slight variation be-
tween winter bread wheat genotypes in protein
content (CV=5.23%) and a significant variation in
sedimentation index (CV =12.95%). The authors
showed that genotype is the leading factor in the
formation of the protein-gluten complex, while
growing conditions and fertilisation system can
significantly affect the variability of quality indi-
cators, in particular the wet gluten level, the var-
iability of which was significant in their studies
(CV=12.95%). These results are consistent with
current data and confirm that the combination
of genotypic characteristics and hydrothermal

conditions is a key factor in the differentiation
of varieties in terms of grain quality. Depending
on the nature of the distribution of experimental
data, appropriate statistical calculation methods
should be applied. Analysis of distribution pat-
terns involves assessing the degree of sample
homogeneity, asymmetry, and excess distribu-
tion (Danilov, 2019). The obtained grain quality
values are homogeneous, since the condition
CV<33% is met (Table 1).

The asymmetry coefficient (As) characterises
the symmetry of the distribution law of a random
variable relative to its centre, i.e. the symmetry
of the tails of the distribution (Koval, 2021). The
statistical distribution of the sedimentation index
sample, both annually and on average over the
years of testing, had a negative (left-sided) asym-
metry with the asymmetry coefficient (As) vary-
ing from -0.30 to -0.71 (Table 2). In 2023, positive
(right-sided) asymmetry was obtained for the val-
ues of protein content (As=0.95) and wet gluten
(As=0.75), however, in 2024, the distribution of
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samples of these grain quality indicators was
characterised by negative values (As=-0.10 and
-0.36, respectively) (left-sided asymmetry). The
sample of protein and wet gluten content values
averaged over the years had a slight right-sid-
ed asymmetry (As=0.16 and 0.05, respectively).

Positive asymmetry indicates that the sample
contains several values that greatly exceed the
average value of a particular trait. Negative
asymmetry indicates the presence of values in the
sample that are significantly lower than the mean
value (Rudakov & Tishkov, 2016).

Table 2. Characteristics of the distribution of quality indicators
for winter bread wheat during the trial years

Numerical Protein content Wet gluten content Sedimentation index
characteristics | 2023 2024 X* 2023 2024 X* 2023 2024 X*
As 0.95 -0.10 0.16 0.75 -0.36 0.05 -0.44 -0.71 -0.30
Ex 1.64 -1.01 -0.12 1.22 -1.03 -0.26 1.78 -0.25 -0.49
oAs 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41
oEx 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74
|As/cAs| 2.33 0.25 0.40 1.85 0.89 0.13 1.09 1.75 0.74
|[Ex/oEX| 2.22 1.36 0.16 1.65 1.40 0.35 2.40 0.34 0.66

Note: As — asymmetry coefficient, Ex — excess, cAs — standard deviation of asymmetry coefficient, cEx —

standard deviation of excess, X* — calculated based on the average values of experimental data for two years

Source: developed by the authors of current study

Excess (Ex) characterises the degree of con-
centration of variants around the mean value, i.e.
it is an indicator of the steepness (sharpness) of
the statistical distribution graph compared to the
normal distribution. For a normal distribution,
Ex = 0. If the excess is positive, the curve has a
higher and “sharper” peak than the normal distri-
bution; if the excess is negative, the curve under
study has a lower and “flatter” peak than the nor-
mal curve. In 2023, a sharp peak (Ex=1.22-1.78)
was observed in the distribution of samples of the
studied flour quality indicators; in 2024 and on
average over two years, a flat peak was observed
with a variation in excess from 0.12 to 1.03. Thus,
the experimental data obtained for grain quali-
ty indicators differed somewhat from the normal
distribution in terms of both the asymmetry co-
efficient and the excess. However, the degree of
significance of asymmetry is assessed by the ratio
of the asymmetry coefficient to the mean square
error of this coefficient (JAs/cAs|), and the signifi-
cance of the excess of distribution is assessed by
the ratio of the excess to its mean square error
(IEx/cEx|).The degree of significance of asymmetry

and excess of grain quality indicators correspond-
ed to the condition |As/oAs| <3 and |Ex/cEx| <3
(Table 2), under which deviations in the asymme-
try coefficient and excess are considered insignif-
icant, and the distributions of the obtained data
are recognised as close to normal distribution.
Thus, the experimental data obtained for the sed-
imentation index, protein and wet gluten content
during the years of testing were close to normal
distribution. This made it possible to apply sta-
tistical methods designed for normal distribution.

N.V. Vasylenko et al. (2019), when establish-
ing the nature of the distribution of wheat grain
quality indicators, obtained a negative excess of
protein content (Ex = 0.84) and wet gluten con-
tent (Ex =0.41), however, according to the asym-
metry coefficient, the protein content was char-
acterised by left-sided asymmetry (As=0.13), and
the wet gluten content by right-sided asymmetry
(As=0.26). The degrees of significance of asym-
metry and excess of both grain quality indicators
were below the critical value (As/cAs| < 3; [Ex/
oEx| € 3). Thus, the authors also found a normal
distribution of protein and wet gluten content.
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Comparing the results of this study with current
data, differences in the asymmetry coefficient of
protein content were noted, but the flat-topped
distribution of experimental data for both protein
and wet gluten content, as well as their proximity
to normal distribution, was confirmed. X. Yang et
al. (2014), evaluating 330 Chinese wheat varieties
for flour quality indicators, also observed a nor-
mal distribution of protein content, wet gluten
content, and sedimentation index. To determine
the normality of the distribution of experimen-
tal data, the authors used Z-statistics with the
Kolmogorov-Smirnov (K-S) normality criterion.
The statistical values of the sedimentation rate
(20.05 = 0.502), protein content (Z0.05 = 0.340)
and wet gluten content (Z0.05=0.891) were low-
er than the critical value (Z0.05 =1.63), and their
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asymptotic significance was greater than 0.05, in-
dicating their normal distribution. These results
are consistent with current data and confirm the
normality of the distribution of protein content,
wet gluten content and sedimentation index.
According to the results of the variance anal-
ysis, the maximum influence (40.7-63.8%) of the
variety on the studied grain quality indicators was
established (Table 3). The conditions of the year
had the least influence on the sedimentation rate
(2.5%). The formation of protein and wet gluten
content significantly depended on both the year of
cultivation (23.2 and 24.0%, respectively) and the
interaction of the variety x year factors (26.9 and
27.9%,respectively).Asignificantinfluence (32.5%)
of the interaction between the variety x year fac-
tors on the sedimentation index was also found.

Table 3. Results of variance analysis of winter bread wheat grain quality indicators, 2023 and 2024

Source of variation df ‘ SS MS F act. Share of influence,%
Protein content
Total 247 288.4722 - - -
Variety (A) 30 129.041 4.30 54.030* 44.7
Year (B) 1 66.99681 67.00 841.561* 23.2
AxB 30 77.62694 2.59 32.503* 26.9
Unaccounted factors 186 14.8075 0.08 - 5.1
Wet gluten content
Total 247 767 - - -
Variety (A) 30 312.0387 10.40 33.975* 40.7
Year (B) 1 183.7994 183.80 600.372* 24.0
AxB 30 214.2194 7.14 23.325* 27.9
Unaccounted factors 186 56.9425 0.31 - 7.4
Sedimentation index
Total 247 20,973.35 - - -
Variety (A) 30 13,389.35 446.31 329.421* 63.8
Year (B) 1 522.5806 522.58 385.714* 2.5
AxB 30 6,809.419 226.98 167.533* 32.5
Unaccounted factors 186 252 1.35 - 1.2

Note: df — number of degrees of freedom, SS — sum of squares, MS — mean square, F act. — Fisher’s criterion

actual value, * - p<0.001
Source: developed by the authors of current study

The highest proportion of influence of the
variety, compared to other factors, on the studied
grain quality indicators indicates the decisive role
of genetic potential in the formation of protein

content, wet gluten content and sedimentation
index. This confirms that breeding work and the
right choice of variety are of paramount impor-
tance for obtaining high-quality grain. The low
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level of influence of annual conditions indicates
relative stability to external conditions, i.e. the
sedimentation index was least affected by grow-
ing conditions. The formation of protein and wet
gluten content was influenced by a combination
of both genetic and weather factors. In general,
the results of the variance analysis prove that the
quality of winter wheat grain is determined main-
ly by the genetic characteristics of the variety, but
external factors also have a significant influence,
especially in interaction with the genotype.
Researchers A.Z. Ghafoor et al. (2024) identi-
fied the influence of genotype, environment and
farming methods (moderate and high) on the bak-
ing properties of wheat grain. The authors estab-
lished a decisive influence of the genotype on the
formation of the sedimentation index and a signif-
icant influence on the content of protein and wet
gluten. They also noted that growing conditions
have a significant impact on quality indicators.
They emphasised the need for a comprehensive
assessment of the influence of genetic and envi-
ronmental factors, as well as their interactions on
the formation of economically valuable traits. Ac-
cording to the results of studies by O. Demydov et
al.(2023),the constitutive influence of the variety,
compared to other factors (agrotechnical and en-
vironmental), was established only on the sedi-
mentation index (30.2%). The wet gluten content
was determined by the interaction of the varie-
ty x year factors (40.3%), and the formation of the
protein content depended both on the growing
conditions (23.4%) and on the interaction of the
variety x year factors (21.8%). The authors note
that genotype and genotype-environment inter-
action are the main factors influencing wheat
grain quality. L.M. Prysiazhniuk et al. (2022), when
determining the influence of genotype, year con-
ditions and growing area on the quality indicators
of winter bread wheat grain, established the max-
imum influence of the growing area on protein
(49.0%) and wet gluten (65.0%) content, while the
impact of annual conditions was 42% for protein
content and 28% for wet gluten content, and that
of genotype was only 5% and 4%, respectively.

The authors emphasised that the synthesis and
accumulation of nutrients in wheat grain de-
pends on moisture supply and air temperature,
so even minor changes in weather conditions
and soil properties affect protein and wet glu-
ten content. Some discrepancies were observed
between the results obtained in this study and
those reported by other researchers, as well as
similar patterns in the influence of various fac-
tors on grain quality indicators, particularly the
sedimentation index. However, all authors em-
phasise the reliable effect of genotype on the
formation of wheat grain quality traits.

On average over the years of testing (Fig. 2),
most winter bread wheat varieties significantly
exceeded the Podolyanka standard variety: 60%
of varieties in terms of protein content, 70% in
terms of wet gluten content, and 93% in terms
of sedimentation index. Winter bread wheat
varieties were selected that, on average over
two years, significantly exceeded the standard
in terms of the studied flour quality indicators,
namely: 'MIP Kniazhna, 'MIP Yuvileina, Avrora
Myronivska, 'Pokrovska’, 'Hlad', "Zolotokolosa’, 'Ex-
promt, 'Kolumbiia), '‘Optyma odeska’, 'Doskonalist
odeska), 'Perevaga), 'Kantata odeska, 'Kuialnyk|
'Mudrist odeska’,'Kubok/, 'Lira odeska’,'Vahoma' Of
these, the varieties 'MIP Kniazhna','MIP Yuvileina,
and Avrora Myronivska' significantly exceeded
the 'Podolianka’ variety in terms of protein and
wet gluten content, while the varieties Pokrovs-
ka, Hlad, and Kolumbiia exceeded it in terms of
three indicators. According to classification stand-
ards (Tkachyk, 2016), the following varieties of
strong wheat were identified on average for
2023 and 2024 by protein content (>14.0%) - MIP
Kniazhna and Avrora Myronivska; based on wet
gluten content (228.0%) - 'MIP Kniazhna), ‘Avro-
ra Myronivska, 'Pokrovska, 'Hlad, Zolotokolosa,
'Kolumbiia), 'Optyma odeska), 'Doskonalist odeska,
'Perevaha’, 'Nyva odeska’, 'Kuialnyk’, 'Kubok’, and
'Vahoma'; by sedimentation index (260 ml) - all
varieties except 'Vidpovid odeska. 'Varieties
Pokrovska', '‘Osnova odeska’, 'Kuialnik’, and 'Kubok'
had a higher sedimentation index (280 ml). The
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varieties 'MIP Kniazhna' and Avrora Myronivska'  of winter bread wheat should be used in the breed-
were characterised bya complexofhighgrainqual-  ing process as sources of appropriate grain quality
ity indicators. Thus,the above-mentioned varieties  indicators for the creation of high-quality material.
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Figure 2. Grain quality indicators for winter bread wheat varieties, average for 2023 and 2024
Note: 1 - 'Podolianka) 2 - 'MIP Kniazhna', 3 - 'MIP Yuvileina’, 4 - ‘Avrora Myronivska, 5 - 'Pokrovska’, 6 - 'Heizer,,
7 - 'Hlad, 8 - "Zolotokolosa’, 9 - 'Expromt, 10 - 'Kolumbiia), 11 - 'Optyma odeska’, 12 - 'Doskonalist odeska’, 13 -
'Spadshchyna odeska), 14 - 'Versiia odeska), 15 - 'Manera odeska’, 16 - 'Perevaha, 17 - 'Pontiika’, 18 - 'Vidpovid
odeska’, 19 - 'Virnist, 20 - 'Osnova odeska), 21 - 'Peremoha odeska’, 22 - 'Zhuravka odeska, 23 - 'Zysk|, 24 - 'Zorepad,
25 - 'Nyva odeska), 26 - 'Kantata odeska’, 27 - 'Kuialnyk’, 28 - 'Mudrist odeska’, 29 - 'Kubok/, 30 - 'Lira odeska;, 31 -
'Vahoma'; dashed lines indicate the confidence interval of differences from the standard (p <0.05)

Source: developed by the authors of current study

Over a period of 16 years, O.Yu. Leonov et  data, sources of high protein and wet gluten con-
al. (2025) evaluated 1,200 genotypes of winter  tent and quality, high rheological properties and
bread wheat for a wide range of grain quality in-  other grain quality indicators were identified. Lines
dicators. As a result of summarising many years of  with a combination of high values of various quality
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indicators for different areas of use were selected. It
should be noted that the variation in protein (10.99-
14.89%) and wet gluten (20.4-33.1%) content in
this study was close to the current data. In studies
by I. Havryliuk & H. Kovalyshyna (2024), when eval-
uating 53 varieties of winter bread wheat selected
by four research institutes in Ukraine, significantly
lower values of protein content (8.70-11.60%) and
wet gluten content (15.57-20.73%) were noted
compared to the results of the current study. How-
ever, the authors still identified varieties with high-
er grain quality indicators and recommended them
for further use in breeding programmes. K\V. Ko-
stetska et al. (2024), evaluating Ukrainian winter
bread wheat varieties for their milling properties,
obtained higher maximum values for protein (12.2-
15.0%) and wet gluten (24.9-31.7%) content com-
pared to results from the current study. however, a
significantly lower sedimentation rate (27-58 ml)
was noted. The authors emphasised that evaluating
varieties for their milling properties makes it possi-
ble to justify their further use. Thus, the differences
between the results obtained by different scien-
tists and the current data depend on genotypes,
specific cultivation factors and the environment.

The results of the studies confirmed the im-
portant role of both the genotypic characteristics
of winter bread wheat varieties and hydrothermal
conditions in determining grain quality indicators.
It was established that the most stable factor is
genetic potential, while external conditions sig-
nificantly modify the manifestation of protein and
wet gluten content. The differences identified be-
tween varieties made it possible to identify valu-
able sources for breeding work and the creation
of high-quality starting material.

Conclusions
The study revealed variability in the quality indi-
cators of winter bread wheat depending on the
hydrothermal conditions of cultivation. Higher
average protein (13.3%) and wet gluten (28.7%)
contents were observed in 2023, and higher
sedimentation (74 ml) in 2024. It was established

that the experimental data on grain quality indi-
cators obtained during the years of testing were
close to normal distribution, since the degree of
asymmetry and excess distribution did not exceed
the critical value (|As/cAs| €3 and |Ex/cEx| € 3).
Weak and moderate variation in protein content
(CV=5.3-8.6%) and wet gluten content (CV=3.9-
5.8%) between winter bread wheat varieties dur-
ing the years of testing and significant variability
(Cv=10.2-13.5%) in the sedimentation index.
Adecisive (40.7-63.8%) influence of the variety
on the studied grain quality indicators was revealed.
The conditions of the year had an insignificant ef-
fect on the sedimentation index (2.5%), but a signif-
icant effect on the protein (23.2%) and wet gluten
(24.0%) content. The interaction between variety
and year had a significant effect (26.9-32.5%) on
three grain quality indicators. The results of the
analysis of variance confirmed that the quality of
winter wheat grain is mainly determined by the ge-
netic characteristics of the variety, but external fac-
tors also have a significant influence, especially in
interaction with the genotype. Winter bread wheat
varieties that can be used in the breeding process
as sources of increased protein content were iden-
tified: 'MIP Kniazhna' and Avrora Myronivska'; wet
gluten content - 'MIP Kniazhna,, Avrora Myronivs-
ka' 'Pokrovska, 'Hlad, 'Zolotokolosa, 'Kolumbiia,
'‘Optyma odeska), 'Doskonalist odeska, 'Perevaha;
'‘Nyva odeska), 'Kuialnyk;, 'Kubok’, and 'Vahoma'; sed-
imentation index - all varieties except the variety
Vidpovid odeska. Winter bread wheat varieties that
combine high values of the complex of studied
grain quality indicators in one genotype have been
identified - 'MIP Kniazhna' and Avrora Myronivska.
The evaluation of winter bread wheat gen-
otypes according to grain quality indicators and
the selection of the best ones will help acceler-
ate the breeding process in the creation of strong
and valuable varieties. The further introduction of
high-quality varieties into production will ensure:
improvement in the quality of grain, flour and
bakery products; improvement in the economic
performance of agricultural enterprises, which
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will contribute to the development of the grain Funding

processing industry in Ukraine. None.
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OuiHIOBaHHSA copTiB NweHuLi M'akoi o3umoi (Triticum aestivum L.)
3a NoKa3HMKaMu AIKOCTi 3epHa

IpuHa MpaBpsiBa

HokTop dinocodii 3 arpoHoMii

MUPOHIBCbKWI IHCTUTYT NweHumLi iMeHi B.M. Pemecna HauioHanbHoi akageMii arpapHux Hayk YKpaiHu
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Hensa Xopowko

AcnipaHT

MUWPOHIBCbKMI IHCTUTYT NweHuui iMeHi B.M. Pemecna HauioHanbHoi akageMii arpapHux Hayk YkpaiHu
08853, Byn. LleHTpanbHa, 68, c. LleHTpanbHe, OByxiBcbkuit p-H, Kuiscbka 061., YkpaiHa
https://orcid.org/0000-0002-0663-1968

AHoTauia. [ligBMWEHHS BanoBoro 3060py BMCOKOSIKICHOTO 3epHa MNoOTpebye yAOCKOHANEHHS
cenekuiMHMX MporpaM LISXOM iX MOCTiIMHOro 36arayeHHss HOBOK FeHEeTUYHOK MnasMor. ToMy MeTa
LOCNIOXKEeHHS nonsrana y BUSBNEHHI [Kepen NoninleHHs NoKa3HMKIB SKOCTi 3epHa ANs BUKOPUCTaHHS
y cenekLiiHOMY npoLieci 3a paxyHoK AudepeHuialii pi3HUX COPTiB NWeHUL M’SKOi 03MMOi B yMOBaX
LleHTpanbHoi YactuHK Jlicocteny YkpaiHu. OuiHioBanu 31 copT nweHMui M'aKoi 03MMOi 33 BMiCTOM
6inKa, BMiCTOM K/1IeMKOBMHM Ta NMOKA3HUKOM ceauMeHTauii ypoxato 2023 ta 2024 pp. MpoaHanizoBaHo
XapaKTep po3noAiny OTpMMaHWX 3HAYeHb MOKA3HMKIB SKOCTi 3epHa. BuasneHo, Wo cTyniHb iCTOTHOCTI
acuMMeTpii Ta ekcuecy po3nofifeHHs He nepeBuLLYBaB KPUTUUYHOIO 3HaUYeHHs (|As/oAs| <3 i |Ex/cEx|<3).
TakMM YMHOM, EKCMEPUMEHTANbHI AaHi 3@ NMOKa3HWKOM CeAMMEHTALi, BMICTOM 6inka Ta KNenkoBUHMU
y poku BunpobyBaHb OynuM HabAMXKXEeHUMM OO HOpManbHOro po3nofiny. BctaHoBneHo MiHAMBICTDL
MOKA3HUKIB SKOCTi 3epHa MLIEHULL M'IKOT 03MMOI 3aNeXHO Bif FiApPOTEPMIYHMUX YMOB BUPOLLYBAHHS.
OTpuMaHo BUWMIA cepeaHilnt BMICT Binka (13,3 %) Ta knenkoBuHu (28,7 %) y 2023 p., a NnokasHMKa
ceamnMmenTauii (74 mn) y 2024 p. 3a koediuieHTOM Bapiauii BusBneHo 3Ha4Hy BapiabenbHictb (CV=10,2-
13,5 %) nokasHMKa ceanMeHTaLii MK COPTaMu MILEHULL M'IKOT 03MMOT Y POKM BUNPOBYBAHHS, @ TaKOX
cnabky Ta noMipHy Bapiauito BmicTy 6inka (CV=5,3-8,6 %) Ta kneikoBuumn (CV=3,9-5,8 %). BuasneHo
BM3HauanbHuit (40,7-63,8 %) BNAMB COPTY Ha AOCAIAXYBaHi MOKA3HUKKM SKOCTi 3epHa. YMOBM pOKY
HeiCTOTHO BM/IMBANM Ha MOKa3HMK ceauMeHTauii (2,5 %), oaHak CyTTEBO Ha BMicT binka (23,2 %) Ta
knenkoBuHu (24,0 %). Yactka BNAMBY B3aEMOAIT YNHHMKIB COPT x pik Byna 3HauHow (26,9-32,5 %) onsa
BCiX TPbOX MOKa3HWKIB SIKOCTi 3epHa. BuaineHo coptu nweHumLi M'9K0i 03UMOI 3 BULLMMU 3HAYEHHAMMU
BMicTy Binka - 'MIMN KHsxHa' Ta 'ABpopa MupoHiBcbka'; BMicTy knerikoBuHu — ‘MIMN KHskHa', 'ABpopa
MwupoHiscbka', 'TlokpoBscbka', 'Thagp', '3onotokonoca’, 'Konymbis', 'Ontuma ogecbka’, '[JOCKOHanicTb
opecbka', 'Tlepesara’, 'HuBa opecbka', 'KysnbHuk', 'Kybok','Baroma’; mokasHuka cegumeHTauii -
‘TokpoBscbka', 'OcHoBa ofecbka', 'KysnbHuk', 'Kybok'

Knwouosi cnosa: Triticum aestivum L.; BMIcT 6inka; BMICT KNEMKOBMHM; MOKA3HWMK CeAMMEHTaLlii;
rifpoTepMiuHi yMoBw; KoediuieHT Bapiauii; ANOVA
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Abstract. The relevance of the study is conditioned by the increase in phytosanitary risks due to the
intensification of land use and reduction of crop rotation. The purpose of the study was to determine the
species composition and population structure of fungal pathogens that affect beet roots during growth
and storage. The study was conducted at the production fields of the private enterprise “Zakhidnyi
Buh” using standard Mycological methods (isolation, morphological identification, calculation of the
frequency of species occurrence). The species composition of the main pathogens of sugar beet storage-
pile rot in short-rotation cropping systems of the Western Forest-Steppe of Ukraine, among which
fungi of the genus Fusarium dominate, has been established. It was determined that five species of
phytopathogenic fungi dominate short-rotation cropping systems: Fusarium oxysporum (30%), F. solani
(18%), Phoma betae (19%), Rhizoctonia solani (13%), and Botrytis cinerea (10%). Total share of the genus
Fusarium accounted for about 48% of all isolates, which indicates its leading role in the development
of root and storage-pile rot. Significant morphological variability of isolates was found, in particular,
variations in colony pigmentation and sporulation intensity, which confirms the high ecological
plasticity of pathogens. It was shown that F. oxysporum and Phoma betae had the highest isolation
frequency, while B. cinerea occurred mainly in conditions of high humidity. The results obtained indicate
an increase in phytopathogenic load in short crop rotations and the development of stable fungal
populations with high adaptive potential. The necessity for developing integrated sugar beet protection
systems aimed at reducing the phytopathogenic load in short rotations was substantiated. The results
obtained can be used in crop rotation planning, improving storage technologies, and introducing
biological controls (Trichoderma spp. antagonists)
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Phoma betae; Rhizoctonia solani

Suggested Citation:

Kyselov, D. (2025). Identification and species composition of pathogens of sugar beet storage-pile rot in short-
rotation cropping systems of the Western Forest-Steppe of Ukraine. Scientific Reports of the National University
of Life and Environmental Sciences of Ukraine, 21(6), 22-30. doi: 10.31548/dopovidi/6.2025.22.

‘Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
BY

Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0009-0005-6771-8337
https://scireports.com.ua/en

Introduction

Sugar beet (Beta vulgaris L.) is a strategic crop for
the agro-industrial complex of Ukraine and Eu-
rope, providing raw materials for sugar produc-
tion, bioenergy, and animal husbandry. However,
the volatility of the price of products and the re-
striction of the number of processing enterprises,
climate change lead to the intensification of agri-
cultural production, in particular, the widespread
use of short-rotation cropping systems (2-3 years
of crop return to the field), contributes to soil
fatigue, the accumulation of pathogens, and in-
creased phytosanitary risks (Larney et al., 2016).

The problem of intensification of crop rota-
tions is systemic in nature and can be traced not
only in beet, but also in forest and garden agro-
coenoses. According to the findings of T. Bose et
al. (2023), the use of monocultural plantings
in short rotations in forestry leads to degrada-
tion of soil biota, a decrease in the proportion
of beneficial microorganisms, and an increase
in the frequency of phytopathogenic forms. The
researchers emphasised that similar processes
occur in agricultural systems where there is no
microbial diversity that provides natural regula-
tion of pathogens. Similar results were given by
M. Li et al. (2020), who investigated the impact
of sugar beet monoculture on highly produc-
tive soils in Northern China. Using metagenomic
analysis, they found that long-term permanent
cultivation leads to an imbalance of the micro-
biome, in particular, a decrease in populations of
actinomycetes and saprotrophic fungi, which are
natural antagonists of Fusarium spp. and Rhizoc-
tonia spp. This increases the risk of accumulation
of not only phytopathogenic fungi, but also high-
ly virulent bacterial strains, in particular, Pecto-
bacterium and Burkholderia.

V. Hanhur & V. Filonenko (2023) noted that
in the Western Forest-Steppe of Ukraine, where
high soil fertility and a favourable hydrother-
mal regime are combined, short crop rotations
create conditions for the mass development
of a complex of fungal diseases of sugar beet.
The researchers proved that the reduction of
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rotations is accompanied not only by an in-
crease in the infectious load, but also by a de-
crease in the yield and technological qualities
of raw materials. In further research,V.Hanhur &
V. Filonenko (2024) showed that even the use of
advanced tillage systems does not compensate
for the negative effect of re-sowing beets. The
complex of the main pathogens of beet root and
storage-pile rot includes Fusarium oxysporum, F.
solani, Phoma betae, Rhizoctonia solani and Botry-
tis cinerea (English, 2023). These pathogens are
characterised by high ecological plasticity, the
ability to form stable survival structures (chla-
mydospores, sclerotia, mycelial aggregates), and
the versatility of damage - from field plants
to root crops in storage facilities. According to
W. English (2023), contamination during storage
can lead to a loss of 10-15% of the mass of root
crops during the first three months, and in years
with high humidity - more than 20%.

R. Majumdar et al. (2024) reported that me-
chanical damage during beet digging creates
conditions for secondary contamination with
Fusarium, Phoma, and Botrytis, which reduces
the sugar content and increases the content of
inverse sugars. D. Wober et al. (2025) found that
microbial communities that form in storage
pile determine not only mass stability, but also
the rate of biochemical sugar loss. International
experience shows the systemic effect of short
crop rotations on the activation of soil patho-
gens. M. Roik & O. Yaholnyk (2024) noted that in
Ukrainian agrocoenoses, the short-term crop sys-
tem increases the manifestation of biotic stresses
and increases the dependence of beet crops on
weather fluctuations. The researchers suggest
that optimising crop rotation and implementing
biological controls are strategic for reducing crop
losses. VIV. lvanina & M.M. Gurska (2023) con-
firmed this trend in Ukrainian conditions, finding
that excessive application of nitrogen fertilisers
in crop rotations stimulates the development of
fusarioses, changing the ratio between trophic
groups of microorganisms in the soil.
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A.Wolfgang et al. (2023) emphasised the im-
portance of the “holobiont” concept in the “sugar
beet microbiome” system. They considered the
plant not in isolation, but as part of a microbi-
al ecosystem, where the balance between path-
ogens and antagonists determines resistance to
stress. This opens up prospects for integrated ap-
proaches to the biologisation of defence systems.
In general, the analysis of the literature shows
that short-term crop rotations are the main factor
in the activation of the pathogen complex Fusari-
um-Phoma-Rhizoctonia-Botrytis, which determines
the level of both field and post-harvest crop loss-
es. The accumulation of inoculum in the soil, in-
creased humidity in the microzone, and reduced
microbial diversity create a closed cycle of infec-
tion. Advanced approaches to monitoring (qPCR,
metagenomics) and biological control (use of an-
tagonists of Trichoderma spp., Bacillus spp.) open
up new opportunities to prevent this phenomenon.

Contemporary studies both in Ukraine and
abroad confirm that short-term crop rotations
contribute to the accumulation of Fusarium spp.,
Phoma betae, Rhizoctonia solani and Botrytis ci-
nerea, which poses a threat to the stability of sug-
ar beet production. Simultaneously, the develop-
ment of molecular methods and the integration
of biological control open up new prospects for
reducing the risks of phytopathogenic pressure.
Thus, the study of the species composition and
population structure of fungal pathogens in beet
agrocoenoses of short-rotation cropping systems
in the Western Forest-Steppe is an urgent task
that has both scientific and practical significance.

The purpose of the study was to identify the
main pathogens of sugar beet storage-pile rot
and analyse their population structure in the con-
ditions of short-rotation cropping system in the
Western Forest-Steppe of Ukraine.

Materials and Methods
The object of research was samples of rhizos-
pheric soil and sugar beet roots of the KWS Kon-
certina hybrid, which were grown in fields using
short-rotation cropping system. The subject of

research was the species composition, morpho-
logical variability, and pathogenicity of fungal
isolates isolated from these samples. 120 sam-
ples of sugar root crops and 40 samples of rhiz-
ospheric soil were selected for the study. Sam-
ples were taken 2 days after harvesting from
field storage piles. The study was conducted in
accordance with the ethical standards of the Con-
vention on Biological Diversity (1992).

The research was conducted in 2024 at
the production fields of the PE “Zakhidnyi Buh”
(49°24°52”N; 24°18°31E). The soil was character-
ised by a humus content of 3.2-3.5%, hydrolysed
nitrogen 10-12 mg/100 g of soil, available phos-
phorus according to Chirikov 12-15 mg/100 g of
soil, and exchange potassium 18-20 mg/100 g of
soil. The reaction of the soil solution was slight-
ly acidic (pH 6.2-6.4). The climate of the research
zone was temperate continental, with an average
annual precipitation of 580-620 mm, of which
about 65% falls during the growing season.

Standard mycological approaches recom-
mended in international practice were used to
isolate pathogens (Leslie & Summerell, 2006;
Misra et al., 2023). Samples of affected sugar beet
roots were pre-cleaned from the soil and super-
ficially sterilised in a 1% sodium hypochlorite
solution for 1-2 minutes, after which they were
thoroughly washed three times in sterile distilled
water. Sterilised fragments (3-5 mm) were trans-
ferred under sterile conditions to potato glucose
agar (PGA), which was widely used for the cultiva-
tion of phytopathogenic fungi (Booth, 1971). The
cups were incubated at 25-27°C for 5-7 days in
the dark.For soil samples, the soil dilution method
was used, which helped to determine the species
composition and relative abundance of micromy-
cetes in the rhizosphere. Soil suspension in seri-
al dilutions was sown on PGA with the addition
of streptomycin (50 mg/L) to suppress bacterial
microflora. Primary colonies of pathogens were
transferred by sowing hyphal tips or isolating
monosporous cultures to prevent mixing of spe-
cies (Leslie & Summerell, 2006). This approach
is standard when working with representatives
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of the genus Fusarium and other fungi that form
mixed colonies. Isolates were identified by mor-
phological and cultural characteristics in accord-
ance with modern atlases and keys (Booth, 1971;
Summerell et al., 2010). The main criteria were:

» for Fusarium spp.: shape and size of macro-
and microconidia, presence of chlamydospores, pig-
mentation of colonies (Leslie & Summerell, 2006;
Summerell et al., 2010);

» for Phoma betae: characteristic dark con-
centric necrotic spots, slow sporulation, devel-
opment of pycnidia with unicellular conidia
(Aveskamp et al., 2008);

» for Rhizoctonia solani: morphology of scle-
rotia, absence of sporulation, nature of hyphae
with right-angled septa (Jash & Sarkar, 2025);

» for Botrytis cinerea: grey spore-bearing
coating, multicellular oval-shaped conidia, rapid
colony growth (Williamson et al., 2007).

Microscopic studies were performed using a
light microscope at magnifications of x400-1,000.
The isolation frequency of each species was deter-
mined as the percentage of positive seeding from
the total number of samples. Relative abundance
was calculated as the proportion of an individu-
al species from the total number of isolates. The
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x* test was used to test the significance of differenc-
es between soil types and crop rotations (Zar, 1999).

Results

In the process of mycological analysis of root
crops and rhizospheric soil of sugar beet grown
in short-rotation cropping systems of the Western
Forest-Steppe of Ukraine, 240 isolates of fungi
belonging to the five dominant species were ob-
tained: Fusarium oxysporum, F. solani, Phoma betae,
Rhizoctonia solani, and Botrytis cinerea. In general,
the genus Fusarium accounted for 48% of all se-
lected crops, among which F. oxysporum was the
leading species (30%), and F. solani — 18%. Phoma
betae occupied 19% of the total number of iso-
lates, R. solani — 13%, and B. cinerea - 10%.

The results show that short-term crop rota-
tions contributed to the accumulation of path-
ogens, especially representatives of the genus
Fusarium (Table 1). Among Fusarium spp. isolates,
significant morphological variability was ob-
served: variations in colony pigmentation (white-
pink, orange, purple shades) and different rates of
sporulation (2.5 x 105 - 1.8 x 10¢ spores/mL). This
indicates a high adaptive potential and ecological
plasticity of pathogens.

Table 1. Species composition and frequency of occurrence
of phytopathogenic fungi in sugar beet samples

Type of pathogen Proportion of isolates, % Range of variation, %
Fusarium oxysporum 30.0+238 25-35
Fusarium solani 18.0+1.9 16-21
Phoma betae 19.0+2.1 17-22
Rhizoctonia solani 13.0+1.7 11-15
Botrytis cinerea 10.0x1.5 8-12

Source: author’s research

The results obtained (Table 1) indicate that
the species composition of phytopathogenic fungi
isolated from sugar beet roots was quite diverse,
but it was characterised by a clearly defined dom-
inant structure. The largest share was Fusarium
oxysporum - 30.0% 2.8%, which is on average 1.6-
1.8 times higher than in other species. The high
frequency of isolation of this pathogen indicates

its leading role in the develpment of a complex of
root and storage-pile rot. Its variation in the range
of 25-35% confirmed the stability of the species
in conditions of short-rotation cropping systems.
The second most common was Fusarium solani
(18.0 £ 1.9%), which together with F. oxysporum
formed a single Fusarium block, covering about
48% of all isolates. This indicates the dominance
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of Fusarium aetiology in the structure of the path-
ogenic complex, which is consistent with the find-
ings of A. Farhaoui et al. (2023), who recorded the
preference of these species in beet agrocoenoses
with intensive soil use. Similar patterns were
described by P. Kusstatscher et al. (2019), who
showed that in sugar beet agrocoenoses, reduced
microbial diversity correlates with an increase
in the proportion of pathogenic forms Fusarium
oxysporum and increasing their morphological
variability. The researchers noted that it is the
combination of stressful conditions and reduced
rotations that contributes to the development of
stable adaptive populations. The data obtained
support these trends, demonstrating a predomi-
nance of F. oxysporum in short-rotation cropping
systems. In addition, S. Misra et al. (2023) empha-
sised that the morphophysiological variability
of pathogenic fungi is a key mechanism of their
ecological adaptation. According to their data,
variations in the rate of colony growth and spor-
ulation are directly related to the ability of fungi
to survive under the influence of environmental
changes. Consistent with these findings, isolates
of Fusarium from short-rotation cropping systems,
an increased intensity of sporulation and pigmen-
tation variation were shown, which indicates the
formation of stable adaptive races of the patho-
gen. Phoma betae occupied 19.0 % 2.1% of the to-
tal number of isolates. Despite the lower frequen-
cy than Fusarium spp., this species is important
as a necrotroph that actively affects weakened or
mechanically damaged root crops. A wide range
of variations (17-22%) can be caused by different
humidity conditions over the years of observation.

Isolates of Phoma betae were characterised
by a typical pycnidia development with dark con-
centric necrotic zones, whereas Rhizoctonia solani
was manifested mainly due to the development of
sclerotia and the low growth rate of colonies. Bot-
rytis cinerea occurred less frequently, but was char-
acterised by a high intensity of sporulation and a
typical grey coating, which confirms its danger as
a pathogen of storage-pile rot during storage. The
results obtained confirmed that short-term crop

rotations in the Western Forest-Steppe are a factor
of increasing the phytosanitary load. Domination
Fusarium spp. (more than 45% of all isolates) in-
dicates the development of populations resistant
to agrotechnical influences that can persist in the
soil for a long time due to chlamydospores. High
detection rate of Phoma betae (19%) highlights
its relevance as a causative agent of necrotic le-
sions and storage-pile rot, especially in wet years.

Rhizoctonia solani was detected in 13.0+1.7%
of cases, which indicates a moderate but stable
presence of the pathogen in the soil. Its distribu-
tion is closely related to its predecessors from the
cereal family, in particular corn, which was con-
firmed by HJ. Koch et al. (2018). In areas with fre-
quent cultivation of corn as a predecessor, a high-
er frequency of detection of rhizoctoniosis was
recorded. Frequency of Botrytis cinerea in field
samples was lower (10%), but the risk of its de-
velopment increases significantly during storage,
which was confirmed by C.A. Strausbaugh (2025).
Thus, even a moderate infection in the field can
be a source of massive damage in storage piles.
Statistical comparison of the shares of identified
species showed a significant prevalence of Fusar-
ium spp. over other pathogens (x*=12.43; <0.05).
The total proportion of fusarium isolates is al-
most twice as high as other groups of fungi,
which indicates a stable trend of dominance of
this genus in short-rotation cropping systems.
The coefficient of variation between species was
22.6%, which indicates moderate heterogeneity
of the pathogen population.

The results obtained confirmed the presence
of a pronounced species differentiation of patho-
gens of sugar beet storage-pilerotin short-rotation
cropping systems in the Western Forest-Steppe of
Ukraine. According to the results of mycological
analysis, five main types of fungi formed a stable
complex of pathogens, among which Fusarium
oxysporum (30%) and F. solani (18%) dominated.
Total share of the genus Fusarium was 48%, which
is almost twice the average for similar agricultur-
al landscapes in Europe (Gotze et al, 2017). The
statistical distribution of the isolation frequency
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(x*=12.43; p<0.05) showed a significant preva-
lence of Fusarium spp. over other species, which
indicates their ecological competitive advantage
in the conditions of short-rotation cropping sys-
tems. Similar patterns were established by A. Far-
haoui et al. (2023), who proved that F. oxysporum
was the main agent of root and post-harvest rot
in North African regions, and its dominance in-
creases with decreasing microbiota biodiversity.
M. Lin et al. (2023) in China, short crop rotations
(2-3 years) contributed to the accumulation of
Fusarium spp. the rhizosphere, while the longer
rotations were dominated by saprotrophic species.
This is consistent with the results of the current
research and indicates a direct relationship be-
tween the frequency of crop return in crop rota-
tion and the accumulation of pathogenic forms.

Compared to data by M. Bill et al. (2025) for
northern US states, detection rate of Phoma betae
in the current sample (19%) was higher, which is
probably conditioned by a combination of high
humidity and mild winters in the Western For-
est-Steppe. The researchers pointed out that Pho-
ma betae actively colonises mechanically dam-
aged tissues and increases the manifestation of
secondary infections. This is consistent with the
current study of an increased incidence of necrot-
ic lesions in years with excessive precipitation.
Detected share of Rhizoctonia solani (13%) is con-
sistent with the findings of H.J. Koch et al. (2018),
who noted a significant spread of rhizoctoniosis
in ‘corn-beet” cropping systems. Comparison of
the average lesion rates indicates a moderate
level of contamination (13£1.7%), which is statis-
tically different from the control samples in the
previously cited studies (t=2.11; p <0.05), which
may be conditioned by the specifics of regional
climatic conditions. Similar results were pre-
sented by S. Kalenska et al. (2025), who showed
that pre-sowing seed treatment and foliar top
dressing with chelated fertilisers contribute to
increasing the physiological resistance of sugar
beet plants and reducing the manifestation of
fungal diseases. The obtained data are consistent
with the results of this study, confirming the role
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of increasing the immune potential of plants in
reducing the activity of the pathogen complex of
Fusarium-Phoma-Rhizoctonia-Botrytis in short-ro-
tation cropping systems.

Botrytis cinerea, despite the low isolation
rate (10%), has a high potential hazard during
storage. According to W. English & H.L. Jons-
son, (2023), this pathogen exhibits the ability to
quickly activate in conditions of high humidity
of storage piles and a decrease in temperature
below +3°C. In the current study, B. cinerea was
recorded mainly in the late stages of storage,
which indicates a similar mechanism for the
development of secondary infection. The eco-
logical stability of the pathogen complex was
confirmed by the significant morphological var-
iability of the isolated isolates. Changing colony
pigmentation of Fusarium spp. (white-pink, pur-
ple, orange tones) and different intensity of spor-
ulation (2.5 x 105 - 1.8 x 106 spores/mL) indicate
genetic plasticity of populations. Similar results
were provided by P. Kusstatscher et al. (2019),
who proved that a decrease in microbial diversi-
ty in the rhizosphere correlates with an increase
in the frequency of pathogenic isolates. In this
case, the coefficient of variation in the intensi-
ty of sporulation was 24.3%, which indicates the
presence of several ecotypes adapted to different
environmental conditions.

Summarising, the results of mathemati-
cal analysis (x% t-test, coefficient of variation)
confirmed the reliability of dominance of Fusar-
ium spp. and statistical differences between
pathogen groups. This indicates the stability and
adaptability of the pathogen complex in short-ro-
tation cropping systems. Given environmental
trends, further research should focus on identi-
fying strains with high virulence, studying their
genetic structure, and finding biological agents
that can limit their development.

Conclusions
As a result of the conducted studies in short-ro-
tation cropping systems of the Western For-
est-Steppe of Ukraine, the species composition,
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frequency of occurrence, and morphological fea-
tures of the main pathogens of sugar beet dis-
eases were established. A total of 240 isolates
belonging to the five dominant species were
obtained from the affected root crops and rhiz-
ospheric soil: Fusarium oxysporum, F. solani, Pho-
ma betae, Rhizoctonia solani, and Botrytis cinerea.
The leading role in the structure of pathogens
is played by the genus Fusarium, the share of
which accounted for 48% of all isolates. Among
them, F. oxysporum (30.0 £ 2.8%) and F. solani
(18.0+1.9%) dominated. Significant morpholog-
ical variability of these isolates - variations in
the colour of colonies from white-pink to pur-
ple and fluctuations in the level of sporulation
in the range of 2.5 x105- 1.8 x 10¢ spores/mL -
indicates a high adaptive ability of populations.
Phoma betae was detected in 19.0 % 2.1% of cas-
es, forming pycnidia with dark pigmentation and
necrotic lesions characteristic of beet phomosis.
Rhizoctonia solani occurred with a frequency of
13.0£1.7%, especially in areas where the predec-
cessor was corn, which confirms the relationship
of rhizoctoniosis with short rotations. Botrytis ci-
nerea accounted for 10.0 # 1.5% of all isolates,
but even a minor field infection can cause mas-
sive damage to root crops during storage. Sta-
tistical analysis (x> =12.43; p <0.05) confirmed

phytopathogenic complexes. The general struc-
ture of infectious load in short-rotation cropping
systems indicates the predominance of Fusarium
and Phomopsis aetiology.

The results highlighted the environmental
risks of intensive use of short rotations and in-
dicated the need for an integrated approach to
sugar beet protection. It is advisable to combine
crop rotation optimisation with the introduction
of biological control methods, in particular, an-
tagonistic fungi Trichoderma spp., application of
sanitary measures during root crop storage and
monitoring of the state of rhizospheric microflora
to prevent the accumulation of pathogens.

The prospects for further research are to con-
duct molecular identification of isolated isolates,
investigate their genetic variability and patho-
genicity, and develop effective biological prod-
ucts for biological protection of sugar beet in the
Western Forest-Steppe of Ukraine.
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IpeHTudikauia Ta BUAOBUI CKNap, 36yAHUKIB KaraTHUX FTHUIeN LLyKpoBOro
6ypsika B KOPOTKOpOTaLilHUX ciBo3MiHax 3axigHoro JlicocTeny YKpaiHu

AmuTtpo KucenboB

KaHauaaT cinbCbkorocnoaapcbkmx HayK

MNpuBaTHe NigNPUEMCTBO «3axiaHui byr»

80250, npocn. FOHocTi, 39, ¢. Maeni., JIbBiBCbKa 061acTb, YKpaiHa
https://orcid.org/0009-0005-6771-8337

AHOTaLifl. AKTYanbHICTb AO0CNIMKEHHS OOYMOBNEHA NiABUILEHHAM GITOCAHITAapHUX pU3MKIB Yepes
iHTEHCMIiKALLIH0 3eMIEKOPUCTYBAHHSA Ta CKOPOYEHHS poTaLii KynbTyp. MeTa poboTM nonsranay BU3SHAYeHHi
BMA0BOMO CKMaAy Ta NOMNyNAUiMHOT CTPYKTYpW rPMBHMX NaTOreHiB, L0 ypaxyoTb KopeHennoam bypska
nig 4ac seretauii Ta 36epiraHHs. [JocnigxeHHs npoBoaMnn Ha 6asi BUPOGHMUYMX NONIB NPUBATHOrO
nipnpuemctea «3axigHui Byr» i3 BMKOPUCTAHHAM CTaHOAPTHMX MIKOMOMiYHMX MeTOAiB (i3onsuig,
mMopdonoriyHa igeHTUdikauis, nigpaxyHOK 4acToT TpanisiHHA BWAiB). BcTaHOBNeHO BMAOBWMIA CKNapg,
OCHOBHMX 30yAHMKIB KaraTHUX rHUNen LyKpoBOro bypsika y KOpOTKOPOTALiMHMX CiBO3MiHAX 3axiaHoro
Nicocteny YkpaiHu, cepep, aSKMX JOMiHYOTb rpubu popy Fusarium. BusHayeHo, Wo y KOPOTKOPOTaLLiMHUX
CiBO3MiHax OOMiHYIOTb M'ATb BUAIB diTonatoreHHnx rpubis: Fusarium oxysporum (30 %), F. solani (18 %),
Phoma betae (19 %), Rhizoctonia solani (13 %) Ta Botrytis cinerea (10 %). 3aranbHa yactka pony Fusarium
CTaHoBuna 61m3bko 48 % ycix i3onaris, WO CBIAYMTb NPO MOro NPOBiAHY PO/ib Y PO3BUTKY KOPEHEBMUX i
KaraTHUX rHunen. BussneHo 3HauHy MOp@ONoriuHy MiHAMBICTb i3019TiB, 30KpeMa BapitoBaHHS NirMeHTaL, i
KOJIOHi¥ Ta iHTEHCMBHOCTiI CMOPOHOLLEHHS, L0 MiATBEPOXKYE BUCOKY €KOMOTiYHY NAACTUYHICTb NaTOreHiB.
MNMokasaHo, WO HaMBMLLY YacToTy i3onauii Manu Buam F. oxysporum 1a Phoma betae, Topni sk B. cinerea
Tpannsnacs nepeBaXkHo B yMOBAX MiABMULLEHOI BOOrocTi. OTpUMaHi pe3ynbTaTi CBig4aTb NPO 3pOCTaHHS
}iTONATOreHHOro HaBaHTAKEHHSN Y KOPOTKMX CiBO3MiHaX i pOpPMyBaHHA CTabinbHUX nonynaui rpnbis i3
BMCOKMM afanTauiiHMM noteHuianom. OBrpyHTOBAHO HEOBXiAHICTb AN pO3pO6KM iHTErpOBaHUX CUCTEM
3aXMCTy LYKpOBOro Bypsika, CNpSMOBaHMX Ha 3HUXKEHHS (iTONATOreHHOro HAaBAHTAXEHHS B KOPOTKMX
potauiax. OTpMMaHi pe3ynbTaTM MOXYTb OYTM BMKOPUCTaHI NMpW NAAaHYBaHHI CiBO3MiH, YAOCKOHANEHHI
TeXHONOriv 36epiraHHa Ta BNpOBaXeHHi bionoriyHnx 3acobis KOHTpoAIo (@HTAroHicTiB Trichoderma spp.)

KnioyoBi cnoBa: 36epiraHHs KopeHennoais; 6ioNoriYHMin KOHTPOJb; MIKOMOTIYHWI aHanis; Fusarium
oxysporum; Phoma betae; Rhizoctonia solani
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Formation a strip with a trapezoidal cross-section into a ring
by rolling between conical rolls
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Formation a strip with a trapezoidal cross-section into a ring...

Abstract. The formation of helical surfaces requires a ring that enables their continuous production
without welded seams. The aim of this study was to develop an analytical description of the process
of deforming a straight strip into a ring as a result of rolling it between conical rolls. The research
methodology was based on analytical modelling of the process of plastic deformation of the strip
using assumptions about the isotropy of the material and the constancy of its volume. As a result of the
study, analytical dependencies were obtained between the dimensions of the strip cross-section before
rolling and the parameters of the ring after rolling, which allow determining the optimal geometric
characteristics for forming rings of a given radius. Generalised analytical expressions were developed
to determine the elongation coefficient and ring radius, which take into account the change in the
aspect ratio of the trapezoidal cross-section of the strip. A model of step-by-step rolling has been
proposed, which describes the gradual reduction of the aspect ratio of the trapezoidal cross-section
to a rectangular one, ensuring a uniform cross-section of the ring. The obtained expressions made it
possible to solve both direct and inverse problems, determine the parameters of the initial strip for
forming rings of different radii, predict the geometry of the ring based on the known dimensions of
the strip, and use the obtained data to adjust the rolls before experimental verification. The proposed
model of step-by-step rolling ensured a uniform cross-section of the ring, which increases the accuracy
of manufacturing screw surfaces without welded seams. The results may be applied in mechanical
engineering for the production of screws, helical surfaces, and conveyors without welded seams,

particularly in the agricultural, food-processing, construction, and energy industries

Keywords: plastic deformation; volume; isotropic material; ring radius; relative elongation

Introduction
Deformation of a ring with a rectangular cros-
section can form a helical surface, which is wide-
ly used in various fields of mechanical engineer-
ing. There were various technologies for man-
ufacturing helical surfaces, including welding
individual turns. This method has limitations due
to the presence of welded joints, which reduce
the strength of the structure. When forming a flat
ring by rolling, it is possible to manufacture solid
helical surfaces of the required length without
welded joints, which increases their reliability.
Existing technologies for winding helical sur-
faces from a straight strip with a rectangular
cross-section require considerable effort to de-
form the material. In addition, this manufacturing
method often leads to instability of the deforma-
tion process, which can cause metal breaks on
the outer edge and the formation of corrugations
on the inner edge. Thus, the manufacture of heli-
cal surfaces from a ring, which is an approximate
development of the surface, is simpler, more

accurate and more cost-effective. That is why the
formation of a ring of a given radius by rolling
a straight strip remains a relevant problem that
requires in-depth research.

Helical surfaces are an integral part of many
devices and mechanisms, in particular for trans-
porting bulk materials, soil cultivation and the
production of high-precision parts. Despite their
widespread use, existing manufacturing methods
have limitations, particularly in terms of thickness
uniformity and geometric accuracy. |. Hevko et
al. (2021) proposed using elastic helical surfaces
to prevent damage to bulk materials during trans-
port. The authors focused on modifying the mate-
rial but did not consider optimising the geometry
of the blank for forming the ring, which limits the
application of the method for heavy-duty struc-
tures.M.B.Klendii & A.P.Dragan (2021) investigat-
ed the use of helical surfaces for soil cultivation,
focusing on the design features of the working
bodies, but did not address the issue of forming

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6



blanks with a trapezoidal cross-section, which
could improve the strength characteristics of the
parts. Various approaches, including both analyt-
ical and numerical methods, have been proposed
to solve the problem of optimising surfaces that
pass through a spiral curve with a variable pitch.
For example, A. Nesvidomin et al. (2025) devel-
oped a method for optimising the model of a
developing surface for such cases, which can be
applied to rolling and surface forming processes
in various fields of mechanical engineering.

Scientists O. Liashuk et al. (2019) conduct-
ed a technical and economic justification for the
manufacture of screw working bodies, but did not
propose analytical models for predicting the ge-
ometric parameters of rings during rolling. . Oh et
al. (2019) investigated defects that arise during
the rolling of L-shaped rings and proposed meth-
ods for minimising them, but did not consider the
forming of rings with a trapezoidal cross-section,
which ensures a uniform thickness of the fin-
ished part. L. Liang et al. (2021) focused on the
accuracy criteria for rolling rings with a profiled
cross-section,and L. Liang et al. (2022) focused on
the mechanisms of geometric defect formation.
Although these works describe the deformation
processes in detail, they do not offer analytical
dependencies for calculating the parameters of
the initial strip, which limits the possibility of op-
timising the process.

Researchers D.Bai et al.(2021) analysed intel-
ligent forming technologies but did not address
the specifics of rolling trapezoidal strips, which
allows avoiding ring thickness irregularities.
S.Yuan & X.B. Fan (2019) outlined the prospects
for the precise forming of ultra-large integrated
components, but did not consider the step-by-
step rolling of strips with a trapezoidal cross-sec-
tion, which allows the geometry of the ring to be
controlled at each stage of deformation.

To summarise the above, the following gener-
al, previously unresolved issues can be formulated:

» the lack of analytical models for calculating
the parameters of the trapezoidal cross-section
output strip required to form rings of a given radius;
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» insufficient attention by researchers to step-
by-step rolling, which ensures a uniform cross-sec-
tion of the ring and reduces the risk of defects;

» limited information on optimising the settings
of conical rolls for forming rings with high precision.

It should be noted that the issue of forming
helical surfaces from flat blanks can be consid-
ered from the point of view of the rational selec-
tion of these blanks. A flat ring can be cut from
sheet material, but this method leads to signif-
icant material waste and costs for cutting the
required contour from it. It is much easier to ob-
tain this contour by rolling a straight strip. When
forming a ring by rolling a strip of rectangular
cross-section, it will have a variable thickness,
which will be thinner at the periphery of the ring,
i.e. at the outer edge of the screw surface, which
wears out the most. In order for the thickness of
the ring to be uniform, a straight strip with a trap-
ezoidal cross-section must be used.

The aim of the study was to provide an an-
alytical description of the transformation of a
straight strip with a trapezoidal cross-section into
a flat ring of a given radius by rolling it between
conical rolls. This raises the following objectives:

» based on the plastic properties of the met-
al and the geometric properties of the shape, de-
velop an approximate model of the redistribution
of its mass under the action of deforming forces;

» find the dimensions of the cross-section of
a straight strip for forming a flat ring of a given
thickness and radius.

Materials and Methods
The initial thickness H, of a straight strip with a
rectangular cross-section after rolling between
cylindrical rolls (Fig. 1) decreased to a value H,.
It was assumed that the volume of the strip af-
ter rolling remained constant. The second con-
dition was that the strip material was isotropic,
so elongation occurred equally in all directions.
An elongation coefficient p was introduced as
the ratio of the corresponding sides of the strip
element before and after deformation. In this
case, the dimensions of the strip element after
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deformation were recorded taking into account
this coefficient p:L,=p-L, S,=p - S, The thick-
ness of the strip before deformation H,and after
deformation H, were given values. Equating the
volumes of the strip element before and after
rolling gave the result L,H,S,=p?L,S,H,, hence:

Figure 1. Diagram of rolling a straight strip
with a rectangular cross-section

between cylindrical rolls
Note: H, - strip thickness before deformation; H, - strip
thickness after deformation; L, - strip width before
deformation; L, - strip width after deformation; S, -
strip length before deformation; S, - strip length after
deformation
Source: developed by the authors

With a known coefficient p, it is possible to
find the longitudinal and transverse elongation of
the strip.After rolling, the thickness of the strip de-
creased,while its width and length changed in pro-
portion to the elongation coefficient. To describe
the process, the assumption of material isotropy
and volume constancy was used, which allowed
the volumes of the strip before and after deforma-
tion to be equated. The elongation coefficient was
defined as the ratio of the dimensions of the strip
element after deformation to its initial values.
Based on this, mathematical dependencies were
introduced, which were used to further describe
the transformation of a straight strip into a ring.

Results
The rolling diagram of a straight strip with a
trapezoidal cross-section between conical rolls is
shown in Figure 2.

Figure 2. Diagram of rolling a straight strip
with a trapezoidal cross-section into a flat ring

Note: O,, - axes of the spatial coordinate system;

L, - height of the trapezoid of the strip cross-section
before deformation; H, - larger side of the trapezoid of
the strip cross-section before deformation; h, - smaller
side of the trapezoid of the strip cross-section before
deformation; L, - width of the strip after deformation;
h, - thickness of the strip after deformation; r - radius
of the inner arc of the ring

Source: developed by the authors

The rolls were adjusted so that the thickness
of the ring after rolling the strip was equal to
the shorter side of the trapezoid, i.e. h, = h,. This
means that the intensity of the strip deformation
in the transverse direction will increase from the
shorter side of the trapezoid to the longer side.
Based on this, it can be assumed that during roll-
ing, the material will also elongate in this direc-
tion. It follows that the length of the arc of the
inner radius of the ring is equal to the length of
the corresponding straight segment of the strip
before deformation. This means that the outer arc
of the ring elongates in the longitudinal direction,
while the inner arc does not elongate and trans-
forms into a circle with radius r (Fig. 2).

The volume V, of a straight strip element
with a trapezoidal cross-section of length s, was
determined by the following formula:

Ho

Vo = :ho Loso- )

After deformation, the element of a straight
line will turn into a corresponding element of a
flat ring. An image for determining its volume is
shown in Figure 3.
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Figure 3. Projection of a flat ring element
with its dimensions marked
Note: r - radius of the inner arc of the ring; R - radius
of the outer arc of the ring; s, - length of the inner arc;
S, - length of the outer arc; L, - width of the strip after
deformation; a - central angle
Source: developed by the authors

Given that the thickness of the ring is h,=h,,
its volume can be found using the formula:

_ R?-r?

V= 5

hoa. (3)

It is assumed that the length of the inner
arc s, did not change during deformation and is
equal to the length of the straight strip element,
i.e.s,=s, From this, an expression for the angle o
can be found: a=s,r. The length of the outer arc
S, has increased, as has the width of the strip. The
elongation of the strip width can be written in
terms of the elongation coefficient p: L,=p-L, In
this case, for the radius R of the outer arc, the ex-
pression: R=r+p-L, can be written. The length of
the arc S, within the central angle o can be found
using the known formula: S;,=R-a=(r+p-L,)
a=(r+p-Ly syr. On the other hand, the length
of the arc S, is the result of the elongation of the
straight line strip, i.e. S, =p - s, Equating these
two expressions, as well as the volume (2) before
deformation and the volume (3) after deforma-
tion, allows to obtain a system of two equations
with two unknown quantities p and r:

Ho;rho Losg = h;:‘] (r +pLo)® —12];
pso = (r+ pLo)Sjo' )

Reducing equations (4) by s, and solving for r
and p gives the result:
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_ —ho+yho(5ho+4H,) (5)
p= 2h, ’
- ho+2Hy++/ ho(Sho+4H,) (6)
r=to 2Ho-hg)

In the case where Hy,=h,, i.e. in the absence
of plastic deformation, from (5) p=1, can be ob-
tained, and from (6) r =, i.e. there is no elon-
gation and the strip remains straight. The ex-
pressions obtained make it possible to solve the
inverse problem, i.e. to find the dimensions of the
cross-section of a straight strip to obtain a ring of
a given radius. From equation (6), an expression
for H, can be found:

Lor—L3+1?

Hy = hy Ty (7)

A model of step-by-step rolling of the strip
can be developed, i.e.gradually reducing the larg-
er side of the trapezoidal cross-section. Then the
strip turns into a ring, the cross section of which
will also be a trapezoid, but with a smaller dif-
ference between the longer and shorter sides
(Fig. 4). In this case, the same deformation con-
ditions remain as in the previous case, i.e. h,=h,.

Figure 4. Diagram of rolling a straight strip with
a trapezoidal cross-section into a ring with a
smaller ratio of opposite sides of the trapezoid
Note: O,, - axes of the spatial coordinate system;
L, - height of the trapezoidal cross-section of the strip
before deformation; H, - larger side of the trapezoidal
cross-section of the strip before deformation; h, - the
smaller side of the trapezoid of the strip cross-section
before deformation; L, - the height of the trapezoid
of the strip cross-section after deformation; H, - the
larger side of the trapezoid of the strip cross-section
after deformation; h, - the smaller side of the trapezoid
of the strip cross-section after deformation

Source: developed by the authors
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The volume of the ring can be found by
means of integral calculus as a body formed by
the rotation of a trapezoid. Similarly, a system
of two equations was obtained, the solution of
which gave the following results:

—2h0—H1+J16h§+28H1h0+H12+12H0(h0+2H1)

p= 2(ho+2H,) ’

r=1Lg

4h0—H1+6HD+J16h3+28H1h0+H12+12H0(h0+2H1) 9)

6(Ho—H,)

When H,=H there is no deformation, and the
values of p and r are similar to the previous case.
If in expressions (8) and (9) the value H,=h,, in
expressions (8) and (9), new expressions are ob-
tained that exactly coincide with (5) and (6). Thus,
expressions (8) and (9) are generalised. They de-
scribe the process of gradual formation of a flat
ring by reducing the ratio of the larger and small-
er bases of an isosceles trapezoid to unity, i.e. to
a rectangular cross-section. At the same time, the
height of the trapezoid increases, which ultimate-
ly turns into the width of the ring.

Let the straight transverse cross-section of
the strip have the following dimensions in milli-
metres: H,=15; h,=5; L,=40. The elongation co-
efficient p can be found according to (5): p=1,56.
According to (6), the inner radius of the flat ring
is r=111. The width of the ring is accordingly
Ly=p-L,=62. The dimensions of the cross-sec-
tion of the ring are 5 x 62. If the ring needs to
be closed, the inner arc s must have a length
of 2-m-r=697 The straight strip must have the
same length, since, according to the condition, the
length of the inner arc of the ring is equal to the
length of the strip. If r=111, is substituted into
formula (7), the result is H,=15.

Discussion
In metal pressure processing, a common method
is to deform workpieces by rolling them between
rolls. Precise analytical results regarding the rel-
ative position of the rolls to achieve the desired
result are often difficult to obtain due to the com-
plexity of the plastic deformation process. Roll

adjustment is usually based on accumulated ex-
perience and experimentation. However, to begin
with, it is necessary to know at least the approxi-
mate value of the radius r (Fig. 2) in order to adjust
the rolls correctly. Subsequently, the adjustment
can be refined experimentally, but the availability
of analytical dependencies significantly reduc-
es the time and cost of equipment preparation.

Unlike the model proposed by L. Hua et
al. (2023), which focuses on modelling the be-
haviour of metal during the rolling of thin-walled
conical rings, the model proposed in the current
study was based on two fundamental properties
of plastic deformation of metal: volume constan-
cy and material isotropy. These assumptions allow
to obtain analytical dependencies that do not de-
pend on experimental data, unlike the approach-
es described in the works of Z. Dong et al. (2019)
and X. Han et al. (2023), where the emphasis is on
numerical modelling and experimental settings.
This is especially important for industrial applica-
tions, where the speed of equipment adjustment
directly affects production productivity.

It can be seen that for the three rolling cas-
es (Fig. 1, Fig. 2 and Fig. 4), the elongation coef-
ficients p (1), (5) and (8) do not depend on the
strip width L,, but only on the aspect ratio H,
and H,. This allows to calculate the dimensions
of the transverse trapezoidal cross-section of a
straight strip so that, as a result of rolling, flat
rings of the same cross-section but with differ-
ent radii r are obtained. For example, let the di-
mensions of the straight cross-section of the strip
be: H,=20; h,=5; L,=35. After its deformation,
the value of the rectangular cross-section of the
ring will practically not change (5 x 62), but the
radius r will be different: r=79.This indicates the
universality of the proposed dependencies, which
can be applied to different geometric parameters
of the strip. Expressions (8) and (9) are general-
ised and describe the deformation process of a
straight strip with a transverse cross-section that
is an isosceles trapezoid. They describe the step-
by-step deformation of the strip by reducing the
larger side of the trapezoid’s base until the bases
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become equal, i.e. the trapezoid turns into a rec-
tangle. It should be noted that at the intermediate
stages of deformation, the vertices of the conical
rolls are located in the centre of the ring (Fig. 4),
and at the final stage, they are located on the axis
of the ring and there is a distance between them
equal to the thickness of the ring (Fig. 2). This
distinguishes the present study from the work of
Z.Dong et al. (2019), who focused on the rolling
of large conical cylinders, and X. Han et al. (2023),
who investigated the formation of cylindrical
rings with high ribs. Unlike these works, the pres-
ent study proposes a step-by-step rolling model
that describes the reduction of the larger side of
the trapezoid until it becomes a rectangle. This is
particularly important for controlling the geom-
etry of the ring at intermediate stages of defor-
mation, which was not considered in the works
of D.S. Qian et al. (2023) and D. Qian et al. (2024),
where the emphasis was on controlling the roll-
ing process using a closed loop.

It should be noted that X. Chang et al. (2023)
investigated the influence of roller cross-section-
al diameter on the rolling of double-curved sur-
faces. Like the study described above, this work
concerns the processes of rolling and forming
complex surfaces using metal pressure treatment
methods. X. Chang et al. investigated the rolling
of double-curved surfaces with a focus on the in-
fluence of roller diameter on forming quality. The
authors focus on optimising roller parameters
to minimise defects. In the study described, the
emphasis is on the analytical description of the
deformation process and obtaining generalised
expressions for calculating the parameters of the
strip and ring. This study complements the work
of X. Chang et al., proposing a new approach to
forming rings from straight strips with a trapezoi-
dal cross-section. Unlike the optimisation of roll-
er parameters for rolling double-curved surfaces,
the proposed method allows rings to be obtained
directly from the strip, which is more technologi-
cally advanced and economical.

The work of W.Y.D.Yuen (2025) focused on the
analysis of thermal and mechanical deformations
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of strips during flat rolling, in particular on the
influence of friction, heat generation and uneven
stress distribution in the contact zone between
the rolls and the strip. The author emphasised the
importance of taking into account the thermoe-
lastic deformations of the rolls to prevent defects
in the flatness of the strip. As in the study de-
scribed above, the author analyses the processes
of plastic deformation of the material under the
influence of external loads, but does not consider
the specifics of forming rings with a trapezoidal
cross-section, which requires taking into account
the uneven elongation across the width of the
strip and the gradual reduction of the trapezoid
aspect ratio. The study by J. Miao et al. (2022) fo-
cused on the analysis of contact behaviour and
thermal deformations in planetary roller screw
mechanisms used to convert rotary motion into
linear motion. Unlike the study described above,
this work examines the effect of thermal defor-
mations on the accuracy of motion transmission
and load distribution in screw mechanisms, as
well as the optimisation of tooth profiles to re-
duce contact stresses and wear. Common to the
work of J. Miao et al. and the presented study is
the emphasis on the importance of considering
geometric parameters to achieve the desired
characteristics of the final product.

The work of Y. Caoqi et al. (2024) is devoted
to the issue of synchronous forming of the out-
er shape and inner hole of hollow shafts using
cross-screw rolling with a mandrel. The authors
focused on analysing the influence of process pa-
rameters (tension angles, roll rotation speed, etc.)
on the axial force and the quality of the final
shape. Similar to the study by Y. Caoqi et al., they
considered the plastic deformation of metal un-
der the influence of external forces, emphasising
the importance of the geometric parameters of
the workpiece and tool in order to optimise the
deformation process and achieve a high-qual-
ity final product. Unlike Y. Caogqi et al., the pre-
sented study obtained generalised analytical
expressions for the elongation coefficient and
ring radius, which makes the proposed approach
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universal and suitable for a wide range of geomet-
ric configurations. An innovative method for form-
ing railway car axles using three-roll cross-screw
rolling was proposed by Z. Pater et al. (2020). The
method proposed by the authors allows complex
profiles to be formed with high accuracy. In con-
trast to that work, the present study develops a
model that describes the step-by-step reduction
of the trapezoidal cross-section aspect ratio to a
rectangular form, which allows control of ring ge-
ometry at intermediate stages of deformation and
minimises the risk of defects.

Scientists S. Pylypaka et al. (2022) focused
on studying the process of bending flat rings into
screw conoids - conical surfaces formed by ro-
tating a straight line around an axis at a certain
angle. Like the study described above, the work
of S. Pylypaka et al. focused on the processes of
forming helical surfaces and rings using metal
pressure treatment methods. Unlike S. Pylypa-
ka et al., who described the corrugation of the
inner edge and the uneven wall thickness of the
conoid, the presented study focuses on the un-
even thickness of the ring and possible metal
breaks. S. Pylypaka et al. used an experimental
approach and numerical modelling to analyse
the bending process. The authors focused on
determining the optimal angles of inclination of
the helix and material parameters. In contrast,
the present study uses analytical modelling
based on the properties of plastic deformation
(constant volume and isotropy of the materi-
al). This allows analytical dependencies to be
obtained for calculating the parameters of the
strip and ring. Thus, the results obtained comple-
ment the research of S. Pylypaka et al., offering
a new approach to the formation of rings from
straight strips of trapezoidal cross-section. Un-
like the bending of finished rings, the proposed
method allows rings to be obtained directly from
the strip, which is more technological and eco-
nomical. The analytical dependencies obtained
in the work allow optimising the parameters of
the strip and ring, which makes the presented
approach more universal and accurate.

M. Pylypets et al.(2021) considered combined
operations for the production of screw blanks, but
did not focus on optimising the geometry of the
strip cross-section. This work, like the presented
study, is aimed at analysing metal deformation
processes, but from different perspectives: M. Py-
lypets et al. (2021) focus on combined operations
that include several processing stages, while the
presented approach offers an analytical descrip-
tion of the rolling process for a trapezoidal strip.
Unlike the rolling diagrams shown in Figures 2
and 4, where the sides of the ring are idealised as
straight lines, in practice they will have a curved
shape. This can be avoided by creating rolls with a
profile that matches the cross-sectional profile of
the ring after rolling. This approach was not dis-
cussed in detail in the works of L.Liang et al.(2021;
2022), which focused on the accuracy criteria for
rolling rings with a profiled cross-section. The re-
sults obtained allow not only to calculate the pa-
rameters of the strip for forming rings, but also to
optimise the profile of the rolls, which increases
the accuracy and quality of the finished products.

Conclusions
When rolling a straight strip between cylindrical
or conical rolls, plastic deformation of the metal
occurs, i.e. its redistribution in volume. There is
no accurate analytical description of such redis-
tribution due to the complexity of the process.
This is due to the non-linearity of the deforma-
tion characteristics of the material and its in-
teraction with the tool. The proposed analytical
description of the metal mass redistribution pro-
cess is based on two fundamental properties of
plastic deformation: volume constancy and ma-
terial isotropy. These assumptions made it pos-
sible to obtain analytical dependencies that link
the geometric parameters of the initial strip with
the characteristics of the formed ring. The work
provides analytical expressions for the elonga-
tion coefficient p and the ring radius r, which al-
low the parameters of the strip for forming rings
with different radii to be calculated. A model of
step-by-step rolling has been developed, which
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describes the gradual reduction of the aspect ra-
tio of the trapezoidal cross-section of the strip to
a rectangular one. This allows rings with uniform
thickness to be obtained and the geometry to be
controlled at intermediate stages of deformation,
which minimises the risk of defects such as corru-
gation or tears. Generalised expressions for cal-
culating the parameters of the strip and ring are
proposed, which can be applied to different ge-
ometric configurations. This allows solving both
the direct problem (determining the parameters
of the ring for known strip dimensions) and the
inverse problem (selecting the parameters of the
strip to obtain a ring of a given radius). It is shown
that the elongation coefficients p for different
rolling cases (with cylindrical and conical rolls)
do not depend on the strip width L, but only on
the aspect ratio H,and H,. This simplifies calcula-
tions and allows the same analytical dependen-
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verification. In the future, the adjustment of the
rolls can be refined experimentally, but the avail-
ability of analytical dependencies allows this
process to be significantly optimised. Prospects
for further research lie in the development of an
analytical description of obtaining parts by roll-
ing with a variable cross-section, as well as in
studying the influence of different materials and
rolling conditions on the accuracy of ring form-
ing. This will expand the scope of application of
the results obtained and increase their versatility
for industrial applications.
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AHoTauif. [Ons $hopMyBaHHsS TBUMHTOBMX MOBEPXOHb MOTPiGHE Kinblie, WO AAE 3MOry BUIOTOBASTU
iXx HenepepBHO Ta 6e3 3BapHMX WBIB. MeTo AocnigkeHHs 6yno po3pobneHHs aHaniTUYHOro onucy
npouecy aepopmaldiii NpAMONIHIMHOT CMYrK y KinblLie B pe3ynbraTi ii NPoKaTKM MK KOHIYHMMM Bankamu.
MeToponoris  AOCNIAXEHHS [PYHTYBanacsd Ha aHaniTUYHOMY MOAENBAHHI MpoLecy nAacTUYHOI
pedopmauii cMyru i3 BUKOPUCTAHHAM MpUMyLLEHb NPO i30TPOMHICTb MaTepiany Ta HE3MiHHICTb Moro
o6eMy. Y pe3synbTati AOCNIAKEHHS OTPUMAHO aHaNiTUYHI 3aNeXHOCTI MiX po3MipaMu nonepeyHoro
nepepisy CMyru [0 MpOKaTKM Ta napaMeTpaMu KifbLs Micis NPOKaTKM, WO L03BONSAOTb BM3HAYaTH
ONTMUMANbHI FEOMETPUYHI XapaKTepUCTUKKM ANng GOpMyBaHHS Kineub 3adaHoro pagiyca. Po3pobneHo
y3aranbHeHi aHaniTMYHi BMpasu AN BM3HAYEHHN KoedilieHTa MOAOBXKEHHS Ta pajiyca Kinbug, sKi
BPaxXOBYIOTb 3MiHY CMiBBiAHOLEHHS CTOPiH TpaneLeifanbHOro nepepisy cMyru. 3anponoHOBaHO MoAenNb
NnoeTanHoi MPOKaTKK, SKa OMWUCYE NOCTYNOBE 3MEHLIEHHS CMiBBIAHOLWEHHS CTOPiH TpanewueiganbHOro
nepepisy 40 NPSIMOKYTHOrO, LLO 3abe3nedyye OTPMMaAHHS PiIBHOMIPHOro MONepeyYyHoro nepepisy Kinbus.
OTpuMaHi BMpasu [anu MOXAMBICTb PO3BA3yBaTM AK NpaMy, Tak i obepHeHy 3ajadi, BM3Ha4aTu
napaMeTpu BMXiAHOI cMyru Ang GopMyBaHHS Kinelb pi3HOro pasiyca, NpPOrHO3yBaTH reoMeTpito Kinbus
3a BiAOMUMM pO3MipaMu CMyru, @ TaKOXX BUKOPWUCTOBYBATM OTPMMAHI OaHi ANg HanawWwTyBaHHS Bankis
nepen ekCnepuMeHTaNbHOK NepeBipKok. 3anponoHOBaHa MoAeNb NoeTarnHoi NpokaTku 3abesneunna
PiBHOMIpHUWI1 MONEepeYHnii Nepepis KinbLg, WO MigBULLYE TOYHICTb BUrOTOBIEHHS FBUHTOBUX NOBEPXOHb
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6e3 3BapHMX WBiB. Pe3ynbtat MOXYTb OYTM BMKOPUCTaHI y MalMHOOYAYBaHHI 419 BUrOTOBNEHHS
LUHEKiB, TBUHTOBMX MOBEPXOHb i TpaHCNopTepiB 6e3 3BapHMX LWIBIB, 30KpeMa B CiibCbKOroCnoAapChki,
XapuyoBiii, OyAiBeNbHiN Ta eHepreTUYHin ranyssx
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Abstract. White cabbage (Brassica capitata alba L.) is one of the basic and most widely grown vegetable
crops in Ukraine and worldwide. The growing demand for organic products increases the relevance
of research aimed at selecting cabbage varieties and hybrids capable of ensuring high yields using
organic cultivation technologies. The aim of the study was to investigate the characteristics of growth,
development and yield formation of white cabbage varieties and hybrids under organic cultivation in
open ground.Research on mid-season varieties and hybrids of white cabbage under organic cultivation
in open ground was conducted by setting up field experiments in 2019-2023. Field and statistical
research methods were used in the experimental work. The study was conducted with mid-season
varieties such as ‘Slava 1305, ‘Slavia’ and white cabbage hybrids: ‘Akvarel F,’,‘"Megaton F,’, and ‘Kubok
F,. The results of the research showed that the biometric parameters of plants and products and the
yield of white cabbage were significantly influenced by the biological characteristics of varieties and
hybrids. The research showed that varietal characteristics influenced plant height, rosette diameter,
number of leaves and leaf area. The largest leaf area of white cabbage plants in all phases of growth and
development, including the phase of technical maturity, was observed in the hybrid Akvarel F,’ - 33.9
thousand m?/ha. The highest yield during the years of research was observed in the hybrids Akvarel
F1’and “Kubok F1”, which provided an increase of 9.9 and 7.3 t/ha relative to the control. These hybrids
formed the largest head weight - 1,273 gand 1,220 g, respectively. The practical value of the study lies
in the fact that its results make it possible to identify the most productive varieties and hybrids of white
cabbage for organic cultivation in open ground, which will contribute to increasing its yield and quality
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Introduction

Traditional white cabbage cultivation technology
involves the use of high doses of mineral fertilisers
and pesticides, which leads to the accumulation
of nitrates in the product. This makes it necessary
to switch to organic technologies, which reduce
the anthropogenic load on agroecosystems and
increase the environmental safety of vegetable
products. In this context, it is important to scien-
tifically substantiate the effectiveness of growing
different varieties and hybrids of white cabbage
using organic technology in the conditions of the
Right-Bank Forest-steppe of Ukraine. The results
obtained will contribute to the improvement of
organic vegetable production and the expansion
of the range of organic products on the market.

The study of the assortment of white cab-
bage is carried out in various regions of the For-
est-steppe of Ukraine. According to research by
LV. Gutman et al. (2025), white cabbage of some
of the studied hybrids showed high yield indi-
cators. According to the results of the research,
the highest yield of late-maturing white cabbage
was obtained when growing the hybrids ‘Jintama
F,” and Aggressor F,, which amounted to 135.37-
155.79 t/ha in 2023 and 138.66-158. 4 t/ha in
2024. Considering the yield, this allows to recom-
mend them for cultivation in the Forest-steppe
zone of Ukraine. A wide range of agrotechnical
measures aimed at increasing the productivity of
white cabbage varieties and hybrids are used in
global practice. One of the key factors for success-
ful cultivation is sufficient soil moisture, as this
crop is characterised by a high demand for water,
which ensures the formation of a large leaf ro-
sette and full head formation. Research conduct-
ed by O. Erken & M.Yildirim (2019) showed that
reduced irrigation increases the content of ascor-
bic, lactic, tartaric and malic acids; on the other
hand, reduced sugar content and total sugar con-
tent increased with full irrigation. The application
of different amounts of irrigation water in the
study caused changes in the growth and quality
of white cabbage (Brassica oleracea L. cv. Capitata).
Under conditions where water stress in cabbage

production exceeded 30%, a significant decrease
in yield and marketability of the product was ob-
served. The results of the study showed that dif-
ferent levels of soil moisture at the depth of the
root system affected not only the yield but also
the content of organic acids and sugars. It was
possible to maintain a stable yield level when
irrigation water was supplied in a volume of at
least 411.2 mm. At the same time, an increased
content of organic acids was observed in cabbage
grown under low soil moisture conditions.

Research by S.A. Vdovenko & I.I. Palamar-
chuk (2020) found that changes in weather con-
ditions in Ukraine caused an increase in average
air temperature, which in turn led to rainless pe-
riods, particularly during the growing season for
vegetable crops. Thus, according to the analysis
of climatic conditions in Ukraine and the yield
of vegetable crops, it was found that during the
period 2006-2020, the climate changed towards
warming in the summer months and significant
cooling in the winter, which caused a decrease in
yield, negatively affecting the country’s food se-
curity. Research by D. Kavaliauskaité et al. (2023),
conducted at the Institute of Horticulture of the
Lithuanian Research Centre for Agriculture and
Forestry, showed that the highest marketable
yield of white cabbage reached 80.5 t/ha, and the
vitamin C content was 7.80 mg per 100 g of prod-
uct when granulated bird manure fertiliser was
applied in autumn and mineral fertiliser in spring.
After using bird manure fertiliser, the nitrate con-
tent in white cabbage heads was found to be min-
imal, indicating high product quality when using
organic cultivation technology.

In a study by E. Kunicki et al. (2024), con-
ducted in open field conditions, the effect of
four biostimulants (Asahi, Optysil, Optycal and
Tytanit) on the yield and chemical composition
of white cabbage varieties (‘Caraflex’ and ‘Alfre-
do’) was studied. It was found that biostimulants
did not have a significant effect on marketable
yield, but all of them contributed to a significant
increase in ascorbic acid content. The effect on
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dry matter, sugars, phenols and antioxidant ac-
tivity depended on the variety, but in general did
not worsen the results compared to the control.
Similar positive effects on product quality from
the use of organic fertilisers were confirmed by
a study by A. Turatbekova et al. (2024), which
found that organic fertilisers had a positive ef-
fect on the quality indicators of white cabbage,
including an increase in the level of essential
nutrients, in particular vitamin C, total phenol
content and antioxidant activity. Such improve-
ments in quality not only increase the nutrition-
al value of the crop, but also provide additional
health benefits for consumers.

At the same time, research by V.M. Chernet-
skyi & l.I. Palamarchuk (2017) on the impact of
water supply on the yield of white cabbage vari-
eties was conducted in 2011-2013. It was found
that in years with insufficient water supply, cab-
bage yield decreased by 18.3 t/ha compared to
years with sufficient moisture. In addition, in dry
years, a decrease in the marketability of the crop
was also noted, as evidenced by the lower weight
of the heads and increased nitrate content. Ac-
cording to the results of studies by E.M. Kolinko
& I.M. Sidorova (2023), it was found that the yield
of white cabbage depended on the genotype and
ranged from 128.3 t/ha (Kepler F,’) to 71.3 t/ha
(‘Kilastor F,)). Given these results, the aim of the
study was to establish the patterns of growth
and development of white cabbage varieties and
hybrids using organic cultivation technology in
open ground and to identify the factors that in-
fluence their productivity.

Materials and Methods
The study, dedicated to the investigation of
mid-season varieties and hybrids of white cab-
bage in organic cultivation in open ground, was
conducted by setting up field experiments in the
period 2019-2023. In accordance with the guide-
lines of the research methodology by A.O. Rozh-
kov et al. (2016), an experimental design was
developed and measures were taken to conduct
biometric measurements of white cabbage plants

Palamarchuk

at the appropriate stages and to record the yield.
The study was conducted with mid-season va-
rieties: 'Slava-1305/, 'Slavia' and white cabbage
hybrids: ‘Akvarel F,, ‘Megaton F,;, and ‘Kubok F,,
as they combine potentially high yields, the for-
mation of consistently high-quality commercial
products and resistance to the most common
diseases without the use of chemical protection
agents. The ‘Slava 1305’ variety was selected as
the control. The experiment was repeated four
times, with an area of 20 m2.

The soil type was grey forest medium loam.
Vegetable peas were used as a precursor. White
cabbage was grown in open ground using organic
technology. The cultivation technology was gen-
erally accepted for the area, but only biological
products were used for protection, in particu-
lar Lepidocide (35-70 ml/2-4 | of water against
each generation of pests) and Phytocide-R (5-
10 ml/10 L of water as a preventive measure).
Agrotechnical measures were carried out in
accordance with the requirements of the crop
and the research objectives. Plant care includ-
ed systematic loosening of the soil and removal
of weeds. On each plot, 10 experimental plants
were marked, on which phenological observa-
tions were carried out, biometric measurements
were taken, etc. The beginning of each phenolog-
ical phase was considered to be the time when
15% of plants entered it,and the time of the mass
phase was when it occurred in 75% of plants.

Biometric measurements in the correspond-
ing phases of plant growth and development,
as well as yield accounting, were carried out on
each plot. Field and statistical research methods
were used in the experimental work. Phenolog-
ical observations involved recording the begin-
ning and mass phase of plants by eye. Biometric
measurements were carried out to assess plant
growth processes and determine morphological
characteristics during the growing season. They
involved determining the leaf area in dynamics,
which allows assessing the intensity of photosyn-
thetic activity and the potential for biomass accu-
mulation, rosette diameter, plant height (using a
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measuring ruler), stem thickness (with a vernier
caliper) and number of leaves (by counting). The
dynamics of leaf area growth were measured at
the corresponding stages of growth and devel-
opment of white cabbage plants, namely: at the
head setting stage, the beginning of technical
maturity and at the stage of technical maturi-
ty. Yield was calculated at technical maturity of
heads from each plot separately by weighing.
Marketable products were selected in accordance
with the requirements of the current standard
DSTU 7037-2009 (2010). The results obtained
in the experiments were statistically processed
using correlation and dispersion analyses. The
experimental studies complied with institution-
al, national and international guidelines. The au-
thors adhered to the standards of the Convention
on Biological Diversity (1992) and the Convention

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

Results
The results of the research showed that the biom-
etric parameters of white cabbage plants were in-
fluenced by the biological characteristics of varie-
ties and hybrids (Table 1).The highest plant height
was observed in the ‘Slavia’ variety - 49.6 cm,
which is 12.5 cm higher than the control variant
and 2.0-6.1 cm higher than in other variants of
the experiment. The stem thickness of the stud-
ied white cabbage variants was 1.9-2.3 cm and
depended on varietal characteristics. The highest
value was found in the ‘Kubok F,” hybrid - 2.2 cm,
which is 0.3 cm more than the ‘Slava 1305’ variety
(control). The significance of this difference was
confirmed by the results of the analysis of variance.

Table 1. Biometric indicators of white cabbage plants at the stage of technical maturity depending
on variety under direct sowing, 20719-2023

Variety / Hybrid Plant ) Stem ) Rosette Number of leaves, Leaf area,

height, cm | thickness, cm | diameter, cm pcs per plant thousand m?/ha

‘Slava 1305’ (control) 37.1 1.9 38.7 18.5 28.6

‘Slavia’ 49.6 2.0 39.6 19.4 29.7

‘Megaton F,’ 43.5 2.0 40.9 22.6 31.6

‘Akvarel F,’ 47.6 2.1 41.9 23.4 33.9

‘Kubok F,’ 451 2.2 41.6 23.1 32.7

LSD, 1.07 0.18 0.73 1.6 0.51

Source: developed by the authors

The experiment showed that the diameter of
the rosette in the studied hybrids was larger and
ranged from 40.9 to 41.9 cm,while in the varieties
this indicator ranged from 38.7 to 39.6 cm.Among
all the variants of the experiment, the plants of
the Akvarel F,” hybrid had the largest rosette di-
ameter - 41.9 cm, which is 3.2 cm more than the
control. The most leafy hybrids were ‘Megaton F,
Akvarel F, and ‘Kubok F,, with 22.6, 23.4 and
23.1 leaves per plant, respectively. Accordingly,
the highest indicator was observed in the hybrid
‘Akvarel F,;’ - 23.4 leaves per plant, which is 4.9
leaves per plant more than the control. The larg-
est leaf area in the experiment was observed in
hybrids. The increase in this indicator in hybrids

relative to the control was 3.0-5.3 thousand m?/
ha, respectively. Studies conducted to investigate
the dynamics of the increase in the leaf area of
white cabbage plants showed that the increase in
this indicator occurred with varying intensity and
depended on the variety studied and the phase of
growth and development of white cabbage plants
(Table 2). During the head-setting phase, the larg-
est leaf area was observed in the Akvarel F,” hy-
brid - 0.90 m?/plant and 25.4 thousand m?/ha,
which is 0.21 m? per plant and 6.0 thousand m?%/
ha more than the control variant, respectively. A
larger leaf area relative to the control was record-
ed in all studied variants. The trend towards an
increase in leaf area relative to the control in all
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variants continued in the subsequent phases of
growth and development of white cabbage. At the
beginning of technical maturity, the increase in
leaf area in the studied variants was 1.7-8.5 thou-
sand m?ha, and in the phase of technical maturity
it was at the level of 1.1-5.3 thousand m?/ha. The
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data in Table 2 show that the hybrids were char-
acterised by higher assimilation surface growth
activity, which had a positive effect on the pro-
ductivity of white cabbage plants. A direct rela-
tionship between yield and leaf area at the tech-
nical maturity phase (r=0.98 #0.04) was proven.

Table 2. Dynamics of the increase in the leaf surface area of white cabbage plants depending
on the variety in seedling-free cultivation, 2019-2023

Head setting Onset of technical maturity Technical maturity

Variety / Hybrid m? per plant thousand | ., per plant thousand | . per plant thousand

m?/ha m?/ha m?/ha

‘Slava 1305’ (control) 0.69 19.4 0.84 23.7 0.98 28.6
‘Slavia’ 0.77 21.7 0.90 25.4 1.02 29.7
‘Megaton F,’ 0.86 24.2 1.08 30.5 1.09 31.6
‘Akvarel F;’ 0.90 25.4 1.14 322 1.17 33.9
‘Kubok F,’ 0.88 24.8 1.08 30.5 1.12 32.7

Source: developed by the authors

The marketable yield of white cabbage de-
pended on weather conditions and the variety
studied. The dry period of vegetation directly
affected the formation of heads under natu-
ral water supply conditions in organic farming.
The yield in the experiment was 28.6-38.5 t/ha
(Table 3). The highest yields were recorded for
the hybrids ‘Akvarel F,” and ‘Kubok F,, where the

increase relative to the control was 9.9 and 7.3 t/
ha. The smallest yield increase was recorded for
the ‘Slavia’ variety - 1.4 t/ha, and the lowest
yield was recorded for the ‘Slava 1305’ variety
(control) - 28.6 t/ha. All the variants studied
had a significantly higher yield relative to the
control, which was confirmed by the results of
the analysis of variance.

Table 3. Marketable yield of white cabbage depending on the variety
in seedless cultivation, 2019-2023

Variety / Hybrid Yield, t/ha Increase * relative to the control Head weight, g
‘Slava 1305’ (control) 28.6 - 963
‘Slavia’ 30.0 +1.4 975
‘Megaton F,’ 32.7 +4.1 1,107
‘Akvarel F, 38.5 +9.9 1,273
‘Kubok F,’ 35.9 +7.3 1,220
LSD, . t/ha 0.83 - 32.01

Source: developed by the authors

The amount of precipitation during the
growing season of white cabbage plants in the
years of the study was insufficient for high yield
indicators. There was also a period of drought ac-
companied by high temperatures, which were not
conducive to the growth, development and for-
mation of the cabbage crop. The average weight

of heads in the experiment for the variants was
963-1273 g.The highest indicators of white cab-
bage head weight were obtained for the hybrids
‘Akvarel F,;” and ‘Kubok F;, where the average
weight of one head was 1,273 g and 1,220 g, re-
spectively. Compared to the ‘Slava 1305’ variety
(control), these hybrids had significantly higher
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head weights - by 310 g and 257 g, respective-
ly. This indicates the high yield potential of the
studied hybrids, their ability to adapt to exist-
ing growing conditions and to use nutrients and
moisture more efficiently. The results obtained
indicate the feasibility of using the Akvarel F,’
and ‘Kubok F,” hybrids in organic farming with the
possibility of obtaining the maximum possible
productivity and product quality indicators. The
analysis established a strong direct relationship
between yield and head weight (r=0.99+0.03).

Discussion
Scientists from Ukraine and other countries have
conducted a series of studies on white cabbage
varieties. L.M. Popova et al. (2019) noted that
white cabbage hybrids are highly productive. The
highest marketable yield was provided by the
‘Globus F,” (88.69 t/ha), while for obtaining an
early marketable yield, it is advisable to cultivate
the hybrid ‘CACM 4034 F,’ It is also important to
preserve product quality during harvesting: the
best indicators of product storage in the field dur-
ing the harvesting period were observed in the
control variant - the hybrid ‘Pandion F,’ The yield
of white cabbage varieties depends not least on
growing conditions, in particular the moisture re-
gime.According to research by A. Hud et al. (2023),
when the soil was waterlogged in the late stages
of growth and development, the plants experi-
enced stress, but in the early stages of waterlog-
ging, they recovered. Research by O.A. Sindesi et
al. (2025) also proved that the yield of white cab-
bage depends on soil conditions. In particular,
Copenhagen cabbage grown on sandy soils en-
riched with zeolite responded positively to its ap-
plication, which contributed to the activation of
growth processes and an increase in yield. These
results also demonstrate that zeolite can be used
to improve some indicators of cabbage growth.
In terms of maximum plant height, when com-
paring the two seasons, the second growing sea-
son of cabbage showed improved plant growth
on soils fertilised with zeolite. X. Mu et al. (2023)
also found that soil mulching, a technological

element, has an impact on the yield of cabbage
varieties. A comprehensive analysis of indicators
by filling in the main components and functions
of affiliation showed that mulching materials had
the greatest effect in comprehensive assessments
compared to traditional soil cultivation methods.

Scientists D.Juskeviciene et al. (2025) proved
the positive effect of biostimulants on different
varieties of white cabbage. It was found that the
use of amino and humic acids affects the pro-
ductivity of white cabbage. The results showed
that biostimulants increase the yield of cabbage
heads by 25% and 35% for the studied varieties
compared to the control variant. The highest
productivity among the studied varieties (72.5-
78.6 t/ha) was recorded in the ‘Kaminna Holova’
variety in the variant using amino acids and a
combination of humic and amino acids. A positive
effect was also noted when treating plants with
a solution of biostimulants, where an increase in
vitamin Cand crude protein was observed. Organ-
ic cultivation of white cabbage involves the use
of organic fertilisers. Research by E. Terry-Alfon-
so et al. (2022) on vermicomposting showed that
the organic fertilisers used had a positive effect,
contributing to an 88% increase in yield. The in-
ability to use chemical plant protection products
in organic technologies encourages more careful
control of harmful organisms and the use of all
possible agrotechnical methods and biological
preparations that can affect their numbers. In an
experiment conducted by M. Jam & S. Fortuno-
va (2023), damage to white cabbage by cabbage
moth caterpillars was insignificant, therefore it
did not require treatment with insecticides, which
made it possible to obtain high-quality environ-
mentally friendly products. O.V.Matros & O.M.Ma-
tros (2025) demonstrated in their work that in
order to reduce damage to cabbage by pests, it
is necessary to maintain spatial isolation, crop ro-
tation, preserve natural buffer zones, and regular-
ly monitor the entomofauna, taking into account
climate change. According to research by A. Turat-
bekova et al.(2024), organic fertilisers have a pos-
itive effect on the quality characteristics of white
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cabbage, including an increase in the level of es-
sential nutrients such as vitamin C, an increased
total phenolic content and increased antioxidant
activity. O.Kuts et al.(2023) also found that the use
of an optimal fertilisation system on white cab-
bage varieties, namely organic and mineral fer-
tilisers, as well as biological fertilisation systems
with a complex of microbial preparations, contrib-
uted to an increase in plant height by 22.5-31.3%,
leaf rosette diameter by 21.8-32.1%, head diame-
ter by 10.7-13.5% and head weight by 32.9-57.3%.

The results of studies by A. Loncari¢ et
al. (2020) showed that the chemical composi-
tion of cabbage products primarily depends on
the characteristics of the variety. The cabbage
varieties studied differed in their physical and
chemical composition and morphological char-
acteristics. Six phenolic acids were identified and
quantified, with sinapic acid being the dominant
component (65.9-78.15 mg/kg). Aldehydes, esters,
alcohols and terpenes were the main classes of
organic volatile compounds present in the cab-
bage studied. The ‘Chepinsky’ cabbage variety,
which had never been analysed before, contained
the highest amounts of d-limonene (40.75 pg/L)
and allyl isothiocyanate (1090.26 pg/L), the most
important volatile compounds responsible for the
taste of fresh cabbage. The results presented in-
dicate the value of the ‘Chepinsky’ variety for fur-
ther production and research.

The work of M. Putnik-Delic et al.(2023) found
that the application of organic fertilisers plays an
important role in the high productivity of white
cabbage and kohlrabi. The use of pig and beef
manure contributed to the formation of yields
at the following levels: white cabbage - 32.63-
49.86 t/ha, kohlrabi - 31.83-46.75 t/ha, improved
plant nutrition, increased the content of essen-
tial nutrients in the soil, and created more opti-
mal conditions for the growth and development
of these crops. The application of organic fertil-
isers in combination with soil mulching proved
to be particularly effective, contributing to mois-
ture conservation, activation of soil microorgan-
isms and reduction of nitrate load on products.
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In the variants with the use of organic fertilisers,
more uniform heads with high quality and envi-
ronmental safety indicators were observed. The
results obtained indicate that organic technology
for growing cabbage crops makes it possible to
obtain higher yields, improves the biometric in-
dicators of products, and contributes to the pres-
ervation of natural soil fertility, which is an im-
portant factor in the sustainable development of
organic vegetable growing. Research by H. Bote-
va et al. (2019), conducted using various types of
biological fertilisers, showed an increase in cab-
bage yield (40.6 t/ha) and an improvement in the
biochemical composition of the product: vitamin
C content - 32.74 mg/100 g, sugar content -
5.47%, nitrates - 149 mg/kg. Thus, the yield and
quality of cabbage were higher compared to the
control in the variants with organic and biologi-
cal fertilisers. No negative effect of organic and
biological fertilisers on the shelf life of cabbage
was observed. The current study showed that va-
rieties and hybrids of white cabbage grown using
organic technology differed in productivity. The
most effective were the hybrids ‘Akvarel F,” and
‘Kubok F,, which provided the highest yield of
38.5 and 35.9 t/ha and the highest head weight
of 1,273 g and 1,220 g.

Conclusions
A study of the productivity of white cabbage
grown organically and under natural moisture
conditions helped to establish that varietal char-
acteristics influence the onset of phenological
phases of white cabbage plant development,
as well as biometric parameters of production
and yield. The results showed that the highest
plant height was recorded in the ‘Slavia’ varie-
ty (49.6 cm), which is 12.5 cm higher than the
control variant. The largest rosette diameter was
found in plants of the ‘Akvarel F,” hybrid (41.9
cm), with an increase of 3.2 cm relative to the
control variant. The largest number of leaves was
formed by plants of the ‘Megaton F,;, Akvarel F,’
and ‘Kubok F,” hybrids, which had 22.6, 23.4 and
23.1 leaves per plant, respectively. The largest
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leaf area index was recorded in hybrids, where
the increase compared to the control was 3.0-
5.3 thousand m?/ha, respectively. The intensity of
leaf area growth in the studied varieties varied.
Greater increases in this indicator were observed
in white cabbage hybrids. From the heading
stage to technical maturity, the trend towards
an increase in assimilation area continued. The
largest leaf area in the head formation phase
was observed in the hybrid Akvarel F,"- 0.90 m?
per plant and 25.4 thousand m?2/ha, where the
increase relative to the control variant was 0.21
m? per plant and 6.0 thousand m?%/ha, respective-
ly. ALl the varieties and hybrids studied outper-
formed the control in this indicator.

The results of the studies showed that the
yield of white cabbage in the conditions of the

increase of 9.9 and 7.3 t/ha relative to the control.
The largest head weight was found in the Akvarel
F,’and ‘Kubok F,” hybrids, which weighed 1,273 g
and 1,220 g, which is 310 g and 257 g more than
the control, respectively. The study proves that the
introduction of organic technologies for growing
white cabbage is a promising direction that can
preserve the environmental friendliness of prod-
ucts, soil quality and increase yields. Studying
the yield of new varieties and hybrids of white
cabbage under organic growing systems will help
resolve issues related to their adaptability to
stressful conditions, increase production efficien-
cy, and provide consumers with high-quality and
safe products that meet the requirements of sus-
tainable development in the agricultural sector.
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MpoAyKTUBHICTb KanycTu 6inoronoBoi 3a opraHiYHoi TeXHonorii
B YMOBax npaBo6epeXXHoro nicocteny YKpaiHu

IHHa Manamapuyk
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BiHHMLbKMI HaLiOHaNbHUI arpapHui yHiBepcuTeT
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AHoTauif. Kanycra 6inoronosa (Brassica capitata alba L.) € onHieto 3 6a30BMX i HaWBINbLL BUPOLLYBaHUX
0BOYEBMX KyNbTyp B YKpaAiHi Ta CBiTi. 3p0OCTaHHS NONUTY HA OpraHiyHy NPOAYKLIiK0 MiACUNIOE aKTYaNnbHICTb
LOCNioKeHb, CNPSMOBAHMX Ha p[obip coptiB i ribpuaiB kKanyctw, 34aTHMX 3abe3nevyBaTM BMUCOKY
BPOXaMHICTb 32 OpraHiYHUX TEXHOJOTiV BUPOLLYBaHHSA. MeTol foCnifxeHHs 6yno BUBUMTH 0COBAMBOCTI
pocTy, po3BMTKY Ta (GOPMYBaHHS BpOXalo COPTiB Ta ribpuAiB kanyctu 6inoronoBoi 3a opraHiyHoro
BMPOLLYBAHHA Y BiAKpUTOMY TpyHTi. JoCnimkeHHs CepeaHbOCTUIAMX COPTIB Ta ribpuais Kamnycru
6inoronoBoi 3a opraHiYHOro BMPOLLYBAHHS Y BiAKPUTOMY IpYHTI NMPOBOAMNM 3aKNALAHHSIM MONbOBUX
pocnipisy 2019-2023 pokax. [1pu npoBefeHHi ekcnepuMeHTanbHOi poboTu 6yno BUKOPUCTaHO NONbOBUIM
Ta CTaTUCTUYHUI METOAM JOCNimKeHb. [loCnifKeHHS NpOBOAMMN 3 CEPEefHbOCTUINIMMU COPTaMU, TaKUMU
sk ‘Cnaea 1305’,‘Cnasis’ Ta ribpuam kanyctu 6inoronosoi: Akapens F,,‘MeratoH F,,'Ky6ok F,’. PesaynbtaTti
[0CNiKEHb MOKA3anu, Lo HA NOKA3HUKKM 6iOMETPUUHUX MapaMeTpiB POC/IMH Ta MPOAYKLii Ta BpOXaMHICTb
Kanyctv 6inoronosoi 3HayHOK Mipoto BNAnHYAM GionoriyHi ocobnmBocTi copTiB Ta ribpuais. MpoBeaeHi
LOCNIKEHHS NOKas3anu, Wo COpTOBi 0CO6GAMBOCTI 3AiMCHIOBaNM BMAMB HA BUCOTY POC/IMH, AiaMeTp
PO3€eTKM, KiNbKiCTb IMCTKIB Ta NOLLY NUCTKIB. HalbinbLy naowy AUMCTKIiB pOCanH Kanyctu 6inoronosoi B
yci ha3un pocTy Ta po3BUTKY Y TOMY UMCAi i y a3y TeXHIYHOT CTUrNOCTI BiaMiueHo Yy ribpuay Aksapens F,’ -
33,9 Tuc. M2/ra. Haitbinblua BpoxaiHicTb y poku focnimxeHb 6yna y ribpuais Aksapens F,’Ta ‘Kybok F,;
gKi 3a6e3neunnu npupicT BiAHOCHO KoHTponto 9,9 Ta 7,3 T/ra. [laHi ribpuaun chopmysanm Hanbinbwy Macy
ronoBok — 1273 r ta 1220 r BignosifHo. [pakTMYHA LiHHICTb LOCNIAXEHHS MONSAra€e B TOMY, WO MOro
pe3ynsTaTv AaloTb 3MOMY BU3HAUMTK HaWbinbLl NpoAyKTUBHI copTH Ta ribpuau kanyctu 6inoronosoi ans
OpraHiYHOro BUPOLLYBAHHS Y BiAKPUTOMY FPYHTI, WO CNPUSTUME MNiABULLEHHIO iT BPOXAMHOCTI Ta AKOCTI

KnioyoBi cnoBa: copr; riopma; 6ioMeTpUYHI NOKA3HUKK; OpraHiuHe BUPOLLYBAHHS; YPOXKaMHICTb
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Abstract. The study was devoted to assessing the impact of hydrothermal conditions on the formation
of grain quality indicators of winter wheat varieties in northern Ukraine. The relevance of the work was
determined by the intensification of climatic fluctuations, which leads to a decrease in the stability of
yield and grain quality, as well as the need to select varieties capable of combining high productivity
and proper baking quality. The aim of the study was to identify the impact of temperature and moisture
on the quality indicators of winter wheat varieties of different origins and to determine the genotypes
most adapted to the conditions of the region. The study was conducted over two growing seasons
(2023-2025) on eight varieties of winter wheat of Ukrainian and foreign selection. The evaluation was
carried out according to the main quality indicators: weight of 1,000 grains, protein content, gluten
content, vitreousness and grain nature. It was found that weather conditions significantly affected grain
quality indicators. In the dry conditions of 2023/2024, grain with a higher protein content (up to 11.4%)
and gluten content (up to 22.0%) was formed, while in the wetter conditions of 2024/2025, higher
yields (up to 7.7 t/ha) were achieved, but the protein content decreased. The highest quality indicators
were observed for the varieties ‘Vezha Myronivska’ and ‘MIP Vyshyvanka, and the highest productivity
was observed for ‘MIP Valenciia’ and ‘Tobak’ Correlation analysis shows an inverse relationship
between yield and grain quality indicators, which is exacerbated by moisture deficiency, while high
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direct correlations between protein, gluten and vitreousness indicate their interdependence and the
possibility of balancing quantity and quality under optimal water conditions. The practical significance
of the results obtained lies in the identification of varieties capable of producing stable grain quality

under different weather conditions, which can be used to improve the varietal composition of winter
wheat in Ukraine and optimise agricultural technologies in the context of climate change

Keywords: weather conditions; gluten; protein; vitreousness; development phases

Introduction

Soft winter wheat has long been one of the main
grain crops in Ukraine and worldwide. Among
grain crops, wheat grain is distinguished by its
high protein content. Grain crops provide the
world’s population with an average of 50-60%
of their protein. The protein and gluten content
in wheat grain depends largely on the variety. Its
content in soft wheat grain, depending on the
variety and growing conditions, can average 13-
15%. Thus, studying the impact of natural factors
that limit the stability of high grain quality in
winter wheat varieties is becoming a dominant
issue in terms of importance (Zvonar, 2020).

On a global scale, rising temperatures, pre-
cipitation deficits and increasing salinity of soils
are key factors limiting wheat productivity. Cli-
mate change, especially droughts, and the spread
of pests and diseases significantly reduce grain
yield and quality in semi-arid regions (Holyk et
al., 2023). According to M.AS. Raza et al. (2025),
the use of zinc oxide nanoparticles (ZnO-NPs)
can increase yields by up to 25%, improve grain
weight and increase protein content even in the
absence of moisture. Such micronutrient fertil-
isation technologies are considered a promising
direction for adapting wheat to stressful envi-
ronmental conditions. In addition to drought,
another serious global problem is secondary soil
salinisation. According to the results of research
by M.M. Majidi et al. (2025), the use of synthet-
ic hexaploid wheat (SHW) lines obtained by hy-
bridising hard and wild forms is a new source of
genetic resistance to soil salinisation. These lines
are characterised by high variability, good trait
inheritance and can increase tolerance to abiotic

factors, which is especially important in the con-
text of climate change and the spread of aridisa-
tion around the world.

Grain quality is determined by a combina-
tion of morphological, physical, and biochemical
properties that determine its technological pur-
pose and baking value. The main indicators used
to assess wheat grain quality include the weight
of 1,000 grains, grain density, moisture content,
vitreousness, protein and gluten content, and the
falling number, which reflects the activity of amyl-
ase enzymes. It is the combination of these param-
eters that determines the suitability of grain for
processing and the quality of the final product. The
work of M. Helguera et al. (2020) summarised mod-
ern approaches to assessing grain quality in wheat
breeding programmes. The authors revealed the
genetic, physiological, and technological aspects
of the formation of quality indicators, in particular
protein content, gluten content, enzymatic activity,
and structural properties of the endosperm. The
study emphasised the importance of combining
genomic selection methods with traditional breed-
ing criteria to improve grain quality. This study has
become an important theoretical basis for improv-
ing wheat breeding, taking into account the nutri-
tional value and technological parameters of grain.

Modern innovative cultivation technologies
demonstrate new opportunities for improving
grain quality even under conditions of Llimit-
ed natural resources. The study by G. Albahri et
al. (2023) focused on a variety of advanced ag-
ricultural practices, including the use of microbi-
al biostimulants, nutrient optimisation, lighting
management, and adaptation to abiotic stresses
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through innovative agricultural systems. It em-
phasised that such approaches not only increase
yields but also improve grain quality (e.g., wheat
and rice) in conditions often characterised by lim-
ited or stressful resources (such as the impact of
abiotic stress). R. Hasana et al. (2024) described
the impact of alternative agricultural practices,
such as regenerative or conservation methods
(minimum tillage, zero tillage, mulching), on soil,
crop production and the environment. The arti-
cle notes that these methods are important for
ensuring food security, as vital resources such as
arable land and water remain limited, but at the
same time, such technologies can improve the
quality of primary agricultural products.
According to R.l. Topko & H.M. Kovalyshy-
na (2022), the production of high-quality winter
wheat is becoming increasingly important, so
breeding institutions must create new varieties
that would ensure high grain quality even under
unstable weather conditions. Foreign-bred vari-
eties are occupying an increasingly large niche
in the Ukrainian seed market, gradually displac-
ing Ukrainian varieties. Thus, it is important to
study and evaluate these varieties. Ya. Manziuk &
H.M.Kovalyshyna (2022) examined the characteris-
tics of growing foreign-bred winter wheat varieties
in the Forest-Steppe zone of Ukraine. The authors
noted their high productivity and good adaptation
to local climatic conditions, which confirms the
feasibility of expanding the use of such varieties
in Ukrainian agriculture. With the help of these
data, it will be possible to select the most produc-
tive and environmentally adapted seed material.
In the context of global climate change,
which negatively affects the quantity and qual-
ity of crops, the variety is one of the most reli-
able and cost-effective factors in increasing the
yield and improving the quality of winter wheat
grain. Scientists note that when the average dai-
ly air temperature exceeds 20°C and the relative
humidity is below 55%, shriveled, low-quality
grain is formed and gluten is destroyed, which
negatively affects its quality and baking proper-
ties. The optimal conditions for the accumulation
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of protein and gluten in grain are daytime tem-
peratures of 20-24°C and daylight hours of 10-12
hours (Adamenko, 2017). Along with the creation
of new varieties, the preservation and reuse of the
genetic potential of old wheat varieties is becom-
ing increasingly important. N.Maravic et al. (2025)
proved that ancient varieties and landraces main-
tain stable levels of protein, gluten and phenolic
compounds even under climate change, making
them valuable sources of genes for improving the
adaptability and nutritional value of wheat.

The aim of the study was to investigate
the influence of hydrothermal conditions on
grain-quality indicators in winter wheat cultivars
of Ukrainian breeding and those bred in Germany,
France, and the Czech Republic.

Materials and Methods

The study was conducted using a combination of
methods: field, laboratory and statistical, which
ensured the reliability and comprehensiveness of
the results. Field studies were conducted during
the 2023-2024 and 2024-2025 growing seasons.
The object of the study was 8 varieties of win-
ter wheat: ‘MIP Vyshyvanka, ‘Vezha Myronivska’
and ‘MIP Valenciia’ (Myronivka Institute of Wheat
named after V.M. Remeslo), ‘Nosivochka’ (Nosivska
Selection and Research Station of the Myroniv-
ka Institute of Wheat named after V.M. Remeslo),
‘Emerick’ (KWS, Germany), ‘Mescal’ (Limagrain,
France), Julia’ (Selgen, Czech Republic), ‘Tobak’
(Saaten Union, Germany). The field method was
used to establish experimental plots, conduct
phenological observations (determining the cal-
endar dates of the onset of the main phenophas-
es - emergence, tillering, heading, ripening) and
record yields, which made it possible to assess
the dynamics of growth and development of vari-
eties under natural conditions.

Pryluky District, in the territory of the Piddu-
bivka Starosta District of the Sukhopolovianska
United Territorial Community near the village of
Tarasivka. In 2023, the preceding crop was sun-
flower. Sowing was carried out on 01.10.2023,
and the first seedlings were obtained on
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16.10.2023, which was favoured by the dry peri-
od after sowing. The period from late June until
harvest was characterised by high air tempera-
tures. During this time, the air temperature ex-
ceeded 40°C, which resulted in the formation of
small, flattened grains. Meteoblue data was used
to characterise the weather conditions (hydro-
thermal regime) during the growing season and
grain formation, which made it possible to quan-
titatively confirm and describe the temperature
conditions. For the 2025 harvest, experimental
plots were established in the southern part of
the Chernihiv region, within the Pryluky district,
on the territory of Malodivytsia united territorial
community near the village of Novyi Lad. Soy-
beans were the predecessor crop for the sowing
of winter wheat varieties. Sowing was carried out
on 29 September 2024. The beginning of germi-
nation was noted on 10 October 2023.

A laboratory method was used to assess
grain quality. The study of the influence of hy-
drothermal conditions on grain formation and
the formation of quality indicators (naturalness,
protein content, raw gluten, vitreousness, fall-
ing number) was carried out using generally
accepted methods (Tkachyk, 2016; Melnyk et
al., 2024) and in accordance with the current

standard DSTU 3768:2010 (2010). The choice
of these methods was justified, since the field
method ensures the representativeness of data,
the laboratory method ensures the accuracy of
the assessment of quality indicators, and the sta-
tistical method (mathematical data processing)
is necessary to assess the reliability and validity
of the results obtained. The data obtained were
processed using Microsoft Excel software. Excel
was used to perform basic statistical calculations,
in particular to determine the arithmetic mean,
standard deviation, coefficients of variation and
correlation, and the least significant difference
(LSD) between the indicators studied. The dif-
ference between the indicators was considered
statistically significant at a significance level of
p<0.05. Experimental studies of plants, including
the collection of plant material, complied with
institutional, national or international guidelines.
During the study, the standards of the Convention
on Biological Diversity (1992) were observed).

Results and Discussion
During the years of research, weather conditions
were contrasting, especially during the period
of grain formation and grain quality indicators
(Table 1, Table 2).

Table 1. Hydrothermal indicators of the growing season for winter wheat, 2023/2024

Indicators
Month Air temperature, °C Precipitation, mm
Decades of the month Decades of the month

| 1l I ] 1]

s e;t%%nsb o 24.1 24.0 26.0 2.0 5.0 -
October 16.7 14.0 14.2 4.0 24.0 32.0
November 12.6 5.8 -1.8 29.0 21.2 394
December -4.3 1.3 13.4 34.9 8.3
Jazr?f:ry 6.0 7.2 3.1 133 113 9.1

February 3.1 5.0 25.3 12.2 -
March 5.6 6.7 11.8 - 12.2 14.5

April 18.4 16.0 16.9 1.7 37.5 -
May 17.7 15.6 23.0 4.1 8.1 11.8
June 25.0 23.0 25.5 30.6 31.0 9.0

July 30.0 35.2 29.5 - - -

Source: eveloped by the authors based on own research
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Table 2. Hydrothermal indicators of the growing season for winter wheat, 2024/2025 p.

Indicators
Month Air temperature, °C Air temperature, °C
Decades of the month Decades of the month

| 1] | ] 1

s erﬁ%ﬁb o 28.4 26.5 254 - 1.8 -

October 21.2 12.3 13.0 19.4 30.6 -
November 8.3 6.0 - 32.0 6.0
December 1.4 0.9 8.2 14.4 0.3
Jgr?ffry 42 1.9 12.2 1.2 0.9

February -2.0 -8.1 -8.6 - 3.0 -
March 9.7 10.2 13.2 - 7.5 6.7
April 8.6 20.6 14.6 1.3 - 0.7
May 15.1 14.6 23.3 17.3 17.9 33.4
June 24.3 19.6 20.4 17.1 16.9 13.9
July 30.6 28.7 25.8 7.9 4.1 6.6

Source: developed by the authors based on own research

Weather conditions in autumn 2023 were
warmer than the long-term average. In Sep-
tember, average daily air temperatures ranged
from 24.0 to 26.0°C, which contributed to good
germination and initial plant growth. However,
precipitation during this month was insufficient
(70 mm), which limited moisture accumulation
in the arable soil layer. In October, the tempera-
ture dropped to 14-16°C, and moderate precipi-
tation was observed (60.0 mm per month), which
provided optimal conditions for winter crops to
tiller. In November, the temperature dropped
from +12.6 to -1.8°C, but sufficient precipitation
(over 89 mm) ensured the replenishment of soil
moisture reserves before wintering. The winter
period (December-February) was characterised
by unstable temperatures ranging from -7.2°C to
+6.5°C. Frequent thaws could have contributed to
the compaction of the snow cover and the freez-
ing of the topsoil, but no significant damage to
plants was observed. In spring (March—-May 2024),
average monthly temperatures rose from 5.6°C to
23.0°C. Precipitation during this period was limit-
ed (mainly 20-40 mm per month), which caused a
moisture deficit during the period of plant emer-
gence and heading. In June-July 2024, high air
temperatures (up to 35°C) were observed with

low precipitation, which led to increased tem-
perature stress and accelerated grain ripening.
These conditions contributed to the formation of
grain with reduced moisture content but higher
protein and gluten content, which is consistent
with the grain quality results obtained this year.
The following growing season was characterised
by higher temperatures and more uniform mois-
ture, which created favourable conditions for the
growth and productive tillering of winter crops
(Table 2). In September 2024, abnormally warm
weather (25.4-28.4°C) with little precipitation
was observed, which somewhat complicated the
initial rooting of plants. However, sufficient mois-
ture in October (up to 50 mm) ensured the res-
toration of optimal conditions for autumn wheat
development. The winter period (December-Feb-
ruary) was mild, with average temperatures
mostly hovering around zero or slightly above,
which helped plants overwinter without signifi-
cant damage. Precipitation during the winter was
moderate (20-30 mm per month).

In March-April 2025, the temperature rose
to 13-20°C, with little precipitation, which led to
a moderate moisture deficit at the beginning of
spring vegetation. However, in May, there was a
significant amount of precipitation (over 68 mm),
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which improved the water regime during the
critical period of formation of the generative or-
gans of winter wheat plants. In June-July 2025,
high temperatures (up to 30.6°C) were observed
with sufficient precipitation (an average of 15-
20 mm per decade), which contributed to uniform
grain filling and high yield formation, albeit with
slightly reduced protein content and vitreous-
ness. The hydrothermal conditions of both grow-
ing seasons had a significant impact on the
productivity and quality of winter wheat grain.
2023/2024 was characterised by warmer but dri-
er conditions, which contributed to the formation
of grain with a high protein and gluten content,
but with lower yields. In contrast, 2024/2025 was
marked by a more optimal combination of tem-
perature and moisture, which ensured a higher
yield, but with a slight decrease in grain quality
indicators. For both years, there is a clear trend

towards an increase in average monthly temper-
atures by 2-4°C compared to long-term averag-
es, especially in the autumn and spring months.
Precipitation is unevenly distributed: there is a
deficit during the sowing period (September-0Oc-
tober) and during grain filling (June-July), while
in the winter months, precipitation often exceed-
ed the norm. Such fluctuations confirm the gen-
eral trend towards a shift in climatic seasons, an
increase in the duration of rainless periods and
more frequent occurrence of drought conditions
during the critical phases of winter wheat devel-
opment - emergence, tillering and heading. The
study of the influence of hydrothermal conditions
on grain formation and the formation of grain
quality indicators of the studied varieties of win-
ter wheat of Ukrainian and foreign selection was
carried out in accordance with the generalised
calendar dates of phenophases (Table 3).

Table 3. Phases and calendar dates of grain formation in winter wheat varieties (2024, 2025)

Grain formation dates
Grain formation phases
2024 2025
Grain formation 12-15.06 10-12.06
Milk ripeness 22-27.06 18-22.06
Wax ripeness 05-06.07 02-04.07
Full ripeness 10-11.07 12-14.07

Source: developed by the authors based on own research

An analysis of the calendar dates for winter
wheat grain formation indicates a shift in the phe-
nological phases of development to earlier dates
in 2025 compared to 2024. Thus, grain formation
and the phases of milk and wax ripeness began 2-4
days earlier,which is due to an increase in average
air temperatures in the spring-summer period. This
trend is characteristic of most regions of Ukraine.
According to field observations by researchers
M. Shtakal et al. (2022), in the Forest-Steppe zone
during 2010-2021, the average daily air tempera-
ture for April-October increased by 2.2°C, and pre-
cipitation decreased by 27 mm relative to the norm,
which led to an acceleration in the development of
winter crops, a reduction in the grain filling peri-
od, and a decrease in soil moisture reserves during

ripening.Underthese conditions,evenhigh-yielding
varieties cannot always effectively withstand the
effects of weather fluctuations, in particular elevat-
ed temperatures during the grain formation phase.

Yields varied among varieties in 2024 and
depended on the conditions during the grain for-
mation period. The following varieties had signif-
icantly high, statistically reliable yield indicators:
‘MIP Valenciia’ (5.6 t/ha) and ‘Tobak’ (5.3 t/ha). At
the same time, the grain moisture content of the
studied varieties was within the range of 9.2-9.5%.
The average weight of 1,000 grains per variety was
46.8 g, with significantly high values for the vari-
eties ‘MIP Vyshyvanka’ and ‘Nosivochka’ (50.5 and
48.9 g). The value of wheat grain largely depends
on its protein and gluten content. High gluten
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content was observed for the Ukrainian varieties
‘MIPVyshyvanka’and ‘Vezha Myronivska'- 22.0%,re-
spectively. For foreign varieties - ‘Emerick,‘Mescal,
‘Julia’ and ‘Tobak’- this indicator was 20.8%, 18.4%,

21.0%,and 17.6%, respectively. The protein content

Prydatko & Kovalyshyna

in the grain of Ukrainian varieties was also higher,
ranging from 11.2% to 11.4%, while that of foreign
varieties was slightly lower, ranging from 9.6% to
11.2%. The vitreousness index of the grain in all
studied varieties ranged from 48% to 50% (Table 4).

Table 4. Grain quality indicators for Ukrainian and foreign soft winter wheat varieties (2024, 2025)

. Weight . Grain . .
Variety \;I/?\Ig' of 1,000 Mmf/:ure, density, Glli/ten, V|treog°sness, Proot/oeln, nurﬁ?)lc!:r .
grains, g g/dm? ’
2024
‘Nosivochka’ 3.9 48.9 9.3 763.0 21.0 48.0 1.4 304.0
‘MIP
Vyshyvanka’ 3.9 50.5 9.2 792.0 22.0 50.0 11.3 292.0
‘Vezha
Myronivska’ 3.9 46.5 9.2 792.0 22.0 48.0 11.3 290.0
‘MIP
Valenciia’ 5.6 47.7 9.2 812.0 21.6 50.0 11.2 266.0
‘Emerick’ 4.7 43.8 9.5 789.0 20.8 50.0 11.2 253.0
‘Mescal’ 5.1 46.1 9.5 770.0 18.4 50.0 10.1 260.0
‘Julia’ 4.6 46.6 9.4 787.0 21.0 48.0 10.7 215.0
‘Tobak’ 5.3 441 9.4 743.0 17.6 40.0 9.6 226.0
Arithmetic
mean 4.6 46.8 9.3 781.0 20.6 48.0 10.9 263.3
Standard
deviation 0.7 2.3 0.1 21.4 1.7 3.4 0.7 31.7
Coefficient of
variation 15.0 5.0 1.0 3.0 8.0 7.0 6.0 12.0
Coefficient of
correlation - -0.53 0.36 -0.03 -0.56 -0.25 -0.60 -0.63
2025
‘Nosivochka’ 5.6 50.6 12.4 766.0 16.0 32.0 9.8 271.0
‘MIP
Vyshyvanka’ 5.4 51.7 12.4 766.0 16.0 32.0 9.8 280.0
‘Vezha
Myronivska’ 6.2 471 12.3 793.0 18.2 40.0 10.9 276.0
‘MIP
Valenciia’ 7.1 48.8 12.2 781.0 17.8 38.0 10.8 274.0
‘Emerick’ 6.9 44.6 12.6 785.0 17.0 38.0 10.7 302.0
‘Mescal’ 7.2 47.7 12.6 771.0 18.4 38.0 10.1 297.0
‘Julia’ 7.3 48.5 12.5 768.0 15.0 34.0 9.8 265.0
‘Tobak’ 7.7 45.3 12.4 769.0 15.4 36.0 10.1 270.0
Arithmetic
mean 6.7 48.0 12.4 774.9 16.7 36.0 10.3 279.4
Standard
deviation 0.8 2.4 0.1 10.2 1.3 3.0 0.5 13.2
Coefficient of
variation 13.0 5.0 1.0 1.0 8.0 8.0 5.0 5.0
Coefficient of
correlation* - -0.72 0.22 0.10 0.02 0.50 0.22 0.05

Note: * — coefficient of variation relative to yield; values in columns that are significantly higher than the average

at the 5% significance level are highlighted in bold

Source: eveloped by the authors based on own research
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In 2025, the average yield of winter wheat va-
rieties was 6.7 t/ha. High, statistically significant
yield indicators were observed for the “Tobak’ va-
riety (7.7 t/ha). The grain moisture content ranged
from 12.2 to 12.6%. The average weight of 1,000
grains across varieties was 48.0 g, ranging from
44.6 g (‘Emerick’ variety) to 51.7 g (MIP Vyshyvan-
ka variety). Weather conditions during the grain
formation and filling period significantly affected
quality indicators. The average gluten content in
the varieties was 16.7%. High values for this trait
were observed in the varieties ‘Vezha Myronivs-
ka’ (18.2%), ‘Mescal’ (18.4%) and ‘MIP Valenciia’
(17.8%), while the lowest were found in the varie-
ties Julia’ (15.0%) and ‘Tobak’ (15.4%). The average
protein content across varieties was 10.3%. High
statistically significant indicators were observed
in the varieties ‘Vezha Myronivska’ (10.9%), ‘MIP
Valenciia’ (10.8%) and ‘Emerick’ (10.7%). The aver-
age vitreousness index for all varieties was 36.0%,
which is significantly lower than last year’s index
(48.0%). This indicator was high in the varieties

‘Vezha Myronivska’ (40%), ‘MIP Valenciia, ‘Emer-
ick’and ‘Mescal’ (38%). According to the results of
research, in the favourable moisture conditions
of 2025, higher plant productivity was achieved,
but with a slight decrease in grain quality indi-
cators, primarily protein, gluten and vitreousness
content. In 2024, under drier conditions, on the
contrary, lower yields but higher protein and raw
gluten content were observed.

The results obtained (Table 5) confirm the
existence of an inverse correlation between yield
and grain quality indicators, in particular protein,
gluten and vitreousness content. In years with
higher moisture levels, an increase in yield was
observed, but a decrease in protein content in the
grain,while in drier conditions,on the contrary,the
protein and gluten content increased, but the yield
decreased. A similar trend was noted by Y.Wang et
al.(2023), who point out that long-term selection
aimed at increasing yield is often accompanied
by a decrease in grain quality due to a reduction
in the protein fraction as grain weight increases.

Table 5. Interdependence between the indicators studied in 2024 and 2025

= 8
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Yield, t/ha 1 - - - - - - -
Weight of 1,000 | _ : _ _ _ _ _ _

grains, g 0.51/-0.71 1
Moisture, % 0.36/0.21 | -0.70/-0.33 1 - - - - -
Grain density, | _ . ) . _ _ _ _
g/dm? 0.03/0.08 | 0.33/-0.51 | -0.47/-0.25 1

Gluten, % -0.56/-0.00 | 0.59/-0.17 |-0.68/-0.11 | 0.80/0.67 1 - - -
Vitreousness, % | -0.24/0.48 | 0.44/-0.69 | -0.13/-0.07 | 0.76/0.85 | 0.63/0.77 1 - -
Protein, % -0.60/0.20 | 0.56/-0.53 | -0.57/-0.35 | 0.69/0.95 | 0.94/0.70 | 0.69/0.88 1 -
Fall number, s | -0.62/0.04 | 0.66/-0.38 | -0.59/0.62 | 0.22/0.31 | 0.53/0.56 | 0.45/0.41 | 0.68/0.31 | 1

Note: the table shows data for 2024 and 2025 (2024/2025) separated by a slash
Source: developed by the authors based on own research

Analysis of the interdependencies between
the main indicators of grain yield and quality
(Table 5) confirms the existence of close correla-
tions between the studied characteristics, which

indicates their interdependence. In 2024, there
was a clear inverse correlation between yield
and protein content (r = -0.60), gluten content
(r=-0.56) and 1,000-grain weight (r=-0.51). This
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indicates that an increase in yield is accompanied
by a decrease in the concentration of protein and
gluten in the grain, which is a manifestation of
the so-called dilution effect. A study by Y.Wang et
al. (2023), based on a global meta-analysis, con-
firms the existence of a fundamental trade-off
between yield and protein content in grain, de-
spite significant improvements in both indicators
due to optimisation of nitrogen nutrition. At the
same time, Y. Wang et al. noted that grain protein
content shows higher growth in years when tem-
peratures during the ripening period are higher.
In the current study, despite extremely high tem-
peratures during grain formation, which could
theoretically stimulate protein accumulation,
drought was the limiting factor. Stress caused
premature formation of small grains (confirmed
by low 1,000-grain weight), which prevented full
protein accumulation in the cells. In addition, the
results obtained correlate with the conclusions
of R. Koppel et al. (2020), who, assessing the
variability of wheat quality in Northern Europe,
emphasised that the variability of protein and
gluten content depends most on the year (i.e. on
dominant environmental factors such as the hy-
drothermal regime). The observations in the cur-
rent study, which record a sharp manifestation of
the negative “yield-quality” relationship precisely
in the unfavourable, dry conditions of 2024, fully
confirm this thesis, indicating that annual agrocli-
matic conditions were the main factor determining
the relationship between productivity and quality.

At the same time, in 2025, when weath-
er conditions were more favourable and humid,
the nature of the relationship partially changed:
the correlation between yield and quality indica-
tors weakened or even became slightly positive.
Thus, for protein and gluten, the coefficients were
r=0.20 and r=absent, respectively. This indicates
that under conditions of optimal moisture and
moderate temperatures, the grain formed in a
more balanced manner, without a significant de-
crease in quality as yield increased. Among the
internal relationships between quality indica-
tors, it is worth noting the high direct correlation
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between protein and gluten content (r=0.94 in
2024 and r=0.70 in 2025), which confirms their
close functional interaction. There is also a strong
positive correlation between vitreousness and
protein content in grain (r=0.69-0.88), which de-
termines the structural and mechanical quality of
the endosperm. The correlation between the fall-
ing number and protein and gluten (r=0.53-0.68)
indicates a certain stability of amylase activity
within the studied varieties.

Achieving a combination of consistently high
yield, resistance to adverse environmental factors
and high product quality in a single variety re-
mains an extremely challenging task in modern
breeding, due to the inverse correlations between
these traits. The results of the current study, which
recorded negative correlations between yield and
quality indicators (r=-0.51 to -0.60) in the stress-
ful year of 2024, fully confirm this general pattern.
Ukrainian scientists O.A. Demydov et al. (2023) in
their field studies on Myronivka wheat cultivars,
found that the maximum variation range of key
quality indicators (sedimentation, crumb poros-
ity, dough strength) is determined by the com-
plex interaction of the factors “year x predeces-
sor” and “year x sowing date”. This confirms that
grain quality is highly variable and sensitive to
environmental changes, and it is this instability
that complicates the selection of varieties that
combine high productivity and consistently high
quality. Similarly, V.M. Pochynok & O.V. Radchen-
ko (2011), analysing the genetic nature of pro-
tein content in grain, emphasised that this trait is
controlled polygenically, but its level significantly
depends on environmental conditions, in par-
ticular on temperature and precipitation during
the grain filling period, which directly correlates
with observations of the impact of the abnormal
heat of 2024. A study by O.V. Barabolia (2008)
focused on spring durum wheat also directly
points to the existence of inverse relationships:
an increase in sowing rates and nitrogen fertiliser
doses, which increase yield and protein/gluten
content, simultaneously leads to a decrease in
1,000-grain weight and specific weight. This is key
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confirmation of the “dilution effect” and the neg-
ative correlation between yield and grain weight
that was observed (r=-0.51). In addition, O.V. Bar-
abolia (2008) also noted that arid conditions dur-
ing the grain formation period, regardless of the
growing background, contribute to a decrease in
the weight of 1,000 grains.V.V. Bazalii (2009), ana-
lysing progress in breeding for adaptability, noted
that new varieties, although highly ecologically
plastic, still require study under combined use of
optimal and stressful conditions (such as water
supply), which justifies the need for research un-
der hydrothermal stress conditions and confirms
the complexity of the breeding process. Thus, the
results of the work on the negative correlation
between yield and quality under stress conditions
are fully consistent with the long-term conclu-
sions of scientists and confirm the urgency of the
problem of balanced selection.

Many scientists point out that the highest
quality grain is formed in years with moderate or
even insufficient rainfall during the filling period.
This pattern is particularly relevant for Ukrainian
breeding. For example, M.A. Lytvynenko (2005),
analysing the potential of Ukrainian wheat, em-
phasised that with proper agricultural techniques
and favourable but moderate moisture, the qual-
ity of domestic grain can be no worse than that
of leading world producers (such as Canada). This
indirectly confirms that in order to achieve high
baking properties and protein concentration,
preference is given not to excessive moisture,
but to balanced conditions that prevent the “dilu-
tion effect”. The results of the present study were
consistent with this approach in that excessive
moisture is undesirable, but they revealed a criti-
cal limitation: under the conditions of heat stress
that were observed in 2024, even a moderate
precipitation deficit did not lead to high quality,
as the dominant negative factor was heat shock,
which stopped protein synthesis. At the same
time, V.T. Kolyuchyi & M.I. Blokhin (2007) summa-
rise that high grain quality in the Forest-Steppe
zone of Ukraine is associated precisely with pe-
riods when a moderate moisture deficit ensures

intensive protein accumulation during the filling
period. This is explained by the fact that a mod-
erate water deficit at the ripening stage can ac-
celerate metabolic processes and the redistribu-
tion of nitrogen in the grain. The results of 2024
show that if such a deficit is accompanied by high
temperatures, then instead of intensified protein
accumulation, accelerated ripening occurs (for-
mation of small, flattened grains), which leads to
a low final concentration of protein and gluten.

Similar results are reported by R. Koppel et
al. (2020), emphasising that in temperate cli-
mates, consistently high yields are achieved at the
expense of reduced baking properties. Thus, the
negative correlation between yield (r=-0.56) and
protein content established in the present study
is consistent with international observations and
confirms the need to search for varieties capable
of balancing quantity and quality of production
under changing climatic conditions.

Summarising the results of the studies, it
can be noted that the data obtained indicate a
significant influence of hydrothermal conditions
on the quality and productivity of winter wheat.
A pronounced dependence between the level of
moisture, temperature regime and the formation
of the protein-gluten complex of grain has been
established. Analysis of correlation relationships
confirms the interdependence of the main quality
indicators that determine baking properties.

Conclusions
As a result of two years of research (2023-2025)
on eight varieties of winter wheat of Ukrainian
and foreign selection, it was established that the
hydrothermal conditions of the growing seasons
are the dominant factor that significantly affects
the formation of the quality indicators of winter
wheat grain. The contrast in weather conditions
between 2023/2024 and 2024/2025 made it pos-
sible to clearly differentiate varieties according to
their response to stressful and optimal conditions.
Under the conditions of 2023/2024, the average
yield was lower (4.6 t/ha), but the grain formed
with a higher protein content (10.9% on average)
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and gluten content (20.6% on average). The
highest quality indicators were recorded for the
Ukrainian varieties ‘MIP Vyshyvanka’ and ‘Vezha
Myronivska’, with a gluten content of 22.0% and a
protein content of up to 11.4%. At the same time,
the varieties ‘MIP Valenciia’ (5.6 t/ha) and ‘Tobak’
(5.3 t/ha) demonstrated the maximum yield un-
der these conditions.

On the other hand, the more humid and fa-
vourable conditions of 2024/2025 ensured a sig-
nificant increase in average yield to 6.7 t/ha, with
the maximum indicator in the ‘Tobak’variety (7.7 t/
ha). However, this was accompanied by a decrease
in average quality indicators: gluten content de-
creased to 16.7%, and protein content to 10.3%.
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2025, this relationship weakened significantly,
indicating the possibility of balancing quanti-
ty and quality under optimal water conditions.

Based on the data obtained, the most adapt-
ed genotypes capable of producing stable grain
quality for the conditions of Northern Ukraine
are the varieties ‘Vezha Myronivska’ and ‘MIP Vy-
shyvanka), which combine high quality indicators
with sufficient productivity. The prospect for fur-
ther research to expand the evaluation of winter
wheat varieties in terms of grain quality in differ-
ent agroclimatic zones of Ukraine and to identi-
fy genotypes that are most adapted to changing
hydrothermal conditions.
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OuiHKa copTiB NieHuLi 03MMOI 3a NOKa3HMKaMU SIKOCTi 3epHa
B yMoOBax MiBHiYHOT YKpaiHu
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AcnipaHT
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FaHHa KoBanuwuHa

[lOKTOp CinbCbKOrocnoaapcbkux Hayk, npodecop
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AHoTaLif. [JoCniKeHHS NPUCBAYEHO OLHLI BNAKUBY riApOTEPMIYHMX YMOB Ha POPMYBAHHS NMOKA3HUKIB
AKOCTi 3epHa COPTIiB MWeHULi 031MMoi B yMoBax [liBHIYHOI YKpaiHW. AKTyanbHicTb poboTM 3yMoB/eHa
NOCUNEHHAM KNiMaTUYHUX KOIMBAHb, WO NPU3BOAUTb A0 3HWXKEHHS CTabiNbHOCTI BPOXAMHOCTI Ta AKOCTI
3epHa, a TaKoX HeobxiaHicTio Ao6opy COpPTIB, 34aTHUX NOEAHYBATU BUCOKY MPOOYKTUBHICTb i HANEXHY
xnibonekapcbKy fKicTb. MeTa AOCNIMKEHHS — BUSBUTM BMIMB TEMMNEPATYPHOro PeXMMY Ta 3BOSIOXKEHHS
Ha MOKAa3HMKM SKOCTi 3epHa COPTIB MLIEHWLi O3MMOI Pi3HOrO MOXOMKEHHS Ta BU3HAYUTM HaAMBiNbLW
a[anToBaHi reHOTMNM A0 YMOB perioHy. [locniaxkeHHs NpoBOAMAN NPOTSrOM ABOX BereTaLiiHUX nepioais
(2023-2025 pp.) Ha BOCbMM COpTax MLEHMLI 03MMOI YKPAiHCbKOI Ta iHO3eMHOI cenekuii. OuiHIOBaHHA
30iMCHIOBANM 332 OCHOBHMMM MOKasHMKamu skocTi: Macoo 1000 3epeH, BMicTOM 6ifika, KNeMKOBUHM,
CKJTIOBMAHOCTI Ta HaTypow 3epHa. BctaHoBNEHO, WO MOrofHi yMOBM 3HAYHO BMAMBANU Ha MOKA3HWUKU
AKOCTi 3epHa. Y nocywnmeux ymoBax 2023/2024 pp. dopMyBanocs 3epHo 3 NigBULLEHUM BMiCTOM Binka
(mo 11,4 %) i knevikoBuHuM (0o 22,0 %), Toai sk y Bonoriwnx ymosax 2024/2025 pp. 3abesneuysanacs
BULLA BPOXAWHICTb (00 7,7 T/ra), ane 3HMxyBaBCs BMIcTy 6inKy. HalBuLLi NOKa3HMKM AKOCTi BigMiYeHOo Ans
copTs ‘Bexa MupoHiscbka’ Ta ‘MINM BuwmnsaHka’, a HaiBuLLy NpoayKTMBHICTb — ‘MIM BaneHcia’ Ta ‘Tobak’.
KopenauiiHuit aHanis 3acgigvye 3BOPOTHUM 3B’930K MiX YPOXKAMHICTIO Ta SKiICHUMM NOKA3HWKAMM 3epHa,
AKWUIA NOCUNTIOETLCS 3a AediunTy BOMOrM, BOAHOYAC BUCOKI NpsaMi Kopensuii Mix 6inkom, KNenKoBUHOK
Ta CKIOBMAHICTIO CBiAYaTb MPO iXHI B3AEMHY 3aNEXHICTb i MOXIMBICTb GanaHCyBaHHA KinbKOCTi Ta
SKOCTi 33 ONTUMAaNbHOr0 BOAHOrO pexuMmy. [pakTUyHe 3HauyeHHSi OTPUMAHUX pe3ynbTaTiB MONSraE y
BM3HAYeHHi COpTiB, 34aTHUX (GOPMYBATH CTabiNbHY SKICTb 3€pHA 3@ Pi3HUX MOTOAHWMX YMOB, LLO MOXe
OyTW BMKOPUCTAHO AN YAOCKOHANEHHS COPTOBOro CKiafy nuweHuui o3umoi B YKpaiHi Ta ontuMisauii
ArpoTeXHONOTiM Y KOHTEKCTi KNiMaTUYHUX 3MiH

KniouoBi cnoBa: norofHi yMOBM; KNENKOBUHA; BiNOK; CKNOBUIHICTb; Ga3u pO3BUTKY
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Abstract. Roses occupy a leading position among cut flowers, and the use of growth regulators
activates metabolism, increases plant resistance, yield and decorative qualities of flowers. The aim
was to determine the effect of various growth regulators on the development, yield formation and
decorative parameters of the ‘Aqua’ rose variety under conditions of low-volume hydroponics in Venlo-
type glass greenhouses. Kendal+, Ferti Set, Regoplant, Isabion, Gilea and Yara Vita preparations were
used for the tests. The object of the study was the Aqua’ hybrid tea rose, originally bred by the Dutch
breeding company Sint Petrus Johannes Schreurs. The experiment was carried out under production
conditions at the LLC ‘Askania-Flora’ greenhouse farm in 2023. Three foliar treatments of plants with
growth-regulating substances were carried out: the first - a week after planting them in a permanent
place in the greenhouse, the second - during the first budding, the third - at the beginning of mass
flowering. The control variant was not sprayed with growth regulators. The research showed that the
preparations Gilea and Isabion accelerated the formation of flower stalks and the timing of bending, as
well as promoted faster budding and flower development. It was found that the use of Isabion increased
the yield of the Aqua’ rose variety to 267 pieces/m? (38.1 pieces/plant), which was 11% higher than the
control (241 pieces/m?).Under the action of Gilea, the vase life of cut flowers reached 15 days compared
to 10 days in the control. It was found that under the action of Yara Vita, the yield reached 259 pcs/m?
(37.0 pcs/plant), which exceeded the control by 8%. A positive effect of the growth regulators Yara Vita,
Gilea and Isabion on rose productivity, overall yield and the main decorative indicators of the flower
was found. The results obtained should be taken into account when planting rose seedlings in Venlo-
type glass winter greenhouses for better regulation of growth processes and increased overall yield

Keywords: stimulating effect; greenhouse; plant growth regulators; bud height; productivity

Introduction

Growing cut flowers is one of the uses of green-
house facilities, which occupies a small but sta-
ble segment of the agricultural market in Ukraine.
Among the flowers grown for sale in floriculture
farms, roses occupy a special place, as they are in
high demand among the population. This poses a
prioritytaskfor producers -to preserve the decora-
tive qualities of flower products. At the same time,
modern market requirements stipulate not only
high quality and attractive appearance of flowers,
but also the ability to store them for a long time
after cutting, which necessitates the improve-
ment of agricultural technologies. In particular,
the use of growth regulators that can influence
the physiological processes of plants, increase
their resistance to stress factors and contribute
to the production of products with high decora-
tive and commercial characteristics is relevant.

Similar to the action of growth regulators,
nutrients play an important role in the formation

of above-ground plant mass and determine the
intensity of physiological processes. V. Gamayu-
nova & A. Panfilova (2020) found that fertiliser
application significantly increases biomass ac-
cumulation in spring barley plants, indicating a
close relationship between mineral nutrition and
growth processes in cultivated plants. Research-
ers D.N.Jaber & S.A.Mashkoor (2025) determined
that spraying roses with gibberellic acid and me-
thyl jasmonate affects the qualitative character-
istics of flowers and the duration of rose flower-
ing. Vase life and flower stalk diameter increase
when plants are sprayed with a combination
of gibberellic acid at a concentration of 75 and
150 mg/L with methyl jasmonate at a concentra-
tion of 200 mg/l, and the diameter of the flower
increases when treated with gibberellic acid at a
concentration of 75 mg/l with 100 mg/lL methyl
jasmonate. An increase in the number of petals
is observed when spraying with gibberellic acid
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at a concentration of 150 mg Lt with 100 mg
Lt methyl jasmonate, while higher concentra-
tions of both preparations lead to the opposite
process. O.A. Ukrainets & V.V. Polishchuk (2024)
studied the effect of different concentrations of
indolyl-3-butyric and naphthylacetic acids on the
process of rhizogenesis during vegetative prop-
agation of roses. Analysis of the results showed
that the use of naphthylacetic acid has a signifi-
cant effect on increasing the number of primary
roots on cuttings at all concentrations studied.

A study by M.A. Rasyid (2025) on the ef-
fect of concentrations (500 ppm, 1,000 ppm
and 1,500 ppm) of indole-3-butyric acid on the
growth rate of cuttings and the appearance of
buds on roses (Rosa centifolia L.) found that aux-
in concentrations are ineffective for root growth
activity and rose yield through propagation by
cuttings. D. Anjelita et al. (2025) conducted and
determined the effect of various auxin-contain-
ing preparations on the growth dynamics of rose
stem cuttings. The experimental variants includ-
ed three growth regulators: a commercial syn-
thetic preparation containing 6 mg of naphtha-
leneacetic acid; bean sprout extract containing
6 mg of indole-3-acetic acid; and garlic extract
containing 6 mg of indole-3-acetic acid. The re-
sults showed that naphthaleneacetic acid signif-
icantly increases plant height, and garlic extract
combined with natural indole-3-acetic acid has a
positive effect on the emergence of new shoots
on cuttings. M. Zavhorodnii et al. (2024) found
that S-heterylsuccinates affect the microclonal
propagation of the Lada variety of Damask rose
(Rosa damascena Mill.). Adding this compound to
the nutrient medium increases the number and
length of roots in rose plants by 12%. Scientists
C. Cheng et al. (2021) found that the opening ac-
tivity of rose flowers (Rosa hybrida) was increased
by ethylene, which specifically activated the en-
doreduplication of parenchyma cells at the base
of the petals, leading to asymmetric growth of the
petal base and, consequently, to typical flower
opening. M. Thakur & R. Kumar (2020) concluded
that growth regulators significantly affect yield

characteristics. The number and weight of fresh
flowers per plant were significantly higher with
the application of diphenylurea and kinetin com-
pared to the control and increased the yield of
fresh flowers by 56.0 and 41.6%, respectively.
According to M.H. Naeemi et al. (2022), im-
proving the quality of rose flowers mainly depends
on natural and chemical compounds. The growth
regulators methyl jasmonate (MelA) and brassi-
nosteroids (BR) significantly activate protective
mechanisms in plants and maintain the quality
of cut flowers by increasing the level and activity
of superoxide dismutase and catalase. G.A. Ab-
del-Wahed et al. (2024) investigated the effect
of seaweed extract on improving the growth and
flowering characteristics of R. gallica and R. Chin-
ensis. The results showed that this preparation at
a concentration of 400 ppm significantly reduc-
es the incidence of root rot and wilting in rose
plants, leading to an improvement in all growth
and flowering parameters, as well as an increase
in the content of photosynthetic pigments, total
carbohydrates, nitrogen, phosphorus and potassi-
um. Synthetic retardants are the main inhibitors
used in floriculture. They have the ability to limit
shoot growth without significantly reducing the
number of leaves and leaf surface area, resulting
in a compact plant habit and stable flower stalks
even when light intensity is insufficient. Scientist
K. Sharma (2023) summarised the results of stud-
ies on the use of growth regulators on rose crops.
The author noted that such preparations con-
tributed to increased yields, improved decorative
characteristics and prolonged the shelf life of cut
flowers. It was emphasised that their effective-
ness depended on the type of preparation, grow-
ing conditions and plant development stages.
According to M. Yaquby et al. (2020), the ef-
fectiveness of growth regulators also depends
on the effectiveness of other agrotechnical
measures, external conditions, the condition and
age of plants, and the need for strict adherence
to doses, timing, and application technologies.
This highlights the need for further study of
growth-regulating substances on rose crops in
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order to increase the adaptive potential of plants
and increase crop yield and quality. There is also
limited information on the effect of exogenous
application of growth regulators on the growth,
development and physiology of hybrid tea roses
in winter greenhouse conditions.

The aim of this study was to determine how
effectively plant growth regulators affect the
growth, development, decorative qualities, pro-
ductivity and yield of rose varieties when grown
in small-volume hydroponics in modern Ven-
lo-type glass greenhouses.

Materials and Methods

The effect of growth regulators on physiological
processes, flowering dynamics, productivity and
decorative qualities of flowers was studied on
plants of the ‘Aqua’ tea-hybrid rose variety bred
by the Dutch breeding company Sint Petrus Jo-
hannes Schreurs. The experimental work was
carried out at the greenhouse facility of LLC ‘As-
cania-Flora” during 2023 in a modern Venlo-type
winter greenhouse using a computerised climate
control system. The research was conducted in
accordance with the ethical standards set out in
the Convention on Biological Diversity (1992).
The Aqua’ rose seedlings were planted in their
permanent growing location in the greenhouse
on 11 April 2023. The planting pattern was two
rows. The rose seedlings were placed in miner-
al wool cubes (Grodan Plantop Rosa NG 2.0, size
100 x 100 x 65 mm). The plants were placed on
mineral wool mats (Grodan Vitaflor NG 2.0, size
1000 x 235 x 75 mm). At the time of planting, the
length of the shoots was 20-22 cm. Seven plants
were placed per 1 m2 The substrate volume was
2.2 litres per plant.

At the beginning of cultivation, the air tem-
perature was maintained at 8-20°C, and the air
humidity was 65-75%.During the summer months,
the air temperature ranged from 25 to 30°C. The
length of daylight hours was of great impor-
tance for the optimal growth and development of
roses. As the level of solar energy decreased or
when there was high cloud cover, a plant lighting
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system was turned on in the greenhouse to ensure
the necessary length of daylight hours and level
of light energy, which promotes the active pro-
cess of photosynthesis. During the winter, lighting
was provided at a level of 10,000-12,000 lux. The
electric lighting mode was set for 20 hours a day,
from 4 a.m. to midnight. The dark phase of pho-
tosynthesis lasted four hours. In spring, with the
increase in the intensity of solar radiation and the
length of daylight hours, the operating time of
the electric lighting system was reduced to 16, 14,
10, etc. hours. With the transition from summer to
autumn, the duration of lighting during the day
was gradually increased again.

An important microclimatic parameter in
growing roses in a greenhouse was the level of
carbon dioxide. On average, its content in the air
was maintained within 800-1,200 ppm, and on
clear sunny days - up to 1,500 ppm. Watering
was carried out according to the programme in
automatic mode. The interval between waterings
was 1-1.5 hours. The amount of nutrient solution
was 2.5-6 |/m2. In closed ground conditions, the
root system of the rose was rather weak, so the
standard electrical conductivity value was within
the range of EC=1.2-2.2 mS/cm. In winter, the
concentration of the nutrient solution was in-
creased due to lower water consumption, and in
summer it was reduced. Plant care consisted of
removing suckers from the leaf axils and pruning.
Before pruning, the buds were removed. The first
pruning was carried out 15-20 days after plant-
ing the seedlings. Flowers were cut daily in the
morning in the half-open bud phase, when the
sepals were already bent back and the coloured
petals were visible from above.

Six plant growth regulators were used in the
study: Kendal+, Gilea, Regoplant, Ferti Set, Isabi-
on and Yara Vita. All preparations differ in origin
and basic composition. Kendal+ is a biological
complex of macroelements of oligosaccharides
and phytoalexins; Gilea is succinic acid, an en-
vironmentally friendly growth biostimulant;
Regoplant is a growth biostimulant from a line
of multicomponent preparations, a fermented
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product of fungal microorganisms and ginseng
root extract; Ferti Set — a combination of alginic
acid, carbohydrates, betaine, phytohormones and
microelements; Isabion - a set of amino acids of
animal origin, macro- and microelements; Yara
Vita - a balanced combination of macro- and mi-
croelements and bioactive compounds extract-
ed from the unique Ascophyllum nodosum algae.

The plants were sprayed with growth reg-
ulator solutions three times: the first time - 7
days after placing the seedlings in their perma-
nent place in the greenhouse, the second time -
during the first budding, and the third time - at
the beginning of mass flowering. The control
variant was not sprayed with growth regulators.
The concentrations recommended by the manu-
facturers were used to treat the plants: Kendal+

at a concentration of 25 ml per 10 L of working
solution for spraying; Gilea - 200 mg/l; Rego-
plant - 25 ml per 10 L; Ferti Set - 0.5 /100 L,
Isabion — 10 ml/1 | of water, and Yara Vita - 20
ml of fertiliser per 5 | of water.

Results and Discussion

The results of the studies showed that growth
regulators had different effects on the dynamics
of growth processes and phenological indicators
of the Aqua’ rose variety. Differences were ob-
served in the timing of the first break, the speed
of bud emergence, and the duration of flower
development. The use of certain preparations
accelerated the formation of generative organs,
while others showed almost no difference from
the control variant (Table 1).

Table 1. Phenological observations of rose development
under the influence of plant growth regulators

Variant blanting dat Date of first stem Duration of period, days
arian anting date breaking Bgr;(ézl;;r;?‘::d Flower development
No treatment (C) 29.04 17 21
Yara Vita 26.04 17 21
Regoplant 27.04 16 20
Gilea 11.04.23 26.04 15 19
Isabion 26.04 15 19
Kendal+ 29.04 17 21
Ferti Set 28.04 15 19

Note: C — control
Source: developed by the authors

An important task after planting roses in a
permanent place in a greenhouse is to create a
powerful assimilation apparatus. This is achieved
by forming productive skeletal shoots that devel-
op from the axillary buds of the shoot’s covering
scales. To increase the assimilation surface, shoot
bending was used. The first bends were made
when buds began to appear on the shoots. Before
bending, the bud was removed. The operation
was carried out in the afternoon, when the turgor
in the plant cells was reduced.

In the variants where Yara Vita, Gilea and Is-
abion preparations were used, the first bending

was carried out on 26 April, 15 days after plant-
ing the seedlings. On 27 April, bending was car-
ried out on roses treated with Regoplant, and
on 28 April, on plants treated with Ferti Set. The
Kendal+ preparation did not affect the growth
of rose shoots, and in this variant, the break was
carried out simultaneously with the plants of
the control variant. To ensure a gradual, rather
than simultaneous, awakening of the buds on
the plants, the operation was carried out every
other day in the afternoon, when the turgor in
the plant cells was reduced. Proper execution of
the first pruning is one of the components of
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success in increasing the flowering period. The
fastest appearance of the second bud was ob-
served when using the growth regulators Gilea,
Isabion and Ferti Set. The period from breaking
to bud formation lasted 15 days. Full opening of
the flower was observed after another 4 days,
and the total duration of its development was
19 days. The longest period from bending to
bud appearance was observed in the variants
with the use of Yara Vita, Kendal+ and in the
control. Under these conditions, the duration of
the period from planting seedlings to full flower
formation was 21 days.

Havrys et al.

Yield allows to determine the feasibility of
using growth regulators in production and is the
main indicator of effectiveness. The first cuts of
rose flower stalks using the preparations Gilea
and Isabion were obtained in the third decade of
May. However, their effect on plants in the last
two months (October-November) was insignifi-
cant. It can be assumed that the stimulating effect
of growth regulators decreased and plant metab-
olism slowed down. Determination of the total
yield of the Aqua’ rose variety revealed that the
growth regulators Isabion, Gilea and Yara Vita had
a significant impact on this indicator (Table 2).

Table 2. Rose yield depending on plant growth regulator

Variant Total yield, pcs/m? Productivity
pcs/plant % to control

No treatment (C) 241 34.4 B
Yara Vita 259 37.0 +8
Regoplant 252 36.1 +5
Gilea 261 37.3 +8
Isabion 267 38.1 +11
Kendal+ 248 354 +3
Ferti Set 250 35.7 +4

LSD, 15.4 23 }

Note: C - control
Source: developed by the authors

The growth regulator Isabion had the highest
stimulating effect on the total number of flow-
er stalks and exceeded the control indicator by
26 pieces/m?, making it the most effective among
the options studied. The preparations Gilea and
Yara Vita also demonstrated a significant in-
crease in the total yield, creating an increase of
20 and 18 pieces/m? over the control. A positive
effect on the increase in flowering shoots was
also noted with the use of the growth regulators
Kendal+, Regoplant and Ferti Set. However, their
effect was weaker and did not differ significantly
from the control option.

The productivity indicator of a single plant is
particularly valuable in the production of flower
and decorative products, as it allows to predict
the yield per area, compare the impact of micro-
climatic factors, agrotechnical measures, green

operations, etc. on a single plant. Tracking pro-
ductivity at the level of an individual plant makes
it possible to determine the uniformity of bushes,
lack of nutrition or the impact of stress, which
is especially important when growing flowers,
where each plant must be aesthetically attractive.
In the current study, a significant increase in pro-
ductivity was obtained with the use of the Isabi-
on preparation - 38.1 pcs/m?, which is 3.7 pcs/m?
higher than the control indicator and amounts to
11%. The use of Gilea and Yara Vita preparations
increased the formation of flower stalks on the
plant by 2.9 and 2.6 pcs/m?2, which exceeded the
control variant by 8%.

Anincrease in productivity by 3-4 flower stalks
is of practical importance. Since the plant density
is 7 plants per 1 m?, this gives 21-32 additional
marketable cuttings per m?, which significantly
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increases profits. The other variants showed a ten-
dency to increase productivity, but the difference
from the control was within the margin of error.
The growth regulator Kendal+ had the weakest
effect on the productivity of a single plant - 3%.

According to a study by K. Sharma (2023),
the application of naphthylacetic acid at a con-
centration of 25 mg/l increased the length of
shoots and flower yield on Damask rose plants.
Also, according to B. Muradi et al. (2023), cyto-
kinins are used to enhance cell division and
tissue differentiation, and they cause active
shoot formation in vivo. In addition, scientists

A. Porcher et al. (2021) claim that cytokinin
preparations cause rose bud growth not only in
light but also in darkness, which explains the
active formation of flower stalks in early spring
when using isabion, which contains amino ac-
ids in combination with auxin-like and cyto-
kinin-like forms. During studies of the decorative
qualities of Aqua’ rose flowers, it was found that
the growth regulators used significantly affected
a number of important indicators. In particular,
they changed the height of the bud, the diameter
of the open flower, the number of petals and the
shelf life of cut flowers in a vase (Table 3).

Table 3. Decorative indicators of rose flowers of the ‘Aqua’ variety
under the influence of growth regulators

Variant Bud height, cm | Diameter of open flower, cm | Number of petals, pcs. | Vase life, days
No treatment (C) 6.7 9.6 43.6 10
Yara Vita 7.3 10.9 51.4 14
Regoplant 6.9 10.2 48.8 12
Gilea 7.4 11.2 50.7 15
Isabion 7.1 10.7 47.4 12
Kendal+ 6.5 9.7 45.2 10
Ferti Set 7.0 10.3 50.3 11
LSD,s 0.6 1.0 5.6 -

Note: C - control
Source: developed by the authors

The product Gilea had a significant effect
on bud height. The diameter of the open flower
significantly exceeded the control variant when
using Gilea, Yara Vita and Isabion - by 17, 14
and 11%, respectively. The double-floweredness
(number of petals) was significantly influenced
by Yara Vita, Gilea and Ferti Set. Under their in-
fluence, double-floweredness increased by 7.8,
7.1 and 6.7 petals, respectively. The vase life of
the flower stalk in the cut was most prolonged
by the preparation Gilea - by 5 days compared to
the plants in the control variant. The main com-
ponent of this growth regulator is succinic acid.
This result coincides with the data of S. Kazaz et
al. (2019), who evaluated the effect of various
organic acids on the storage of cut roses. Suc-
cinic acid (SUA) at a concentration of 100 mg/l

significantly prolonged the vase life of flowers to
13.07 days compared to 8.53 days in the control.
In general, Gilea and Yara Vita demonstrated the
most comprehensive effect on decorative charac-
teristics. These preparations simultaneously en-
sured an increase in flower size,an increase in the
number of petals, and a significant prolongation
of vase life, which makes them promising for use
in industrial rose cultivation.

Studies conducted by A. Alzuhairi & A. Al-
Sheikly (2022) and A. Zahid et al. (2022) confirm
the data obtained in the current study on a signif-
icant improvement in rose flowering parameters
as a result of treatment with plant growth regu-
lators. Spraying with gibberellic acid (200 mg/l)
accelerated the appearance of flowering buds,
increased their number, increased the length of
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the pedicel, the diameter of the flower and the
shelf life of the cut flower. The study by L. Hong et
al. (2021) analysed the morphogenesis of rose
flowers under the influence of growth regulators
during the induction of flowering of vegetative
shoots in vitro, which reveals the mechanism of
action of some growth-regulating substances.
Flower development goes through three stag-
es: apical meristem of the shoot — floral meris-
tem — flower bud. During the transition to the
floral meristem, the levels of cytokinins, auxins,
and gibberellins increase, indicating their key
role in triggering flowering. It has been proven
that a combination of gibberellic acid - 0.5 mg/L,
1-naphthylacetic acid - 0.1 mg/l and 6-benzyl-
aminopurine - 2.5-3.0 mg/l induces flower mer-
istem in vitro, which subsequently develops into a
flower bud. The most common method of apply-
ing gibberellic acid preparations is spraying the
entire plant or its individual parts, or applying
drops of suspension to buds and floral primor-
dia. Under the influence of gibberellins on rose
plants, R. Gupta & S. Chakrabarty (2013) observed
elongation of shoots, increased terry and bright-
ness of colour, increased size of inflorescences
and accelerated flowering times. In the current
study, an increase in shoot height and accelera-
tion of bud formation were similarly noted, in par-
ticular with the use of the preparations Gilea and
Isabion, which confirms the stimulating effect of
gibberellins on the generative development of
plants. Scientists N.Zieslin & R.Ben-Zaken (1992)
found that gibberellin preparations stimulate the
growth of structures that had formed prior to
treatment. Thus, to increase the size of inflores-
cences, enhance their colour and terry, treatment
is carried out when all elements of the flower are
fully formed, and to change the flowering time,
when all parts of the flower are formed but the
buds are still green. The results obtained in the
current study confirm this conclusion: the max-
imum effect was observed when the treatment
was carried out in the phase of complete flower
formation, which manifested itself in a reduc-
tion of the “bending-bud appearance” period to
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15 days. According to |. Havris et al. (2019), the
products Bionur and Bud accelerated the develop-
ment of rose flower stalks, reduced the duration
of the bud emergence and flower development
periods, and also affected plant productivity and
the decorative properties of the flower. In the cur-
rent experiment, similar patterns were observed:
the preparations Isabion and Gilea contributed
to faster development of flower stalks and an in-
crease in decorative indicators (flower diameter,
number of petals, vase life), which is consistent
with the literature data. Thus, the results of the
current study confirm the conclusions of previous
authors and demonstrate a similar effect of gib-
berellin preparations on the growth, development
and decorative properties of roses, although the
degree of effectiveness of individual agents (Gilea,
Isabion,Yara Vita) was more pronounced in green-
house conditions of small-volume hydroponics.

Auxin-like substances are used in the veg-
etative propagation of roses and other flowers
to intensify the rhizogenesis of cuttings (Oli-
ynyk, 2017). The most widely used substances for
this purpose are heteroauxin, 3-indolylbutyric and
a-naphthylacetic acids, as well as vitamins B1 and
C.For the treatment of cuttings, aqueous solutions
of preparations are prepared, as well as powders
and, based on powders, pastes. The concentrations
of different substances vary for different crops.
S.Ghosh et al.(2017) determined the effect of plant
growth regulators on stem cuttings of Damask rose
(Rosa damascena MilL.). It was found that the use of
such preparations increased the survival rate and
shortened the germination period of cuttings. A
similar trend was observed in the current study:
the use of auxin-based preparations ensured
faster root system formation, which had a posi-
tive effect on the further development of plants
and an increase in the number of flower stalks.

Thus, the results of the observations confirm
the conclusions of S. Ghosh et al. (2017) about
the stimulating effect of auxins on the process
of rhizogenesis and rooting of cuttings, which is
an important stage for the successful vegetative
propagation of roses.
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The results obtained indicate that the use of
growth regulators had a significant effect on both
the phenological indicators and the productivity
and decorative characteristics of the Aqua’rose va-
riety. The highest efficiency was achieved with the
preparations Gilea, Isabion and Yara Vita, which
contributed to an increase in yield, an increase in
flower size and number of petals, as well as a sig-
nificant prolongation of the vase life of cut prod-
ucts. Other preparations had a less pronounced
but still positive effect compared to the control.
Thus, the use of growth regulators can be con-
sidered a promising direction for optimising rose
cultivation technology in low-volume hydropon-
ics. The set of data obtained formed the basis for
formulating generalised conclusions of the study.

Conclusions

After planting the Aqua’ rose seedlings, the main
task of agricultural technology was to form bush-
es with productive skeletal shoots developing
from axillary buds. The assimilation surface was
created by bending the shoots in the afternoon,
after removing the buds, when the turgor of the
cells was reduced. The use of growth regulators
accelerated the first bending. The most effective
preparations were Gilea, Isabion and Yara Vita -
bending was carried out 15 days after planting.

Observation of the phenological phases of
growth and development of rose plants showed
that the shortest period from breaking to bud ap-
pearance (15 days) was observed in the variants
with the use of Gilea, Isabion and Ferti Set. Com-
plete flower formation in these variants took 19
days. The longest period between breaking and
bud appearance was observed with the use of
Yara Vita and Kendal+ - 21 days. The first flower
cuttings were obtained in the third decade of May
with the use of Gilea and Isabion. The growth reg-
ulator Isabion had the greatest effect on the yield
and productivity of rose flower stalks per m? - +26
pieces (38.1 pieces/m?, +11% from the control),
Gilea - +20 pieces, Yara Vita - +18 pieces. The
weakest effect was from the use of Kendal+ (+3%).
A noticeable effect of growth regulators was also

noted on the decorative qualities of the flower. The
height of the bud increased significantly with the
use of the growth regulator Gilea. The diameter
of the flower increased by 17% (Gilea), 14% (Yara
Vita), 11% (Isabion) compared to the control. The
number of petals increased with the use of Yara
Vita (+7.8), Gilea (+7.1) and Ferti Set (+6.7).Vase life
increased by 5 days (Gilea) and 4 days (Yara Vita).

Thus, the greatest stimulating effect on
growth and phenological parameters, produc-
tivity and decorative characteristics was shown
by the plant growth regulators Gilea and Isabi-
on , as well as, to some extent, Yara Vita. Other
preparations (Kendal+, Regoplant, Ferti Set) had
a weaker or local effect. The use of growth-reg-
ulating substances allows to shorten the period
of shoot development and budding, increase the
yield and decorative properties of roses, and ex-
tend the life of cut flowers.

Based on the results obtained, it is promis-
ing to study the mechanisms of action of growth
regulators on roses in different phenological
phases. In particular, it is advisable to evaluate
the long-term effects of growth stimulants on
plant metabolism in the late period (October-No-
vember), since previous observations have shown
a decrease in the stimulating effect during this
period. Investigate the interaction of various
growth-regulating substances with each other
and with growing conditions (temperature, light-
ing, nutrition) to create practical protocols for
improving the productivity and quality of flowers.
These areas will deepen the understanding of the
role of stimulants in regulating rose growth and
flowering and optimise production technologies
for commercial greenhouses.
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AHoTauifa. TposHaa nocifae npoBiAHe Micle cepep KBIiTiB HA 3pi3, a 3aCTOCYBaHHS PerynstopiB pocty
3abe3neyye akTuBauilo MeTabonismy, MiABMLLYE CTIAKICTb POCIMH, YPOXAMHICTb Ta [LEKOPATUBHICTb
KBIiTOK. MeTa nongrana y BU3HAYeHHi Aji pi3HUX perynatopis pocTy Ha npouecu po3BuTKy, GOpMyBaHHS
BPOXalo Ta lEKOPaTMBHI NapaMeTpu TposiHAM CopTy ‘AKBa’ 3a YMOB Mafloo6’eMHOI riapONoHiKM Y CKNSHUX
Tenamuax tuny Venlo. Ona sunpobyBaHb BukopuctaHo npenapati Kengan+, @epti Cert, PeronnaHrT,
I3a6ioH, lneto Ta Apa Bita. 06’ekTOM AOCNIAXKEHHSA BYM POCIMHM YaiHO-FiIBPUAHOI TPOAHAM copTy ‘AkBa’,
OpUriHAaTOPOM SKOi € HiZepnaHacbka cenekuinHa komnarisa Sint Petrus Johannes Schreurs. EkcnepnMeHT
peanisoBaHo y BMPOGHMUMX yMOBax TernuyHoro rocnogapctBa TOB «AckaHis-Mnopa» BNpoooBxX
2023 poky. 3aiicHEHO TPMPa30BY NO3aKOPEeHEBY 0OPOOKY POCIMH PO3UMHAMM PiCTPETYNIIOIYUX PEYOBUH:
nepuue — yepes TMXKAEHb NiCN BUCAAXKYBAHHS iX HA MOCTiMHE Micue B TeNAULLO, Apyre — B Nepioa, nepLioi
OYTOHi3aLii, TPeTE — Ha MOYaTKy MACOBOro UBITiHHA. KOHTPONbHWIA BapiaHT perynatopamu pocty He
obnpuckyBanu. B pesynbTati AOCNioKEHb BCTAHOBMEHO, WO npenapatu lNnes Ta 13abioH npuckoptoBanm
(OpPMYBaHHS KBITKOHOCIB i TepMiHM MPOBEAEHHS 3aNOMy, 3 TAaKOX CMPUSIM WBMAWINA nossi 6yTOHIB
Ta pO3BMTKY KBIiTKM. BusiBneHo, wo 3actocyBaHHs [13abioHy MigBULIMNO YpOXaAMHICTb TPOSIHAM COPTY
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‘AkBa’ §o 267 wr./m? (38,1 wr./pocaunny), wo Ha 11 % nepesuutyBano KoHTposb (241 wr./m?). 3a nii
lnei Ba3OCTIiMKiCTb 3pi3aHuMx KBIiTOK pocsrana 15 ai6 npotn 10 pi6 y kKoHTponi. 3'9coBaHO, Wo 3a faii
lpa Bita ypoxaiiHictb gocarana 259 wr./mM? (37,0 wr./poc/inHy), Wo NepeBuLLyBano KOHTPONb Ha 8 %.
BusiBneHo No3uWTUBHUIA BNAKMB picTperyntoloumx pevoBuH fApa Bita, lnes Ta 13abioH Ha NpoAYyKTUBHICTb
TPOSIHAM, 3araNbHy YPOXAMHICTb | OCHOBHI [eKOPATMBHI MOKa3HWUKKM KBiTkW. OfepKaHi pe3ynbTat BapTo
BPaxXOBYBATHM Mif, YaC BUCAXKYBAHHS CAIXAHLLB TPOSHAM Y CKASHUX 3MMOBMX Tenauusax Tuny Venlo ans
KpaLLOoro perysoBaHHSA POCTOBMX MPOLECIB i NiABULLEHHS 3arafbHOT BPOXXANUHOCTI

KniouoBi cnoBa: ctumyntotoda fisi; TENIMUA; peErynsTopu pocTy poC/iMH; BUCOTa ByTOHA; NPOAYKTMBHICTb
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Abstract. Intensive dieback of Fraxinus excelsior L. in the Forest-Steppe zone of Ukraine has led to a
significant deterioration in the sanitary condition of ash stands and increased the risk of losing their
ecosystem stability, making this issue particularly urgent amid the simultaneous influence of pathogens
and the activation of a complex of stem-damaging insect species. This study aimed to analyse the
ecological role of common ash in forest ecosystems, as well as to assess the sanitary condition and
causes of ash stand decline, particularly the impact of Hymenoscyphus fraxineus and Agrilus planipennis.
The study employed methods of analytical review, synthesis of previous research, critical comparison
of results obtained by different authors, and logical-structural generalisation to identify key patterns in
the development of pathological processes in ash stands. It was established that common ash supports
intensive nutrient cycling due to litterfall with a high content of calcium and magnesium, and the rapid
mineralisation of organic matter, which supports soil fertility and understorey development. According
to the analysed studies, more than 950 associated species have been recorded, including 44 obligate
and 62 highly specialised organisms,demonstrating the ash’s importance for biodiversity. The loss of ash
reduces the rate of organic matter mineralisation and disrupts the nitrogen and carbon balances in the
soil. Analysis of the sanitary condition in the Right-Bank Forest-Steppe of Ukraine showed that the most
severely affected stands are located in the Cherkasy and Vinnytsia regions, where the area of dieback
exceeds 600 ha. The main degradation factors include infections caused by Hymenoscyphus fraxineus,
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damage by Agrilus planipennis, bacterial diseases, and the combined influence of saprotrophic fungi.The
results also indicate a strong relationship between the intensity of damage and tree age, stand density,
and soil type, which enables the identification of zones at the greatest risk

Keywords: Fraxinus excelsior L.; Hymenoscyphus fraxineus; Agrilus planipennis; forest ecosystems; sanitary

condition of forests

Introduction

Forest dieback and degradation are complex
processes driven by multiple factors, including
long-term weakening of forest stands, stressful
weather conditions, and subsequent infestation
by pests and pathogens. Climate change, pro-
longed droughts, and unstable groundwater lev-
els play a key role. As a result, trees become less
resilient, and stress factors trigger their decline,
which is further accelerated by the activity of
harmful organisms. V. Tkach & O. Kobets (2025)
examined the impact of climate change and mil-
itary aggression on Ukraine’s forests, revealing
significant degradation of forest ecosystems. They
highlighted how these factors, alongside environ-
mental stressors, exacerbate forest health dete-
rioration and lead to biodiversity loss. The study
emphasised the need for urgent conservation
efforts and sustainable management practices to
mitigate further damage.

From the late 20* to the early 21st century,
a significant deterioration in the sanitary condi-
tion of many tree species was recorded. These
changes were caused by the combined influ-
ence of abiotic, biotic, and anthropogenic factors
that together reduced the resistance of trees to
pests and pathogens (Polk et al., 2022). Since the
2000s, the issue of widespread ash dieback has
become widely discussed both in scientific circles
and among forestry professionals in Ukraine and
beyond. According to T. Pyvovar et al. (2023), the
degradation of ash stands has affected large parts
of Europe, including the Baltic states, Poland, Nor-
way, Sweden, Germany, Austria, Switzerland, and
several other countries.

I. Matsiakh & V. Kramarets (2020) noted that
the primary weakening factor is the invasive fungus

Hymenoscyphus fraxineus, which causes ash die-
back disease. Symptoms include necrotic bark
lesions, disruption of the conductive system, and
rapid mortality of trees of various ages. Weak-
ened trees are easily colonised by secondary in-
fections, such as Armillaria spp. and Pseudomonas
spp., which accelerate their death. Additional
pressure is exerted by invasive phyllophagous
insects, among which a prominent pest is the
ash leaf-curl aphid Prociphilus fraxinifolii. Scien-
tists J.P. George et al. (2024) have established that
these insects reduce photosynthetic activity and
further weaken tree’ resistance to diseases. The
spread of harmful organisms is facilitated by in-
tensive international trade in planting material
and climate change, which enable their move-
ment and acclimatisation.

C. Fritsch et al. (2024) noted that under the
influence of anthropogenic changes, drought,
and fragmentation of forest stands, the area of
dieback centres continues to expand, the condi-
tion of ash stands continues to deteriorate, and
their age structure is shifting. The combination
of these factors highlights the need for more de-
tailed research on pathological processes and the
development of effective measures to preserve
common ash in natural and artificial ecosystems.

However, despite significant progress in
studying ash dieback pathology, several impor-
tant knowledge gaps remain. In particular, re-
gion-specific factors of ash stand degradation
under current climate change conditions are still
insufficiently explored. The interactions between
Hymenoscyphus fraxineus and secondary pests
and pathogens in Eastern European forests, es-
pecially in Ukraine, also remain poorly assessed.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6



In addition, there is a notable lack of long-term
monitoring data on the extent of ash dieback,
which would allow accurate tracking of the dy-
namics and intensity of these processes. The
study aimed to examine the ecological impor-
tance of common ash within forest ecosystems
and evaluate the health of ash stands, focusing
on the factors contributing to their decline, par-
ticularly the influence of Hymenoscyphus fraxi-
neus and Agrilus planipennis.

The article utilised scientific sources, includ-
ing publications in peer-reviewed journals, mon-
ographs, and conference proceedings. The main
information databases used for source retriev-
al were Google Scholar, Scopus, ResearchGate,
Web of Science, as well as university electronic
archives and open-access resources of inter-
national scientific organisations. The selection
of sources was based on the principles of sci-
entific novelty, reliability, relevance, represen-
tativeness, and thematic correspondence to the

Babych & Puzrina

issue of pathological ash dieback. The analysis in-
cluded studies addressing the aetiology, distribu-
tion,influence of biotic and abiotic factors,and con-
servation measures for Fraxinus excelsior L. stands.

Ecological role of common ash

(Fraxinus excelsior L.)

in forest ecosystems
Common ash (Fraxinus excelsior L.) plays a key role
in the functioning and stability of European forest
ecosystems. As noted by A. Kaminska et al. (2025),
ash stands have the ability to stabilise the micro-
climate, regulate soil moisture and fertility, and
serve as a habitat for numerous plant and animal
species (Fig. 1). Owing to its rapid nutrient cycling
and the high content of base cations in its litter,
ash supports favourable conditions for the devel-
opment of the herb layer and soil microbiota. Its
root system contributes to soil structure formation,
while leaf litter enriches the soil with nutrients,
ensuring efficient mineralisation of organic matter.

Figure 1. Common ash plantations

Source: authors’ photo

The degradation of ash due to dieback has
significant ecological consequences: crown den-
sity decreases, light availability and the micro-
climate of the understorey change, conditions
for herbaceous and bryophyte species deterio-
rate, and the biogeochemical balance becomes
disrupted. Such changes can potentially lead to
reduced biodiversity and the loss of ecosystem

services. Although ash can grow in various soil
types and climatic conditions, optimal conditions
for its growth are usually observed on moist, clay-
rich soils that provide sufficient moisture and
nutrients. Therefore, it is most often found along
forest edges, riverbanks, and lake shores (Vasaitis
& Enderle, 2017). From an ecological perspective,
ash also plays an important role in maintaining
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biodiversity. According to R. Mitchell et al. (2014),
953 species associated with ash have been record-
ed in the United Kingdom, of which 44 are obli-
gate - completely dependent on this tree species -
and 62 are highly associated. These organisms
include fungi, mosses, lichens, and invertebrates.
This demonstrates the wide ecological connec-
tions of ash and its irreplaceable role in support-
ing various trophic levels of forest communities.

A distinctive feature of ash is its formation of
mycorrhizal associations with a relatively narrow
range of fungi (Vasaitis & Enderle, 2017). Howev-
er,due to the low specificity of these associations,
the loss of ash is unlikely to cause a drastic de-
cline in fungal diversity, though it may affect the
overall balance within soil microbial communi-
ties. Research by T. Riutta et al. (2012) shows that
changes in stand structure, particularly the loss of
ash, influence the activity of micro-and macro-or-
ganisms, altering litter decomposition dynamics
and the carbon cycle. According to S. Fuchs et
al. (2024),an important ecological function of ash
is its contribution to nutrient cycling. Ash leaf lit-
ter is characterised by high calcium and magne-
sium content and a low carbon-to-nitrogen ratio.
Ash sheds its leaves while they are still green,
facilitating the rapid return of nitrogen, phos-
phorus, potassium, and sulphur to the soil and
increasing soil fertility. Ash roots also decompose
faster and contain more nutrients compared with
other broadleaf species (Agan et al., 2020). Due to
the activity of microorganisms and invertebrates,
the mineralisation of organic residues proceeds
more intensively, ensuring a more complete nutri-
ent cycle and preventing excessive accumulation
of litter (Vasaitis & Enderle, 2017).

The replacement of ash by tree species with
more acidic and slowly decomposing litter, such
as beech or oak, may lead to reduced nutrient
availability and a decline in plant species with
high soil-fertility requirements. This, in turn,
affects the species composition and function-
ing of the ecosystem, decreasing the diversity
of ground vegetation (Langer, 2017). Studies by

T. Hultberg et al. (2020) confirm that the loss of
ash results in noticeable changes in soil pro-
cesses and nutrient cycling. The authors found
that the disappearance of ash reduces the rate
of organic matter mineralisation, disrupts the
nitrogen and carbon balances, and influences
the formation of soil microbial communities.
J. George et al. (2022) noted that due to its com-
bination of characteristics of both a pioneer spe-
cies and a stable component of forest stands, ash
can participate in both primary and secondary
succession, serving as an important intermediary
element in forest regeneration and the forma-
tion of forest structure. In mature forests, ash
often grows within mixed stands, where it may
be a dominant species or a component of com-
munities with beech (Fagus sylvatica), peduncu-
late and sessile oak (Quercus robur, Q. petraea),
small-leaved and large-leaved lime (Tilia cordata,
T. platyphyllos), birch (Betula pubescens), alder (Al-
nus glutinosa, A. incana), and other species. Thus,
common ash is one of the key tree species that
shape ecological balance, trophic interactions,
and biogeochemical processes within Europe-
an forest ecosystems. Its dieback and gradual
decline may have long-term consequences for
forest structure, productivity, and biodiversity,
necessitating the development of strategies for
the conservation and restoration of this species.

As shown by J. Richter et al. (2025), ash-dom-
inated forests are characterised by higher under-
storey species diversity compared with commu-
nities dominated by beech or alder. Under ash
canopies, favourable light and moisture condi-
tions develop, supporting numerous shade-toler-
ant and moisture-dependent herbaceous species.
The authors analysed over 1,900 phytosociologi-
cal descriptions from northern Germany, creating
an ecological baseline prior to the onset of wide-
spread ash dieback.The results demonstrated that
an increasing proportion of ash in the upper can-
opy is directly associated with higher understorey
diversity. They identified 43 vascular plant spe-
cies closely associated with ash forests, including
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Veronica montana, Paris quadrifolia, Sanicula euro-
paea, and Carex sylvatica, among others. Many of
these species have limited distributions and are
sensitive to changes in microclimate and light
conditions, which makes them highly vulnerable
to ash decline. Research by K. Turczanski (2020)
confirms that common ash (Fraxinus excelsior L.)
is an important component of European forest
ecosystems, significantly influencing soil con-
ditions, understorey dynamics, and biocoenotic
stability. The authors found that soil acidity (pH)
and organic matter content are directly linked
to the intensity of ash defoliation. In areas with
more neutral pH and higher organic matter con-
tent, trees exhibited better physiological condi-
tion, and the understorey supported greater plant
species diversity. The results indicate that ash
strongly affects soil processes - through its litter,
root system, and chemical composition of its leaf
litter, it regulates soil fertility and the growth con-
ditions of other plants. Changes in ash condition
(particularly due to dieback) lead to alterations in
understorey structure, reduced species diversity,
and deterioration of soil trophic status.

Thus, Fraxinus excelsior L. performs a multi-
functional ecological role in forests, including
maintaining soil fertility and chemical balance,
supporting understorey diversity, and influencing
the structure and stability of forest ecosystems.
Froman ecologicalstandpoint,the loss of ash leads
to changes in forest structure, decreased soil fer-
tility, and the disappearance of associated micro-
organisms, fungi,and invertebrates. Its weakening
or death may trigger long-term shifts in troph-
ic chains and the structure of biogeocoenoses.

Early detection and geographic spread
of ash dieback
The first cases of ash dieback were recorded
in 1990 in Poland (Kowalski, 2006). This dis-
ease, known as ash dieback (ADB), is caused by
the pathogen Hymenoscyphus fraxineus and has
spread extensively across Europe over the past
30 years, advancing at a rate of 30 to 70 km per
year. Ascospores of Hymenoscyphus fraxineus were
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found up to 100 metres ahead of the disease front,
indicating that the fungus often becomes well es-
tablished in an area long before visible symptoms
appear (Orton et al., 2018). ADB affects European
ash throughout its natural range; the pathogen
has been detected in the United Kingdom and
Ireland since 2012 (Coker et al.,, 2019). Long-term
studies have shown that Hymenoscyphus fraxineus
may have been present in Poland as early as the
1960s, where the disease went unnoticed due to
a lack of knowledge about its symptoms.

Despite significant media attention, monitor-
ing, and responses to suspected signs of decline,
the causes of the disease’s spread remain incom-
pletely determined (Kirisits et al,, 2010; Chande-
lier et al, 2016). At early stages, the disease is
difficult to detect because it can easily be con-
fused with several other tree disorders (Vasaitis &
Enderle, 2017). Studies by R. Becker et al. (2020)
conducted in the United Kingdom revealed that
some trees already exhibited pronounced ADB
symptoms before 2012. Using dendrochronologi-
cal methods, it was established that the infection
of these trees could have occurred in 2004-2005.
Initial cases of ADB may be highly localised or
spread slowly due to factors such as mating-type
incompatibility, environmental conditions, and
the isolation of ash trees in agricultural land-
scapes. The lack of targeted ADB surveys before
2012 and low public awareness of the disease’s
symptoms resulted in its spread remaining unde-
tected for a long time.

Ash leaves become infected by ascospores
that are dispersed by wind. The fungus then en-
ters through the petiole and branches into the
tree tissues. Repeated infections result in rapid
crown dieback, often leading to tree death within
a few years. Detecting new infections is difficult
because the damage can remain unnoticed for
up to three years. Symptoms of infection include
wilting of branches in the upper crown and ver-
tical bark cracks (Liziniewicz et al., 2022). Norwe-
gian researchers O. Diaz-Yanez et al. (2020) have
been monitoring the spread of Hymenoscyphus
fraxineus in southwestern Norway since 2008 and
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estimated its spread rate at 51 km per year. They
also recorded a 74% increase in ash mortality af-
ter the disease became widespread. Although the
proportion of ash in Norway’s national invento-
ry plots is very low, these results indicate a high
invasiveness of the pathogen, which does not
depend on host density. Alternative hosts were
identified - living or dead trees of several species,
including Acer platanoides, Alnus spp., Betula spp.,
Corylus avellana, Fagus sylvatica, Juniperus commu-
nis, Picea abies, Pinus sylvestris, Populus tremula,
Prunus spp., Quercus spp., Salix spp., and Sorbus
aucuparia. This knowledge may contribute to the
conservation of biodiversity associated with ash.

In 2022, European scientists published a
large-scale study on ash dieback across Europe.
They identified 407 sites in 27 countries where
ash occurs.The study period covered 1987-2020. It
was found that between 1987 and 2000, tree mor-
tality was moderate and sporadically recorded in
Spain, France, Romania, Slovakia, Italy, Lithuania,
and Moldova. Between 2000 and 2010, mortality
accelerated mainly in Poland, Lithuania, Belarus,
Sweden, Denmark, Germany, the Czech Republic,
and some regions of France. Although mortality
remained low (1%-3%) in most countries, signifi-
cant losses (10%-100%) were recorded at certain
sites in Poland and Sweden. Between 2010 and
2020, mortality increased sharply across Europe.
The most striking example is southern Scandina-
via, where all ash trees died at eight of the sur-
veyed sites (Margais et al., 2022).

German researchers S. Fuchs et al. (2024) con-
ducted a study showing that ash dieback, caused
by the fungus Hymenoscyphus fraxineus, is close-
ly linked to environmental conditions and stand
structure. Based on observations of 1,365 trees
across eleven monitoring sites throughout Ger-
many, they found that the most severe damage oc-
curred on wet hydromorphic soils, in stands with
high ash density, and among younger and thinner
trees. Moreover, severe basal infections proved to
be a reliable indicator of probable tree mortality.
The study also indicated that despite a general
trend of stand decline, the condition of individual

trees improved at six of the eleven sites, suggest-
ing the natural selection of more resistant geno-
types. The researchers concluded that, to preserve
ash, it is necessary to avoid establishing pure
ash stands, especially on waterlogged sites, and
instead focus on selecting less susceptible pop-
ulations and promoting mixed stands. The study
by M. McMullan et al. (2018) on the spread of ash
dieback in Europe significantly expanded under-
standing of the disease’s dynamics and the factors
influencing its progression. The authors empha-
sised that Hymenoscyphus fraxineus had spread
across much of the continent before it was official-
ly identified as the causative agent of ash dieback.

A.Agan et al. (2020) highlighted that the in-
tensity of tree infection depends on the biological
characteristics of ash, particularly tree age, and
site conditions, which determine its vulnerabil-
ity. These findings confirm that the population
dynamics of the pathogen are complex, and the
scale of its spread requires long-term monitoring
and the development of adaptive management
strategies. Studies within the German FraxForFu-
ture programme demonstrated that disease se-
verity depends on site conditions, stand structure,
and tree age. Ash dieback was more pronounced
in areas with high tree density and on hydromor-
phic (wet) soils, whereas large, dominant trees
were more resistant to the pathogen. This indi-
cates selective natural survival - the gradual per-
sistence of more tolerant individuals may form
the basis for species recovery.

In many countries, measures have been im-
plemented to limit the spread of ash dieback and
to preserve ash trees. These measures include the
felling and burning of infected trees, the estab-
lishment of plantations using genetically clean
seed material, monitoring the spread of the dis-
ease, and conducting scientific research to identi-
fy effective control methods (Nielsen et al., 2022).
Key measures to control the spread of the disease
and conserve ash trees include:

» mechanical control methods;

» identification and selection of genetically
resistant trees;
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» monitoring programmes for disease spread;

» development of new, effective control
strategies.

European countries have implemented na-
tional research programmes on ash dieback,
focusing on various aspects of the biology and
ecology of this disease. Only through the shared
utilisation and synthesis of existing knowledge
has it been possible to achieve a comprehensive
understanding of ash dieback and develop mod-
ern practical recommendations for the sustain-
able management of Fraxinus stands in Europe.
These measures have been carried out using an
innovative interdisciplinary approach involv-
ing plant pathologists, breeders, and foresters
(McKinney et al,, 2011; Lenz et al., 2016).

In addition to ADB, another significant threat
to Fraxinus excelsior L. is the Emerald Ash Borer
(EAB) (Agrilus planipennis),an invasive insect from
Asia that kills ash trees (Fig. 2). EAB was first de-
tected in the United States in south-eastern Mich-
igan in 2002. According to estimates by the U.S.
Department of Agriculture, EAB had been present
in the region since the 1990s (Petter et al.,, 2020).

Figure 2. General appearance of the EAB
Source: David Cappaert, Michigan State University

In the United States, the response to EAB has
been coordinated by the Animal and Plant Health
Inspection Service (APHIS), the U.S. Forest Ser-
vice, and the Agricultural Research Service. Key
measures have included biological control, mon-
itoring using traps, and the search for effective
methods to regulate pest populations. Research
has focused on identifying biocontrol agents,
particularly parasitic wasps, and assessing the
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ecological and economic impacts of the EAB
spread (Jonsson & Thor, 2012).

Ash dieback is an example of a serious patho-
gen-induced disease that reduces the commercial
value of timber and has negative consequences
for forestry and forest conservation. The scale of
biological invasions has increased significantly,
with no signs of this trend slowing down. It is ev-
ident that greater efforts are required to control
and prevent the introduction of new pests and
pathogens. However, the global scale of spread
and the anthropogenic movement of plants and
plant products pose challenges to the effective-
ness of such measures.

Since the 1990s, ash mortality has sharply
increased and has already reached catastrophic
levels in northern Europe, where most trees had
disappeared from study sites by the end of 2020.
Research provides critical information on the
impact of Hymenoscyphus fraxineus (ash dieback,
ADB) and the EAB (Agrilus planipennis) on ash
stands. Scientific data indicate the widespread
occurrence of both ADB and EAB in Europe and
Ukraine.ADB has been recorded across significant
parts of Europe, including the United Kingdom,
Ireland, Spain, Sweden, and Ukraine (Davyden-
ko et al., 2022). Researchers have emphasised the
difficulty of early disease detection, as symptoms
may be inconspicuous or easily confused with
other tree pathologies. This complicates the de-
lineation of disease spread and the implementa-
tion of necessary control measures, highlighting
the high potential for further pathogen expan-
sion into new regions. The importance of system-
atic monitoring and the application of appropri-
ate control measures is strongly emphasised.

Sanitary conditions and causes
of degradation of Fraxinus excelsior L.
stands in the Right-Bank
Forest-Steppe of Ukraine
According to the State Forest Resources Agency of
Ukraine, common ash plantations cover an area of
151.6 thousand hectares, which accounts for 2.4% of
the forested lands of the forest fund. In particular, in
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the Cherkasyregion,ash plantations occupy 12 thou-
sand hectares (Meshkova, 2019). During the 1980s
and 1990s,before the outbreak of the epidemicinthe
early 2000s, foresters consciously aimed to increase
the proportion of ash in many regions of Europe.

According to the National Forest Invento-
ry (n.d.), the total area of ash (Fraxinus excelsi-
or L) stands in the Right-Bank Forest-Steppe
of Ukraine is 50,011 ha. The largest share is in
Vinnytsia Region, with 18,369.7 ha, accounting
for 37% of the total area. A slightly smaller but
comparable area is found in the Cherkasy Region,
with 18,202.2 ha, or 36%. The smallest area of ash
stands is in the Kirovohrad Region, where they oc-
cupy 13,439.1 ha (27%) (Fig. 3).

Cherkasy
18,202.2 ha
36%

Vinnytsia

18,369.7 ha
37%

Kirovohrad
13,439.1 ha
T

Figure 3. Area of common ash
(Fraxinus excelsior L.) stands
in the Right-Bank Forest-Steppe of Ukraine
Source: compiled by the authors based on National

Forest Inventory (n.d.)

The first signs of ash dieback in Ukraine were
observed in 2010. Prior to 2010, limited attention
was paid to the sanitary condition of ash stands in
Ukraine, as there were no reports of wilting symp-
toms. Morphological signs of ash dieback were
recorded in the eastern part of the country and
included uneven bud break, isolated shoot ne-
croses, discolouration of the wood, and premature
leaf fall (Davydenko et al., 2019). Figure 4 shows
the area of ash dieback in the Cherkasy Region in
2024. The chart illustrates the areas of dieback
of common ash stands across various forestry en-
terprises in the region. The largest dieback areas
are recorded in Umanske Forestry (612.8 ha) and
Zvenyhorodske Forestry (368.6 ha), indicating the

most critical situation.Other enterprises also show
considerable degradation (260-280 ha), while the
lowest values are observed in Chyhyrynske and
Smilianske forestries. Overall, the chart demon-
strates an uneven yet widespread pattern of ash
dieback throughout the region. This confirms that
the dieback of common ash has a large-scale and
regionally extensive character, affecting substan-
tial areas in all forestry enterprises. The most
severe levels of degradation indicate a critical
condition of ash stands and highlight the need
for urgent restoration and protection measures.
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Figure 4. Ash dieback area
in the Cherkasy Region in 2024,
according to forest protection enterprises
Source: compiled by the authors based on K. Davydenko et
al. (2019)

The main causes of common ash dieback
include (Matsiakh & Kramarets, 2014): the ash
dieback pathogen (Hymenoscyphus fraxineus);
EAB (Agrilus planipennis); damage by other pests;
and bacterial infections. Ash dieback (Hymenos-
cyphus fraxineus) is one of the most serious dis-
eases threatening the survival of European ash
(Fraxinus excelsior L) across Europe. According
to a study by R. Vasaitis & R. Enderle (2017) con-
ducted in the Left-Bank Forest-Steppe of Ukraine
(Sumy and Kharkiv regions), the disease was
widespread in both natural and artificial stands.
The intensity of infection was found to depend
on site conditions, stand age, density, site qual-
ity class, and the proportion of ash in the stand
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composition. A.N. Drogvalenko et al. (2019) re-
ported that the highest frequency of infection
occurred in stands up to 80 years old, with 40%-
70% ash composition and a density greater than
0.5. The disease was most prevalent in fertile,
fresh site conditions, which are also the most fa-
vourable for ash growth. These findings indicate
the high prevalence of ash dieback and the com-
plex interaction of factors influencing disease
development, underscoring the need for further
research to develop effective measures for the
conservation of ash stands in Ukraine. These re-
sults are consistent with findings that affected
trees host a significantly higher diversity of path-
ogenic and saprotrophic fungi, which intensify
necrotic processes and accelerate wood degrada-
tion. Researchers also note the presence of a wide
range of accompanying pathogenic fungi (includ-
ing Venturia fraxini, Alternaria alternata, Cytospora
spp., and Aureobasidium pullulans), which exacer-
bate the damage and accelerate tissue mortality.

Research by V. Meshkova et al. (2021) found
that ash dieback is often associated with butt
rots and, to some extent, bark beetle infestations,
with the most dangerous fungi being Hymenos-
cyphus fraxineus, Cytospora spp., and Diplodia spp.
The authors concluded that the weakening of ash
trees is a complex process caused by the interac-
tion of multiple pathogens and pests. The study
established that ash dieback in Ukraine results
from the combined impact of the fungal patho-
gen Hymenoscyphus fraxineus and the invasive in-
sect Agrilus planipennis. Hymenoscyphus fraxineus
causes necrosis, shoot dieback, and gradual tree
weakening, while Agrilus planipennis destroys the
conductive tissues of the trunk, leading to rapid
dieback. The research highlighted that the inter-
action of these two factors significantly acceler-
ates the degradation of ash stands.

In 2019, the EAB was detected for the first
time in Ukraine, in the Luhansk Region. However,
the variability of larval developmental stages and
the presence of exit holes indicate that the pest
likely entered the region as early as 2017 or even
earlier, probably from the nearby Voronezh region
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of Russia. Within two years, EAB had spread over
300 km westward from the initial detection site,
affecting hundreds of Fraxinus excelsior L. and
Fraxinus pennsylvanica trees. By the end of 2021,
the pest had been recorded across most of Lu-
hansk and in parts of the Kharkiv Region. In 2022,
EAB was observed in parks in Kyiv, and by 2023,
it had spread to large areas of the Kharkiv Re-
gion. Field studies in 2022-2023 were significant-
ly limited due to ongoing hostilities. It is likely
that EAB entered Ukraine via wooden crates used
for transporting goods. Since then, the pest has
spread in all directions, establishing itself in
eastern Ukraine by 2019 and showing potential
for further expansion westward toward Europe
(Meshkova et al., 2024).

N. Puzrina et al. (2025) conducted a detailed
study of ash responses to EAB infestation, paying
particular attention to morphological changes in
buds as an early diagnostic criterion. The authors
found that larval damage to conductive tissues
disrupts nutrient flow to apical buds, resulting in
underdevelopment, premature drying, and asym-
metric bud break. These symptoms correspond to
other signs of infestation and confirm that bud
condition changes can serve as an early and re-
liable indicator of the onset of invasion. H. Ma-
zurchuk et al. (2025) showed that rapid, critical
ash dieback is the result of a complex interaction
between Agrilus planipennis, stem-boring insects,
and fungal and bacterial pathogens, which has
a significant impact, particularly on larger-di-
ameter trees. The study by I.M. Kulbanska (2015)
found that tubercular disease is the most wide-
spread and harmful infectious disease of ash
(Fraxinus excelsior L.), caused by the bacterium
Pseudomonas syringae pv. savastanoi. The research
reported that the disease manifests as tumour
formation on trunks and branches, followed by
cracking and cambium death, which significantly
weakens the trees. The pathogen affects trunks,
shoots, inflorescences, and samaras, while leaves
remain resistant even under artificial infection.
Isolation of bacteria from affected organs con-
firmed their pathogenicity, and the detection of
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Pseudomonas in ash gall wasps suggests a possi-
ble role of insects in spreading the infection.

Ash dieback in Ukraine is driven by the com-
bined effects of the invasive fungus Hymenoscy-
phus fraxineus, the EAB, and associated pathogens.
Damage is mostly observed in stands of particu-
lar age and composition, while climatic stresses
further exacerbate degradation. This situation in-
dicates a significant deterioration of the sanitary
condition of ash forests and underscores the urgent
need for measures to preserve and restore them.
The only effective countermeasure against ash
dieback is the implementation of sanitary thinning.

Conclusions
Ash (Fraxinus excelsior L. provides significant
ecosystem services and plays a key role in main-
taining biodiversity. Analysis of ash distribution
shows that the largest areas of ash forests in the
Forest-Steppe are concentrated in Vinnytsia and
Cherkasy regions, where they occupy an impor-
tant share of the forest estate. However, since
2010, there has been a rapid increase in the area
affected by dieback, accompanied by character-
istic symptoms such as uneven bud break, shoot
necroses, and premature leaf fall. The key factors
driving degradation are the invasive fungus Hyme-
noscyphus fraxineus and the EAB (Agrilus planipen-
nis). The impact of these organisms is complex: Hy-
menoscyphus fraxineus causes necrotic lesions and
weakens trees, while Agrilus planipennis destroys
vascular tissues, accelerating their death. Addi-

European studies also confirm the severity of
the threat posed by ADB and the EAB. Hymenos-
cyphus fraxineus spreads both through airborne
ascospores and via the movement of infected
planting material, while EAB rapidly expands
its range in various countries. Data from Austria,
Poland, Scandinavia, and other regions indicate
a continuous increase in infection intensity, the
emergence of new foci, and negative conse-
quences for forest ecosystem stability. The loss
of ash leads to a deterioration of forest structure,
reduced biodiversity, and weakened ecosystem
functions. Thus, the degradation of ash stands
results from the combined effects of invasive
pathogens, pests, and climatic stresses. Existing
data confirm the critical condition of ash forests
in the Right-Bank Forest-Steppe of Ukraine and
many European regions, highlighting the urgent
need for conservation measures, monitoring, and
management of invasions.

Future research prospects include expanding
knowledge of ADB and EAB interactions under
different ecological conditions, establishing long-
term monitoring programmes, identifying resist-
ant ash genotypes, studying the impact of climate
change on pathogen spread, and developing inte-
grated strategies for the protection and restora-
tion of ash ecosystems. These research priorities
will determine the effectiveness of future meas-
ures for ash conservation in Ukraine and Europe.
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AHoTaLif. |[HTeHCMBHe BCMxaHHA Fraxinus excelsior L.y Jlicocteny YkpaiHu npu3Beno A0 3HA4YHOrO
NOTipLWEHHS CaHITAPHOrO CTaHY SCEHEBUX HACAMXKEHb | MiABULIMIO PU3KK BTPATU iXHBOT EKOCUCTEMHOT
CTabinbHOCTI, Wo pobuTb L0 NpobaeMy 0C06/MBO akTyanbHOK Ha T/ OAHOYACHOrO BNAMBY MATOrEHIB
Ta aKTMBI3aLii KoMnekcy cToB6ypoBMUX kKoMax. MeTot gocniaxeHHs 6yno npoaHanisyBaTv eKONOoriuHy
pOnb ICEHA 3BUYAHOTO B N1ICOBUX €KOCUCTEMAX, @ TAKOX OLLIHUTU CaHITapHUI CTaH i NPUYUHU BCUXAHHA
SICEHEBUX HacaLXeHb, 30kpeMa BNAuB Hymenoscyphus fraxineus Ta Agrilus planipennis. Y pocninxeHHi
33CTOCOBAHO METOAM aHANITUYHOrO OrNAAY, CUHTE3y NonepenHix AOCAiAKeHb, KPUTUYHOrO NOPIBHAHHS
pe3ynbTaTiB pPi3HUMX aBTOPIiB Ta NOriKO-CTPYKTYPHOrO Yy3araJbHEHHS A/ BUSBNEHHS OCHOBHMX
33aKOHOMIpHOCTEM pO3BMUTKY NATONMOMYHMX MPOLECIB Y SCEHEBUX AepeBOCTaHax. BcTaHoBneHo,
WO SCeH 3BMYaMHWI 3abe3neyye iHTEHCUBHUI KONOOBIr MOXMBHUX PEYOBMH 3aBASAKM MiaCTMAU 3
BMCOKMM BMICTOM KanbLiito Ta MarHito i WBWAKOK MiHepani3auie opraHiyHOi peyoBUHM, LLO CIPUSIE
NiATPUMAHHIO POAKYOCTI FPYHTIB Ta PO3BWTKY NiAnicKy. 3rifHO 3 aHanNi3oM AOCNIAXKeEHb, 3adiKCOBAHO
noHag 950 BuaiB acouilioBaHMX OpraHi3miB, cepes akux 44 obniraTHUx Ta 62 BUCOKOCMELiani30BaHUX,
WO [EeMOHCTPYE 3HauyWicTb sceHa pAns 6OiopisHOMaHITTA. BTpata sceHa 3HUXYE LWBMAKICTb
MiHepani3auii opraHiyHOi pe4oBMHM Ta NOPYLYE BanaHC a30Ty M BYrAeLto B I'pyHTI. AHani3 caHiTapHoro
CTaHy aceHeBMX HacapxeHb [paBobepexHoro Jlicocteny YkpaiHM mokasas, WO HanbiNbw ypaxkeHi
HacaKeHHsN 3HaxoaaTbCs B Yepkachbkilt Ta BiHHMUbBKIN 06nacTax, fe niowa BcuxaHHs nepesuiye 600
ra. OcHoBHMMM dakTOpamu aerpagaii € iHdekuii Hymenoscyphus fraxineus, nowkomxeHHs Agrilus
planipennis, 6aKkTepianbHi 3aXBOPIOBaHHSA Ta KOMMIEKCHWIA BNAUB canpoTpodHux rpubis. Pesynbtatu
TAKOX BKa3yHTb HA TICHWIM 3B’930K iHTEHCMBHOCTI YPaXeHHS 3 BiKOM AepeB, ryCTOTOK HaCamXeHb i
TUNOM I'PYHTY, WO AO3BONSE NPOrHO3YyBATU 30HM HAMBINLLLOIO PU3NKY

KniouoBi cnoBa: Fraxinus excelsior L.; Hymenoscyphus fraxineus; Agrilus planipennis; nicoi ekocuctemu;
CaHIiTapHMWIA CTaH niciB
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Abstract. The research relevance is determined by the need to summarise current knowledge on the
mechanisms of vitamin B1, and D, accumulation in Chlorella vulgaris and the factors determining
their biochemical variability in microalgae cultures. The study aimed to systematise literature
data for 2020-2025 and identify key factors regulating sterol metabolism and vitamin profile in
Chlorella vulgaris. The study was based on targeted information search, content analysis, critical
comparison, and qualitative synthesis of previous scientific works. Based on the analysis of sources,
the study demonstrated that the type of nutrient medium determined the level of micronutrients
in the biomass of Chlorella vulgaris. Mineral media provided stable growth but did not contain
cobalamin (vitamin By,), while organic substrates - liver extract, whey, permeates, and anaerobic
digestates demonstrated a higher potential for cell enrichment due to natural coenzymes, proteins
and trace elements. Cobalt ions (Co?*) were shown to promote greater accumulation of cobalamin
in biomass, while magnesium (Mg?*), zinc (Zn?*), iron (Fe2*/Fe3*) and copper (Cu?*) were substantial
cofactors for enzymes and transport systems that influenced sterogenesis. Regarding vitamin D,
(ergocalciferol), the literature confirmed the decisive role of ultraviolet radiation in the B range
(UV-B), which initiated the photoconversion of ergosterol. The intensity and spectral composition of
light determined the rate of sterol accumulation, while salinity, nitrogen or phosphorus deficiency,
and other stress factors contributed to increased lipidation and changes in the sterol pool. The study
determined that in the stationary phase of the culture, lipid and sterol fractions accumulated more
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intensively than during the period of active cell division. A generalised analysis of sources showed
that the most effective enrichment of Chlorella vulgaris with vitamins By, and D, is achieved by
combining organic nutrient media, an optimised lighting spectrum with a UV-B component, and a

controlled mineral composition of the medium

Keywords:
stress factors

. cobalamin; ergocalciferol; organic extracts; light spectrum; ergosterol; metal ions;

Introduction

Vitamin B,, ensures the synthesis of deoxyrib-
onucleic acid (DNA), normal functioning of the
nervous system and blood formation processes,
while vitamin D, participates in the regulation
of calcium metabolism, maintains bone tissue
health and performs an immunomodulatory func-
tion. Available epidemiological data indicate the
prevalence of deficiencies in these micronutri-
ents among various population groups, creating
a need for affordable and plant-based sources
of vitamins (Peshuk et al., 2024). Regarding vita-
min D,, a key limitation is that its formation in
microalgae depends on the availability of sterol
precursors and photochemical conditions, which
vary significantly in natural environments. Thus,
the determination of the potential of Chlorella as
a source of both vitamins is a relevant scientific
task that combines the issues of food security and
optimisation of biotechnological production.

To outline the nutritional potential of mi-
croalgae, O.V. Kozhemiaka & L.V. Peshuk (2023)
described Chlorella as a valuable component of
health and functional products. The study em-
phasised its pronounced biological activity and
potential for the creation of food supplements.
To summarise biotechnological approaches to
the intensive cultivation of Chlorella, V. Grish-
ko et al. (2024) systematised cultivation re-
gimes, performance parameters and areas of
practical application. Technological factors that
determine the quality of biomass in industri-
al and laboratory conditions were outlined. To
further analyse the vitamin composition of mi-
croalgae, J.A. Coronado-Reyes & J.C. Gonzalez-
Hernandez (2023) summarised the sources of

micronutrients in different types of algae. The
study highlighted the key features of vitamin pro-
file formation and the importance of microalgae
as alternative nutrient resources. In the direction
of studying the interaction of microalgae with
microbial communities, M. Ribeiro et al. (2023)
investigated lactobacilli from Chlorella photo-
bioreactors as potential producers of vitamin
B,,. The study established the ability of certain
strains to synthesise cobalamin and outlined the
prospects for their use in food technology.
Emphasising bioactive properties, R.A. Ham-
ouda et al. (2022) evaluated the antioxidant and
antitumour effects of Chlorella vulgaris extracts.
The study demonstrated significant activity of the
biomass in a series of biochemical tests, confirm-
ing its functional potential. In the context of the
need to control nutrient stability, M. Islam (2024)
analysed the consistency of vitamin B,, content
in commercial microalgae powders. Differenc-
es between product batches were recorded, and
their possible impact on the nutritional value of
the products was assessed. Within the framework
of analysing the interaction of microalgae with
soil microbial systems, C. Liu et al. (2025) showed
that a synthetic microalgal community stimulated
pepper growth on mineral substrates. The study
also demonstrated an enrichment of root endo-
phytic bacteria and fungi, which accompanied an
increase in plant biomass. In the context of study-
ing bioremediation processes, D.Zhao et al. (2025)
established the effectiveness of a consortium of
microalgae and bacteria in removing Cu?* ions
from water systems. In addition, the physiological
reactions of the co-culture were described, and
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an Artificial Neural Network (ANN) model for pre-
dicting detoxification efficiency was constructed.

Concerning the role of mineral nutrition,
M. Peng et al. (2025) determined changes in the
growth of Corethron sp. under the influence of
nitrogen, phosphorus, iron, and silicon. A simul-
taneous increase in lipid content and transfor-
mation of the fatty acid profile depending on
the combinations of nutrients was demonstrat-
ed. Emphasising light regulation of metabolism,
S.Maulana et al. (2025) evaluated the responses
of Navicula sp.to red and blue light. The results
demonstrated changes in lipid, protein, carbo-
hydrate, and pigment composition depending
on the spectral mode. Within the framework
of bioinformatic generalisation, A. Voshall et
al. (2021) compared sterol pathways in green
algae. Key enzymatic steps separating ergoster-
ol and phytosterol biosynthesis pathways were
identified. In the spectrum of functional appli-
cations, A.R. Mendes et al. (2024) systematised
data on the chemical components of Chlorella
vulgaris. A wide range of bioactive effects were
noted, determining its potential for food, med-
ical and feed technologies. Therefore, a com-
prehensive analysis of the presented research
suggests that varying the composition of the
nutrient medium (organic extracts, metal ions,
fixed C/N ratio) with controlled lighting param-
eters (including ultraviolet light) may be an
effective strategy for increasing the nutritional
value of Chlorella vulgaris biomass.

The study aimed to analyse current scien-
tific approaches to enriching Chlorella vulgaris
biomass with vitamins B,, and D, based on the
determination of various factors (lighting, nu-
trient medium composition) that influence the
synthesis and accumulation of these metabolites.
The objectives of the study were to determine the
conditions that influence the accumulation of vi-
tamins B,, and D, in Chlorella vulgaris, to charac-
terise changes in the sterol profile under different
light and nutrient regimes, and to evaluate the
role of organic substrates in modifying the bio-
chemical parameters of the culture.

Bortsiukh & Golub

Materials and Methods

The study was conducted in the format of a nar-
rative literature review, within which a systematic
review and qualitative analysis of publications
devoted to the mechanisms of vitamin B, ac-
cumulation, sterol metabolism regulation, and
vitamin D, biosynthesis in Chlorella vulgaris was
conducted. The initial stage of the information
search covered 412 publications found using
complex key queries in the Scopus, Web of Sci-
ence, PubMed, SpringerLink, Wiley Online Library,
ScienceDirect,MDPI,and Google Scholar databas-
es. After filtering by publication year (2020-2025),
completeness of experimental data, availability
of quantitative indicators, and relevance to the
areas of photovitaminogenesis, sterogenesis, and
Chlorella cultivation conditions, 136 sources were
retained. At the content filtering stage, works that
duplicated results, contained contradictory or un-
clear data, did not have a quantitative part, were
predominantly descriptive, and all Russian-lan-
guage publications were removed; a total of 87
materials were rejected. The final review corpus
consisted of 21 full-text sources that met the the-
matic, methodological, and quality criteria.

Search queries were formed using combined
keywords covering various aspects of the topic:
Chlorella vulgaris, ergosterol, vitamin D,, vitamin
B,, accumulation, UV-induced conversion, light
spectra, salinity stress, metal cofactors, nitrogen
limitation, lipid accumulation, photobioreactor
optimisation, and microalgae sterols.

The selected materials were summarised
through a structural analysis of the experimental
conditions, which included lighting parameters (in-
tensity, spectral composition, photoperiod), temper-
ature regimes, pH of the environment, salinity, con-
centrations of macro- and microelements, addition
of organic substrates (liver extracts, whey, permeate,
amino acid additives), ultraviolet (UV) irradiation re-
gimes - Ultraviolet A (UVA, long-wave UV radiation),
Ultraviolet B (UVB, medium-wave UV radiation) and
Ultraviolet C (UVC, short-wave UV radiation), as well
as stress factors, in particular the presence of heavy
metals, oxidative stress, salinity of the environment,
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nitrogen or phosphorus deficiency and their ratio.
The analysis covered various cultivation systems:
fermenters, stirred photobioreactors, tubular sys-
tems, thin-film installations and biofilm structures.

The results of different authors were com-
pared using a set of integrative parameters, which
formed a consistent model of factors that regulate
the biochemical composition of Chlorella vulgaris.
These parameters included: (1) vitamin B,, content
depending on the presence of microbial consor-
tia, sources of organic nitrogen, and cultivation
conditions; (2) ergosterol profile at different light
intensities, growth phases, and ion composition of
the medium; (3) vitamin D, content after photo-
chemical conversion of ergosterol under the ac-
tion of different ranges of UV irradiation; (4) lipid
metabolism, in particular changes in triglycerides,
polyunsaturated fatty acids and membrane lipids;
(5) the influence of mineral factors Mg+, Zn?*, Fe?*/
Fe3+, Cuz* as cofactors of sterogenesis enzymes;
(6) the influence of salinity, which has been con-
sidered a trigger for lipid and sterol accumulation;
(7) spectral dependence of growth and biochem-
ical composition, especially with regard to blue
and red light, which modulate lipid and pigment
synthesis in different ways; (8) the effect of or-
ganic stimulants, such as liver extracts containing
a complex of vitamins (in particular B,) and mi-
croelements capable of increasing biomass yield
with enriched elemental composition. Generali-
sation was achieved by comparing data between
studies and identifying common patterns, such as
the relationship between the content of cobala-
min and ergosterol in microalgae biomass and the
light spectrum, the influence of metal ions on the
synthesis and accumulation of corresponding me-
tabolites, the role of UV in the formation of D,, the
influence of growth phases on lipid dynamics and
the transition of metabolism to a stress regime.

Results
Vitamin D,: Biosynthesis, influence
of factors, peculiarities of microalgae cultivation
The biosynthesis of vitamin D, in microalgae is
noteworthy due to the specific mechanisms of

ergocalciferol formation. A. Voshall et al. (2021)
showed that in Chlorella, vitamin D, is formed
from its own sterols, in contrast to vitamin B,,,
which microalgae do not synthesise. The study
determined that the process involves two key
steps: first, sterogenesis, during which ergos-
terol is formed via the mevalonate pathway
(cycloartenol—lanosterol—ergosterol);  second,
photochemical conversion, in which ergosterol
is converted to pre-D, under the action of UV
light, which is then isomerised to ergocalcif-
erol. Researchers emphasise that it is the photo-
chemical conversion of sterols that is the critical
phase determining the final yield of vitamin D,
in green algae. A simplified diagram of the bio-
synthesis (according to the Kyoto Encyclopedia
of Genes and Genomes (KEGG)) of vitamin D, in
Chlorella vulgaris is shown in Figure 1. Under the
influence of ultraviolet light, ergosterol is photo-
chemically converted to previtamin D,, which is
further isomerised to ergocalciferol (vitamin D,).
The biosynthesis of ergosterol in microalgae is
influenced by the growth phase, light intensity
and spectrum, salt and metal content in the envi-
ronment, temperature, pH, and subsequent UV ir-
radiation, which converts ergosterol into vitamin
D,. In this context, C. Carlberg (2022) considered
the photoproduction of vitamin D in a broader
evolutionary framework, emphasising the role of
UV-dependent sterol conversions as an adaptive
mechanism that explains the variability of meta-
bolic responses in different groups of photosyn-
thetic organisms. C. Der et al. (2024) emphasised
the multifunctionality of sterols in cellular sig-
nalling processes and showed that their synthe-
sis is significantly modified under the influence of
environmental stress factors, which is consistent
with data on the sensitivity of microalgae to light
and chemical cultivation parameters. O.H. Ab-
delkarim et al. (2025) emphasised the species
diversity of microalgae as sources of sterols and
demonstrated that the level of ergosterol forma-
tion is determined by a combination of lighting,
medium composition and physiological state of
cultures, confirming the key role of environmental
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conditions in the regulation of sterol metabolism.
The study demonstrated that the ability of microal-
gae to produce sterols significantly depends on
their species and cultivation conditions, including
light regime, which shapes their different poten-
tial for vitamin D, photoproduction. M.F. Leung &
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P.C.K. Cheung (2021) summarised experimental
data on UV-induced vitamin D, synthesis in fungi
and provided quantitatively confirmed examples
of a sharp increase in its content after irradiation,
emphasising the universality of the photochemi-
cal mechanism among different eukaryotic groups.

Acetyl-CoA

Mevalonate

(Mevalonate patineay, enzyme: HMG-Ced reductase (EC 1.1.1.34))

TO;

(Enzyme: mevalonate dinase (EC 2.7.1.36), pyrophosphomevalonate kinase (EC
70S

Isopentenyl pyrophosphate

hate-decardoxyiase (EC 4.1.1.330)

P

AR X

2). mevalonate-3-

Famesvl Pyrophosphate
(Enzyme: farnesyipyrophosphantinase(EPPS) (EC 2.5.1.10))

Sau;dene )
(Ensyme:squalene fynthase(SOS, EC 2.5.1.21)

¥

(S) squalene epoxide
(Enzyme: squalene epoxidaze (SOS, EC 1.14.14.17))

4

(S)-Lanosterol
(Envme: oxidosaualene-lanosterol-~<velaze (0SC. EC 3.4.90.71

Zimosterol
(Enzyme: lanosterol-14a-demetiylose (CYP31, EC 1.14.14.154))

¥

Fecosterol
(Enxyme:424- sterol reductaze (ERGY, EC 1.3.1.72))

¥

Episterol
(Enzyme 48-47 ilomerase (ERG2, £C 5.3.3.3))

§-Dehvdroepisterol
(Enqyme: 47 -reauctase (ERG3, EC 1.3.1.21))

osta-§,7-dienol

E
I (Enzyme: 422. rgamra..e (ERGS, EC 1.14.19.41))

I (Enzme: 424028). oo 5264 EC1.3.172)

Erlosterol
(UV rzdiation)

JtamunD;
(srgocalcifrol)

Figure 1. Ergocalciferol biosynthesis by Chlorella microalgae
Source: compiled by the authors based on M. Durdakova et al. (2024), Kyoto Encyclopedia of Genes and Genomes (n.d.)
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T. Zhang & J. Long (2025) determined that
the intensity and spectral composition of light
directly determine the level of lipids and sterols
in green microalgae. The researchers showed
that increased light intensity stimulates Llipi-
dation in Chlorella vulgaris, increasing the pro-
portion of lipids from approximately 19.5% to
25.6% of dry weight (+31%), while in Chlorella
sorokiniana, blue light provides an accumulation
of about 34% lipids within 10 days of cultiva-
tion. The study emphasised that varying light
intensity and cultivation parameters acceler-
ate the formation of lipid and sterol fractions,
confirming the light dependence of the ana-
bolic pathways of green algae. A.N.M. Azhan
et al. (2025) showed that the spectral quality of
light, in particular blue radiation, modulates the
synthesis of fatty acids and chlorophyll, creating
favourable conditions for increased lipid forma-
tion in Chlorella sorokiniana, which is consistent
with the results regarding the potential for ster-
ol accumulation and photobiological regulation
of lipid metabolism. Trace elements, particularly
divalent metals, acted as cofactors in the enzy-
matic reactions of the sterol pathway, as mag-
nesium (Mg?") ensured stable enzyme function
and supported biomass growth, which indirectly
enhanced ergosterol accumulation, and the re-
sults of Y. Feng et al. (2021) showed that vary-
ing concentrations of available trace elements,
including Mg?, directly affected the intensity of
lipid metabolism, highlighting their regulatory
function in sterogenesis.

Zinc (Zn%) is a cofactor of numerous dehy-
drogenases and other enzymes involved in ster-
ol biosynthesis; it participates in the sequential
conversion of squalene to lanosterol and further
to ergosterol, i.e., it directly affects the key stages
of this metabolic pathway (Kyoto Encyclopedia of
Genes and Genomes, n.d.). Iron (Fez*/Fe3*) is sub-
stantial in the functioning of enzymes that en-
sure cellular respiration and energy metabolism,
creating conditions for the stable course of ster-
ol pathways. Copper (Cu?*) in low concentrations
can activate several oxidases and maintaining

the overall metabolic tone of the cell, which also
creates the conditions for enhanced ergoster-
ol synthesis. This is indicated by the results of
A.L. Souza & GJ. Patti (2021), who demonstrat-
ed that changes in the availability of transition
metals restructure the cell's metabolome and
affect the activity of metal-dependent enzymes.
This shift in metabolic flows enhances reactions
associated with lipid and sterol synthesis, thus
consistent with data on the importance of trace
elements in the regulation of sterologenesis. For
example, in yeast, where the mechanisms have
been studied in detail, the addition of zinc in-
creased the carbon flux towards ergosterol by
+28.6%. The presence of Zn?* and Cu?* enhanced
sterol synthesis even in the presence of inhib-
itors, while Fe deficiency reduced sterol levels
(Souza & Patti, 2021). A similar mechanism of
action is expected in microalgae. At the same
time, it should be emphasised that an excess of
any of these metals has a toxic effect on microal-
gae cells, reduces their viability and can inhibit
enzyme activity; therefore, the selection of trace
element concentrations is critical for optimising
cultivation conditions and increasing ergosterol
yield (Feng et al., 2021).

G. Salbitani & S. Carfagna (2021) showed
that forms of nitrogen can significantly affect
structural and energy metabolism in microal-
gae: ammonium, as a more “desert” substrate for
the cell, accelerates nitrogen assimilation and
affects the balance between protein and lipid
synthesis. The study also demonstrated that un-
der conditions of variable nitrogen availability,
cells switch to increased accumulation of energy
and structural lipids, which is consistent with a
possible increase in sterologenesis. Such meta-
bolic changes confirm that nitrogen compounds
are one of the key regulators that determine the
level of sterol formation in microalgae. The in-
crease in ergosterol content under conditions
of moderate salinity is also confirmed by data
from H.E.A. Ali et al. (2021), determining that
the combination of light and salt stress in Chlo-
rella vulgaris cultures activated lipid synthesis,
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enhanced the accumulation of sterol fractions,
and was accompanied by an increase in the
level of secondary metabolites, including ca-
rotenoids and antioxidants. Thus, moderate salt
stress acts as an effective trigger for increased
accumulation of ergosterol in microalgae. The
optimal parameters for Chlorella growth, a tem-
perature of 25-30°C and a pH of =7, are critical
for the activity of sterol pathway enzymes, which
is consistent with the findings of A.E. Kholif &
O.A. Olafadehan (2021), demonstrating that
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Chlorella vulgaris was highly sensitive to temper-
ature and pH shifts, which directly affected its
chemical composition and metabolic process-
es. The study noted that changes in the phys-
icochemical parameters of the environment can
significantly affect the synthesis of lipids, pro-
teins, and secondary metabolites, which indirect-
ly indicates the potential variability of the sterol
profile. A generalised description of the influ-
ence of certain factors on sterol biosynthesis in
microalgae is given in Table 1.

Table 1. The influence of certain factors on sterol biosynthesis in Chlorella microalgae

Factor Condition Effect

Lighting B I Increase in lipid content in C. vulgaris cells

intensity | \ncrease in sensitivity from ~19.5% to ~25.6% (=+31%).

Visible light Blue light On the 10t day of cultivation, C. sorokiniana cells showed an increase
spectrum (450-470 nm) in lipid content of =34.06% compared to other spectra.
. Y The addition of Zn2* ions to the yeast culture medium led
Zn2+jons té?l?letgj]lt?jfrezrrﬁe::loiﬂfn to a 28.6% increase in ergosterol content. A similar effect is
also expected for Chlorella microalgae.
Growth B The ergosterol content in the stationary phase of C. sorokiniana
phase Phase 2 (stationary) cultivation increased by 22.8% compared to the active growth phase.

Source: compiled by the authors based on A.E. Kholif & O.A. Olafadehan (2021), A.L. Souza & G.J. Patti (2021),
H.E.A. Ali et al. (2021), T. Zhang & J. Long (2025), A.N.M. Azhan et al. (2025)

Therefore, to increase ergosterol biosynthe-
sis and vitamin D, content in Chlorella biomass,
it is advisable to cultivate cells in a stationary
growth phase using stress factors (salinity),
provide lighting with blue spectrum elements,
maintain optimal temperature and pH, and add
microdoses of Zn and Fe.

Vitamin B,,: Accumulation mechanism, influence
of factors, peculiarities of microalgae cultivation

The Chlorella is considered a potential source of
vitamin B,,, but the presence of this micronutrient
depends on the activity of bacterial symbionts and
the form of the vitamin that accumulates, while
S.P.van den Oever & H.Mayer (2022) demonstrated
that microalgae-based products contained pre-
dominantly non-bioavailable forms of cobalamin
rather than its inactive analogues, which are una-
ble to perform physiological functions in the hu-
man body. The study also noted that the formation

of the active form of B,, depends on the presence
of specific bacterial producers, and their absence
in artificial cultivation conditions explains the
minimal level of this metabolite in Chlorella. This
approach demonstrates that the microbial envi-
ronment with which algae interact is central to
B,, accumulation, rather than the algae them-
selves. A comparative characterisation of vitamin
B,, content (true and substitutes) in different
types of microalgae is presented in Table 2.

Following Table 2, Chlorella grown in natural
conditions contains significant amounts of true
vitamin B,, (~100 mcg/100 g) and a few of its ana-
logues (<10 mcg/100 g). It has a positive effect on
B,, levels in the body. Artificially cultivated Chlo-
rella, especially under sterile conditions, contains
no or very little vitamin B,,, so it is not an effec-
tive source of it. Other microalgae, such as Spiruli-
na and AFA, are high in B,, analogues, which may
even impair the absorption of this vitamin.
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Table 2. Comparative table of B,, content in microalgae

Microalgae genus (19/1005) | (mog/100.9)” | on B, atatis i the human body
Spirulina ~35 ~120 negative
AFA (Aphanizomenon flos-aquae) ~30 ~570 negative
Nori (red algae) varies varies not determined
Chlorella (natural habitat) ~100 <10 positive
Chlorella (faerrtrlzlgrl]e;g)é)cultlvated, _ _ neutral

Source: compiled by the authors based on Vitamin B,, in algae: Spirulina, Chlorella and nori (n.d)

In contrast to bacteria, microalgae, in particu-
lar Chlorella vulgaris, are not capable of autono-
mous synthesis of cobalamin, since their genome
lacks the genes for biosynthesis of this coenzyme
(Peshuk et al., 2024). However, they can accumu-
late and store B,, that enters the environment
from exogenous sources. In natural ecosystems,
Chlorella obtained vitamin B,, through symbiosis
with producer bacteria, which secreted biologi-
cally active forms of cobalamin (methylcobalamin
and adenosylcobalamin) into the environment,
which were absorbed by algae cells through spe-
cialised transport systems. M. Peng et al. (2025)
demonstrated that the availability of macro- and
microelements significantly modified these met-
abolic processes, affecting the overall efficiency
of vitamin absorption. This effect is explained
by the synergy of metabolisms: bacteria provide
cobalamin, and microalgae create conditions for
their growth by releasing oxygen and organic
substrates. Thus, the study proved that co-culti-
vation of Chlorella with bacteria significantly in-
creases the content of biologically active B, in
biomass. The summary by B. Nowruzi et al. (2022)
demonstrates that the interaction between algae
and bacteria is multi-level: bacteria not only sup-
ply vitamin B,,, but also regulate the signalling
pathways and metabolic activity of algae. The
study noted that the exchange of nutrients, the
release of phytohormones, and the stabilisation
of the microenvironment create conditions in
which both groups of organisms function more
efficiently. This interdependence accounts for
a higher level of cobalamin in co-cultures com-
pared to microalgae monocultures (Fig. 2).
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Figure 2. Simplified scheme of B,, accumulation
in microalgae biomass

Source: compiled by the

K.P. Papadopoulos et al. (2023)

authors based on

In addition to symbiotic relationships with
producer microorganisms, a significant factor is
the presence of metal ions in the environment,
which can affect the level of B,, biosynthesis by
bacteria, the bioavailability of the vitamin, and the
efficiency of its accumulation by Chlorella cells.
Cobalt (Co?*) is the central atom in the structure of
cobalamin. The addition of cobalt ions to the en-
vironment stimulates both the synthesis of B,, by
bacteria (precoryne formation) and the accumula-
tion of the vitamin in microalgae (when co-cul-
tured with producer bacteria) (Kyoto Encyclopedia
of Genes and Genomes, n.d.). Some experiments
have shown that optimal concentrations (0.01-
0.1 mg/L) significantly increase the content of ac-
tive forms of vitamin B,, methylcobalamin, 5-de-
oxyadenosylcobalamin andhydroxycobalamin in
biomass (an increase of 7-12% compared to the
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control). X.Ji et al. (2021) further emphasised the
significance of cobalamin in “algae-bacteria” sys-
tems: the authors showed that the presence of an
external source of vitamin B,, alters the expres-
sion of proteins associated with nutrient uptake
and intercellular interaction. Under the influence
of cobalamin, the consortium demonstrated in-
creased metabolic activity, which was reflected in
better nitrogen and phosphorus uptake and more
active algae growth. This effect indicates that
even minor changes in coenzyme availability can
significantly affect the functioning of mixed cul-
tures and the accumulation of B, in algal biomass.

Zinc (Zn*), magnesium (Mg?) and iron (FeZ/
Fe3*) acted as cofactors for enzymes involved in
vitamin B,, metabolism and transport, while iron
additionally influenced the efficiency of electron
transport during photosynthesis, which enhanced
cobalamin uptake by cells, and L.M. Gonzilez-
Gonzalez & L.E. De-Bashan (2021) showed that
changing the mineral composition of the environ-
ment in mixed “microalgae-bacteria” systems di-
rected metabolic flows towards more intensive for-
mation of secondary metabolites, emphasising the
significance of micronutrient interactions. The re-
sults demonstrated that a balanced supply of metal
ions not only maintains enzymatic activity but also
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enhances cooperation between bacterial cobala-
min producers and algal cells, contributing to more
efficient accumulation of vitamin B,, in biomass.

Excessive concentrations of heavy metals
(Cu?, Niz*, Pb2) inhibited Chlorella growth and
reduced vitamin B,, absorption efficiency due
to oxidative stress, while controlled addition of
micronutrients, especially cobalt, could serve as a
tool to increase cobalamin content in microalgae
biomass. In this context, R.P. Singh et al. (2023)
demonstrated that different types of abiotic
stress, particularly metal-induced and osmotic
stress, significantly modified the metabolic ac-
tivity of microalgae, enhancing the accumulation
of lipids and secondary metabolites at moderate
metal concentrations, but causing metabolic dis-
orders and loss of biosynthetic potential at toxic
levels. B, transporters, homologous to bacterial
carrier proteins (BtuB, BtuFCD), function in the
cell membranes of microalgae. They ensure the
active transport of cobalamin across the mem-
brane, after which the vitamin is deposited in the
cytoplasm in the form of methyl- and adenosylco-
balamin. The presence of these systems explains
the ability of Chlorella to rapidly absorb exoge-
nous B, within a few hours after its addition to
the medium (Fig. 3).
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Figure 3. Mechanism of B,, transport into Chlorella cells
Source: compiled by the authors based on C. Nef et al. (2022), N. Zhao et al. (2024)

It is worth noting that in most eukaryotic cells
(including algae), vitamin B,, metabolism is not
uniform and occurs in several parts of the cell. In
microalgae, particularly Chlorella, the situation is

more complex. Studies show that B,,-dependent
methionine synthase (METH) may be present in
the cytoplasm and chloroplasts. At the same time,
no evidence of B,,-dependent methylmalonyl-CoA
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mutase, characteristic of animals, was found in many
green algae. This means that Chlorella most likely
uses B,, mainly in the cytoplasm and chloroplasts,
rather than in the mitochondria (Nef et al, 2022).
The Chlorella vulgaris can be cultivated on different
types of nutrient media: mineral (BG-11, Chu-10,
WG, LC Oligo), organic (whey, food processing waste,
meat extracts) and mixed (combinations of mineral
and organic components). The choice of medium de-
termines the growth rate, chemical composition of
cells and accumulation of vitamin B,,. Classic miner-
al media provide macro- and microelements (nitro-
gen, phosphorus, magnesium, potassium, iron, and
microelements), but do not contain vitamin B,,. For
species that depend on cobalamin, it must be added
separately, for example, in the form of an f/2 vitamin
solution. This is critical if the culture is maintained
under axenic conditions, i.e.,it is a pure culture with-
out any accompanying microorganisms, in particu-
lar B,,-producing bacteria. In such cases, microalgae
cannot obtain the vitamin from an external source
other than artificially added (Singh et al, 2023).

Different media have different effects on
growth and metabolism. For Chlorella vulgaris, the
study demonstrated that LC Oligo and Chu-10 me-
dia provide higher biomass productivity and alter
the carbohydrate-to-lipid ratio compared to WC,
where growth is less intense. Thus, in semi-contin-
uous cultivation, the specific growth rate is 0.84 d-!
in LC Oligo medium, 0.79 d* in Chu-10, and only
0.62 d*in WC, i.e., biomass productivity in LC Oligo
is almost 35% higher than in WC. The BG-11 me-
dium is one of the most common for phototrophic
microalgae cultivation due to its optimal content
of macroelements and microelements, which en-
sures stable growth and high biomass concentra-
tion (Ampofo & Abbey, 2022). In contrast, Tris-Ac-
etate-Phosphate (TAP) medium contains organic
carbon in the form of acetate, which ensures growth
of Chlorella in a mixotrophic mode, combining
photosynthesis with the use of an external source
of organic matter. This often leads to increased
growth rates and changes in biomass composition,
including greater lipid accumulation, although TAP
contains virtually no vitamin B, (Singh et al., 2023).

The ability of Chlorella to assimilate ammoni-
um, nitrate and urea is well known; ammonium is
often the most energy-efficient source of N when
pH is controlled, while urea or nitrate is better
for some strains. The correct selection of N form
increases growth rate and protein content. Some
studies indicate that urea can maintain higher
productivity and a more stable pH than nitrate,
which indirectly improves the physiological con-
dition of cells (Papadopoulos et al., 2023). The
transition to organic or waste-based substrates
(wWhey, permeates, anaerobic digestates, pig ma-
nure permeates, etc.) often increases growth
(mixo-/heterotrophy) and paves the way for the
intake of exogenous B,, through associated mi-
crobiota or vitamin content in the streams (Ali et
al., 2021). For Chlorella, the study demonstrated
that whey and permeates can increase biomass
yield relative to controls in several modes, pro-
vided that trace elements are corrected. Thus,
when 10% whey was added to the mineral nutri-
ent medium in fed-batch mode, biomass growth
increased to 17.2+1.3 g/L, although the lipid frac-
tion decreased to 20.5 +0.3%, which still exceeds
the control values (mineral medium). In mixed
media, “pig manure permeate +whey” (instead of
BG-11) achieves comparable or higher productiv-
ity due to the high content of N, P and organic
carbon; this also significantly reduces the cost of
media (Gonzalez-Gonzalez & De-Bashan, 2021).

Anaerobic digestates are another effective
source of nutrients and B,,. Studies have shown
that even when vegetable and fruit waste is used
as a substrate for fermentation, a significant
amount of cobalamin is produced, which can be
effectively accumulated by Chlorella vulgaris. With
this approach, the vitamin B,, content in the bio-
mass reaches 10.6 pg/g dry weight, which signifi-
cantly exceeds the level in standard mineral media
(Feng et al., 2021). Additionally, the concentration
of B,, in the digestate reached 13.8 pg/L at the
time of inoculation, and on day 13, Chlorella ab-
sorbed approximately 26% of the vitamin present
in the medium. The study also noted that ammo-
nia toxicity caused by high pH is a major growth
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limiter and can be overcome by adjusting the pH to
increase productivity (Papadopoulos et al., 2023).

The use of beef liver extract is notable. This
product is one of the richest natural sources of vi-
tamin B,, (up to 60-80 pg/100 g). The use of liver
extract as a component of the medium provides
not only a supply of cobalamin, but also proteins,
peptides and trace elements that further stim-
ulate growth. Patent developments since the
1980s have noted that the combination of liver
extract with optimal spectral lighting promotes
the intensive accumulation of B,, in Chlorella
cells (Der et al., 2024). Since Chlorella vulgaris is
unable to synthesise cobalamin, the most com-
mon approach to its enrichment is to add organic
substrates containing this vitamin to the culture
medium. Studies from the last decade (2015-
2025) show that organic extracts (meat, milk,
food waste) can significantly increase B,, levels
in biomass while stimulating cell growth (Sal-
bitani & Carfagna, 2021).Animal liver, particularly
beef liver, is one of the most concentrated natu-
ral sources of vitamin B,,, with a content of 60-
80 pg/100 g of product (Durdakova et al., 2024).
Therefore, liver extracts are most often used in
biotechnological experiments. Their advantage
lies not only in their high cobalamin content, but
also in the presence of proteins, peptides, iron
and trace elements, which further stimulate the
growth of Chlorella vulgaris (Zhang & Long, 2025).

As early as 1980-1990,a method for using Liv-
er extract to enrich Chlorella with vitamin B, was
patented in Japan (Kholif & Olafadehan, 2021).
The patent documents emphasised that the tech-
nological approach of combining such an extract
with controlled spectral lighting (blue range) pro-
vided a high level of vitamin accumulation. Mod-
ern studies have confirmed that the introduction
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of liver extract into the medium can significantly
increase the content of biologically active B,, in
Chlorella vulgaris biomass, as well as increase the
dry matter yield compared to mineral media (Sou-
za & Patti, 2021). Therefore, the liver is a particu-
larly promising substrate for microalgae cultiva-
tion. In addition to liver, milk whey, soy protein
hydrolysates, food waste extracts, and anaerobic
digestates are used as nutrient media (Mendes et
al., 2024). They may also contain traces of cobal-
amin synthesised by microbial communities and
serve as sources of readily available nitrogen and
organic carbon. However, these sources are inferi-
or to liver in terms of B,, content.

Thus, the use of organic extracts, in particular
liver extracts, for the cultivation of Chlorella vul-
garis has a dual effect: enrichment of biomass with
biologically active vitamin B,,, which is substantial
for the creation of functional foods (especially for
vegans and vegetarians); rational use of food and
meat industry waste, which is in line with modern
concepts of bioeconomics. Liver extract is one of
the richest organic sources of vitamin B,,; there-
fore, its use in the nutrient medium ensured a high-
er content of cobalamin in the biomass of Chlorella
vulgaris compared to other organic and mineral
substrates. Light is one of the key regulatory fac-
tors of Chlorella vulgaris growth and metabolism.
The intensity, duration and spectral composition of
light determine photosynthetic efficiency, pigment
content and the rate of metabolite biosynthesis,
including vitamin B,,. In general, increasing light
intensity stimulates the rate of photosynthesis and
biomass accumulation up to a certain limit, after
which photosaturation and photodestructive pro-
cesses occur. The optimal light intensity for Chlorel-
la vulgaris varies depending on the spectrum, cul-
tivation conditions and type of medium (Table 3).

Table 3. Light intensity ranges and their effect on Chlorella growth

llluminance range, pmol - m-2- s

Biological effect

~80 Beginning of noticeable growth
80-150 Efficient area: stimulation of growth and biomass accumulation
>150 Possible photo suppression (especially >200)

Source: compiled by the authors based on A.E.P. Cunha et al. (2023); B.M. de Brito et al. (2023)
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Continuous lighting (24/0) stimulates more
intensive growth but is sometimes accompanied
by a decrease in photosynthetic efficiency. An
alternative is to use 16/8 or 12/12 (light/dark)
modes, which mimic natural daily cycles and can
promote more stable metabolism (Bialevich et
al., 2022). Wavelength (spectral composition) is
a critical parameter for metabolism. Blue light
(450-470 nm) induces intense absorption by chlo-
rophyll @ and promotes increased photosynthetic
activity. Studies show that under blue light, Chlo-
rella accumulates more protein and vitamin B,
(Voshall et al., 2021). Red light (650-680 nm) acti-
vates photosystem Il and stimulates carbohydrate
biosynthesis, increasing biomass vyield (Liu et
al., 2025). Green light (520-550 nm) penetrates
the photobioreactor, improving cell illumination

in dense cultures. It is less effective for pigment
biosynthesis but can stabilise the photosynthetic
process in mixed lighting (Gao et al.,2023).A com-
bination of blue and red light is often found to be
most effective for the growth of Chlorella vulgaris,
as it provides a balance between photosynthetic
productivity and metabolite biosynthesis. Patent
and experimental studies have shown that the
potential technology of adding a source of B,,
(e.g., liver extract) in combination with blue light-
ing can increase the accumulation of cobalamin
in Chlorella cells (Ashaari et al., 2024). This con-
firms the substantial role of spectral conditions in
regulating vitamin biosynthesis and transport. A
general description of the factors and their influ-
ence on the accumulation of vitamin B,, by Chlo-
rella microalgae is provided in Table 4.

Table 4. The influence of certain factors on the accumulation of B,, in Chlorella microalgae

Factor Conditions/examples Effect on B2
Syrr\;lti);ﬁ&s %%C%tr;\i/g;ggrmm Increase in B,, content in biomass several times over
bacteria fﬁeudenreichii (exact figures were not provided by S. Maulana et al. (2025))
Addition of Co2* 7-12% increase in B,, in biomass compared to control
(0.01-0.1 mg/l) (Jietal,2021)
Metal ions Zn2+, Mg, Fez'/Fe Indirect stimulation of B,, (enzyme cofactors) absorption

(Gonzélez-Gonzélez & De-Bashan, 2021)

Excess of Cu?+, Ni2+, Pb2+

Decreased Chlorella growth and reduced B,, accumulation

(Singh et al., 2023)

BG-11, Chu-10, WC,
LC Oligo

Mineral media do not contain B,,; therefore, the vitamin must be

added externally (Ricky et al., 2022)

Environment TAP (mixotrophy, acetate)

Higher height and lipids, but low B,, levels (Ricky et al., 2022)

type
P Organic/waste substrates Increased biomass yield, exogenous B,, intake via associated
(whey, permeates) microbiota (Kashyap et al., 2025)
. B B,, content in biomass up to 10.6 pg/g dry weight;
c?inzgtg'l()écs SUb;S;??:uit \xgsett:\ble in th1e medium - 13.8 pg/I; absorption ~26% in 13 days
9 (Kolesovs & Semjonovs, 2023)
Organic Beef liver extract Significant increase in B,, and biomass; the patent describes the
extracts (60-80 mcg/100 g B,,) | method but does not provide numerical data (Ashaari et al., 2024)
. e Optimal intensity for growth; above — photostress
Light 80-150 pmol-m2- s (Cunha et al., 2023)
(integnsity 12/12 mode (light/dark) Stable metabolism, improved balance (Bialevich et al., 2022)
and Blue light (450-470 nm) Increased protein and B,, content (Kamolrat et al., 2023)
spectrum) Red light (650-680 nm) Increased protein and carbohydrate content (Gao et al., 2023)

Mixed blue +red

Most effective for growth and B,, (Gao et al., 2023)

Source: compiled by the authors

Thus, the accumulation of vitamin B,, in
Chlorella vulgaris largely depends on external
factors. The most effective strategies are the

use of organic extracts, anaerobic digestates
and co-cultivation with cobalamin-producing
bacteria, while optimal lighting conditions and
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the presence of metal ions act as additional reg-
ulators of this process.

Potential biotechnological applications

of Chlorella microalgae

Enriched with vitamin B,,, Chlorella vulgaris bio-
mass has a wide range of potential applications
in the food, feed, and pharmaceutical industries,
as well as in the bioeconomy. In the food industry,
Chlorella vulgaris is already used as a “superfood”
containing high levels of protein, essential amino
acids, fatty acids, pigments and trace elements.
Biomass enriched with vitamin B,, can be used
as a basis for functional products such as drinks,
protein bars or dietary supplements, especially for
people on vegan diets who lack natural sources
of cobalamin (Peshuk et al., 2024). In addition,
Chlorella can be a source of ergocalciferol (vita-
min D,), which is formed from ergosterol, a natu-
ral cell sterol, under the influence of UV radiation.
The additional D, content in the biomass enhanc-
es the functional value of the products by sup-
porting normal calcium metabolism, bone health
and immune function (Hamouda et al., 2022). In
animal husbandry, the use of microalgae not only
provides animals with an additional source of nu-
trients, but also improves their growth, immuni-
ty and reproductive functions. Enriched with B,
and D,, Chlorella helps to increase the content of
cobalamin and ergocalciferol in meat, milk and
eggs, reduces the need for synthetic premixes,
and is also a valuable component in fish farming
and aquaculture, where microalgae are a natural
part of the diet (Abdelkarim et al., 2025).

In pharmaceuticals and medicine, Chlorella
vulgaris, which contains biologically active forms
of vitamin B,, and ergocalciferol, can be used to
prevent and treat deficiencies of these vitamins,
which are a global problem and are associated
with anaemia, bone metabolism disorders, cogni-
tive dysfunction and an increased risk of cardio-
vascular disease. Enriched microalgae biomass is
considered a basis for the creation of functional
preparations capable of supporting the nervous
system, blood formation and bone health. In
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addition, Chlorella exhibits antioxidant, immuno-
modulatory, and detoxification properties, which
expand its therapeutic potential (Selvaraj, 2024).
Equally relevant is the use of microalgae in ecol-
ogy and economics. The use of by-products from
the food and meat industries, in particular liver
extracts, as components of nutrient media for
the cultivation of Chlorella vulgaris, combines the
utilisation of organic waste with the production
of biomass enriched with vitamin B,, (Zhang &
Long, 2025). This approach reduces production
costs and environmental impact while providing
high-quality raw materials for food, pharmaceu-
tical and feed purposes, which correlate with the
principles of sustainable development.

Discussion

The results showed that vitamin D, formation
in Chlorella is a multi-component process in
which ergosterol synthesis and its subsequent
photochemical transformations under the ac-
tion of ultraviolet light were central. An increase
in light intensity and a change in the spectrum
were accompanied by an increase in the lipid
pool by about one-third, which simultaneously
increased the potential for sterol accumulation
and created favourable conditions for the for-
mation of D,. Salt stress also had a significant
effect on this process: the addition of 300 ppm
NaCl in combination with the late growth phase
resulted in a 28-43% increase in ergosterol, re-
flecting the adaptive restructuring of cells under
osmotic stress. The action of microelements was
also substantial: changes in the concentrations
of Mg?, Zn?* and Fe2*/Fe3* modified the activity
of enzymes involved in the sterol pathway, pro-
moting the formation of ergosterol. Maintaining
optimal temperature conditions (25-30°C) and
neutral pH further stabilised sterol metabolism
and maintained its intensity.

Among the studies investigating the ability
of microalgae to accumulate cobalamin under
various conditions, the most notable were those
by B. Xu et al. (2021) and A. Tzachor et al. (2024).
B. Xu et al. determined that Chlorella can absorb
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vitamin B,, more efficiently in mixed cultures:
the combination of microalgae with fungi and
the presence of organic substrate and available
cobalt ions in the environment significantly en-
hanced the accumulation of active forms of co-
balamin in cells. The study also emphasised that
the concentration of trace elements and the type
of environment determined whether microalgae
could absorb B, in a biologically available form.
A study by A. Tzachor et al. demonstrated that
light regimes have a significant effect on the ac-
cumulation of active vitamin B,,. The researchers
showed that the combination of light intensity,
spectrum, and culture growth stage determined
how effectively cells were able to accumulate B,,.
Compared to these studies, the present study cov-
ered a wider range of conditions that influenced
the enrichment of Chlorella biomass with active
forms of cobalamin: cobalt availability, type of
medium, interaction with microorganisms, growth
phase, salinity level, light intensity, and the pres-
ence of moderate stress factors. This approach
provided a more comprehensive overview of the
parameters that ensure the maximum content of
bioavailable B,, in microalgae biomass.

Within the scope of studies devoted to bio-
logically active components of microalgae, L. Kla-
mann et al. (2023) and A.W. Almutairi et al. (2021)
examined factors influencing the metabolism
and accumulation of key compounds. The study
by L.Klamann et al. analysed the conditions under
which phototrophic and mixotrophic cultures of
different species of Lemnaceae can accumulate
bioavailable vitamin B,,. The study demonstrat-
ed that cobalamin levels increased sharply in
the presence of available micronutrients, organic
carbon, and stable interaction with producer bac-
teria. Although the model objects differed from
Chlorella, the study outlined the main conditions
necessary for the accumulation of active forms
of B,,. This idea is consistent with the results of
analysis by A.W. Almutairi et al. on the lipid re-
actions of Chlorella vulgaris at elevated salinity.
The results confirmed that stressful conditions
can activate metabolic pathways, but the authors

did not analyse the absorption or accumulation of
cobalamin. The present study complements these
findings by incorporating the conditions that de-
termine the uptake and accumulation of B,,, the
role of trace elements, light, bacterial symbionts,
and environmental characteristics.

In the field of research on alternative sources
of nutrients and conditions for the accumulation
of vitamin B,, by microalgae, the results of S. Sul-
tana et al. (2023) and F.Bunbury et al. (2022) were
substantial. S. Sultana et al. demonstrated that
not all marine bacteria that produce cobalamin
release it into the environment in quantities suf-
ficient for assimilation by microalgae. The study
emphasised that the availability of active forms
of B,, significantly depends on the bacterial strain
and environmental characteristics, which ex-
plains the limited accumulation of this vitamin in
microalgae under artificial cultivation conditions.
The results of F. Bunbury et al. supplemented this
observation: the study found that effective B,
uptake by microalgae is only possible with close
and prolonged contact with producing bacteria.
The study demonstrated that the stability of the
interaction and the availability of metabolically
active forms of cobalamin determine the actual
level of its accumulation in cells. Compared to
these sources, this study covered a wider range
of factors, as it included an assessment not only
of the bacterial supply of B,,, but also of the role
of trace elements, salt and light triggers, and en-
vironmental conditions that affect the further ac-
cumulation of the vitamin - blocks that were not
considered in the aforementioned studies.

Within the scope of studies that intersected
with the topic of the biochemical quality of mi-
croalgae, the most relevant in terms of content
were the studies by E. Barber-Lluch et al. (2021)
and CY. Tong et al. (2025). E. Barber-Lluch et
al. showed significant variability in vitamin B,
concentrations in the coastal waters of the north-
western Pyrenean shelf, which was determined by
hydrological conditions and the activity of micro-
bial communities. The study emphasised that the
unstable availability of cobalamin in the natural
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environment directly affects the ability of mi-
croalgae to accumulate biologically active forms
of B,,. C.Y. Tong et al. demonstrated that co-culti-
vation of Chlorella sorokiniana with bacteria that
overproduce vitamins resulted in synergistic bio-
mass growth, increased lipid content, and more
efficient uptake of B,, into cells. The study deter-
mined that bacterial producers can compensate
for cobalamin deficiency in the environment and
create conditions under which microalgae accu-
mulate significantly more vitamin than under au-
totrophic cultivation. Compared to these studies,
the study provided a broader analytical context,
as it additionally covered the influence of light
regimes, salinity, metal cofactors, nitrogen sourc-
es, and growth stages on the accumulation of B,,
and sterols. Aspects such as regulated availabili-
ty of micronutrients, UV-dependent sterol trans-
formations, and stress factors were not consid-
ered in the studies by E. Barber-Lluch et al. and
C.Y. Tong et al., which renders the presented re-
view more comprehensive.

The analytical field of research was expand-
ed by A. Ahirwar et al. (2024) and S. Vogeler et
al. (2021). A. Ahirwar et al. considered fermenta-
tion approaches to increasing the nutritional val-
ue of algal biomass but did not analyse the ac-
cumulation of vitamin B,,, the role of metals, the
conditions for sterol synthesis, or the photochem-
ical formation of D,. S. Vogeler et al. studied the
distribution of B, in the tissues of bivalve mol-
luscs to evaluate natural sources of micronutri-
ents, but the mechanisms of B, accumulation by
microalgae, the effect of trace elements, salinity,
and light regimes were not evaluated. Compared
to these studies, the presented research provided
a broader picture of the processes, as it combined
the mechanisms of B, and D, synthesis, the sterol
pathway, UV conversion of ergosterol, the influ-
ence of Mg%, Zn?+, Fe?*/Fe®, and the addition of
organic substrates. This demonstrated the factors
regulating the biochemical composition of Chlo-
rella, which previous studies had not covered.

Within the scope of studies on light regimes,
stress factors and metabolic changes in microalgae,
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the most relevant were those by B.A.Pessi & O.Ber-
nard (2024) and K. Gopalakrishnan et al. (2024).
B.A. Pessi & O.Bernard modelled the dynamics of
metabolic flows in the “microalgae-bacteria” sym-
biosis, identifying the conditions that stimulated
lipid synthesis under the action of regulators, in
particular biotin, but the work did not cover the
sterol pathway and the photochemical formation
of vitamin D,. K. Gopalakrishnan et al. analysed
the co-cultivation of microalgae and bacteria in
wastewater to increase biomass productivity, but
the influence of salinity, the role of trace elements
and the accumulation of ergosterol were not con-
sidered. In contrast to these approaches, the pre-
sented study exceeded the scope of assessment
of growth parameters and covered the full range
of biochemical processes: ergosterol synthesis,
its modulation by metals, the response of cells to
different light spectra and salinity, as well as the
photoconversion of ergosterol to vitamin D,. This
breadth of coverage formed a holistic view of the
mechanisms of sterol and calciferol accumulation,
which was not presented in the aforementioned
studies. A summary of the results showed that
this work formed a comprehensive multifactori-
al model of the conditions that determined the
accumulation of cobalamin by microalgae, from
interaction with bacterial producers to the role
of organic substrates, trace elements, lighting
and stress factors, offering a much broader and
deeper analytical approach than previous studies.

Conclusions
A summary of the literature data shows that Chlo-
rella vulgaris biomass is a promising source of
functional nutrients, in particular vitamins B,, and
D,. Due to the lack of endogenous synthesis sys-
tems, the accumulation of cobalamin in microal-
gae cells depends on its external supply; therefore,
the type of nutrient medium and the availabil-
ity of exogenous sources of vitamin B, are sub-
stantial. Organic media (liver extract, whey, food
processing waste) provide a significantly higher
B,, content in microalgae biomass compared to
classic mineral media (BG-11, Chu-10, WC(). Light
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conditions are an additional regulator: blue light
stimulates photosynthetic activity and transport
systems, promoting better vitamin absorption. A
substantial factor is the presence of metal ions
in the medium, in particular cobalt, which is part
of cobalamin, and other trace elements that indi-
rectly affect the overall metabolism of Chlorella
microalgae and the accumulation of vitamin B,,.

Vitamin D, synthesis in Chlorella vulgaris is
based on the photochemical conversion of er-
gosterol under the action of UV radiation, which
confirms the analogy with the mechanisms in
fungi. The yield of ergocalciferol depends on light
parameters, nitrogen nutrition, the C:N ratio, and
the state of the photosynthetic apparatus. Metal
ions (Mg, Fe, Zn) are essential cofactors for sterol
metabolism, while excess Cu or Zn can induce ox-
idative stress and alter the sterol balance. Stress
factors are an additional regulator of productivity.
Increased salinity stimulates metabolic restructur-

Thus, effective enrichment of Chlorella vul-
garis biomass with vitamins B,, and D, is pos-
sible when several factors are combined: the
use of organic media containing exogenous co-
balamin; an optimal light spectrum (blue and
UV-B ranges); controlled mineralisation of the
medium, incorporating metal ions; and the ap-
plication of stress conditions that stimulate the
accumulation of lipids and sterol precursors.
This creates the possibility of simultaneously
obtaining biomass enriched not only with B,,,
but also with D,, which increases its functional
value for food, pharmaceutical and nutraceuti-
cal products. Further research should address
optimisation of the cultivation conditions of
Chlorella vulgaris to increase the production of
vitamins B,, and D,, improving light and miner-
al regimes, and clarifying the key biochemical
mechanisms of their accumulation.

ing and promotes lipid accumulation, which can Acknowledgements

also affect the sterol pool associated with D, syn-  None.

thesis. At the same time, the growth prophase (log-

arithmic stage) is critical for the active synthesis Funding

of biomass and metabolites, while in the station-  None.

ary growth stage, the accumulation of lipids and

certain vitamins is higher, which must be consid- Conflict of Interest

ered in the optimisation of cultivation conditions.  None.

References

[1] Abdelkarim, O.H., Wijffels, R.H., & Barbosa, M.J. (2025). Exploiting microalgal diversity for sterol
production. Frontiers in Plant Science, 16, article number 1616863.doi: 10.3389/fpls.2025.1616863.

[2] Ahirwar, A, et al. (2024). Fermentation of algal biomass for its nutritional value: Perspectives
and revolutions in the food industry. Environmental Technology Reviews, 13(1), 1-28.
doi: 10.1080/21622515.2023.2283097.

[3] Ali, H.EA., El-Fayoumy, E.A., Rasmy, W.E., Soliman, R.M., & Abdullah, M.A. (2021). Two-stage
cultivation of Chlorella vulgaris using light and salt stress conditions for simultaneous production
of lipid, carotenoids, and antioxidants. Journal of Applied Phycology, 33(1), 227-239. doi: 10.1007/
s10811-020-02308-9.

[4] Almutairi, AW., El-Sayed, A.EK.B., & Reda, M.M. (2021). Evaluation of high salinity adaptation
for lipid bio-accumulation in the green microalga Chlorella vulgaris. Saudi Journal of Biological
Sciences, 28(7), 3981-3988. doi: 10.1016/j.5jbs.2021.04.007.

[5] Ampofo, J.,, & Abbey, L. (2022). Microalgae: Bioactive composition, health benefits, safety

and prospects as potential high-value ingredients for the functional food industry. Foods, 11(12),
article number 1744. doi: 10.3390/foods11121744.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6


https://doi.org/10.3389/fpls.2025.1616863
https://doi.org/10.1080/21622515.2023.2283097
https://doi.org/10.1007/s10811-020-02308-9
https://doi.org/10.1007/s10811-020-02308-9
https://doi.org/10.1016/j.sjbs.2021.04.007
https://doi.org/10.3390/foods11121744

[6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Bortsiukh & Golub

Ashaari, A., lehata, S., Kim, H-J., & Rasdi, N.W. (2024). Recent advancement of zooplankton enriched
with nutrients and probiotic isolates from aquaculture systems: A review. Journal of Applied Animal
Research, 52(1), article number 2417052. doi: 10.1080/09712119.2024.2417052.

Azhan, A.N.M., Mahari, WA.W., Razali, WAW., Amri, B.K.M., Kamaruzzan, AS., & Lam, S.S. (2025).
Influence of wavelength-specific light on growth, chlorophyll synthesis, fatty acid,and carbohydrate
production in Chlorella sorokiniana. Energy & Environment. doi: 10.1177/0958305X251379782.
Barber-Lluch,E.,Joglar,V.,Moreiras, G., Ledo,J).M., Gago-Martinez,A.,Fernandez,E., & Teira,E.(2021).
Variability of vitamin B,, concentrations in waters along the Northwest Iberian shelf. Regional
Studies in Marine Science, 42, article number 101608. doi: 10.1016/j.rsma.2020.101608.

Bialevich, V., Zachleder, V., & BiSova, K. (2022). The effect of variable light source and light
intensity on the growth of three algal species. Cells, 11(8), article number 1293. doi: 10.3390/
cells11081293.

Bunbury, F., Deery, E., Sayer, A.P.,, Bhardwaj, V., Harrison, E.L., Warren, MJ., & Smith, A.G. (2022).
Exploring the onset of B,-based mutualisms using a recently evolved Chlamydomonas auxotroph
and B,,-producing bacteria. Environmental Microbiology, 24(7), 3134-3147. doi: 10.1111/1462-
2920.16035.

Carlberg, C. (2022). Vitamin D in the context of evolution. Nutrients, 14(15), article number 3018.
doi: 10.3390/nu14153018.

Coronado-Reyes, J.A., & Gonzalez-Hernandez, J.C. (2023). Vitamins from microalgae. In E. Jacob-
Lopes, M.I. Queiroz, M.M. Maroneze & L.Q.Zepka (Eds.), Handbook of food and feed from microalgae:
Production, application, regulation, and sustainability (pp. 111-115). London: Academic Press.
doi: 10.1016/B978-0-323-99196-4.00026-7.

Cunha, A.E.P, Satiro, J.R., Escobar, B.P., & Simdes, R.M.S. (2023). Chlorella vulgaris growth, pigment
and lipid accumulation: Effect of progressive light and hydrogen peroxide exposure. Journal
of Chemical Technology & Biotechnology, 98(2), 442-450. doi: 10.1002/jctb.7256.

de Brito, B.M., Campos, V.D.M., Neves, F.J., Ramos, L.R., & Tomita, L.Y. (2023). Vitamin B,, sources
in non-animal foods: A systematic review. Critical Reviews in Food Science and Nutrition, 63(26),
7853-7867.doi: 10.1080/10408398.2022.2053057.

Der, C., Courty, PE., Recorbet, G., Wipf, D., Simon-Plas, F., & Gerbeau-Pissot, P. (2024). Sterols,
pleiotropic players in plant-microbe interactions. Trends in Plant Science, 29(5), 524-534.
doi: 10.1016/j.tplants.2024.03.002.

Durdakova, M., Kolackova, M., Ridoskova, A., Cernei, N., Pavelicova, K., Urbis, P, Richtera, L., Pelcova,
P.,Adam, V., & Huska, D. (2024). Exploring the potential nutritional benefits of Arthrospira maxima
and Chlorella vulgaris: A focus on vitamin B,,, amino acids, and micronutrients. Food Chemistry, 452,
article number 139434.doi: 10.1016/j.foodchem.2024.139434.

Feng, Y., Xiao, J., Cui, N., Zhao, Y., & Zhao, P. (2021). Enhancement of lipid productivity and self-
flocculation by cocultivating Monoraphidium sp. FXY-10 and Heveochlorella sp. Yu under mixotrophic
mode. Applied Biochemistry and Biotechnology, 193(10), 3173-3186. doi: 10.1007/s12010-021-
03593-x.

Gao, Y., Bernard, O., Fanesi, A., Perré, P., & Lopes, F. (2023). The impact of light/dark regimes
on structure and physiology of Chlorella vulgaris biofilms. Frontiers in Microbiology, 14, article
number 1250866. doi: 10.3389/fmicb.2023.1250866.

Gonzalez-Gonzalez, L.M., & De-Bashan, L.E. (2021). Toward the enhancement of microalgal
metabolite production through microalgae-bacteria consortia. Biology, 10(4), article number 282.
doi: 10.3390/biology10040282.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6

109


https://doi.org/10.1080/09712119.2024.2417052
https://doi.org/10.1177/0958305X251379782
https://doi.org/10.1016/j.rsma.2020.101608
https://doi.org/10.3390/cells11081293
https://doi.org/10.3390/cells11081293
https://doi.org/10.1111/1462-2920.16035
https://doi.org/10.1111/1462-2920.16035
https://doi.org/10.3390/nu14153018
https://doi.org/10.1016/B978-0-323-99196-4.00026-7
https://doi.org/10.1002/jctb.7256
https://doi.org/10.1080/10408398.2022.2053057
https://doi.org/10.1016/j.tplants.2024.03.002
https://doi.org/10.1016/j.foodchem.2024.139434
https://doi.org/10.1007/s12010-021-03593-x
https://doi.org/10.1007/s12010-021-03593-x
https://doi.org/10.3389/fmicb.2023.1250866
https://doi.org/10.3390/biology10040282

110

Chlorella vulgaris microalgae as a potential source of vitamins B,, and D,

[20] Gopalakrishnan, K., Wager, Y.Z., & Roostaei, J. (2024). Co-cultivation of microalgae and bacteria
for optimal bioenergy feedstock production in wastewater by using response surface methodology.
Scientific Reports, 14, article number 20703. doi: 10.1038/s41598-024-70033-1.

[21] Grishko, V., Zotsenko, V., Bogatko, N., & Ostrovskiy, D. (2024). Biological features, biotechnology,
cultivation and areas of stagnation of microscopic single-cell algae of the genus Chlorella: (Review
of the literature). Scientific Messenger of LNU of Veterinary Medicine and Biotechnologies. Series:
Agricultural Sciences, 26(101), 329-340. doi: 10.32718/nvlvet-a10150.

[22] Hamouda,R.A.,ELLatif,A.A.,Elkaw, E.M.,Alotaibi,A.S.,Alenzi,A.M., & Hamza,H.A.(2022).Assessment
of antioxidant and anticancer activities of microgreen alga Chlorella vulgaris and its blend
with different vitamins. Molecules, 27(5), article number 1602. doi: 10.3390/molecules27051602.

[23] Islam, M. (2024). The consistency of vitamin B,, in marketed microalgae powders. International Journal
of Agricultural Research, Innovation and Technology, 14(2), 146-152. doi: 10.3329/ijarit.v14i2.79425.

[24] Ji, X, Luo, X., Zhang, J., & Huang, D. (2021). Effects of exogenous vitamin B,, on nutrient removal
and protein expression of algal-bacterial consortium. Environmental Science and Pollution Research,
28(13),15954-15965. doi: 10.1007/s11356-020-11720-0.

[25] Kamolrat,N.,Kamuang,S.,Khamket, T.,Sangmek, P., & Sitthaphanit,S.(2023).The effect of optimum
photoperiod from blue LED light on growth of Chlorella vulgaris in photobioreactor tank. Natural
Life Sciences Communications, 22(3), article number e2023038. doi: 10.12982/NLSC.2023.038.

[26] Kashyap, S., Das, N., Kumar, M., Mishra, S., Kumar, S., & Nayak, M. (2025). Poultry litter extract
as solid waste supplement for enhanced microalgal biomass production and wastewater treatment.
Environmental Science and Pollution Research. doi: 10.1007/s11356-025-35900-y.

[27] Kholif, A.E., & Olafadehan, O.A. (2021). Chlorella vulgaris microalgae in ruminant nutrition:
A review of the chemical composition and nutritive value. Annals of Animal Science, 21(3), 789-806.
doi: 10.2478/a0as-2020-0117.

[28] Klamann, L., Dutta, R., Ghazaryan, L., Sela-Adler, M., Khozin-Goldberg, I., & Gillor, O. (2023).
Cobalamin production in phototrophic and mixotrophic cultures of nine duckweed species
(Lemnaceae). bioRxiv. doi: 10.1101/2023.10.31.564895.

[29] Kolesovs,S., & Semjonovs, P.(2023). Microalgal conversion of whey and lactose containing substrates:
Current state and challenges. Biodegradation, 34(5), 405-416. doi: 10.1007/s10532-023-10033-6.

[30] Kozhemiaka, OV., & Peshuk, LV. (2023). Chlorella as a biologically active component
in the technology of health and wellness products. Journal of Chemistry and Technologies, 31(2),
230-239.doi: 10.15421/jchemtech.v31i2.275148.

[31] Kyoto Encyclopedia of Genes and Genomes.(n.d.). Steroid biosynthesis - reference pathway.Retrieved
from https://www.kegg.jp/pathway/map00100?utm_source.

[32] Leung, M.F., & Cheung, P.C.K.(2021).Vitamins D and D, in cultivated mushrooms under ultraviolet
irradiation and their bioavailability in humans: A mini-review. International Journal of Medicinal
Mushrooms, 23(11), 1-15. doi: 10.1615/InyMedMushrooms.2021040390.

[33] Liu, C., Wei, H., Ru, S., Wang, W., Li, Z., Liu, L., Song, X., & Wang, J. (2025). Synthetic microalgae
community promotes chili growth planted in waste stone powder by enriching beneficial root
endophytic bacteria and fungi. Plant and Soil. doi: 10.1007/s11104-025-08011-3.

[34] Maulana, S., et al. (2025). Effect of red and blue light on lipid, protein, carbohydrate, and pigment
contents of Navicula sp. Makara Journal of Science, 29(3),411-421. doi: 10.7454/mss.v29i3.2197.

[35] Mendes,A.R., Spinola, M.P, Lordelo, M., & Prates, J.A.M. (2024). Chemical compounds, bioactivities,
and applications of Chlorella vulgaris in food, feed and medicine. Applied Sciences, 14(23), article
number 10810. doi: 10.3390/app142310810.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6


https://doi.org/10.1038/s41598-024-70033-1
https://doi.org/10.32718/nvlvet-a10150
https://doi.org/10.3390/molecules27051602
https://doi.org/10.3329/ijarit.v14i2.79425
https://doi.org/10.1007/s11356-020-11720-0
https://doi.org/10.12982/NLSC.2023.038
https://doi.org/10.1007/s11356-025-35900-y
https://doi.org/10.2478/aoas-2020-0117
https://doi.org/10.1101/2023.10.31.564895
https://doi.org/10.1007/s10532-023-10033-6
https://doi.org/10.15421/jchemtech.v31i2.275148
https://www.kegg.jp/pathway/map00100?utm_source
https://doi.org/10.1615/IntJMedMushrooms.2021040390
https://doi.org/10.1007/s11104-025-08011-3
https://doi.org/10.7454/mss.v29i3.2197
https://doi.org/10.3390/app142310810

Bortsiukh & Golub

[36] Nef, C, Dittami, S., Kaas, R., Briand, E., Noél, C., Mairet, F., & Garnier, M. (2022). Sharing vitamin B,,
between bacteria and microalgae does not systematically occur: Case study of the haptophyte
Tisochrysis lutea.Microorganisms,10(7),article number 1337.d0i:10.3390/microorganisms10071337.

[37] Nowruzi, B., Shishir, A., Porzani, SJ., & Ferdous, U.T. (2022). Exploring the interactions
between algae and bacteria. Mini Reviews in Medicinal Chemistry, 22(20), 2596-2607.
doi: 10.2174/1389557522666220504141047.

[38] Papadopoulos, K.P,, et al. (2023). Vitamin B,, bioaccumulation in Chlorella vulgaris grown on food
waste-derived anaerobic digestate. Algal Research, 75, article number 103290. doi: 10.1016/].
algal.2023.103290.

[39] Peng, M, Liu, P, Peng, R., Jiang, X., Li, S., & Jiang, M. (2025). Effects of nitrogen, phosphorus, iron,
and silicon on the growth, total lipid content, and fatty acid composition of the diatom Corethron
sp.Journal of Applied Phycology. doi: 10.1007/s10811-025-03716-5.

[40] Peshuk, LV., Prykhodko, D.Y., Kozhemiaka, OV., & Petrenko, S.A. (2024). Green algae: Focus
on innovation, functionality and naturalness. Journal of Chemistry and Technologies, 32(1), 138-152.
doi: 10.15421/jchemtech.v32i1.288749.

[41] Pessi,B.A., & Bernard, O. (2024). Dynamical metabolic model for optimizing biotin-regulated lipid
production in microalgae-bacteria symbiosis. IFAC-PapersOnLine, 58(14), 151-156. doi: 10.1016/].
ifacol.2024.08.329.

[42] Ribeiro,M.,Maciel,C.,Cruz,P.,Darmancier,H.,Nogueira,T., Costa, M., Laranjeira,J.,Morais,RM.S.C., &
Teixeira, P. (2023). Exploiting potential probiotic lactic acid bacteria isolated from Chlorella
vulgaris photobioreactors as promising vitamin B,, producers. Foods, 12(17), article number 3277.
doi: 10.3390/foods12173277.

[43] Ricky,R.,Chiampo,F., & Shanthakumar, S.(2022). Efficacy of ciprofloxacin and amoxicillin removal
and the effect on the biochemical composition of Chlorella vulgaris. Bioengineering, 9(4), article
number 134. doi: 10.3390/bioengineering9040134.

[44] Salbitani, G., & Carfagna, S. (2021). Ammonium utilization in microalgae: A sustainable method
for wastewater treatment. Sustainability, 13(2), article number 956. doi: 10.3390/su13020956.

[45] Selvaraj, H. (2024). Unlocking the potential of Chlorella vulgaris: Bioactivity and multifunctional
uses. Natural Product Research. doi: 10.1080/14786419.2024.2384087.

[46] Singh, R.P., Yadav, P,, Kumar, I., Solanki, M.K., Roychowdhury, R., Kumar, A., & Gupta, R.K. (2023).
Advancement of abiotic stresses for microalgal lipid production and its bioprospecting
into sustainable biofuels. Sustainability, 15(18), article number 13678. doi: 10.3390/su151813678.

[47] Souza, A.L., & Patti, GJ. (2021). A protocol for untargeted metabolomic analysis: From sample
preparation to data processing. In V. Weissing & M. Edeas (Eds.), Mitochondrial medicine: Volume 2:
Assessing mitochondria (pp. 357-382). New York: Springer. doi: 10.1007/978-1-0716-1266-8_27.

[48] Sultana,S.,Bruns,S.,Wilkes, H., Simon, M., & Wienhausen, G. (2023).Vitamin B,, is not shared by all
marine prototrophic bacteria with their environment. ISME Journal, 17(6), 836-845. doi: 10.1038/
s41396-023-01391-3.

[49] Tong, C.Y., Tomita, H., Miyazaki, K., Chieh, D.CJ., & Honda, K. (2025). Synergistic enhancement
of biomass and lipid productivity in Chlorella Sorokiniana co-cultured with vitamins-overproducing
Escherichia Coli. Retrieved from https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5351723.

[50] Tzachor, A.,van den Oever, S.P,, Mayer, H.K., Asfur, M., Smidt-Jensen, A., Geirsdottir, M., Jensen, S., &
Smarason, B.O. (2024). Photonic management of Spirulina (Arthrospira platensis) in scalable
photobioreactors to achieve biologically active unopposed vitamin B,,. Discover Food, 4(1), article
number 69. doi: 10.1007/s44187-024-00152-1.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6

111


https://doi.org/10.3390/microorganisms10071337
https://doi.org/10.2174/1389557522666220504141047
https://doi.org/10.1016/j.algal.2023.103290
https://doi.org/10.1016/j.algal.2023.103290
https://doi.org/10.1007/s10811-025-03716-5
https://doi.org/10.15421/jchemtech.v32i1.288749
https://doi.org/10.1016/j.ifacol.2024.08.329
https://doi.org/10.1016/j.ifacol.2024.08.329
https://doi.org/10.3390/foods12173277
https://doi.org/10.3390/bioengineering9040134
https://doi.org/10.3390/su13020956
https://doi.org/10.1080/14786419.2024.2384087
https://doi.org/10.3390/su151813678
https://doi.org/10.1007/978-1-0716-1266-8_27
https://doi.org/10.1038/s41396-023-01391-3
https://doi.org/10.1038/s41396-023-01391-3
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5351723
https://doi.org/10.1007/s44187-024-00152-1

112

[51]

[52]

[53]

[54]

[53]

[56]

[57]

[58]

Chlorella vulgaris microalgae as a potential source of vitamins B,, and D,

vanden Oever,S.P., & Mayer,H.(2022).Biologicallyactive or just “pseudo™vitamin B,, as predominant
form in algae-based nutritional supplements? Journal of Food Composition and Analysis, 109, article
number 104464. doi: 10.1016/].jfca.2022.104464.

Vitamin B, in algae: Spirulina, Chlorella and nori. (n.d.). Retrieved from https://www.b12-vitamin.
com/algae/.

Vogeler, S., Wikfors, G.H., Li, X., Sauvage, J., & Joyce, A. (2021). Investigation of vitamin B,
concentrations and tissue distributions in larval and adult Pacific oysters and related bivalves.
bioRxiv.doi: 10.1101/2021.10.08.463682.

Voshall, A., Christie, N.T., Rose, S.L., Khasin, M., Van Etten, J.L., Markham, J.E., Riekhof, W.R., &
Nickerson, K.W. (2021). Sterol biosynthesis in four green algae: A bioinformatic analysis of the
ergosterol versus phytosterol decision point. Journal of Phycology, 57(4),1199-1211. doi: 10.1111/
jpy.13164.

Xu, B, Liu,J.,Zhao, C.,Sun,S., Xu,J., & Zhao, Y. (2021). Induction of vitamin B,, to purify biogas slurry
and upgrade biogas using co-culture of microalgae and fungi. Water Environment Research, 93(8),
1254-1262.doi: 10.1002/wer.1504.

Zhang,T., & Long,J. (2025). Critical assessment of several filamentous algae as bioeconomic energy
under different culture conditions. Algal Research, 88, article number 103992. doi: 10.1016/].
algal.2025.103992.

Zhao, D., Poong, S-W., Ling, T.C., Lai, S.H., Lim, P-E., & Ngoh, G.C. (2025). Enhanced removal of copper
(Cu?) by microalgae-bacteria consortium: Mechanistic insights, physiological responses, and artificial
neural network (ANN)-based prediction. Retrieved from https://papers.ssrn.com/sol3/papers.
cfm?abstract id=5571187.

Zhao, N., Liu, F., Dong, W., Yu, J., Halverson, LJ., & Xie, B. (2024). Quantitative proteomics insights
into Chlamydomonas reinhardtii thermal tolerance enhancement by a mutualistic interaction
with Sinorhizobium meliloti. Microbiology Spectrum, 12(8), article number e0021924. doi: 10.1128/
spectrum.00219-24.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6


https://doi.org/10.1016/j.jfca.2022.104464
https://www.b12-vitamin.com/algae/
https://www.b12-vitamin.com/algae/
https://doi.org/10.1101/2021.10.08.463682
https://doi.org/10.1111/jpy.13164
https://doi.org/10.1111/jpy.13164
https://doi.org/10.1002/wer.1504
https://doi.org/10.1016/j.algal.2025.103992
https://doi.org/10.1016/j.algal.2025.103992
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5571187
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5571187
https://doi.org/10.1128/spectrum.00219-24%20
https://doi.org/10.1128/spectrum.00219-24%20

Bortsiukh & Golub

MikpoBopopocTi Chlorella vulgaris sk nepcneKTuBHe fyxepeno BitamiHie B,,TaD,

BikTop Boputox

AcnipaHT

HauioHanbHUIA TeXHIUHMIA yHiBEpCUTET YKpaiHM «KWIBCbKMIA NOMITEXHIYHMIA IHCTUTYT iMeHi Irops Cikopcbkoro»
03056, npocn. bepecTteiicbkuit, 37, M. Kuis, YkpaiHa

https://orcid.org/0009-0002-0365-6569

Hatanis lony6

[lOKTOp TEXHIYHMX HaYK, AOLEHT

HauioHanbHWi TexHiuHWIA yHiBepcUTeT YkpaiHn «KWIBCbKMIA noniTexHiYHMiA iHCTUTYT iMeHi Irops Cikopcbkoro»
03056, npocn. bepectelicbkuit, 37, M. Kuis, YkpaiHa

https://orcid.org/0000-0003-1448-1872

AHoTaLif. AKTyanbHICTb AAHOrO JOCIAKEHHS 0OYMOB/IEHA HEOOXIAHICTIO y3araNbHUTU Cy4aCcHi 3HAHHS
LOAO MexaHi3MiB HakonuueHHs BiTaMmiHiB B,, i D, y Chlorella vulgaris Ta dakTopis, WO BU3HAYaIOTb IXHIO
6ioxiMiyHy BapiaTMBHICTb Y KynbTypax MikpoBogopocTei. MeTol poboTu Byno cuctemaTusyBaTu LaHi
nitepatypu 3a 2020-2025 poku Ta BU3HAUYUTM KITKOUOBI YMHHUKM, LLO PETYNIIOTb CTEPO/bHUIA MeTaboni3m i
BiTaMiHHWI npodinb Chlorella vulgaris. DocnimxeHHs 6a3yBanocs Ha MeTodax LinboBOro iHhopMaLiiHoro
MOLYKY, KOHTEHT-aHanisy, KPWUTMYHOrO MOPIBHAHHA Ta $KICHOrO CMHTE3y pe3ynbTaTiB MonepenHix
HaykoBMX pobiT. Ha ocHOBI aHanisy mxepen 6yno nokasaHo, WO TUM XMBUAbHOIO CepeoBMLLA BU3HAYAB
piBeHb MiKpOHyTpieHTIB y 6iomaci Chlorella vulgaris. MinepanbHi cepepoBuila 3abe3neyyBanu cTabinbHUM
picT, ane He mictunn kobanaminy (BiTamiHy B,,), TOAi SK opraHiyHi cybcTpaTM — MeYiHKOBMI EeKCTPaKT,
MOJIOYHa CMpPOBAaTKa, NepMeaTH Ta aHaepobHi AuMrectat — AEMOHCTPYBaM BULLMI NOTeHLian 36arayeHHs
KNITWH 3aBASKM NPUPOAHMM KodepMeHTaM, binkam i MikpoenemeHTaM. [okasaHo, wo ioHu kobanbty (Co?*)
cnpusnu BinbWOMY HakonMyeHHo kobanamiHy B 6iomaci, a MarHi (Mg?), umHk (Zn?), 3aniso (Fe2*/Fe>)
i Migb (Cu?*) BMCTynanu BaxnuMBuMuM Kodaktopamu GepMeHTIB Ta TPAHCMOPTHUX CUCTEM, SKi BNAMBANIM
Ha cTteporeHes. lLlogo BitamiHy D, (eprokanbumdepony), nitepaTypHi AaHi NiATBEPAMAKU BUPIlLANbHY
ponb ynbTpacdioneToBoro BMMPOMIiHIOBaHHS AianasoHy B (UV-B), ske iHiuitoBano @oTokoHBepCito
eproctepony. IHTEHCMBHICTb Ta CMeKTpaibHWUI CKNAL OCBITAEHHS BM3HAYanM LUBMAKICTb HAKOMUYEHHS
CTeponiB, TOAi K CONOHICTb, AediuuT a30Ty un Gocdhopy Ta iHLi CTPECOBI YUHHUKMU CNPUANIU MOCUIEHHIO
ninigoreHesy 1 3MiHaM cTeponbHOro nyny. BctaHoBneHo, Wo y cTauioHapHii dasi KynbTypu ninigHi Ta
CTeposbHi hpakLii HAKOMMYYBANNCA IHTEHCUBHILLE, HIXK Y Mepiof, aKTUBHOrO NOAINY KAITUH. Y3aranbHeHun
aHanis [Kepen nokasas, LWO Haibinbw edekTnBHe 36aravenHs Chlorella vulgaris BiTamiHamu B,
i D, pocaraeTbca 3a YMOBM MOELHAHHA OPraHiYHMX >KMBWIbHWUX CEPEAOBULL, OMTUMI30BAHOrO
cnekTpa ocBiTneHHS 3 UV-B KOMMOHEHTOM Ta KOHTPO/JIbOBAHOMO MiHEepanbHOro Cknagy cepenoBuwa

KniouoBi cnoBa: kobanaMiH; eprokanbumdepon; opraHiyHi eKCTpakTu; CNeKTp CBIiTa; eproctepos; ioHu
MeTaniB; CTpecoBi GakTopu
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Abstract. The strengthening of animal welfare requirements in Ukraine necessitates the adaptation of
pig housing technologies to European integration standards. The study aimed to assess the impact of
different environmental enrichment strategies on the play behaviour of growing pigs under industrial
conditions. The experiment was conducted on four groups of pigs, each consisting of 22 individuals, aged
28 days at the start, with identical feeding and housing conditions. Enrichment objects were introduced
before the start of video monitoring to ensure animal adaptation. Behavioural observations were carried
out in three periods: days 29-35, 50-56, and 70-76. Data analysis was performed using two-way analysis
of variance with fixed factors “‘group”and “day,” as well as their interaction ‘group x day.” The results showed
that the “group” factor accounted for 51.7% of the variation in the first period, and in periods 2 and 3, it
reached 99% (P < 0.001). The duration of play behaviour in the control group ranged from 6.7 to 12.6
minutes, while in the group with a cotton rope, it was up to 42.7 minutes; in the group with bundles
of packing paper, up to 65.2 minutes; and in the group with bottles partially filled with grain, up to
76.2 minutes. The results obtained for all periods of the study indicate that the “group” factor explained
78.0% of the total variation in play behaviour, while the “experiment period” explained only 5.0%, and
unorganised factors accounted for 14.5%, indicating the clear dominance of enrichment type over time-
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related changes. Hierarchical variance analysis confirmed that in all groups, both the period and the
day of the experiment had a highly significant impact (all P<0.001), but the proportion of variation due
to unorganised factors was highest in the growing piglets of the control group, at 53.6%. These data
suggest a significant stimulatory effect of environmental enrichment on pig activity. The advantage of the
enriched groups demonstrates the potential for improving the behavioural and emotional components of
animal welfare. It is emphasised that the implementation of accessible and effective enrichment strategies
is of practical importance for modernising pig housing in Ukraine in line with welfare requirements

Keywords: ethical standards; European integration; behaviour; pigs; sustainable development;

technology

Introduction

In modern animal husbandry, the issue of animal
welfare is becoming increasingly important, both
from an ethical perspective and in terms of eco-
nomic and production considerations. This is par-
ticularly relevant in intensive pig farming, where
limited space, standardised feeding and housing
systems often prevent the expression of natural
species-specific behavioural responses. Scientific
studies by M. Delsart et al. (2020), L.A. Boyle et
al. (2021), and K. Buckova et al. (2022) unani-
mously indicate that the implementation of en-
vironmental enrichment strategies promotes the
increase of active behaviours such as exploratory
behaviour, object manipulation, and play inter-
action, while simultaneously reducing stress, ag-
gressive, or stereotypical behaviours in pigs.

According to Council Directive 2008/120/EC
(European Union, 2008), pigs “must have constant
access to a sufficient number of objects that can be
provided for appropriate research and manipula-
tion” to improve their welfare. Numerous studies by
J.Li et al. (2020) have shown that in the absence of
stimuli in pig housing, environmental enrichment
with materials such as straw bedding or peat can
reduce destructive behaviour and, conversely, en-
hance play interactions. A review by 1.G. Colditz et
al. (2024) highlights that, particularly during the ju-
venile phases of animal development, the environ-
mentplaysacrucialroleinshapingadaptive abilities
and behavioural plasticity. The works of S. Piet-
rosemoli & C. Tang (2020), H-S. Mun et al. (2023)
emphasised that the presence of auditory effects,

chewing objects, digging, or manipulation responds
to the internal motivation of pigs to explore their
environment and engage in social interactions.

In the context of animal husbandry legisla-
tion and practice, it is important to note that Eu-
ropean Union countries have long implemented
standards for pig housing conditions, taking ani-
mal welfare into account, including requirements
for the presence of enrichment materials or ob-
jects (European Union, 2021). This holds particu-
lar significance for Ukraine: within the framework
of its European integration obligations, and in
preparation for the implementation of modern
standards at the farm level, it has been announced
that, starting from January 1, 2026, animal wel-
fare regulations will be mandatory on all farms
(Order of the Ministry for Development of Econo-
my..., 2021). Thus, Ukrainian pig farming is on the
threshold of significant transformations - both
technological and behavioural. In the field of pig
behaviour, environmental enrichment serves as
both a technological tool and an indicator of wel-
fare. Scientific studies by A. Lykhach et al. (2022)
confirmed that the introduction of objects such
as ropes, bottles filled with grain, hanging tree
branches, or paper stimulation can contribute to
an increase in the duration of play behaviour, a
decrease in aggression, improved social interac-
tion, and fewer injuries (such as those to the skin
or tail). The study by L. Luo et al. (2020) showed
that pigs in enriched environments had a lower
frequency of aggressive contacts after regrouping.
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The relevance of this approach for Ukraine is
amplified by several factors: first, consumer inter-
est in animal welfare, and second, Ukrainian pro-
ducers, planning or already engaged in exports
to EU countries, face the demand to comply with
stricter standards. Therefore, research related to
piglet behaviour in the context of environmen-
tal enrichment becomes of strategic importance:
not only as a scientific contribution but also as a
practical recommendation for the modernisation
of the Ukrainian pig farming industry. Despite the
availability of scientific data, there are several
gaps that are relevant to Ukraine. Among them is
the insufficient research on the play behaviour of
piglets during the growing phase in the context
of enrichment implementation, especially consid-
ering Ukrainian climatic, technological, and farm
conditions. Thus, in the context of Ukrainian prac-
tice and science, the task is to develop a method-
ology that takes into account species-specific pig-
let behaviour, uses adapted enrichment objects,
and evaluates their impact under industrial hous-
ing conditions. The next logical step is empirical
research that will allow for a quantitative assess-
ment of changes in piglet behaviour depending
on the types of enrichment, as well as their im-
pact on welfare and productivity.

In connection with the above, the aim of the
study was to assess the impact of different envi-
ronmental enrichment strategies on the duration
and nature of play behaviour in growing piglets
under industrial housing conditions, considering

the future implementation of animal welfare
regulations in Ukraine.

Materials and Methods

Animal handling in the experiment fully com-
plied with international and national ethical
standards: European legislation (European Un-
ion, 2008; 2010) and Ukrainian regulations (Or-
der of the Ministry for Development of Econo-
my..., 2021). The study protocol was approved
by the Bioethics Commission of the National
University of Life and Environmental Sciences of
Ukraine (30 November 2023, protocol No. 008).
Experimental research was conducted in 2023 at
a farm in Ukraine - the private leased enterprise
“Victoria” in the Bashtanka district of Mykolaiv
region. Four groups of piglets participated in
the study, with the maternal breed being Large
White sows and the paternal breed being PIC 337
boars: Group | was the control group, and Groups
I, 111, and IV were the experimental groups, each
consisting of 22 individuals. The age of the pig-
lets at the start of the experiment was 28 days.
Piglets in Group | (the control group) were kept
without enrichment objects; Group Il was provid-
ed with a twisted cotton rope with a diameter of
16 mm (Fig. 1), which was hung on the pen fence;
Group Il had 1-litre plastic bottles, filled 50%
with grain (Fig. 2), with 4 bottles per pen, rotat-
ed weekly; Group IV had packaging paper with a
density of 80 g/m? (Fig. 3), twisted into bundles,
which was replaced twice daily.

Figure 1. Twisted cotton rope, hung on the pen fence for the piglets in the experimental Group Il

Note: the enrichment object for the growing piglets is highlighted by a red oval

Source: authors’ development
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Figure 2. Plastic bottles, filled 50% with grain, for the piglets in the experimental Group Il
Note: the enrichment objects for the growing piglets are highlighted by yellow circles

Source: authors’ development

Figure 3. Packaging paper, twisted into bundles, for the piglets in the experimental Group IV
Note: the enrichment objects for the growing piglets are highlighted by yellow circles

Source: authors’ development

Enrichment objects were provided to the
experimental groups of piglets throughout the
day before the start of video monitoring (Day 0)
to allow the animals to adapt to the objects by
the following morning. The objects (Figs 2 and 3)
were placed on the floor in the cleanest part of
the pen, at a sufficient distance from the walls
to ensure full access. The hanging object (Fig. 1)
was positioned on the pen fence in such a way
that the piglets could manipulate it from all sides.
The piglets were housed in pens with solid slat-
ted polymer flooring, with an area of 0.4 m? per
head. Feed was delivered to automatic feeders via
rope-and-pulley conveyors. One automatic feed-
er was installed for every two adjacent pens, as
well as two automatic drinking cups in each pen.
Feeding in all experimental groups was the same
and was carried out according to detailed feeding
standards, taking into account the physiological

characteristics of the animals; the feeding type
was dry (Ibatulin, 2017).

Until the 424 day of life, the piglets were fed
ad libitum with a full-feed prestarter compound
feed from “Cehavekorm” LTD Ukraine. From the
420d to the 49t day, they were gradually switched
to a starter compound feed produced at their own
feed mill based on cereal crops, with the addition
of “Cehavit pig concentrate starter” from “Cehave-
korm” LTD Ukraine. Nutritional value: crude pro-
tein content - 182.700 g/kg, metabolisable en-
ergy - 3,164.800 kcal/kg. Feed composition (%):
wheat - 45.000; barley - 25.000; “Cehavit pig
concentrate starter” - 30.000 (quality certificate
according to DSTU 4508:2005 (2005)).

The ventilation system in the room with neg-
ative pressure was implemented using exhaust
fans and intake valves. Air was supplied through
the valves, mixed with the existing air, and then
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extracted by the fan. The microclimate was regulat-
ed by computer equipment. The microclimate pa-
rameters complied with the Departmental stand-
ards for technological design (Ministry of Agrarian
Policy of Ukraine, 2005). Microclimate parameters:
air temperature - 22.0-24.0°C; relative humidity -
60.0-80.0%; air velocity = 0.20-0.60 m/s. During
the early stages of piglet growth, heating was pro-
vided by infrared heaters suspended at a height of
1.2 m. The room was heated by a pyrolysis boiler
with a capacity of 100 kW and a two-pipe system.
Manure removal from the room was carried out by
vacuum-gravity method - as it accumulated under
the slatted baths, but no less frequently than once
every two weeks. The piglets were delivered to the
section every Thursday, immediately after weaning
from the sows and weighing. They stayed there
for 7 weeks until reaching 77 days of age, after
which they were re-weighed and sent for fattening.

The behavioural acts of growing pigs in the
experimental groups, depending on the type of
enrichment object, were visualised through vid-
eo monitoring using Boblov KJ21 video recorders
(China) (with a resolution of 1920x1080 (Full HD),
providing a full view of the objects. Recording was
conducted from 8:30 AM to 4:30 PM during full
daylight,as pigs virtually do not manipulate enrich-
ment objects during the dark hours. Behavioural
observations were carried out through video anal-
ysis, focusing on play behaviour, which was defined
as any directed action towards the enrichment ob-
ject, performed deliberately and involving contact
by the piglet’s snout, head, limbs (pushing, hitting,
rubbing), or mouth (chewing, biting, pulling, tear-
ing, shaking). Behavioural sampling was conducted

over four continuous one-hour periods, evenly dis-
tributed throughout the daylight hours (9:00-10:00,
11:00-12:00, 13:00-14:00, 15:00-16:00) (Ladyka &
Khmelnychiy, 2023). Since the frequency of play
behaviour in growing piglets from different groups
(depending on the type of enrichment object) was
analysed in three time periods — 29-35 days (peri-
od 1), 50-56 days (period 2),and 70-76 days (peri-
od 3) - the analysis was conducted in three stages.

In the first stage, the strength of the effect of the
group and the day of the experiment on the variabil-
ity of the frequency of play interactions in growing
piglets was investigated using a two-way analysis of
variance algorithm (with fixed factors). In the second
stage, the strength of the effect of the group and the
experiment period (all data for separate days were
combined) on the variability of the frequency of play
interactions in growing piglets was determined us-
ing a two-way analysis of variance algorithm (with
fixed factors). In the third stage, the strength of the
effect of the period and the day of the experiment
(within each separate period) on the variability of
the frequency of play interactions in growing pig-
lets for each of the three groups was determined
using a hierarchical two-way analysis of variance
algorithm (with fixed factors). All calculations
were performed using STATISTICA v. 7.0 software.

Results and Discussion
The results of the first stage of the study indicate
a significant impact of the factors being investi-
gated.Table 1 presents the results of the two-way
analysis of variance on the effect of the group and
the day of the experiment on the duration of play
behaviour in growing piglets during period 1.

Table 1. Results of the two-way analysis of variance on the effect of the group and the day
of the experiment on the duration of play behaviour in growing piglets (period 1)

Source of variance SS df MS F P h?, %
Group (A) 153,442.9 3 51,147.6 13,784.8 <0.001 51.7

Day of experiment (B) | 101,599.1 6 16,933.2 4,563.7 <0.001 34.2
AxB 39,557.0 18 2,197.6 592.3 <0.001 13.3

Error 2,181.7 588 3.7 0.7
Total 296,780.7 615 100.0

Source: authors’ development
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The significant effects of the factors ‘group”
and “day of the experiment’, as well as their inter-
action, were established (in all cases: P<0.001). The
strongest effect was observed for the factors ‘group”
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(51.7%) and “day of the experiment” (34.2%).Figure 4
shows the arithmetic mean values of the duration of
play behaviour in growing piglets depending on the
group and the day of the experiment during period 1.
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Figure 4. Arithmetic mean values (+95% Cl) of the duration of play behaviour
in growing piglets depending on the group and the day of the experiment during period 1

Note: Cl - confidence interval

Source: authors’ development

The obtained estimates of the average dura-
tion of play behaviour gradually increased during
period 1, reaching their peak on days 33-35. This
was particularly pronounced for the animals in the
three experimental groups (Il, Ill, and IV). There
were also clear intergroup differences. The low-
est estimates of the duration of play behaviour
(6.7-12.2 minutes) were noted for the piglets in
the control Group I. Significantly higher estimates
were obtained for the animals in experimental
Group Il (with maximum values during period 1
of 40.0-42.5 minutes), and finally, for the animals
in Groups Il and 1V, the maximum values during
period 1 reached 75.4 and 64.6 minutes, respec-
tively, as visualised on day 33 of the experiment.

The next stage of the analysis (period 2) con-
firmed the trends, but with new emphases. Table 2
presents the results of the two-way analysis of var-
iance on the effect of the group and the day of the
experiment on the duration of play behaviour in
growing piglets during period 2. Although a signifi-
cant effect of both main factors and their interaction
was also established (in all cases: P < 0.001), nearly
all the variability in the duration of play behaviour
in piglets during this period was associated with in-
tergroup differences - the effect of the ‘group”factor
accounted for 99.0%. Figure 5 shows the arithmetic
mean values (¥ 95% Cl) of the duration of play be-
haviour in growing piglets depending on the group
and the day of the experiment during period 2.

Table 2. Results of the two-way analysis of variance on the effect of the group and the day
of the experiment on the duration of play behaviour in growing piglets (period 2)

Source of variance SS df MS F P h?, %
Group (A) 341,171.3 3 113,724.8 30,379.3 <0.001 99.0
Day of experiment (B) 487.9 6 81.3 21.7 <0.001 0.1
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Table 2. Continued

Source of variance SS df MS F P h?, %
AxB 754.8 18 41.9 11.2 <0.001 0.2
Error 2,201.2 588 3.7 0.6
Total 344,615.1 615 100.0

Source: authors’ development
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Figure 5. Arithmetic mean values (+95% Cl) of the duration of play behaviour
in growing piglets depending on the group and the day of the experiment during period 2

Note: Cl - confidence interval
Source: authors’ development

During the specified period, there were very
slight fluctuations in the duration of play behav-
iour in piglets from different groups, against the
backdrop of significant differences in the estimates
for each group. Again, the lowest estimates of the
average duration of play behaviour during period
2 were observed for the animals in the control
Group | (10.2-12.6 minutes), with higher estimates
for the animals in experimental Group Il (41.5-42.7
minutes), even higher estimates for the animals in
experimental Group IV (56.6-65.2 minutes), and fi-
nally, the highest estimates were visualised for the
animals in experimental Group Il (73.8-76.2 min-
utes). It is noteworthy that for the piglets in exper-
imental Group Il,these day-to-day fluctuations did
not have statistical significance (F=1.45; P>0.05)
and were very weak (although statistically signif-
icant) for the animals in experimental Group Il
In contrast, among the piglets in control Group |

and experimental Group IV, the average estimates
of the duration of play behaviour during period
2 initially increased (reaching their maximum on
days 52 and 53, respectively), but then decreased.

Table 3 presents the results of the two-way
analysis of variance on the effect of the group
and the day of the experiment on the duration
of play behaviour in growing piglets during pe-
riod 3. Once again, as in the previous experiment
period, a significant effect of both main factors
and their interaction was established (in all cas-
es: P<0.001), but nearly all the variability in the
duration of play behaviour in piglets during this
period was also associated with intergroup differ-
ences - the effect of the “group” factor accounted
for 99.1%. Figure 6 shows the arithmetic mean
values (*95% Cl) of the duration of play behaviour
in growing piglets depending on the group and
the day of the experiment during period 3.
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Table 3. Results of the two-way analysis of variance on the effect of the group and the day
of the experiment on the duration of play behaviour in growing piglets (period 3)

Source of variance SS df MS F P h?, %
Group (A) 339,694.8 3 113,231.6 26,880.0 <0.001 99.1
Day of experiment (B) 281.6 6 46.9 11.1 <0.001 0.1
AxB 463.1 18 25.7 6.1 <0.001 0.1
Error 2,476.9 588 4.2 0.7
Total 342,916.5 615 100.0
Source: authors’ development
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Figure 6. Arithmetic mean values (+95% Cl) of the duration of play behaviour
in growing piglets depending on the group and the day of the experiment during period 3

Note: Cl - confidence interval

Source: authors’ development

As in the previous experimental period, dur-
ing period 3, very slight fluctuations in the dura-
tion of play behaviour in piglets from different
groups were observed, against the backdrop of
significant differences in the estimates for each
group. The relationship between the estimates
for animals in different groups remained the
same as during period 2. Notably, for the animals
in control Group | and experimental Group lII,
these day-to-day fluctuations did not have statis-
tical significance (in both cases: P>0.05).To iden-
tify long-term trends, an analysis of the effect of
the factors “group” and “experiment period” was
conducted. When considering the variability of
play behaviour duration over a larger time scale

(in terms of individual periods), the previous-
ly established patterns remained, with a more
significant influence of the ‘group” factor (the
effect size was 78.0%) compared to the ‘exper-
iment period” factor (5.0%). The relatively large
proportion attributable to the effect of unorgan-
ised factors (14.5%) indicates a certain level of
variability in the raw data obtained within each
experiment period (Table 4). Overall, the duration
of play behaviour in growing piglets, regardless
of group membership, demonstrates an increase
in estimates during period 2, with either the
achieved level being maintained or slightly de-
creasing (among animals in control Group | and
experimental Group 1V) during period 3 (Fig. 7).
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Table 4. Results of the two-way analysis of variance on the effect
of the group and the experiment period on the duration of play behaviour in growing piglets

Source of variance SS df MS F P h?, %
Group (A) 807,631.8 3 269,210.6 3,295.06 <0.001 78.0
Experiment period (B) | 51,542.2 2 25,7711 315.43 <0.001 5.0
AxB 26,677.2 6 4,446.2 54.42 <0.001 2.6
Error 150,003.3 1,836 81.7 14.5
Total 1,035,854.6 1,847 100.0
Source: authors’ development
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Figure 7. Arithmetic mean values (+ 95% Cl) of the duration of play behaviour
in growing piglets depending on the group and the experiment period

Note: Cl - confidence interval
Source: authors’ development

Additional hierarchical analysis allowed for a
deeper assessment of the effect size of each time
level. Table 5 presents the results of the hierar-
chical two-way analysis of variance on the effect
of the period and the day of the experiment on
the duration of play behaviour in growing pig-
lets. Overall, a highly significant effect was found
for both the experimental periods (in all cases:

P<0.001) and the day of the experiment with-
in individual periods (in all cases: P< 0.001) for
the animals in all four groups. More interestingly,
the relationship between the influence of these
two time scales on the variability in the duration
of play behaviour in growing piglets was estab-
lished among the animals in the control and ex-
perimental groups (Fig. 8).

Table 5. Results of the hierarchical two-way analysis of variance (F; P) on the effect of the period
and the day of the experiment on the duration of play behaviour in growing piglets

Group Experiment period (A)

Day of experiment within the period (B(A))

| Control 53.28 (<0.001)

15.23 (<0.001)

Il Experimental 870.72 (<0.001)

246.60 (<0.001)

Il Experimental 5,407.95 (<0.001)

915.48 (<0.001)

IV Experimental 2,839.99 (<0.001)

708.71 (<0.001)

Source: authors’ development
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Figure 8. Estimates of the effect size
of the period and the day of the experiment
(within individual periods) on the duration
of play behaviour in growing piglets
Source: authors’ development

For the animals in control group |, nearly half
(53.6%) of the variability in the duration of play
behaviour was caused by unorganised factors,
i.e., related to interindividual differences. For the
animals in the control group, the effect size of
differences between individual experimental pe-
riods was only 13.0%, while for the animals in the
experimental groups, the corresponding estimate
was 2-3 times higher. Finally, for the animals in
control group |, the effect size of differences be-
tween individual days of the experiment (within
periods) was higher, at 33.40%, while for the ani-
mals in the experimental groups, the correspond-
ing estimate was almost twice as high. Therefore,
it can be concluded that the nature of the varia-
bility in the duration of play behaviour was more
influenced by the presence of the enrichment
object in pig housing during the growing phase,
rather than the type of enrichment object itself.

The results of the conducted study, which
revealed a significant effect of enrichment ob-
jects on the duration of play behaviour in pig-
lets, are fully consistent with current views on
the importance of the environment in shaping
animal behavioural responses. Specifically, the
differences observed between the experimental
groups, recorded during all observation periods,
confirm that the type and availability of enrich-
ment materials determine the level of play activ-
ity in growing piglets. J-M. Beaudoin et al. (2019)
demonstrated that cleanliness, novelty, and the
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physical characteristics of enrichment objects
critically influence the maintenance of pig in-
terest. In the present study, this was particular-
ly evident for the groups with bottles filled with
grain and paper balls, which were regularly up-
dated, stimulating play activity. N. Casal-Plana et
al. (2017) also emphasised that the use of natural
additives combined with enrichment objects pos-
itively influences both behaviour and weight gain
in the studied groups of pigs. In turn, E. Fabrega et
al. (2019) indicated that even under unfavoura-
ble climatic conditions, an enriched environment
contributes to the improvement of the physiolog-
ical and productive parameters of pigs. This al-
lows the effect of enrichment to be viewed as a
universal tool for enhancing their welfare.

In turn, J. Lee et al. (2025) demonstrated that
the introduction of enrichment has the greatest
impact during the early period of weaning piglets
from sows. The increased duration of play be-
haviour observed in the current study can be ex-
plained by a reduction in stress due to the ability
to fulfil natural needs for exploration and manipu-
lation. L. Luo et al. (2022) also confirm that enrich-
ment enhances the resilience of piglets to social
stressors, such as regrouping. The practical sig-
nificance of the current study is supported by the
works of A.Lykhach et al. (2022) and R.F.Oliveira et
al. (2023), who prove that even simple and inex-
pensive materials,such as plastic bottles filled with
grain or wood shavings, are effective behavioural
enrichment tools. These reduce aggression levels
and maintain animal activity. This is particularly
important in the context of current requirements
for pig welfare in industrial farming conditions. At
the same time, the choice of inexpensive yet ef-
fective enrichment objects can be a cost-effective
solution for both small and large pork producers.

K. Steinerova et al. (2024) emphasised that
play behaviour is a biomarker of a positive emo-
tional state, and its presence correlates with
physiological indicators of pig welfare. The data
from the current study regarding the stable in-
crease in play activity in the experimental groups
support this statement. Additionally, as noted by
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K.C. Smith & M.K. Pierdon (2024), environmental
enrichment contributes to a reduction in the fre-
quency of skin injuries, which is an indirect in-
dicator of decreased aggressive behaviour within
the group. Thus, the introduction of enrichment
objects can be seen not only as an element of
welfare but also as a tool for reducing stress fac-
tors and preventing cannibalism. In period 1, it
was found that the “group” factor accounted for
51.7% of the variation in play behaviour, “day
of the experiment” - 34.2%, and their interac-
tion - 13.3%. In subsequent periods, the effect of
the day decreased, while the effect of the group
reached up to 99%. The analysis between periods
also confirmed the dominant role of the type of
enrichment (78% variation). This indicates a trend
towards the stabilisation of behavioural respons-
es after adaptation to new conditions, when the
piglets had already become accustomed to the
presence of objects and were actively using them.
Play behaviour in the current study also demon-
strated high informativeness in the context of
assessing the emotional state of the animals.
This is confirmed by the correlation of results
between periods, where positive dynamics in
play activity were observed in the experimental
groups throughout the entire observation period.
Meanwhile, in the control group, play remained at
a consistently low level, which may indicate back-
ground stress and a lack of motivation for social
or object-related interaction.

Environmental enrichment not only increases
animal activity but also stabilises their behaviour
over time. This makes it possible to recommend
the regular use of enrichment objects in piglet
housing systems as a means of improving welfare
domains and reducing stress manifestations. The
choice of enrichment type is crucial: objects that
can be explored, moved, or destroyed generate
more interest and longer play activity. Therefore,
considering the specific behaviour of growing pig-
lets when selecting enrichment is critically impor-
tant. The experience of foreign studies by N. Al-
varez-Hernandez et al. (2023) has shown that a
combination of olfactory, tactile, and visual stimuli

has the greatest effect. Furthermore, an important
aspect of future research is the development of
assessments of the economic efficiency of enrich-
ment, in order to balance the needs for animal
welfare with the commercial interests of farms.

In conclusion, the current study makes a new
contribution to the field of pig behaviour, confirm-
ing that quality enrichment can become an effec-
tive strategy for the behavioural and emotional
support of animals in industrial conditions. The
obtained data suggest the need for improving pig
housing systems with the mandatory inclusion of
enrichment components, which will not only en-
hance their welfare but also improve the overall
efficiency of pork production.

Conclusions

Summarising the results of the obtained data, a
number of key conclusions can be formulated,
reflecting the importance of environmental en-
richment in shaping the play behaviour of grow-
ing piglets and defining the potential directions
for practical application of the findings. The study
established that the factor “group” has the great-
est impact on the duration of play behaviour in
growing piglets. Specifically, in period 1, the effect
size of this factor was 51.7% of the total variation
(P<0.001), while in periods 2 and 3, it accounted
for 99.0% and 99.1%, respectively (P<0.001), indi-
cating its dominant significance. The effect of the
“day of the experiment”factor was moderate onlyin
period 1,where it explained 34.2% of the variation
(P<0.001), and significantly decreased in subse-
quent periods — only 0.1% in periods 2 and 3, indi-
cating the animals’ adaptation to the environmen-
tal conditions and the stabilisation of behavioural
activity. The interaction of the factors “group x day”
had a statistically significant but smaller effect -
13.3% in period 1, 0.2% in period 2, and 0.1% in
period 3 (all P<0.001), indicating a moderate im-
pact of daily fluctuations against the backdrop of
the stable influence of the type of enrichment.

The lowest average duration of play be-
haviour was observed in the animals of control
group | (ranging from 6.7 to 12.6 minutes in
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different periods), while in experimental group Il
with the rope, the duration increased to 42.7
minutes, in group IV with paper bundles it in-
creased to 65.2 minutes, and the highest values
were recorded in group Il with grain-filled bot-
tles - up to 76.2 minutes on days 33-53 of the
experiment. The summarised results for all pe-
riods of the study demonstrate that the “group”
factor explained 78.0% of the total variation in
play behaviour, while the “experiment period” ac-
counted for only 5.0%, and unorganised factors
accounted for 14.5%, indicating a clear domi-
nance of the type of enrichment over time-re-
lated changes. Hierarchical variance analysis
confirmed that in all groups, there was a highly
significant effect of both the period and the day
of the experiment (all P < 0.001), but the pro-
portion of variation explained by unorganised
factors was highest in the growing piglets of
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behaviour, and is also a reliable behavioural in-
dicator of animal welfare in intensive farming
systems. The prospects for future research lie in
expanding experimental models to account for
individual characteristics of piglets (tempera-
ment, gender, genetic origin), including phys-
iological welfare indicators (cortisol levels, im-
mune markers), as well as long-term monitoring
of enrichment effectiveness. An important area
of research is also the durability of the enrich-
ment effect over time, including the dynamics of
decreasing interest in enrichment objects.

Acknowledgements
The authors would like to express their gratitude
to the owner and the team of the private leased
enterprise “Victoria” for providing the base for sci-
entific research.

control group | = 53.6%, whereas in the experi- Funding

mental groups, it significantly decreased. None.
Thus, environmental enrichment significant-

ly enhances the play activity of piglets, serves Conflict of Interest

as a means of reducing stress and aggressive  None.
References

[1] Alvarez-Hernandez, N., Vallejo-Timaran, D., & de Jesus Rodriguez, B. (2023). Adapted original
music as an environmental enrichment in an intensive pig production system reduced aggression
in weaned pigs during regrouping. Animals,13(23),article number 3599.doi: 10.3390/ani13233599.

[2] Beaudoin, J-M., Bergeron, R., Devillers, N., & Laforest, J-P. (2019). Growing pigs’ interest
in enrichment objects with different characteristics and cleanliness. Animals, 9(3), article number
85.doi: 10.3390/ani9030085.

[3] Boyle, L.AA., Edwards, S.A., Bolhuis, J.E., Pol, F., Semrov, M.Z., Schiitze, S., Nordgreen, J., Bozakova, N.,
Sossidou, E.N., & Valros, A. (2021). The evidence for a causal link between disease and damaging
behavior in pigs. Frontiers in Veterinary Science, 8, article number 771682. doi: 10.3389/
fvets.2021.771682.

[4] Buckova, K.,Muns,R.,Ceron,J., & Kyriazakis, |.(2022). Consequences of timing of organic enrichment
provision on pig performance, health and stress resilience after weaning and regrouping. Animal,
16(10), article number 100637. doi: 10.1016/j.animal.2022.100637.

[5] Casal-Plana, N.,Mantecab, X., Dalmaua, A., & Fabregaa, E. (2017). Influence of enrichment material
and herbal compounds in the behaviour and performance of growing pigs. Applied Animal Behavior
Science, 195, 38-43. doi: 10.1016/j.applanim.2017.06.002.

[6] Colditz, I.G., Campbell, D.L.M., Ingham, A.B., & Lee, C. (2024). Review: Environmental enrichment

builds functional capacity and improves resilience as an aspect of positive welfare in production
animals. Animal, 8(6), article number 101173. doi: 10.1016/j.animal.2024.101173.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6

125


https://doi.org/10.3390/ani13233599
https://doi.org/10.3390/ani9030085
https://doi.org/10.3389/fvets.2021.771682
https://doi.org/10.3389/fvets.2021.771682
https://doi.org/10.1016/j.animal.2022.100637
https://doi.org/10.1016/j.applanim.2017.06.002
https://doi.org/10.1016/j.animal.2024.101173

126

Assessment of the behavioural performance of growing pigs...

[7]1 Delsart, M., Pol, F., Dufour, B., Rose, N., & Fablet, C. (2020) Pig farming in alternative systems:
Strengths and challenges in terms of animal welfare, biosecurity, animal health and pork safety.
Agriculture, 10(7), article number 261. doi: 10.3390/agriculture10070261.

[8] DSTU 4508:2005. (2005). Concentrated feed for pigs. Technical specifications. Retrieved from https://
online.budstandart.com/ua/catalog/doc-page?id_doc=54157.

[9] European Union. (2008). Council Directive 2008/120/EC of 18 December 2008 laying down minimum
standards for the protection of pigs (Codified version). Retrieved from https://eur-lex.europa.eu/eli/
dir/2008/120/0j/eng.

[10] European Union. (2010). Council Directive 2010/63/EC of 22 September 2010 on the protection
of animals used for scientific purposes. Retrieved from https://eur-lex.europa.eu/legal-content/EN/
ALL/?uri=CELEX:32010L0063.

[11] European Union. (2021). Animal welfare on the farm, ex-post evaluation of the EU legislation.
Prospects for animal welfare labelling at EU level - European implementation assessment. Retrieved
from https://data.europa.eu/doi/10.2861/23838.

[12] Fabrega, E.,Marcet-Rius, M., Vidal, R., Escribano, D., Cerdn,J.J., Manteca, X., & Velarde, A. (2019). The
effects of environmental enrichment on the physiology, behaviour, productivity and meat quality
of pigs raised in a hot climate. Animals, 9(5), article number 235. doi: 10.3390/ani9050235.

[13] Ibatulin, LI. (Ed.). (2017). Methodology and organization of scientific research in animal husbandry.
Kyiv: Agrarian Science.

[14] Ladyka, V.I., & Khmelnychiy, L.M. (Eds.). (2023). Technology of production and processing of livestock
products. Odesa: Oldi+.

[15] Lee, J., Oh, S., & Kim, M. (2025). Impact of environmental enrichment on growth, behavior,
and welfare of weanling piglets from preweaning to 6 weeks of age. Journal of Animal Science &
Technology, 67(1),152-163. doi: 10.5187/jast.2024.e1.

[16] Li,J.,Han, Q.,Zhang, R., Liu, H., Li, X., & Bao, J. (2020). PSV-7 Effects of music stimulus on behavior
response, cortisol level and immunity horizontal of growing pigs. Journal of Animal Science, 98,
224-225.doi: 10.1093/jas/skaa278.412.

[17] Luo, L., Reimert, I., Middelkoop, A., Kemp, B., & Bolhuis, J.E. (2020) Effects of early and current
environmental enrichment on behavior and growth in pigs. Frontiers in Veterinary Science, 7, article
number 268. doi: 10.3389/fvets.2020.00268.

[18] Luo, L., van der Zande, L.E., van Marwijk, M.A., Knol, E.F., Rodenburg, T.B., Bolhuis, J.E., &
Parois S.P. (2022). Impact of enrichment and repeated mixing on resilience in pigs. Frontiers
in Veterinary Science, 9, article number 829060. doi: 10.3389/fvets.2022.829060.

[19] Lykhach, A., Lykhach, V., Faustoy, R., Getya, A., & Lesik, I. (2022). Influence of enrichment materials
on the behaviour and productive traits of fattening pigs. Acta Fytotechnica et Zootechnica, 25(2),
77-84.doi: 10.15414/afz.2022.25.02.77-84.

[20] Ministry of Agrarian Policy of Ukraine. (2005). Departmental Norms for Technological Design - Agro-
Industrial Complex - 02.05. “Pig-breeding enterprises (complexes, farms, small farms)”. Retrieved from
https://surl.li/utytfa

[21] Mun,H-S.,Lagua, E.,Ampode, K.M.B.,Chem, V., Park, H-R.,Kim, Y-H., & Yang, C-J. (2023). Interactions of
environmental conditions, day-night cycles, and growing periods on postural behavior of pigs.Journal
of Animal Behaviour and Biometeorology, 11(4), article number 2023035. doi: 10.31893/jabb.23035.

[22] Oliveira,R.F.,Soares, R.T.R.N., Moreira, R.H.R.,Andrade, R.P., Rosenfield, D.A., & Pizzutto, C.S. (2023).
Effects of the environmental enrichment on pigs’ behavior and performance. Revista Brasileira de
Zootecnia, 52, article number e20210123 doi: 10.37496/rbz5220210123.

[23] Order of the Ministry for Development of Economy, Trade and Agriculture of Ukraine No. 224
“On Approval of Requirements for the Welfare of Farm Animals during Their Keeping”
(2021, February). Retrieved from https://zakon.rada.gov.ua/laws/show/z0206-21#Text.

[24] Pietrosemoli,S.,& Tang,C.(2020).Animalwelfare and production challenges associated with pasture
pig systems: A review. Agriculture, 10(6), article number 223. doi: 10.3390/agriculture10060223.

[25] Smith,K.C., & Pierdon, M.K.(2024). Utilization of enrichment objects by growing pigs
in @ commercial facility and the impact on behavior and skin lesions. Applied Animal Behaviour
Science, 272, article number 106181. doi: 10.1016/j.applanim.2024.106181.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6


https://doi.org/10.3390/agriculture10070261
https://online.budstandart.com/ua/catalog/doc-page?id_doc=54157
https://online.budstandart.com/ua/catalog/doc-page?id_doc=54157
https://data.europa.eu/doi/10.2861/23838
https://doi.org/10.3390/ani9050235
https://scholar.google.com/citations?view_op=view_citation&hl=uk&user=U5Ti85cAAAAJ&citation_for_view=U5Ti85cAAAAJ:_axFR9aDTf0C
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=fullwebr&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=A=&S21COLORTERMS=1&S21STR=%D0%9B%D0%B0%D0%B4%D0%B8%D0%BA%D0%B0%20%D0%92$
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=fullwebr&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=A=&S21COLORTERMS=1&S21STR=%D0%9B%D0%B0%D0%B4%D0%B8%D0%BA%D0%B0%20%D0%92$
https://doi.org/10.5187/jast.2024.e1
https://doi.org/10.1093/jas/skaa278.412
https://doi.org/10.3389/fvets.2020.00268
https://doi.org/10.3389/fvets.2022.829060
https://doi.org/10.15414/afz.2022.25.02.77-84
https://doi.org/10.31893/jabb.23035
https://doi.org/10.37496/rbz5220210123
https://doi.org/10.3390/agriculture10060223
https://doi.org/10.1016/j.applanim.2024.106181

Chentsov & Lykhach | 127

[26] Steinerova, K., Parker, S.E., Brown, S.E., & Seddon, Y.M. (2024). The promotion of play behaviour
in growfinish pigs: The relationship between behaviours indicating positive experience
and physiological measures. Applied Animal Behaviour Science, 275, article number 106263.
doi: 10.1016/j.applanim.2024.106263.

OuiHKa irpoBoi NoBeAiHKU NOPOCAT Ha AOPOLLLYBaHHI 3a Pi3HUX CTpaTerin
36arayeHHA B KOHTEKCTi iMnieMeHTaLil npaBun 6narononyyys TBapuH
B YKpaiHi

Muxaitno YeHuoB

3p06yBay BULLOI OCBiTM HAyKOBOTO CTyneHs AokTop dinocodii
HauioHanbHwuii yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHu
03041, Byn. lepois O60poH#, 15, M. Kuis, YkpaiHa
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AHoTauif. MocuneHHs BuMor no 6Gnarononyydss TBapuH B YKpaiHi BMMarae apganTauii TeXHONorii
YTPUMaHHS CBUHEN [0 CTaHAAPTIB €BPOMNENCbKOi iHTerpauii. JocnigkeHHs 6yno CnpsiMOBaHe Ha OLiHKY
BM/IMBY Pi3HMX CTpaTerii 30arayeHHs CepefoBMLIA Ha irpoBy MOBEAiHKY MOPOCAT Ha AOPOLLyBaHHI
B NPOMMWCNOBUX yMOBax. EKcnepMMeHT npoBefeHO Ha YOTMPbOX rpynax NopocsaT no 22 rofioBu, BiKOM
28 pHiB Ha Mo4aTtky, 3a YMOB OAHAKOBOI roAieni Ta yTpuMaHHa. O6’ekTH 36arayeHHs BBOOMAMUCL Nepep,
NMOYaTKOM BIAEOMOHITOpPUHIY [na 3abe3neyeHHs apantauii TBApuH. [lOBELIHKOBI CMOCTEPEXEHHS
30iMCHIOBannCb Yy Tpu nepiogn: 29-35-a, 50-56-a 1a 70-76-a poba. AHanis npoBefeHO MeTOAOM
ABOQAKTOPHOro AMCNepCiMHOro aHanisy 3 (ikcoBaHMMM dakTopaMu «rpyna» Ta «goba», a Takox ix
B3aEMOJi€l0 «rpyna x noba». Pe3ynbtati ekcnepuMeHTy Nokasanu, Wwo (GakTop «rpynax» nosicHiosas 51,7 %
Bapiauii B nepioai 1, a Bxe y nepiogax 2 i 3 pocaraB 99 % (P < 0,001). Tpusanictb irpoBoi noseaiHku
Yy KOHTPOJbHIM rpyni ctaHoBuna 6,7-12,6 xB, To4i SK y rpyni 3 6aBOBHAHOK MOTY3KOK - 10 42,7 xB, Y
rpyni 3 Kynkamu nakyBasbHOro nanepy - Ao 65,2 xB, a y rpyni 3 NASWKaMM1, HaMoNOBMHY HAMOBHEHI
3epHOM - A0 76,2 xB. OTpMMaHi pe3ynbTaTi 3a BCi nNepioan LOCNIOXKEHHS CBigYaTh, WO (AKTOp «rpyna»
nosicHoBaB 78,0 % 3aranbHoi Bapiauii irpoBOi MoBediHKW, TOAI K «Mnepiof eKCNepuMeHTy» — fuwe
5,0 %, a HeopraHi3oBaHi dakTopu - 14,5 %, WO BKa3ye Ha YiTKy nepesary BnAMBY Tuny 30arayeHHs
Haf 4acoBMMM 3MiHaMW. lepapXiyHuii AucnepciiHuUiA aHanis niagTBepamMBs, WO B YCiX rpynax MaB Micue
BMCOKOBIPOTiAHMIA BNAMB SK Nepioay, Tak i 4obu ekcnepumeHTy (yci P<0,001), npoTe YacTka Bapiauii 3a
HeopraHi3oBaHMX (PaKTOpiB HAMBMLLA Y NOPOCAT Ha AOPOLLYBaHHI | KOHTpoNbHOI rpynu — 53,6 %. Lli paHi
CBiYaTb MPO 3HAYHUI CTUMYNIOOUMI edeKT 36araueHHs cepeaoBMLLA Ha aKTUBHICTL nopocart. MNepesara
rpyn i3 36ara4yeHHsIM AEMOHCTPYE MOXJIMBICTb MiABMLLEHHS MOBELIHKOBMX Ta €MOLMHUX CKNagHMKIB
6narononyyus. lMiokpecneHo, WO BMPOBAMAXEHHS JOCTYNHMX i edeKTMBHUX CTpaTerii 36arayeHHs Mae
NpaKTUYHY 3HAYYLLICTb 419 MOAEPHi3aLii yTprMaHHS nopocaT B YKpaiHi 3 ypaxyBaHHAM BUMOr Bnarononyyuys
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Abstract. With the increasing use of antibiotics in pig farming, there is a growing need for alternative
solutions to support animal health and productivity, which underscores the importance of studying the
effectiveness of phytogenic additives in pig feeding. The study is dedicated to evaluating the impact
of a phytogenic feed additive based on dried garlic and caraway on productivity, metabolic status, and
the microbiota of the large intestine of replacement gilts of the (LW x L) genotype. The experiment was
conducted under production conditions on two groups of animals (n=80), which received either the basic
diet without the additive (control) or the feed additive at a dose of 0.10% of the compound feed mass
(experimental group). Starting from the 17" week of growth, the experimental group of gilts showed a
significant advantage in live weight (p £0.001) and average daily gains (p < 0.01), which persisted until
the 28t week of age. The overall animal survival rate was 95% compared to 85% in the control group,
indicating an improvement in physiological condition and stress resistance. Biochemical serum indicators
showed an increase in albumin content, protein coefficient, calcium, phosphorus,and iron,while a decrease
in y-glutamyltransferase and indirect bilirubin was observed, reflecting optimisation of protein, mineral,
and pigment metabolism, and a hepatoprotective effect. Bacteriological analysis revealed an increase in
the proportion of Lactobacillus amylovorus, L. reuteri, Clostridium butyricum, and Eubacterium rectale, and a
decrease in Staphylococcus aureus, S. epidermidis, and Streptococcus suis, indicating restoration of microbial
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balance, increased production of short-chain fatty acids, and colonisation resistance of the intestine. It
was established that the phytogenic additive used exhibits a combined stimulating effect, simultaneously
influencing the microbiota, metabolism, and physiological adaptation of the animals

Keywords: biochemical blood indicators; immunomodulation; sustainable pig farming; large

intestine; phytobiotic

Introduction

Modern pig farming faces the challenge of in-
creasing production efficiency while the use
of antibiotics and synthetic growth stimulants
continues to rise. In the context of transitioning
to antibiotic-free technologies, an important di-
rection is the use of natural additives that pro-
mote stable growth and development of young
animals, strengthen the immune system, and
improve the animals’ adaptive capabilities. One
such innovative solution is the use of phytogenic
feed additives, which contain biologically active
plant-derived components with antimicrobial, an-
tioxidant, and anti-inflammatory effects.

Modern pig farming sets high demands for
production efficiency, biosecurity, and animal
health, while simultaneously reducing the use
of antibiotics and synthetic growth stimulants.
J.Wang et al. (2024) conducted a literature review
examining phytogenic feed additives as natural
alternatives to antibiotics in animal husband-
ry. The authors analysed numerous publications
demonstrating the effectiveness of phytogenic
additives in improving animal health and produc-
tivity. They also highlighted the potential of these
additives to reduce the use of synthetic growth
stimulants and antibiotics in livestock farming.
According to N.L. Bevz & V.Ya. Lykhach (2024), in
the context of transitioning to antibiotic-free pro-
duction technologies, actively supported at both
the European Union level and in Ukraine, the use
of natural products in pig feeding has become
particularly important. In their studies, R. Faus-
tov et al. (2022) proved that the introduction of
phytogenic preparations into the diet of fattening
pigs ensures stable growth and development of
young animals, strengthens the immune system,

and enhances the adaptive capabilities of the
organism. As noted by J. Lee et al. (2024), one of
the promising directions for such solutions is the
use of phytogenic feed additives, or phytobiotics,
which contain biologically active plant-derived
compounds - essential oils, phenolic substances,
flavonoids, terpenoids, alkaloids, and other com-
ponents with antimicrobial, antioxidant, and an-
ti-inflammatory effects.

In the works of V.O. Alieksieiev (2025), it was
noted that interest in phytogenic feed additives
for different animal species has significantly in-
creased. Phytogenic preparations, as evidenced
by the data of N. Xiao et al. (2025), have shown
the ability to positively affect digestion, stimulate
enzyme secretion, stabilise intestinal microbiota,
improve nutrient absorption, regulate immune re-
sponse, and reduce oxidative stress levels. Accord-
ing to S.Biswas & I.H.Kim (2023), the introduction
of phytogenic components into pig feeding con-
tributes to increased average daily weight gain,
improved feed conversion, reduced frequency of
gastrointestinal disorders, and maintenance of
stable physiological condition. These effects are
due to the presence of essential oils and extracts
containing substances with pronounced biological
properties — carvacrol, thymol, allicin, limonene,
etc., which exhibit a wide range of antimicrobi-
al activity against pathogenic bacteria and fungi.

As noted by TYu. Mykhailenko &
M.Yu. Sychov (2022), among the variety of phyto-
genic additives, significant attention is drawn to
products based on garlic (Allium sativum L.) and
caraway (Carum carvi L.), which have a synergistic
effect in normalising intestinal microbiota, stim-
ulating digestion, activating enzymatic processes,
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and increasing the body’s resistance. It has been
proven that the inclusion of garlic extract or pow-
der in the diet of piglets contributes to improved
growth rates, reduced cholesterol levels in serum,
increased antioxidant activity, and normalisation
of glucose and urea levels. The addition of car-
away, in turn, enhances the secretory activity of
digestive glands, stimulates appetite, inhibits the
growth of pathogenic microbiota, and promotes
the colonisation of beneficial lactobacilli in the
intestine. Despite the study by M. Rabelo-Ruiz et
al. (2021) on the use of phytogenic additives in
pig feeding, the issue of their effectiveness in
replacement young stock remains insufficiently
studied. Most scientific works focus on the wean-
ing or fattening period, while data on the impact
of such additives on gilts during the growing pe-
riod until their first insemination is limited. This
period is crucial as active growth processes, for-
mation of the reproductive organs, and physio-
logical maturity occur, requiring optimal support
for metabolic processes and the immune system.
The reaction of replacement gilts’ bodies to phy-
togenic stimulants in terms of biochemical blood
indicators and changes in the microbiota compo-
sition of the large intestine, which plays a key role
in maintaining metabolic homeostasis, is also in-
sufficiently explored.

M. Walter et al. (2025) highlighted an impor-
tant modern trend of applying a comprehensive
approach to evaluate the effectiveness of feed
additives, which includes not only productivity in-
dicators but also physiological, biochemical, and
microbiological parameters. This approach aligns
with the modern concept of ‘gut health” - an in-
tegrated understanding of digestive tract health
as the foundation for effective growth and pro-
ductivity of animals. Q. Tang et al. (2025) demon-
strated that studying the relationship between
microbiota composition, metabolic processes, and
immune system status allows for the develop-
ment of new approaches to feeding technologies
aimed at preventing stress conditions and en-
hancing the body’s natural resistance. V. lvanov et
al. (2023) expressed the opinion that conducting

such studies in real farm conditions, where factors
such as microclimate, housing technology, animal
genetic traits, and practical feeding aspects affect
the results, holds significant scientific value. This
ensures practical relevance and increases the
importance of the obtained results for produc-
tion. Furthermore, the use of modern laboratory
methods ensures the reliability and accuracy of
the data, meeting current international standards
for experimental work in veterinary science and
livestock production technologies.

Therefore, the relevance lies in justifying the
effectiveness of using a phytogenic feed additive
in the feeding of replacement gilts, which contrib-
utes to the optimisation of metabolic processes,
maintenance of stable microbiota, and increased
productivity without the use of antibiotics.

The aim of the study was to determine the
impact of phytobiotic on productivity, biochemi-
cal blood indicators, and intestinal microbiota of
replacement gilts during the growing period until
their first insemination.

Materials and Methods
The study was conducted in 2023-2025 under the
conditions of the privately leased enterprise “Vic-
toria” in the Bashtanka district of Mykolaiv region.
A total of 160 clinically healthy replacement gilts
of a crossbred combination of Large White x Lan-
drace (LW x L) from the breeding company “PIC”
(UK) were used in the experiment. At 11 weeks of
age, animals with a live weight of 32.02-32.62 kg
were divided into two groups of 80 individuals
each based on the analog method. Throughout
the experiment, all experimental gilts received
standard basic diets. Prior to the start of the
scientific and production experiment, an accli-
matisation period lasting 7 days (from 11 to 12
weeks of age) was conducted. The control group
() received the basic diet (BD) without any ad-
ditional feed additives. The experimental group
() received an additional natural growth stim-
ulator, “Imunochasnyk”, at a dose of 1,000 g/ton
of compound feed from the 12t to the 28t
week of growth, according to the manufacturer’s
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recommendations. The animals were fed special-
ised compound feeds for replacement gilts of
periods | and Il, manufactured in the farm’s own
feed mill. The diets were formulated based on the
feeding strategies adopted by the farm and the
methodological recommendations of genetic and
feed companies (PIC - genetic company, n.d.).

Composition of “Imunochasnyk” (per 100 g
of product): dried garlic (Allium sativum L) - 95 g,
caraway (Carum carvi L) - 5 g, manufactured by
order of “Eagle Trading LLC” (Ukraine), manufac-
turer: Argano Organis LLC, Unit 2 Industrial Es-
tate, Saharanpur (India). The feed additive “Imu-
nochasnyk” is a plant-based growth stimulator
based on essential oils. Its composition includes
essential oils of garlic and caraway at concentra-
tions according to the manufacturer’s guidelines.
The use of this additive helps to stabilise diges-
tion processes, promote the formation of healthy
intestinal microbiota, enhance growth intensity,
and improve the functional activity of the ani-
mals’ immune system.

To ensure the adequacy of the diets in terms
of nutrient content, premixes produced by LLC
“Tsekhave Ukraine” were used. The experimental
feed additive was incorporated directly into the
compound feed during its manufacture at the
feed mill when formulating the respective diets.
Replacement gilts were fed a complete diet at a
rate of 2.52 kg of feed per head per day with the
following nutritional value: crude protein con-
tent of 155.0 g/kg and metabolisable energy of
12.36 MJ/kg. The composition of 1 kg of the com-
plete feed included the following ingredients (%):
maize (35), wheat (21), barley (10), wheat bran
(12), sunflower meal (10), soybean meal (7), Ce-
havit sow premix replacement (5). Feed was pro-
vided ad libitum. Watering of the experimental
animals was carried out using nipple drinkers at a
ratio of one drinker per 10 animals.

Housing conditions complied with produc-
tion standards and technological regulations for
the agro-industrial complex (Ministry of Agrarian
Policy of Ukraine, 2005). Replacement pigs were
housed in groups of 20 animals per pen with a
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concrete slatted floor, providing a floor area of
1.0-1.65 m2 per animal. Veterinary and preventive
measures for animals of all experimental groups
were carried out according to a unified scheme
approved at the farm. Microclimate parameters in
the housing facility for the experimental animals
were ensured by the operation of a negative ven-
tilation system, which included an axial exhaust
fan installed in the ceiling section of the building
and air inlet valves located in the walls of the
facility. Coordination of the ventilation system
components was performed using microproces-
sor-controlled equipment, which ensured auto-
matic maintenance of the specified microclimate
parameters. Manure removal from the facility was
carried out using a vacuum-gravity system of
periodic operation, which involved manure chan-
nels located beneath the entire pen area and a
network of pipelines for transporting manure ef-
fluent to manure collectors situated outside the
livestock building. Feeding, watering, housing
conditions, animal care, and veterinary and pre-
ventive measures during the experiment were
conducted in compliance with the requirements
of current European and national legislation of
Ukraine on the welfare of farm animals during
their housing (Order of the Ministry..., 2021).

The productive performance of replace-
ment gilts during the growing period until first
insemination was assessed using a set of indica-
tors, including live weight (kg) and average daily
gain (g). In addition, herd survival rate and the
proportion of culled animals during the speci-
fied period were determined in accordance with
generally accepted methodological approaches
(Voloshchuk, 2014; Ibatulin & Zhukorskyi, 2017;
Ladyka & Khmelnychiy, 2023). Biochemical blood
analyses of replacement gilts from the exper-
imental and control groups at the end of the
growing period, at 190 days of age, were con-
ducted to evaluate the functional status of the
liver and kidneys, protein, carbohydrate and min-
eral metabolism, as well as enzymatic activity of
the organism. Blood samples were collected in
the morning before feeding by puncture of the
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jugular vein from five clinically healthy animals
in each group. Blood samples were collected into
tubes containing a clot activator, followed by cen-
trifugation to obtain serum. Biochemical analyses
were performed in the independent laboratory of
LLC “Expert Centre ‘Biolaits™ using an automatic
biochemical analyser ERBA XL-640 (Erba, Czech
Republic) and appropriate certified reagents. The
obtained results were compared with reference
(normative) values for pigs of the correspond-
ing age (Voloshchuk, 2014; Ibatulin & Zhukor-
skyi, 2017; Ladyka & Khmelnychiy, 2023).

At the final stage of the scientific and pro-
duction experiment, the effect of the feed addi-
tive “Imunochasnyk” on the quantitative and spe-
cies composition of the microbiota of the large
intestine of replacement gilts was investigated.
Faeces from the experimental gilts served as the
material for studying the microbial composition;
samples were collected from 10 animals in each
group onto a clean substrate, after which they
were transferred into sterile plastic containers
and sent to the independent laboratory of LLC
“Expert Centre ‘Biolaits™. Microbiological analysis
of faecal samples was conducted for the quanti-
tative and qualitative determination of microor-
ganisms through their identification using MAL-
DI-TOF MS. The experimental research protocol
was approved by the Bioethics Commission of
the National University of Life and Environmen-
tal Sciences of Ukraine in accordance with Good
Clinical Practice (GCP) requirements regarding the

protection and humane treatment of experimen-
tal animals, No. 039/2025 dated 26 June 2025.

The obtained research results were pro-
cessed using statistical methods (Kramarenko et
al., 2019) with the use of computer technology
and the STATISTICA v.7.0 software package (Stat-
Soft Inc., USA), in accordance with the meth-
odological approaches described by II. Ibatu-
lin & O.M. Zhukorskyi (2017) and V.l. Ladyka &
L.M. Khmelnychiy (2023).

Results and Discussion

The study of productive performance of replace-
ment gilts of the (LW x L) genotype showed that
at the initial stages of rearing (11-12 weeks of
age), the live weight of animals in both groups
was almost identical (32.02-32.62 kg), indicating
homogeneity of the initial experimental mate-
rial (Table 1). During this period, no significant
differences were observed between the control
(I) and experimental (Il) groups, and culling due
to injuries or diseases was minimal (0-2.5%).
Starting from the 17t week of rearing, a signif-
icant advantage of the experimental group in
live weight was established (66.22 kg) compared
with the control group (61.40 kg, p £0.001). Ac-
cordingly, average daily gains in animals receiv-
ing the feed additive were significantly higher,
amounting to 817.14 g versus 731.43 g in the
control group (p £0.01), which indicated a stimu-
lating effect of the additive on the growth inten-
sity of the young animals.

Table 1. Productive traits of replacement gilts (n=80), X + Sy

Trait ‘ Group / Age ‘ I (control) ‘ Il (experimental)
11 weeks
Live weight, kg \ | 3262:0248 |  32.02+0.330
12 weeks
Live weight, kg 36.80+0.434 37.62+0.404
Culling (injuries, diseases), % 0 2.5
17 weeks
Live weight, kg 61.40+0.412 66.22 +0.384***
Average daily gain, g 731.43+4.562 817.14+£3.632**
Culling (injuries, diseases), % 5.0 2.5
22 weeks
Live weight, kg \ 88.1640.282 |  95.22+0.314%
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Table 1. Continued

Trait Group / Age I (control) Il (experimental)
22 weeks
Average daily gain, g 764.57+4.082 828.57 +3.420***
Culling (injuries, diseases, other), % 7.9 0
26 weeks
Live weight, kg 108.20+0.308 117.80+0.296***
Average daily gain, g 715.71+3.502 806.43 +2.786%**
Culling (injuries, diseases, other), % 0 0
28 weeks
Live weight, kg 118.64+0.282 128.52 £0.226***
Average daily gain, g 745.71+4.40 765.71+3.30**
Culling (injuries, diseases, other), % 2.9 0
Survival rate, % 85.0 95.0

Note: ** — p<0.01; *** - p<0.001
Source: authors’ development

At 22 weeks of age, the differences between
the groups persisted and even intensified: the live
weight of gilts in the experimental group reached
95.22 kg, which significantly exceeded the control
by 7.06 kg (p <0.001). Average daily gain during
this period was also higher,amounting to 828.57 g
compared with 764.57 g in the control group
(p €0.001). No cases of culling were recorded in
the experimental group, whereas in the control
group it reached 7.9%, indicating a positive effect
of the additive on animal health and viability. By
26 weeks of age, the advantage of the experimen-
tal group was maintained: the live weight of gilts
reached 117.80 kg, which was 9.6 kg higher than in
the control group (p<0.001).Average daily gain was
also significantly higher (806.43 g versus 715.71 g,
p £ 0.001). At this stage, no culling of animals was
observed in either group. At the end of the grow-
ing period (28 weeks), the difference between the
groups remained substantial. The live weight of
gilts in the experimental group reached 128.52 kg,
exceeding the control value (118.64 kg) by 9.88 kg

(p € 0.001). Average daily gains remained high,
amounting to 765.71 g compared with 745.71 g
in the control group (p €0.01). Overall survival in
the experimental group was 95.0%, whereas in
the control group it was 85.0%, confirming an im-
provement in physiological status and a reduction
in stock losses due to the use of the investigated
phytogenic feed additive. Thus, inclusion of the
additive in the diet of replacement gilts at a dose
of 0.10% of feed weight ensured increased growth
intensity, improved average daily gains, and high-
er survival rates. This indicates its effectiveness
as an immunostimulatory and growth-promoting
agent in the system of rearing replacement pigs.

Biochemical indicators of blood serum reflect
the state of metabolism, the functional activity of
organs, and the response of the animal organism
to dietary factors. Analysis of the obtained data
demonstrated that pigs in the experimental group
receiving the phytogenic feed additive exhibited
positive changes in a number of metabolic indi-
cators compared with the control group (Table 2).

Table 2. Biochemical blood indicators of replacement gilts
when using the phytogenic feed additive (n = 5), X+ Sy

. Reference Group Difference
|
ndicator range | (control) Il (experimental) llvsl
Albumins (ALB), g/L 25-45 22.34+0.821 25.3310.621 2.99*
Alkaline phosphatase (ALP), U/L 30-150 | 25837421533 | 280.23+20.819 21.86
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Table 2. Continued
. Reference Group Difference

Indicator range | (control) Il (experimental) sl
Alanine aminotransferase (ALT), U/L 12-54 63.82+3.961 69.76+8.471 5.94

Alpha-amylase (AMY), U/L <3500 2766.97+351.098 | 3353.01+399.331 586.04
Aspartate aminotransferase (AST), U/L 12-42 51.80+4.754 66.19+10.437 14.39
Calcium (Ca), mmol/L 2.0-3.0 2.41+0.043 2.58+0.035 0.17*
Cholesterol (CHOL), mmol/L 1.1-3.4 2.50+0.063 2.56+0.138 0.06
Creatinine (CRE), pmol/L 100-208 70.74+3.992 83.54+5.241 12.80
Direct bilirubin (DBIL), pmol/L 0-5.3 0.26+0.063 0.27+0.030 0.01
Gamma-glutamyltransferase (GGT), U/L | 10-60 31.31+5.210 25.84+5.045 -5.47
Glucose (GLUC), mmol/L 2.5-8.1 5.25+0.177 5.76+0.363 0.51
Phosphorus (P), mmol/L 1.5-3.2 3.59+0.122 3.70+0.108 0.11

Iron (Fe), umol/L 15-38 18.85+1.643 28.72+3.831 9.87*
Magnesium (Mg), mmol/L 0.74-1.32 0.89+0.021 0.96+0.028 0.07
Total bilirubin (TBIL), pmol/L 0.1-6.84 2.44+0.090 2.33+0.039 -0.11
Total protein (TP), g/L 50-85 55.81+3.408 56.19+2.201 0.38
Globulins (GLB), g/L 20-35 33.46+3.569 30.86+1.952 -2.60
Protein coefficient 0.8-1.2 0.72+0.086 0.84+0.051 0.12
De Ritis index (AST/ALT) 0.8-1.3 0.80+0.032 0.92+0.058 0.12
Ca/P ratio 1.2-1.8 0.68+0.037 0.70+0.032 0.02

Indirect bilirubin (IBIL), umol/L 1.7-8.6 19.38+1.429 8.94+0.914 -10.44**

Note: ** — p<0.01; *** - p<0.001
Source: authors’ development

Protein metabolism. The albumin content in the
experimental group amounted to 25.33 g/L, which
corresponded to the physiological range (25-45 g/L)
and exceeded the control by 2.99 g/L. The values in
the control group were below the lower limit of the
norm. This indicated activation of protein synthesis
in the liver and improvement of plastic processes.
Total protein content in animals of both groups re-
mained within the physiological range (50-85 g/L);
however, a tendency towards a slight increase was
observed in the experimental gilts (56.19 g/L ver-
sus 55.81 g/L). The globulin content in the experi-
mental group decreased (30.86 g/L compared with
3346 g/L in the control), which resulted in an in-
crease in the protein coefficient from 0.72 to 0.84 -
a value that reached the optimal range (0.8-1.2) in
the experimental animals.This indicated a more bal-
anced ratio between albumin and globulin synthe-
sis, reflecting a stable immunobiochemical status.

Enzymatic activity. The activity of alanine
aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) in pigs of both groups exceeded the

reference ranges (12-54 and 12-42 U/L, respec-
tively), which may be associated with intensive
protein metabolism during the period of active
growth. At the same time, in the experimental
group the ALT level was higher (69.76 U/L), and
AST exceeded the control by 14.39 U/L, which re-
sulted in an increase in the de Ritis index to 0.92
(within the physiological range of 0.8-1.3). This
indicated the absence of pathological changes
in hepatocytes and good adaptation of the liver
to the action of the phytogenic additive. Alkaline
phosphatase (ALP) activity in the experimental
group increased by 21.86 U/L, which was likely
associated with intensified bone tissue growth
processes. Gamma-glutamyltransferase (GGT)
activity in animals of the experimental group
decreased (25.84 versus 31.31 U/L), indicat-
ing a reduced hepatic load. Alpha-amylase ac-
tivity remained within the normal range (up to
3,500 U/L) and showed a tendency to increase
(3,353.01 U/L), which may indicate stimulation of
pancreatic enzymatic activity.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6



Carbohydrate metabolism. The glucose con-
centration in the blood serum of pigs in both
groups remained within the physiological range
(2.5-8.1 mmol/L) and was slightly higher in the
experimental animals (5.76 versus 5.25 mmol/L),
which may be a consequence of more efficient
nutrient utilisation when the experimental feed
additive was included in the diet.

Mineral metabolism. The calcium and phos-
phorus contents in both groups were at adequate
levels; however, in the experimental group an in-
crease in calcium concentration to 2.58 mmol/L
was observed, along with a slight increase in
phosphorus to 3.70 mmol/L. Despite this, the Ca/P
ratio remained below the optimal range (0.70
compared with the recommended 1.2-1.8), indi-
cating a certain imbalance in mineral metabolism
typical of young animals during periods of inten-
sive growth. The magnesium content remained
within the physiological range (0.96 mmol/L).

Pigment metabolism indicators. The levels
of total and direct bilirubin remained within the
physiological range, whereas the concentration
of indirect bilirubin in the experimental group
(8.94 umol/L) decreased compared with the con-
trol group (19.38 umol/L), indicating a reduction
in haemolysis processes and stabilisation of the
functional state of the liver.

Other metabolic indicators. Creatinine levels in
animals of both groups were below the reference
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values (83.54 versus 70.74 pmol/L), which may be
associated with age-related growth characteristics
and a lower level of muscle metabolism compared
with adult sows. The iron concentration in the ex-
perimental group significantly exceeded that of
the control group (28.72 versus 18.85 umol/L),
indicating improved haematopoietic processes
under the influence of the phytogenic additive.
Cholesterol levels remained stable within the
physiological range (2.56 mmol/L), indicating
the absence of disturbances in lipid metabolism.

The obtained results demonstrated that the use
of the phytogenic additive in the feeding of replace-
ment gilts had a positive effect on protein, carbohy-
drate, and mineral metabolism, contributed to the
stabilisation of hepatic enzymatic activity, and pro-
moted improved protein synthesis and metabolic
adaptation of the animals during the growing period.

Bacteriological analysis of samples from the
large intestine of replacement gilts revealed the
presence of a diverse commensal microbiota, rep-
resented mainly by Gram-positive cocci and rods
of the genera Streptococcus, Lactobacillus, Entero-
coccus, and Clostridium. In the control group, fac-
ultative anaerobes predominated (Streptococcus
alactolyticus, Enterococcus faecalis, Staphylococcus
spp.),whereas in the experimental group acid-pro-
ducing and butyrate-producing bacteria prevailed
(Lactobacillus amylovorus, L. reuteri, Clostridi-
um butyricum, Eubacterium rectale) (Table 3).

Table 3. Changes in the species composition of the dominant microbiota of the large intestine
of replacement gilts under the influence of the phytogenic feed additive, %

Group, n=10 animals .
Taxon - Description
I (control) | Il (experimental)

Streptococcus 100 100 Dominant commensal of the large intestine; ferments
alactolyticus carbohydrates and maintains a stable pH environment.
Lactobacillus 40 90 Lactic acid producer; competitively suppresses

amylovorus opportunistic microbiota.
. . Produces reuterin; reduces adhesion of E. coli
Lactobacillus reuteri 30 70 and Staphylococcus spp.
. Permanent commensal; excessive levels are
Enterococcus faecalis 60 50 associated with inflammatory processes.
Opportunistic pathogen; inhibited by phytogenic
Staphylococcus aureus 40 10 phenolic compounds.
Staphylococcus 30 10 Reduced carriage indicates improved hygienic status
epidermidis of the intestinal mucosa.
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Table 3. Continued

Group, n=10 animals .
Taxon - Description
I (control) | Il (experimental)
. Potentially pathogenic; reduced carriage indicates
Streptococcus suis 30 10 a preventive effect.
- . Butyrate producer; improves epithelial regeneration
Clostridium butyricum 20 40 and energy metabolism.
. Produces butyrate; involved in stabilisation
Eubacterium rectale 10 30 of the intestinal barrier function.
Escherichia coli (non- 30 15 Reduced putrefactive processes
pathogenic strains) and proteolytic activity.

Source: authors’ development

The presence of Streptococcus alactolyticus in
100% of samples from both groups confirms its
role as a permanent dominant in the large intes-
tine of pigs. As reported by H. Wang et al. (2023),
S. alactolyticus contributes to carbohydrate fer-
mentation and the production of short-chain
fatty acids (SCFAs), which are essential for the
energy supply of enterocytes. In the experimen-
tal group, the proportion of lactobacilli increased
more than twofold. This may be attributed to the
phytogenic additive containing garlic and cara-
way extracts, which likely stimulated the growth
of lactic acid bacteria due to the presence of bio-
logically active compounds with prebiotic proper-
ties. The observed reduction in the prevalence of
S. aureus, S. epidermidis, and S. suis (by 3-4 times)
may be associated with the antimicrobial activi-
ty of essential oils that disrupt the cell walls of
Gram-positive bacteria. In addition, Lactobacillus
reuteri produces reuterin, which exhibits bacteri-
ostatic activity against Staphylococcus and E. coli,
explaining the lower carriage rate of opportun-
istic microorganisms in the experimental group.
Clostridium butyricum and Eubacterium rectale
were detected in 40% and 30% of experimental
samples, respectively, which was twice as high as
in the control group. Butyrate is a key metabolite
for nourishing the colonic epithelium and regu-
lating apoptosis and anti-inflammatory respons-
es. The increased abundance of these bacteria in-
dicates activation of anaerobic fermentation and
normalisation of microbial homeostasis.

The reduction in the prevalence of Escher-
ichia coli in the experimental group to 15%

reflects a positive effect of the phytogenic addi-
tive on the balance of the intestinal ecosystem.
It is evident that an increased abundance of Lac-
tobacillus spp. and butyrate-producing bacteria
is associated with suppression of E. coli growth,
a reduction in putrefactive processes, and im-
proved nutrient utilisation. The complete reper-
toire of the presence/absence of microbiota taxa
in intestinal samples from the experimental re-
placement gilts is presented in Figure 1. The ob-
tained results demonstrated a classical pattern
of microbial balance shift from facultative anaer-
obes towards obligate fermenters, which ensure
a stable environment in the large intestine. This
direction of change corresponds to contempo-
rary concepts regarding the mechanism of action
of phytogenic feed additives, namely stimulation
of probiotic microbiota, inhibition of pathogenic
microorganisms, and enhancement of intestinal
colonisation resistance.

The obtained results of the study confirmed
a significant positive effect of the experimen-
tal phytogenic feed additive on the productiv-
ity, metabolic status, and intestinal microbio-
ta of replacement gilts. Starting from the 17
week of rearing, animals receiving the additive
showed a significant advantage in live weight
and average daily gains compared with the con-
trol group (p £0.001), which persisted until the
end of the experiment. At 28 weeks of age, an-
imals in the experimental group demonstrated
an average live weight of 128.52 kg compared
with 118.64 kg in the control group, while av-
erage daily gains amounted to 765.71 g versus
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745.71 g, respectively (p < 0.01). In addition,
survival rate in the group of gilts receiving the
experimental phytobiotic reached 95%, whereas
in the control group this indicator did not ex-
ceed 85%. Similar results have been reported in
contemporary scientific reviews. For example,
M. Madesh et al. (2025) emphasised that the use
of phytogenic feed additives in pig production
contributes to improved productivity, nutrient
utilisation, and feeding efficiency through mod-
ulation of the microbiota and stimulation of
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digestive enzymatic activity. Likewise, M. Mah-
boubi (2019) and H.A. Cho et al. (2024) demon-
strated that inclusion of phytogenic mixtures
in the diets of fattening pigs increased average
daily gains and reduced stress-induced physio-
logical responses. Thus, the results of the pres-
ent experiment are consistent with current evi-
dence indicating that phytogenic additives exert
a combined stimulatory effect by simultaneous-
ly influencing the microbiota, metabolism, and
overall physiological status of animals.
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Figure 1. Presence/absence of species-level microbiota taxa in the experimental groups
of replacement gilts

Source: authors’ development

Biochemical blood serum indicators reflected
an improvement in metabolic processes and the
functional state of the liver in replacement gilts
receiving the experimental feed additive. An in-
crease in albumin content (25.33 g/L) combined
with a decrease in globulins resulted in an in-
crease in the protein coefficient to 0.84, indicating
optimisation of protein synthesis and a better bal-
ance between plastic and immune processes (Li et
al., 2021). In the present study, ALT and AST activi-
ties in animals of the experimental group exceed-
ed those of the control group but remained within

the physiological range, while the de Ritis index
(0.92) indicated the absence of hepatocyte dam-
age. An increase in alkaline phosphatase (ALP)
activity by 21.86 U/L reflected intensification of
growth processes and bone tissue remodelling,
whereas a decrease in gamma-glutamyltrans-
ferase (GGT) to 25.84 U/L indicated a reduced
hepatic load and improved detoxification func-
tion of the liver. Similar “liver-safe” profiles under
phytogenic feeding strategies were described by
F.Chen et al. (2024), who reported that phytogen-
ic additives and essential oils in pigs improved
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antioxidant status without inducing pathological
shifts in hepatic enzyme activity; under certain
feeding regimens, an increase in plasma antiox-
idant enzymes was also observed without ad-
verse effects on AST or ALT. Comparable trends
were reported by A.O. John (2024) and V.G. Pap-
atsiros et al. (2024), who documented improve-
ments in haematological and enzymatic param-
eters in pigs receiving phytogenic feed additives.

The blood glucose concentration in the ex-
perimental animals (5.76 mmol/L) was slightly
higher than in the control group (5.25 mmol/L),
indicating more efficient carbohydrate utilisation
and a more stable energy balance. Higher serum
levels of calcium (2.58 mmol/L) and phospho-
rus (3.70 mmol/L) also reflected improved min-
eral metabolism and active growth processes.
The increased iron concentration (28.72 versus
18.85 pmol/L) indicated stimulation of erythro-
poiesis and enhanced oxygen transport, thereby
supporting more intensive growth of the animals.
At the same time, the reduction in indirect biliru-
bin levels (8.94 versus 19.38 umol/L in the control
group) indicated stabilisation of liver functional
status and a decrease in haemolysis processes.
Similar changes were described by CN. Shili et
al. (2021), who emphasised that the state of the in-
testinal microbiota directly influences hepatopro-
tective function, hepatic enzyme activity,and over-
all metabolism in pigs. The biochemical results of
the present study are consistent with the findings
of E.R. Grela ef al. (2013) and M. Mohammadi &
I.H. Kim (2018) regarding the effects of phytogen-
ic mixtures on oxidative stress and inflammatory
markers in pigs. For example, supplementation
of garlic powder combined with oregano essen-
tial oil in weaned piglets improved productivity
without signs of systemic inflammation or adverse
changes in oxidative stress biomarkers at an opti-
mal dose (0.4%), whereas overdosing negated the
beneficial effect, highlighting the importance of
appropriate inclusion technology and dose titra-
tion. This aligns well with the concept of the pres-
ent mixture at a dose of 0.1% as a “mild” modula-
tor rather than an aggressive antimicrobial agent.

The microbiome shifts observed in the pres-
ent study exhibited a clear functional vector: in
the experimental group, the proportion of ac-
id-producing and butyrate-generating taxa in-
creased (in particular Lactobacillus amylovorus,
L. reuteri, Clostridium butyricum, and Eubacterium
rectale), whereas in the control group facultative
anaerobes predominated (Streptococcus alactol-
yticus, Enterococcus faecalis, Staphylococcus spp.).
The direction of these changes fits well within
the contemporary model of the “feed - micro-
biota - metabolism axis”, whereby stimulation
of microbial carbohydrate fermentation in the
large intestine enhances the production of short-
chain fatty acids (SCFAs), which nourish colono-
cytes, stabilise the intestinal barrier, and reduce
systemic inflammation. Experimental studies
by F. Wan et al. (2024) have demonstrated that
phytogenic strategies and butyrate-oriented ap-
proaches modify the pig gut microbiome, increase
SCFA production, and improve anti-inflammatory
and antioxidant indices.

As shown by the results of the study, the
application of Lactobacillus reuteri, particularly
the LR1 strain, may serve as an effective means
of improving intestinal barrier function in pigs.
The high abundance of this strain in the exper-
imental group indicates its role in modulating
the microbiota of the large intestine, specifical-
ly by increasing the proportion of Lactobacillus
spp., which has a beneficial effect on epithelial
integrity. Similar findings have been reported in
other studies, notably by B. Yang et al. (2022),
who demonstrated that the use of L. reuteri LR1
improved the caecal microbiome and promoted
restoration of intestinal barrier function in pig-
lets. This effect may contribute to a reduction
in the carriage of opportunistic pathogenic bac-
teria, such as enterobacteria and staphylococci,
through the production of reuterin - a natural
antimicrobial metabolite. In addition, the in-
creased concentration of Lactobacillus reuteri in
the experimental group of pigs confirms the abil-
ity of this strain to reduce adhesion of Escherichia
coli and Staphylococcus spp., thereby improving
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the hygienic status of the intestinal mucosa and
reducing the level of pathogenic microorganisms
in the intestinal environment.

The increased proportion of butyrate-pro-
ducing bacteria (Clostridium butyricum, Eubacteri-
um rectale) provides a mechanistically convincing
explanation for the biochemical shifts observed
in the present study. Butyrate is the primary “fuel”
for colonic enterocytes, modulates gene expres-
sion, exhibits anti-inflammatory properties, and
is associated with improved metabolic efficiency.
In pigs, enhancement of endogenous butyrate
production through dietary approaches - such as
supplementation with protected butyrate, preb-
iotics, or microbiome-targeted phytogenic mix-
tures - has been linked to reduced pro-inflam-
matory cytokine levels and improved antioxidant
responses (Wan et al., 2024). This is consistent
with the ALP/GGT profile observed in the present
study, as well as with improved indicators of en-
ergy metabolism (glucose), mineral metabolism
(Ca, P), and erythropoiesis (Fe). In the current ex-
periment, such effects may have been among the
factors contributing to increased live weight and
improved blood parameters, as also reported by
J.0. Alagbe et al. (2024).

The role of garlic and caraway essential oils
in the phytogenic feed additive also includes a
selectively antimicrobial component: phenolic
compounds (carvacrol and thymol), as well as
sulphur-containing garlic compounds, particular-
ly allicin, inhibit Staphylococcus aureus, S. epider-
midis, and Streptococcus suis while not disrupting
beneficial anaerobic consortia. Studies in pigs
have already demonstrated that combinations of
essential oils (oregano, mint, thyme, etc.) restruc-
ture the microbial profile in a direction favoura-
ble for productivity without compromising safety
based on key biomarkers (Duarte & Kim, 2022).
This provides additional support for the present
observation of a reduced prevalence of Escher-
ichia coli (from 30% to 15%) and a decline in
staphylococci in the experimental group.

In summary, the positive changes in productiv-
ity and metabolic status observed in replacement
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gilts receiving the experimental phytobiotic can
be attributed to the systemic effects of phytogen-
ic components, which simultaneously regulate
microbiota composition, enzymatic activity, pro-
tein and mineral metabolism, and the antioxidant
status of the organism. This is consistent with the
concept of the “feed - microbiota - metabolism
axis”, according to which a stable and balanced
microbiota promotes more efficient energy utili-
sation, supports liver function, reduces systemic
inflammation, and enhances animal productivity.
Thus, the inclusion of the phytogenic additive
“Imunochasnyk” in the diet of replacement gilts
may be considered an effective means of biolog-
ical modulation of metabolism, improvement of
health status, and enhancement of growth inten-
sity under industrial production conditions.

Conclusions

The results of the study confirm that the inclu-
sion of a phytogenic feed additive in the diet
of replacement gilts of the (LW x L) genotype at
a dose of 0.10% of feed weight exerted a pro-
nounced positive effect on productivity, meta-
bolic status, and the microbiota of the large in-
testine. Starting from the 17th week of rearing,
animals in the experimental group demonstrated
a significant advantage in live weight and aver-
age daily gains (p £0.001), which persisted until
the end of the study; by 28 weeks of age, live
weight exceeded the control by 9.88 kg, while
herd survival reached 95%, which was 10% high-
er than in the control group. The experimental
feed additive thus exhibited growth-promoting
and preventive effects, improving the viability
of replacement gilts. Biochemical indicators re-
flected optimisation of protein and mineral me-
tabolism, increased albumin levels and protein
coefficient, and reduced GGT and indirect biliru-
bin concentrations, indicating a hepatoprotective
effect and improved metabolic adaptation. In ad-
dition, increased calcium, phosphorus, and iron
levels indicated activation of bone formation and
erythropoiesis, while elevated glucose concen-
tration reflected a more stable energy balance.
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Bacteriological investigations demonstrated
that the use of the investigated feed additive in-
duced a shift in the microbiota towards beneficial
anaerobic microorganisms. In the experimental
group, the proportions of Lactobacillus amylovorus,
L.reuteri,Clostridium butyricum,and Eubacterium rec-
taleincreased,whereas the abundance of potential-
ly pathogenic Staphylococcus spp.and Streptococcus
suis decreased by 3-4 times. Such microbial recon-
figuration enhances the production of short-chain
fatty acids, particularly butyrate, which improves
intestinal barrier function and antioxidant status.

Overall, the experimental additive can be
considered an effective and safe immunostim-

better overall physiological status of the animals.
Further studies should focus on determining the
optimal dosage and duration of supplementation
for different pig breeds, investigating the dynam-
ics of immunological and antioxidant markers,and
developing models of sustainable pig production
based on the use of natural phytogenic stimulators.
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Bnnue ¢iToreHHoro npenapaTy Ha NPOAYKTUBHICTb, 6i0XiMiUHMIA cTaTyC KpOBi
Ta MiKpo6ioTy KULIKIBHMKA PEMOHTHUX CBUHOK

Haranis beB3

3p06yBay BMLLOI OCBITM HAayKOBOrO CTyMNeHs AoKTop dinocodii
HauioHanbHui yHiBepcuTeT BiopecypciB i NpUpOA0KOPUCTYBaHHS YKpaiHu
03041, Byn. lepois O60poH#, 15, M. Kuis, YkpaiHa
https://orcid.org/0000-0003-0037-9156

Bagum Jiuxau

[LOKTOp CinbCbKOrocnoaapcbkux Hayk, npodecop

HauioHanbHui yHiBepcuTeT BiopecypciB i NpUpOA0KOPUCTYBaHHS YKpaiHu
03041, Byn. lepois O60poH#, 15, M. Kuis, YkpaiHa
https://orcid.org/0000-0002-9150-6730

AHoTauifa. B ymoBax 306ilblUEHHS BMKOPUCTaHHS aHTMBIOTMKIB Yy CBMHAPCTBI 3pOCTae noTpeba B
aNbTEPHATUBHUX PIlLEHHAX ANS MiATPUMKM 3[40POB'S Ta MPOAYKTUBHOCTI TBapuH, WO O6YMOBAIOE
BaX/MBICTb AOCNIMKEHHS edeKTUBHOCTI diToreHHMX [006aBOK Yy roAaiBni CBUHeN. JlocnimxeHHs
npucBsAYeHe oLiHLi BNAnBY QiToreHHOi KOpMOBOT [06aBKM, CTBOPEHOI HA OCHOBI BUCYLLIEHOIO YaCHUKY Ta
KMUHY, Ha NPOAYKTUBHICTb, MeTaboNiuHMI CTaTyC i MikpobioTy TOBCTOrO KMLLKIBHMKA PEMOHTHMX CBMHOK
reHotuny (BB x JT). EkcnepuMeHT npoBefeHo y BUPOOHUUYMX YMOBAX Ha ABOX rpynax TBapuH (n=80), aki
OTPUMYBaANN OCHOBHWIM pauioH 6e3 fobaBku (KOHTponb) abo 3 [JOAABAHHAM KOPMOBOI A06ABKM y A03i
0,10 % Bin macu KombikopMy (gocnig). MounHaoum 3 17-ro TMXKHS BUMPOLLYBAHHS, Y CBMHOK AOCNIAHOI
rpynu cnocrepiranocs LOCTOBipHe nepeBaxaHHs 3a xusoto macoto (p € 0,001) Ta cepeaHb08060BMMU
npupoctamu (p<£0,01), ake 36epiranocs fo 28-TMxxHEBOro BiKy. 3aranbHa 36epexeHicTb TBApUH CTaHOBWA
95 % npotn 85 % y KOHTpOni, WO CBiAYMTL NPO NOKpaLeHHS (i3ioNoriYHOro cTaHy Ta CTIMKOCTI 80
cTpecy. bioxiMiYHi NOKa3HMKM CMPOBATKM KPOBI 3aCBiaYMAM NiABULLEHHS BMICTY anbbyMiHiB, 6inkoBoro
KoediuLieHTa, Kanbuito, dochopy Ta 3aniza Npu OLHOYACHOMY 3HUXKEHHI Y-rnyTaMinTpaHcdepasm i
Henpamoro 6inipybiHy, Wwo Bigobpaxae onTuMiszauito 6inKoBOro, MiHepanbHOro Ta NirMeHTHOro O6MiHIB
i renaTonpoTekTOpHWI edekT. bakTepionoriyHMii aHani3 MokasaB 3pOCTaHHS 4YacTku Lactobacillus
amylovorus, L. reuteri, Clostridium butyricum i Eubacterium rectale Ta 3HwxkeHHsi Staphylococcus aureus,
S. epidermidis i Streptococcus suis, WO CBiAYMTb NPO BiAHOBMEHHS MiKPOOGHOro 6anaHcy, nigBULLEHHS
NpOAYKLIT KOPOTKONAHLOrOBMX >XMPHUX KUCNOT | KONMOHI3aLiAHOI Pe3UCTEHTHOCTI KULLKIBHMKA.
BctaHoBneHo, Wo BuKOpUCTaHa ¢iToreHHa fo6aBka NPOsBASE KOMBIHOBaHWI CTUMYMOKOUMIA edekT,
0[HOYACHO BN/MBAOUM Ha MiKpobioTy, 06MiH pe4yoBuMH i QisionoriyHy aganTauito TBapuH

KniouoBi cnoBa: 6ioxiMiyHi MOKa3HMKM KpOBi; iMyHOMOZY/IOBAHHSA; CTane CBMHAPCTBO; TOBCTMM
KMLIKIBHUK; QiTOBIOTUK
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Abstract. The study aimed to assess the environmental impacts of alternative fuels in the maritime
sector, particularly their potential for global warming, ocean acidification, eutrophication and marine
toxicity. To this end, a comparative analysis of different fuels was conducted, including liquefied natural
gas, green methanol products,ammonia, biofuels and traditional heavy fuel oil. The results showed that
liquefied natural gas, despite its lower CO, emissions, had a high climate impact due to methane leaks,
with a global warming potential of 0.18 to 0.22 kg CO,-eq/MJ. Green biofuels, particularly methanol,
had the lowest global warming potential (0.016-0.020 kg CO,-eg/MJ), but their direct CO, emissions
during combustion remained high. Ammonia, as a carbon-free fuel, reduced CO, emissions but produced
significant amounts of nitrous oxide (N.O), which has a significant impact on the climate balance.
The ocean acidification potential for heavy fuel oil was 0.18 kg SO,-eq/MJ, and for ammonia, 0.10 kg
SO, eq/Ml. Eutrophication analysis showed that ammonia and nitrous oxide emissions significantly
increase nitrogen levels in marine ecosystems, which can cause algae growth. The toxicity of different
fuels showed that ammonia has the greatest potential to harm marine organisms, even at low
concentrations. The practical significance of the results is determined by the need for a comprehensive
assessment of the environmental impact of the transition to alternative fuels in shipping, which can
be used by maritime transport authorities, environmental agencies, seaports, and companies involved
in the development and implementation of technologies for decarbonising shipping and reducing the
environmental impact of maritime activities
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ammonia; methanol
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Introduction

Maritime transport is one of the main sources of
global greenhouse gas emissions, which signifi-
cantly affects the planet’s climate stability. It con-
tributes not only to increased CO, concentrations
in the atmosphere, but also to the release of other
harmful substances such as nitrogen oxides (NO,),
sulphur (SO,) and particulate matter (PM), which
negatively affect air quality and marine ecosys-
tems. In addition, water pollution and ocean acid-
ification are among the main factors disrupting
biogeochemical cycles, particularly the carbon
and nitrogen cycles, which threaten marine life.
This necessitates the urgent adaptation of the
maritime industry to new environmental stand-
ards, in particular the decarbonisation of the mar-
itime sector. Under these conditions, a review of
the literature was used to compare the results of
different research approaches and derive consist-
ent guidelines for practice.

D.M. Reshetkov & N.L. Pavlova (2022a) re-
viewed key initiatives to reduce greenhouse gas
emissions in seaports. The study noted the signif-
icance of renewable energy sources and alterna-
tive fuels in reducing the environmental impact
of maritime transport. The study examined initia-
tives involving the installation of technologies to
reduce CO, emissions and the transition to more
sustainable energy sources. In another paper,
D.M. Reshetkov & N.L. Pavlova (2022b) examined
global initiatives related to the decarbonisation
of maritime transport, in particular the introduc-
tion of alternative fuels such as liquefied natural
gas (LNG) and biofuels, and their role in reducing
greenhouse gas emissions. The study noted that
national and international organisations are al-
ready working to create a regulatory framework
for such initiatives. The significance of digitalisa-
tion and automation of processes in the maritime
sector for effective decarbonisation was consid-
ered by B. Kormych & T. Averochkina (2024). The
study noted that the use of digital technologies
can be used for the effective management of sea-
ports and the reduction of CO, emissions, which is
a substantial step in the decarbonisation process.

Savchuk

A systematic review of technological and op-
erational measures in shipping aimed at achiev-
ing the International Maritime Organisation’s
2050 targets was conducted by G. Mallouppas &
E.A. Yfantis (2021). The study examined in detail
alternative fuel technologies, such as methanol
and ammonia, as well as innovative technologies,
including rotary sails and wind-assisted propul-
sion, to reduce CO, emissions and other pollut-
ants. E. Kostidi & D. Lyridis (2024) emphasised
ports as substantial elements of maritime decar-
bonisation. The study conducted a bibliometric
review that identified promising areas for reduc-
ing emissions in ports, such as the use of renew-
able energy sources and technologies to optimise
energy consumption. An overview of the role of
alternative fuels in the maritime industry, high-
lighting opportunities and technological limita-
tions (e.g., methane leaks in LNG), was provided by
V.A.dos Santos et al. (2022). The study emphasised
the potential of biofuels and ammonia as fuels in
shipping, as well as their ability to reduce green-
house gas emissions compared to traditional fuels.

R. Bhattacharyya et al. (2023) examined the
role of nuclear energy in the decarbonisation of
the maritime industry. The study analysed the
possibility of using nuclear energy to reduce CO,
emissions in maritime transport and outlined
the prospects and challenges for its integration
into modern ships. Studying port decarbonisa-
tion strategies, A. Raihan et al. (2025) noted that
one of the main trends is the use of low-carbon
technologies, including hybrid systems and wind
assistance, to reduce CO, emissions in port areas.
The study noted the relevance of the integration
of these technologies with modern port manage-
ment systems. T.Ma et al. (2025) analysed modern
research trends in decarbonisation of the mari-
time industry, focusing on emerging technologies
such as the use of hydrogen fuels, biofuels and
electrification of maritime transport. The scien-
tists also proposed a structural analysis of decar-
bonisation trends, in particular, the use of various
types of alternative fuels. A bibliometric study by
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G.Xiao et al. (2025), which covered the use of dig-
ital technologies in shipping for decarbonisation,
revealed a significant increase in publications on
digital twins, blockchain systems and the Internet
of Things (loT). The study noted that despite the
high interest in digital tools, their impact on actu-
al CO, emissions remains rather limited.

Decarbonisation of the maritime sector is an
integral part of combating climate change and
achieving sustainable development. A review of
research and initiatives has shown that decarbon-
ising maritime transport requires a comprehen-
sive approach that includes the use of alternative
fuels, the introduction of innovative technologies
such as wind-assisted propulsion and hybrid sys-
tems, and the application of digital technologies
for energy management and emissions reduction.
These initiatives have the potential to reduce the
negative impact of maritime transport on the cli-
mate, ocean acidification and marine ecosystems,
as well as to improve the maritime industry’s re-
silience to environmental challenges.

The study aimed to analyse the main direc-
tions of decarbonisation of maritime transport
using alternative fuels and innovative technolo-
gies, in particular their impact on ecosystems and
climate change. To achieve this goal, the follow-
ing tasks were set: to analyse the environmental
effects of using various alternative fuels on glob-
al warming, ocean acidity and biogeochemical cy-
cles; to investigate the toxic effects of new fuels
on marine organisms, in particular fish, shrimp
and phytoplankton; to assess the risks associated
with the environmental and climate impacts of
new technologies in maritime transport.

Materials and Methods
A study of the environmental impact of using al-
ternative fuels in the global maritime industry
was conducted for the period 2000-2025 using
several environmental assessment methods to
determine the impact of different types of fuel
on the environment and marine ecosystems. To
achieve this goal, Life Cycle Assessment (LCA) and
Ecological Risk Assessment (ERA) methods were

used, as well as methods that assess the impact
on marine ecosystems. All methods were aimed
at a comparative analysis of the environmental
characteristics of fuels such as liquefied natural
gas (LNG), methanol, ammonia, biofuels and tra-
ditional heavy fuel oil.

To assess the environmental impact of al-
ternative fuels, the LCA method was used, which
made it possible to determine the overall en-
vironmental impact of fuel at all stages of its
life cycle, from raw material extraction to fuel
use on board a ship. For each type of fuel, the
boundaries of the system were defined, covering
the stages of extraction, transportation, storage,
consumption and emissions associated with its
combustion. One MJ of energy obtained from fuel
combustion was chosen as the unit of operation.
The inventory collected data on greenhouse gas
emissions such as CO,, CH,, NO,, SO,, NH;, as well
as particulate matter (PM). Primary data on emis-
sions from liquefied natural gas and traditional
fuels were obtained from SEA\LNG Limited &
Society for Gas as a Marine Fuel Limited (2019),
N. Pavlenko et al. (2020). The analysis of emis-
sions from green methanol and ammonia was
based on data from H. Gileroglu & Z. Yumurt-
aci (2025) and O. Guyon et al. (2025). Additional
information on the pollutant profile is provided
by studies by J. Hansson et al. (2019), R. Laursen et
al. (2022), and V. Duliere et al. (2020). These data
assessed the impact of different types of fuel on
environmental categories such as global warm-
ing (GWP100), ocean acidification, eutrophication,
toxicity to biota, and climate change.The environ-
mental impact assessment was conducted using
specialised SimaPro software, which was used to
model the fuel life cycle and calculate the total
impact on the environment.

The acidification potential of the ocean
was assessed based on modelling the transfor-
mation and atmospheric deposition of the main
acid-forming compounds, sulphur oxides (SO,)
and nitrogen oxides (NO,). For each type of fuel,
the contribution to acidification was calculated
based on SO, emissions (for heavy fuel oil and
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other carbon fuels) and NO, emissions (for am-
monia and fuels with high combustion temper-
atures). The quantitative assessment of acidifica-
tion potential was expressed in SO, equivalents
per unit of energy (kg SO,-eq/MJ) according to
standard LCA protocols (Hansson et al., 2019;
Campbell et al., 2021). The direct impact on sea-
water pH from the discharge of alkaline effluents
from exhaust gas treatment systems (scrubbers)
was assessed separately, using monitoring and
modelling data on the chemical composition of
effluents (Stripple & Zhang, 2019).

The ERA method was used to analyse the
toxicity of fuel and its combustion products, such
as nitrous oxide (N,0) for ammonia and metha-
nol, and methane for LNG. ERA involved identify-
ing hazards arising from fuel use and determining
the impact of toxic substances on marine eco-
systems, particularly plankton, fish and benthic
organisms. The pathways of exposure were de-
termined through emissions to the atmosphere,
which enter the ocean and biota through the dep-
osition of toxic compounds. The ERA also includ-
ed determining the probability of environmental
impacts such as changes in ocean pH, toxicity
to organisms and disruption of biodiversity. As a
result, pollution levels for different types of fuel
were calculated, and the potential threat to ma-
rine ecosystems was assessed.

Various methods were used to assess the im-
pact of alternative fuels on marine ecosystems, in-
cluding monitoring changes in water pH, toxic ef-
fects on marine organisms (plankton, fish, benthic
organisms), and assessment of the impact on bio-
diversity. pH change was assessed based on ocean
acidification potential, which was determined
through SO, emissions for heavy fuel oil and NO,
emissions for ammonia (Campbell et al, 2021).
The impact of emission cleaning technologies, in
particular scrubbers, on the marine environment
was analysed separately, with data obtained from
the source (Stripple & Zhang, 2019). For each fuel
type, the analysis examined how emissions of
these pollutants alter ocean acidity and how this
affects marine ecosystems. The toxic effects on
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marine organisms were also assessed using LC;,
(lethal concentration for 50% of organisms) and
EC,, (concentration at which 50% of organisms
experience development or growth) indicators.
The effects on fish, shrimp, oysters and other ma-
rine organisms were assessed, as well as the con-
sequences for phytoplankton (Miller et al., 1990).
In addition, secondary pollutants such as nitrates
formed as a result of ammonia combustion, which
have a chronic impact on marine ecosystems, in
particular on algae growth and biodiversity de-
cline, were studied (Wang et al., 2022).

Standard statistical analysis was used to
process the data obtained, in particular t-tests to
compare the average values between different
types of fuel and their environmental impacts.
The level of statistical significance was assessed
using p-values, where the significance level o
was set at 0.05. To analyse variations and com-
pare environmental effects depending on fuel
type, appropriate statistical methods were used
to accurately assess the difference in impacts and
identify the most environmentally efficient fuels
for the maritime industry.

Results
Global warming potential (GWP100)
of different types of fuel
An analysis of the global warming potential of
alternative marine fuels revealed significant dif-
ferences between fuels due to the specific nature
of their emissions throughout their entire life cy-
cle. For LNG, the study determined that despite
lower direct carbon dioxide emissions during
combustion compared to traditional fuel oil, the
climate advantage was largely offset by methane
leaks. The global warming potential over a 100-
year horizon (GWP100) for LNG ranged from 0.18
to 0.22 kg CO,-eg/MJ. This range was due to the
high global warming potential of methane, which
is 28-36 times higher than that of CO,, and varied
depending on the level of leaks during produc-
tion, transportation and use (SEA\LNG Limited &
Society for Gas as a Marine Fuel Limited, 2019;
Pavlenko et al., 2020).
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The “Green” methanol, obtained from renewa-
ble raw materials, showed significantly lower val-
ues.|ts GWP100 was estimated to range from 0.016
to 0.020 kg CO,-eq/MJ for methanol produced
from renewable energy sources such as wind or
solar energy. However, direct CO, emissions from
fuel combustion in marine engines remained high,
indicating the need for compensation through a
closed carbon cycle to achieve climate neutrality
(Glleroglu & Yumurtaci, 2025; Guyon et al., 2025).

Ammonia, being a carbon-free fuel, was char-
acterised by zero direct CO, emissions. However,
the study identified a key problem related to in-
complete combustion, which led to the formation
of nitrous oxide (N,O). Since the global warming
potential of N,O exceeds that of CO, by 265-298
times, even minor emissions have a significant
impact on the overall balance. In the absence of
optimised engines and exhaust gas cleaning sys-
tems, the total GWP100 for ammonia could reach
0.16-0.20 kg CO,-eq/MJ. As for biodiesel (HVO) and
other biofuels, their net CO, balance was close to
zero, as confirmed by life cycle analysis data. How-
ever, GWP100 values showed a significant range
from 0.02 to 0.30 kg CO,-eq/MJ (Guyon et al., 2025).
This variability was directly related to the type of
feedstock used for production and the effects of in-
direct land use changes, which could significantly
increase the overall greenhouse footprint (Fig. 1).
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Ammonia
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(kg CO,-eq/MJ) (kg CO,-eq/MJ)
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Figure 1. Comparison of average GWP100

values for different alternative marine fuels
Source: compiled by the author based on N.Pavlenko et
al. (2020), O. Guyon et al. (2025), H. Gileroglu &
Z.Yumurtaci (2025)

Thus, the analysis of global warming poten-
tial (GWP100) for promising types of marine fuel
revealed significant heterogeneity in their cli-
mate impact. Despite the rejection of carbon, all
alternative fuels showed significant compromis-
es. For LNG, methane leaks were the main factor;
for ammonia, it was nitrous oxide formation; and
for biofuels, it was high dependence on the raw
material base and the consequences of land use
changes. Even ‘green” methanol, which had the
lowest scores, required further consideration of
direct CO, emissions. The results confirmed that
switching to any of the fuels considered is not an
unconditional solution for mitigating the climate
impact of shipping and requires a comprehensive
assessment of all greenhouse gases throughout
the entire life cycle.

Acidification potential of the ocean

and eutrophication potential

A detailed analysis of the potential for ocean
acidification revealed complex interactions be-
tween various pollutants produced by different
types of fuel and technologies. For traditional
heavy fuel oil with high sulphur content, the main
mechanism of acidification was emissions of sul-
phur oxides (SO,). As a result of photochemical
reactions in the atmosphere, SO, was oxidised
to sulphur trioxide (SO;), which, interacting with
atmospheric moisture, formed sulphuric acid
aerosols (H,SO,). Further atmospheric leaching
of these aerosols by rainfall led to the entry of
hydrogen ions (H*) and sulphate ions (SO,%) into
the surface layers of the ocean, lowering their pH.
The quantitative assessment of the acidification
potential for heavy fuel oil was 0.18 kg SO,-eq/
MJ, confirming its significant contribution to glob-
al acidification (Hansson et al., 2019).

When using carbon-free fuels, in particu-
lar ammonia, the profile of pollutants changed
significantly. Although SO, emissions were com-
pletely absent, the main driver of acidification
was nitrogen oxide (NO,) emissions, which were
formed during high-temperature combustion in
internal combustion engines. In the atmosphere,
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NO, oxidised to nitrogen dioxide (NO,), which
reacted with hydroxyl radicals (OHe) to form ni-
tric acid (HNO,). This acid, settling on the ocean
surface, dissociated with the release of H* ions
and nitrate ions (NO;). Calculations showed that
the acidification potential for ammonia reached
0.10 kg SO,-eq/MJ, which rendered it comparable
in impact to low-sulphur fuels, but with a differ-
ent chemical mechanism (Laursen et al., 2022).
The impact of scrubber technology (ex-
haust gas cleaning systems) was studied sepa-
rately. The study determined that when an open
scrubber system was used to remove SO, from
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flue gases, pollutants were transferred from the
gas phase to the water phase. The discharge of
these alkaline effluents, containing sulphites,
sulphates and heavy metals, directly into the
marine environment caused sharp local changes
in pH. In contrast to the global phenomenon of
acidification from atmospheric deposition, this
effect was localised, creating areas of chemical
stress in port waters and shipping lanes where
massive discharges of wastewater occurred. The
concentration of pollutants in effluents could
exceed background values by tens of times
(Duliere et al., 2020) (Table 1).

Table 1. Comparative indicators of acidification potential and main chemical mechanisms of impact

Influence source | Primary chemical agent

Reaction product

Acidification potential (kg SO,-eq/MJ)

Heavy fuel oil SO, H,SO, 0.18
Ammonia NO, HNO, 0.10
Scrubbers Alkaline effluents Not measured in SO,-eq. (direct

Sulphites/Sulphates

(drains)

(local pH increase)

chemical pollution)

Source: compiled by the author based on H. Stripple & Y. Zhang (2019), V. Duliére et al. (2020), M. Campbell et

al. (2021)

The assessment showed that the potential
for ocean acidification from maritime activities
was shaped by several interrelated pathways.
Traditional fuel oil remained the main source of
acidification through SO, emissions, while the
transition to ammonia shifted this impact to NO,
emissions with similar harmful effects. At the
same time, scrubber technology used to reduce
atmospheric emissions created an additional bur-
den on the marine environment through the di-
rect discharge of chemically active effluents. Thus,
various options for decarbonising ship energy did
not eliminate the problem of acidification, but
only transformed its manifestations, creating both
global and localised threats to marine ecosystems.

A detailed analysis of the eutrophication
potential of marine activities revealed complex
dynamics of nutrient inputs into marine ecosys-
tems, particularly using new types of fuel. The
most significant source of nitrogen pollution was
found to be direct emissions of ammonia (NH,)
when used as a primary fuel. Unreacted ammonia

entered the atmosphere, where it underwent
transformation and transport over long distanc-
es. Further dry and wet deposition of nitrogen
compounds on the ocean surface led to excessive
input of bioavailable nitrogen into the marine
environment. A quantitative assessment within
the life cycle analysis showed that the eutroph-
ication potential for ammonia was 0.065 kg PO,-
eg/MJ, which exceeded similar indicators for tra-
ditional carbon fuels. An additional contribution
to eutrophication processes was made by gase-
ous emissions of nitrous oxide (N,0), which was
formed as a by-product of ammonia combustion
in ship engines. After entering the atmosphere,
N,O underwent photochemical transformations
to form nitrate compounds, which subsequently
settled on the ocean surface. This process posed
a particular threat to open water areas where
the natural nutrient content was a limiting fac-
tor for phytoplankton growth. Extrapolation of
the data showed that even at a concentration of
N,O in emissions of 0.3% of the total volume, its
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contribution to the overall eutrophication poten-
tial could reach 15-20% (Miller et al., 1990).

A systematic study of the impact of ship dis-
charges revealed their role as a significant source
of local pollution. Analysis of ballast water compo-
sition showed the presence of nitrogen compounds
in concentrations of 2.5-4.8 mg/l and phosphorus
in concentrations of 0.3-0.7 mg/L. In areas with

intensive shipping, this led to an increase in nitrate
concentrations in coastal waters by 25-40% com-
pared to background values (Miller et al., 1990).
The impact was particularly noticeable in the wa-
ters of large ports, where the accumulation of nu-
trients from effluents stimulated the growth of mi-
croscopic algae, in particular representatives of the
genera Alexandrium and Pseudo-nitzschia (Table 2).

Table 2. Comparative characteristics of eutrophication sources from marine activities

. Primary R . Spatial scale
Influence source Influence mechanism components Eutrophication potential of impact
Ammonia ; A Nitrogen ; Regional (up to
(NH,) emissions Atmospheric precipitation compounds 0.065 kg PO,-eq/MJ 500 km)
Nitrous oxide | Atmospheric transformation Nitrate 0.010-0.015 kg PO,-eq/ Global
(N,0) emissions and precipitation compounds MJ
. N, P organic 3.2-5.8 kg PO,-eq./ Local (ports
Ballast water Direct source compounds | equivalent ballaét water | and coastline)
; : N, B organic 0.8-1.2 kg PO,-eq/day Local (ports
Domestic waste Direct source matter per veséel and coastline)

Source: compiled by the author based on D.C. Miller et al. (1990)

A study of the eutrophication potential of
marine activities revealed the complex nature of
the impact of various sources of nitrogen pollu-
tion. The use of ammonia as an alternative fuel
created stable channels for the entry of bioavail-
able nitrogen into marine ecosystems through
atmospheric deposition. At the same time, nitro-
gen oxide emissions and direct discharge of ship
waste created an additional burden on coastal
and ocean ecosystems. The results showed that
the transition to nitrogen-containing fuels with-
out adequate emission treatment and waste dis-
posal systems could lead to a significant increase
in eutrophication processes, especially in regions
with intensive shipping.

Marine toxicity potential and comparative
analysis of the environmental footprint

of innovative technologies

Research into the marine toxicity potential of
alternative fuels and related emissions has re-
vealed varying levels of threat to marine organ-
isms. Experimental data on the acute toxicity
of methanol to aquatic organisms showed LD,
values for fish species of 2,500-5,000 mg/L over

a 96-hour exposure period. For invertebrates,
particularly shrimp of the genus Artemia, the
LC,, value was 7,800-12,000 mg/L. Calculations
showed that a spill of 100 tonnes of methanol
in the enclosed waters of the port could cre-
ate local concentrations exceeding 1,500 mg/L,
posing a threat to benthic organisms. Ammonia
showed significantly higher toxicity compared to
methanol. For most fish species, lethal LC,, con-
centrations ranged from 0.2 to 2.5 mg/L after 96
hours of exposure. Sensitive invertebrates, such
as crab and oyster larvae, showed lethal effects
at concentrations as low as 0.5-1.2 mg/L. Model-
ling of a large-scale ammonia spill of 500 tonnes
showed that under conditions of limited water
circulation, toxic concentrations could persist in
a 5-metre-thick layer of water for 24-48 hours,
creating a zone of complete marine organism
mortality over an area of up to 5 km2. Atmos-
pheric deposition of nitrate compounds formed
as a result of NO, emissions had toxic effects of
a different type. Chronic exposure to nitrates at
concentrations of 25-40 mg/l caused develop-
mental disorders in fish larvae and a decrease in
phytoplankton diversity. Experiments have shown
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that nitrate concentrations above 50 mg/L inhib-
it the growth of macroalgae and coral polyps.
In areas with intensive shipping, an increase in
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background nitrate concentrations to 15-20 mg/L
was observed, which could cause sublethal effects
in sensitive species (Wang et al., 2022) (Table 3).

Table 3. Toxicity parameters of various pollutants for marine organisms

Contaminant Test organism Toxicity value Value Exposure duration
Methanol Fish (Oncorhynchus mykiss) LCy, 4.500 mg/I 96 hours
Methanol Shrimp (Artemia salina) LC,, 9.500 mg/I 48 hours
Ammonia | Fish (Cyprinodon variegatus) LC,, 0.8 mg/I 96 hours

B Oyster larvae
Ammonia (Crassostrea gigas) LCq, 1.1 mg/I 48 hours
Nitrates Fish larvae (Danio rerio) EC,, (development disorders) | 45 mg/I 72 hours
. Phytoplankton . )
Nitrates (Skeletonema costatum) EC,, (growth impairment) 60 mg/I 96 hours

Source: compiled by the author based on Y. Wang et al. (2022)

The assessment of marine toxicity potential
revealed significant differences in the level of
threat posed by different types of fuel and as-
sociated pollutants. Ammonia proved to be the
most toxic, with a direct lethal effect on marine
organisms even at low concentrations. Methanol
showed moderate toxicity but posed a threat in
large-scale spills. Atmospheric deposition of ni-
trates had a chronic effect, manifested in impaired
development of marine organisms and changes in
the structure of plankton communities. The results
showed that the transition to alternative fuels
required consideration not only of their green-
house characteristics, but also of the potential
consequences for marine ecosystems in the event
of accidents and long-term operational impacts.

Research into the environmental effective-
ness of innovative technologies has demonstrated
significant potential for reducing anthropogenic
pressure on marine ecosystems. The implementa-
tion of aerodynamic and hydrodynamic improve-
ments, in particular Flettner rotors and anti-foul-
ing systems (ALS), has resulted in fuel consumption
reductions of 8-15%, depending on the type of
vessel and operating conditions. On transatlantic
routes, an average reduction in CO, emissions of
12% was recorded, which amounted to approxi-
mately 1,500 tonnes per year for a standard-sized
vessel. SO, emissions were reduced proportionally
by 10-14% and NO, emissions by 8-11%, which

directly affected ocean acidification potential in-
dicators. In addition, there was a 9-13% reduction
in particulate matter (PM) emissions, which is
relevant for maintenance of air quality in coastal
areas. Hybrid energy systems demonstrated high
efficiency in areas with special environmental re-
quirements. When using rechargeable batteries
for manoeuvring within ports and coastal areas,
there was a sharp reduction in NO, emissions by
94-98% compared to traditional diesel engine
operation. Particulate matter emissions (PM2.5
and PM10) were reduced by 89-95%, significant-
ly improving air quality in port cities. Analysis of
data from large container ships showed that the
use of hybrid systems for 1,200 hours per year
prevented emissions of approximately 5.8 tonnes
of NO, and 0.9 tonnes of particulate matter per
ship. In addition, a reduction in underwater noise
levels of 12-15 dB was recorded, which reduced
acoustic stress for marine life (Carjova et al., 2025)
(Table 4). An analysis of the environmental foot-
print of innovative technologies has demonstrat-
ed their significant effectiveness in reducing an-
thropogenic impact on the marine environment.
Aerodynamic and hydrodynamic improvements
have led to an overall reduction in all categories
of emissions through reduced fuel consumption,
while hybrid energy systems have demonstrated
maximum effectiveness in the most vulnerable
coastal areas. The results indicate that combining
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these technologies with low-carbon fuels can pro-
vide a synergistic effect in the decarbonisation

of the maritime industry, minimising several types
of environmental impact simultaneously.

Table 4. Comparative effectiveness of innovative technologies in reducing emissions

Technology co, en_1issi?n NO, emissi?n SO, emissi?n PM emissign Most efficient
reduction (%) reduction (%) reduction (%) reduction (%) area
otors. 1015 812 1014 913 | i Gtable winds
syétlésrns 812 /710 812 811 sail?rigrgts)ﬁgﬁidons
yetems | supply iode 9498 95-99 89-95 coastal areas

Source: compiled by the author based on K. Carjova et al. (2025)

Discussion

The results of the study confirmed the heteroge-
neity of the potential of various alternative fuels
in reducing greenhouse gas emissions, which re-
quires a comprehensive approach to their use in
maritime transport. In particular, the use of lique-
fied natural gas has demonstrated advantages in
reducing CO, emissions compared to traditional
fuel oil, but the significant role of methane leaks,
which greatly increase the potential for global
warming, requires additional measures to mini-
mise this risk. This aspect is consistent with the
findings of V. Koilo (2024), who emphasised the
need to ensure technological excellence in reduc-
ing methane emissions when using LNG to achieve
effective decarbonisation of the maritime industry.

Analysis of ‘green” methanol obtained from
renewable energy sources has shown a signifi-
cantly lower impact on global warming, as con-
firmed by studies such as those by VJ.Jimenez et
al. (2022), highlighting the advantages of renew-
able energy sources in the context of reducing
emissions in maritime transport and improving
the energy efficiency of ships. However, as noted
in the study, the high dependence on CO, emis-
sions from methanol combustion requires further
attention to compensation through a closed car-
bon cycle, which is critical to achieving climate
neutrality. As for ammonia, despite its near-ze-
ro CO, emissions, the presence of nitrous oxide
(N,0) as a combustion by-product significantly
affects its climate potential. This observation is

consistent with the study by E. Ejder et al. (2024),
highlighting the need to develop technologies
that reduce N,O emissions in ammonia engines
for effective decarbonisation of maritime trans-
port. The researchers emphasised that ensuring
proper control of incomplete combustion and
improving the efficiency of dual-fuel engines is
a step towards reducing the negative environ-
mental impact of ammonia. Biofuels, in particular
Hydrotreated Vegetable Oil (HVO), have the least
impact on the climate, but significant variations
in GWP100 from 0.02 to 0.30 kg CO,-eq/MJ indi-
cate that efficiency depends on the type of raw
material. This correlates with the findings of a
study by M. Lind et al. (2023), which noted the
importance of developing standards for assessing
the life cycle of biofuels to reduce their negative
impact on the climate and marine ecosystems.
The study highlighted that the incorporation of
all stages of the biofuel life cycle would reduce
their negative impact.

Decarbonising the maritime sector is a com-
plex and multifaceted process that requires the
integration of innovative technologies and strat-
egies to reduce emissions at all stages, from
fuel production to its consumption in shipping.
Studies such as that by J.M.M. Prados et al. (2024)
highlight the significance of strategies aimed at
reducing CO, emissions and supporting a stable
transition to a sustainable maritime industry by
2050. The results of the study on the potential
of various alternative fuels for decarbonising
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the maritime industry support current scientific
views on the need to develop and apply the latest
technologies in the maritime sector. The study by
D.R. Cunha et al. (2025) highlights the key chal-
lenges for decarbonising ports and the maritime
industry, noting the significance of integrating
renewable energy sources and alternative fuels
into maritime transport to achieve sustainable
development. The authors also highlighted the
need to develop appropriate infrastructure and
legislative support for the successful implemen-
tation of these initiatives.

Y. Wang & L.A. Wright (2021) examined the
economic, technological and political challenges
associated with the introduction of alternative
fuels in the maritime sector. In particular, the
study noted that the use of fuels such as meth-
anol, ammonia and hydrogen has environmental
potential but requires significant investment in
technology and infrastructure. This is consist-
ent with the findings of the current study, which
states that when switching to alternative fuels,
both positive and negative environmental im-
pacts must be considered, including toxic effects
and global warming potential. The use of hydro-
gen technologies for energy conservation in the
maritime sector, which is one of the promising
strategies for decarbonisation, has been studied
by R. Jayabal (2025). The study also emphasised
the significance of developing the appropriate
infrastructure for hydrogen technologies, which
reduces CO, emissions and contributes to the
sustainable development of the industry. Accord-
ing to this, hydrogen is a key element of future
efforts to combat climate change in the maritime
sector, which is consistent with the results of a
study that highlights the importance of hydrogen
fuels in reducing global warming. The study by
A.l. Ibokette et al. (2024) examines the regulato-
ry and operational challenges of implementing
zero-emission technologies in the US maritime
industry. In particular, it highlights the need for
improved legal regulations and government sup-
port to ensure effective decarbonisation. These
results are consistent with conclusions regarding
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the need to improve regulatory aspects for the
integration of new technologies and fuels into
maritime transport, which will ensure a more ef-
ficient decarbonisation process.

The significance of achieving sustainable de-
velopment goals, in particular Goal 13 (climate
action), through decarbonisation of the maritime
sector, was discussed by P.C. Ezinna et al. (2021).
The study emphasised the need to integrate en-
vironmental standards and modern technologies
that will help reduce emissions and improve
the environmental status of marine ecosystems.
This is consistent with the findings of this study,
which highlights the need to develop low-carbon
technologies for maritime transport. Z.Y. Song et
al. (2025) explored the concept of ‘green maritime
logistics corridors” and their potential for decar-
bonising maritime transport. This new solution
involves optimising shipping through the intro-
duction of green technologies and the sharing of
environmental practices. Based on the results of
this study, it is possible to confirm the importance
of developing such initiatives to reduce emissions
and create sustainable logistics routes. Solutions
for decarbonising international shipping, in par-
ticular, policy recommendations and technologi-
cal solutions that can reduce CO, emissions, are
discussed in the study by Z. Wan et al. (2018). The
study emphasised that effective decarbonisation
of maritime transport requires the introduction of
innovative technologies and active cooperation
with international organisations to create stand-
ards and mechanisms for financing such initia-
tives. This is consistent with the findings of the
presented study, which indicate that decarbonisa-
tion of maritime transport requires not only tech-
nical changes but also changes in the regulatory
framework to ensure an effective transition to al-
ternative fuels and reduce emissions.

The study by A. Romano & Z. Yang (2021)
provided an overview of the state of decarboni-
sation in shipping for the period 2000-2020, not-
ing progress in the use of alternative fuels such
as LNG, biofuels and ammonia. The researchers
also emphasise the significance of integrating
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decarbonisation strategies with other aspects
of the maritime economy, such as economic effi-
ciency and safety. This correlates with the results
of this study, which shows that the transition to
alternative fuels must be ensured not only tech-
nologically, but also economically, in terms of re-
ducing the cost of transport services. Initiatives
to improve the energy efficiency of ships and re-
duce CO, emissions were considered in a study
by M. Issa et al. (2022). The researchers empha-
sised the importance of technologies that reduce
the energy consumption of ships, such as energy
recovery systems and efficient energy manage-
ment systems. The results of the presented study
confirm that to achieve a significant reduction in
emissions, it is necessary to use both new types
of fuel and efficient energy systems. An analysis
of the potential for reducing greenhouse gas
emissions using antifouling coatings in mari-
time transport was conducted by A. Farkas et
al. (2021). The researchers noted that these tech-
nologies can reduce water resistance, leading to
lower fuel consumption and, accordingly, lower
CO, emissions. This supports the findings of this
study, which emphasises the need to integrate
various technological innovations, such as the
use of new coatings and rotary sails, to achieve
comprehensive decarbonisation.

In summary, it is possible to state that de-
carbonisation of the maritime sector requires a
comprehensive approach that encompasses both
the introduction of new technologies and the
improvement of the regulatory framework and
infrastructure. The transition to alternative fuels
such as methanol, ammonia and hydrogen, as
well as the integration of green technologies and
digital solutions, are necessary steps to reduce
emissions and improve the environmental health
of marine ecosystems.

Conclusions
Research into the environmental impacts of al-
ternative fuels in the maritime sector has shown
that different fuels have significant impacts on
the environment, including global warming,

ocean acidification, eutrophication and toxicity
to marine ecosystems. An analysis of the global
warming potential (GWP100) for different types
of fuel revealed significant variability: for LNG,
GWP100 ranged from 0.18 to 0.22 kg CO,-eq/
MJ, which was due to methane leaks, which have
a global warming potential 28-36 times higher
than CO,. At the same time, green methanol ob-
tained from renewable energy sources had signif-
icantly lower GWP100 values, ranging from 0.016
to 0.020 kg CO,-eq/MJ, but direct CO, emissions
from its combustion remained high. Ammonia, as
a carbon-free fuel, showed virtually zero direct
CO, emissions, but produced significant amounts
of nitrous oxide (N,0), which increased its global
warming potential to 0.16-0.20 kg CO, eq/MJ.

Regarding ocean acidification, the acidifi-
cation potential for heavy fuel oil was 0.18 kg
S0,-eq/MJ, which was due to sulphur oxide (SO,)
emissions. For ammonia, this figure was lower at
0.10 kg SO,-eg/MJ, but the acidification problem
was offset by NO, emissions, which formed nitric
acid (HNOy). Eutrophication analysis showed that
ammonia emissions caused excessive bioavaila-
ble nitrogen entering marine ecosystems. The eu-
trophication potential for ammonia was 0.065 kg
PO,-eq/MJ, which exceeded similar indicators for
traditional carbon fuels. In terms of toxicity, am-
monia was found to be the most toxic to marine
organisms, with an LC, for fish of 0.8 mg/L and
for oyster larvae of 1.1 mg/L. Methanol, in spills
of 100 tonnes, could create local concentrations
exceeding 1,500 mg/l, posing a threat to benthic
organisms. Innovative technologies such as the
Flettner rotor and hybrid energy systems have
shown significant environmental benefits, includ-
ing a 12% reduction in CO, emissions, a 94-98%
reduction in NO, emissions in port waters, and
an 89-95% reduction in particulate matter emis-
sions. This highlights the significance of the latest
technologies in the reduction of the environmen-
tal footprint of shipping.

The results obtained showed that switching to
alternative fuels in maritime transport is not an un-
conditional solution for mitigating environmental
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OCHOBHi HanpsIMKM fieKap6oHi3aLiii MOpcbKoi ranysi
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AHoTauif. MeTol LOCMIMLKEHHS GYN0 OLiHUTM €KOMOTiYHI HaCiaKM BUKOPUCTAHHS aibTEPHATUBHUX
BM/IB NanMBa B MOPCHKil ranysi, 3okpema ixHill noTeHuian Wwono rnobanbHOro NoTeniHHS, NifAKUCIEHHS
oKeaHiB, eBTpodikaLii Ta MOPCbKOi TOKCUYHOCTI. 114 uporo 6yno npoBeaeHo NopiBHANbHUI aHaNi3 pisHUX
BMAIB ManunBa, BKIOYAOUM 3PiSKEHUI NPUPOLHUIA a3, 3e/1eHy MeTaHO/I0BY NPOAYKLito, aMiak, 6ionanmea
Ta TPagMUiViHUIA BaXKMI MasyT. Pe3ynbTaTM nokasanu, WO 3piOXeHWW MPUPOAHMI Ta3, He3BaXakuu
Ha 3HWxeHi Buknan CO,, MaB BMCOKMI KNiMaTMYHWIA BMAMB 4Yepe3 BWUTOKM METaHy, 3 MOTEeHLianoM
rnobanbHoro notenninnHg Big 0,18 o 0,22 kr CO,-exs./MIx. 3eneni 6ionannea, 30KpemMa MeTaHON, Mann
HaMHWKYMIA noTeHuian rnobansHoro notenniHHg (0,016-0,020 kr CO,-ek./MIx), ane ixHi Npsmi BUKMAM
CO, nif yac cnanoBaHHs 3anMwWwanncs BUCOKMMU. AMMiIak, Ak 6e3ByrneLese NanunBo, 3HMKYBAB BMKMIM
CO,, oaHak yTBOPIOBaB 3Ha4Hi KinbkocTi 3akucy a3oty (N20), Wo CyTTEBO BNAMBAE Ha KNiMaTUYHWM
6anaHc. lNoTeHuian nigKMCNEHHS OKeaHy Ans Baxkoro Mmasyty crtaHosuB 0,18 kr SO,-eks,/MIx, a ans
amiaky - 0,10 kr SO,-ekB./MIx. AHani3 eBTpodikaLii Mokasas, WO BUKMAM aMiaky Ta 3akucy asoTy
3HAYHO NiZABULLYIOTb PiBEHb A30Ty B MOPCbKMX EKOCUCTEMAX, LLO MOXE BUKIMKATU PO3BUTOK BOLOPOCTEN.
TOKCUYHICTb pi3HMX ManMB NPOAEMOHCTPYBanNa, WO aMiak MA€E HaMbiNbliMi noTeHUian Ans WwKoau
MOPCbKMM OpraHi3MaM, HaBiTb 3@ HM3bKMX KOHLEHTpaLii. [pakTMyHa 3HAUMMICTb pe3ynbTaTiB NONArae
B HEOOXIigHOCTi KOMMNAEKCHOI OLLiHKM €KOMOTYHMX HACNiAKIB Npy Nepexoai A0 anbTepHATUBHUX MaNUB y
Cy[HOMNNaBCTBI, WO MoXe ByTW BUKOPUCTaHO OpraHaMu YNpaB/iHHG MOPCbKMM TPAHCMOPTOM, KOOI YHUMU
areHTCTBaMu, MOPCbKMMM MOPTaMM, @ TAKOX KOMMaHisSIMM, SKi 3alMMatoTbCsl pO3poOKOI0 | BNPOBAAXKEHHSIM
TeXHONOriM Ans AekapboHi3aLii CyaAHONNABCTBA Ta 3HMXKEHHS €KOJOTYHOro BNAMBY MOPCHKOI AisIbHOCTI

KniouoBi cnoBa: anstepHaTMBHI BUAM NanuBa; eKoNoriYHuiA BNAuB; robasbHe NOTENNiIHHS; NOTEHWIaN
NiAKUCIEHHS; aMiakK; MeTaHON
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Abstract. Apple was one of the leading fruit crops worldwide, ranking third in production volumes
after bananas and watermelons, and the continuously increasing demand for apples determined
the need to improve cultivars with high productivity and adaptability. The aim of the study was to
evaluate apple cultivars in terms of ecological plasticity in order to identify promising genotypes
for breeding programmes. The results of cultivar testing of apple of Ukrainian and foreign breeding
(orchard established in 2017, planting scheme 2.5 x 4.5 m, rootstock MM106) were presented based
on yield and average fruit weight. Five apple cultivars (Free Gold’, Juliet, ‘Luna; ‘Red Topaz, ‘Rosela’)
selected from 27 introduced genotypes tested during 2021-2024 were evaluated. The highest values
of environmental indices, both for apple yield and fruit weight, were recorded in 2023 and amounted
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to 1.80 and 6.15, respectively. The lowest environmental indices were observed in 2022 and 2024,
when the average yields were 0.28 and 1.3 t hal, respectively. This analysis demonstrated the strong
influence of annual climatic fluctuations on cultivar productivity and emphasised the need to consider
genotype adaptability in breeding programmes. Based on mathematical processing of yield and average
fruit weight data, regression equations and ecological plasticity indices were derived. It was established
that, in terms of fruit yield, the cultivars ‘Rosela’ and ‘Juliet’ belonged to the intensive type and were
characterised by high sensitivity to changes in environmental conditions, with regression coefficients
of 2.743 and 0.921, respectively. For average fruit weight, a high level of ecological plasticity was
demonstrated by the cultivars ‘Rosela, ‘Luna; and ‘Free Gold, whereas ‘Juliet’ belonged to the neutral
type.Assessment of ecological stability showed that, for yield, Free Gold’,'Luna’and ‘Red Topaz’ were the
most stable cultivars. The cultivar Juliet’ was relatively stable, although it did not exhibit a high yield
level. The highest average yield over the years was recorded for ‘Rosela’, which was simultaneously the
least stable. For average fruit weight, ‘Free Gold’ and ‘Luna’ proved to be stable cultivars

Keywords: yield; fruit weight; attractiveness; flavour quality; adaptability parameters; environmental index

Introduction

Apple (Malus domestica Borkh.) was one of the
most important fruit crops worldwide and a key
component of horticulture in Ukraine. The high
nutritional value of the fruits, versatility of use,
long period of productive fruiting, and stable mar-
ket demand ensured the strategic importance of
apple orchards for the economy of the agricultural
sector. Ukrainian orchards traditionally cultivated
apple as a major industrial and food crop, which
was an important factor in ensuring food security
and the development of the processing industry.

Under current conditions of global climate
change, fruit crop production was subjected to
significant challenges. Increases in average an-
nual temperatures, the occurrence of abnormal
temperature fluctuations in spring and autumn,
uneven distribution of precipitation, and the
growing frequency of extreme weather events
directly affected the structure of the apple veg-
etation cycle, pollination efficiency, fruit set for-
mation, and fruit growth. M. Deori et al. (2024)
considered that these factors had a substantial
impact on fruit productivity and quality, which
was manifested in pronounced interannual vari-
ability of yield even in well-established cultivars.
In this context, understanding the mechanisms
of adaptive responses of cultivars to changing

environmental conditions and their ability to
maintain productivity under variable conditions
was of particular importance.

According to R.E.Sestras & A.F.Sestras (2023),
adaptability parameters, in particular ecological
plasticity and stability of productive traits, were
regarded as key characteristics determining the
suitability of a cultivar for cultivation under spe-
cific geographical and climatic conditions. Plas-
ticity defined the ability of a cultivar to change
the level of expression of economically important
traits in response to variations in environmental
conditions, whereas stability reflected the varia-
bility of these traits across different growing years.
High plasticity could be desirable under favoura-
ble conditions, as it allowed the maximum reali-
sation of potential productivity. At the same time,
Llow stability could lead to substantial fluctuations
in yield, which was undesirable for predictable
production. Conversely, excessively stable culti-
vars could be less responsive and fail to exploit
their productive potential in favourable years
(Kryvoshapka et al., 2020).

In their study, X. Li et al. (2023) demonstrat-
ed that a range of mathematical approaches was
applied to assess plasticity and stability, includ-
ing regression analysis, environmental indices,
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variation parameters, and other statistical meth-
ods. These approaches allowed an objective eval-
uation of cultivar response types to changing
environmental conditions, the identification of
genotypes with high adaptability, and the predic-
tion of their performance under climatic uncer-
tainty. In modern fruit crop breeding, comprehen-
sive assessment based on such parameters was
an important component in the selection of gen-
otypes for commercial cultivation. Podillia repre-
sented an area characterised by high variability
of hydrothermal conditions during the growing
season. |.S. Sadovskyi & V.M. Matsievskyi (2023)
demonstrated that weather conditions within a
single year could vary from favourable for the for-
mation of generative organs to stressful, creating
serious challenges for the adaptability of apple
cultivars. Under such conditions, intensive culti-
vars could exhibit unpredictable changes in yield,
which emphasised the need for regional evalua-
tion of cultivars based on adaptability parameters.

Although numerous cultivars of foreign
breeding were being introduced in Ukraine, reli-
able data on their plasticity and stability under
the conditions of Podillia remained insufficient or
fragmented. The study by G. Locatelli et al. (2022)
focused mainly on absolute indicators of yield,
fruit weight, or product quality, without a com-
prehensive analysis of the adaptive responses
of cultivars to changes in growing conditions.
Such limitations in scientific information re-
stricted the possibilities for forming an optimal
cultivar assortment for intensive horticulture,
especially in the context of increasing climat-
ic risks. Ukrainian researchers K.P. Tarnavska &
T.M. Kovalenko (2022) emphasised the need for
multi-year evaluation of apple cultivars based
on adaptability parameters, including ecological
plasticity and productivity stability. This approach
made it possible not only to identify the most
promising cultivars for specific conditions but
also to establish a foundation for breeding pro-
grammes aimed at developing genotypes with an
optimal combination of productivity, fruit quality,
and adaptive reliability. The practical significance

of their research lay in the ability to recommend
specific cultivars for commercial cultivation un-
der conditions of variable abiotic factors, which
had a positive effect on production stability and
the economic efficiency of horticulture.

Thus, the study of plasticity and stability of
quantitative productivity traits of apple cultivars
under the conditions of Podillia was a scientifical-
ly substantiated and practically important task. It
allowed the integration of phenotypic evaluation
results with regional environmental conditions,
ensured breeding-relevant selection of cultivars,
and enabled the development of recommenda-
tions for optimising the cultivar assortment for
intensive apple cultivation under conditions of a
changing climate.

The aim of the study was to evaluate the
plasticity and stability of productivity and fruit
weight of apple cultivars and to identify valua-
ble genotypes among them as source material
for breeding for adaptability, as well as cultivars
promising for intensive orchards.

Materials and Methods
The experimental part of the study on ecological
parameters of apple productivity was conducted
in the research orchard of the Department of Cul-
tivar Testing and Technologies of Fruit and Ber-
ry Crop Cultivation of the Podillia Horticultural
Research Station of the Institute of Horticulture
of the National Academy of Agrarian Sciences
(NAAS) of Ukraine, located in Vinnytsia District,
Vinnytsia Region, during 2021-2024. The territory
of the experimental plots of the Podillia Horticul-
tural Research Station belonged to the Dniester
Upland and the second geomorphological region
of the Zhmerynka Upland, which resulted in the
formation of grey podzolised medium loamy soils.
The soil cover of the experimental plots was rep-
resented by grey forest heavy loamy soil. Accord-
ing to agrochemical analyses, the humus content
was low, amounting to 2.1% (Tyurin method),
while the content of easily hydrolysable nitrogen
ranged from 3.4 to 5.4 mg eq. per 100 g of soil
(Cornfield method). A pronounced deficiency of
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potassium was observed, with its content in the
humus-eluvial horizon reaching only 12-14 mg
eq. per 100 g of soil. The content of available
phosphorus was at a medium level, amounting to
10-12 mg eq. per 100 g of soil. The depth of the
humus-eluvial horizon did not exceed 25-30 cm,
with a sharp transition to the illuvial horizon. The
soil colour was grey, and a morphologically dis-
tinct eluvial horizon was absent, which was con-
sidered the main diagnostic feature. The plough
layer was loose, with a bulk density of 1.32 g cm-
3, whereas the subsoil layer was compacted and
granular. The transitional horizon occurred at a
depth of 42-70 cm; it was weakly illuvial, almost
devoid of humus, brownish-grey in colour, com-
pacted, and nut-shaped in structure. Overall, the
physicochemical properties of the soil at the ex-
perimental site were typical of those found across
large areas of Podillia. Despite certain limitations
of grey forest soils, they were suitable for the cul-
tivation of perennial fruit plantations.

The territory where the experimental field
was located was characterised by a mild temper-
ate continental climate according to agroclimat-
ic indicators. Winters were prolonged but mild,
while summers were warm. During the years of
the study, weather conditions in the region were
unstable, with dry years alternating with wetter
ones. The most favourable weather conditions
for apple yield formation during the study period
were observed in 2023. The hydrothermal condi-
tions in that year, particularly during critical stag-
es of the growing season, were characterised by
moderate precipitation. In April, 81.9 mm of pre-
cipitation was recorded, which was sufficient for
the formation of generative organs and the ini-
tial stage of fruit growth. Moisture supply in June
and July was fully satisfactory for the course of all
physiological processes in plants, amounting to
39.6 and 68.1 mm of precipitation, respectively.
The temperature regime during the tree grow-
ing season in 2023 was close to optimal for the
formation of high apple yields. The average daily
air temperatures in May, June, and July were 15.3,
19.6,and 21.4°C, respectively.

Tarnavska et al.

The least favourable weather conditions
were recorded in 2022 and 2024. The hydrother-
mal conditions of the growing season in these
years were specific and insufficiently favourable,
particularly during the stages of formation and
pollination of generative organs. In 2022, apple
flowering occurred under conditions of critical
soil moisture deficit during the first and sec-
ond ten-day periods of May. Precipitation in May
was recorded only in the third ten-day period,
amounting to 35.3 mm, which represented 50%
of the long-term average. The average daily air
temperature during this month was 15.4°C, cor-
responding to the norm, whereas the minimum
dropped to +2.0°C. Similar weather conditions
were observed in 2024. The average daily air
temperature in April exceeded the norm by 2.4°C
and amounted to 12.1°C, while the minimum
decreased to -1.2°C (20 April). In May, minimum
night-time temperatures dropped to +1.1°C. Such
weather conditions during the flowering period
had a significant effect on pollination of fruit tree
flowers and substantially reduced fruit set.

For the experiment, five apple cultivars were
selected from a total collection of 27 introduced
cultivars based on high indicators of marketable
fruit quality and organoleptic evaluation of taste
(Forster et al., 2021). The studied apple cultivars
were ‘Free Gold, Juliet, ‘Luna, ‘Red Topaz, and
‘Rosela’ The orchard was established in 2017
with a planting scheme of 2.5 x4.5 m on MM106
rootstock. Three replications were provided for
each cultivar. The trees were maintained accord-
ing to standard intensive horticulture technology,
including pruning, fertilisation, and protection
against pests and diseases (Delgado et al., 2021;
Chaploutskyi et al., 2024; Szpyrka et al., 2025). All
studies conducted at the Podillia Horticultural Re-
search Station of the Institute of Horticulture of
the NAAS of Ukraine complied with the require-
ments of the Convention on Biological Diversi-
ty (1992), which regulates the use of biological
resources and ensures biodiversity conservation.

For a comprehensive evaluation of the
cultivars, modern methods for determining the
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plasticity and stability of economically valuable
traits were applied:

» the environmental index (I), which was
determined as an indicator reflecting the devia-
tion of yield in a particular year from the mean
value across all years of observation (Mather &
Jinks, 1982; Kang, 1998);

» the regression coefficient (b), which in-
dicated the average response of a cultivar to
changes in environmental conditions, charac-
terised its plasticity, and allowed prediction of
changes in the studied trait within a range of
environmental conditions (b, < 0.75 - neutral
type; 0.75 < b, € 1.25 - moderately sensitive;
b,>1.25 - highly sensitive) (Yan & Kang, 2003;
Grando, 2020);

» stability variances (S,) and deviations from
the mean variance (52-52,..,.), Which allowed
the stability of yield and fruit weight traits to be
assessed independently of weather fluctuations
(Crossa et al., 2022).

Statistical data processing was performed
using MS Excel and Statistica 12, which corre-
sponded to modern methodological approaches
for regression and variation analysis (Crossa et
al., 1988; Yan & Kang, 2003). Regression line
graphs and stability histograms were constructed
to visually represent the behaviour of the culti-
vars under variable environmental conditions.

Results and Discussion

The average yield of the studied apple cultivars
over four years amounted to 1.73 t ha' (Table 1).
The most favourable year in terms of conditions
for yield formation was 2023, which was con-
firmed by the maximum environmental index
(1,023 = 1.80). In contrast, 2022 was characterised
by the poorest conditions (l,y,, = -1.45), which
resulted in a sharp decline in average yield to
0.28 t ha. Such fluctuations indicated a substan-
tial influence of weather factors on the realisa-
tion of the productive potential of the cultivars.

Table 1. Adaptability parameters of apple cultivars based on yield

- : : -

Cultivar 2021 ;:;;I;' tzr;)azs 2024 (23:?3%24) cl::?ggi's:'::nbi va?it:r?cl:ltl:,ysiz S-S verage
Free Gold | 0.8 | 0.1 | 1.5 | 1.7 1.03 0.343 0.5 3.1
Juliet 24 | 08 | 36 | 1.0 1.95 0.921 17 2.0
‘Luna’ 08 | 01| 22 | 12 1.08 0.610 0.8 2.9
‘RedTopaz | 2.5 | 03 | 1.5 | 0.8 128 0.383 0.9 2.8
‘Rosela | 25 | 01 | 88 | 18 3.30 2.743 14.5 108
Mean 180 | 0.28 | 3.52 | 1.30 173 1.00 37 0.0

E“"i'r:g:;“g)"ta' 0.08 | -1.45 | 1.80 | -0.43

Note: orchard established in 2017; planting scheme 2.5x4.5 m; rootstock MM106

Source: developed by the authors

The highest average yield over the study
period was recorded for the cultivar ‘Rosela’
(3.30 t ha'), which significantly exceeded the
overall mean value. At the same time, this culti-
var was characterised by the highest stability var-
iance (52=14.5) and a positive deviation from the
mean variance (52-5%,,.q = 10.8), indicating low
ecological stability and a high dependence on en-
vironmental conditions. Regression coefficients
showed that the cultivars ‘Rosela’ (b, = 2.743)

and ‘Juliet’ (b, =0.921) were characterised by in-
creased ecological plasticity, actively responding
to improvements in growing conditions. Such
cultivars were considered suitable for intensive
production systems under a high level of agricul-
tural inputs. In contrast, the cultivars ‘Free Gold,
‘Luna’, and ‘Red Topaz’ (b,<0.75) belonged to the
neutral type, which indicated a limited response
to changes in environmental conditions and rela-

tively stable yield performance.
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Assessment of yield stability showed that the
most stable cultivars were ‘Free Gold’ (52 =0.5),
‘Luna’ (S;2 = 0.8), and ‘Red Topaz’ (S;? = 0.9); how-
ever, they were characterised by lower average
yield levels. This indicated a trade-off between

=20 {
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stability and productivity, which was typical for
perennial fruit crops. The graphical representa-
tion of ecological stability based on yield was
presented in Figure 1 using the deviation from
the mean variance (5;2-S2

average)'

‘Free Gold’

E A

‘Luna’
‘Rosela’

‘Juliet’

| R
e 10.8

@

‘Red Topaz’

-5.0 0.0 5.0

10.0

15.0

Deviation from the mean variance

Figure 1. Yield stability of apple cultivars

Note: average for 2021-2024
Source: developed by the authors

The average fruit weight over the years
of the study amounted to 149.45 g (Table 2).
The most favourable years for the formation of
large fruit size were 2023 and 2024, as indicated

by the high environmental indices (l,,; = 6.15;
l,024 = 5.75). The least favourable year was 2021
(I,021 = -9.45), which negatively affected the aver-
age fruit weight values.

Table 2. Adaptability parameters of apple cultivars based on average fruit weight

Cultivar Average fruit weight, g Average Regression Stability 5292
2021 | 2022 | 2023 | 2024 | (2021-2024) | coefficient, b, | variance, S? i average

‘Free Gold’ 140 | 155 | 148 | 173 154.0 1.217 198.0 -327.9

‘Juliet’ 125 | 190 | 140 | 150 151.3 0.462 772.9 247.0

‘Luna’ 120 | 120 | 135 | 153 132.0 1.697 246.0 -279.9
‘Red Topaz’ 175 | 130 | 180 | 120 151.3 -1.055 939.6 413.7

‘Rosela’ 140 | 140 | 175 | 180 158.8 2.679 472.9 -53.0

Mean 140.0 | 147.0 | 155.6 | 155.2 149.45 1.00 525.9 0.0

E""i'n’gg)':‘g;“a' -9.45 | 2.45 | 615 | 575

Note: orchard established in 2017; planting scheme 2.5x4.5 m; rootstock MM106

Source: developed by the authors

Based on average fruit weight, the culti-
var ‘Rosela’ stood out with the highest value
(158.8 g), whereas the cultivars ‘Free Gold’ and
‘Juliet’ showed values close to the overall average
(154.0 and 151.3 g, respectively). High values of
the regression coefficient for the cultivars ‘Rose-
@’ (b;=2.679), ‘Luna’ (b; = 1.697), and ‘Free Gold’

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6

(b;=1.217) indicated their high ecological plas-
ticity with respect to fruit weight. This implied
that under improved environmental conditions
these cultivars were able to substantially increase

fruit size. At the same time, the cultivar ‘Juliet’

(b,=0.462) exhibited a neutral response to chang-
es in growing conditions, while ‘Red Topaz’ showed
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a negative regression coefficient (b, =-1.055), in-
dicating a non-standard response and a poten-
tial decrease in fruit weight in favourable years.

In terms of stability parameters, the most
uniform fruit weight was formed by the cultivars
‘Free Gold’ (52=198.0) and ‘Luna’ (52 = 246.0). At
the same time, the cultivars Juliet’and ‘Red Topaz’

-327.9
-279.9

were characterised by high variance values (772.9
and 939.6, respectively), indicating considerable
variability of the trait and lower predictability of
results. The graphical representation of ecolog-
ical stability of the cultivars based on average
fruit weight was presented in Figure 2 using the
deviation from the mean variance (52-52

average)'

2]

‘Free Gold’

‘Luna’

‘Rosela’

‘Juliet”

B

‘Red Topaz’

-400.0 -200.0 0.0

200.0

400.0 600.0

Deviation from the mean variance

Figure 2. Stability of the average fruit mass of apple varieties

Note: average for 2021-2024
Source: developed by the authors

The slope of the regression lines provided
additional information on the adaptive respons-
es of apple cultivars to changes in environmen-
tal conditions. As the angle of inclination of the
regression line increased, cultivar sensitivity
to the variability of ecological factors also in-
creased. The study established that the regres-
sion lines for yield and average fruit weight had
nearly identical slopes, which confirmed the
presence of a direct correlation between these

4
4

economically valuable traits. The calculated re-
gression coefficients, representing the tangent
of the angle of inclination, made it possible to
construct graphs for the visual assessment of
ecological plasticity of the cultivars. The corre-
sponding graphical representations of the re-
gression lines for yield and average fruit weight
were presented in Figures 3 and 4, providing a
clear illustration of the adaptive characteristics
of the studied cultivars.

35 1.8 -
: 2023
7 2.5
5 y=x+1.725 | 008
%“ 043 1/:,/”621
= e
ZUZ8 — T

- H-X.

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Environmental index

Figure 3. Regression line and ecological plasticity indices of apple cultivar yield
in relation to changes in environmental conditions (2021-2024)

Source: developed by the authors
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Figure 4. Regression line and ecological plasticity indices of average fruit weight of apple cultivars
in relation to changes in environmental conditions (2021-2024)

Source: developed by the authors

Based on mathematical processing of yield
and average fruit weight data, regression equa-
tions were derived, namely y, = x, + 1.725 and
Y, = X, + 149.45, on the basis of which the eco-
logical plasticity index was determined. A com-
prehensive analysis of ecological plasticity and
stability parameters indicated that the cultivar
‘Rosela’ combined a high potential for yield and
fruit weight but was characterised by low stability,
which limited its use under conditions of an un-
stable climate. The cultivars ‘Free Gold’ and ‘Luna’
demonstrated an optimal balance between stabil-
ity and adaptability, making them promising for
cultivation across different agroecological zones.
The obtained results confirmed the appropriate-
ness of using regression analysis parameters for
the justified selection of apple cultivars in breed-
ing programmes and commercial production.

The obtained research results confirmed the
decisive role of the “‘genotype x environment” in-
teraction in the formation of productivity of apple
cultivars, which was consistent with the concepts
of adaptive breeding of fruit crops proposed by
H. Muranty et al. (2015) and C. Ma et al. (2024).
These studies stated that the conditions of Podil-
lia were characterised by pronounced interannual
variability of hydrothermal factors, which deter-
mined differentiated cultivar responses to chang-
es in the ecological background and required a
comprehensive assessment of plasticity and sta-
bility of economically valuable traits. In the course

of the present study, it was established that the
weather conditions of 2023 were the most favour-
able for the formation of yield and average fruit
weight, as reflected by the maximum values of the
environmental index. The optimal combination of
temperature regime and moisture supply during
critical phases of organogenesis contributed to a
more complete realisation of the genetic poten-
tial of the cultivars, which was consistent with
the results reported by P. Pfleiderer et al. (2021)
and C. Jena & K. Pramanik (2025) obtained in
temperate climate zones. In contrast, 2022 and
2024 were characterised by abiotic stresses dur-
ing the flowering period, which negatively affect-
ed pollination, fruit set, and final yield. The use
of regression coefficients (b) allowed clear dif-
ferentiation of cultivars according to the type of
ecological response. The cultivar ‘Rosela’ demon-
strated a high level of ecological plasticity for
yield, which was expressed by a sharp increase in
productivity in favourable years and pronounced
fluctuations in unfavourable ones. According to
T. Kondratenko & P. Kondratenko (2020), such
a response type was typical of intensive gen-
otypes that were advisable to cultivate under
conditions of a high agricultural background and
the possibility of regulating the water regime.

The cultivars ‘Free Gold’ ‘Luna’, and ‘Red To-
paz’ belonged to the neutral type in terms of
yield, with b, <1, indicating a weaker dependence
on weather variability. Such genotypes were more
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stable over time and were recommended for ar-
eas of risk-prone horticulture, where ensuring a
predictable level of yield was of particular impor-
tance (Berven et al., 2025). Similar patterns were
reported in the studies of G. Locatelli et al. (2022)
concerning the stability of fruit crops in Central
and Eastern Europe.Assessment of stability based
on the variance of deviations from regression (5?)
showed that cultivars with high plasticity gen-
erally exhibited lower stability. In particular, the
cultivar ‘Rosela’ had the highest S?2 values for
yield, which confirmed the inverse relationship
between the intensity of the genotypic response
and the stability of trait expression. A similar pat-
tern has been widely described in breeding stud-
ies by G. Sanford et al. (2021) and is considered
typical for perennial crops.

Analysis of the regression lines for yield and
average fruit weight showed a similar pattern of
slope, indicating the presence of a correlation be-
tween these traits. This supported the position of
S.Knapp & M.G.A.van der Heijden (2018) on the
necessity of a comprehensive assessment of cul-
tivar productivity, as selection based solely on a
single trait could lead to undesirable trade-offs.
In modern breeding programmes, multifactorial
approaches combining the evaluation of GxE in-
teractions, plasticity, and stability are increasingly
applied. The obtained results confirmed the suit-
ability of using the environmental index, regres-
sion coefficients, and stability parameters as ef-
fective tools for assessing the adaptive potential
of apple cultivars. Such an approach allowed not
only the justified recommendation of cultivars for
production but also the identification of direc-
tions for their use in breeding, either as donors of
stability or of potential productivity.

Thus, the research results indicated that
under the conditions of Podillia the most prom-
ising cultivars were those combining moderate
ecological plasticity with high stability of ex-
pression of economically valuable traits, which
ensured the adaptation of orchards to current
climatic challenges and increased the efficiency
of commercial horticulture.

Conclusions

As a result of the four-year cultivar evaluation of
apple cultivars, a substantial influence of interan-
nual variability of hydrothermal conditions on the
formation of yield and average fruit weight under
the conditions of Podillia was established. The
most favourable conditions for the realisation
of the productive potential of the cultivars were
formed in 2023, which was confirmed by the max-
imum environmental indices for the traits “yield”
(I=1.80) and “average fruit weight” (I = 6.15), as
well as by the highest average productivity val-
ues over the study period. It was determined
that, in terms of fruit yield, the cultivars ‘Rose-
la’ (b, =2.743) and Juliet’ (b, =0.921) were char-
acterised by increased ecological plasticity and
an intensive type of response to environmental
conditions, which ensured high yield levels in fa-
vourable years but was accompanied by reduced
stability. The cultivars ‘Free Gold, ‘Luna’, and Red
Topaz’ belonged to the neutral type of ecological
response and provided a relatively stable level of
productivity under different growing conditions.
The highest average yield during the study was
recorded for the cultivar ‘Rosela’ (3.30 t ha);
however, it proved to be the least stable for this
trait (S2=14.5), indicating a high dependence of
its productivity on favourable weather conditions.

In terms of average fruit weight, a high level
of ecological plasticity was established for the
cultivars ‘Rosela’ (b,=2.679), Luna’ (b,=1.697),and
‘Free Gold’ (b, =1.217), which determined their
ability to form large fruits in years with optimal
growing conditions. The most stable cultivars for
this trait were ‘Free Gold’ (52=198.0) and ‘Luna’
(S2=246.0), whereas ‘Juliet’ (52=772.9) and ‘Red
Topaz’' (S2=939.6) were characterised by consid-
erable variability of this trait. A comprehensive
assessment of plasticity and stability of yield
and average fruit weight allowed the conclusion
that, under the conditions of Podillia, the optimal
combination was moderate ecological plasticity
with high stability of trait expression, which en-
sured predictable productivity and reduced pro-
duction risks. Based on the set of adaptability
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parameters, the cultivars ‘Free Gold’ and ‘Luna’
showed the greatest practical and breeding
value, as they combined yield stability with an
adequate level of marketable fruit quality. The
obtained results confirmed the appropriateness
of using the environmental index, ecological

Tarnavska et al.

set of adaptability indicators, including environ-
mental indices, ecological plasticity and stability
coefficients, which allows improving the effi-
ciency of variety selection at the early stages of
varietal testing.
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MnacTuyHicTb i cTabinbHIiCTb KiNbKiCHMX 03HaK NPOAYKTUBHOCTI
copTiB a6nyHb B ymoBax Moginns
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KaHanMAaT cinbCbKOrocnoaapcbKmMx Hayk, CTaplini HAyKOBMIM CNiBPOBITHMK

lMopinbCbka AOCAiAHA CTaHLIS CAAIBHULTBA IHCTUTYTY CafiBHMLITBA HaLiOHanbHOI akaaeMii arpapHUX HayK YKpaiHu
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AHoTauifA. Y cBiTi 961yHA € OAHIE 3 NPOBIAHMX MNOAOBMX KyNbTyp, WO 3alMaE TpeTe Micue 3a
obcaramu BUpOOHULTBA Nicns 6aHaHiB Ta KaBYHIB, i MOCTIMHO 3pOCTal0YMiA NOMUT Ha 161yKa 06yMOBNIOE
HeobXifHiCTb BAOCKOHANEHHS COPTIB 3 BUCOKMMM MOKA3HMKaMM NPOAYKTUBHOCTI Ta aAanTMBHOCTI. MeToo
focnifxeHHs 6yna ouiHka copTiB S6AYHI 3@ MOKa3HMKAMKU €KONOFiYHOI NNACTUYHOCTI ANS BU3HAYEHHS
nepcnekTUBHUX FEHOTUMIB ANS cenekuiiHux nporpaM. HaBeneHo pe3ynbTaTM COPTOBMBYEHHS S16/YHi
YKPpaiHCbKOi Ta 3apyb6ixHOi cenekuii (HacagpkeHHs 2017 poky, cxeMa 2,5 x 4,5 m, nigwena MM106) 3a
NOKa3HMKaMM BPOXAMHOCTI Ta cepefHboi Macu nnoais. [1poBeaeHo OLiIHIOBaHHA M'STU COpPTiB A6MyHi
(Dpi Tong, ‘Lxynber, JlyHa’, ‘Pen Tonaz’, ‘Posena’), BigibpaHux i3 27 iHTPOAYKOBaHWUX FeHOTUNIB,
Wwo npoxoaunu coptoBuBueHHs y 2021-2024 pp. HaiiBuwli 3HayeHHs iHOEKCIB CcepefoBuMLLa, K 3a
BPOXaWHicTio 96N1yHb, TaK | Macoto nnoais, 6ynu BigmiveHi B 2023 poui, i BignosigHo 6ynun — 1,80 1a 6,15.
HavimeHwi inaekcn cepepoBumwa BiaMideHi y 2022 p. i 2024 p., cepefHs BpPOXaWiHiCTb B Ki BiAN0BiAHO
ctaHosuna 0,28 T1a 1,3 1/ra. Takuit aHanis 4EMOHCTPYE BUCOKMI BMAUB PiYHUX KOAMBAHb KNIMATUYHUX
(akTopiB Ha MPOAYKTMBHICTb COPTIB Ta NiAKPEC/IOE HEOOXiAHICTb BpaxyBaHHSA aAanTUBHOCTI reHOTUMIB
y CenekuiHux nporpamMax. 3a pe3ynbTaTaMM MaTeMaTU4HOi 0OpOOKM MOKA3HWMKIB BPOXAMHOCTI
NNoAIB i cepefHbOi Macu MNOAY BUMBELEHO PiBHSHHA perpecii Ta iHAEKCM eKONOriYHOi MAacTUYHOCTI.
BcTaHoBnEHO, L0 33 BPOXKaAMHICTIO NNOAIB copTu ‘Po3ena’ i ‘[LKYNbeT € COPTaMu iHTEHCMBHOTO TUMY, AKi
XapaKTepU3yTbCS BUCOKO YYTAMBICTIO A0 3MiH YMOB cepefoBMLUa, KoedilieHTH perpecii BianoBiagHO
cTaHoBnsaTb 2,743 i 0,921, 3a cepenHbO0 Macow NAOALY BMCOKMI PiBEHb €KOMOFIYHOI MAACTUYHOCTI
LEMOHCTPYI0Tb copTv ‘Posena’, JlyHa’ Ta ‘®@pi Mong’, Toai ak copt ‘IXXyNbeT HaNEXWUTb [0 HEATPANbHOIO
Tuny. OuiHKa eKonoriyHoi CcTabinbHOCTI COPTIB MOKa3ana, Wo 3a BPOXAWHICTIO Hanbinbw cTtabinbHUMM
6ynu ‘©pi Fong’, NlyHa’ Ta ‘Pen Tonaz’. CopT ‘IXKyNbeT BUABMBCA BiLHOCHO CTabiNbHMM, X04a BiH He
Bi3HAYMBCS BUCOKMM PiBHEM BPOXAMHOCTI. HalMBuULLY BpOXaMHICTb Y cepeHbOMY 3a pOKaMM NOKa3as
copT ‘Po3ena’, kM OAQHOYACHO € HalMeHLW CTabinbHWM. 3a CepefiHbOK Macok MioAy CTabinbHUMK
BuaBuAncs coptm ‘Opi long’ ta JlyHa’

KniouoBi cnoBa: BpoxaliHicTb; Maca nnoay; npuBabnnBicTb; CMAaKOBi IKOCTi; NapaMeTpy afanTUBHOCTI;
iHOeKC cepenoBumLLa
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Abstract. The aim of the study was to investigate the impact of harvesting dates and fertilization levels
on the height of alfalfa (Medicago sativa) plants in the conditions of the Right-bank Forest-Steppe.
The research was conducted at the experimental field of Vinnytsia National Agrarian University with
variants of different sowing rates (6.0-8.0 million seeds/ha) and four levels of mineral nutrition. In the
sowing year, the lowest height of alfalfa plants was observed at the sowing rate of 8.0 million seeds/
ha (63.4-64.4 cm), which increased to 64.4-66.3 cm at the sowing rate of 6.0 million seeds/ha. Complex
fertilizers contributed to an increase in plant height from 0.9-1.9 cm to 1.0-2.7 cm compared to the
control. It was found that plants, under stress conditions due to high air temperature and insufficient
moisture at the root system depth, could not effectively absorb mineral fertilizers from the soil, which
led to a reduction in growth rates. In the second year of vegetation, considering the hydrothermal
conditions of the summer period, an impact on the growth processes of alfalfa was observed. This
affected the plant height during both the cuts and the harvesting phases. After three cuts at the
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budding stage, the average plant height reached 54.3-54.5 cm, regardless of the sowing rate and
mineral nutrition level. The results followed a sinusoidal pattern: the tallest plants were at the first cut
(73.7-73.8 cm), with the shortest height during the second cut (41.4-41.8 cm), and a further increase
to 47.7-47.9 cm at the third cut. At the beginning of flowering, the tallest plants reached 85.7-86.0 cm,
while at subsequent cuts, made 40-41 days later, a decrease in height was observed: 43.9-44.4 cm at
the second cut and 54.3-55.2 cm at the third cut. The average plant height at the sowing rates was
61.4-61.8 cm. Thus, alfalfa formed three full cuts during the growing season, with an average height
of 54.3-54.5 cm. The tallest plants reached 76.8-85.8 cm with the application of mineral fertilizers at
the dose of N;PyK, ., +S,;5Cas,Ma,,, While the average values were 55.7-62.7 cm at a sowing rate of
6.0 million seeds/ha. The results of the study can be used to optimize the agrotechnology of alfalfa

cultivation in the conditions of the Forest-Steppe

Keywords: Medicago sativa, budding, beginning of flowering, sowing rate, fertilizers

Introduction

Perennial leguminous grasses are one of the pri-
ority areas for the development of forage produc-
tion and agriculture, as the basis for organic pro-
duction of plant raw materials for the preparation
of various types of animal feed. They play an en-
vironmental role in agro-landscapes according to
their morphological and genetic characteristics,
contribute to soil fertility enhancement and im-
prove its structure, which is particularly relevant
in the current conditions of agricultural develop-
ment. Therefore, significant attention should be
paid to perennial leguminous grasses, especially
the most widespread and productive crop - al-
falfa, which, with strict adherence to cultivation
techniques, is capable of fully realizing its genet-
ic potential during prolonged use of the sward
(Zhang & Wang, 2025). Breeding programs aimed
at improving alfalfa focus on increasing yield and
persistence, which are key factors for adaptation
to different agroecosystems (Medina et al., 2025).

Alfalfa (Medicago sativa L), known as the
‘queen of forage crops”, was recognised as the
most important perennial forage legume crop
cultivated worldwide due to its comprehensive
ecological adaptability, high nutritional value,
and ability to fix nitrogen. According to W. Wan et
al. (2022), fertiliser application not only increased
alfalfa yield by 19.2%, but also improved its quali-
ty through an increase in crude protein content by

7.7% and a reduction in acid-detergent fibre con-
tent by 2.9%. This confirmed the importance of op-
timising fertilisation systems to achieve maximum
productivity. Y. Wang et al. (2024) established that
the level of nitrogen fertilisation significantly in-
fluenced nitrogen use efficiency, yield, and quality
of alfalfa across different cuts. It was noted by the
researchers that improper nitrogen application
led to reduced nitrogen use efficiency and even
adverse effects on yield and forage quality. These
findings underlined the importance of optimising
nitrogen fertiliser rates. Drought tolerance in al-
falfa was considered a critically important char-
acteristic in the context of global climate change.

In the study by N. Hetman et al. (2025), the
role of alfalfa in the greening of agricultural pro-
duction was investigated, particularly its capacity
to enrich soils with nitrogen and improve their
physico-chemical properties. The importance of
utilising alfalfa to reduce soil erosion and land
degradation, as well as to decrease reliance on
chemical fertilisers, was emphasised by the au-
thors. It was demonstrated in the work that alfal-
fa could serve as a key component of sustainable
agriculture, contributing to environmentally safe
production. V. Greveniotis et al. (2024) conducted
research on the yield stability and main qualitative
characteristics of alfalfa, including plant height,
number of nodes, green mass yield, and dry matter
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yield. Statistical analysis revealed significant
differences, indicating a high genotype-by-year
interaction, which underscored the importance
of adapting varieties to specific growing condi-
tions. The study by |.S. Varol et al. (2024) estab-
lished that alfalfa is sensitive to drought in terms
of green mass yield, while showing tolerance to
water stress in terms of hay yield and protein
content, which is significant for developing culti-
vation strategies under limited water supply. The
research by Y. Liu et al. (2018) demonstrated that
a decrease in yield due to water scarcity was ob-
served in the studied varieties, while crude protein
content was reduced as a result of drought stress.
Early harvesting provided higher yields, confirm-
ing the importance of optimising mowing dates.

The uniqueness of the crop also lies in its
ability to prevent the salinisation of irrigated land.
Its roots draw moisture from deeper soil layers,
thereby lowering the groundwater level and inter-
rupting the upward flow of water from the lower
soil horizons (Tyshchenko & Tyshchenko, 2014).
According to U.M. Karbivska (2020), around 150-
200 kg/ha of nitrogen accumulates in the roots and
plant residues of alfalfa, making it an important
element in the system of organic farming. Despite
the substantial volume of research, the issue of the
impact of harvesting dates in combination with
different levels of mineral nutrition on the growth
processes of forage alfalfa in the Right-Bank For-
est-Steppe remains insufficiently studied. S.F. An-
toniv et al. (2023) highlighted the agroecological
importance of alfalfa as the basis of high-protein
fodder in the Forest-Steppe and Steppe regions of
Ukraine; however, the issue of optimising harvest-
ing dates depending on the developmental phase
of the plants requires further study. Given the sci-
entific data provided and the conflicting results
regarding the combined effect of harvesting dates
and mineral nutrition levels, there is a need for an
in-depth study of the growth processes of forage
alfalfa under specific soil and climatic conditions.
Special attention should be given to evaluating
the formation of plant height depending on the
harvesting phases, which is of significant practical

importance for optimising cultivation technology.
The aim of this study was to establish the patterns
of plant height formation in forage alfalfa depend-
ing on harvesting phases and fertilisation levels.

Materials and Methods

The research was conducted at the experimental
field of Vinnytsia National Agrarian University, fo-
cused on the productivity of agricultural crops, in-
cluding forage alfalfa, during the period from 2024
to 2025. The soil cover of the experimental site is
represented by grey forest soils, which, based on
morphological characteristics, occupy an interme-
diate position between light and dark grey soils.
According to agrochemical surveys, the arable layer
of soil (0-30 cm) has the following physicochemical
properties: humus content (according to Tyurin) was
2.69%, alkaline-hydrolysed nitrogen (according to
Kornfield) - 81 mg/kg,available phosphorus and ex-
changeable potassium (according to Chirikov) were
218 and 72 mg per 1 kg of soil, respectively; availa-
ble sulphur (S) 5.3 mg/kg,available copper (Cu) 0.29,
available zinc (Zn) 0.45, available manganese (Mn)
14.6 mg/kg, and the pH of the salt extract was 6.1.

The climatic conditions of the Right-Bank For-
est-Steppe zone are heterogeneous, characterised
by warm summers and moderately cold winters.
During the research period (2024-2025), in the
second year of forage utilisation in 2025, the hy-
drothermal conditions were characterised by an
increase in the average monthly air temperature
from 19.5°C to 21.5°C, with atmospheric precipi-
tation from June to August amounting to 87 mm.
Mineral fertilisers were applied during pre-sowing
cultivation according to the experimental variants,
which differed in their supply of essential nutrients
and accompanying macro- and micro-elements.
The control variant involved the application of
mineral fertilisers at the rate of N;,P,,K,, with the
addition of sulphur (Ss.5). In the experimental var-
iants, increased nutrient levels were applied with
the same rate of nitrogen and phosphorus (N;;Py),
but with a gradual increase in potassium dosage
to K;,, and K., along with the addition of sulphur,
calcium, and magnesium in the corresponding
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amounts. This approach allowed the evaluation
of the effect of different levels of complex min-
eral nutrition on the growth processes of forage
alfalfa under identical agro-technical conditions.
The variety of forage alfalfa ‘Radoslava, created
at the Institute of Feed and Agriculture of Podil-
lia of the National Academy of Agrarian Sciences,
and included in the State Register of Plant Vari-
eties of Ukraine, was sown in the experiment.
This variety is tolerant to increased soil acidity
(pH of the salt solution 5.0-5.5). The ‘Radosla-
va’ variety is characterised by increased drought
tolerance, resistance to Fusarium wilt, and pro-
ductive longevity in both pure and mixed swards.

For the assessment of the growth stages of
alfalfa plants, the BBCH scale (Biologische Bun-
desanstalt, Bundessortenamt und Chemische In-
dustrie) was used. Statistical data processing was
carried out using analysis of variance, with the
determination of the confidence interval of the
arithmetic mean at the 5% significance level. The
research was conducted in accordance with eth-
ical standards, particularly within the framework
of the Convention on Biological Diversity (1992).

Results and Discussion
It was established that in the sowing year, un-
der conditions of adequate soil moisture in April
2024 at seeding depth and an average daily air
temperature of 12.0°C, the inter-phase period
“sowing-emergence” lasted 10 days. Subsequent
growth processes were primarily determined

Hetman et al.

by the biological characteristics of alfalfa and
weather conditions. In May, active development
of leaf-stem mass was observed, and the begin-
ning of flowering phase (BBCH code 60) occurred
68-69 days after full emergence. Growth and de-
velopment processes of alfalfa occurred under
conditions of coordinated interaction of soil and
climatic factors, such as moisture, heat, light, and
soil fertility. Regardless of the fertilisation back-
ground, the lowest height of alfalfa plants was ob-
served at a sowing rate of 8.0 million viable seeds/
ha, measuring 63.4-64.4 cm, which increased
to 64.4-66.3 cm at a sowing rate of 6.0 million/
ha. With the application of complex fertiliser, an
increase in plant height from 0.9-1.9 cm to 1.0-
2.7 cm was observed compared to the control.

Research demonstrated that in the second year
of life (2025),under conditions of unstable moisture
supply and gradual temperature increase through-
out the vegetation period, alfalfa cultivar ‘Radosla-
va'responded to environmental conditions through
changes in plant height across cuts, which were
conducted at two timings at the budding phase
and at the beginning of flowering. Across three
cuts at the budding phase, the average plant height
reached 54.3-54.5 cm, regardless of sowing rates
and mineral nutrition level. The obtained values
exhibited a sinusoidal pattern, with the highest val-
ues observed at the first cut, reaching 73.7-73.8 cm,
the lowest at the second cut at 41.4-41.8 cm, fol-
lowed by subsequent growth to 47.7-47.9 cm in the
third cut, which was formed in August (Table 1).

Table 1. Effect of sowing rates and fertilisation on alfalfa plant height at the budding phase, M + m*

Cut

Fertilisation Sowing rate, million seeds/ha 3 : s 3 Average
NP, ,K,,+S, .. (control) 6.0 71.1+£8.01 | 40.6+6.18 | 46.5+7.89 | 52.7+7.36
357 907700 T T 8.0 73.2+545|41.4+6.20 | 47.8+5.96 | 54.1+5.87
6.0 73.4+4.67|41.5+5.22 | 48.3+6.55|54.4+5.48

N..P,.K,,.+S,...Ca,.M
a5 501z T SrasAisGho 8.0 73.6+5.41 | 41.6+4.05 | 47.648.39 | 5431595
6.0 76.8+3.03|42.0£5.40 | 48.4+6.36 | 55.7+4.93
NasPookrso Sza:sC250Mao 8.0 74.4+4.04|42.3+2.17 | 48.4+5.98 | 55.0£4.06
Average 6.0 73.8+5.23|41.4+5.60 | 47.7+6.93 | 54.3+5.92
9 8.0 737497 |41.8t4.14 | 47.9+6.78 | 54.5+5.29

Note: * — M+m - confidence interval of the arithmetic mean at the 5% significance level

Source: developed by the authors
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In the current study, complex fertilisation
also positively influenced linear plant parame-
ters, although the effect was less pronounced
under drought stress conditions. The obtained
results were consistent with data from W. Wan et
al. (2022), who established that fertiliser ap-
plication increased alfalfa yield by an average
of 19.2%. Specifically, the best linear parame-
ters were obtained at a sowing rate of 6.0 mil-
lion viable seeds/ha, measuring 76.8 c¢cm with
N3sPgoKyso + S,5.5CasoMa,, at the first cut harvest,
which decreased in the second and third cuts to a
range of 42.0-48.4 cm. The average values across
three cuts were 55.7 cm, which was 3.0 cm high-
er than with the application of mineral fertilisers
at a dose of N;Py Ky, +S;.c. Similar patterns were
observed by Y.Wang et al. (2024), who established
that nitrogen fertilisation level significantly in-
fluenced nitrogen use efficiency and alfalfa yield

across different cuts. The current study also re-
vealed a differentiated effect of fertilisation de-
pending on the cut and harvesting phase.
Hydrothermal conditions of the vegetation
period facilitated regrowth and formation of the
third cut of alfalfa forage at the budding phase on
20 August and at the beginning of flowering in the
first decade of September (04.09), with forage cut-
ting conducted 37 and 41 days after the second cut,
respectively.According to biological characteristics,
alfalfa is classified as a long-day crop; therefore,
during shortening of daylight hours with increased
temperature regime and uneven distribution of at-
mospheric precipitation, plant height decreased at
the budding phase, measuring 46.5-48.4 cm, with
the highest values at maximum fertilisation of
48.4 cm. Concurrently, plant height increment dur-
ingthe vegetation period increased compared to the
first and second cuts to 1.25-1.31 cm/day (Table 2).

Table 2. Average daily plant height increment of alfalfa across cuts, depending
on sowing rates and fertilisation at the budding phase, cm/day

Cut
Fertilisation Sowing rate, million seeds/ha 1 Lzl S 3 Average
6.0 1.02 1.07 1.25 111
+S..
NagPsokso + Sq-5 (control) 8.0 1.06 1.08 1.29 114
6.0 1.05 1.0 1.30 115
NasPooKizo +S13:5C215M81g 8.0 1.05 1.0 1.29 114
6.0 1.09 110 1.31 117
NasPaoKiso +S23:5C22Mz0 8.0 1.06 711 131 116
Averace 6.0 1.05 1.0 1.29 114
¢ 8.0 1.05 110 1.29 115

Source: developed by the authors

Research by Z. Zhou et al. (2024) confirmed
that drought stress represents a significant en-
vironmental challenge that impedes alfalfa
growth and yield worldwide.Z.Zhou et al. identi-
fied drought as a major challenge limiting alfal-
fa production and threatening food security. Wa-
ter deficit causes damage to plants by disrupting
various physiological processes such as carbon
assimilation, cellular hydration, and leaf gas ex-
change. In the current study, a decrease in plant
growth rates during the summer period was also
observed due to insufficient moisture supply,

particularly in the second cut. When determining
plant height increment across cuts, their stabili-
ty between variants was revealed in the first cut,
followed by subsequent growth in the second
and third cuts to 1.07-1.31 cm/day. Y. Shen et
al. (2013) established that cutting height sig-
nificantly influenced shoot regrowth and alfalfa
yield, which was confirmed by current observa-
tions regarding differentiated increment across
cuts. P. Alvarez-Vazquez et al. (2020) investigated
alfalfa productivitydepending on regrowth age in
the spring period, identifying optimal harvesting
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timings for yield maximisation. Plant height
increment rates increased with application of
maximum mineral fertiliser dose from 1.29 to
1.31 cm/day, regardless of sowing rate, with av-
erage experimental values of 1.29 cm/day. Ob-
servations demonstrated that upon reaching the
beginning of flowering phase, the highest plant

Hetman et al.

height was obtained in the first cut at 85.7-
86.0 cm, whilst during the vegetation period,
in the formation of subsequent cuts conducted
on average after 40-41 days, a decrease was ob-
served: in the second cut to 43.9-44.4 cm and
in the third cut to 54.3-55.2 cm, with average
values by sowing rates of 61.4-61.8 cm (Table 3).

Table 3. Alfalfa plant height across cuts depending on sowing rates and fertilisation
at the beginning of flowering phase, M+ m*

Cut
Fertilisation Sowing rate, million seeds/ha 1 uzs 3 Average

NP K s o 6.0 8544571 | 43.0+4.83 50.6+512 | 59.7+522
sPsokag*Sq-5 (control) 8.0 87.64485 | 43.6+512 | 52.4+3.88 | 6124495

6.0 86.846.57 | 443+3.59 | 54.4+4.00 61.8%4.72

NasPsoKr20*S12:5C21Mho 8.0 8544572 | 44.4+438 545%567|61.4%526
6.0 85.8+8.11 | 44.53.44 | 57.8+3.07 | 62.7%4.87

NasPaoKiso*SzsCaMzn 8.0 8424766 | 452+4.00 58.7+3.87|62.7%518
Averace 6.0 86.06.80 | 43.9+3.95 543+4.06 61.4+4.94

9 8.0 857+6.08 | 444450 552+4.47 | 61.8%513

Note: * ~M + m - confidence interval of the arithmetic mean at the 5% significance level

Source: developed by the authors

It was demonstrated that across experimen-
tal variants, the tallest plants were observed
at a sowing rate of 8.0 million/ha with mineral
fertiliser at a dose of N;PgKy, + S;.5, measuring
87.6 cm.Under conditions of insufficient moisture
supply, plants exhibited decreased nutrient ab-
sorption from the soil, particularly with increased
mineral fertiliser doses, which influenced height
parameters of 84.2-85.8 cm. These results con-
firmed data from Y. Liu et al. (2018), who estab-
lished that early harvesting ensured higher yield.
The current study also revealed that the first cut
was characterised by the highest linear plant
parameters regardless of fertilisation variant. It
was established that in the third cut, plants on
average reached a height of 50.6-58.7 cm, or
were 4.1-10.3 cm taller compared to values at
the budding phase. Concurrently, average dai-
ly plant height increment was 1.23-1.43 cm/
day. Y. Song et al. (2019) described in detail the
mechanisms of alfalfa response to abiotic stress,
including morphological, physiological, and
molecular adaptations. Under the conditions

examined in the current study, a differentiated
plant response to hydrothermal conditions was
also observed, depending on growth and devel-
opment phase. When comparing the obtained
data with the budding phase, it could be con-
cluded that over 7 days, height increased by 12.0-
13.2 cm. Changes in parameters were explained
by increased average daily plant increment to
1.71-1.88 cm/day, depending on sowing rates and
fertilisation. Research by Y. Sun et al. (2022) con-
firmed that application of nitrogen and phospho-
rus fertilisers significantly influenced agronomic
characteristics of alfalfa, particularly plant height
and growth intensity. The obtained data indicated
intensive plant height growth upon reaching the
beginning of flowering phase compared to bud-
ding, regardless of fertilisation level. The trend
of increasing plant height increment was main-
tained across experimental variants (Table 4). In
the current study, substantial variability of pa-
rameters was also observed depending on weath-
er conditions of the vegetation period. Results
from Y. Feng et al. (2022) indicated a negative
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correlation between alfalfa yield and crude pro-
tein content. This emphasised the importance of
optimising harvesting timings, which was con-
firmed by current study data regarding the differ-
entiated influence of harvesting phase on linear
plant parameters. Comprehensive research by
Y.Feng et al. also demonstrated that average alfal-
fa dry matter yield in China was 11.18 £6.69 t/ha

with an average crude protein content of
19.05%2.87%.The authors established a negative
correlation between yield and protein content,
indicating the necessity of balancing quantitative
and qualitative parameters when optimising cul-
tivation technologies. V. Greveniotis et al. (2024)
in their research on alfalfa yield stability revealed
significant genotype-by-year interaction.

Table 4. Average daily plant height increment of alfalfa across cuts depending on sowing rates
and fertilisation at the beginning of flowering phase, cm/day

Cut
Fertilisation Sowing rate, million seeds/ha 1 ; & 3 Average
6.0 1.08 1.08 1.23 1.13
NesPoKso + a5 (control) 8.0 111 | 109 | 127 116
6.0 1.10 1.11 1.33 1.18
+ .
NasPoolra0* S1:sCars Mg 8.0 108 | 111 | 132 117
6.0 1.09 1.11 1.41 1.20
NasPooKiso +S72:5C25M0z0 8.0 1.06 1.13 1.43 1.21
Average 6.0 1.09 1.10 1.32 117
9 8.0 1.08 1.11 1.35 1.18

Source: developed by the authors

Research by M. Daud et al. (2025) empha-
sised that alfalfa drought tolerance was relative-
ly high compared to other forage crops due to a
deep root system that could reach 1.5-4 m. This
was confirmed by observations from the current
study: despite unfavourable hydrothermal condi-
tions, alfalfa cultivar ‘Radoslava’ formed three full
cuts across the studied growth and development
phases. With available hydrothermal resourc-
es during the alfalfa vegetation period in 2025,
three full cuts were obtained at the budding
phase and at the beginning of flowering. On aver-
age, plants reached a height within the range of
54.3-61.8 cm with plant leafiness at 53.0-54.5%,
depending on growth and development phase
and the factors studied. It was established that
the effect of studied factors was stable and en-
sured the best linear plant parameters of 62.7 cm
at the beginning of flowering phase under condi-
tions of alfalfa sowing at both sowing rates and
use of complex fertiliser with increased macro-
and micro-element levels. Height was 3.0 cm
(5.0%) higher than the control with application

of N5PyKqo+ Ss.c. The difference between average
plant height values across growth and develop-
ment phases was 7.0 cm; that is, plant height
from the budding phase to the beginning of flow-
ering increased by 7 cm.

Results obtained in the study were consist-
ent with principles presented in works by V. Pet-
rychenko et al. (2018), where alfalfa was consid-
ered as a stabilising factor in forage production
intensification due to high productivity and for-
age quality. The established dependence of plant
height on harvesting phases confirmed the feasi-
bility of a differentiated approach to forage cut-
ting timings, which influenced the formation of
its structure. This was explained by research re-
sults from V.F. Petrychenko & H.P. Kvitko (2010),
according to which the highest protein propor-
tion was concentrated in alfalfa leaves, buds, and
flowers, whilst stems were characterised by sig-
nificantly lower nutritional value, which substan-
tiated the advantages of harvesting at budding
and beginning of flowering phases. Research by
G. Bélanger et al. (2020) confirmed that harvesting
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alfalfa at the early budding phase compared to
the beginning of flowering reduced dry matter
yield by 2.03 t/ha; however, it increased total
digestible nutrient concentration by 44 g/kg, in-
dicating the necessity of optimising harvesting
timings depending on the target purpose of for-
age. Research by H. Wang et al. (2023) demon-
strated that alfalfa populations exhibited sig-
nificant genetic diversity and capacity for local
adaptation, ensuring their suitability to various
agroecological conditions and prolonged pro-
ductive utilisation of forage. Results obtained
from the current study confirmed the determin-
ing role of weather conditions in the formation
of alfalfa growth processes, which was con-
sistent with conclusions by M.H. Kvitko (2017),
obtained for conditions of the Right-Bank For-
est-Steppe on grey forest soils. The variability of
plant height across cuts and harvesting phases
established in the experiment was explained by
fluctuations in temperature regime and moisture
supply throughout the vegetation period, which
significantly influenced the intensity of growth
and forage regrowth. Under conditions of elevat-
ed temperatures and moisture deficit, a decrease
in growth rates was observed, which confirmed
the high sensitivity of alfalfa to hydrothermal
factors, regardless of mineral nutrition Llevel.
Thus, the obtained data supplemented results
from previous research and indicated the neces-
sity of accounting for weather conditions when
interpreting the effects of agrotechnical meas-
ures on alfalfa growth and development.

The obtained experimental data demon-
strated a stable effect of studied factors on al-
falfa growth processes under conditions of the
Right-Bank Forest-Steppe. The identified patterns
of plant height changes depending on harvest-
ing phases and mineral nutrition levels indicat-
ed the determining role of cutting timings in the
formation of linear forage parameters. Under the
influence of hydrothermal conditions of the veg-
etation period, a differentiated plant response to
fertilisation was observed, which determined the
variability of growth parameters across cuts.

Hetman et al.

Conclusions

It was established that despite challenging hy-
drothermal conditions of the Right-Bank For-
est-Steppe (increase in average monthly air
temperature from 19.5 to 21.5°C and insuffi-
cient atmospheric precipitation of 87 mm dur-
ing June-August), during the vegetation period,
alfalfa cultivar ‘Radoslava’ formed three full cuts
at the budding phase and at the beginning of
flowering, which indicated its high adaptability
to growing conditions. On average across three
cuts, plant height reached 54.3-54.5 ¢cm at the
budding phase and 61.4-61.8 cm at the begin-
ning of flowering phase. The tallest plants were
observed in the first cut, measuring 76.8-85.8 cm
with application of mineral fertilisers at a dose of
N3sPooKiso+ S,35.5Ca30Ma,,. Average plant height val-
ues were 55.7-62.7 cm at a sowing rate of 6.0 mil-
lion viable seeds/ha. The difference between har-
vesting phases was 7.0 cm, which confirmed the
feasibility of harvesting at the beginning of flow-
ering phase to obtain maximum vegetative mass.

It was demonstrated that complex mineral
fertilisation contributed to plant height incre-
ment from 0.9-1.9 cm to 1.0-2.7 cm compared to
the control. Average daily plant height increment
was 1.05-1.17 cm/day at the budding phase and
1.13-1.21 cm/day at the beginning of flowering
phase, which indicated more intensive growth at
later harvesting. The highest average daily incre-
ment was observed in the third cut, measuring
1.25-1.31 cm/day. It was established that under
drought stress conditions, plants were unable to
effectively absorb mineral fertilisers from the soil,
which resulted in decreased growth rates, particu-
larly in the second cut (41.4-44.4 cm). This indicat-
ed the necessity of accounting for hydrothermal
conditions when planning fertilisation systems
and adjusting fertiliser application rates depend-
ing on moisture supply. Prospects for further re-
search lie in studying the influence of different
fertilisation systems on dry matter yield and qual-
itative composition of alfalfa forage production
(protein content, fibre, metabolisable energy), as
well as investigating crop water consumption
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and moisture use efficiency under conditions of Funding
climate change in the Right-Bank Forest-Steppe.  None.
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AHoTaLif. MeToto po6oTH Byno BMBYEHHS BMNAMBY CTPOKiB 30MpaHHS Ta piBHIB yA0OpeHHS HA BUMCOTY
pPOC/MH NOLEPHM MOCiBHOI B yMoBax Jlicocteny npaBobepexHoro. [ocnifXeHHs NpoBOAMAMCS Ha
pocnigHoMy noni BiHHMLBKOrO HaLioHanbHOrO arpapHOro yHiBepcuTeTy 3a BapiaHTamu 3 Pi3HUMMU
HopMamu BuciBy (6,0-8,0 MnH/ra) Ta YoTUpPMa pPiBHSMU MiHEPANIbHOTO XMBAEHHS. Y piKk CiB6U HalMeHLWwa
BMCOTa POC/IMH NIOLLEPHM NOCiBHOT 6yna 3a HopMoto BUCiBY 8,0 MNTH/ra CXOXMX HaCiHUH (63,4-64,4 cm),
o 3pocna ao 64,4-66,3 cm npu HopMi BuciBy 6,0 MaH/ra. KomnnekcHe o6puBO Cnpusno npupocty
Bucotn pocaunH Big 0,9-1,9 cm po 1,0-2,7 cM NOpPiBHAHO 3 KOHTponeM. BctaHOBNEHO, WO POCAUHM,
nepebyBatoymn B CTPECOBMX YMOBax Yepes MiABULLEHY TeMMepaTypy MOBITPS i HEAOCTATHICTb BONOMU
Ha rubuHI KopeHeBOi CMCTEMM, He 3MOrnu edeKTUBHO CMOXWMBATWM MiHepanbHi f06puBa 3 rpyHTy,
O MpU3BENO L0 3HWXKEHHs TeMniB npupocTy. Ha apyruit pik Berertauii, 3 orngaay Ha rifpotepMiuHi
YMOBM NiTHLOTO NepioAy, CNOCTepiranocs BNAUBAHHS Ha pOCTOBI Npouecy NtouepHu. Lle nosHaunnocs
Ha BMCOTI POCAMH SK 3@ yKOocCaMu, Tak i 3a (a3amu 30MpaHHS TpaBoCTOK. 3a TpU ykocu y ¢asi
OyTOHI3auii cepenHs BUCOTa pocamH pocarana 54,3-54,5 c¢M, He3anexHo Bif4 HOPM BMUCIBY Ta piBHS
MiHEpaNbHOro XMBNEHHS. Pe3ynbTaTv Manu CUMHycoiganbHWUMA BUINAL: HAaMBMLLA BUCOTA POC/MH Byna
3a nepworo ykocy — 73,7-73,8 cM, 3 HaMMEHLLOK BMCOTOK MPU CKOLWYBaHHI Apyroro ykocy — 41,4-
41,8 cM, 3 nojanbWmUM 3poCTaHHaM ao 47,7-47,9 cm y TpeTboMy ykoci. Y $asi noyaTky UBITiHHS
Haibinbwa BucoTa pocauH gocsarana 85,7-86,0 cMm, a Ha HACTYNHMX YKOCaX, WO MPOBOAMANCS Yepes
40-41 poby, cnocTepiranacs 3HWXeHa BMCOTA: Yy ApyroMy ykoci 43,9-44,4 ¢cM i B TpeTbOMYy YKOCi
54,3-55,2 cMm. CepepHs BMCOTA pPOCAMH 33 HOpMaMu BMCiBY cknagana 61,4-61,8 cM. TakuMM UYMHOM,
JioLEepHa NociBHa 3a nepion BereTauii chopmyBana Tpy NOBHOLIHHMX YKOCH, i3 CEpefHbOK BUCOTO
54,3-54,5 cm. Hanbinbwi pocnuHun pocsirann 76,8-85,8 cM npu BHeCeHHi MiHepanbHUX 006puB y
n03i Ny Py K oo+ S,5,Ca;)Mg,,, @ cepeniHi nokasHukM ctaHosunm 55,7-62,7 cM npu cisbi 6,0 MaH/ra.
PesynbTati pocnigxeHb MOXyTb OyTW BMKOPWUCTaHI A8 ONTUMI3aLii arpoTexHONOrii BMPOLLYBaHHS
NoLepHU NociBHOI B ymoBax Jlicocteny

Kniouosi cnoBa: Medicago sativa, 6yToHi3auig, No4aTok LBiTiHHSA, HOpMa BUCiBY, 4O6pMBa
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