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Abstract. The study aimed to calculate the general combining ability of winter bread wheat varieties
as maternal and paternal components for the main morphological and productive traits of the ear, to
determine the level of variability of these traits and to identify promising genotypes for use in breeding
programmes. In the study, F, hybrids of soft winter wheat obtained by crossing six varieties according
to the full diaphyletic scheme were studied. The hybrids were evaluated based on the main indicators
of ear productivity: length of the ear rod, weight of the ear, number of ears and grains in the ear, and
weight of grains. To determine the general combining ability (GCA) of hybrids, a methodology was used
that involves the evaluation of each variety as a mother and father component. Moreover, the index
of phenotypic dominance of traits was determined to assess the inheritance of productivity and its
structural elements. Significant variability in £, hybrids in terms of ear productivity was found.The highest
rates of GCA as a maternal component were observed in the varieties Katrusia Poliska and Svitanok
Myronivskyi,and as a paternal component in Myronivska 808, Nezabudka, and Svitanok Myronivskyi. For
most hybrids, partial or complete dominance of individual traits was observed, indicating the influence
of dominant genes on their formation.The calculation of the index of phenotypic dominance shows that
for most hybrids, the index ranged from 0 to 1, which confirms partial dominance with the advantage
of the best parental forms. The highest values of ear weight dominance were found in the following
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combinations: Katrusia Poliska x Nezabudka, Myronivska 808 x Vodohrai, Katrusia Poliska x Myronivska
808. The results of the study indicate that the use of different varieties of soft winter wheat for
crosses can provide promising hybrids with improved ear productivity. Observations of the inheritance
of productive traits confirmed that partial and complete dominance are typical for most hybrids

Keywords: combinational ability; degree of phenotypic dominance; hybrid combination; parental

components; inheritance; spikelet structure

Introduction

Ear traits are central in wheat yield formation,
as their morphology and productivity determine
the main elements of the yield structure. In the
context of an unstable climate, declining natural
soil fertility and growing demand for high-qual-
ity grain, the study of intraspecific variability and
breeding potential of new hybrids is of particular
importance. Indicators related to the structure
of the ear, the amount and weight of grain are
critical for assessing the adaptability of varieties,
their plasticity and efficiency under different ag-
ricultural-environmental stresses. Therefore, a
systematic analysis of these traits is a reasonable
approach to the selection of breeding material
aimed at increasing crop productivity.

According to the State Statistics Service of
Ukraine, the area under wheat in Ukraine was
growing until 2021, when it reached 7095 thou-
sand hectares. However, after the outbreak of
hostilities in the country, there was a significant
reduction in these areas, and as of 2023, they
amounted to only 4665 thousand hectares (State
Statistics Service of Ukraine, n.d.). Given this, one
of the ways to increase grain production is to de-
velop new high-yielding winter wheat varieties.

The development of winter wheat varieties
with high productive potential and universal use
isan important area of breeding.In this regard,one
of the most urgent problems is to determine the
morphologicaland physiological parameters most
closely related to the high level of winter wheat
productivity. Studies have shown that important
parameters that affect productivity are such char-
acteristics as the length of the ear rod, the num-
ber of ears and grains in the ear,and the weight of
grain per ear. H.S. Koliucha et al. (2016) analysed

the use of representatives of the genus Aegilops
as a source of resistance traits to major foliar dis-
eases and grain quality for breeding soft winter
wheat. The study emphasises the importance of
wild relatives of cultivated cereals in the forma-
tion of immunity against pathogens, in the con-
text of increasing biotic stress, which determines
the research relevance for breeding programmes
aimed at improving the resistance of varieties.

V.D. Tromsyuk & V.D. Bugayov (2021) in the
research on winter triticale emphasised the im-
portance of preliminary evaluation of parental
forms in the development of high-yielding vari-
eties, by studying the manifestation of heterosis
and the nature of inheritance of the main produc-
tivity traits. The use of diallel analysis identified
hybrid combinations with high performance for
such traits as productive bushiness, number of
grains per ear and grain weight per plant.

I. Havryliuk & H. Kovalyshyna (2024) evalu-
ated soft winter wheat varieties by yield struc-
ture and grain quality indicators. The authors
analysed the elements of productivity (number
of ears, grains, weight of 1000 grains) that de-
termine the yield potential of the variety. The
study highlighted the importance of a compre-
hensive assessment of the morphological and
qualitative traits of the ear to develop high-per-
formance forms with improved baking proper-
ties. M.M. Kamara et al. (2022) investigated the
genetic potential and models of inheritance of
physiological, agronomic and quality traits of
bread wheat under conditions of normal moisture
and water deficit. The authors noted a significant
influence of genotype on the manifestation of
traits such as ear length, number of grains and

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 2



total productivity. The study determined that
under stressful conditions, the heritability of
some trait changes, which requires a differenti-
ated approach to breeding in a changing climate.

In modern research on soft winter wheat
breeding, the development of high-yielding vari-
eties adapted to changing climate conditions are
prioritised. One of the most important areas is the
study of morphological and productive traits of
the ear, which have the greatest impact on yield
formation. Scientists K. Din et al. (2021) demon-
strated the importance of such indicators as the
length of the ear rod, the number of ears per ear,
the number of grains per ear, and the weight of
grains, which directly correlate with the level
of productivity. V.T. Kolyuchyi et al. (2007) and
N.M. Bunyak (2023) emphasised the importance
of morphological and physiological traits as indi-
cators of wheat productivity potential. They em-
phasised that to develop high-yielding wheat va-
rieties, it is necessary to consider not only general
agronomic characteristics, but also a deep under-
standing of the heritability of these traits. They
also noted that the development of new varieties
requires an integrated approach that includes the
use of adaptive resources, such as resistance to
adverse environmental factors.

0.0. Filitska (2022) highlighted the prospects
for improving wheat genotypes by increasing the
potential and actual productivity of the ear, by
studying the characteristics of the ear rod and
the number of ears per ear. The study emphasised
the importance of studying the physiology of the
ear, as this organ has the greatest impact on yield
formation. Furthermore, the length of the spikelet
and the number of spikelets in the ear significant-
ly affect the grain weight, which is an important
criterion for breeding work. The search for ge-
netic features of inheritance of these traits is an

Havryliuk & Kovalyshyna

important part of modern breeding. S. El Hanafi et
al. (2022) determined that the assessment of the
general combining ability of £, hybrids improves
the accuracy of the determination of the prospects
of crossesto obtainvarieties with high productivity.

Thus, numerous studies confirm the impor-
tance of an in-depth study of morphological and
productive traits of winter durum wheat ears. This
can be used to develop new varieties with high
productivity levels, which is highly relevant for
ensuring food security in the face of global cli-
mate change and geopolitical challenges.

The study aimed to investigate the general
combining ability of F, winter wheat hybrids in
terms of yield structure,in particular,ear length,ear
weight, number of ears per ear, number of grains
per ear and weight of grains per ear. The study as-
sessed the genetic features of inheritance of these
traits in hybrid combinations,analysing phenotypic
dominance for increasing productivity and breed-
ing improvement of winter soft wheat varieties.

Materials and Methods

The study of F, winter soft wheat hybrids was
conducted in the 2023/24 growing season in
two locations: on the breeding fields of the Na-
tional Research Centre “Institute of Agriculture
of the National Academy of Agrarian Sciences
of Ukraine” and the Production Unit ‘Agronomic
Research Station” of the National University of
Life and Environmental Sciences of Ukraine. The
study complied with the standards set out in the
Convention on Biological Diversity (1992). The
crosses were conducted between 6 winter wheat
varieties (Nezabudka, Myronivska 808, Svitanok
Myronivskyi, Sonata Odesa, Vodohrai and Katrusia
Poliska) in a full diallel scheme on the breeding
fields of the National Research Centre “Institute
of Agriculture of NAAS of Ukraine” (Table 1).

Table 1. Crossing of soft winter wheat varieties according to the full diaphyletic scheme

Mironovskaya Svitanok Sonata . Katrusia

Nezabudka 808 Myronivskyi Odesa Vodohrai Poliska
Nezabudka - + + + + +
Mironovskaya 808 + - + + + +
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Table 1. Continued

Mironovskaya Svitanok Sonata . Katrusia

Nezabudka 808 Y Myronivskyi Odesa Vodohrai Poliska
Svitanok Myronivskyi + + - + + +
Sonata Odesa + + + - + +
Vodohrai + + + + - +
Katrusia Poliska + + + + -

Source: compiled by the authors based on research

To evaluate F, hybrids of soft winter wheat by
the main indicators of ear productivity, the meth-
od of determining the general combining ability
(GCA) was used. The hybrids were evaluated by
the following parameters: length of the ear rod
(cm), weight of the ear (g), number of ears per ear
(pcs.), number of grains per ear (pcs.) and weight
of grains per ear (g). The index of phenotypic
dominance of traits (h) was used to determine
the inheritance of productivity and its structural
elements in the first generation of winter bread
wheat hybrids. The dominance index was deter-
mined by the formula (Griffing, 1950):

F1—Ppi

h - Pmtlx_r;:;n’ (1)
F, — average value of the trait in the hybrid gen-
eration; P_ - average value of the trait in the pa-
rental form with the higher index; P_. - average
value of the trait in the parental form with the
lower index. This approach, based on modern ge-
netic evaluation methods (Spriazhka & Zhemoi-
da, 2022), can accurately determine the potential
of hybrids to express productivity traits under dif-
ferent growing conditions and justify their use in
the breeding process. The results were interpret-
ed as follows (Beil & Atkins, 1965):

15

12
11 9 g 11 9109

5

h=0 - absence of dominance (AD) - additive
effect of genes;

0<h<1 - partial dominance (PD);

h=1 - complete dominance (CD);

h>1 - superdominance (SD);

h<0 - negative dominance (ND) - hybrid in-
ferior to parents.

Each variety was evaluated for its general
combining ability as a mother and father compo-
nent.Observations and records were made follow-
ing generally accepted methods (Tkachyk, 2016).

Results and Discussion

The degree of phenotypic dominance of traits.
The distribution of F, winter wheat hybrids by
the degree of phenotypic dominance (h) indicates
the predominance of superdominance for most
of the studied traits, which indicates a significant
effect of heterosis (Fig. 1). The largest number of
hybrids with the manifestation of dominance was
observed for ear weight (15 hybrids) and grain
weight per ear (12 hybrids), which indicates the
important role of dominant alleles in the control
of productive traits and their high breeding value.
A similar trend was observed for the length of the
ear spike, where 11 hybrid combinations demon-
strated superdominance.

Length of the spike
4 4 © 4 Earweight

3 oloo 10010 0 m Number of grains in an ear
I I Number of grains in an ear
- | Grain weight per ear
SD FD PD AD ND

Figure 1. Distribution of first-generation winter soft wheat hybrids by h
Note: SD - superdominance; FD - full dominance; PD - partial dominance; AD - absence of dominance - additive

gene action; ND - negative dominance
Source: compiled by the author based on research
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Partial dominance, characterised by a rela-
tively weak expression of dominant alleles, was
common among hybrids for ear length (11 cases),
number of ears per ear (9), weight per ear (9) and
number of grains per ear (10). This indicates the
intermediate nature of the inheritance of these
traits, which can complicate the selection process
in the early stages. Complete dominance of traits
was less common. The analysis detected in three
F, hybrids for the length of the spikelet and some
cases, for the number of spikelets per ear. The ab-
sence of dominance was recorded only in 2 hybrid
combinations.

Negative dominance, in which hybrid combi-
nations are inferior to both parental forms, was
recorded in four to six hybrids, depending on the
trait. Most of these cases were observed for the
number of grains per ear (6 hybrids) and ear weight
(4 hybrids). According to K. Din et al. (2021), who
conducted a line x tester combining ability anal-
ysis in hybrid populations of winter bread wheat
to assess genetic differences, inheritance of val-
uable economic traits, and determine heritability
traits, the analysis determined that most of the
studied traits are controlled by dominant genes.
The obtained values of the degree of dominance
indicated the predominance of non-additive gene
action, therefore, the authors concluded that the
selection of promising populations should be
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postponed until the next segregating generations
to achieve greater breeding efficiency.

Thus, based on the weight of the ear, the
trait was observed to be superdominant in most
hybrids; based on the length of the ear and the
number of spikelets in the ear, the trait was super-
dominant and partially dominant; based on the
number of grains in the ear, the trait was mostly
partially dominant; and based on the weight of
the grains in the ear, the trait was superdominant.
D.E. Qulmamatova et al. (2022), determining the
genetic potential of spring durum wheat (Triticum
aestivum L.) populations of first and subsequent
generations of hybrids for yield traits, also found
that the number of grains and grain weight per
ear are inherited by the type of gene action, su-
perdominance in F, hybrids.

In the study of the degree of phenotypic
dominance (h) in hybrid combinations of soft win-
ter wheat, significant variability in the inheritance
of the studied traits was observed (Table 2). The
highest values of superdominance (h > 1) were
found for ear weight in the following combina-
tions: Katrusya Poliska x Nezabudka (h = 17.6,
Fig. 2), Mironivska 808 x Vodograi (h=7.5) and
Katrusya Poliska x Mironivska 808 (h=5.8). This
indicates a high potential for heterosis and the
possibility of using these hybrids in breeding to
increase productivity.

Table 2. The degree of phenotypic dominance in F, hybrids

The degree of phenotypic dominance (h) by

Hybrid combination thifh::gth ear weight snpl;IZ?:t;()ii\ n;r;:fi:f ;::gztp:t
spikelet an ear an ear ear
Nezabudka x Mironovskaya 808 2.5 0.6 1.2 0.2 0.2
Nezabudka x Svitanok Mironovskiy 0.0 0.1 0.3 0.4 -0.3
Nezabudka x Sonata Odesa 0.3 0.2 0.3 0.0 0.1
Mironovskaya 808 x Nezabudka 1.0 1.2 1.0 0.6 1.1
Mironovskaya 808 x Svitanok Mironovskiy 3.7 -0.1 0.5 -1.4 -0.2
Mironovskaya 808 x Sonata Odesa 0.3 0.6 -1.6 0.4 0.4
Mironovskaya 808 x Vodohrai 1.0 7.5 1.2 -0.4 0.3
Mironovskaya 808 x Katrusia Poliska 1.3 -0.3 -0.6 -1.5 -0.8
Svitanok Myronivskyi x Nezabudka 0.7 0.9 1.0 4.7 0.9
Svitanok Myronivskyi x Sonata Odesa 0.7 2.0 4.0 1.3 2.0
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Table 2. Continued

The degree of phenotypic dominance (h) by

Hybrid combination Thce)flfl?g " ear weight s'\::lr(‘;llaeetrsc:z n;rl;}lr)\gigf gwr::g:tpoefr
spikelet an ear an ear ear
Svitanok Myronivskyi x Katrusia Poliska 0.6 1.5° 1.3 0.4 2.6’
Sonata Odesa x Nezabudka 1.1 2.9 0.9 0.1 0.5
Sonata Odesa x Mironovskaya 808 1.3 1.9 3.5 0.7 1.7
Sonata Odesa x Svitanok Myronivskyi 0.7 1.2 1.1 1.6 1.8
Sonata Odesa x Vodohrai 0.4 1.4 -0.8 0.4 0.6
Sonata Odesa x Katrusia Poliska 0.9 0.5 0.3 -0.2 0.6
Vodograi x Nezabudka (defect) 0.5 2.1 0.6 23.3 1.5*
Vodohrai x Mironovskaya 808 1.9 2.3 0.7 0.1 1.2
Vodohrai x Svitanok Mironovskiy 2.2 1.6 2.4 1.1 0.5
Vodohrai x Sonata Odesa 0.3 -0.7 -0.7 0.2 2.2
Vodohrai x Katryna Poliska 1.4 1.7 0.6 1.8 1.2
Katrina Poliska x Nezabudka 2.0 17.6 1.2 2.0 3.2
Katrusia Poliska x Mironovskaya 808 1.00 5.8 0.8 -0.6 3.8
Katrusia Poliska x Svitanok Myronivskyi 2.8 1.1 2.8 4.8 1.8
Katrusia Poliska x Sonada Odesa 0.4 -5.3 2.0 -0.1 2.3

Note: * — the values of indicators indicating the dominance of the trait in the hybrid combination are highlighted

Source: compiled by the authors based on research
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Figure 2. Hybrid combination

Katrusia Poliska x Nezabudka
Note: ¢ - Katrusia Poliska, & - Nezabudka, F, - a hybrid
between the two
Source: compiled by the authors based on research

In terms of spikelet length, the highest h val-
ues were found in the hybrids Myronivska 808 x
Svitanok Myronivskyi (3.7) and Katrusia Poliska x
Svitanok Myronivskyi (2.8) (Fig.3).Atthe sametime,
in some hybrids, such as Nezabudka x Svitanok
Myronivskyi (0.0), there was no dominance effect.

F1

)

Figure 3. Hybrid combination

Katrusia Poliska x Svitanok Myronivskyi
Note: ¢ - Katrusia Poliska, & - Svitanok Myronivskyi,
F, - a hybrid between the two
Source: compiled by the authors based on research

In terms of the number of spikelets per ear,a

wide amplitude of variation in phenotypic dom-
inance was observed: the highest level was ob-
served in Svitanok Myronivskyi x Sonata Odeska
(4.0) and Sonata Odeska x Myronivska 808 (3.5),
indicating a high heterosis effect. However, there

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 2



are negative h values in some combinations,
such as Myronivska 808 x Sonata Odesa (-1.6)
and Sonata Odesa x Vodohrai (-0.8).

In terms of the number of grains per ear,
the hybrid combination Vodohrai x Nezabudka
had a high dominance value (23.3). High values
were also found in the combinations Katrusia
Poliska = Svitanok Mironivskyi (4.8) and Svita-
nok Mironivskyi x Nezabudka (4.7, Fig. 4), which
indicates a positive effect of dominant genes in
these combinations. At the same time, in some
combinations, in particular Myronivska 808 x Ka-
trusia Poliska (-1.5) and Myronivska 808 x Svi-
tanok Myronivskyi (-1.4), the effect of negative
dominance of the trait was observed, which indi-
cates their kinship and limits their effectiveness
in breeding programmes.
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Figure 4. Hybrid combination

Svitanok Myronivskyi x Nezabudka
Note: ¢ - Svitanok Myronivskyi, & - Nezabudka, F, - a
hybrid between the two
Source: compiled by the authors based on research

The weight of grains per ear also varied
widely. The maximum values of h were ob-
served in the hybrid combinations Katrusia
Poliska = Myronivska 808 (3.8) and Katrusia
Poliska x Nezabudka (3.2, Fig. 2), indicating a
significant heterotic effect. At the same time, in
some combinations, such as Katrusia Poliska x
Sonata Odesa (-2.3, Fig. 5) and Myronivska 808
x Katrusia Poliska (-0.8), a negative dominance
value was observed. The dominance of most
of the studied traits was observed in hybrid
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combinations: Svitanok Myronivskyi x Sonata
Odesa (Fig. 6), Sonata Odesa x Myronivska 808,
Sonata Odesa x Svitanok Myronivskyi (Fig. 7),
Vodohrai x Svitanok Myronivskyi (Fig. 8), Katrusia
Poliska x Nezabudka (Fig. 2), Katrusia Poliska x
Svitanok Myronivskyi (Fig. 3). In the hybrid com-
bination Svitanok Myronivskyi x Sonata Odeska,
the dominance was observed for the following
traits: ear weight (h = 2.0), number of spike-
lets per ear (h=4.0), number of grains per ear
(h=1.3), weight of grains per ear (h=2.0).

Figure 5. Hybrid combination Katrusia

Poliska x Svitanok Myronivskyi
Note: ¢ - Katrusia Poliska, & - Svitanok Myronivskyi,
F, - a hybrid between the two
Source: compiled by the authors based on research

BN

Figure 6. Hybrid combination Svitanok
Myronivskyi x Sonata Odesa
Note: ¢ - Katrusia Poliska, & - Svitanok Myronivskyi,
F, - a hybrid between the two
Source: compiled by the authors based on research

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 2



Analysis of soft winter wheat hybrids...
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Figure 7. Hybrid combination

Sonata Odesa x Svitanok Myronivskyi
Note: ¢ - Katrusia Poliska, & - Svitanok Myronivskyi,
F, - a hybrid between the two
Source: compiled by the authors based on research
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Figure 8. Hybrid combination

Vodohrai x Svitanok Myronivskyi
Note: ¢ - Vodohrai, ¢ - Svitanok Myronivskyi, F, - a
hybrid between the two
Source: compiled by the authors based on research

In the hybrid combination Sonata Odessa x
Svitanok Myronivsky, superdominance was noted
for the following traits: ear weight (h=1.2), num-
ber of spikelets per ear (h=1.1), number of grains
per ear (h=1.6),and grain weight per ear (h=1.8).
In the hybrid combination of Vodogray = Svitank
Myronivsky, superdominance was observed in
the following traits: length of the rachis (h=2.2),
ear weight (h=1.6), number of spikelets per ear
(h=2.4), number of grains per ear (h=1.1).

High rates of phenotypic dominance of ear
length were also noted by M. Mohammadi et
al. (2021), as a result of a study of hybrid combi-
nations between durum wheat and Emmer wheat

(Triticum turgidum ssp.dicoccum),where significant
genetic variability and the presence of overdom-
inance in several valuable agricultural traits, in-
cluding ear length, were found. Incorporating the
dominant type of inheritance of this trait, the au-
thors recommend selective breeding in the next
generations, when the manifestation of heterosis
is partiallystabilised,which will contribute to more
efficient consolidation of valuable genotypes.

Similar results were obtained by H. Ustyno-
va et al. (2024), who studied the inheritance of
ear length in winter bread wheat hybrids with the
participation of early and medium early, medium
early and medium late varieties. In most combi-
nations, the inheritance of this trait was of the
positive dominance type. The authors found a
significant level of heterosis for spike length in F,
and frequent manifestation of positive transgres-
sions in the second generation of F, (26 out of
40 combinations in 2019-2020), which indicates
the active formation of new recombinations and
confirms the feasibility of selection for this trait in
subsequent generations.

S.Khomenko et al. (2021) noted that most F,
wheat hybrids showed the phenomenon of over-
dominance and partial dominance for traits such
as ear length and number of grains per ear. The
authors highlighted the importance of selecting
a trait system that ensure genetic progress and
improve yield potential in breeding programmes.
They determined that most wheat hybrids (64.3%)
are characterised by superdominance and partial
dominance for the following traits: ear length
and number of grains per ear. According to their
research, it is advisable to select for these traits
in future generations to create new promising
wheat lines.

M.M. Kamara et al. (2022) highlighted the
high potential for improving wheat genotypes by
increasing the number of grains per ear, which is
an important aspect for increasing productivity,
especially under water stress. The authors noted
that by optimising parameters such as the num-
ber of grains per ear, the overall yield could be
significantly increased. The study, which included
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the evaluation of different wheat genotypes un-
der normal and drought conditions, showed that
water deficit significantly reduced chlorophyll
content, photosynthetic efficiency, grain moisture
and other agronomic traits, including the number
of grains per ear. However, a significant positive
correlation was also observed between physio-
logical parameters such as chlorophyll content,
relative plant water content and grain yield un-
der water deficit conditions. Thus, optimisation of
traits such as the number of grains per ear is one
of the factors in wheat breeding to increase its
yield under climate change.

D.E. Qulmamatova et al. (2022) argued that
ear traits are inherited by dominance from the
best parental component.The study,which includ-
ed the analysis of the genetic potential of winter
bread wheat populations, determined that £, hy-
brids obtained by crossing six varieties demon-
strate inheritance of spikelet structure traits by
type of dominance. The analysis of the spikelet
structure in F, hybrids showed that the number of
grains in the spikelet and grain weight are inher-
ited by the type of superdominance, which means
the predominant influence of one of the parental
components, which shows higher performance
in these characteristics. The highest values for
the number of grains and grain weight were ob-
served in hybrids obtained in combinations with
high-yielding parental components, which con-
firms the possibility of using such populations for
further breeding to improve these traits.
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Similar patterns of trait inheritance were
established in the studies of I.A. Khorsun (2012)
and S.S. Yurchuk (2024), based on the analysis of
hybrid populations of soybean and winter rape
to determine the degree of heterosis and type of
trait dominance. The authors emphasised that in
the presence of a high degree of dominance of
a certain valuable economic trait, selection can
be effective in the first generations. This opened
prospects for the development of crossbreeding
programmes with predictable transmission of
valuable traits to offspring, which is a relevant
approach for wheat breeding, for the characteris-
tics of the ear structure.

General combining ability. The papers by
M.M. Kamara et al. (2021) and T. Begna (2021)
highlighted the importance of combinational
ability for optimising wheat crossing schemes, as
it can be used for new hybrid combinations with
high productivity and resistance to adverse condi-
tions. The researchers noted that to create adapt-
ed varieties, it is important not only to select
maternal and paternal forms but also to correctly
predict the inheritance of the main productive
traits in hybrids.

Table 3 shows the results of the evaluation of
the general combining ability (GCA) of winter soft
wheat varieties as parent components in terms of
ear structure in two different locations. The data
indicate variability of GCA depending on the vari-
ety and growing conditions (locations).

Table 3. General combining ability of soft winter wheat varieties
as a mother component in terms of ear structure

Length of the Spike weight Number of Number of Grain weight
Varieties spikelet P 9 spikelets in an ear grainsinanear from the ear
| Il | 1 | 1l | 1} | 1l
Nezabudka -0.50 -0.57 -0.48 -0.67 -2.18 -2.60 -8.63 -837 -038 -0.45
Mironovskaya 808 -0.27 -0.24 -0.13 -0.39 -0.30 -1.02 489 -6.26 -017 -0.41
Svitanok 554 910 005 049 030 080 109 875 -0.05 0.48
Myronivskyi

Sonata Odesa 041 047 022 009 098 0.30 517 -0.63 0.24° -0.01
Vodohrai 0.02 -0.35 0.01 -0.16  -0.54 -0.16 1.01 -0.07 0.15 -0.02
Katrusia Poliska 029 0.79° 042 064 1.74 2.67" 6.25" 6.59 0.20 0.43"
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Table 3. Continued

Lengt_h of the Spike weight ) Numb_er of Num_ber of Grain weight

Varieties spikelet spikelets in an ear grainsinanear from the ear
| I} | 1l | 1l | Il | I}

s? 012 027 010 026 184 3.14 33.28 4589 0.06 0.16

n 6.00 6.00 600 6.00 6.00 6.00 6.00 6.00 6.00 6.00

S 0.34 0.52 0.31 0.50 1.36 1.77 5.77 6.77 0.24 0.40

SE 0.14 0.21 0.13 0.21 0.55 0.72 2.36 2.77 0.10 0.16

LSD 0.34 0.52 0.31 0.51 1.36 1.77 5.77 6.78 0.24 0.40

0.05

Note: research locations are marked as | (breeding fields of the National Research Centre “Institute of Agriculture
of the National Academy of Agrarian Sciences of Ukraine”) and Il (Agronomic Research Station of the National
University of Life and Environmental Sciences of Ukraine); * — highlighted values of indicators are significantly

higher than the average
Source: compiled by the authors based on research

In the breeding fields of the National Re-
search Centre “Institute of Agriculture of NAAS
of Ukraine” (location 1), the variety Sonata Ode-
sa was identified, which had significantly high
values of the GCA for the length of the ear rod
(0.41) and the weight of grain per ear (0.24). How-
ever, these values did not exceed the threshold
of reliability in the second location and therefore
cannot be considered stable. Similarly, Katrusia
Poliska demonstrated a high level of GCA for the
number of grains per ear (6.25), but the value was
also not significantly higher than the average in
the second location, indicating limited stability of
the effect across locations. In the second location
of the SE “Agronomic Experimental Station” of
the National University of Life and Environmen-
tal Sciences of Ukraine (location Il), significantly
high values of the GCA for the trait number of
grains per ear (8.75) and grain weight per ear
(0.48) were found in Svitanok Myronivskyi, but the
values did not exceed the threshold of reliability
in the first location. In addition, Katrusia Poliska
showed significantly high effects of GCA for ear
length (0.79) and grain weight per ear (0.43) only
in the same location.

At the same time, negative values of the GCA
were recorded for the varieties Nezabudka, My-
ronivska 808 and Vodograi, which did not show
significantly positive values of the GCA for any of

the studied traits in both locations. This indicates
a low potential for their use as mother compo-
nents in breeding programmes. Significantly high
values of the GCA in both locations were noted
only for the variety Katrusia Poliska in terms of
ear weight and number of spikelets per ear. Thus,
according to the results of the GCA, among the
studied varieties, Katrusia Poliska as a maternal
component can be a universal donor of high spike
weight and number of spikelets per spikelet.
The varieties Svitanok Myronivskyi and Sonata
Odeska require additional research under other
conditions to establish their value as a maternal
component for improving spike structure, and the
varieties Nezabudka,Myronivska 808 and Vodograi
are not advisable to use for such purposes.

According to the results of the analysis of
the GCA of soft winter wheat varieties as the
parental component (Table 4), significant differ-
ences between varieties and locations were also
noted. At the location of the Agronomic Research
Station of the National University of Life and
Environmental Sciences of Ukraine, the varie-
ties Nezabudka and Sonata Odessa were noted
as parental components with a high statistically
significant GCA rating for ear weight (0.38) and
grain weight (0.15), respectively (Table 4). At the
breeding fields of the National Scientific Centre
“Institute of Agriculture of the National Acade-
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my of Agrarian Sciences of Ukraine”, the vari-
eties Mironivska 808 for ear weight (0.17) and
Katrusya Poliska for grain weight per ear (0.11)
were noted. Among the studied varieties, as a
parental component, a reliably high level of GCA
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was noted in two locations for Myronivska 808 in
terms of spike length (I 1.06, Il 0.54) and number
of spikelets in the spike (I 0.94, Il 4.83), Svitanok
Myronivsky in terms of the number of grains in
the spike (1 4.99, 11 4.83).

Table 4. General combinability of soft winter wheat varieties
as parental components based on ear structure indicators

Length of the . . Number of Number of Grain weight
Varieties spikelet Spike weight spikelets in an ear grainsinanear from the ear

| Il | 1l | 1l | I} 1 1l
Nezabudka 011 0.06 -0.24 0.38° -1.04 -1.00 0.87 0.03 -0.12 0.06
Mironovskaya 808 1.06° 0.54° 0.17* 0.22 0.94 1.28" 0.39 0.17 0.04 0.09
M?/\r/::sz::yl 104 087 004 -040 048 056  4.99° 483 012 017
Sonata Odesa 0.09 -0.05 -0.08 -0.17 -0.90 -0.58 -4.23  -2.53 0.08 0.15*
Vodohrai -0.64 -0.05 0.10 -0.09 0.12 0.05 -0.41 -0.63 0.00 -0.08
Katrusia Poliska 0.41 0.36 0.10 0.07 0.40 -0.32 -1.61 -1.83  0.11*  -0.05
s? 0.56 0.24 0.02 0.08 0.64 0.68 9.29 6.70 0.01 0.01
n 6.00 6.00 600 6.00 6.00 6.00 6.00 6.00 6.00 6.00
s 075 049 015 028 080 0.82 3.05 259 0.10 0.12
SE 031 020 006 012 033 0.34 1.24 1.06 0.04 0.05
HIP 075 049 015 028 0.80 0.82 3.05 259 0.10 0.12

0.05

Note: research locations are marked as | (selection fields of the National Scientific Centre's Institute of
Agriculture of the National Academy of Agrarian Sciences of Ukraine) and Il (Agronomic Research Station of the
National University of Life and Environmental Sciences of Ukraine); * highlighted values are significantly higher

than average
Source: compiled by the authors based on research

Thus, for the varieties Nezabudka, Sonata
Odeska and Katrusia Poliska, as a parental com-
ponent, mathematically justified consistently
high values of the GCA for the studied traits were
not found, so they need further study in other
locations. It is not advisable to use the variety
Vodograi as a parental component to improve the
spike structure. The variety Myronivska 808 as a
parental component can serve as a universal do-
nor to improve the spikelet length and number
of spikelets per ear, and the variety Svitanok My-
ronivskyi as a parental component can improve
the number of grains per ear.

The results of the analysis of variance
indicate significant differences between va-
rieties in terms of combinational ability, as

evidenced by the values of standard deviation
(s) and standard error (SE), especially in terms
of the number of grains per ear. L.A. Zhivotkov et
al. (1989) stated that due to the complexity of
inheritance and the presence of high modifica-
tion variability of the number of grains per ear,
it is difficult to select and evaluate breeding
material for this trait. This is confirmed by the
results of the research, as the highest variabil-
ity was found for the number of grains per ear
(Tables 3 and 4). This also indicates significant
genetic differences between the studied varie-
ties and their different breeding potential in hy-
bridisation schemes. Hence, there is a need for a
more detailed study of Svitanok Myronivskyi as
a parental component as a donor to improve the
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number of grains per ear, due to the high var-
iability of the trait. S. Khomenko et al. (2021)
noted the prospects of intraspecific crosses. De-
termining the parameters of plant productivity,
the nature of their inheritance, and the combina-
tional ability of varieties is an urgent task both
in creating new varieties and in predicting the
breeding and genetic effects of crosses.

Thus, the analysis confirms the expediency
and necessity of an in-depth study of the combi-
national ability of varieties at the early stages of
the breeding process. The identified differences
between varieties in terms of spikelet structure
indicate the potential for effective selection of
parental components in hybridisation schemes.
This also creates the preconditions for improving
the efficiency of breeding by optimising the com-
bination of genotypes with high overall combina-
tional ability.

Conclusions
The study of the degree of phenotypic dominance
(h) in hybrid combinations of soft winter wheat
based on such indicators as spike length, spike
weight and grain weight per spike revealed the
manifestation of superdominance. This suggests
that selection based on these traits may be high-
ly effective in creating new lines. The highest
values of superdominance in ear weight were
found in the following hybrids: Katrusya Poliska

parameters (length of the ear rod, ear weight,
number of ears and grains in the ear, weight of
grain per ear) were observed in the following va-
rieties of soft winter wheat:

» by the number of grains in the ear: Svita-
nok Myronivskyi (8);

» high GCAfor the complex of traits was noted
in the varieties: Katrusia Poliska (2), by ear weight
and number of spikelets per ear, Myronivska 808
(8), by ear length and number of spikelets per ear.

These varieties are recommended for use in
breeding soft winter wheat as maternal and pa-
ternal components to increase crop productivity
by improving such indicators as the number of
grains per ear, ear weight, number of spikelets per
ear and ear length.

In the context of the results obtained, a
promising area for further research is an in-depth
analysis of the heritability of traits in subsequent
generations (F, ) using the recommended hybrid
combinations. The stability of heterosis in differ-
ent soil and climatic conditions and under variable
agrophysical conditions should be prioritised. It is
also advisable to conduct molecular genetic stud-
ies to identify markers associated with the man-
ifestation of superdominance and high combina-
tional ability, which will improve the accuracy of
parental form selection and accelerate the devel-
opment of new productive winter bread varieties.

x Nezabudka (h=17.6), Mironivska 808 x Vodograi Acknowledgements
(h = 7.5), Katrusya Poliska x Mironivska 808  None.
(h=5.8).These hybrid combinations should be in-
cluded in further breeding research and used in Funding
breeding programmes to increase the productivi-  None.
ty of soft winter wheat.

High, statistically significant, positive ef- Conflict of Interest
fects of the overall general ability for various  None.
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AHani3 ribpuaiB nweHULi M'AKOT 03UMOT
3a OCHOBHUMMU MOpP0JIOTIYHUMM Ta NPOAYKTUBHMMU O3HAKaMM Kosoca

IpuHa MaBpuniok

AcucrteHt

HauioHanbHui yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHu
03041, Byn. lepois O6opoH#, 15, M. Kuis, YkpaiHa
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aHHa KoBanuwmHa

[lokTop cinbcbKorocnoaapcbkux Hayk, npodecop

HauioHanbHWi1 yHiBepcuTeT BiopecypciB i NpUpoaoKOPUCTYBaHHS YKpaiHu
03041, Byn.Tepois O6opoHu, 15, M. Kuis, YkpaiHa
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AHoTauif. MeTa A0CNioXeHHS nonsrana y po3paxyHKy 3aranbHoi KoMGiHauiiMHOi 3aaTHOCTI copTiB
NWeHULi M’SKoi 03MMOiI Yy pofii MaTepMHCbKOro Ta 6aTbKiBCbKOr0O KOMMOHEHTIB 338 OCHOBHMMM
MOp®hONOriYHMMM Ta MPOAYKTMBHUMM O3HAKaMW KOMOCA, BCTAHOB/EHHI piBHA BapiabenbHOCTi LMX
NMOKA3HMKIB Ta BU3HAYEHHI NepCneKTUBHUX FEHOTUMIB 4S9 BUKOPUCTAHHS B CenekuiiHux nporpamax. Y
XOAI AOCNIAKEHHS BUBYEHO TiBPUAM F, NweHuUi M’AKOi 03MMOT, OTPUMaHI 33 [ONOMOroK CXpeLlyBaHb
LIeCTM COpTiB 3a NOBHO AianenbHo cxemoto. OuiHKy ribpuais 34iMCHEHO 3@ OCHOBHMMM NOKa3HUKaMU
NPOAYKTUBHOCTI KONOCA: LOBXMHA KOMOCOBOIO CTPWMXHS, Maca KO/M0Ca, YMCNO KONOCKIB i 3epeH y
Konoci, Maca 3epeH. [Ins BU3HaYeHHS 3aranbHOi KOMbBiHauUiMHOi 3aaTtHocTi (3K3) ribpuais BukopucraHo
MeToAMKY, Lo nepenbavyae OuiHKY KOXHOMO COPTY SK MaTepUMHCbKOro Ta BaTbKiBCbKOTO KOMMOHEHTIB.
Takox nNpoBefeHO BU3HAYEHHS iHAEeKCY (PEeHOTUNOBOro AOMiHYBaHHS 03HaK A5 OLiHKM YCNaaKyBaHHS
NPOAYKTUBHOCTI Ta ii CTPYKTYpHMX eneMeHTiB. BCTaHOBNEHO 3HauYHy BapiaTWBHICTb Y ribpuaax F, 3a
NOKa3HMKaMM NPOAYKTUBHOCTI kKonoca. Hamsuwi nokasHukn 3K3 y poni MaTepuHCbKOro KOMMOHEHTa
manu copt Katpycs Monicbka, CBiTaHOK MUPOHiBCbKMIA, a y poni 6aTbkiBCbkoro — MuMpoHiBCbKa
808, He3zabypaka, CBiTaHOK MupoHiBcbkuid. [Ins HinbwocTi ribpuais cnoctepiranv yactkose abo nosHe
LLOMiHYBaHHS OKPEMMX 03HaK, LLLO BKA3Y€E Ha BMIMB LOMIHAHTHUX reHiB Ha ix GopMyBaHHS. Po3paxyHokK
iHoeKcy heHOTMNOBOro AOMiHYBAHHS CBiAYMTD, WO ANng HinbwocTi ribpuais iHaekc BapitoBas Big 0 no 1,
Lo NiATBEPAWIO YACcTKOBE JOMIHYBAHHS 3 NepeBarolo Kpawmx 6aTbkiBCbknx GopM. HaliBuLLi 3HaUYeHHS
HaALOMiHYBAHHS 33 MacOK KO0Ca BCTAHOBNEHO B TakuMx kKoMbiHauiax: Katpycs MNonicbka x Hesabyaka,
Muponiscbka 808 x Boporpan, Katpycs [Monicbka x MwupoHiBcbka 808. Pesynbtati [OCAiAXKeHHS
CBif4aTh, L0 BUKOPUCTAHHS Pi3HUX COPTIB NIWEHULi M’IKOi 03MMOI A1 CXpeLLyBaHb LO3BOJISIE OTPUMATH
nepcnekTUBHI ribpMan 3 NOKpalEeHMMM MOKA3HMKAMKU NPOAYKTMBHOCTI Kosoca. CnocTtepexkeHHs 3a
yCnaaKyBaHHSAM NPOAYKTUBHMX O03HaK NiATBEPAMNO, WO YaCTKOBE i MOBHE AOMiHYBaHHS € XapaKTepPHUMMU
ans 6inbwocTi ribpuais

Knio4oBi cnoea: koMbiHauiiiHa 34aTHICTb; CTyNiHb GEHOTUMNOBOIO AOMiHYBaHHS; ribpuaHa KoMGiHauis;
6aTbKiBCbKi KOMMOHEHTHU; YCNaAKyBaHHS; CTPYKTypa Kosioca
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Abstract. Proper management of the water regime of plants helps to increase yields. Insufficient
or excessive water supply can negatively affect their growth and development, reducing final
productivity. The purpose of the study was to identify the influence of weather conditions, fertiliser
conditions, and the effect of a retardant on the productivity of sunflower hybrids. Field studies
were conducted in 2021-2023 on typical low-humus chernozems. Studies have established that the
decisive factor determining the level of yield and water consumption is the amount of soil moisture
in 0-100 cm of the soil layer for the sowing period and the amount of precipitation for the general
growing season. Total water consumption varied over the years of research: it was the lowest in 2022
and amounted to 2,533 m®/ha, and the largest - in 2023 - 3,645 m3/ha. On average, over three years
of research, the total water consumption was 3,095 m?/ha. The coefficient of water consumption,
which characterised the moisture consumption for the development of 1 tonne of seeds with

Suggested Citation:

Harbar, L., Avramchuk, V., & Dovbash, N. (2025). Water consumption of sunflower plants under the influence of
cultivation technology elements. Scientific Reports of the National University of Life and Environmental Sciences
of Ukraine, 21(2), 24-35. doi: 10.31548/dopovidi/2.2025.24.

‘Corresponding author

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


https://orcid.ord/0000-0003-4249-0434
https://orcid.ord/0000-0002-0506-0542
https://orcid.org/0000-0002-4741-2657
https://scireports.com.ua/en

Harbar et al.

the corresponding amount of by-products, changed under the influence of weather and climatic
conditions of the year, morphobiological features of the hybrids that were studied, technological
methods, fertiliser optimisation, and in 2021 amounted to 822 to 1,546 m3/t; in 2022 - 716 to 1,299,
and in 2023 - from 937 to 1,796 m3/t. The highest water consumption rate per 1 tonne of sunflower
seeds was obtained in 2023. In the RGT Wollf hybrid, it changed as fertilisation rates increased from
1,664 to 996 m3/t, Alzan - 1,672-1,108, ES Bella - 1,796-1,187, Lime - 1,727-1,115 m3/t. The use
of Setar retardant for sunflower cultivation helped to reduce the coefficient of water consumption
and ensured more rational use of moisture by plants for the development of a crop unit. Fertiliser
showed the greatest impact on reducing the water consumption coefficient. In the most unfavourable
years of cultivation for moisture, the efficiency of using moisture by sunflower plants with nutrition
optimisation increased significantly, which indicates the effectiveness of using fertilisers and the
Setar retardant. The results obtained will be useful for agricultural enterprises in increasing the

efficiency of resource use and improving financial results

Keywords: moisture; fertilisers; oilseeds; productivity; retardant

Introduction

Modern cultivation technologies, especially in-
tensive hybrids, help to increase production vol-
umes, maximising the genetic potential of the
crop, which is relevant in the context of climate
change. A detailed study of the morphobiological
features of sunflower helps to unlock the poten-
tial of specific varieties and hybrids. Improving
technological methods of cultivation creates op-
timal conditions for the growth and development
of plants, increasing yields. Insufficient soil supply
with nutrients and moisture is the main reason
for low sunflower yields. Optimal sowing times
help to avoid critical periods of humidity require-
ments. The absorption of nutrients depends on
the moisture reserves in the soil: with sufficient
moisture, plants better absorb nutrients, and with
insufficient moisture, it is impractical to apply
high fertilisation rates. Sunflower is very sensitive
to fertilisers, which is a key factor in shaping its
productivity (Revto & Naboka, 2022).

According to V.V. Gamayunova & V.S. Kud-
rina (2018), during the period of plant growth
and development, a significant role is assigned
to the level of water and heat resources. Less
attention is paid to the the availability of effec-
tive and active temperatures, although at certain
stages of plant development, these indicators

have a significant impact on the passage of pro-
duction processes, and this issue is now a prior-
ity and is relevant. However, the moisture supply
of plants is of limiting importance in the process
of growth and development, the development
of productivity not only of sunflower, but also of
other crops. Most of all, attention is focused on
studying this issue in conditions of insufficient
and unstable moisture, in which almost the en-
tire territory of Ukraine is now located (Domar-
atskyi et al., 2022).

When studying the process of growth and
development of sunflower plants, attention is fo-
cused not only on the amount of precipitation and
its distribution during the growing season of the
crop, but also on the presence of moisture that
will be available to plants in the soil. In addition,
the influence of moisture supply on the growth
and development of sunflower plants with vari-
ous fertiliser options is also relevant. This can be
judged by conducting biometric measurements
of plants grown under different effects of nutri-
ents and different levels of moisture supply. As
noted by L. Chaves et al. (2014), the use of nitro-
gen and potassium does not significantly affect
plant height. However, the introduction of phos-
phorus and ensuring a sufficient level of moisture
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have a positive effect on the specified biometric
indicator. When determining the diameter of the
stem, its parameters increase with the introduc-
tion of nitrogen and potassium, while the effect of
phosphorus is not observed. An increase in nitro-
gen application rates contributes to an increase in
the diameter of the sunflower stem up to 19.7%
compared to options without fertilisers. In turn,
the biometric parameters of sunflower plants also
increased with an increase in moisture supply in-
dicators. With an increase in productive moisture
in the soil against the background of the use of
fertilisers, there is also an increase in the number
of leaves on the plant and the area of leaves.

In the case of sunflower cultivation, crop ro-
tation is of great importance. Z. Dehtiarova (2023)
argued that in the context of an increase in the
share of sunflower in the structure of crop rota-
tion, there is a decrease in its yield as a result
of a deterioration in the availability of moisture.
According to the saturation of the sunflower crop
rotation by 60%, moisture consumption is at the
level of 2,969 m3/ha. When reducing the shares
to 40 and 20%, the indicators were 2,713 and
2,824 m3/ha. Studies show that with the share of
sunflower in crop rotation at the level of 40%, the
water consumption coefficient is the lowest.

When growing sunflower seeds, precipitation
is the main source of moisture in the soil. Their
number is insufficient, with an uneven distribu-
tion. The predominant amount of precipitation
falls during the spring-summer growing season
of crops. Analysis of weather conditions over the
past 10 years shows that against the background
of close indicators for crop moisture supply, there
is a significant decrease in the amount of produc-
tive precipitation. Ye.0. Domaratsky et al. (2021)
noted an increase in the number of heavy rains,
which, in turn, leads to the creation of stressful
conditions and has a negative impact on the
growth and development of plants and their
productivity. The level of yield of field crops is
significantly determined by the total water con-
sumption, moisture reserves in the 0-100 cm soil
layer during sowing and precipitation during the

growing season, and is characterised by a direct
relationship between these indicators. Therefore,
crops in years with sufficient moisture supply
form higher yields.

However, providing sunflower plants with
moisture at various stages of their development
plays an important role in shaping crop produc-
tivity. V.F. Kaminskyi & V.V.Hanhur (2018) empha-
sised that sunflower is not a crop that removes
a large amount of basic nutrients from the soil,
as it is characterised by a compensatory return
of them to the soil with by-products. However,
to form a certain crop, the plant must take these
minerals from the soil.

Analysing the water consumption of sun-
flower plants, A. Kovalenko et al. (2020) noted
that they take as much moisture from the soil
layer of 0-100 cm as it was accumulated during
the pre-sowing and growing season. With insuf-
ficient precipitation during the growing season,
sunflower plants can meet their needs due to the
moisture reserves in the soil layer up to 200 cm
by 50-60%. However, according to A.V. Panfilova
& VV. Hamaiunova (2019), this can cause prob-
lems when growing the next crop. G.V. Pinkovskyi
& S.P. Tanchyk (2020) concluded that due to the
emergence and introduction of new hybrids of
foreign and Ukrainian breeding, which are char-
acterised by a high adaptive potential, sowing
using high-quality seed material and the use of
modern technologies, it is possible to increase
the level of efficiency of growing sunflower seeds
due to obtaining an increased crop yield.

Thus, in the conditions of climate change
and unstable water supply, increasing sunflower
productivity requires a comprehensive approach
that considers the interaction of agrotechnical
techniques, moisture availability, and fertiliser
systems. Improving cultivation technologies,
considering the morphobiological features of
hybrids, helps to rationalise the use of resourc-
es and optimise crop development. The purpose
of the study was to determine the influence of
weather conditions, fertilisers, and retardants on
the productivity of sunflower hybrids.
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Materials and Methods
Field research was conducted at the Agronomic
Experimental Station, a separate division of the
National University of Life and Environmental
Sciences of Ukraine, in 2021-2023. The soils of
the experimental field are typical low-humus
chernozems. The humus content in the soil of the
experimental field was 4.32%. Typical low-humus
chernozem was characterised byan average supply
of phosphorus and potassium, and low nitrogen.

The analysis of weather conditions during the
years of the study shows a significant difference
between the indicators, which had a significant
impact on the course of sunflower production
processes. They were manifested in an increase in
the average daily values of air temperature indi-
cators,which was observed in all growing seasons
of the research years. The growing season of sun-
flower was characterised by uneven distribution
of precipitation and insufficient amount, which
did not allow creating optimal conditions for the
passage of production processes and, accordingly,
did not contribute to the maximum implementa-
tion of the genetic potential of sunflower plants.
The amount of precipitation during the growing
season of the crop varied by year: in 2021 it was
301.8 mm, in 2022 - 300.5, in 2023 - 441.6 mm,
which was reflected in the plant productivity. The
study met the requirements of the Convention on
Biological Diversity (1992).

The experiment was three-factor. Fac-
tor A - sunflower hybrids (RGT Wollf, Alzan, ES
Bella, Lime); Factor B - fertiliser (calculation for
planned yields by the balance method); Factor C -
application of retardant Setar (use in microstages
BBCH 30-32, 0.5 l/ha). The experiment consisted
of four repetitions. The area of the sown plot was
56 m?,accounting - 42 m2. The predecessor in the
experiment was winter wheat. The density of sun-
flower plants for the harvest period was 55 thou-
sand plants per hectare. Fertilisers were applied
according to the scheme of the experiment: ni-
trogen - for pre-sowing cultivation, phosphorous
and potassium - for main treatment. The content
of available moisture in the soil was determined
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by the thermostatic-weight method. The total
water consumption of sunflower seeds was deter-
mined by the water balance using the equation:

E=0+(Wn - Wk), Q)

where E - amount of water consumed during the
growing season, m3/ha; Wn, Wk - indicators of
the initial and final moisture reserve in the soil,
m3/ha; O - amount of precipitation during the
growing season, m3/ha. The water consumption
coefficient was calculated using the equation:

Kw=E:Y, Q)

where Kw - water consumption coefficient, m3/t;
E - amount of water consumed by plants dur-
ing their growing season, m3/ha, Y - sunflow-
er seed yield, t/ha. In the phase of full ripeness
of sunflower seeds, the amount of accumulated
aboveground biomass was determined (typical
plants were selected in each version of the ex-
periment, followed by drying the attachments at
temperatures of 105°C to a completely dry state
of plant material and calculations were per-
formed per 1 ha.

The sunflower seeds were collected in sec-
tions by direct harvesting. The bunker weight of
seeds was recalculated for the crop from 1 ha,
considering contamination and humidity in terms
of 8% (DSTU 7011:2009, 2010). Based on the
results of the obtained indicators, a correlation
analysis was carried out between yield indicators
and productive moisture reserves for the sowing
period (Rozhkov et al., 2016).

Results
The main sunflower crops in Ukraine are concen-
trated in conditions characterised by insufficient
or unstable moisture levels. Under unfavourable
weather conditions, the genetic potential of sun-
flower is only 45-50% realised. In conditions of
unstable moisture, the moisture content in the
soil is a limiting factor in creating favourable con-
ditions for the growth and development of plants
and their productivity. An important role, in this
case, is played by the correct selection of varieties
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and hybrids of the crop for cultivation. The results
of studies conducted in different growing areas
indicate that a higher yield is formed by sunflow-
er crops that were better provided with moisture.
The amount of precipitation in the autumn-win-
ter period and the first half of the growing season
must be considered. Calculations of moisture re-
serves showed a significant difference in indica-
tors over the years of research. According to them,

during 2021-2023, moisture reserves in the me-
tre-long soil layer during the sunflower growing
season changed from 3,217 m3/ha (2022) up to
4,402 m3/ha (2023) (Table 1). Precipitation was
characterised by indicators in 2021 - 2,489 m?/ha,
2022-1,923,2023-2,963 m*/ha.Inturn,according
to calculations, moisture consumption during the
growing season ranged from 2,533 to 3,645 m®/ha.
The highest indicator was received in 2023.

Table 1. Moisture availability during the growth and development of sunflower hybrids, m*/ha

Reserves of Precipitation

Moisture

. Moisture
Moisture balance

Yearof  productive moisture during the . consumption
. i y reserves, for the harvesting . i
research in the soil for the  growing season, total, m¥/ha eriod. m¥/ha during the growing
sowing period, mé/ha m3/ha ! p ! season, m¥/ha
2021 1,513 2,489 4,002 895 3,107
2022 1,294 1,923 3,217 684 2,533
2023 1,439 2,963 4,402 757 3,645

Source: compiled by the authors

Sunflower plants need different amounts of
moisture during the growing season at different
stages of development. In the period from the
beginning of the development of plants and bas-
kets, plants consume approximately 25% of all
the moisture necessary for them. At this stage of
development, plants use moisture from the upper
layers of the soil. However, at the stages of basket
development and flowering, the plant consumes
about 60% of the total demand. Insufficient
amount of moisture during the specified period
leads to the development of underdeveloped bas-
kets and cotyledons.

During the period of physiological ripeness
(seed moisture 35-40%), there is a decrease in
the intensity and speed of biological processes,
physiological evaporation of water, as a result of
which seeds lose up to 2.0% of moisture in dry
weather conditions. The water supply of sunflow-
er plants depends on the current level of moisture
reserves in the soil and weather conditions dur-
ing the growing season of the crop (precipitation,
temperature, relative humidity). In conditions of
a high level of soil moisture supply, sunflower
plants consume moisture in increasing amplitude.

One of the factors that determines the moisture
consumption of sunflower plants for transpiration
is the biological characteristics and genotype of
the hybrid or variety, which explains the low in-
ternal resistance of water in the conducting bun-
dles of the stem, while the low internal resistance
of stomata to water vapour.

The amount of water consumed by a plant
at different depths depends on the soil’s mois-
ture reserves, precipitation, and effective temper-
atures at a certain stage of plant development.
Sunflower seeds with sufficient or excessive
moisture can use moisture inefficiently. Howev-
er, when growing it in arid conditions, there is a
more rational use of moisture. An indicator that
allows identifying the effectiveness of the im-
pact of a particular technological measure on
the use of moisture by plants, together with in-
dicators of total water consumption, is the water
consumption coefficient. The indicator shows the
consumption of moisture by plants to form a unit
of yield (per 1 tonne of sunflower seeds with the
corresponding amount of by-products). This indi-
cator depends on the biological characteristics of
the variety or hybrid, the availability of nutrients,
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technological methods,and weather conditions of
the growing season. The findings showed that the
reserves of productive moisture during the sowing
period depended on the weather characteristics

of the growing year. Sunflower hybrids under
study consumed an average of 305 to 495 m?/t
of water for the development of 1 tonne of dry
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matter over the years of research (Table 2).

Table 2. Indicators of the coefficient of water consumption
by sunflower plants per 1 tonne of dry matter of the crop, m*/t

Hybrid Variant Retardant treatment 2021 2022 2023 Average
N bk 1 502 420 547 492
40”200 2 463 400 523 464
N b K 1 435 401 491 444
0" 3590 2 413 350 458 409
1 396 352 459 404
RET WOl NogPsoKopg 2 376 325 423 376
P 1 321 296 383 335
100550 2 310 275 356 315
.y 1 300 271 335 307
120 0! a0 2 288 251 322 289
N bk 1 477 398 554 477
w0200 2 458 384 522 456
1 419 357 494 424
NeoPasoo 2 397 342 454 399
1 399 334 473 403
Alzan NaoPsoKizo 2 378 310 M7 369
P 1 362 304 420 363
100 5150 2 339 286 392 340
.y 1 317 266 369 318
120 0! 180 2 3071 258 353 305
N bk 1 479 407 562 484
w2000 2 467 386 518 458
1 464 381 517 455
NeoPasoo 2 449 371 476 434
1 426 361 464 419
ES Bella NyoPsoKizo 2 407 355 445 405
P 1 380 340 428 385
1005150 2 366 315 383 357
.y 1 336 291 377 336
120" 0! 180 2 312 273 348 312
N bk 1 507 408 539 486
w0200 2 485 388 518 465
1 474 386 495 453
NeoPasKs 2 450 381 446 427
. 1 424 358 446 412
Lime NaPsok 120 2 389 343 401 379
1 370 325 401 367
NiooPssKiso 2 342 304 367 340
P 1 328 288 355 326
120”0180 2 310 269 330 305

Note: 1 — water treatment; 2 — application of Setar retardant

Source: compiled by the authors
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Determination of water consumption coeffi-
cients for the development of 1 tonne of seeds sho-
wed that the indicator depended on the conditions

of moisture availability of the year of research and
the yield of sunflower hybrids under study. Indicators
varied over the years in a fairly wide range (Table 3).

Table 3. Indicators of the coefficient of water consumption of sunflower per 1 tonne of seeds, m®/t

Year Fertiliser variants RGT Wollf Alzan ES Bella Lime
1 2 1 2 1 2 1 2
N,,P,0Kqo 1,466 1,345 1,494 1,406 1,501 1,432 1,546 1,459
_ NgoP2sKgo 1,233 1,155 1,273 1,186 1,406 1,328 1,381 1,289
S NgoPooKigo 1,118 1,046 1,159 1,068 1,238 1,159 1,214 1,106
« N, 50PesK1s0 893 861 1,015 942 1,079 996 1,046 959
No,0PsoKiso 885 822 974 901 1,050 968 999 933
N,,P,0Kqo 1,212 1,141 1,248 1,184 1,299 1,212 1,254 1,173
N NgoP2sKgo 1,141 989 1,097 1,038 1,178 1,131 1,162 1,131
S NgoPsoKigo 993 911 1,009 938 1,026 989 1,055 1,005
o N, 50PesK1s0 828 763 870 812 938 859 918 839
No,oPsoKiso 789 716 836 787 898 833 876 817
N,,P,0Kqo 1,664 1,558 1,672 1,544 1,796 1,599 1,727 1,613
o NgoP2sKgo 1,413 1,306 1,424 1,306 1,592 1,464 1,525 1,370
S NgoPsoKigo 1,261 1,157 1,316 1,146 1,397 1,302 1,365 1,207
o N, 50PesK1s0 1,044 967 1,157 1,050 1,223 1,088 1,176 1,057
No,0PsoKiso 996 937 1,108 1,033 1,187 1,063 1,115 1,038
N,,P,Keo 1,446 1,352 1,481 1,382 1,502 1,420 1,525 1,420
g NgoP2sKgo 1,268 1,155 1,268 1,181 1,394 1,311 1,363 1,268
g NgoPooKoog 1,130 1,042 1,168 1,056 1,223 1,155 1,219 1,113
E N, 50PesK1s0 927 867 1,018 938 1,086 986 1,053 955
N, P, K 895 828 976 910 1049 958 1002 935

120° 80" “180

Note: 1 — water treatment; 2 — application of Setar retardant

Source: compiled by the authors

According to the calculations, the coefficient
of water consumption by sunflower plants for the
development of 1 tonne of seeds in 2021 ranged
from 822 to 1,546 m?/t under the influence of
experimental factors and unregulated factors. In-
dicators for 2022 varied from 716 to 1,299 m?/t,
and in 2023 - from 937 to 1,796 m?3/t. Thus, the
water consumption coefficient was influenced by
the norms of fertilisers applied, morphobiological
features of hybrids, the Setar preparation, and en-
vironmental factors. The highest water consump-
tion rate per 1 tonne of sunflower seeds was ob-
tained in 2023.In the RGT Wollf hybrid, it changed
as fertilisation rates increased from 1,664 to
996 m3/t, Alzan - 1,672-1,108, ES Bella - 1,796-
1,187, Lime - 1,727-1,115 m3/t. Notably, with the

increase in fertiliser application rates, the sun-
floweryield increased, while simultaneously, there
was a decrease in the water consumption coeffi-
cient. The use of the Setar preparation also pro-
vided a decrease in this indicator. The correlation
coefficient between sunflower yield and produc-
tive moisture reserves in the metre-long soil layer
for the sowing period was r = 0.8624, which indi-
cates a strong correlation between the indicators.

Discussion
The findings showed that the yield of sunflower
hybrids depended on the weather conditions of
the growing year, in particular, water availability.
At different stages of growth and development,
sunflower plants require different amounts of
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moisture, which ensures optimal conditions
for the flow of production processes in plants.
According to S.M. Kalenska et al. (2019), during
the sowing-flowering period of baskets, sunflow-
er plants use 70-85 mm of moisture from the soil.
While in the period of sowing-full shoots, sun-
flower crops evaporate 2-4 mm/ha per day. This
is due to the lack of vegetation covering the soil
during the specified period. Closing the rows re-
duces evaporation from the soil surface. In addi-
tion, there is an increase in water absorption by
plants. Sunflower plants absorb 100-120 mm of
water during the basket-maturation period.

When assessing the moisture availability of
crops, the availability of moisture in the soil at
the time of sowing, the amount of precipitation
during the growing season and the remaining
moisture in the soil at the time of harvest are
considered. F. Filho et al. (2013) investigated that
soil type affects water use by sunflower plants.
The use of organic fertilisers (manure) ensures
the growth of elements of the crop structure
(weight of 1,000 seeds, number of seeds in the
basket) and contributed to the efficient use of wa-
ter from the soil.

As a result of the conducted studies, it was
established that the reserves of soil moisture in
the context of the years of research were quite
different and ranged from 129.4 to 151.3 mm.
However, according to AV. Melnyk & S.A. Hovor-
un (2014), optimal humidity is considered to be
humidity in the root layer at the level of 60-70%
in relation to the lowest field moisture capacity,
which implies the presence of 160-180 mm in
the soil in the meter layer with a value of pro-
ductive moisture reserves of at least 100 mm. In
turn, the findings of SV. Kokovikhin et al. (2015)
indicate an improvement in the effectiveness of
fertiliser exposure and an increase in the yield of
sunflower seeds with higher precipitation during
the growing season of the crop. According to the
results of current studies, the coefficient of water
consumption of sunflower per 1 tonne of seeds
decreased with increasing yield (due to the influ-
ence of increasing fertilisation rates).
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Research by VV. Nesterchuk (2015) pointed
out that the total water consumption of sunflower
crops in some years of research varied depend-
ing on the amount of precipitation and soil mois-
ture reserves, while the total water consumption
ranged from 3,386 to 4,644 m3/ha. However,
when growing individual sunflower hybrids, the
indicator under study varied in a wider range -
from 3,682 to 4,119 m3/ha.

Similar results were obtained by V.V. Gamayu-
nova & V.S. Kudrina, (2018) in studies conducted
in the Southern Steppe of Ukraine, which show
that the use of biologics had an impact on the
yield and water consumption of sunflower plants.
On average, crop gains, depending on fertiliser
options, ranged from 8.8 to 50.2%. For foliar top
dressing, a decrease in the water consumption co-
efficient was noted, which amounted to 1,320 m®/t
in the control variant and 873.4 m3/t in the var-
iant with two fertilisations, which indicated a
more efficient use of moisture for the develop-
ment of a crop unit. That is, it decreased by 51.1%.

The same results were obtained by O.l. Pol-
yakov & A.D. Shcherbak (2022), according to
which the water consumption of sunflower va-
rieties and hybrids was determined by the level
of crop yield. The yield level was influenced by
additional mineral fertiliser. The lowest total wa-
ter consumption by the crop yield was observed
in the version without the use of fertilisers and,
depending on the genetic characteristics of the
variety and hybrid, they ranged from 359.2 to
372.8 mm. Moisture was most effectively used
against the background of applying N, P, as
evidenced by the lowest coefficient of water con-
sumption, which depended on the application of
the growth regulator and varied in the cross-sec-
tion of hybrids from 1,039 to 1,177 m3/t and
grades from 1,217 to 1,246 m3/t.

The positive impact of fertilisation and
foliar treatments on the growth of regulatory
preparations of biological origin and optimisa-
tion of water consumption of sunflower crops is
also evidenced by Yu. Domaratskyi et al. (2022).
The researchers found that growth-regulating
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preparations provide a more rational use of soil
moisture for the development of a unit of dry mat-
ter. The lowest water consumption coefficient was
obtained by using Helavit Combi on the P64GE133
hybrid, which was 1283 m3/t of sunflower seeds.
In turn, studies conducted in 2015-2016 in the
Yelanets district of the Mykolaiv Oblast are aimed
at studying the elements of the water balance of
sunflower under the influence of fertiliser options
and growth-regulating drugs, indicate a decrease
in the specific water consumption of the crop (up
to 30%) for their action, which indicates the econ-
omy of water consumption, despite the increase
in total water consumption by 7%.

O.L. Zhygailo et al. (2021) analysed the im-
pact of climate change on sunflower yields in the
Northern Steppe of Ukraine, focusing on the need
to adapt growing technologies to new weather
conditions. In turn, V.M. Totsky (2014) focused on
the impact of fertiliser and tillage systems on
crop productivity, which allows evaluating the ef-
fectiveness of various agrotechnical approaches.
Research by H.V. Pinkovskyi & S.P. Tanchyk (2019)
showed that the timing of sowing and the density
of standing plants significantly affect the produc-
tivity and water consumption of medium-early
sunflower hybrids, which is important for opti-
mising the water regime. AV. Kokhan (2016) in-
vestigated sunflower water consumption depend-
ing on technological elements, emphasising the
importance of synergy between fertiliser, tillage,
and water supply systems to achieve high yields.
Thus, previous studies indicate the importance of
considering a complex of agroecological factors
in sunflower cultivation, which ensures the real-
isation of the potential of modern hybrids in the
context of climate change.

Thus, the results of the study confirmed a
close relationship between weather conditions,
the level of moisture availability, fertiliser stand-
ards, treatment with retardants, and the efficiency
of sunflower water consumption. The increase in
yield occurred against the background of a de-
crease in the coefficient of water consumption,
which indicates a more rational use of moisture

in conditions of optimal mineral nutrition. The
obtained data allow identifying the most effec-
tive agrotechnological solutions for increasing
the productivity of sunflower hybrids in condi-
tions of unstable moisture.

Conclusions

Analysis of the weather conditions of the years
of research indicates a significant difference
between the indicators, which was reflected in
the course of production processes of sunflower
plants. They were manifested in an increase in the
average daily values of air temperature indicators,
which was observed in all growing seasons of the
years of research and insufficient precipitation
with an uneven distribution. Modern sunflower
hybrids have different reactions to moisture con-
ditions. During 2021-2023, moisture reserves in
the meter-long soil layer for the sunflower grow-
ing season ranged from 3,217 m3/ha (2022) up
to 4,402 m>/ha (2023). According to calculations,
moisture consumption during the growing season
ranged from 2,533 to 3,645 m3/ha.

The coefficient of water consumption for
the development of 1 tonne of sunflower seeds
under the influence of the factors under study
varied depending on the year of research: in
2021, it ranged from 822 to 1,546 m?/; in
2022 - from 716 to 1,299, and in 2023 - from
937 to 1,796 m3/t. The highest coefficient of
water consumption per 1 tonne of sunflower
seeds was obtained in 2023: in the RGT Wollf
hybrid, it changed as fertiliser doses and retar-
tant action increased from 1,664 to 996 m?/t,
Alzan - 1,672-1,108, ES Bella - 1,796-1,187,
Lime - 1,727-1,115 m3/t. The data obtained con-
firm that increasing the level of fertiliser and the
use of retardants not only increases yields, but
also increases the efficiency of using soil mois-
ture, which is critical in arid regions. A strong
positive correlation was established between
the reserves of productive moisture in the soil
for the sowing period and the yield of hybrids
(r = 0.8624), which indicates the importance
of considering water supply when planning
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agriculturaltechnologies.Inthe experiment,high  and further application in cultivation technolo-
doses of mineral fertilisers in combination with  gies in difficult climatic conditions.
retarding treatment were more effective, which
helped to reduce the specific water consump- Acknowledgements
tion for the development of 1 tonne of seeds. None.

The prospect of further research is the possi-
bility of a multidimensional study and identifica- Funding
tion of the degree of influence of fertilisers,trace  None.
elements, new preparations, an increase of regu-
latory substances and technological methods of Conflict of Interest
growing field crops on their water consumption,  None.
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AHoTauif. paBunbHE yNpaBAiHHS BOLHWUM PEXMMOM POCIUH CRPUSIE MiABULLEHHIO BPOXAMHOCTI.
HenoctatHe abo HaaMipHe Bonoro3abesneyeHHs MOXe HeraTMBHO BIJIMHYTM Ha iX PiCT i pO3BWUTOK,
3HWXKYIOUM KiHLLEBY NPOAYKTUBHICTb. MeTOR AOCNIKEHHS Y10 BUSBUTM BIZIMB NOTOAHUX, yMOB YA00pEHHS
Ta 4ii peTapAaHTy Ha GOpPMYyBaHHS NMPOAYKTUBHOCTI ribpuaiB COHAWHMKY. MonboBi AocnifxKeHHs 6ynm
nposefeHi y 2021-2023 pp. Ha YOpHO3eMax TUMOBUX MaNOryMycHMX. [loCnifKeHHSIMM BCTaHOB/EHO, LLO
BUPILLaNbHUM (PAKTOPOM, IKMI BU3HAYAE PiBEHb YPOXKAMHOCTI | BOLOCMOXMBAHHS, € KiNlbKiCTb FPYHTOBOI
Bonorn B 0-100 cM wwapi rpyHTY Ha nepioA CiB6M Ta KinbKicTb ONafiB 3a 3aranbHWil Nepiof Beretawii.
CyMapHe BOJOCMOXMBAHHSA Pi3HWIOCSA 3@ POKAMMU LOCNIAXKEHb: HAWHWXKYMM BOHO 6yno B 2022 poui i
cknano 2533 m3/ra, a Haibinbwum -y 2023 poui - 3645 M3/ra. Y cepenHbOMy 3a TpM POKM [OCNIAXKEHb
CyMapHe BOAOCMOXMBaHHA cknano 3095 Mm3/ra. KoediuieHT BOLOCMOXMBAHHS, LLO XapakTepu3yBaB
BMTPATU BOSIOTU Ha GOPMYBaHHS 1 T HACiHHSA 3 BiAMOBIAHO KiNbKicTi0 MOBIYHOI NpoAyKLii, 3MiHIOBABCA
3a BM/MBY MOrOAHO-KiMaTUYHUX YMOB PoKy, MopdobionoriuHnx ocobnusocTeit ribpuais, ski BUBYanu,
TEXHO/IOTYHUX MPUIMOMIB, ONTMMI3aLii yoobpeHHs Ta ctaHoBuB y 2021 p. Bia 822 po 1546 m3/t; y
2022 p.- 716 po 1299, a B 2023 p. - Big 937 po 1796 mM3/1. HaliBuwmit koedili€eHT BOAOCNOXMBAHHS
Ha 1 T HaCiHHA cOHAWHMKY Byno oTpumaHo y 2023 poui. Y ribpuaa PXT Bonnbd BiH 3MiHOBaBCS y Mipy
3pOCTaHHA HOpPM fob6puB Big 1664 no 996 mM3/T, Anb3aH — 1672-1108, EC benna - 1796-1187, Naiim -
1727-1115 m3/1. 3acTocyBaHHs peTapaaHTy CeTap 3a BMPOLLYBaHHS COHALWHMKY CMPUSN0 3MEHLIEHHIO
KoeiLieHTY BOLOCNOXMBAHHSA Ta 3a6e3neyyBano 6inbL paLioHasbHe BUKOPUCTaHHIO BOOMM POC/IMHAMMU
Ha GOpPMYBaHHS OAMHULI Bpoxato. Haibinblumnii BNIMB Ha 3MEHLLEHHS KoedilieHTy BOLOCMOXMBAHHSA
nokasano yaobpeHHs. Y Haibinbll HeCNPUSTAMBI 3a 3BONIOXKEHHAM POKM BUPOLLYBaHHS edeKTUBHICTb
BMKOPWUCTAHHS BOJMIOTM POC/IMHAMM COHSLUHMKY 3a ONTUMI3auii XMBNEHHS ICTOTHO NiABMLLYETHCS,
WO CBigUMTb Npo edeKTUBHICTb 3acToCyBaHHA A00puB i peTapaaHTy Cetap. OTpuMaHi pesynbtati
OyoyTb KOPUCHUMU ON1F arpapHMX NiANPUEMCTB Y NiABULLEHHI ePeKTUBHOCTI BUKOPUCTAHHA pecypCiB i
NMOKpPaLLEHHI QiHAaHCOBMX pe3ynbTaTis

Kniovoei cnoea: Bonora; 4o6pvBa; oiliHi KyNbTypu; NPOAYKTUBHICTb; peTapaaHT
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Abstract. Aquaponics systems that combine aquaculture and hydroponics ensure a sustainable
circulation of resources, and temperature is a key factor in determining the efficiency of nitrification
processes and the overall productivity of such ecosystems. The study conducted an overview of
scientific research published in the period 2014-2022 on the impact of temperature on nitrification
processes and the overall efficiency of aquaponics systems. More than 100 scientific sources were
analysed, including articles from international scientific journals, monographs and other publications
covering various aspects of temperature effects on biological processes in aquaponics. Studies on the
temperature ranges that are optimal for maintaining nitrifying bacteria activity and aquaculture health,
as well as their interaction with factors such as nitrogen levels in the system and plant productivity,
were emphasised. Studies demonstrated that temperature is an important factor in determining the
rate of nitrification processes, fish and plant productivity, and the sustainability of the ecosystem.
Too high a temperature can accelerate the nitrification process, but it also creates stress for the fish,
which reduces their viability. Instead, low temperatures can slow down processes but increase the
resistance of living organisms. This review has provided a thorough assessment of current approaches
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to temperature control in aquaponics systems and recommendations for the practical application of
the results obtained in different climatic and technological situations. In addition, the prospect of
developing new approaches to temperature optimisation to ensure the efficiency and sustainability of

aquaponics systems in the future is discussed

Keywords: aquaponics; nitrates; phosphates; nutrients; ammonium nitrogen; clarius catfish

Introduction

Aquaponics, the integration of aquaculture and
hydroponics, is an innovative technology that en-
ables sustainable food production where fish and
plants interact in a closed ecosystem. One of the
key processes in such systems is nitrification, the
biological oxidation of ammonium to nitrite and
nitrate by nitrifying bacteria. This process is im-
portant for maintaining water quality, as it helps
to reduce the concentration of toxic ammonium
accumulated as a result of the metabolic activi-
ty of fish. Temperature is one of the main factors
affecting the speed and efficiency of nitrification.
It directly affects the metabolism of microorgan-
isms, in particular the activity of nitrifying bac-
teria such as Nitrosomonas and Nitrobacter. Since
the temperature regime in aquaponic systems can
vary depending on the time of year, geographical
location and other conditions, it is necessary to
determine how different temperature ranges af-
fect this process.

In Ukraine, there are fish farms in Vasylkiv
and the villages of Kamianka Buzka in Lviv and
Zaborol in Rivne regions. The technologies for
rearing Clarius catfish and other fish species de-
veloped by local specialists are constantly being
improved, but there are no scientific publications.
An interesting publication is N.E. Hrynevych et
al. (2021), which investigated the sanitary and
biological parameters of water at critical points
of the mentioned aquaculture system after pass-
ing through mechanical and biological filters. The
authors noted the high efficiency of the biologi-
cal filter for maintaining the sanitary condition of
water in the UZV for sterlet rearing.

Previous scientific studies, as well as the dis-
sertation study, have raised certain aspects of the

functioning of nitrification processes in aquatic
ecosystems and technologies, but omit several
key issues. 0.M.Vodyanitskyi et al. (2016) analysed
the impact of the type of biofilter filler on the de-
velopment of nitrifying microorganisms in water
recycling systems, but the temperature factor, as
one of the determinants of the activity of micro-
bial consortia, was not the subject of the study.
V.0.Yurchenko et al. (2021) examined nitrification
processes in drinking water sources and water
treatment facilities, but the specific conditions of
closed aquaponic systems, in particular the tem-
perature sensitivity of microbiocenoses, were not
considered. The thesis of M.V. Zadorozhny (2023)
addressed the effect of temperature on nitrifi-
cation processes, but it did not provide a com-
prehensive analysis of the relationships between
temperature regimes, the structural and func-
tional state of nitrifying microorganisms, and the
efficiency of inorganic nitrogen transformation in
aquaponics.P.Debroy et al. (2024) investigated the
effect of temperature on the productivity of aqua-
ponic systems and fish growth. The authors deter-
mined that optimisation of water temperature is
a critical factor in maintaining ecosystem stability
and increasing biomass. These results highlight
the importance of temperature control for the
effective management of aquaponic farms. The
study by L.K. Tolentino et al. (2019) analysed tem-
perature stabilisation methods to improve nitrifi-
cation efficiency in aquaponic systems. The study
demonstrated that maintaining a stable tempera-
ture regime significantly improves the activity of
nitrifying bacteria and overall water quality. The
authors proved that temperature optimisation is
a key factor in ensuring the sustainable operation
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of aquaponic plants. Thus, the issue of systemat-
ic generalisation and critical analysis of modern
scientific data on the influence of temperature
on nitrification processes in aquaponic systems
remains relevant, determining the study goal.

Despite substantial research on the effect
of temperature on nitrification in traditional bi-
ological systems, this issue remains insufficiently
investigated in the context of aquaponics. Differ-
ent researchers have provided conflicting results
regarding the optimal temperature conditions
for the stable operation of aquaponics systems.
As temperature can have not only a direct impact
on microbiological processes, but also indirectly
through changes in other parameters (e.g. oxy-
gen or ammonium levels), studying this issue is
important for improving aquaponics technology.
The review aimed to collect and systematise data
on the effect of temperature on nitrification pro-
cesses in aquaponic systems, to identify existing
contradictions in scientific research and to identi-
fy potential areas for further research.

The research was based on the analysis of
scientific sources covering the influence of tem-
perature in aquaponics systems on nitrification
processes. The literature search was conducted
in the databases Scopus, Web of Science, Google
Scholar, as well as in the open archives of sci-
entific publications, ResearchGate, PubMed, and
SpringerLink. The following keywords were used
to select materials: “aquaponics’, “nitrification”,
“temperature effect on nitrification”, “ammonia
oxidation in aquaponics”. Articles published after
2010 and before 2022 that contain empirical data
on the temperature effect on nitrification rates,
nitrogen toxicity, and biofilters were prioritised.
The analysed sources were grouped per key as-
pects of the topic: temperature requirements of
fish in aquaponic systems, features of the nitro-
gen cycle, the effect of temperature on the ac-
tivity of nitrifying bacteria, and methods of tem-
perature control. The publications that did not
contain experimental data, were limited to a gen-
eral description of aquaponics or did not consider
the effect of temperature on nitrification, were

rejected. This approach formed a generalised pic-
ture of current research and identified the main
trends in the study of temperature-dependent ni-
trification processes in aquaponic systems.

Aquaponic system — a symbiosis
of hydroponics and aquaculture
The aquaponics system is an integrated environ-
mental technology that combines hydroponics
and aquaculture. The water containing fish waste
serves as a source of nutrients for plants, which in
turn purify water from pollution, creating a closed
cycle. Fish produce organic waste, including am-
monia, which is converted into nitrates with the
help of bacteria, an important nutrient for plants.
This reduces the need for additional fertilisers
and ensures efficient use of water, which is a
critical resource in such systems. Aquaponics is a
sustainable, efficient and environmentally friend-
ly method of food production that has achieved
widespread use in both scientific research and

aquaponic farms in the last decade.

D.C. Love et al. (2015) conducted an interna-
tional survey of aquaponics practitioners, analys-
ing the diversity of systems, fish and plant species,
and challenges faced by aquaponics farm opera-
tors. R.Junge et al. (2017) proposed key strategic
aspects of aquaponics development, emphasising
the need for standardisation and further research
to ensure wider adoption of this technology. The
point is that the integration of aquaculture and
hydroponics is necessary to create sustainable
food production systems.

S. Goddek et al. (2015; 2019) implemented a
systematic theoretical and review approach that
covers aspects of constructive design, technolog-
ical management, and strategic development of
aquaponics systems. This approach provided a
broad methodological basis for further applied
research and contributes to the formation of a
holistic view of the functioning of aquaponics
as an integrated bioengineering technology. Its
practical value is determined by the develop-
ment of scientifically based recommendations for
adapting systems to different farming conditions.
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In contrast, the experimental study by U. Knaus
& H.W. Palm (2018) on the impact of fish density
on plant growth within an aquaponic system is
noteworthy. Such a highly specialised approach
provides specific practical data on optimising the
biomass of both biological components of the
system, which is particularly important for the
commercial sector.

H. Monsees et al. (2017) presented an inter-
disciplinary approach that analyses the econom-
ic and environmental aspects of aquaponics for
growing tomatoes in commercial settings. Such
a comprehensive analysis can be used to assess
the profitability of the technology in the real
market and form an idea of its sustainable de-
velopment. In turn, M. Yildiz et al. (2017) investi-
gated fish welfare in the context of water quality
parameters, demonstrating a biocentric approach
to the functioning of aquaponics systems. The
practical significance of this study is determined
by the establishment of critical control parame-
ters that ensure the homeostasis and biological
stability of the system.

Despite the difference in the objects and
methods of research,allauthorsagree onapositive
assessment of the effectiveness of aquaponics as
a promising technology of integrated production.
At the same time, the diversity of approaches -
from theoretical and conceptual to empirical and
bioethical - indicates a high degree of interdisci-
plinarity of aquaponics and the need for further
research that integrates technological, environ-
mental, economic and biological aspects of aqua-
ponics systems. No conflict of interest is present.

The aquaculture module generates organic
waste, which is converted by nitrifying bacteria
into nitrates - a key source of nutrition for plants
in hydroponics. The accumulation of toxic forms
of nitrogen without this process can worsen
the condition of the fish and the stability of the
system. The hydroponic module performs a bio-
filtration function, absorbing nitrates and other
nutrients, which maintains water purity. The root
system of plants enriches the water with oxygen,
improving conditions for microorganisms.

Klimenko et al.

The influence of the aquaculture
module on the temperature regime
of the aquaponics system
Optimisation of water parameters (pH, temper-
ature, dissolved oxygen, nitrogen compounds)
is key to ensuring a balance between the needs
of fish, plants and bacteria, making aquaponics
a promising approach to sustainable food pro-
duction. Water temperature is a critical factor for
the successful cultivation of different fish species
in aquaponics systems. Each species has specific
temperature requirements that need to be con-
sidered to ensure optimal growth, health and

productivity.

Although the authors of C. Somerville (2015)
unanimously recognise water temperature as
one of the key factors determining the efficien-
cy of aquaponics systems, a detailed comparative
analysis shows both a certain consistency in the
conclusions and discrepancies that need to be
clarified. All the analysed studies emphasise the
critical role of a stable temperature regime for
the growth, metabolic activity and overall wel-
fare of fish. At the same time, the ranges of op-
timal temperatures vary significantly depending
on the fish species: for example, for tilapia and
clarius catfish, the optimal temperatures are in
the range of 24-29°C and 25-28°C, respectively
(Hochman et al., 2018), while for trout and stur-
geon, these values are much lower - 7-18°C and
18-22°C, respectively (Buzby & Lin, 2014).

These data indicate pronounced interspecific
differences in the thermal adaptation of aquatic
organisms, which in closed aquaponic systems re-
quires a reasonable selection of compatible fish
and plant species. Particular attention should be
paid to the ratio of temperature requirements of
fish and nitrifying bacteria, given that the optimal
temperature range for the activity of bacteria of
the genus Nitrosomonas and Nitrobacter is usually
25-30°.Thus, conditions that are optimal for most
tropical fish species can also facilitate effective
nitrification, while keeping cold-water species
such as trout may be accompanied by a reduction
in biological treatment intensity.
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Temperature fluctuations constitute a sepa-
rate group of risks for aquaponics systems, as even
minor deviations from the optimal range can lead
to metabolic stress in fish, reduced feed intake,
homeostasis disorders, and inhibition of nitrify-
ing bacteria activity. When the temperature rises
above 30°C, the level of dissolved oxygen in the
water may decrease, which increases the physi-
ological load on both biological components of
the system (Love et al., 2014; Poloviy et al., 2024).

Thus, the literature review demonstrated
that although the main conclusions regarding
the need for temperature stability are consistent,
there are both interspecies differences in fish
thermal preferences and potential contradictions
in achieving the optimum for different compo-
nents of the aquaponic system. This creates the
need for further research aimed at studying the
relationship between temperature regimes, fish
productivity, nitrifying bacteria activity and func-
tional stability of the system.

Threatening pollutants

in aquaponics systems
Aquaponics systems are highly efficient environ-
mental innovations that combine aquaculture
and hydroponics, where fish and plants function
in close symbiosis. To ensure the stable function-
ing of these systems, it is critical to control water
quality, as its chemical composition directly af-
fects fish health, plant growth and microbiologi-
cal processes. The most sensitive parameters are
the concentrations of nitrogenous compounds
(@ammonium, nitrates), phosphates, organic toxins
and dissolved oxygen levels.

Ammonium (NH4") is the primary product of
nitrogen metabolism in fish and can be used as
a source of nitrogen for plants in small amounts.
However, its excess, especially in the form of free
ammonia (NHs), is toxic to both fish and plants.Ac-
cording to . Zidni (2019), toxic effects for fish oc-
cur at ammonium concentrations above 0.5 mg/
dm?, and for species such as tilapia and clarius
catfish, even 1 mg/dm? can be fatal. Y. Zhang et
al. (2021) indicate that the optimal level of

ammonium for plants is 1.0 mg/dm?, but exces-
sive levels cause growth inhibition due to toxic
effects on the roots.

Nitrates (NOs-) produced by nitrification are
less toxic, but at high concentrations can cause
the formation of methemoglobin in fish, which
impairs oxygen transport (Buzby & Lin, 2014). For
fish,the optimal level of nitrate is up to 50 mg/dm?,
and for heat-loving species, up to 100 mg/dm?>. At
the same time, such limits are also effective for
plants that actively consume nitrates at concen-
trations of 5-30 mg/dm? (Eck, 2019). Phosphates
(PO43-) are essential for plants, but excessive
amounts of them cause algae growth, eutroph-
ication and hypoxia, which is harmful to fish.
Optimal concentrations of - are 0.2-0.5 mg/dm?,
and levels above 1 mg/dm? are associated with
impaired fish metabolism and inhibition of plant
growth (Eck, 2019). Organic toxins (e.g. phenols,
amines) that can enter the system with feed or as
a metabolic by-product pose a threat to both fish
and plants. The permissible limit for such com-
pounds is up to 0.1 mg/dm? (Buzby & Lin, 2014).
The permissible limit for the following com-
pounds is up to 0.1 mg/dm?

The level of dissolved oxygen is a key pa-
rameter that determines the survival of all com-
ponents of the system. For most fish species, the
minimum acceptable oxygen level - is 5 mg/dm?
(Rakocy et al., 1993), and at levels below 3 mg/
dm?®, there is a risk of hypoxia. In plants, oxygen
deprivation causes root rot and impaired nutrient
uptake (Cohen et al., 2014).

An analysis of the sources cited indicates a
significant degree of agreement on the critical
toxicity limits for the main water parameters.
Most sources agree that:

» Ammonium should not exceed 0.5-1.0 mg/
dm? for fish, while plants can tolerate slightly
higher levels;

> Nitrates are optimal in the range of 50-
100 mg/dm? for fish and 5-30 mg/dm?® for plants,
but there is a compromise zone of 50-80 mg/dm?;

» Phosphates above 0.5-1.0 mg/dm? have a
negative impact on the biocenosis of the system;
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» Organic toxins are harmful even in trace
concentrations.

» The oxygen level should not reach below
5 mg/dm? for the system to function properly.

In summary, the optimal concentrations of
compounds in an aquaponic system should be
maintained within a narrow range to ensure simul-
taneous safety for fish, nitrification efficiency and
nutrient availability for plants. Given the variabil-
ity between fish species, plant types and system
architecture, individual adaptation of parameters
is necessary. For example, in warm-water sys-
tems with tilapia, it is more appropriate to main-
tain nitrate at 60-80 mg/dm?, while in systems
with trout, the optimum may be 30-50 mg/dm®.
This flexibility should be applied to each param-
eter, which is key to developing adaptive and sus-
tainable aquaponics models.

Forms of nitrogen and their impact
on aquatic life and plants
The forms of nitrogen in aquaponic systems are
important in maintaining the biological balance
between aquatic organisms and plants. The main
forms of nitrogen are ammonium, nitrite and
nitrate, each of which has different effects on
organisms and system function. Ammonium is
an important form of nitrogen, but at high con-
centrations (>0.5 mg/dm?®) it can be toxic to fish,
causing stress and metabolic disorders (Kloas et
al., 2015; Wongkiew et al., 2017). W. Kloas et
al. (2015) investigated the effect of ammonium
concentration on fish and plant growth in aqua-
ponic systems. The results indicate that excess
ammonium inhibits the development of both
components of the system, while controlled
levels promote an optimal growth balance. The
authors emphasise the need for continuous mon-
itoring of the nitrogen cycle to maintain the ef-
ficiency of aquaponics. S. Wongkiew et al. (2017)
presented a literature review on the impact of
various nitrogen compounds on the functioning
of aquaponic systems. The authors addressed
the toxicity of ammonium and nitrite to fish and
the possibility of nitrate accumulation in water,
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which can affect the quality of plant products.
The review demonstrates the critical role of ni-
trogen metabolism management in ensuring the
health of the system’s biocomponents.

For optimal plant growth,the ammonium con-
centration should be in the range of 0.5-1.0 mg/
dm?®. Z. Naeem (2023) investigated the negative
impact of ammonia on fish health in aquaponic
systems. The study determined that even slight
increases in ammonia concentrations can cause
stress, metabolic disorders, and increased mortal-
ity among fish. The author concluded that strict
control of ammonia levels is necessary to main-
tain the viability of populations in closed aquatic
systems. The results indicate that different spe-
cies have different sensitivities to ammonium
loading, which requires an individual approach
to water composition management. The authors
emphasise the importance of dynamic monitoring
of concentrations to prevent a decrease in system
performance. According to Y. Zou et al. (2016), at
concentrations above 1.0 mg/dm?,ammonium be-
comes toxic to fish and can inhibit plant growth.
The authors determined that ammonium, nitrite
and nitrate have different effects on plant growth
and fish physiological status, with excess nitrite
being particularly toxic to aquatic organisms. The
results highlight the need for a delicate balance
between nitrogen forms to ensure system sus-
tainability and productivity. The optimal ammoni-
um concentration in aquaponics systems should
be limited to 1.0 mg/dm? to ensure the health of
both fish and plants. The fish are the most sensi-
tive component of the system to ammonium, as
even a small exceedance of this concentration
can cause serious stress.

Nitrites are toxic to fish even at low concen-
trations. A. Deswati et al. (2021) recommended
maintaining nitrite levels in aquaponics systems
at no more than 0.1-0.2 mg/dm3, as exceeding
these limits can cause respiratory disorders in
fish. The study experimentally demonstrated that
even a slight increase in nitrite levels in water
causes hypoxia and reduced growth rates in fish,
which directly affects the overall productivity of
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the aquaponics system. The authors established
that proper regulation of the nitrogen cycle is
crucial, as exceeding the permissible level of
nitrites leads to serious physiological disorders
in fish and inhibition of plant growth in the sys-
tem. Nitrites are highly toxic even at minimal
concentrations, so their levels should not exceed
0.1 mg/dm? to prevent harm to fish health. Fish
are most sensitive to this form of nitrogen, which
requires special attention when monitoring ni-
trites in the system.

According to S. Faliagka et al. (2024), nitrates
are the main source of nitrogen for plants in
aquaponics systems. Optimal concentrations for
plant growth range from 50-150 mg/dm?, which
provides adequate nutrition without adverse ef-
fects on fish. Higher levels (>150-200 mg/dm?3)
can cause toxic effects on fish, although plants
can successfully utilise nitrate even at high con-
centrations (Alonso-Lépez et al., 2015; Zheng et
al.,2017). For healthy aquaponics systems, nitrate
concentrations should be limited to 100 mg/dm?to
ensure optimal plant growth and fish safety. While
plants can cope well with higher concentrations,
fish are more sensitive to toxic levels of nitrate.

The forms of nitrogen in aquaponics systems
have different effects on the biological compo-
nents of the system. The most sensitive compo-
nent to changes in nitrogen concentrations is fish,
while plants can use nitrogen in the form of ni-
trate efficiently at higher concentrations:

» Ammonium: for fish, the concentration
should not exceed 0.5 mg/dm?, and for plants, the
optimal level is 0.5-1.0 mg/dm?;

> Nitrites: toxic at concentrations above
0.1 mg/dm?, so their level must be strictly con-
trolled;

» Nitrates: optimal concentrations for plants
are 50-150 mg/dm?,and for fish,up to 100 mg/dm?.

In general, to maintain the health of an
aquaponic system, it is important to maintain a
balance between different forms of nitrogen, reg-
ularly monitor their levels and take into account
the specific requirements of each component of
the ecosystem.

Water temperature
and nitrification rate

Nitrification is an important biochemical process
in aquaponic systems that ensures their stability
and health. It is a two-step process of biological
oxidation of ammonium (NH,") to nitrite (NO,-)
and then to nitrate (NOs-). The process is carried
out through the activity of specific groups of bac-
teria, such as Nitrosomonas (converting ammoni-
um to nitrite) and Nitrobacter (converting nitrite
to nitrate). Water temperature is an important
factor affecting the speed and efficiency of ni-
trification, as it affects the activity of nitrifying
bacteria. Within the optimum temperature range,
these bacteria work efficiently to convert ammo-
nium into nitrate, which can be used by plants
for growth. Experimental studies show that the
optimal temperature range for effective nitrifica-
tion is 20-30°C, with temperatures below 10°C or
above 35°C significantly reducing bacterial activ-
ity (Hochman et al., 2018). However, the data on
the effect of temperature on nitrification varies
depending on the specific conditions.

Studies by numerous authors confirm that the
optimum temperature for the nitrification process
is in the range of 20-30°C, which is most effective
for Nitrosomonas and Nitrobacter activity. Y. Zou et
al. (2016), based on modelling, determined a
difference in results when the temperature is
changed above 30°C, which can cause an inhibi-
tion of the activity of nitrifying bacteria, which is
confirmed by both experimental and theoretical
studies. In the context of the above-mentioned
studies, temperature is a critical factor that de-
termines the speed of the nitrification process in
aquaponic systems.Based on them, it is possible to
establish that the optimal temperature range for
nitrification is 20-30°C. The results of experimen-
tal studies are mostly consistent with the models,
but there are some discrepancies under extreme
conditions (high temperature, water pollution).

Y.Huang et al. (2024) reviewed the influence
of temperature on nitrification processes in aqua-
ponic systems. The authors determined that the
optimum temperature for the activity of nitrifying
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bacteria is between 25-30°C, which ensures the
highest rate of ammonium oxidation and stabil-
ity of biofilters. If the temperature deviates from
these limits, microbiological processes decelerate,
which can lead to the accumulation of toxic ni-
trogen compounds. The study by J.PH. Kinyage et
al. (2016) experimentally confirmed the effect of
water temperature on the efficiency of nitrification
in aquaponics. The results demonstrated that at
temperatures of 25-28°C, the highest level of am-
monium conversion to nitrate is achieved, which
has a positive impact on water quality and aquatic
life. The deterioration of nitrification was record-
ed at temperatures below 20°C and above 32°C,
which indicates the sensitivity of the microbial
community to fluctuations in the thermal regime.

C. Deer et al. (2021) demonstrated that in-
creasing the water temperature to 32-35°C can
significantly reduce the activity of nitrifying
bacteria, which leads to inhibition of the nitrifi-
cation process. This contributes to the accumu-
lation of toxic nitrogen compounds, which neg-
atively affect the overall nitrogen cycle and the
health of organisms, including fish. According to
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D.K. Papadopoulos et al. (2024), temperature in-
stability, in particular sharp fluctuations, can sig-
nificantly reduce the efficiency of nitrification.
M.S. Akhtar et al. (2014) indicated that at temper-
atures below 18°C, nitrification processes almost
stop, which limits the system’s ability to maintain
a stable nitrogen cycle.

In general,atemperature stabilityintherange
of 25-30°C is an important condition for efficient
and stable nitrification in aquaponic systems.
Within this range, the nitrifying bacteria function
optimally, providing a high rate of ammonium oxi-
dation and maintaining a high level of water qual-
ity. High and low temperatures significantly re-
duce the efficiency of this process, which can have
negative consequences for the system, including
the accumulation of toxic nitrogen compounds.

Temperature control
and accelerated nitrification
Based on the findings of J.R.M. Bracino et
al. (2020) and AV. Atienza et al. (2021), the meth-
ods of temperature stabilisation in aquaponic
systems are systematised (Table 1):

Table 1. Methods of temperature stabilisation in aquaponic systems

Method type Characteristic Advantages Limitations
. High energy costs, difficulty
. Precise temperature . NI
Technical Use of heaters, coolers, in maintaining in the face of
) : control, stable I
methods and tank insulation significant external temperature

nitrification processes

fluctuations, and insulation costs

Adjustment of the water

Natural methods
flow rate

Reduced temperature
fluctuations, even
temperature distribution

Low efficiency in case of
significant changes in ambient
temperature, impact on nutrient
circulation

Optimisation of conditions
for the microbiota
(increasing oxygen levels,
maintaining optimal pH,
biofilters)

Biotechnological
methods

Increase in nitrification
efficiency, maintain
stable microbial
communities

Need for constant monitoring,
limited effectiveness in case of
sudden temperature drop or lack
of oxygen

Source: compiled by the authors based on J.R.M. Bracino et al. (2020) and AV.Atienza et al. (2021)

As a result, it is advisable to use a combina-
tion of these methods for effective temperature
stabilisation in aquaponic systems, incorporating
their advantages and limitations. Technical meth-
ods provide high accuracy, natural methods pro-

vide certain energy savings, and biotechnological
methods maintain microbiota stability and con-
tribute to the long-term functioning of the system.

To improve temperature stability in aqua-
ponics systems, researchers have proposed var-
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ious approaches, including the integration of
multifunctional heating and cooling systems.
These methods can reduce energy costs while
maintaining a stable temperature throughout the
day. However, such approaches can be limited by
the influence of external factors, such as seasonal
temperature fluctuations, which require addition-
al resources to maintain stability.

Other researchers, such as S. Wahyuning-
sih et al. (2015), suggest the use of active filtra-
tion systems with natural materials to reduce
ammonium pollution, which also contributes to
improving nitrification efficiency. This method,
compared to automated heating systems, is more
cost-effective, but its efficiency can be reduced
in conditions of significant temperature fluctu-
ations. The use of heat storage systems and ex-
ternal cooling devices is also an important as-
pect of maintaining the optimal temperature in
aquaponic systems (Khalil, 2018). However, these
methods require additional investment in the in-
stallation of external devices and ensuring their
stable operation in a changing climate.

An important area is the use of natural ener-
gy sources, such as solar energy, to power heating
and cooling systems, which can reduce energy
costs (Atlason et al., 2017). However, this method
may be less efficient in regions with limited access
to solar energy or in winter. R. Sallenave (2016)
and J.P. Mandap et al. (2018) highlighted the im-
portance of maintaining a stable water tempera-
ture, as even small fluctuations, especially above
30°C, can cause stress to nitrifying bacteria, which
reduces the efficiency of the process. Therefore,
cooling systems and thermostatic controllers
should be used to prevent overheating of the water.

Thus, different approaches to temperature
stabilisation have their advantages and Llimi-
tations. The integration of heating and cooling
technologies with natural filtration systems can
achieve optimal conditions for nitrification, but
their effectiveness depends on specific conditions
and requires a comprehensive approach to ensure
temperature stability in aquaponics systems.

Conclusions
The optimal temperature range for nitrifying
bacteria activity is 20-30°C. Within this range,
the maximum rate of ammonium conversion to
nitrate is observed, which is essential for main-
taining stable water quality and plant health. At
temperatures below 10°C, the activity of nitrify-
ing bacteria decreases significantly, and at tem-
peratures above 35°C, it almost stops, leading to
the accumulation of toxic nitrogen compounds
and disruption of the nitrogen cycle in the system.

Temperature stability is particularly impor-
tant, as sharp temperature fluctuations can sig-
nificantly reduce nitrification efficiency. Stable
temperatures in the range of 25-30°C are the
most optimal, as they promote high bacterial ac-
tivity and the stability of the ecosystem. To main-
tain a stable temperature in aquaponic systems,
it is necessary to use various methods, including
technical, natural and biotechnological ones, to
minimise the impact of extreme temperatures
and ensure the effective functioning of the mi-
crobiota. Given these results, an important area
is the development and implementation of sys-
tems that can be used maintaining optimal tem-
perature conditions, in particular using combined
heating, cooling and filtration technologies. The
use of natural energy sources, such as solar en-
ergy, can reduce energy costs for temperature
stabilisation, which is especially relevant for the
sustainable development of aquaponic systems in
different climatic conditions.

Further research could address the effect of
temperature fluctuations on the long-term stabil-
ity of nitrification and optimise temperature re-
gimes for different types of aquaponic systems,
incorporating the specific conditions of each re-
gion. In addition, more attention should be paid
to the study of the adaptation mechanisms of
nitrifying bacteria to temperature changes and
their ability to recover from stress.
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AHoOTAaLiA. AKBaNOHIYHI CUCTEMM, LWLO NOELHYIOTb aKBAKYNbTYPY Ta FiApPOMOHiKy, 3a6e3neuyoTb CTanui
obir pecypciB, a TemMnNepaTypHWN PEXMM € K/IOYOBMM UMHHMKOM, SKUI BU3HAYa€E edeKTUBHICTb
HITPUdiKaLiMHUX NpoueciB i 3aranbHy NPOAYKTUBHICTb TakMx ekocucteM. B paHin ctatTi npoBegeHo
OrNan HAyKOBWMX [AOCNILKeHb, onybnikoBaHux 3a nepiog 2014-2022 wo CTOCYTbCS BMAMBY
TEMMNEepPaTypHOro pexuMy Ha npouecu HiTpudikauii Ta 3aranbHy edeKTUBHICTb akBaMOHIYHUX CUCTEM.
MNpoaHanizoBaHo noHag 100 HaykoBWMX Axepen, 30KpeMa CTaTTi 3 MiXXHapPOAHWX HAayKOBUX XXypHanis,
MoHorpadii Ta iHwWi nybnikauii, WO OXONKTb Pi3Hi acneKkT1 TeMNepaTypHOro BNAMBY Ha GionoriyHi
npouecyu B akBanoHii. 0cobanBy yBary npuaineHo focnifkeHHaIM, ki hoKyCyBanncs Ha TeMnepaTypHUx
AianasoHax, OMTUMANbHUX AN9 MIATPUMKU AKTUBHOCTI HiTpudikauiiHux 6akTepii Ta 340poB’'a
AKBAKYNbTYPM, @ TAKOX iX B3aEMOSIi 3 pakTopaMu, TaKMMM 9K piBEHb a30Ty B CUCTEMI Ta MPOAYKTUBHICTb
pocnuH. [locnifxeHHs nokasanu, Wo TeMnepaTypa € BaX/IMBUM (HAKTOPOM, KM BU3HAYAE LWIBMAOKICTb
HiTpMdiKaLiiHMX MpoueciB, NPOAYKTUBHICTb pub i pOCAMH, @ TaKOX CTiMKiCTb €KOCUMCTEMU B LNOMY.
3aHaATo BMCOKA TeMNepaTypa MOXe MPUCKOPKOBATM Mpouec HiTpudikauii, ane TakoX CTBOPKE CTpec
AN pub, WO 3HUXKYE iX XUTTE3AATHICTb. HAaTOMiCTb HM3bKa TEMMepaTypa MOXe CMOBINbHUTM NpOLeCH,
ane NiABUWWINTK CTIKICTb XMBUX OpraHi3miB. Lleit ornag Hapae rpyHTOBHY OLHKY Cy4acHMM niaxonaM
[0 KOHTPOMIO TEMMEPATypHOro PexuMy B akKBaMOHIYHMX CMCTEMAX Ta HaLaB pekoMeHpauii ans
NPaKTUYHOIO 3aCTOCYBAaHHA OTPUMAHMX Pe3yNbTaTiB B YMOBAX Pi3HMX KNIMATUYHUX | TEXHONOTIYHMUX
cuTyauin. OkpiM Toro, 06rosopeHa nepcnekTMBa PO3BUTKY HOBMX NiAXOAIB A0 ONTMMI3aLii TeMnepaTypu
Ans 3abesneyeHHss eeKTUBHOCTI Ta CTIAKOCTI aKBanOHIYHUX CUCTEM Y MalByTHbOMY

Knio4oBi cnoBa: akBanoHika; Hitpatu; pocdaTy; eN1eMEHTU XKMBNEHHS; a30T aMOHIMHMIA; COM KNapieBuit
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Abstract. This study aimed to determine the effectiveness of using fertilisers containing phosphite form
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Effectiveness of phosphite fertilisers in tomato cultivation technology

the rate of recommended fungicides (Ridomil Gold, Luna Experience, Quadris, and the biopreparations
MycoHelp and Fitocid) by 25%-50% when combined with the integrated application of the fertiliser
Ecoline Phosphite (K) (10 days after transplanting - 1 L/ha; 20 days after the first application - 1.5 L/
ha; 20 days after the second application - 1.5 L/ha; 20 days after the third application; 15 days
after the fourth application; and 15 days after the fifth application - all at 2 L/ha). The proposed
technological approaches resulted in an increase in tomato plant height by 4.3%-8.7%, the number of
fruit clusters by 15.6%-20.0%, and a reduction in the development of Alternaria leaf blight to 60%-65%
(compared to 82% in the control). Under this approach, crop yield increased by 4.9-8.8 t/ha, alongside
an improvement in the content of soluble dry matter in the fruit (up to 3.6%-3.98%), total sugars (up to
2.49%-2.53%), and vitamin C (up to 25.48-25.82 mg/100 g). The most significant effect was observed
with the application of 75% of the recommended fungicide rate in combination with Ecoline Phosphite
(K), which also demonstrated strong economic performance: profit reached 311.1 thousand UAH/ha,
profitability was 83.9%, and the lowest production cost was recorded at 5.69 UAH/kg

Keywords: Solanum lycopersicum L.; phosphorus nutrition; biometric parameters of plants; yield;
biochemical composition of produce; profitability

Introduction
Investigating the effectiveness of phosphite fer-
tilisers in tomato cultivation technology is perti-
nent given the necessity of enhancing crop pro-
ductivity and improving fruit quality, particularly
in light of increasing demands for environmental
safety and economic efficiency in agricultural
production. Tomatoes are a crop sensitive to min-
eral nutrition, with their nutrient requirement,
especially phosphorus, increasing significantly
during critical growth and development stages.
Concurrently, traditional phosphorus fertilisers
exhibit low availability to plants under unfavour-
able soil and climatic conditions, which limits the
realisation of the crop’s potential and negatively
impacts fruit quality and yield. Phosphite forms
of phosphorus offer several advantages, including
high bioavailability, the capacity to activate phys-
iological and biochemical processes, and the abil-
ity to increase plant resistance to diseases and
stress factors. Using such fertilisers is considered
a promising element in resource-saving technol-
ogies for cultivating vegetable crops, enabling
a reduction in pesticide load by boosting plant
immunity and decreasing the rates of chemical
plant protection products applied. These issues
are particularly relevant in the context of irrigated

agriculture in the Left-Bank Forest-Steppe of
Ukraine, where optimising tomato nutrition will
contribute not only to increased yield but also to
improved fruit quality indicators, enhanced eco-
nomic returns from production, and the assurance
of sustainable development in vegetable growing.

Global food security represents a key chal-
lenge confronting world agriculture. The neces-
sity of feeding a steadily increasing population is
compounded by significant threats to food crop
yields arising from climate change. As there is
no longer an abundance of available agricultur-
al land, a 40%-50% increase in food production
can only be achieved through sustainable agricul-
tural intensification (Syromyatnikov et al., 2024).
Optimising nutrition systems provides the most
substantial impact on boosting crop productivi-
ty, particularly for vegetable crops. According to
O.V. Kuts et al. (2024), yield increments resulting
from the application of various types of fertilisers
range from 20% to 75%. The use of growth reg-
ulators also significantly influences the regula-
tion of plant productivity levels. This is achieved
through their positive effect on root architecture,
which in turn enhances the conditions for plant
nutrient uptake.
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Phosphorus is one of the most vital elements
required by all living organisms. In agrochemical
contexts, humanity primarily utilises phospho-
rus in the form of phosphates (PO,*). Howev-
er, researchers such as B. Lagunas et al. (2019)
have shown interest in the salts of phosphorous
acid - phosphites (PO,’). They established that
the application of phosphites offers multifacet-
ed benefits compared to phosphates. Phosphites
have been noted for their use as fertilisers, plant
growth stimulants, and substances with fungicid-
al properties. Y. Xi et al. (2020) investigated that
salts of phosphorous acid (phosphites) contain
higher concentrations of phosphorus (52%) than
traditional phosphate-based fertilisers (32%). As
the most stable form of phosphorus in the en-
vironment is phosphates, phosphites undergo a
gradual transformation after being applied to the
soil. Soil microorganisms are capable of assimi-
lating phosphite and transforming it into phos-
phates, obtaining energy and nutrients during
this biological conversion.

Phosphites also exert a unique influence on
plant metabolism, linked to their functional role
as plant growth regulators. It is worth noting that,
according to I. Panfili et al. (2019), plant growth
stimulants are increasingly being integrated into
various production systems to mitigate physio-
logical stress and minimise undesirable environ-
mental consequences. The authors observed that
phosphite (an isostere of the phosphate anion)
often acts as a potential biostimulant, as it has
been shown to induce resistance to a variety of
biotic and abiotic stresses, as well as enhance the
yield and quality of agricultural produce.

Research by M.A. Mohammadi et al. (2021)
indicated that phosphites are employed as a
systemic fungicide to manage the prevalence of
oomycetes and soil-borne diseases such as Phy-
tophthora, Pythium, and Plasmopara. Generally,
phosphites lead to a reduction in disease severity
by promoting increased photosynthetic and en-
zymatic activity, decreasing the accumulation of
reactive oxygen species (ROS), and modifying a
large group of genes.

Kuts et al.

In this context, the present study aimed to
establish the effectiveness of using fertilisers
containing phosphorus in the phosphite form for
tomato cultivation under irrigated conditions in
the Left-Bank Forest-Steppe of Ukraine.

Materials and Methods

The research was conducted during the period
2022-2024 at the Institute of Vegetable and Mel-
on Growing of the National Academy of Agrari-
an Sciences of Ukraine, located in the Left-Bank
Forest-Steppe region of Ukraine. The soil of the
experimental plot is classified as a typical lowhu-
mus heavy loamy chernozem on loess-like loam.
The agrochemical characteristics of the arable
layer (0-25 cm) are as follows: salt extract pH -
6.1; sum of exchangeable bases - 29.0 mg-eq per
100 g of soil; hydrolytic acidity - 2.0 mg-eq per
100 g of soil; humus content - 4.0%; hydrolysa-
ble nitrogen - 109-116 mg/kg; mobile phospho-
rus — 183-212 mg/kg; and exchangeable potas-
sium - 121-163 mg/kg of soil. Tomatoes of the
Heizer variety were cultivated following bulb on-
ions, utilising drip irrigation (7 applications of 50-
100 m3/ha) with a plant spacing of 70x35 cm.The
research adhered to the Convention on Biological
Diversity (1992).

The experimental design included the rec-
ommended tomato disease control system (a
complex of fungicides and biopesticides) and
combinations of reduced fungicide rates with the
application of the complex fertiliser possessing
fungicidal properties, Ecoline Phosphite (K):

1. No fungicides or preparations applied (ab-
solute control)

2.Recommended fungicides (reference treat-
ment): Ridomil Gold (2.5 kg/ha) 10 days after
transplanting to the field + Luna Experience
(0.75 L/ha) 20 days after the first application +
Quadris (0.6 L/ha) 20 days after the second ap-
plication + MycoHelp biopreparation (2 L/ha)
20-25 days after the third application + Phytocid
biopreparation (2 L/ha) 15 days after the fourth
application + MycoHelp (2 L/ha) 15 days after the
fifth application
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3. Recommended fungicides at a 25% re-
duced rate + Ecoline Phosphite (K): Ridomil Gold
(1.88 kg/ha) + Ecoline Phosphite (K) (1 L/ha)
10 days after transplanting + Luna Experience
(0.55 L/ha) + Ecoline Phosphite (K) (1.5 L/ha) 20
days afterthe firstapplication + Quadris (0.45 L/ha)
+ Ecoline Phosphite (K) (1.5 L/ha) 20 days after
the second application + Ecoline Phosphite (K)
(2 L/ha) 20 days after the third application + Ecol-
ine Phosphite (K) (2 L/ha) 15 days after the fourth
application + Ecoline Phosphite (K) (2 L/ha) 15
days after the fifth application

4. Recommended fungicides at a 50% re-
duced rate + Ecoline Phosphite (K): Ridomil Gold
(1.25 kg/ha) + Ecoline Phosphite (K) (1 L/ha)
10 days after transplanting + Luna Experience
(0.38 L/ha) + Ecoline Phosphite (K) (1.5 L/ha) 20
days after the first application + Quadris (0.3 L/ha)
+ Ecoline Phosphite (K) (1.5 L/ha) 20 days after
the second application + Ecoline Phosphite (K)
(2 L/ha) 20 days after the third application + Ecol-
ine Phosphite (K) (2 L/ha) 15 days after the fourth
application + Ecoline Phosphite (K) (2 L/ha) 15
days after the fifth application.

The research was conducted according to
the methodology for experimental work in veg-
etable growing (Bondarenko & Yakovenko, 2001).
The accounting plot area was 21.0 m2, with four
replications. In the experiment, biometric param-
eters of tomato plants (plant height and number
of trusses per plant) were recorded dynamically.
Assessments of plant damage by Alternaria leaf
blight were determined using a 5-point scale dy-
namically (in the second ten-day period of July
and the third ten-day period of August). The scale
was defined as follows: 0 - no damage; 1 - yel-
lowing of 1-2 leaves; 2 - yellowing of 3-4 leaves;
3 - yellowing of half the plant; 4 - yellowing of
the entire plant, which blackens and dries out.
The prevalence of the disease was calculated us-
ing the formula:

P =%-100%, 1)

where P is the disease prevalence, %; a is the
number of affected plants, units; k is the total

number of assessed plants, units. The degree of
disease development intensity was calculated us-
ing the formula:

22 100, 2)

T onk

c

where C is the degree (intensity) of disease de-
velopment; a is the number of affected plants for
each score, units; b is the damage score; n is the
highest score on the assessment scale; k is the
total number of assessed plants, units.

Total yield and marketable yield, along with
marketability, were also determined. Biochemical
parameters of the tomato fruits assessed included:
total soluble solids content - refractometrically
according to DSTU 7804:2015 (2016); total sugars
content — according to DSTU 4954:2008 (2009);
ascorbic acid (Vitamin C) content - according to
DSTU 7803:2015 (2016); and acidity - titrimetri-
cally according to DSTU ISO 6632-2001 (2002).
Statistical analysis of the research results was
performed using analysis of variance, with years
treated as replicates.

Results

It was noted that both the use of the complex of
recommended fungicides and the combination of
reduced fungicide rates with the application of
Ecoline Phosphite (K) fertiliser increased tomato
plant height (Fig. 1). When reducing the fungi-
cide rate and adding Ecoline Phosphite (K), this
parameter did not change significantly. In these
variants, tomato plant height in the third ten-day
period of July increased by 6.8%-8.7%, and in the
first ten-day period of September, by 4.3%-7.4%.

A positive effect of fungicides and Ecoline
Phosphite (K) fertiliser on the formation of truss-
es on tomato plants, which is a component of
crop yield, was also established (Fig. 2). By the
end of the growing season, the number of trusses
increased from 4.5 units/plant in the control to
5.25.4 units/plant with the application of fungi-
cides and Ecoline Phosphite (K) fertiliser. A syn-
ergistic effect was observed when using the 50%
fungicide rate in combination with Ecoline Phos-
phite (K) fertiliser.
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Figure 1. Effect of fungicides and Ecoline Phosphite (K) fertiliser
on tomato plant height, cm (average for 2022-2024)

Source: developed by the authors
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Figure 2. Effect of fungicides and Ecoline Phosphite (K) fertiliser
on the number of tomato plant trusses, units/plant (average for 2022-2024)

Source: developed by the authors

During the years of the study, Alternaria leaf
blight (Alternaria solani) predominantly affected
tomato plantings annually, while in 2023, late
blight (Phytophthora infestans) developed in small
foci, though this disease did not significantly

impact plant development. Regarding the effect
on Alternaria leaf blight development, the ad-
ditional use of Ecoline Phosphite (K) fertiliser
proved effective when the rate of recommended
fungicides was reduced by 25%-50% (Table 1).

Table 1. Effect of fungicides and Ecoline Phosphite (K) fertiliser on the prevalence
and development of tomato Alternaria leaf blight, % (average for 2022-2024)

Second ten-day period of July

Third ten-day period of August

Variants
Spread Development Spread Development
1. Control 100 9.6 100 82
2. Recommended fungicides 100 8.1 100 70
e et 1 s
4. Recommended fungicides 100 8.0 100 60

(50% dose) + Ecoline Phosphite (K)

Source: developed by the authors
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During the period of mass tomato fruiting,
reducing the rate of recommended fungicides by
25% in combination with the use of Ecoline Phos-
phite (K) ensured a reduction in the degree of dis-
ease development to a level of 65%, and with a
50% reduction in the fungicide rate, it decreased
to as low as 60%. Thus, the use of fertiliser con-
taining phosphorus in the phosphite form acts as
a substance with fungicidal properties, as well
as an additional measure for optimising plant

nutrition, which contributes to a better effect on
tomato plants and a reduction in the degree of
Alternaria leaf blight development.

Even though all tested variants resulted in a
tomato yield increase of 4.5-9 t/ha, or 7.9%15.9%,
the maximum impact on crop yield level was ob-
served when combining fungicides at a 75% rate
with the application of Ecoline Phosphite (K) fer-
tiliser (Table 2). This variant also demonstrated
the maximum level of marketable produce (96%).

Table 2. Change in tomato yield using fungicides
and Ecoline Phosphite (K) fertiliser (average for 2022-2024)

Increase ili
Variants Total yield, t/ha Marke:ablllty,
t/ha % %

1. Control 56.26 - - 91.6
2. Recommended fungicides 60.72 4.48 7.9 93.7

3. Recommended fungicides

(75% dose) + Ecoline Phosphite (K) 65.21 8.95 159 %60
4. Recommended fungicides

(50% dose) + Ecoline Phosphite (K) 61.19 4.93 8.8 94.0

LSD 5.37

0.95

Source: developed by the authors

The variant combining fungicides at a 75%
rate with Ecoline Phosphite (K) fertiliser also
provided the maximum positive impact on the
biochemical composition of the tomato produce
(Table 3).Under this technological measure, a sig-
nificant increase in total soluble solids to a level
of 3.98% and total sugars to a level of 2.53% was
noted. There was also a positive trend regarding

the increase in vitamin C content in the fruits to a
level of 25.48 mg/100 g. Reducing the fungicide
rate by 50% in combination with the application
of Ecoline Phosphite (K) fertiliser was also effec-
tive; this significantly increased the total sugar
content in the fruits to 2.49% and showed a posi-
tive trend for the increase in vitamin C content in
the fruits to a level of 25.82 mg/100 g.

Table 3. Effect of fungicides and Ecoline Phosphite (K) fertiliser
on the biochemical composition of tomato fruits (average for 2022-2024)

Content in fruits, %

Variants — —
Soluble dry matter Total sugar Vitamin C, mg/100g Acidity

1. Control 3.46 211 25.11 0.46

2. Recommended fungicides 3.61 2.43 24.67 0.45
3. Recommended fungicides

(75% dose) + Ecoline Phosphite (K) 3.98 2.53 25.48 0.46
4. Recommended fungicides

(50% dose) + Ecoline Phosphite (K) 3.60 249 25.82 0.46

LSD 0.30 0.22 1.88 0.04

0.95

Source: developed by the authors
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The use of Ecoline Phosphite (K) fertiliser
proved to be an economically advantageous tech-
nological measure (Table 4). Understandably, this
technological approach increases costs due to the
price of the fertiliser and the cost of harvesting
the additional yield, but it reduces expenditure

Kuts et al.

on recommended fungicides. Consequently, the
total costs increase to a much lesser extent (by
19.6-30.5 thousand UAH/ha) than the additional
profit generated by using Ecoline Phosphite (K)
fertiliser with a reduced fungicide rate (by 72.3-
136.3 thousand UAH/ha).

Table 4. Economic efficiency of using Ecoline Phosphite (K) fertiliser
for tomato cultivation (average for 2022-2023)

Economic indicators

Variants Marketable To|:a| costds, hPrOf't' d Production Production
ield, t/ha thousan thousan cost, UAH/kg profitability, %
yield, UAH/ha UAH/ha ' '
1. Control 51.53 340.5 174.8 6.61 51.3
2. Recommended 60.72 360.1 247.1 5.93 68.6
fungicides
3. Recommended
fungicides (75% dose) 65.21 371.0 311.1 5.69 83.9
+ Ecoline Phosphite (K)
4. Recommended
fungicides (50% dose) 61.19 360.6 251.3 5.89 69.7

+ Ecoline Phosphite (K)

Source: developed by the authors based on Minfin (n.d.)

This technological measure is particular-
ly beneficial when the fungicide rate is reduced
by 25%, leading to a high level of profitabili-
ty (83.9%) and a reduction in production cost
from 5.93 UAH/kg with the full fungicide rate to
5.63 UAH/kg.

Discussion

The use of phosphite fertilisers (Ecoline Phosphite
(K)) primarily had a positive impact on the growth
of certain biometric parameters of tomato plants,
such as plant height and the number of trusses
per plant. Higher rates of vegetative growth pos-
itively influence future plant productivity by in-
creasing the photosynthetic apparatus and also
facilitating faster recovery of leaves damaged by
diseases (primarily Alternaria leaf blight).

Research indicating certain fungicidal prop-
erties of phosphite fertilisers (Ecoline Phosphite
(K) providing a reduction in disease development
to 65%, and with reduced rates to 50%-60%) is
also supported by the scientific studies of other

researchers. Similar results were obtained in
studies by |. Fagundes-Nacarath et al. (2018) and
L.C. Costa et al. (2020), where the use of phos-
phite fertilisers in bean cultivation reduced the
negative consequences of Sclerotinia sclerotio-
rum development by decreasing photochemical
dysfunctions. However, the action of phosphites
on phytopathogens involves both direct and
indirect effects. In the first instance, accord-
ing to M.G. Yanez-Juarez et al. (2018), phosphite
ions, upon contact with pathogens, affect their
growth and reproduction by influencing the
expression of genes encoding compounds es-
sential for various cell structures. Research by
R. Garcia-Velasco et al. (2020) indicates that the
application of phosphites inhibits the oxida-
tive phosphorylation of oomycete metabolism,
halts mycelial growth processes, and increas-
es the activity of the pentose phosphate path-
way, which significantly reduces enzyme activity.

In the research of O. Silva et al. (2013), phos-
phite was considered a biostimulant of systemic
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acquired resistance. Upon entering the plant cell,
it activates biochemical and structural defence
mechanisms (such as the production of polysac-
charides, phytoalexins, or pathogenesis-related
proteins) which limit the penetration and spread
of pathogens within the plant organism. Accord-
ing to E. Liljeroth et al. (2016), phosphites inhibit
the development of protozoa, oomycetes, fungi,
bacteria, and nematodes, but their effectiveness
depends on the ions bound to the phosphites (po-
tassium phosphite, calcium phosphite, etc.) and
the application methods (drenching and foliar
feeding). The effectiveness of phosphite fertil-
isers is also influenced by the overall technologi-
cal level of the farm and the intensity of the plant
protection system against diseases involving fun-
gicides and biopreparations.

The increase in tomato yield and the im-
provement in produce quality when using fer-
tilisers containing phosphorus in the phosphite
form are attributed to the reduced development
of major tomato diseases and the optimisation of
growth processes due to the stimulating effect of
the fertiliser.

The mechanism by which phosphite affects
plants is not yet fully understood; however, there
is some evidence suggesting it is specific to roots
and not solely related to a role as a pesticide
or fertiliser. For instance, in greenhouse studies
conducted by S. Rossall et al. (2016) on wheat,
oilseed rape, sugar beet, and ryegrass, phosphites
improved root biomass by approximately 30%.
This enhanced the uptake of nutrients from the
substrate, which are essential for developing a
productive photosynthetic apparatus. Neverthe-
less, the fertiliser capacity of phosphites remains
a subject of debate. According to F. Bertsch et
al. (2009), phosphites can be absorbed via roots
or leaves and transported through the xylem
or phloem, but they cannot be directly utilised
as a form of phosphate nutrition and therefore
cannot serve as direct substitutes for phosphate
fertilisers. However, the ability of soil microor-
ganisms to oxidise phosphites to phosphates
presents a possibility for their application as a

source of phosphorus nutrition, as noted in the
study of M. Manna et al. (2016). Microbial oxi-
dation of phosphite is facilitated by the enzyme
phosphite dehydrogenase. Consequently, certain
Bacillus species and other microorganisms are
capable of oxidising phosphite and hypophos-
phite to phosphate.

The mechanism by which phosphite acts on
plants is not fully understood; however, there is
some evidence to suggest it is specific to roots
and not solely associated with a role as a pes-
ticide or fertiliser. For example, in greenhouse
studies by S.Rossall et al. (2016) involving wheat,
oilseed rape, sugar beet, and ryegrass, phosphites
improved root biomass by approximately 30%.
This enhanced the uptake of nutrients from the
substrate required for the development of a pro-
ductive photosynthetic apparatus. Although the
fertiliser capacity of phosphites is still debated.
According to F. Bertsch et al. (2009), phosphites
can be absorbed through roots or leaves and
transported via the xylem or phloem, but they
cannot be directly used as a form of phosphate
nutrition and thus cannot be direct substitutes for
phosphate fertilisers.

It should also be considered that, according
to the results of some studies by E. Estrada-Or-
tiz et al. (2011), the effectiveness of phosphites as
a partial source of phosphorus for plants is con-
firmed. In other studies, phosphites either have
no significant effect on the growth and yield of
agricultural crops or even negatively impact plant
productivity. According to H.Thao et al. (2008), fo-
liar and root applications of potassium phosphite
did not improve the nutrition of spinach (Spina-
cia oleracea L.) and, conversely, strongly inhibited
root growth under phosphate deficiency.

Given that in the present study, foliar appli-
cations of potassium phosphite contributed to
both a reduction in tomato Alternaria leaf blight
development with reduced fungicide rates and an
increase in yield by 9%-16% due to a stimulating
effect on tomato plant growth processes, a dual
action of phosphite fertilisers in open-field toma-
to cultivation can be noted. However, the research
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programme did not allow for the quantification
of the separate contributions of the fungicidal
and stimulating effects of phosphite fertilisers
on tomato yield. This is potentially related to the
close interaction between plant growth process-
es, mechanisms for increasing plant resistance to
phytopathogenic organisms, and the suppression
of their development (Vdovenko et al., 2024).

Similar to various studies by other research-
ers, phosphites demonstrated a positive trend
in improving product quality, contributing to an
increase in the content of soluble dry matter, to-
tal sugars, and vitamin C in tomato fruits. This is
particularly important given the increase in crop
yield. Frequently, an increase in the yield of veg-
etable crops is associated with a decrease in the
content of biologically active compounds in the
produce; hence, the yield level often correlates
inversely with the content of vitamins and sugars
in the produce.

The high economic indicators associated
with the use of phosphite fertilisers are linked to
two factors: the increase in tomato yield resulting
from the stimulating and fungicidal action of the
Ecoline Phosphite (K) product, and the savings
achieved by reducing the amount of fungicides
used (especially with a 50% rate reduction). How-
ever,despite the higheryield obtained when using
the phosphite fertiliser in combination with 75%
of the recommended fungicide rate, the most eco-
nomically expedient option proved to be the ap-
plication of Ecoline Phosphite (K) with onlya 25%
reduction in the fungicide rate, due to the overall
economic benefit realised under those conditions.
Furthermore, reducing the fungicide rate has an
indirect, prolonged positive effect on agrobiocoe-
nosis, reducing the chemical load and decreasing
the likelihood of resistance developing in vari-
ous species of phytopathogenic microorganisms.

Conclusions
Therefore, under irrigated conditions in the Left-
Bank Forest-Steppe of Ukraine for tomato culti-
vation, reducing the rate of recommended fun-
gicides (Ridomil Gold, Luna Experience, Quadris,

Kuts et al.

biopreparations MycoHelp and Phytocid) by 25%-
50% in combination with the comprehensive use
of Ecoline Phosphite (K) fertiliser is effective. The
recommended application schedule for Ecoline
Phosphite (K) is 1 L/ha 10 days after transplant-
ing, followed by 1.5 L/ha 20 days after the first
application, 1.5 L/ha 20 days after the second,
2 L/ha 20 days after the third, 2 L/ha 15 days after
the fourth, and a further 2 L/ha 15 days after the
fifth application.

Observed benefits include an increase in
tomato plant height by 4.3%-8.7% and the num-
ber of trusses by 15.6%-20.0%. Development
of Alternaria leaf blight is reduced to a level
of 60%-65% (compared to 82% in the control).
Under this technological approach, crop yield
increases by 4.98.8 t/ha, or 8.95%-15.9%. Fruit
quality is also enhanced, with increased content
of total soluble solids (up to 3.6%-3.98%), total
sugars (up to 2.49%-2.53%), and vitamin C (up to
25.4825.82 mg/100 g).

The maximum impact was noted when us-
ing 75% of the fungicide rate in combination
with the Ecoline Phosphite (K) application, which
also yielded high economic indicators: a profit of
311.1 thousand UAH/ha, profitability of 83.9%,
and the lowest production cost (5.69 UAH/kg).

The application of fertilisers containing
phosphorus in the phosphite form has proven
to be a promising measure for both optimising
plant protection and improving tomato growth
parameters, yield, and fruit quality under irrigat-
ed conditions. The results obtained confirm the
ability of phosphites not only to act as inducers
of systemic plant resistance but also as a factor
contributing to the reduction of pesticide load
without compromising the effectiveness of crop
protection. Furthermore, their positive influence
on the biochemical composition of the fruits was
established, which is important for improving the
nutritional value of the produce.

Future research perspectives include inves-
tigating the mechanisms of action of phosphite
fertilisers on biochemical and physiological-mo-
lecular processes in tomato plants, particularly
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their effect on enzymatic activity and the an-
tioxidant system. It would also be pertinent to
conduct research into the possibility of complete

technology to conditions of climate change and
increasing water scarcity.
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AHoTauifl. MeTolo gocnigkeHb 6yno BM3HaYeHHS ehEKTUBHOCTI BUKOPUCTaHHSA 006puB 3 dhocdiTHOW
dopmoto docdopy 3a BUpOLLYBaHHS MOMILOPY B 3polyBaHUX yMoBax JliBobepexHoro Jlicocteny
Ykpainu. MNonboBi pocnigxeHHs nposoaunucs Bnponosx 2022-2024 pokiB B IHCTUTYTI OBOYIBHULTBA i
6awTaHHMUTBa HauioHanbHOI arpapHoi akageMii Hayk YKpaiHu Ha YOpHO3eMi TUMOBOMY ManoryMycHoOMy
BAXKKOCYITMHKOBOMY Ha JNIeCOBMAHOMY CYINIMHKY. BcTaHoBneHo, wo 3a BMPOLLYBaHHA noMmigopy
edeKkTMBHUM ByNo 3MEHLEeHHS HOpMK pekoMeHpoBaHux dyHriunais (Pupgomin rong, JlyHa eknipi€Hc,
KBagpic, 6ionpenapatu Mikoxenn ta ®@itouna) Ha 25-50 % B MOEOHAHHI 3 KOMNIEKCHUM BUKOPUCTAHHAM
nobpus EkonaitH docditHuit K (4epes 10 gHis nicns Bucagku poscagu 1 n/ra +yepes 20 gHis nicns nepuoi
06pobku 1,5 n/ra + uepes 20 gHiB nicns apyroi 06pobku 1,5 n/ra + uepes 20 aHiB nicns TpeTboi 06pobku
+ yepe3 15 gHiB nicns yetBepToi 06pobku + yepes 15 aHiB micna n'atoi 06pobku no 2 n/ra). Bkasawi
TEXHONOTiYHI Niaxoam 3a6e3neynnu 3poCTaHHsA BUCOTU POCAMH NoMifopy Ha 4,3-8,7 %, KinbKOCTi KUTULLb —
Ha 15,6-20,0 %, 3HWXEHHS pO3BUTKY anbTepHapiosy Ao piBHi 60-65 % (Ha koHTponi 82 %). 3a BkasaHoro
TEXHOMOTIYHOMO 3aX0Ay YPOXAMHICTb KyNbTypK 3pocTana Ha 4,9-8,8 T/ra, nigBuLLYBaBCS BMICT y N10AAX
CyXO0i pO34MHHOT peyoBMHM (00 piBHA 3,6-3,98 %),3aranbHoro Lykpy (0o 2,49-2,53 %),Bitaminy C (8o piBHS
25,48-25,82 mr/100 r). MakcuManbHUit BNAUB 3a3HAYAETbCS 33 BUKOPUCTaHHS 75 % HopMu QyHriumais
y NOEAHAHHI 3 BHeceHHs EkonaiiH docdiTHMi K, Lo Takox Ma€e BUCOKi eKOHOMIYHi NOKa3HUKK: NpUBYTOK
Ha piBHi 311,1 T1C. rpH./ra, peHTabenbHicTb — 83,9 % Ta HanMeHLwWwa cobiBapTicTb npoaykuii (5,69 rpH./kr)

KmouoBi cnoBa: Solanum lycopersicum L.; dpocdopHe XuBneHHs; 6ioMeTpUUHi napamMeTpu pOCIMH;
YypOXaWHicTb; 6ioXiMiYHMIM cKnad NPOAYKLii; peHTabenbHiCTb
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Technological solutions for improving the welfare...

of gestating sows. The experiment was carried out under conditions of group housing of animals in
industrial conditions of the private-rental enterprise “Victoria” (Mykolaiv region). The experiment was
carried out on 62 heads of two-breed sows (Large White x Landrace), inseminated by boars of the
terminal line “Maxter”. The sows were divided into three groups: control (basic diet), experimental
Il (basic diet + 0.15% “Gepasorbex”) and experimental Il (basic diet + 0.15% commercial analogue).
Behavioural responses were assessed using video monitoring (Mobotix 6MP network camera) for two
weeks. It was found that the addition of the feed additive “Gepasorbex” to the diet contributed to a
decrease in motor activity (186.5 min in experimental group Il vs. 289.2 min in the control group,
p £0.001), an increase in rest time (by 4, 18-6.41 % more compared to the control, p<0.01) and a
decrease in stereotypical behaviour, in particular fictitious chewing (decrease by 120.2-131.1 min,
p<0.001) and hunger indication (by 109.0-111.8 min, p<0.01). The use of “Gepasorbex” as a functional
feed additive for gestating sows has demonstrated its effectiveness in improving their behavioural
profile, which confirms the feasibility of using natural hepatoprotectors in programmes to improve
animal welfare. The results of the study indicate that the inclusion of mycotoxin adsorbents in the diet
helps to reduce stress reactions, increase the comfort of keeping and the overall welfare of sows. The
data obtained can be used to optimise technological solutions in industrial pig production systems

Keywords: mycotoxin adsorbents; pig welfare; video monitoring; group housing; feed components;

feed additive

Introduction
Modern pig farming is actively developing to-
wards improving animal welfare and optimising
feeding practices. One of the key aspects of ef-
fective sow management is creating comfortable
conditions that align with welfare principles, as

well as employing sensible feeding strategies.

Natural feed additives, particularly those based
on milk thistle and other botanical components
known for their hepatoprotective and antioxidant
properties, are attracting significant attention.
Keeping gestating sows ingroupsisacommon
and mandatory housing method that aligns with
the concept of welfare and has a positive impact
on the animals’ social behaviour. During the pro-
duction cycle, sows are regrouped after insemina-
tion through re-mixing, which can obviously lead
to aggressive forms of internal interaction and

restlessness within the groups (Lopez et al., 2021).

As M. Priester et al. (2020) noted, a restricted
feeding regime is used to prevent obesity in sows
throughout the reproductive cycle - they are typ-
ically fed twice a day (at 8% and 16%9), which ac-
tivates high feed motivation and reduces resting

time. Researchers from Mexico, P. Islas-Fabila et
al. (2024), stated that to meet energy require-
ments, the feeding allowance for pregnant sows
varies around 2.4-2.6 kg, which constitutes ap-
proximately 50-60% of ad libitum intake.

According to M.C.Meunier-Salaun et al.(2001),
the controlled feeding of pregnant sows con-
trasts with the natural form of feeding and can
lead to the manifestation of atypical behaviours
(stereotypies): bar biting; sham or vacuum chew-
ing (chewing movements not associated with
feed intake); sniffing or licking the floor or feed-
er in the absence of feed; time spent standing
compared to lying down is used as an indicator
of hunger, as sows do not appear satiated. It is
worth noting that the feeling of satiety, which is
insufficient with restrictive feeding of sows, and
the reduction of hunger are the corrective factors
by which positive changes can be introduced into
sow feeding strategies.

In the convincing opinion of Korean research-
ers S. Do et al. (2023), diets for gestating sows en-
riched with fibre reduce active oral stereotypies,
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increase chewing and resting time, and decrease
the rate of feed consumption. Furthermore, diets
with the addition of milk thistle contain a num-
ber of biologically active substances that mitigate
the negative consequences of hunger by reducing
exploratory behaviour, and postprandial satiety is
increased due to fibre consumption, raising the
level of short-chain fatty acids in the blood and
lowering the level of the digestive hormone gh-
relin (Jensen et al., 2015).

Thus, the available literature search suggests
that the components of feed additives used for
feeding gestating sows reduce the motivation
to eat feed, provided that the animals’ nutrient
requirements are met, as in the specific experi-
ment.According to the research results of R. Faus-
tovet et al. (2022), the use of a complex feed ad-
ditive based on milk thistle, active feed yeast,
clinoptilolite, and selenium in the compound
feed alters the feeding behaviour of fattening
pigs, significantly improving their live weight
gain and biochemical blood parameters, effec-
tively neutralising the negative effects of myco-
toxins without disrupting the vitamin balance
in the body. V. Reznichenko et al. (2024) asserted
that the complex feed additive “Gepasorbex” in
the diet of sows during different periods of far-
rowing and lactation significantly improves their
reproductive performance, promoting an increase
in the reproductive index and offspring survival,

Lykhach et al.

creating a favourable nutritional environment
that reduces the effects of feed toxins and stim-
ulates the physiological mechanisms of growth
and development in piglets.

Therefore, based on the aforementioned ex-
perimental results, it has been established that
due to the saturation of diets with the compo-
nents of the feed additive, there is a constant
absorption of nutrients and greater microbial
fermentation in the intestines, which, in fact, in-
creases the satiety of sows. However, according to
available information resources, there is insuffi-
cient material on the behaviour of sows during
farrowing when using innovative feed additives.
In this regard, the aim of the conducted research
was to determine the nature of changes in the be-
havioural responses of gestating sows under the
influence of the feed additive “Gepasorbex”.

Materials and Methods

In groups of sows kept by the group method, the
effect of the complex feed additive “Gepasorbex”
on animal behaviour was evaluated in the condi-
tions of industrial technology of the private-rent-
al enterprise (hereinafter - PRE) “Victoria” in the
Mykolaiv region according to the experimental
scheme (Table 1). In total, 62 heads of two-breed
sows (Large White (LW) x Landrace (L)) were used
in the experiment in combination with boars of
the “Maxter” terminal line.

Table 1. Scheme of use of feed additives in diets of gestating and sow diets

Breed
Group n Feeding conditions
SOWS boar
1 control 19 LW=xL Maxter BD* “Empty, sows”

Il experimental 22 LW=xL Maxter

BD “Empty, sows” + 0.15% by weight of feed “Gepasorbex” *

Il experimental 21

LW x L Maxter BD “Empty, sows”+0.15% by weight of feed “Commercial analogue” **

Note: * - basic diet; ** — experimental feed additives were introduced into the diet directly in the farm’s feed shop

when making these recipes
Source: compiled by the authors

Sows were kept in group pens (with a stock-
ing density of 2.1 m? per animal), and were
fed 2.5-2.7 kg of feed per head per day using

compound feed of the “Dry and Gestating
Sows” type, with the following nutritional con-
tent: crude protein - 144.9 g/kg; metabolisable
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energy - 2914.7 kcal/kg. The basic diet (BD) con-
sisted of compound feed produced in-house using
premixes and protein-mineral-vitamin supple-
ments manufactured by LLC “Tsekhave” (Ukraine)
with the corresponding composition for “Dry and
Gestating Sows” (%): wheat - 34.0; barley - 45.0;
sunflower meal - 14.5; soya bean meal - 3.0;
premix “Tsekhavit Sou Suporos” - 3.5; “Lactating
Sows” (%): wheat — 43.5; barley - 30.0; sunflower
meal - 10.0; soya bean meal - 11.5; premix “Tse-
khavit Sou Laktatsiya” - 5.0.

The composition of 1 kg of the feed additive
“Gepasorbex” (LLC “VetServisProdukt”, Ukraine)
contained the following active components (%):
silicon dioxide - 60.2-70.8; aluminium oxide -
8-12; magnesium carbonate - 1.0-2.5; titani-
um dioxide - 0.8-0.15; selenium - 0.32-0.35;
clinoptilolite — 4.2-4.5; active feed yeast - 8-10;
milk thistle - 18-20%. The composition of the
“Commercial Analogue” feed additive was: sil-
icon dioxide (Si0O,), kaolinite clay, magnesium
silicate, inactivated yeast (Saccaromyces Cerevisi-
ae), sugar kelp (Laminaria saccharina), wild chic-
ory and marigold extracts, dry matter - 954.0 g
(Reznichenko et al., 2024). The main compound
feed used for feeding the pigs in the experimen-
tal groups was recognised, according to labora-
tory tests by LLC “Expertnyi tsentr “Biolaites”, as
slightly toxic in terms of aflatoxin, ochratoxin,
and zearalenone.

The monitoring of behavioural responses
was carried out using a Mobotix 6MP network
video camera (MOBOTIX AG, “Langmeil”, Germa-
ny), equipped with “fisheye” lens, motion de-
tection, and infrared illumination. Observations
were conducted over two weeks during daylight
hours (07:00 to 17:00) with three repetitions. For
identification, each sow was marked with spe-
cial tags, which allowed for the analysis of video
footage. The duration (in minutes) of the main
behavioural acts was assessed, such as: move-
ment, resting (standing, sitting, ventral and lat-
eral lying), feeding, chewing, exploratory activity,
play behaviour, as well as the manifestation of
stereotypies (sham chewing, signs of hunger,

biting equipment) in accordance with generally
accepted methods (Ibatulin & Zhukovskyi, 2017;
Ladyka & Khmelnychiy, 2023).

The housing conditions of the experimen-
tal animals complied with the Departmental
norms of technological design: Pig enterprises
(complexes, farms, small farms) (2005) and the
recommendations of genetic companies regard-
ing housing. The rules for handling the exper-
imental animals complied with Ukrainian leg-
islation “Requirements for the welfare of farm
animals during their keeping” (Order of the Min-
istry..., 2021). Ventilation was carried out using
exhaust shaft fans and aerodynamic inlet valves
and operated by creating negative pressure in
the room. Manure removal from the room was
carried out by means of a vacuum-gravity pe-
riodic action system from baths located under
the slatted floor. All veterinary treatments were
identical in both the experimental and control
groups,according to the accepted scheme on the
farm. The research results were processed using
statistical methods (Kramarenko et al., 2019;
2024) with the use of computer equipment and
applied software packages. The distribution of
all variation series corresponded to the criteria
of normality.

Results and Discussion

For the effective implementation of technolog-
ical methods in industrial pork production, it is
necessary to take into account the behavioural
characteristics of animals. They help to predict
future performance, promote pig welfare, op-
timise care and reduce labour costs. An impor-
tant factor in the comfortable behaviour of ges-
tating sows is their position in the pen and the
frequency of changes in body position. Creating
favourable conditions and reducing unnecessary
motor activity facilitates animal observation, ef-
ficient feeding regulation and, most importantly,
improves fertility. Monitoring of sow behaviour in
the course of experimental studies made it possi-
ble to determine the key parameters of their be-
havioural acts, which are shown in Table 2.
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Table 2. Main indicators of behavioural repertoire of gestating sows as a result of the experiment

Behavioural parameter

Definition

Changing the position of the sow’s body or its individual parts through the

Movement locomotor system in order to interact with the environment.

Rest A behavioural act aimed at acquiring a body position in the stall to restore the
normal state of the body.
A static act of rest, when the ligaments of the supporting limbs are stretched,

Standing the rest of the body’s muscles are consistently resting, and, therefore, no active
locomotor activity takes place.

Sitting The position of an animal in which a pair of hind limbs are relaxed on the floor, and

the animal fixes the body position with its forelimbsu,

Ventral lying down

The animal’s limbs are placed under the body while lying on the floor.

Lateral lying down

An animal lying on the floor has its limbs extended to the side.

Urination limbs and squats slightly.

Urinary act of elimination behaviour, the animal arches its back, spreads its pelvic

Defecation

The process of removing faeces from the body.

Foraging activity chewing it in the mouth.

It refers to feeding behaviour and consists of actually taking in the feed and

Imitation of chewing

Physical mobility of the oral cavity in the absence of food.

Indication of hunger

This is the behaviour of searching for and waiting for feed outside of feeding time.

Source: authors’ development

In the course of video monitoring, it was
found that the sows of the Il experimental group
spent the least time on mobility (186.5 min), fol-
lowed by their counterparts of the Ill experimen-
tal group (196.8), which convincingly indicates
stable hierarchical behaviour in group pens and
the absence of operant reactions (Fig. 1). Signif-
icantly (p < 0.001) higher mobility was observed
in sows of the first control group and, accordingly,
outperformed their peers of the second exper-
imental group by 102.7 min, and the third ex-
perimental group - by 92.4 min. Such increased
locomotor activity has a number of dangers for
animals (injuries, reduced productivity, risk of fe-
tal loss, stress, aggression) and is a signal for pork

500
450
400
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300
250
200
150
100
50
0

440.2

289.2
186.5

| = control group

458.6

Il - experimental group

production technologists to analyse and timely
correct this act of behaviour in order to minimise
undesirable effects on their productivity and wel-
fare (Sun et al., 2014).

The experimental sows of the Il and Il
groups spent significantly (p < 0.01) more time on
rest, respectively, by 4.18 % and 6.41 %, compared
to the animals of the control group. There is an
assumption that the presence of mycotoxin ad-
sorbents in the diets of sows of the experimental
groups reduces stress, physiological stress on the
body, stabilises hormonal levels, and promotes
the accumulation of energy for the body, which
in turn leads to an increase in the period of rest
of animals.

468.4

1968 Movement

Rest

IIl - experimental group

Figure 1. Timekeeping of user actions of experimental sow groups during the experiment, min

Source: authors’ development
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Sows, regardless of the group assignment,
spent 13-15 s of time on urination during the ex-
periment, and the number of urination acts was
up to 6 times during video monitoring, which cor-
responds to the physiologically normal state of
animals. Finally, the duration of the defecation act
in gestation sows of different groups during the
monitoring period was 5-7 s in 3-4 approaches,
and the sows took a physiological posture during
this act. It should be emphasised that the compo-
nents of the rest indicator of gestation sows var-
ied and depended on the purpose of the groups
(Fig. 2). The timing of the components of the rest
elements shows that sows of the Il experimental
group spent 40 min (p <0.05) less time standing,
and sows of the Ill experimental group spent
24 min less (difference not significant) standing
compared to control sows. A possible explana-
tion for the reduced standing time in sows of the

500
450
400
350
300
250
200
150
100
50
0

Rest, including: standing

sitting

experimental groups is an increase in postprandi-
al satiety due to the presence of mycotoxin adsor-
bents in their diets and their powerful action in
the intestine. The time spent on sitting by sows of
the Il-11l experimental groups was higher and ex-
ceeded the same indicator of the | control group
by 37.0-38.8 minutes (p<0.05). An increase in the
period of rest in the form of both ventral and lat-
eral lying was characteristic of animals of the Il
and Ill experimental groups, which exceeded the
sows of the control group by 11.7-12.5 min and
6.5-7.1 min, respectively.

Visualisation of the feeding behaviour of
sows (Fig. 3) shows that the feeding activity of
the Il and Ill experimental groups of sows by the
time spent on it was higher due to feed intake -
18.3-22.5 min compared to control counterparts,
and by the time spent on chewing the feed, no
significant difference was found in the groups.

| = control group
==8==|| — experimental group
Il - experimental group

S~

ventral lying lateral lying

Figure 2. Timekeeping of the components of behavioural acts
of rest of experimental sow groups during the experiment, min

Source: authors’ development

hunger Indication

imitation of chewing

Il - experimental group

chewing ,

feed intake

Il = experimental group

H | — control group

Feeding activity, including:

0 50

100

150 200

Figure 3. Feeding behaviour of experimental groups of sows during the experiment, min

Source: authors’ development

Typically, gestating sows are fed in limited
quantities, and they show high motivation to eat

after their daily allowance is consumed, which
leads to the development of stereotypic behaviour
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(regularly repeated movements that are morpho-
logically identical and have no obvious function).
In sows, stereotypical behaviour is often associat-
ed with feeding: imitation of chewing, indication
of hunger, which confirms the connection with
the motivation to feed. As can be seen from the
experiment, sham or vacuum chewing was visual-
ised to a greater extent in sows of the control

Lykhach et al.

group |, which spent significantly more time on
this behavioural act - 131.1 min (p<0.001) com-
pared to the experimental group Il and 120.2 min
(p<0.001) - to the experimental group IIl. Imi-
tation of chewing is obviously associated with a
combination of insufficient satiety and a disorder
of feed search or intake behaviour, as in the case
of sows of the control group | (Fig. 4).

Figure 4. Stereotypical behaviour of sows — “imitation of chewin”

Source: photo by the authors of the study

The stereopathy of gestating sows “hunger
indication” is usually manifested in the search
and expectation of feed outside the feeding time
and is visualised by sniffing (Fig. 5), licking (Fig. 6)
the feeder in the absence of feed. It should be
noted that sows of the first control group spent

the most time on this consumptive behavioural
act - 168.6 min, which significantly exceeded the
time spent by 111.8 min (p <0.01) for the peers
of the second experimental group and 109.0 min
(p<0.01) - respectively, for the sows of the third
experimental group.

Figure 5. Stereotypical behaviour of gestating
sows — “hunger indication” in the form of

sniffing the trough in the absence of feed
Source: photo by the authors of the study

Figure 6. Stereotypical behaviour of gestating
sows — “hunger indication” in the form of licking

the trough in the absence of feed
Source: photo by the authors of the study
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At the same time, the experiment increased
the frequency of cases of non-feeding oral be-
haviour of sows of the first control group in the
form of biting the rods of the group pen, which
accounted for up to 17 minutes during the exper-
imental timing (Fig. 7).

Figure 7. Non-feeding oral behaviour
of gestating sows in the form

of biting the bars of a group pen
Source: photo by the authors of the study

A time-and-motion study of the components
of resting behaviour showed that the gestating
sows in the second experimental group spent
40 minutes less time standing (p<0.05), and their
counterparts in the third experimental group
stood for 24 minutes less (the difference was not
statistically significant) compared to the control
sows. An increase in the resting period, both in
terms of ventral and lateral lying, was character-
istic of the animals in the second and third ex-
perimental groups, which exceeded the control
group sows in the time spent on this behavioural
indicator by 11.7-12.5 minutes and 6.5-7.1 min-
utes, respectively.

In modern pig farming, effective manage-
ment of technological processes involves not
only optimising housing conditions but also con-
sidering the behavioural responses of animals as
a key element in ensuring their welfare and pro-
ductivity, as highlighted by researchers J.C.Jang &
S.H. Oh (2022). The behaviour of gestating sows,
in particular: locomotor activity, duration of rest,

feeding motivation, and the manifestation of ste-
reotypies, are closely related to the physiological
state of the organism and reflect the degree of
adaptation to housing and feeding conditions, as
evidenced by the precision feeding programmes
for gestating sows in the study by R.L. Domin-
gos et al. (2024). The obtained results of the
current experiment convincingly demonstrate
that the use of the complex feed additive “Gepa-
sorbex” in the diet of gestating sows positively
affects their behavioural repertoire, reducing the
level of stress load on the body and contributing
to the maintenance of farrowing.

It was established that the lowest level of
locomotor activity was observed in the sows of
the second and third experimental groups, which
likely indicates a stable social hierarchy and
a low level of distress in group housing condi-
tions. This aligns with the conclusions of the re-
search by J.C.Jang & S.H. Oh (2022), who noted
that increased locomotor activity can be a sign
of anxiety, stress, and even the risk of foetal loss.
Thus, the reduction of unnecessary movements
in sows can be interpreted as a sign of improved
physiological and psycho-emotional state of the
animals when using the complex feed additive
“Gepasorbex”.

An increase in the duration of rest, particu-
larly in the form of ventral and lateral lying, was
characteristic of the animals in the second and
third groups, which is consistent with the re-
search by S. Huang et al. (2020), who pointed out
the importance of minimising locomotor activity
in gestating sows to prevent complications dur-
ing farrowing. The decrease in standing time in
the experimental animals is likely due to an in-
creased level of postprandial satiety, which pro-
moted physiological rest and reduced the risk of
developing limb pathologies, consistent with the
studies conducted by T. Kramer et al. (2023).As the
authors M. Priester et al. (2020) stated, “feeding,
pig farming and ethology no longer need to be
considered separately”, and therefore, the feeding
activity of the gestating sows in the experimental
groups should be considered.
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The feeding activity of the sows that received
the complex feed additive “Gepasorbex” was di-
rected towards efficient feed consumption with
a simultaneous reduction in the manifestations
of stereotypical behaviour, in particular: sham
chewing, indications of hunger, and aggressive
reactions, which were most frequently recorded
in the animals of the control group. The afore-
mentioned phenomenon is typical for a restricted
feeding regime, which is confirmed by the work
of L. Vargovic et al. (2021), which noted that preg-
nant sows with high feed motivation demonstrate
pronounced stereotypies in the case of feed defi-
ciency or an unbalanced diet. The addition of my-
cotoxin adsorbents, in particular the multicompo-
nent preparation “Gepasorbex”, contributed to the
stabilisation of the animals’ mental profile, which
is indirectly confirmed by a decrease in stress-as-
sociated behaviour. Similar results are presented
in the studies by T. Feyer et al. (2021), who found
that the use of sorbents in pig diets helps to im-
prove behavioural responses and reduce aggres-
sion in group housing conditions.

The recording of behaviour within the
framework of experimental monitoring also
made it possible to establish a decrease in
the manifestations of non-nutritive oral be-
haviour in the animals of the second and third
experimental groups. In particular, the reduc-
tion in the time spent biting bars is a positive
indicator of a decrease in frustration resulting
from restricted access to feed or stress-induc-
ing influences. This aspect was also considered
in the study by S. Do et al. (2023), which not-
ed that disturbances in feeding behaviour can
be early signs of reduced welfare in pig farm-
ing. The occurrence of stereotypical behaviour
reflects increased feed motivation after feed-
ing and is interpreted as a sign of impaired
welfare, and hunger and frustration in feeding
motivation consequently increase aggression
and competition for feed in group housing sys-

tems (Sapkota et al., 2016; Shang et al., 2019).

An additional argument in favour of using
the “Gepasorbex” additive is its effect on reducing
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the risk of metabolic distress, which often ac-
companies intensive culling in pig farming. As
R. Faustov et al. (2022) noted, mycotoxin adsor-
bents are capable not only of binding toxins in
the gastrointestinal tract but also of reducing
their systemic effects, lowering the activity of the
hypothalamic-pituitary-adrenal axis. This indi-
rectly contributes to a decrease in the production
of cortisol - the stress hormone - which has a
direct impact on the behaviour, appetite, and re-
productive performance of sows. Considering the
above, it becomes obvious that the improvement
of behavioural responses in sows is not only an
ethological but also a physiologically justified
consequence of using a high-quality multicom-
ponent additive in the diet (Slama et al., 2019).
It is also worth noting that the improvement of
behavioural characteristics under the influence of
“Gepasorbex” may also have a positive effect on
rank relationships within groups in general. Re-
ducing the level of aggression, competitive strug-
gle for feed, manifestations of stress and frustra-
tion contributes to the formation of more stable
social interactions between sows. This is particu-
larly important in industrial housing conditions,
where stocking density and limited space can be
additional risk factors (Jang & Oh, 2022). Thus,
the complex additive indirectly affects not only
the individual behaviour of animals but also the
harmonisation of relationships within the group,
reducing the need for intervention by personnel.
Overall, the research results demonstrate
that the use of the complex feed additive “Ge-
pasorbex” allows not only to optimise metabolic
processes (Krogh et al. 2016) in gestating sows
but also significantly affects their behavioural
acts. This has practical significance in the context
of improving farrowing maintenance and increas-
ing animal welfare. Thus, the use of a complex
feed additive based on mycotoxin adsorbents is
an effective tool for implementing the principles
of humane treatment of animals and rational pig
farming in intensive production conditions.
Further research will be aimed at a deeper
study of the neuroendocrine mechanisms of the
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influence of feed additives on the behaviour of
gestating sows, particularly in the context of
stress-induced reactions and metabolic homeo-
stasis. It is also advisable to involve broader bi-
ochemical markers that reflect the level of stress,
satiety, and adaptive potential of animals in in-
dustrial conditions.

Conclusions

In commercial production pig farms, in order to
adapt the methods of controlling limited dietary
intake according to detailed regulations and the
associated stereotypical behaviour in pregnant
sows, it is necessary to apply the case of practi-
cal solutions to sow feeding with the use of com-
plex feed additives of mycotoxin adsorbents. In
our case, it is “Gepasorbex”, which reduces the
apparent motivation to feed gestating sows and
improves their welfare.

Monitoring the behaviour of sows in group
housing systems makes it possible to assess their
welfare, predict productivity and minimise the
risks associated with excessive physical activity,
stress and injury. The study found that sows of
the Il and IIl experimental groups showed lower
mobility, which indicates stable social behaviour,
lack of operant reactions and a reduced likeli-
hood of stress factors that can negatively affect
the preservation of farrowing.

The addition of mycotoxin adsorbents to the
diet helped to reduce the stress load on the body,
which is confirmed by an increase in the duration
of rest in sows of the experimental groups. Ani-
mals of groups Il and Il spent more time sitting
and lying down, which had a positive effect on
their general physiological condition. The phys-

In the control group, more manifestations of
stereotypical behaviour were recorded, includ-
ing mock chewing, hunger indication and biting
equipment, which indicates increased motivation
to feed and the presence of stress factors. Instead,
in the experimental groups, these behavioural
deviations were observed much less frequently,
which may be due to better saturation and sta-
bilisation of the physiological state due to feed
additives. Thus, the use of mycotoxin adsorbents
in feeding helps to improve the overall welfare
of sows, reducing stress and aggression in group
housing systems.

In the future, a promising direction is to study
the neurobiochemical mechanisms by which the
feed additive “Gepasorbex” affects the behaviour-
al reactions of gestating sows. In particular, it is
advisable to monitor the levels of cortisol, ser-
otonin, leptin and other biomarkers that reflect
stress response, feeding motivation and adaptive
capabilities of pigs. Of particular scientific value
is the study of the impact of feed additives on
the development and behavioural characteristics
of offspring, including the assessment of viabili-
ty, growth rates and stress resistance of newborn
piglets, which will allow a more complete assess-
ment of the long-term effectiveness of such die-
tary correction in gestating sows.
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AHoTauif. CyyacHe CBMHApPCTBO OPIEHTYETbCA HA MiABMLLEHHA GAAromnosyyys CBMHOMATOK LUASAXOM
ONTMMI3aLlii yMOB yTPMMaHHS Ta BMPOBAAXXEHHS HAaTypasbHUX KOPMOBUX L0O6ABOK i3 renaTonpoTeKTOPHO
nieto. MeToto pocniaxeHHs 6yno BU3HAUMTK BMIMB KOMMIEKCHOI KOPMOBOI A06aBkuM «[enacopbekc» Ha
NMoBeiHKOBI peakLyii MOPOCHUX CBUHOMATOK. EKCnepuMMeHT NpoBOAMBCS 3@ YMOB rPyrnoBOro YTpUMaHHS
TBApMH Yy MPOMMCNOBMX YMOBAX MNPMBATHO-OPEHAHOro nianpuemMctea «BikTopis» (MukonaiBcbka
obnactb). EkcnepmMMeHT npoBefeHo Ha 62 ronoBax ABOMNOPOAHUX CBUHOMATOK (Benuka 6ina x naHgpac),
3anNigHEHUX KHYpaMW TepMiHanbHOI NiHii «Maxters. CBMHOMaTKM Oynu po3nofineHi Ha Tpu rpynu:
KOHTPOJbHY (OCHOBHMI pauioH), gocnigHy Il (ocHoBHMIA pauioH + 0,15 % «lemacopbekc») Ta pocnigHy
11l (ocHoBHWIA pauioH + 0,15 % komepuiitHoro aHanora). OuiHka NoBeAiHKOBUX peakLiii npoBoAMnacs 3a
[,0MOMOrol0 BilEOMOHITOPUHTY (MepexeBa kamepa Mobotix 6MP) npoTarom ABoX TMXHIB. BctaHoBNEHO,
L0 f0aBaHHSA KOPMOBOI f06aBkM «enacopbekc» A0 paLioHy CNPUAI0 3HUKEHHIO PYXOBOi aKTUBHOCTI
(186,5 xBy gocnigHin Il rpyni npoTn 289,2 xB y KOHTponbHiK, p<0,001), 36inbLIeHHI0 Yacy BiAMOUYMHKY (Ha
4,18-6,41 % 6inble, nopiBHAHO 3 KOHTponeM, p<0,01) Ta 3MEHLIEHHIO MPOABIB CTEPEOTUMHOT NOBEAIHKM,
30KpeMa (DIiKTUBHOIO XyBaHHS (3HMXeHHs Ha 120,2-131,1 xB, p £0,001) Ta iHamMkauii ronoay (Ha 109,0-
111,8 xB, p £0,01). 3acTtocyBaHHs npenapaTy «lenacopbekc» K dyHKLiOHaNbHOI KOPMOBOI [06aBKM
ANS NMOPOCHUX CBMHOMATOK NMPOAEMOHCTPYBaNO edeKTUBHICTb Yy MOKPALLEHHI iXHbOro MOBEAiHKOBOro
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npodinto, WO NiATBEPOXKYE AOLINBbHICTb BUKOPUCTAHHS HaTypaNbHUX renaTonpoTeKTOPiB y nporpamax
NiLBULLEHHSA piBHA 6narononyyys TBapmH. Pe3ynbTati LOCNIAKEHHS CBiAYaThb MPO Te, WO BKYEHHS 00
pauioHy aacopbeHTiB MiKOTOKCUHIB CNPUSIE 3HWXKEHHIO CTPECOBMX peakLii, NiABULLEHHI0 KOMDOPTHOCTI
YTPUMaHHS Ta 3aranbHoro Aobpobyty cBMHOMaToK. OTpuMaHi JaHi MOXyTb 6YyTM BWMKOPWUCTaHi Ans
OMTUMI3aLLii TEXHONOMYHMX pilleHb Y CUCTEMAX MPOMMCIOBOro CBMHAPCTBA

KnioyoBi cnoBa: aacopbeHTM MIKOTOKCMHIB; Gnarononyyys CBUHEN; BifEOMOHITOPUHT; rpynoBe
YTPMMaHHS; KOMMOHEHTM KOMBIKOpMiB; KOpMOBa fo0baBKa
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Abstract. The study aimed to determine the effect of adding potassium sulphate (K,SO,) at a
concentration of 500 mg/dm? on the quality of the aquatic environment, growth of Clarias gariepinus
and yield of lettuce in an aquaponics system. The experiment was conducted in two parallel lines:
control (without K,SO,) and experimental (with the addition of K,SO,). The initial total weight of
19 fish in each line was 1330 g. In 57 days, the weight in the control line increased to 1995 g,
and in the experimental - to 2888 g. The feed conversion was 2.5 in the control and 1.1 in the
experiment. The specific growth rate (SGR) was 0.82%/day in the control and 1.74%/day in the
experimental group. The potential yield of lettuce (4000 g/m?) was realised by 51.1% in the control
and 87.5% in the experiment. In the control line, the main limiting factor was potassium deficiency
(21.6-28.3 mg/l), and in the experimental line, the pH increased to 8.3 due to insufficient nitrogen
uptake at 19.5°C (below the optimum for nitrification). In both lines, a significant increase in the
content of mineral compounds (NO,- NH.", SO4Z-, PO43-) was recorded, but the water parameters
remained within the range acceptable for aquaponics technologies. The results obtained indicate a
positive effect of adding K,SO, at a given concentration, which ensures an increase in fish and plant
productivity, although it requires the incorporation of the ratio of green crops to fish biomass and
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water temperature. The addition of K,SO, contributed to the increase in the biological efficiency of
the aquaponic system while maintaining acceptable water quality

Keywords: lettuce; biomass growth; feed conversion; water quality; nitrate nitrogen; hydroponics

module performance

Introduction

The African Clarius catfish (Clarias gariepinus)
is an important aquaculture element due to its
rapid growth, resistance to stressful conditions
and ability to breathe atmospheric air, therefore
resilient to high planting densities. In one cubic
metre of water, 200-300 kg of adult fish can be
grown, and under favourable conditions, catfish
can reach a weight of 1.5-2 kg in six months
(State Agency of Fisheries of Ukraine, 2021).
B.Yu. Kovalenko et al. (2021) emphasised that
catfish can adapt to different growing condi-
tions, which is important for aquaponics sys-
tems, where effective management of the aquat-
ic environment is critical for system stability. At
the same time, N.M. Vdovenko et al. (2020) em-
phasised the importance of optimising feeding
strategies to ensure high productivity and eco-
system stability.

A.M. Trofymchuk et al. (2021) provided a fish
farming and technological rationale for recircu-
lating aquaculture systems for African catfish,
highlighting the importance of proper control
of the aquatic environment to ensure optimal
conditions for fish growth. This highlights the
need for an integrated approach to managing
aquaculture systems, where maintaining water
stability and fish health are key factors for a
successful system. Aquaponics, which combines
aquaculture and hydroponics, is a sustainable
system that allows for efficient use of resources
and reduces the negative impact on the environ-
ment. Mineral elements are substantial in this
system, in particular potassium, which is a key
macronutrient for plant growth. Potassium sul-
phate (K,SO,) is a popular source of potassium in
agriculture because it does not contain chlorine,
which can be harmful to some crops.

However, the impact of potassium sulphate
on the health and productivity of aquatic organ-
isms, in particular the Clarius catfish, has not
been sufficiently studied. Research demonstrated
that an increased concentration of potassium sul-
phate in the aquatic environment can affect the
physiological parameters of aquatic organisms.
For instance, |.S. Babarchuk & Yu.V. Babich (2022)
studied the effect of potassium sulphate on
the haematological parameters of the mollusc
Planorbarius corneus, which indicates the poten-
tial impact of this fertiliser on aquatic life. The
efficient use of mineral fertilisers in aquaponics
systems, in particular potassium sulphate (K,SO,),
is an important aspect of research aimed at op-
timising these agroecological systems. According
to H. Neerudu et al. (2023), potassium sulphate
is a source of potassium, which is essential for
normal plant growth and is also important for
regulating water and salt balance in organisms,
including aquacultured fish. Potassium is criti-
cal for chlorophyll synthesis, energy transfer and
maintenance of cellular pressure, and therefore
its deficiency or excess can have a significant im-
pact on the performance of aquaponics systems.

Potassium is important not only for plant de-
velopment but also for fish health, as evidenced
by studies showing that potassium helps fish to
better adapt to stressful conditions such as rising
water temperatures and changes in water quality.
The potential positive effect of potassium on fish
is also supported by H. Nyadjeu et al. (2020) and
L.C. Wenzel et al. (2021), studies on the African
Clarius catfish, which demonstrated improved
health and metabolism when added to feed.
One of the most important areas of research is
the study of the effect of potassium sulphate on
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the physiological parameters of fish, particularly
the African Clarias gariepinus. The study by A. Gra-
nal et al. (2024) demonstrated that potassium has
a positive effect on the ability of fish to adapt to
stressful conditions, including increased water
temperature. However, at excessive concentra-
tions of potassium sulphate, there is an increase
in toxicity, which can lead to a decrease in fish ac-
tivity and negatively affect their ability to grow. In
addition, studies demonstrated a positive effect
of potassium on improving fish metabolism im-
proving the condition of their skin and reducing
stress levels in the event of sudden changes in
water parameters.

F.X. Presas-Basalo (2021) highlighted the
importance of a balanced supply of macro- and
micronutrients in aquaponic systems. The study
highlighted that potassium in high concentra-
tions can affect the levels of other macronutri-
ents, such as calcium and magnesium, which are
important for normal physiology in both plants
and fish. Furthermore, the system should include
well-configured filtration to prevent the accumu-
lation of toxic levels of salts. Other studies, such
as by V.C. John et al. (2021), demonstrated that
properly configured aquaponics systems using
potassium sulphate can provide sustainable and
efficient production of both fish and plants. The
researchers noted that for the successful integra-
tion of potassium sulphate, environmental fac-
tors such as water temperature and pH must be
incorporated, as these parameters directly affect
the efficiency of potassium in both components
of the system. In general, studies conducted by
S.F.P. Duarte & B.S. Cerozi (2024) demonstrated
that properly balanced potassium levels in aqua-
ponics systems have a positive effect on the pro-
ductivity of both fish and plants. However, more
research is needed to determine the optimal
concentrations of this element depending on the
type of plants and fish species grown.

Overall, numerous studies demonstrated that
potassium sulphate is promising for aquaponics
systems, but more research is needed to deter-
mine the optimal concentrations of this element
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depending on the type of plants and fish species
grown. Another important area is the develop-
ment of new methods of water purification and
monitoring of mineral levels, which can reduce
the negative impact of high potassium concen-
trations on the environment. Thus, the relevance
of this study lies in the need to study the effect of
potassium sulphate on the cultivation of Clarius
catfish in aquaponics systems.

The study aimed to evaluate the effective-
ness of potassium sulphate in ensuring optimal
conditions for the development of aquaponics or-
ganisms (Clarius catfish and lettuce). Study goals
included:

» analysis and evaluation of changes in the
state of the aquatic environment during 1 cycle of
growing lettuce (57 days) without the addition of
potassium sulphate and with the addition of po-
tassium sulphate at a concentration of 0.50 g/dm?;

» analysis and evaluation of the develop-
ment of Clarius catfish in the experimental line
of the aquaponics system (with and without the
addition of 0.50 g/dm? of potassium sulphate) by
metrics: average fish weight, feed conversion rate,
specific fish growth rate, assessment of the im-
pact of potassium sulphate on fish physiological
parameters.

The research relevance is determined by the
novelty of the comprehensive study of the ef-
fect of potassium sulphate on the cultivation of
Clarius catfish in aquaponics systems, which will
increase the efficiency and sustainability of such
systems.

Materials and Methods
The experimental study was conducted at the
National University of Water and Environmen-
tal Engineering in the educational and scientific
laboratory of cyclic water of agroecosystems in
2024 and aimed to analyse the effect of adding
potassium sulphate (K,SO,) to fresh water of an
aquaponic system with Clarias catfish (aquacul-
ture module) and lettuce (hydroponics module)
at a concentration of 0.5 g/dm?® on the chemical
parameters of water and productivity of Clarias
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gariepinus in an aquaponic system. The study was
conducted based on the Convention on Biological
Diversity (1992).

Experiment. Two parallel aquaponics systems
were used in the experiment: a control system
(without potassium sulphate) and an experimen-
tal system (with potassium sulphate). In the ag-
uaculture module of each line (@a 1 m* tank with
a water level of 0.8 m?), 19 Clarus catfish with an
average initial weight of 50 g/individual were
grown, with a total fish biomass of 950 g/tank. In
the hydroponics module, leaf lettuce was grown
on a planting area of 1 m? with a planting density
of 57 plants/m?.

Water quality analysis. Water quality was test-
ed at the start of the experiment (13 November
2024) and at the end of the experiment (8 Janu-
ary 2025). To determine the content of macroele-
ments in water, a Lasa agro 1900 spectrophotom-
eter (manufacturer: STEP Systems GmbH, country
of manufacture: Germany) was used, and to de-
termine the pH of water and the concentration
of potassium ions, an ion meter 1-160 M| (manu-
facturer: NPF Tensor, country of manufacture: Rus-
sia) with appropriate selective electrodes. This
equipment provided accurate measurements of
the concentration of the main chemical elements
affecting the state of the aquatic environment in
the aquaponics system. In addition, the follow-
ing methods were used to study water quality:
measurement of nitrate ion concentration by the
photocolorimetric method MM No. 081/12-0651-
09 (2010); measurement of the mass concentra-
tion of ammonium ions by the photocolorimetric
method with Nessler’s reagent MM No. 081/12-
0651-09 (2010), measurement of the mass con-
centration of sulphates by titrimetric method MM
No.081/12-0653-09 (2010).

Two important physiological indicators were
calculated to assess the efficiency of fish feed as-
similation and fish development: Specific Growth
Rate (SGR) and Feed Conversion Ratio (FCR). FCR
is an important indicator of the efficiency of
fish farming in aquaponic systems (Nyadjeu et
al., 2020):

FCR = Consumed feed mass (g). (1)

Biomass growth (g)

The FCR determines the amount of feed
required to produce a unit of biomass gain. The
calculation of these metrics determines how ef-
ficiently fish use feed and how fast they grow in
conditions where potassium sulphate is added
compared to control conditions. SGR is another
important indicator that can estimate the growth
rate of fish over a certain period (Dos Santos,2018):

SGR = th;w, )
where W, - fish mass at the end of the experi-
ment, g; W, - initial fish mass, g; t - experiment
duration, days; [n - natural logarithm.

To determine statistically significant dif-
ferences between the mean values of the two
experimental variants, the least significant dif-
ference (LSD,,) was calculated (Ushkarenko et
al.,2013). These calculations determined: number
of degrees of freedom for variants, replicates, and
error; total number of observations; correction
factor; total sum of squares; sum of squares for
replicates, variants, and error; variance for line
and error; Fisher’s test; and relative error.

Results and Discussion
The results of the study of Clarius catfish de-
velopment in the aquaponics system showed
that at the end of the experiment (57 days), the
total weight of fish in the control line reached
1995 g/basin, while in the experimental -
2888 g/basin (Table 1).

The increase in the total biomass of Clarie
catfish during the study period in the control
line was +665 g/basin, in the experimental line
+1558 g/basin, which exceeded the control in-
dicator by 134%, which indicates a very positive
effect of adding potassium sulphate at a con-
centration of 0.50 g/dm*® on the development
of Clarus catfish. At the same time, the average
weight of one Clarus catfish in the control line at
the end of the experiment was 105 g/individual,
and in the experimental line, 170 g/individual.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 2



Dispersion analysis showed statistically sig-
nificant differences between the average fish
weights in the control and experimental lines.

Kolesnyk & Maiboroda

The smallest significant difference (LSD,,) was
21.6 g/individual, which indicates the reliability
of the differences.

Table 1. Growth and feed conversion parameters in Clarius catfish

Absolute Relative
Metric Controller Experimental LSD,, increase relative increase,
to control % to control
Average weight of fish at the
beginning of the experiment, 70 70 - 0 0
g/individual
Number of fish, individuals/pool 19 19 - 0 0
Tota] weight of fged consumed 1670 1670 ) 0 0
during the experiment, g/pool
Average ﬁsh weight at thg end 105 152 21 6 47 +44.8
of the experiment, g/specimen g/specimen
Total fish weight at the start 1330 1330 ) 0 0
of the experiment, g/basin
Total fish weight at the end 1995 2886 ) 893 +44.8
of the experiment, g/basin
In_crease in totgl fish welght_ 665 1558 ) 893 +134
during the experiment, g/basin
FCR (feed conversion ratio) 2.51 1.08 - -1.44 -57.3
SGR (specific growth rate), 071 136 ) 065 912

%/day (for 57 days)

Source: compiled by the authors

The feed conversion ratio (FCR) in the control
line was 2.51, while in the experimental line, the
FCR decreased to 1.07. According to the scientist
J. Breinballe (2010), the average optimal values
of the feed conversion ratio of Clarius catfish
range from 1.2 to 1.5. Thus, the obtained values
of FCR indicate a low level of feed assimilation
by fish of the control line and a very high level in
fish of the experimental line. Thus, the addition
of potassium sulphate to the water at a concen-
tration of 0.50 g/dm? increased the efficiency of
feed assimilation by Clarius catfish by 57.3%. The
specific growth rate of fish (SGR) during the study
period in the control line was 0.71 %/day, in the
experimental line, 1.36%/day, respectively, which
indicates an acceleration of growth of Clarius cat-
fish under the influence of potassium sulphate
(0.50 g/dm?®) by 91.2%.

An important benchmark for the level of wa-
ter pollution in an aquaponics system is the water
quality standard.The search for relevant standards

in Ukrainian and foreign regulatory documents
demonstrated that in Ukraine, there are only fish-
ery water quality standards for ponds, while EU
countries also have relevant standards for surface
water sources (Directive 2000/60/EC..., 2000;
Order of the Ministry..., 2022). For aquaponics
systems, no standards were found that would
regulate the maximum permissible concentra-
tions (MPC) of pollutants, but based on the study
of various literature sources, some technologi-
cal standards for water quality in recirculation
plants for samarium were summarised in Table 2.

To determine the reasons for the acceleration
of Clarius catfish development under the influ-
ence of potassium sulfate addition to water to set
its concentration in the aquatic environment at
0.50 g/dm?, the main parameters of water quality
were analysed at the beginning and end of the ex-
periment in the control and experimental lines of
the aquaponics system (Fig. 1) and a graph of the
average daily water temperature dynamics (Fig. 2).
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Table 2. Consolidated technological standards for water quality
of closed water supply systems for rearing juvenile Clarius catfish

Source of information on

No. Metric Units of Technolog|ca_lly p_errplssmle the value of the indicator's
measurement fluctuation limits . e
technological limits
1 pH Unit, pH 6-8.5 A. Peteri et al. (2015)
10 A. Peteri et al. (2015)
2 Salt content mg/dm? 25-27 A. Peteri et al. (2015)
>0.0 A. Peteri et al. (2015)
5 N-NH, mg/dm? <0.34 A. Peteri et al. (2015)
6 N-NH,* mg/dm? <80 A. Peteri et al. (2015)
7 NO, mg/dm? <8.0 A. Peteri et al. (2015)
<100 for fish weighing up to
8 NO, mg/dm? 10 g, for fish weighing more A. Peteri et al. (2015)
than 10 g - not regulated
9 N- (NH,*+ NO,) mg/dm? <100 J. Breinballe (2010)
10 co ma/dm <15 J. Breinballe (2010)
2 g <10 A. Peteri et al. (2015)
11 H,S mg/dm? <2.0 A. Peteri et al. (2015)
12 BSC mg/dm? <20 J. Breinballe (2010)
13 P-PO,* mg/dm? <20 J. Breinballe (2010)
Source: compiled by the authors
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Figure 1. Comparison of the chemical composition
of water at the beginning and end of the experiment

Source: compiled by the authors
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Figure 2. Dynamics of water temperatures during the experiment

Source: compiled by the authors

The results of the analysis of changes in the
redox conditions of the water environment (pH) of
the control line during the experiment period (57
days) demonstrated an increase in pH from 7.5 to
7.7 pH units (+2.67% of the initial value), which is
an insignificant increase, while in the experimen-
tal line the pH of the water increased to 8.3 pH
units (+10.7% of the initial level). In the control
line,the pH increased from 7.5 to 7.7,and in the ex-
perimental line, from 7.5 to 8.3. Such changes can
be caused by several factors (Poloviy et al., 2024):

» Ammonium nitrogen (NH,") and nitrate
(NO,-) can increase the acidity of water, but their
metabolic transformation, especially through ni-
trifying bacteria, can lead to a decrease in acidity.
However, the addition of potassium sulphate can
change the ion balance in the water, resulting in
a slight increase in pH;

» Algae photosynthesis and bacterial pro-
cesses can reduce CO, concentrations in the sys-
tem, leading to an increase in pH. This may also
be the result of increased algae and bacterial ac-
tivity under the influence of potassium, which re-
duces CO, concentrations in aquaponics systems,
as confirmed by other studies.

At the beginning of the experiment (one day
after the addition of potassium sulphate in con-
centration and mixing of water in the system), the
pH of the experimental line increased to 7.9 pH
units (+0.4 pH units relative to the control line),
at the end of the experiment, the pH of the exper-
imental line exceeded the corresponding indica-
tor of the control line by + +0.6 pH units (+8.0%).
During the study period, there were significant
fluctuations in water pH in both the experimental
and control lines (Fig. 3).

pH change
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T
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7.8
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Figure 3. Water pH dynamics during the experiment

Source: compiled by the authors
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In the control line, the temperature ranged
from 17.4°Cto 20.1°C, which is within the optimal
range for Clarius catfish (18-28°C),as demonstrat-
ed in Figure 2. The drop in temperature to 17.4°C
on 28 November was due to changes in external
climatic conditions and the switching off light-
ing, which slowed the metabolic activity of the
fish and reduced their ability to release ammonia.
The temperature in the experimental line ranged
from 18°C to 21°C, with sharper fluctuations.

Analysing the diagram of the course of av-
erage daily temperatures during the study peri-
od (Fig. 3), then on 28.11.2024, a clear inversely
proportional relationship between temperature
and pH is notable, in which a sharp decrease in
water temperature causes a sharp increase in pH,
especially in the experimental line (pH=8.8 units.
pH), which is due to the deterioration of nitrifying
bacteria, slowing down the development of let-
tuce plants and, as a result, the accumulation of
ammonium nitrogen as a product of fish vital ac-
tivity. In general, during the experiment, the pH of
the water did not exceed the technological stand-
ards for Clarius catfish (Table 1), except for the
date 28.11.2024, when the pH of the experimen-
tal line reached a maximum (8.8 pH units) due to
a sharp decrease in water temperature to 18°C,
which is normal for lettuce, but a factor inhibiting
the development of Clarius catfish and especially
nitrifying bacteria. After increasing the tempera-
ture from 18 to 20.1°C, the pH of the water in the
experimental line decreased from 8.8 pH units to
8.4 pH units and came to the technological norm,
not leaving it at the end of the experiment.

Monitoring the potassium and sulphate con-
tent in the water of the experimental and con-
trol lines and comparing them with the balance
of sulphate ions and potassium ions added with
potassium sulphate to the experimental line at a
concentration of 0.50 g/dm?, the difference in po-
tassium concentrations between the experimen-
tal and control lines is +46.3 mg/dm® in favour
of the experimental line, and the difference in
sulphate concentrations is 229 mg/dm?® in favour
of the experimental line is notable. The ratio of

the increase in potassium ion concentration to
sulphate ion concentration in the experimental
line relative to the control line is 4.95 times in
favour of sulphate ion. At the same time, the ratio
between potassium ions and sulphate ions in the
water of the experimental line at the beginning of
the experiment (at a potassium sulphate concen-
tration of 0.50 g/dm?®) was 1.23.Thus, a significant
shift in this ratio at the end of the experiment
(+302% of the initial value) is notable in favour of
sulphate ions. To determine the reasons for this
shift, it is necessary to analyse other water qual-
ity indicators, which will correlate with the pro-
cesses of fish and plant development and water
quality. It should be noted that the fish diet and
feeding rates in both lines remained unchanged
during the study period (30 g of feed per 19 fish
per day), and the feed quality was also the same:
Aller Aqua Classic, 4 mm fraction.

An important indicator of water quality is
the content of ammonium nitrogen and nitrate
nitrogen in water, which together is the sum of
nitrogen from mineral compounds. These mineral
nitrogen compounds in water occur as a result of
the gradual conversion of organic nitrogen com-
pounds (nitrogen amides, urea nitrogen) first to
ammonium nitrogen, then to nitrate and nitrite
nitrogen, and then to amino acid nitrogen in
plant organisms and microorganisms living in
water through assimilative denitrification (Nu-
graha et al., 2020). But there is also another way
of denitrification - dissimilatory denitrification, in
which nitrates are reduced to gaseous nitrogen
compounds (NO, N,0, N,), which indicates unpro-
ductive losses of nitrogen that could be used in
the synthesis of organic compounds of the plant
organism and effective microorganisms. The pro-
cesses of transformation of nitrogen compounds
in aquaponic systems are temperature-depend-
ent: when the temperature rises to 25-30°C, the
activity of nitrifying bacteria (Nitrosomonas and
Nitrobacter) increases, which contributes to more
intensive oxidation of ammonium (NH4") to nitrite
(NO,-) and further conversion to nitrate (NO,-),
whereas at low temperatures (<15°C), the rate of
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nitrification slows down significantly, which can
lead to the accumulation of toxic forms of nitro-
gen in the aquatic environment.

In an aquaponic system, the main con-
sumer of nitrogen compounds is plants, which
consequently purify water from toxic nitrogen
compounds. At the same time, nitrate nitrogen
accounts for 75...95% of the total nitrogen con-
sumption by plants, and ammonium nitrogen ac-
counts for the rest. Therefore, an increase in the
ratio between ammonium and nitrate nitrogen
in favour of the former in aquaponics water indi-
cates insufficient nitrogen consumption by plants
in general, resulting in the accumulation of the
ammonium form of nitrogen.

According to the results of studies of changes
in the content of mineral nitrogen compounds in
the water of the studied aquaponics system lines
(Fig. 1), it is evident that at the beginning of the
experiment, the total content of mineral nitro-
gen compounds in both lines was 9.22 mg/dm?,
with ammonium nitrogen accounting for 2.39%
and nitrate nitrogen accounted for 97.6%. At the
end of the experiment (58 days after the start of
the experiment), the content of nitrogen in min-
eral compounds in the control line increased to
16.9 mg/dm? (+7.71%), with the proportion of am-
monium nitrogen increasing to 5.49% (+3.11%)
and the proportion of nitrate decreasing ac-
cordingly. This indicates insufficient assimilation
capacity of leaf lettuce plants per 1 m? and the
need to increase the area of lettuce plantings
relative to the total fish biomass (1995 g) by ap-
proximately 17%. Overall, during the study peri-
od, the specific nitrogen concentration in water
per 1 kg of live fish biomass changed from 0.165
mg/(dm?-kg)to 0.466 mg/(dm?3-kg), or +182% of
the initial value. In the experimental line, dur-
ing the study period, the increase in the specific
nitrogen concentration in water per 1 kg of live
fish biomass changed from 0.165 mg/(dm3-kg) to
0.443 mg/(dm?*-kg), or +168% compared to the
initial value. This indicates nitrogen accumula-
tion in both lines and an insufficient area of leaf
lettuce plantings. These indicators also indicate
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improved nitrogen assimilation of mineral com-
pounds by plants of the experimental line by 14%
under the influence of potassium sulphate at a
concentration of 0.50 g/dm?.

Considering the yield of green mass of leaf
lettuce at 2043 g/m? in the control line and
3498 g/m? in the experimental line, respective-
ly, it is possible to conclude that under the influ-
ence of potassium sulphate at a concentration of
0.50 g/dm?3, the lettuce yield increased by 71.2%
with a 134% increase in fish biomass relative to
the control line. Thus, the overall productivity of
the aquaponics system increased in both the ag-
uaculture module and the hydroponics module.
The relative excess of the aquaculture module’s
productivity growth over the hydroponics mod-
ule by 62.8% indicates the high potential for
overall productivity growth of the aquaponics
agroecosystem under the influence of potassium
sulphate, which in this experiment was not ful-
ly realised, primarily due to insufficient planting
area and insufficiently high water temperature,
which did not contribute to the active life of ni-
trifying bacteria and increase the availability of
total nitrogen for plants, which would have made
it possible to increase the level of water purifi-
cation from nitrogen compounds even with the
available plant area of 1 m2.

The phosphate content in the aquaponics
system of both lines at the beginning of the exper-
iment was 1.04 mg/dm?. At the end of the exper-
iment, the phosphate content in the control line
increased to 13.1 mg/dm?3 (+1160% compared to
the initial value), while in the experimental line,
this indicator increased to 15.6 mg/dm? (+1400%).
Such a catastrophic increase in phosphate con-
tent is the result of fish life and the high-water
solubility of fish excrement in slightly alkaline
water. According to J. Breinballe (2010), the tech-
nological standard for phosphorus content in wa-
ter is less than 20 mg/dm?, which is less than 61
mg/dm3 when converted to phosphates. Consid-
ering the average specific waste generation rates
per 100 kg of feed consumed, which average 4.5-
5 kg of nitrogen and 1.3-1.5 kg of phosphorus
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(Babarchuk & Babich, 2022) under conditions of
uniform consumption of both nutrients by plants,
a maximum phosphate concentration of 9-10 mg/
dm? in the experimental line and 5.5-6 mg/dm3 in
the control line would be expected. Therefore, it
is possible to conclude that leaf lettuce does not
cope with the task of uniform water purification
in aquaponics systems and is not an ideal crop
for this system. In the future, it will be necessary
to seek additional ways to improve biological wa-
ter purification in aquaponics systems, apart from
the cultivation of leaf lettuce.

The most interesting indicator is the potassi-
um content in the water of the control and exper-
imental lines, since this study was designed to in-
crease the intake of potassium as a macronutrient
for plants. According to the hypothesis, the addi-
tional intake of potassium in the form of potassi-
um sulphate (0.50 g/dm?®) should have balanced
the composition of the water in terms of the con-
tent of nutrients for leaf lettuce and increased
the total nitrogen removal from the water, which
would increase the level of water purification
for fish and increase the lettuce yield (since the
waste products of catfish, similarly to all other
fish, have a low potassium concentration). Accord-
ing to research by T. Kleiber et al. (2013), the dry
weight of leaf lettuce leaves contains 3.64-5.15%
nitrogen, 8.13-9.11% potassium and 0.57-1.31%
phosphorus. Therefore, when forming the yield of
leaf lettuce per unit of nitrogen removed by the
lettuce harvest, plants remove 1.8-2.2 units of po-
tassium and 0.16-0.25 units of phosphorus.

Potassium, as a macronutrient, maintains the
correct balance of ions in fish organisms and is in-
volved in many metabolic processes. Its deficien-
cy can cause slower growth and development of
fish. Potassium is an important element for many
physiological processes, including the regulation
of metabolism, which can contribute to the faster
growth of fish. Higher levels of potassium also im-
prove cell membrane function and enzymatic ac-
tivity, which has a positive effect on growth rates.

Analysis of potassium content in the control
line water (without potassium sulphate addition)

at the end of the experiment showed that the
potassium content was 8.89 mg/dm?, while in
the experimental line (with potassium sulphate
added), the potassium content was 55.2 mg/dm?
(+46.3 mg/dm> or +521% compared to the con-
trol). Comparing the relative increase in potassi-
um content to the control (+521%), the relative
increase in nitrogen content of mineral com-
pounds to the control (+26%), and the relative
increase in sulphate ions to the control (+567%)
in the water of the experimental line at the end
of the study period, it is possible to conclude
that the area of leaf lettuce (1 m? per total fish
biomass of 2.88 kg/m?) is insufficient to ensure a
high degree of water purification from nitrogen
compounds. In the control line water, the potassi-
um to nitrogen ratio is 0.53, in the experimental
line water it is 2.59, while in lettuce plants it is
within the range of 1.8-2.2. Thus, there is a large
potassium deficiency in the control line, and it is
this deficiency that is the main limiting factor for
yield, which explains the low level of lettuce leaf
yield in the control (2.43 kg/m?). There is no po-
tassium deficiency in the experimental line, and
the maximum vyield potential of leaf lettuce is
only % realised. The increase in lettuce yield in
the experimental line did not reach its potential
level. The water in the experimental line contains
26% more nitrogen in mineral compounds, com-
bined with high concentrations of potassium and
phosphorus, which do not limit yield. Despite the
optimal ratio of nitrate and ammonium nitrogen
for the plant, leaf lettuce does not consume the
available nitrate form of nitrogen. There is only
one explanation for this: at pH >7.5 (as in the
experimental line), the assimilation of nitrogen
compounds by plants drops sharply. At pH > 7.5,
the activity of nitrifying microorganisms grad-
ually decreases, and after the threshold level of
pH=8.6, it drops sharply, which significantly com-
plicates the processes of water purification and
nitrogen consumption by plants.

Given the experimental data analysed above
and revisiting the cause of the imbalance between
the sulphate ion to potassium ion ratio in the
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experimental line water at 4.54 and the con-
trol line water at 4.88 in favour of sulphate ion
(+7.43% to the control), it is possible to unequiv-
ocally explain this increase in the ratios in both
lines by the uneven removal of potassium and
sulphur by lettuce plants in favour of potassi-
um and the gradual accumulation of sulphates
caused by the decomposition of fish waste prod-
ucts. Considering that the increase in sulphate
content in the water of the experimental line
during the experiment was +258 mg/dm?, while
in the control line the corresponding increase
was only +28.8 mg/dm?® (where no potassium
sulphate was added), it is possible to conclude
that that the addition of potassium sulphate
causes a significant increase in the sulphate con-
tent in water. However, the total concentration
of sulphates increased in both lines, indicating a
significant accumulation of sulphates due to the
biochemical transformation of fish waste prod-
ucts. At the same time, there are no technological
standards for the sulphate content in the water
of aquaponics systems. Taking into account the
fact that when potassium sulphate was added to
a concentration of 0.50 g/dm? in the water of the
experimental line, assuming the same formation
of waste products as in the experimental line
(since the same amount of feed was fed in both
lines), the predicted increase in sulphate content
was expected to be +316 mg/dm? compared to
the actual (+25 8 mg/dm?), which is 22.5% higher
than the actual value, it can be concluded that
due to the intake of potassium in the form of po-
tassium sulphate, sulphates are consumed more
intensively. However, excessive accumulation of
sulphates can be dangerous for fish. Therefore,
it is necessary to conclude that it is advisable
to add potassium sulphate and to establish the
maximum permissible concentration of this salt
that is not harmful to fish. In addition, potassium
chloride should be considered as an additional
source of potassium in aguaponics systems. How-
ever, this issue also requires further research, as
chlorides in excessive concentrations can harm
plants and fish.

Kolesnyk & Maiboroda

A. Bittsanszky et al. (2016) determined that
the source of potassium had a significant effect
on the growth rate of lettuce, photosynthetic
activity and the efficiency of macronutrient up-
take in closed aquaponic systems. In particular,
the addition of potassium sulphate (K,SO,) im-
proved the absorption of calcium, magnesium
and nitrates, and increased the overall yield
of green crops due to a better ionic balance
in the root nutrition zone. As noted by Q. Du et
al. (2019), potassium stimulates chlorophyll syn-
thesis and accelerates photosynthesis in plants,
which can increase crop productivity in aqua-
ponic systems. In particular, optimal concentra-
tions of potassium improve the growth of leafy
crops such as lettuce and spinach and can also
improve plant resistance to pests and diseases.
However, excessive concentrations of potassium
in water can cause salinity, excessive levels of
which can be toxic primarily to plants, but also
to fish, which can lead to poor fish development.
Other studies, such as the work of V. Kumar &
P.Singh (2023), also highlight the importance of
potassium in regulating the immune system of
fish and their overall health in aquaponics sys-
tems, which affects the overall productivity of
these ecosystems.

Thus, the research demonstrated that the use
of potassium salts, in particular potassium sul-
phate, in aquaponics systems was a reasonable
agrotechnological technique for increasing plant
yields, improving fish growth and stabilising the
quality of the water environment. The greatest
effect was observed when potassium nutrition
was combined with adequate temperature condi-
tions and effective biofiltration. The use of such
approaches helps to create optimal conditions for
the development of both plants and fish, which
increases the overall efficiency of the aquapon-
ic system. In addition, this approach minimises
the use of chemical fertilisers, which reduces the
negative impact on the environment. As a result,
potassium nutrition is becoming an important
tool in achieving sustainable and efficient pro-
duction in aquaponics systems. These results
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indicate the feasibility of integrating potassium
salts into aquaponics processes to achieve high
productivity and environmental sustainability.

Conclusions

Under optimal conditions of water temperature
in the aquaponics system and light intensity in
the hydroponics module at 2500 Lx/m? during 57
days of the experiment, the biomass increase of
19 individuals of Clarie catfish in the control line
of the system was +1195 g, in the experimental
line, under the influence of potassium sulphate
addition until its concentration in water reached
500 mg/L, the total biomass increase of Clarie cat-
fish during the experiment was +2886 g (+44.6%
compared to the control), which indicates the
high efficiency of potassium sulphate addition to
the system water in stimulating the development
of Clarie catfish.

The high stimulating effect of adding po-
tassium sulphate (500 mg/dm?) to the water of
the aquaponics system on the feed conversion
efficiency of Clarian catfish was confirmed, which
is estimated at 57.0% lower feed conversion ra-
tio compared to the control (without potassium
sulphate addition) and 91.5% higher growth rate
of Clarie catfish relative to the control. The addi-
tion of potassium sulphate (500 mg/dm?®) to the
aquaponics system water increased the produc-
tivity of the hydroponics module with a planting
area of 1 m? also ensuring an increase in the
green mass of leaf lettuce to 3498 g/m? in the
experimental line compared to the control line
(2043 g/m?) or +71.2% compared to the control.
The potential yield of leaf lettuce (4000 g/m?)
was realised in the control line by 51.1% and in
the experimental line by 87.5%. Analysis of water
quality in terms of pH, nitrogen content of min-
eral compounds, phosphates, sulphates and po-
tassium showed that the main limiting factor for
lettuce yield and fish productivity was a potassi-
um deficiency in the system at a level of 21.61-
28.3 mg/l, while in the experimental line of the
system, the main limiting factor was an increase
in pH to 8.3, which prevented the assimilation

of nitrogen compounds by lettuce plants, The
reason for this was the insufficiently high aver-
age water temperature (19.5°C compared to the
optimum temperature for microorganisms of the
nitrification cycle of 25°C), which slowed down
the processes of nitrification and assimilation of
nitrogen compounds by plants.

Overall, the water quality in the control line
of the aquaponics system during the 57-day ex-
periment was within the technological standards
but deteriorated due to an increase in ammoni-
um nitrogen content by 323%, nitrate nitrogen by
77.8%, sulphates by 248%, phosphates by 1160%,
at a pH level of 7.7. The water quality in the ex-
perimental aquaponics system (with the addition
of 500 mg/dm? of potassium sulphate) during the
same period of the experiment deteriorated due
to an increase in ammonium nitrogen content
by 482%, nitrate nitrogen by 122%, sulphates by
2223%, and phosphates by 1400% at a pH level
of 8.3. The main factors contributing to the dete-
rioration of water quality in the experimental line
compared to the control line were an increase in
pH to 8.3 units This was due to insufficient plant-
ing area for leaf lettuce (1 m? per 2886 g of total
biomass of 19 individuals of Clarian catfish) and
insufficiently high-water temperature (19.5°C
compared to the optimal 25°C).

Further research could optimise the area of
lettuce plants, modelling nitrogen conversion
processes with changing water temperatures,
optimising potassium sulphate doses and finding
additional ways to purify water from water-solu-
ble phosphates to ensure maximum development
of Clarius catfish and maximum yields of lettuce.
The impact of increased potassium concentra-
tions on long-term effects on fish health, as well
as the optimal aquaponics conditions for achiev-
ing high productivity at different planting density
levels, should be addressed.
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EdekTUBHICTb 3acTOCyBaHHS cynbdaTy Kaniio
Ans BUpoLLyBaHHA Clarias gariepinus B cuctemMi akBanoHiku

TeTaHa KonecHuk

KaHaMAaT CinbCbKOrocnoaapcbkmMx Hayk, AOLEHT

HauioHanbHWI yHiBEpCMTET BOAHOIO rOCMOAAPCTBA Ta NPUPOAOKOPUCTYBAHHS
33028, Byn. CobopHa, 11, m. PiHe, YkpaiHa
https://orcid.org/0000-0002-2637-773

XpuctuHa Manbopona

AcnipaHT

HauioHanbHWI1 yHiBepcHUTET BOAHOMO rocnofapcTBa Ta NpUpOAOKOPUCTYBAHHS
33028, Byn. CobopHa, 11, M. PiBHe, YkpaiHa
https://orcid.org/0000-0002-0913-0616

AHoTauia. MeTolo focnimkeHHs 6yno BW3HaueHHs BNAMBY AofAaBaHHA cynbdaty kanio (K,SO,) y
KoHueHTpauii 500 Mr/oM® Ha sKiCTb BOAHOrO cepefoBMiua, pictT coma knapiesoro (Clarias gariepinus)
Ta BPOXaMHICTb NMCTOBOrO Canaty B YMOBAX aKBaMOHiYHOI cucTemu. [ocnip npoBoaunu y ABOX
napanenbHux NiHisgx: KOHTPonbHIN (6e3 K,SO,) Ta ekcriepuMeHTanbHil (3 soaasaHHam K,SO,). MovaTkosa
3arasbHa Maca 19 ocobuH pub y KOXHiM NiHii ctaHoBuna 1330 r. 3a 57 4i6 Maca B KOHTPONbHIlM NiHii
3pocna o 1995 r, a B gpocnigHin — po 2888 r. KoHsepcis kopMy cknana 2,5 y koHtponi 1a 1,1 y gocniai.
Mutoma wemakictb pocty (SGR) 6yna Ha pisHi 0,82 %/neHb y koHTponi Ta 1,74 %/neHb y AOCniaHin rpyni.
MoTteHuian BpoxaitHocTi canaty (4000 r/m?) peanizoBaHo Ha 51,1 % y KoHTponi Ta Ha 87,5 % y nocniai.yY
KOHTPObHIM NiHii rONOBHMM NiMiTytouMM akTopoM b6yB aediumnt kanito (21,6-28,3 Mr/n),a B BOCNiOHIN —
3pocTaHHs pH go 8,3 yepes HeaOCTaTHE 3aCBOEHHS a30Ty Npu Temnepatypi 19,5 °C (Huxye onTumymy ans
HiTpUdikauii). B 060x NiHiAX 3ahikcOBaHO iCTOTHE 3pOCTaHHS BMICTy MiHepanbHux cnonyk (NO,-, NH,*,
SO,*, PO,*), opHak BOAHI NapaMeTpy 3a/MWanmucs B Mexax NPUAHATHUX AN TEXHOMONiA aKBanoHIKM.
OtpuMaHi pesynbTath CBiAYaTb NMPO MNO3UTMBHMIA ePeKT BiA AoAaBaHHSA K,SO, y 3aaaHii KOHUeHTpauii,
o 3abe3neyvye 3pOCTaHHS NPOAYKTUBHOCTI pub i poCnH, Xoua NnoTpebye BpaxyBaHHS CMiBBiLAHOLWEHHS
nnowi 3eneHnx KynbTyp Ao 6Giomacu pubu Ta TemnepaTypHoro pexumy Boau. LopasanHa K,SO,
CNpuano nigBuLLeHHIo 6ionoriyHoi eeKTUBHOCTI AaKBAMOHIYHOI CMCTEMM 33 OAHOYACHOr0 36epeXxeHHs
NPUMAHATHOT IKOCTi BOAM

KnioyoBi cnoBa: canat nucToBuit; Npupict 6ioMacu; KOHBEPCis KOPMY; SIKiCTb BOAMW; @30T HiTpaTHUIA;
NPOAYKTUBHICTb MOAYNS TiAPONOHIKK
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The degree of dominance of resistance trait against pathogens...

in the field and to determine the dominance of resistance of F; hybrids to Puccinia recondita and
Tilletia caries. The study was conducted during 2023, 2024 in a selection crop rotation on natural and
artificial infection backgrounds and in the laboratory of the winter wheat breeding laboratory of the
V.M. Remeslo Myronivka Institute of Wheat of the National Academy of Agrarian Sciences of Ukraine
according to generally accepted methods. 189 collection numbers of winter wheat were studied against
artificial infectious backgrounds of brown rust and stinking smut. The study found that the varieties
protected by resistance genes Arthur 71 (Lr9), McNair 2203 (Lr9), Agrus (Lr19), Century (Lr24 + Lr42),
TAM-200 (Lr24+ Lr43),V1275 (Lr19),VR89B022 (Lr19) were immune to the pathogen Puccinia recondita;
immunity to Tilletia caries was reflected by winter wheat varieties Rada (SVK), Famulus (DEU), SHARK/
F4.105W21 (USA), Reia (UKR), Ekspromt, Erythrospermum 24210, and Line 46 (UKR). When studying the
composition of the population of Puccinia recondita, it was found that the average efficiency was shown
by genes Lr10,Lr13,Lr25,and Lr34 (gene of age resistance) at the 5-10% degree of damage to the lines.
The genes Lr9 and Lr19 stably maintained strong resistance and continued to be highly effective. In
terms of resistance to Puccinia recondita, superdominance (heterosis) was found in five (14.72% of the
total number of hybrid combinations) hybrid combinations Beres/Blueboy Il, Beres/TAM-200, Matuo/
TAM-200, Tobarzo/TAM-200, Matuo/Blueboy II. It was noted that the local population of the pathogen
Tilletia caries is avirulent or slightly virulent to resistance genes: Bt6, 8,9, 10, 11,12, 13,14, 15,16, 17,
18, 19, 20, 21. The study of the genetics of resistance to this disease showed that among F, hybrid
combinations, 41.63% showed partial positive dominance (PPD). No overdominance to the pathogen of

stinking smut was found

Keywords: brown rust; resistance gene; variety; line; stinking smut of wheat; background

Introduction
Development of high-yielding varieties of soft
winter wheat Triticum aestivum L. is a major task
of modern breeding. These varieties should be
capable of demonstrating maximum grain yields,
effectively utilising their genetic potential in var-
ious agroecological conditions. At the same time,
minimising the gap between biological (poten-
tial) and economic (actual) productivity caused by
adverse biotic factors continues to be a vital task.
Fungal diseases are a substantial source of crop
losses, which can reach 15-50% depending on
the virulence of the pathogen and specific weath-
er conditions. These diseases have a particularly
strong impact on wheat varieties susceptible to
them, causing severe damage to producers (Top-
ko et al., 2021; Kayim et al, 2022). M. Lunzer et
al. (2023) noted that among the common and
harmful diseases of wheat, the most significant
are powdery mildew (Erysiphe graminis DC. f. sp.
tritici Em. Marchal), stinking smut (Tilletia caries

Tul.), brown rust (Puccinia recondita Rob. et Desm f.
sp. tritici Eriks.),and leaf septoriosis (Septoria tritici
Rob.et.Desm.).L.A.Murashko et al.(2022) noted that
in certain epiphytotic years in Ukraine, crop dam-
age led to a decrease in yield by 25-30% or more.

A.G. Bashlay & V.A. Vlasenko (2020) noted
that Tilletia caries, which causes the emergence of
a black mass instead of grain, reduces seed ger-
mination and crop density due to the death of af-
fected plants, is most evident in late winter crops
and early spring wheat crops. E. Ritzer et al. (2021)
identified several specialised forms of smut that
affect only some wheat species: Tilletia vulgaris -
affects Triticum aesticum (vulgare), weakly - Triti-
cum compactum and very weakly - Triticum durum,
Triticum dicoccum, Triticum monococcum, and Triti-
cum timopheevi; Tilletia dicaccus - affects Triticum
diccocum, Triticum aesticum. The pathogen Puc-
cinia recondita is an obligate parasite capable of
forming infectious urediniospores, provided that
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the affected leaf tissues stay viable. T. Krepski et
al. (2024) found that uredinospores are dispersed
by air currents, infecting host plants even at con-
siderable distances, which can reach hundreds of
kilometres from the initial focus.

O.E.Markovska et al. (2021) found that brown
leaf rust, caused by the fungus Puccinia recondita
f. sp. tritici Rob. ex Desm, is the most widespread
rust disease affecting wheat. Under Ukrainian
conditions, the pathogen develops according to a
shortened vegetation cycle with the involvement
of plants of the genus Thalictrum spp. as an inter-
mediate host. N.I. Sauliak et al. (2024) proved that
this disease most intensively affects the leaves
of winter wheat, and less often its leaf sheaths
and stems. A. Palamarchuk et al. (2018) noted that
the pathogen overwinters as a mycelium, whose
spores can effectively withstand low tempera-
tures during the winter period.

The study of the heritability of wheat resist-
ance to certain diseases is a key task of breeding.
M.O. Samoilik (2024) found that breeding experts
annually review and update the list of genotypes
used as basic material for further selection. The
data on the resistance of these genotypes to var-
ious diseases has a dual significance: it not only
contributes to solving current practical problems
in the field of breeding but also serves as a key
tool for predicting its effectiveness in the longer
term. It is the systematic analysis and use of such
data that ensures the development of varieties
that can meet the growing demands of agrono-
my and successfully adapt to new environmental
challenges.

According to H. Lisova et al. (2023), data on
the donor properties of individual varieties that
are used once, repeatedly, or permanently as pa-
rental forms are particularly valuable. This infor-
mation, as well as information on the structural
composition of existing hybrid populations in
terms of their resistance or susceptibility to var-
ious diseases, including Puccinia recondita and
Tilletia caries, can substantially contribute to the
efficiency of breeding resistant winter durum
wheat varieties.

Murashko et al.

The purpose of the present study was to con-
duct phytopathological evaluation of winter soft
wheat collection samples under artificial infec-
tion load caused by pathogens in the field envi-
ronment. Furthermore, the task was to determine
the level of dominance of resistance to Puccinia
recondita and Tilletia caries in first-generation hy-
brids under artificial infection with pathogens.

Materials and Methods
Experimental studies were conducted during
2023-2024 in breeding crop rotations on a nat-
ural background, artificial infection environment,
and in laboratory conditions. The study was con-
ducted at the Winter Wheat Breeding Laboratory
of the V.M. Remeslo Myronivka Institute of Wheat
of the National Academy of Agrarian Sciences
of Ukraine (MIW). To achieve maximum efficien-
cy in fulfilling productivity objectives and opti-
mising the selection and accounting processes,
a sparse sowing method was used. Specifical-
ly, the intervals between plants in a row were
5 cm, the inter-row distance was 30 cm, and the
length of each row was 1 metre. The object of
research included collection samples of winter
bread wheat obtained from the National Centre
of Plant Genetic Resources of Ukraine and other
breeding centres. In the collection nurseries, 189
collection accessions of winter soft wheat were
studied using artificial infectious backgrounds of
Puccinia recondita and Tilletia caries. The artificial
infection background of the brown rust patho-
gen was used to study 78 collection samples. The
composition of the Puccinia recondita population
was studied on a series of isogenic lines of spring
wheat variety Thatcher. In the collection nursery
of resistant forms to Tilletia caries, 111 cultivar
samples were studied.

In August and November 2023, the average
monthly air temperatures exceeded the long-
term average by 1.2° Cand 1.7°C, respectively,
while in September and October they were lower
by 1.6°C and 0.5°C, respectively, which contribut-
ed to the development of stinking smut. Exces-
sive precipitation during this period (84.4 mm
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in August and 1175 mm in September) led to
waterlogging of the topsoil.In 2022, winter wheat
plants stopped growing on 15 November at an
average daily air temperature of +4.0°C, which
gradually decreased to 3.8°C (16.11); 1°C (17.11);
-0.6°C (18.11). In November, there was 80.9 mm
of precipitation, which was 40.8 mm greater than
the long-term average. The resumption of winter
crops vegetation in 2024 was noted on 21 March
at an average daily air temperature of +9.0°C with
a subsequent gradual increase. In the spring-sum-
mer wheat growing season, the average monthly
temperatures were 0.5-0.2°C below the long-
term average, with only 0.4°C higher in June.

In April, an excessive moisture supply was
observed, the excess of precipitation from the
norm was 40.0 mm, which contributed to the
growth of brown rust, and then during the period
from May to June a rather acute shortage of pre-
cipitation was observed, especially in May - only
21.0 mm (the long-term average was 51.4 mm).
The spring (April-June) period favoured the de-
velopment of the brown rust pathogen. Accord-
ingly, the level of hydrothermal coefficient (HTC)
was low: April - 0.89, May - 0.46, June - 0.67.
Winter wheat was infected with the pathogen
Puccinia recondita in the booting phase of the
plant according to the method (Babayants & Ba-
bayants, 2014). To create an artificial infection
background, the local population of the patho-
gen was used, and the Myronivska 10 cultivar
was used as an infection accumulator.

The artificial infection background of Tilletia
caries was created according to the method of
seed inoculation a few days before sowing. The
Polka cultivar (HUN) was used as a susceptible
variety, and sowing was conducted in the begin-
ning of the first decade of October (Demidov et
al., 2023). The resistance of winter wheat plants
to pathogens was assessed according to generally
accepted methods (Tribel et al., 2010; Demidov et
al., 2023). The degree of phenotypic dominance
in hybrid combinations for this quantitative trait
was calculated according to the following formu-
la (Griffing, 1950):

h,=(F, - MP/(BP - MP), 1)

where hp is the degree of dominance, F is the av-
erage value of the indicator for first generation
hybrids, MP is the average value of the indicator
for both parental forms, BP is the average value
of the parental form with a more pronounced de-
velopment of the trait. The value of the degree of
dominance (hp) can range from -co to +oo (Tribel et
al.,2010). For ease of analysis, the data were clas-
sified according to the scale (Beil & Atkins, 1963):
» positive overdominance (heterosis) (PD) (hp>+1),
> partial positive dominance (PPD) (+0.5<h <+1),
> intermediate inheritlance (Il) (-0.5<h <+0.5),
» partial negative inheritance (PNI) (-1 Shp<-0.5),
» negative dominance (depression) (ND) (hp< -1).
The study was conducted following the Con-
vention on Biological Diversity (1992). The study
included an analysis of the presence of effective
resistance genes and their role in the formation
of plant immunity. Genetic control of resistance
was determined using a series of crosses and as-
sessment of phenotypic dominance of the trait.

Results

The average development of Puccinia recondita
over two years was 15.9%, and the development
of the pathogen ranged within 0-80%. The vari-
eties protected by the known resistance genes
Arthur 71 (Lr9), McNair 2203 (Lr9), Agrus (Lr19)
Century (Lr24 + Lr42), TAM-200 (Lr24 + Lr43),
V1275 (Lr19) (USA), VR89B022 (Lr19) (FRA) were
immune to brown rust (Table 1). High resist-
ance (2-5%) against brown rust was found in 24
(30.8%) samples: Osage (2%), Agrus (3%), Blue-
boy Il (5%) (USA), Bu 22 (CZE), and others.

The genes Lr10,Lr13,Lr25,and Lr34 (age re-
sistance gene) showed average efficiency - the
degree of damage to the lines was 5-10%. The
genes Lr9 and Lr19 stayed sTable and highly ef-
fective (Table 2). The resistance genes found in
winter wheat varieties showed high efficiency:
Rendezvous (Lr37) (ANG), Century (Lr42), TAM-
200 (Lr43), Arthur-71, McNair 2203, Flex (USA),
VR89Bo 22 (CZE), and others.
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Table 1. Donors of resistance against Puccinia recondita with known resistance genes

Sample Origin Resistance genes Damage intensity, %

Myronivska 10 (vulnerable cultivar) UKR - 80
Arthur 71 USA Lr9 0
McNair 2203 USA Lr9 0
Agrus USA Lr19 3
Flex USA Lr19 0

V1275 USA Lr19 0.5
Osage USA Lr24 2
Blueboy Il USA Lr10, Lr24 5
VR89B022 FRA Lr19 0
Rendezvous ANG Lr37 0
Bu 22 CZE Lr3, Lr26 5
203-238 BOL Lr9, Lr26 0
Century USA Lr42+Lr24 0
TAM-200 USA Lr43+Lr24 0

Source: developed by the authors of this study

Table 2. Intensity of Puccinia recondita Lr infection in spring wheat Thatcher series lines

. . . Type of seedling immunity in Degree of damage in the field
Line series resistance gene laboratory conditions, % hase of milk ripeness, %
y ' [ P )
Lr1 0.5 8.5
Lr2a 0 451
Lr2c 0 50.7
Lr3 0 51.2
Lr3bg 1 15.4
Lr3ka 0.5 25.1
Lr9 1 45.7
Lr10 1 40.6
Lr11 0.5 50.5
Lr12 0.5 0
Lr13 1 52.1
Lr14 0.5 50.9
Lr14a 0.5 62.1
Lr14b 0 60.3
Lr19 0 46.1
Lr23 0.5 63.4
Lr24 0 53.7
Lr25 1 8.1
Lr26 0 60.5
Lr29 0.5 63.8
Lr30 0 46.1
Lr32 1 453
Lr34 0 40.7
LrEch 0 8.2

Source: developed by the authors of this study

The following genes were found to be in-  Lr12, Lr14, Lr14a, Lr14b, Lr23, Lr26, Lr29, Lr30,
effective: Lrl, Lr2a, Lr2c, Lr3, Lr3bg, Lr3ka, Lr11,  Lr32, LrEch. The degree of damage to Thatcher
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lines with the above genes in the years of study
was 15-60%. To investigate the genetic control
of resistance traits against Puccinia recondita and
Tilletia caries in winter wheat varieties, a series
of crosses was conducted in 2023. To determine
the genetics of the resistance trait in a series of
sources of resistance to Puccinia recondita (Beres,

Matyo, Tobarzo, Polka), a series of crosses were
conducted: donors with the vulnerable cultivar
Myronivska 65, donors with each other and test
varieties carrying effective resistance genes Ar-
thur 71 (Lr9), Flex (Lr19), Blueboy Il (Lr10, Lr24 ),
Century (Lr24+Lr42), TAM 200 (Lr24+Lr43) (USA),
Rendezvous (Lr 37) (ANG) (Table 3).

Table 3. The degree of phenotypic dominance
of resistance trait against Puccinia recondita in F 2024

Intensity of plant damage, %

Degree of phenotypic dominance

Cross Q F, g (h,)/type of dominance
Beres / MYR 65 0 1.0 40.0 0.95/PPD
Matuo / MYR 65 0 10.0 35.0 0.4/1
Tobarzo / MYR 65 0 8.0 30.0 0.5/ PPD
Polka / MYR 65 1.0 30.0 40.0 -0.48 /1l
Beres / Matuo 0 0.5 0.5 -1.3/D
Beres / Tobarzo 0 1.0 0 0.15/1
Beres / Polka 0 2.0 0 0.35/1
Beres / Arthur-71 0 1.0 0 0.45/1
Beres / Fleks 0 0.5 0 -0.88 / PNI
Beres / Blueboy Il 0 0 5.0 1.52/ PO
Beres / Rendezvous 0 0 0 0.67 / PPD
Beres / Century 0 1.0 0 0.58/1l
Beres / TAM-200 0 1.0 0.2 1.65/PO
Matuo / Tobarzo 0 0 0 0.27 /1
Matuo / Polka 0 0.1 0 -0.20/ 11
Matuo / Arthur-71 0 0 0 -0.54 /11
Matuo / Fleks 0 0 0 -0.93/PNI
Matuo / Blueboy Il 0 0 5.0 1.38 /PO
Matuo / Rendezvous 0 5.0 0 0.57 / PPD
Matuo / Century 0 1.0 -3.01/D
Matuo / TAM-200 0 0 0.1 1.82/PD
Tobarzo / Polka 0 0 0 -0.71 / PNI
Tobarzo / Arthur-71 0 1.0 0 0.38/1
Tobarzo / Fleks 0 0.1 0 0.32/1
Tobarzo / Blueboy Il 0 0.5 1 0.63/PPD
Tobarzo / Rendezvous 0 0 0 0.57 / PPD
Tobarzo / Century 0 0 0.1 1.0/ PPD
Tobarzo / TAM-200 0 0 0.1 5.01 /PO
Polka / Arthur-7 0.5 1.0 0 -3.12/D
Polka / Fleks 0.5 0.5 0 -1.08/ D
Polka / Blueboy Il 0.5 1.0 0 0.9/PPD
Polka / Rendezvous 0 0 0 0.73/ PPD
Polka / Century 0.5 1.5 0 -51/D
Polka / TAM-200 0.5 1.5 0.1 -4.0/D
Note: PO - positive overdominance, PPD — partial positive dominance, Il — intermediate inheritance, PNI —

partial negative inheritance, D — depression (negative dominance), MYR — Myronivska

Source: developed by the authors of this study
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In terms of resistance to Puccinia recondita,
dominance (heterosis) was established in five
(14.72%) hybrid combinations - Beres/Blueboy I,
Beres/TAM-200, Matuo/TAM-200, Tobarzo/TAM-
200, Matuo/Blueboy Il (Table 3). Partial positive
dominance was observed in nine (26.47%) hy-
brids, intermediate inheritance - in 11 (32.35%),
partial negative inheritance - in 8.82%, and de-
pression was observed in six (17.64%) hybrid
combinations. Beres, Tobarzo, and Matuo varieties,
which were involved in the crossing as a moth-
er form, better transmitted the trait of resistance
against Puccinia recondita pathogen.

The damage to plants by Tilletia caries over
two years ranged within 0-70%, and the average
development was 35.6%. High resistance to this
pathogen was demonstrated by the accessions

Murashko et al.

protected by effective resistance genes: Sel.M
65-3157 (Bt9), Sel.M. 66-23 (Bt10, 11) (USA),
Lutescens 6028 (Bt12, 13), Erythrospermum 5221
(Bt14) (UKR, MIW), Ferrugineum 220/85 (Bt15, 16),
Erythrospermum 4318/88 (Bt17), Erythrosper-
mum 60-89 (Bt18, 19), Ferrugineum 124-88 (Bt20,
21) (UKR, SGI) (Table 4). In the study of collection
accessions against Tilletia caries, 13 immune (0%),
17 highly resistant (1-5%), 16 resistant (10-15%),
26 slightly susceptible (20-30%), and 39 suscepti-
ble (over 40%) winter wheat samples were iden-
tified. The average development of the disease
caused by Tilletia caries in the collection nursery
was 67.3%. The varieties Rada (SVK), Famulus
(DEU), SHARK/F4.105W21 (USA), Reya (UKR), Ek-
spromt, and lines Erythrospermum 24210, Line 46
(UKR) showed immunity to Tilletia caries (Table 5).

Table 4. Characteristics of Tilletia caries resistance donors
with known resistance genes (average for 2023-2024)

Damage intensity, %

Cultivar, line Resistance gene Origin —
Stinking smut
Polka (vulnerable cultivar) St HUN 56.3
Turkeu Cl 1558-B Bt4 USA 5.2
Sel. 34-32 Bt5 USA 39
RiO Ci 10064 Bt6 USA 6.8
PI. 178210 Bt8 USA 5.1
Sel.M. 65-3157 Bt9 USA 0
Sel. M. 66-23 Bt10, 11 USA 0
Lutescens 6028 Bt12,13 UKR 0
Erythrospermum 5221 Bt14 UKR 0
Ferrugineum 220 / 85 Bt15, 16 UKR 0
Erythrospermum 4318 / 88 Bt17 UKR 0
Erythrospermum 60-89 Bt18, 19 UKR 0
Ferrugineum 124-88 Bt20, 21 UKR 0

Source: developed by the authors of this study

Table 5. Intensity of damage to the best samples of winter wheat of the collection nursery
by the pathogen Tilletia caries (average for 2023-2024)

Cultivar, line Country of origin Damage intensity, %
Polka (vulnerable cultivar) HUN 459
Rada SVK 0
Famulus DEU 0
SHARK/F4105W21 USA 0
Reia UKR 0
Warwick SRW CAN 1.6
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Table 5. Continued

Cultivar, line Country of origin Damage intensity, %

Erythrospermum 24210 UKR 0
Line 46 UKR 0

UN 49 TUR 5.6

Mukhran GEO 5.9

Nyva UKR 1.8
Ekspromt UKR 0
Nezabudka UKR 5.1

Fermerka UKR 5.4

Source: developed by the authors of this study

When investigating the population of the
stinking smut pathogen, the study found that
the local population was avirulent or slightly
virulent to resistance genes: Bt6, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, 21. To determine
the genetics of the resistance trait in a series

of sources of resistance to Tilletia caries (Eryth-
rospermum 24210, Ekspromt, Line 46 (UKR)), a
series of crosses of donors with the vulnerable
variety Polka (HUN), donors with each other and
test varieties carrying effective resistance genes
was conducted (Table 6).

Table 6. Degree of phenotypic dominance of resistance trait against Tilletia caries in F,, 2024

Combination

Plant damage, % Degree of phenotypic

dominance (h ) / type

¢ F, g of dominance
Erythrospermum 24210 / Polka 0 3.6 41.5 0.82/PPD
Ekspromt / Polka 0 11.4 31.0 0.26 /11
Line 46 / Polka 0.1 14.0 40.0 0.3/1
Erythrospermum 24210 / Ekspromt 0 0 0 0.1/1
Erythrospermum 24210 / Line 46 0 0 1.6 1.0/ PPD
Ekspromt / Line 46 0 1.2 1.6 -0.5/71
Ekspromt / Sel. M.65-3157 0 0 0 0.12/11
Ekspromt / Sel. M 66-23 0 0 0 0.25/11
Ekspromt / Ferrugineum 220/85 0 0 0 0.45/11
Ekspromt / Erythrospermum 4318 / 88 0 0.5 1.5 0.33/11
Ekspromt / Erythrospermum 60-89 0 14 2.2 -0.27 / PNI
Ekspromt / Ferrugineum 124-88 0 0.8 1.7 0.05/11
Erythrospermum 24210 / Sel. M.65-3157 0 0 0 0.8/ PPD
Erythrospermum 24210 / Sel. M 66-23 0 0 0 0.71/PPD
Erythrospermum 24210 / Ferrugineum 220 / 85 0 0 0 0.6 / PPD
Erythrospermum 24210 / Erythrospermum 4318 / 88 0 0 1.5 1.0/ PPD
Erythrospermum 24210 / Erythrospermum 60-89 0 14 2.4 -0.16 / PNI
Erythrospermum 24210 / Ferrugineum 124-88 0 0.5 2.1 0.52 / PPD
Line 46 / Sel. M.65-3157 0.1 0 0 1.0/ PPD
Line 46 / Sel. M. 66-23 0.1 0 0 1.0/ PPD
Line 46 / Ferrugineum 220 / 85 0.1 0 0 1.0/ PPD
Line 46 / Erythrospermum 4318 / 88 0.5 1.2 1.5 -0.2 / PNI
Line 46 / Erythrospermum 60-89 0.3 1.2 1.2 -0.04 / PNI
Line 46 / Ferrugineum124-88 0.1 2.3 1.8 -1.42/D
Note: PPD - partial positive dominance, Il — intermediate inheritance, PNI — partial negative inheritance, D —

depression (negative dominance)
Source: developed by the authors of this study
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The analysis of the results obtained during
the evaluation of the degree of phenotypic dom-
inance of resistance to Tilletia caries in F, of soft
winter wheat, created based on diverse parental
forms, demonstrated a wide range of inheritance
types. Specifically, several characteristic patterns
could be identified within this sample: from par-
tial positive dominance and intermediate inher-
itance to partial negative dominance and nega-
tive dominance. Such distribution of inheritance
indicated a complex genetic mechanism that reg-
ulated resistance to the pathogen, as well as a
major influence of both parental genotypes and
the environment on the formation of dominant
traits in first-generation hybrids. Based on the de-
gree of phenotypic dominance in 2023, the study
found that among F, hybrid combinations,41.63%
showed partial positive dominance against Tille-
tia caries. Intermediate inheritance of the trait
was found in 37.5% of hybrids, partial negative
inheritance was found in 16.7% of hybrid com-
binations, and depression was found in 36.37%.

The highest partial positive dominance was
found in hybrid combinations using the resist-
ance donor Sel. M. 65-3157 (Bt 9), Sel. M. 66-23
(Bt10, 11): Erythrospermum 24210/Sel. M.65-
3157, Erythrospermum 24210/Sel. M 66-23, Line
46/Sel. M.65-3157, Line 46/Sel. M. 66-23. Eryth-
rospermum lines 24210 and Line 46, which were
involved in the cross as the mother form, better
transmitted the trait of resistance against Tilletia
caries pathogen. One of the key causes of sub-
stantial yield losses, which can range from 15%
to 50% depending on the level of pathogen vir-
ulence and climatic conditions in a given year, is
fungal infection. These pathogens have a consid-
erable impact, specifically, on the yield of wheat
varieties, as noted by O.. Barabolya & S.V. Bor-
ovko (2024). The findings of A. Palamarchuk et
al. (2018),who assessed the extent of the affected
areas, indicated that the most common diseases
were septoriosis (43.69%) and powdery mildew
(44.32%). Diseases such as root rot (29.83%) and
brown leaf rust (22.65%) were intermediate in
terms of prevalence, while helminthosporium
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(9.76%) was recorded in only a small number of
regions. As for the intensity of these diseases, the
average value for powdery mildew was 3.71%,
for septoriosis - 3.21%, for root rot - 2.92%, for
brown leaf rust - 2.57%, and for helminthospori-
um the lowest value was recorded - 0.85%.

D. Datta et al. (2006; 2007) suggested that
leaf rust (Puccinia triticina Eriks.) occurs in all re-
gions of wheat (Triticum aestivum L.) cultivation in
the world. The cultivation of resistant varieties is
the most effective, environmentally friendly, and
cost-effective method of rust control. It is vital
that the genetic base of rust resistance in culti-
vated varieties is expanded and that lines with
more than one effective resistance gene are de-
veloped. The genetic material they created with
combined resistance Lr9+ Lr24 was developed by
combining host-pathogen interaction and a mo-
lecular marker. D. Pal et al. (2024) confirmed that
identifying and introducing wheat varieties with
diverse resistance is the best way to control all
types of rust. The researchers used the Lr9, Lr19,
and Lr24 markers to authenticate the presence
of specific genes in the selection for brown rust
resistance. Analogous studies were conducted by
A.Hanzalova et al. (2022), who for 10 years (1995-
2004) studied the virulence of leaf rust in Slova-
kia on Linex (NIL) with genes Lr1, Lr2a, Lr2b, LrZc,
Lr3a, Lr9, Lr10, Lr11, Lr15, Lr17, Lr19, Lr21, Lr23,
Lr24, Lr26, and Lr28.Based on the findings of field
trials, the highly resistant to leaf rust varieties
Arida (Lr13, Lru), Eva (Lr3, Lru), and Solara (Lru)
were developed.

The high efficiency of the identified resist-
ance genes of the Puccinia recondita population
was evidenced by the findings of studies by many
foreign scientists. According to J. Kolmer (2013),
foliar rust caused by Puccinia triticina is the most
common rust of wheat worldwide. The research-
ers noted that many different races of P, triticina
are detected annually in the USA, which differ in
virulence and leaf rust resistance genes in dif-
ferent wheat lines. Molecular markers have been
used to characterise rust populations in the Unit-
ed States and around the world. S. Xu et al. (2024)
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conducted a comparative study of twenty-three
improved spring wheat (Triticum aestivum L.) lines
from the Ottawa Research and Development Cen-
tre (ORDC) and four known varieties. The study
covered agronomic performance at eight sites in
Eastern Canada (Ottawa CEF-C1, Ottawa CEF-C2,
St. Isidore, Harrington, Palmerston, Princeville,
Kincardine, Beloeil) and Fusarium head blight
(FHB) resistance. The reaction of the lines to six
races of leaf rust (LR) was studied under vege-
tative conditions using the Morocco variety as a
control to assess the development of the disease.
The findings revealed that most of the tested
lines did not show noticeable differences com-
pared to the four control varieties. At the same
time, ECSW05 and ECSW48 were distinguished
by greater yields, moderate resistance to FHB and
resistance to most of the studied LR races. They
can serve as a valuable source of LR resistance for
further breeding programmes in the region.

T. Bakhshi et al. (2024) found that varieties
with combinations of race-neutral resistance
genes stayed resistant for many years, even
though the races of the leaf rust population
were constantly changing. OV. Babayants et
al. (2006) confirmed the data on resistance
genes, indicating that genotypes containing any
or all of these four genes Bt10, Bt11, Bt12, and
Btp can be used as a source of resistance to Tille-
tia caries. AM. Mourad et al. (2022) found that
four isolates carrying the Bt10, Bt11, Bt12, and
Btp genes conferred resistance to Turkish and
Nebraska species of stinking smut. Genotypes
carrying any or all these four genes can be used
as a source of resistance. In the study by Z. Lia-
tukas & V.Ruzgas (2008), among the tested gen-
otypes with known resistance genes Bt1-15, Z,
only two resistance genes provided full efficien-
cy in Pl 554120 and Jaila 305, which carry Bt8,
and in Eryth-5221, which carries Bt14. Other sin-
gle resistance genes considered effective (infec-
tion up to 10.0%) were Bt5, 9, 11, 12, 13m 15, Z.
E.V.Alekseienko & E.I. Kirchuk (2022) found that
breeding lines originating from Lr gene carriers
derived from Western European wheat varieties

demonstrated a significant advantage over the
standard variety in terms of average brown rust
resistance scores. This advantage was observed
regardless of the crossing schemes used.A series
of crossing combinations were analysed in the
study, which resulted in the identification of sev-
eral promising breeding lines, such as L.17018,
L.18016,L.21919 and L.16718.These lines could
serve as valuable genetic sources to improve the
trait of brown rust resistance in winter wheat.

T.I. Mukha & L.A. Murashko (2019) studied
170 collection accessions of winter wheat origi-
nating from different ecological and geographical
regions. Among them, 13 samples with a strong
level of resistance to the pathogen Fusarium ear
blight were identified. Of particular note were two
samples that showed immunity to stinking smut.
The damage of the studied samples by the path-
ogen Fusarium graminearum ranged from 1.0% to
3.2%,while the comparable control variety Natula
had a damage that reached 18.0%. Other winter
wheat samples showed genotype-dependent re-
sistance to 2-5 different diseases. The most note-
worthy were varieties with resistance to five ma-
jor diseases, including ear blight, stinking smut,
root rot, powdery mildew, and brown rust. This
group included the varieties Rhea, Rada, and War-
wik SRW. Furthermore, the study identified acces-
sions that showed resistance to four of these dis-
eases, including Famulus, Zlatina 2, Catalus, and
TX9801170/Sophisticated. These findings high-
lighted the significance of breeding to increase
the immunity of winter wheat to a wide range
of pathogens and improve its adaptive potential.
Fermerka, MV-VERBUNKOS, and Dromos were re-
sistant to three diseases.

Overall, the findings obtained suggested a
significant variability in the resistance of win-
ter wheat accessions to the main pathogens of
brown leaf rust and smut, which was explained
by both the presence of effective resistance
genes and the specificity of their inheritance in
hybrid combinations. The study found that among
the tested sources there were both immune and
highly resistant samples capable of providing
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reliable plant protection under conditions of
spread of pathogens of different virulence. The
data obtained on the phenotypic dominance of
the resistance trait in hybrid combinations al-
lowed identifying promising combinations of
parental forms for further breeding. Thus, the re-
sults of the study created a scientifically sound
basis for the development of winter wheat varie-
ties with complex resistance to dangerous fungal
diseases and preparation of recommendations for
breeding programmes.

Conclusions
The study found that the average development
of Puccinia recondita in the collection nursery was
15.9%, while the average development of Tille-
tia caries was 35.6%. Twenty-four (30.8%) col-
lection accessions were found to be immune to
brown rust, and varieties protected by the known
resistance genes Arthur-71 (Lr9), McNair 2203
(Lr9), Agrus (Lr19), Century (Lr24 + Lr42), TAM-200
(Lr24+Lr43),V1275 (Lr19) (USA),VR89B022 (Lr19)
(FRA), immunity to Tilletia caries - varieties Rada
(SVK), Famulus (DEU), SHARK/F4. 105W21 (USA),
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observed in the cultivars protected by effective
resistance genes: Sel. M 65-3157 (Bt9), Sel. M. 66-
23 (Bt10, 11) (USA), Lutescens 6028 (Bt 12, 13),
Erythrospermum 5221 (Bt14) (UKR), Ferrugine-
um 220/85 (Bt15, 16), Erythrospermum 4318/88
(Bt17), Erythrospermum 6089 (Bt18, 19), Ferrug-
ineum 124-88 (Bt20, 21) (UKR).

The study proved that in terms of resistance
to the pathogen Puccinia recondita, superdomi-
nance (heterosis) was established in five (14.72%)
hybrid combinations: Beres/Blueboy I, Beres/
TAM-200, Matuo/TAM-200, Tobarzo/TAM-200,
Matuo/Blueboy Il. Based on the degree of phe-
notypic dominance, it was found that among F,
hybrid combinations, 41.63% showed partial pos-
itive dominance: Erythrospermum 24210/Polka,
Erythrospermum 24210/Line 46, Erythrospermum
24210/Sel. M.65-3157, etc., against Tilletia caries,
no overdominance was found. The prospect of
further research is to analyse the efficiency of the
breeding process of creating winter soft wheat
varieties immune to pathogens by using highly
resistant source material.

Rhea, Ekspromt (UKR) and lines Erythrospermum Acknowledgements
24210, Line 46 (UKR). The study found that high-  None.
ly effective genes Lr9, Lr19 retain sTable resist-
ance, and genes contained in winter wheat vari- Funding
eties are also highly effective: Rendezvous (Lr37)  None.
(ANG), Century (Lr42), TAM-200 (Lr43), Arthur-71,
Mc Nair 2203, Flex (USA), VR89Bo 22 (FRA). High Conflict of Interest
resistance against the pathogen Tilletia caries was ~ None.
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AHoTauifl. OgHMM i3 HaledeKTUBHIWLMX | BOAHOYAC EKOJOriYHO 6e3MeyYHnx 3axoAiB iHTerpoBaHoOro
3axXMCTy MweHui Bia xBopob € po3pobka pe3nCcTeHTHWMX COPTIB yepe3 Cenekuil, afanToBaHy A0
cneundiyHUX arpokniMatMyHMx yMoB. MeTa poboTu - iTonaTonoriyHa ouiHKa KOMeKLUiAHUX 3pa3kiB
03MMOI MLWEHULI Ha WTYYHUX IHPeKUiMHNX HOHaX y MOMbOBMX YMOBAX Ta BU3HAYEHHS AOMiHYBaHHS
cTivkocTi ribpuais F oo Puccinia recondita i Tilletia caries. ocnipxeHHs nposeneHi snpogosx 2023,
2024 pp. y cenekuifHin ciBo3MiHi Ha NPUPOAHBOMY, WTYYHOMY iHDeKLiIMHOMY hOHax Ta NabopaToOpHMX
yMoBax nabopatopii cenekuii 03MMoi nweHnLi MUPOHIBCbKOrO iHCTUTYTY NweHuui iMeHi B. M. Pemecna
HauioHanbHOi akageMii arpapHux Hayk YKpaiHu 3a 3arasbHOMPUMAHSTMMU MeToaMKaMu. Ha WTyyHux
iHdeKuiH1X doHax Bypoi ipxi Ta TBEpAOI CaXKKM BUBYEHO 189 konekuiiMHUX HOMepIB MLWEHUL 031MOI.
BcTraHoBneHO, Wo iMyHHICTIO [0 36yaHMKA Puccinia recondita BONOLINN COPTH, 3aXULLEHI FEHAMM CTiKOCTI
Arthur 71 (Lr9), McNair 2203 (Lr9),Agrus (Lr19) Century (Lr24+Lr42), TAM-200 (Lr24+Lr43),V1275 (Lr19),
VR89B022 (Lr19), imyHHicTb no Tilletia caries Binobpazunu copt nwenuui osmmoi Rada (SVK), Famulus
(DEU), SHARK/F4.105W21 (USA), Pes (UKR), Ekcnpowmr, ninii Eputpocnepmym 24210 Ta JliHia 46 (UKR).
MNpw BMBYEHHS cknagy nonynauii Puccinia recondita BCTAHOBNEHO, WO CepeaHio eEKTUBHICTb MPOSBUAN
renu: Lr10, Lr13, Lr25 Ta Lr34 (reH BiKOBOI CTIMKOCTi) 3@ CTyneHs ypaxeHHs niHi — 5-10 %. CrabinbHo
36epiranu BMCOKY CTIMKICTb i NPOAOBXYBAaNU 3anuLIATUMCS BUCOKOE(DEKTUBHUMM reHun Lr9, Lr19. 3a
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CTiMKicTIO nNpoTn 36yaHuka Puccinia recondita HagOOMiHYBAaHHS (reTepo3MC) BCTAHOBAEHO Yy M'ATH
(14,72 % Bip, 3aranbHOi KinbKocTi ribpuaHMX KoMBiHaLin) ribpuaHmx kombiHauiax Beres / Blueboy I,
Beres / TAM-200, Matuo / TAM-200, Tobarzo / TAM-200, Matuo / Blueboy Il. 3a3HaueHo, Wwo Micuesa
nonynauis 36yanuka Tilletia caries aBipyneHTHa abo cnabko BipyneHTHA [0 reHiB cTinkocTi: Bt6, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21. [JloCnigKeHHsS reHETUKM O3HAKM CTIMKOCTI A0 AaHOro
3aXBOPHOBAHHA 3aCBIAYMIIO, WO cepea ribpuaHnx KombiHauin F, 41,63 % nposasuiIu 4YacTKOBO NO3UTUBHE
LoMiHyBaHHS (YMA4). HapaomiHyBaHHS f0 30yaHMKA TBEPAOI CaXXKM HE BUSIBNIEHO

KniouoBi cnoBa: 6ypa ipxa; reH CTiKOCTi; COPT, NiHiA; TBEpAA CaxKa; GoH
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Abstract. Soybean is one of the most in-demand crops, with its production increasing; however, climate
change affects yield, necessitating the application of biopreparations to enhance plant resilience
to stress conditions. This study aimed to investigate the effects of pre-sowing seed treatment with
an inoculant and a phytohormonal preparation on the physiological and biochemical parameters of
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soybean plants and their yield under organic farming conditions. A field study conducted in 2022-
2024 examined the impact of pre-sowing seed treatment with the inoculant Legume Fix and the
phytohormonal preparation Violar on leaf area, proline content, malondialdehyde levels, photosynthetic
pigments, and yield under various weather conditions in an organic farming system. It was established
that pre-sowing seed treatment increased leaf area by an average of 13.4% with Legume Fix and by
19.3% with Violar. It was established that the highest increase in proline content (as a protective
response) was observed in the hot conditions of 2024, with seed treatment using Violar (41.2%) and
Legume Fix (26.5%). Over the study period, the lowest MDA concentrations in soybean plants were
recorded following seed treatment with Violar and Legume Fix, averaging 7.57 and 9.33 pg/g fresh
weight, respectively, which was 37.4% and 22.9% lower than in the control plants. Treatment with Violar
resulted in an increase in Chl a, Chl b, and total Chl (a+ b) content by an average of 18.9%, 13.3%, and
17.2%, respectively, compared to the control, while inoculation with Legume Fix led to increases of 7.4%,
3.4%,and 6.2%, respectively. Pre-sowing seed treatment with Legume Fix and Violar resulted in a higher
yield than the control plants, with average increases of 13.2% and 20.6%, respectively. The obtained
results may be recommended for organic farming to enhance crop yield

Keywords: leaf area; proline; malondialdehyde; photosynthetic pigments; organic farming; weather

conditions

Introduction
The study of the physiological and biochemical
aspects of pre-sowing seed treatment is impor-
tant for understanding the processes that occur
in seeds during preparation for sowing, as it al-
lows for the determination of optimal treatment
methods to improve their germination energy, re-

sistance to stress conditions, and increase yields.

Such treatments can affect the biochemical pro-
cesses that occur in seed cells, including enzyme
activity, protein synthesis, and processes related
to the energy supply of germination. Studying the
physiological responses of seeds to treatment
helps to develop effective technologies that
stimulate plant growth and development, and
improve their adaptation to adverse conditions
such as droughts or low temperatures, which is
particularly relevant in the context of climate
change. This knowledge also makes it possible to
reduce the use of chemical fertilisers and pesti-
cides, which is important for sustainable agricul-
ture and environmental conservation.

According to J. Bosanquet (n.d.), soybean (Gly-
cine max (L.) Merr.) is one of the most soughtafter
legume crops in the global market, which ranks it

sixth among the most widespread crops in terms
of production volume and fourth in terms of eco-
nomic value and production area. This growth is
accompanied by a 5% increase in global soybean
consumption due to demand in the feed, food,
and industrial sectors (IGS: Global soybean pro-
duction in 2024/25 MY to break record, 2024).

In Ukraine, despite abnormal heat and
drought in 2024, soybean production reached a
record 6.0 million tonnes, an increase of 15.4%
compared to 2023. Soybean production in the EU
increased by only 0.3% compared to the previous
year due to the negative impact of weather con-
ditions in Central European countries (Ukraine
soybean area, yield and production, n.d.). V. Voo-
ra et al. (2022) stated that in Europe, ongoing cli-
mate change and the high demand for genetical-
ly unmodified soybeans in domestic markets are
contributing to the idea of introducing soybeans
into typical organic farming systems. Considering
the research of Jl.L. Rotundo et al. (2024), the EU
market is the largest sales market for domestic
soybeans (47% of total exports), so Ukrainian
producers seek to adhere to the European Green
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Deal, one of the important directions of which is
the introduction of organic production.

According to research by M.B. Hrabovskyi et
al. (n.d.), the profitability of growing organic soy-
beans in Ukraine is high, and although its yield is
lower compared to traditional technology, lower
production costs and a higher selling price make
such production more profitable. At the same
time, the presence of climatic risk, especially the
uneven impact of precipitation and high temper-
atures, requires the introduction of technological
innovations to increase its yield. However, it is
difficult to obtain high yields and quality soybean
seeds, despite the proper soil properties, even in
organic farming conditions, due to water scarcity
and prevailing high temperatures.

Scientists M.S. Hossain et al. (2024) noted
that despite its adaptability, soybeans also face
challenges from climate variability, including un-
predictable precipitation patterns that threaten
growth and yield. The degree of effect depends
on when the period of high temperatures occurs
and how intense the water deficit is. Such chang-
es in weather conditions can cause a decrease
in soybean yields of up to 40%. Research by
A.C.S. Nakagawa et al. (2020) showed that when
soybeans are exposed to high temperatures dur-
ing the seed-filling stage, their yield decreases
and the seed composition changes. Studies by
L. Ogunkanmi et al. (2022) indicated that the
most detrimental effect on soybean yield (a de-
crease of 42-64%) is the combined effect of high
temperature and drought compared to their indi-
vidual effects.

According to M.N. Khan et al. (2019), one of
the promising directions for managing the pro-
cess of forming stable agroecosystems of leg-
umes, primarily soybeans, is the use of prepa-
rations that allow protecting the physiological
state of plants from excessive temperature effects
and precipitation deficits. According to research
by I. Korotkova et al. (2023), the most commonly
used technological measures at present are the
priming of seeds with various biostimulants, hor-
monal preparations and osmoprotectants, which

have already been tested on crops such as wheat,
corn and chickpeas.

While there is plenty of research on the indi-
vidual benefits of microbial and phytohormonal
treatments for soybean seeds, there is less focus
on comparing their effectiveness, especially in or-
ganic farming. Pre-sowing inoculation with bac-
terial preparations is a vital part of organic grow-
ing.According to S. Brambilla et al. (2022), various
symbiotic and non-symbiotic rhizobacteria are
used as bioinoculants to boost plant growth and
development through mechanisms like nitrogen
fixation, siderophore production, and phytohor-
mone synthesis.

This study aimed to assess the role of
pre-sowing inoculation and phytohormonal seed
treatment in organic farming systems in mitigat-
ing the effects of extreme temperatures during
the growing season by evaluating their impact on
the physiological and biochemical parameters of
plants and overall yield.

Materials and Methods

The field studies were conducted at the exper-
imental field of Poltava State Agrarian Univer-
sity (Khudoliivka Village, Kremenchuk District,
Poltava Region) during 2022-2024. The region is
known for its ecological purity due to the nearby
forest massifs and Sudebske Lake. The soil of the
experimental plots is residual-saline chernozem
on loess deposits with a moderate level of ni-
trogen and phosphorus availability and high po-
tassium. For soil analysis, 5 samples were taken
from a depth of 0-20 cm of the experimental plot.
A composite soil sample was prepared by mixing
the collected samples. The sample was air-dried,
crushed, and passed through a 2 mm sieve. The
content of nitrogen, phosphorus, potassium, and
pH in the soil samples (0-20 cm) was determined
using a Palintes SK500 multiparameter photom-
eter: pH,, - 6.3; humus - 5.2%; total nitrogen -
58.6 mg/kg; phosphorus (P,0,) - 78.3 mg/kg;
potassium (K,0) - 138.4 mg/kg. The total area of
the land plot was 0.3 ha, and the accounting area
was 0.1 ha.
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The experiments employed standard ag-
ricultural practices for the cultivation zone. Its
predecessor was spring barley. Soybean sowing
was carried out at optimal times according to the
climatic conditions of the year of research to a
depth of 5 cm, with a row spacing of 38 cm and
a seeding rate of 700 thousand seeds/ha. The
technological soil cultivation, taking into account
the peculiarities of growing plant crops using
organic technology, included autumn ploughing,
spring harrowing with a heavy harrow to retain
moisture, cultivation with a stubble implement,
pre-emergence and post-emergence harrowing
with a Striegel mesh harrow (Hatzenbichler, Aus-
tria), and two inter-row cultivations to control
weeds. To protect crops from pests, trichogramma
(100-200 thousand individuals/ha) was manual-
ly applied three times at 50 points per hectare:
before sowing, one month later, and as needed,
depending on the level of crop infestation.

The object of the study was the early-rip-
ening soybean variety Khorol of Ukrainian se-
lection, originator — Soybean Research Institute
LLC. The experiment was repeated three times.
The placement of variants was randomised. For
soybean seed inoculation, the bacterial prepara-
tion Legume Fix (Legume Technology Ltd, United
Kingdom) and the preparation with a complex of
phytohormones Violar (Ukraine) were used. Seeds
were inoculated using the dry method 30 minutes
before sowing at a rate of 1.25 kg of inoculant per
500 kg of seeds. The biopreparation Violar was
used for pre-sowing seed treatment (0.5 L/t) and
for spraying during the budding-early flowering
stage (10 mL/ha). In the control variant, soybean
seeds and plants were treated with an equivalent
amount of water.The content of proline and malon-
dialdehyde (MDA) in soybean leaves was deter-
mined by the method of M.K. Fatema et al. (2017).

Optical density measurements were per-
formed using a ULAB 108 UV spectrophotometer.
The leaf area was calculated using the Easy Leaf
Area software (Easlon & Bloom, 2023). Knowing
the leaf area per plant and multiplying this by
the plant density per hectare, the leaf appara-
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tus area of plants per specific area was obtained,
expressed in m?/ha. The research was conducted
following the Convention on Biological Diversi-
ty (1992) and the Convention on the Trade in En-
dangered Species of Wild Fauna and Flora (1973).

Material for the determination of photosyn-
thetic pigments was processed fresh immediately
after collection. Pigments were extracted with
96% ethanol. Spectrophotometric measurement
of the optical density of ethanol extracts for the
determination of chlorophyll a (Chl a) and chlo-
rophyll b (Chl b) content was carried out without
prior separation at the absorption maxima of Chl
a- 665 nm,Chl b - 649 nm using a ULAB 108 UV
spectrophotometer (ULAB, China). The calcula-
tion of pigment content in the obtained extracts
was carried out using the method of A.R. Well-
burn (1994) according to formulas (1-2):

C..,=[(13.95D,,. -6.88D,,)-V)/m, (1)

chla 665

C,.,=124.96D,,,-732D,)-V/m,  (2)

chlb

where C, . C ,are the concentration of Chl a and
Chl b in mg/g of fresh weight; D, and D,,, are
the optical density of the alcohol extract of pig-
ments at wavelengths A=665 nm and A=649 nm,
respectively; m is the sample weight, mg; V is the
volume of ethanol, cm? MS Excel was used for the
graphical display of the research results. The sig-
nificance of the experimental data was assessed
using analysis of variance (ANOVA) to calculate

the least significant difference (LSD).

Results and Discussion
An analysis of the dynamics of soybean leaf area
formation during 2022-2024 allowed for an as-
sessment of the impact of weather conditions
during the crop’s growing season (Fig. 1).

The provided data shows that in 2022 and
2023, temperature and moisture levels were more
favourable for soybean growth and development.
However, in 2024, excessively high temperatures
and low relative air humidity were observed due
to insufficient atmospheric precipitation and une-
ven distribution throughout the growing season,
which limited the leaf area formation of the crop.
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In the hot year of 2024, the leaf area of soybean  lower with Violar phytohormonal treatment. In the
plants was lower than in the previous years, 2022 current studies, the proline and MDA content were
and 2023, for all experimental variants (Fig. 2):  used as stress biomarkers,the overcoming of which
16.5-22.1% lower in the control; 13.6-21.3% low-  was facilitated by the use of Legume Fix inoculant
er with Legume Fix inoculation; and 16.1-21.2%  and Violar phytohormonal preparation (Fig. 3).
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Figure 1. Average monthly air temperature and precipitation during the soybean growing season
Source: compiled by the authors
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Figure 2. Dynamics of leaf area formation of soybean plants of the Khorol

variety under different pre-sowing treatment technologies, thousand m?/ha
Note: average for 2022-2024
Source: compiled by the authors
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Figure 3. Proline and MDA content in soybean plants of the Khorol variety
under different presowing treatment technologies, 1g/g of fresh weight
Source: compiled by the authors
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The proline content in plants in the control
was the lowest for all years of research. Indica-
tors of high temperature in 2024 correlated with
the maximum proline content (9.6 ug/g of fresh
weight); when seeds were treated with the phy-
tohormone Violar, the proline content increased
by 41.2% and 26.5% when inoculated with Leg-
ume Fix compared to the control. Soybean plants
grown in more favourable weather conditions in
2022-2023 also had increased proline content,
but the excess over the control when treated
with Violar averaged ~22.6% and with Legume
Fix ~18.7%. Control plants showed the highest
MDA content, indicating the level of response to
oxidative stress compared to other treatments
(Fig. 3). Soybean plants grown from treated seeds
were more resistant to adverse temperature con-
ditions due to a decrease in MDA levels. The MDA
content in plants treated with the phytohormone
Violar was lower than the content in control plants
by ~36% and with Legume Fix inoculation by
~22% in 2024, which differed from previous years
with extremely indicators of high temperature
with moisture deficit during the growing season.

In 2022-2023, the lowest concentration of
MDA in soybean plants was observed when seeds
were treated with Violar, with the MDA concen-
tration averaging ~5.65 pg/g of fresh weight,
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which is 38.9% less than the MDA content in con-
trol plants. Legume Fix inoculation also showed
an effective action in overcoming temperature
stress; the MDA content in plants decreased to
an average of ~7.05 ug/g of fresh weight, which
is ~23.8% less than in control plants. Therefore,
priming soybean seeds with Violar demonstrates
better results compared to the effect of Lequme
Fix. The level of MDA in plants from seeds treated
with Violar was almost 20% lower relative to the
MDA level with Legume Fix treatment in 2022-
2023 and 18% in 2024. A significant increase in
proline levels in plants was observed as a result
of treating soybean seeds with Violar and Legume
Fix. This protective response was absent when
seeds were treated with water (control), where
the lowest proline levels were recorded for all
years of research.

To determine the effect of pre-sowing seed
treatment with Legume Fix and Violar on the
functioning of the photosynthetic apparatus of
soybean plants under different weather condi-
tions, an analysis of the dynamics of chlorophyll
Chl a and Chl b content was performed, and the
sum of their forms was calculated since the ef-
ficiency of the pigment system affects the yield
of soybean crops and depends on environmental
conditions (Table 1).

Table 1. Chlorophyll a and b content in leaves of the Khorol soybean variety
at the flowering stage depending on pre-sowing treatment technology

Chla Chlb Chl (a+b)
Technology
2022 2023 2024 2022 2023 2024 2022 2023 2024
Control (water) 1.12 1.17 0.78 0.46 0.48 0.34 1.58 1.66 1.12
Legume Fix 1.17 1.23 0.88 0.47 0.49 0.36 1.64 1.73 1.24
Violar 1.29 1.44 0.93 0.51 0.56 0.38 1.80 2.00 1.30
LSD 0.098 0.034 0.134

05

Note: average for 2022-2024
Source: compiled by the authors

In the current study, pre-sowing treatment
of soybean seeds with the experimental prepa-
rations improved the physiological parameters
of plants and promoted an increase in chloro-
phyll content, which activated the photochemical

functions of chloroplasts, increasing the efficien-
cy of photosynthesis. The data in Table 1 shows
an increase in the total Chl (a+ b) content using
Legume Fix and Violar, depending on the years
of research, compared to the control by 3.510.7
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and 14.1-21.0%, respectively. The total Chl (a+ b)
content in soybean plants using Legume Fix and
Violar compared to control plants in 2024 in-
creased by 10.7 and 16.1%, respectively, while in
2022-2023, it increased by an average of 4.0 and
17.5%, respectively. A comparison of the concen-
tration of Chl a and Chl b in plants grown from
seeds treated with Violar showed their maximum
level in all years of research. The content of Chl a
and Chl b exceeded the control by an average of
18.9 and 13.3%, respectively, and by 7.4 and 3.4%,
the content of chlorophylls in plants from seeds
inoculated with Legume Fix.

It should be noted that the content of photo-
synthetic pigments in the leaves of soybean crops
in the more favourable year of 2023 increased,
which may be due to the treatment of seeds with
biological preparations. Thus, in 2023, compared
to 2022, when using Legume Fix and Violar, an
increase in Chl a content was observed by 5.1%
and 11.6%, respectively, and the excess over the
control was 5.1-23.1% under the action of both
preparations. The increase in Chl b content in
2023 compared to 2022 correlated with an in-
crease in Chl a levels. The concentration of Chl b
in soybean leaves when using Violar was higher
than its concentration in 2022 by 9.8%; the con-
centration of Chl b when using Legume Fix ex-
ceeded this indicator and the control by 4.3%. De-
spite a decrease in Chl a and Chl b content in all

3

I
1 I

N

Yield, t/ha

_

o

2022 year 2023 year

research variants in 2024, when plant growth was
inhibited by high temperature. Compared with the
content in plants grown in previous years, when
using Violar, the Chl a content increased relative
to the control by 19.2%, which confirms the ef-
fectiveness of its action in overcoming the tem-
perature factor. However, the Chl b content when
using Violar exceeded control plants in 2024 by
11.8%, and in the more favourable years of 2022-
2023 - by 10.9-16.7%. When soybean seeds were
inoculated with Legume Fix in 2024, the Chl a
content in plants increased most significantly -
by 12.8%, and Chl b - by 5.9% relative to con-
trol plants. A similar correlation was observed in
2022-2023 - the increase in Chl a was 4.5-5.1%,
and Chl b only 2.1%.

Soybean yield in the control variant was de-
termined at the level of 1.9-2.4 t/ha depending
on the year (Fig. 4), while using Legume Fix and
Violar - 2.1-2.8 and 2.3-3.0 t/ha, respectively. The
experimentally determined increase in Chl (a+b)
contentrelative tothe controlby5.5%with Lequme
Fix inoculation and by 17.2% with the use of Violar
phytohormonal preparation led to an increase in
soybean yield by an average of 13.2-20.6%. At
the same time, a direct correlation with a strong
relationship was determined between the Chl
(a+b) content and yield for all research variants:
control - r=0.986, when using Legume Fix inoc-
ulant - r=0.983, Violar biopreparation - r=0.988.

I Control
1 Legume Fix
m Violar
2024 year

Figure 4. Dynamics of soybean yield of the Khorol variety
with pre-sowing seed treatment using different technologies, t/ha

Note: average for 2022-2024
Source: compiled by the authors

The yield increase obtained in the current
study correlates with the results of V. Tsyganko-
vaetal.(2017) - the use of Violar in the cultivation

of spring wheat contributed to an increase in
Chl g, Chl b and Chl (a+ b) content by 20.0, 40.0
and 19.2%, respectively, which contributed to an
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increase in grain yield by 20.3%. According to the
results of the present research, the use of Violar
led to an increase in Chl g, Chl b and Chl (a+ b)
content relative to the control by an average of
18.9,13.3 and 17.2%, and yield - by 20.6%.

The effectiveness of the Legume Fix applica-
tion is reflected in the study by H.L. Hadzovskyi et
al. (2020), where inoculated soybean seeds were
supplemented with foliar feeding of complex
chelated micronutrients. As a result, the increase
in Chla,Chl b and Chl (a+b) content in the leaves
of plants of two soybean varieties was 5.8-8.2,
1.1-16.8 and 6.8-7.8%, respectively, and yield - by
6.0-8.0%. According to research by T.0. Chaika et
al. (2023), the use of Legume Fix in organic farm-
ing contributed to an increase in soybean seed
yield by 12.4-16.1%, and according to S.S. Nimen-
ko & M.B. Grabovskyi (2023), by 14.8-22.2%. The
authors D.B. Lobell & G.P.Asner (2003) proved that
with each 1°C increase in temperature, soybean
yield decreases by an average of 17%.A. Puteh et
al.(2013) and K.Jumrani & V.S. Bhatia (2018) note
that high-temperature stress during mid-repro-
ductive growth is more detrimental to crop and
seed size than that occurring at early or late stag-
es of reproductive development.

Bacterial preparations play a strategic role in
mitigating the harmful effects of reactive oxygen
species (ROS) through the production of various
phytohormones that provide plant resistance.
The result of inoculation depends primarily on
the strains of bacteria included in the prepara-
tions and weather conditions. According to a
study by M.S. Sheteiwy et al. (2021), inoculation
of soybean seeds with Bradyrhizobium led to a
decrease in ROS levels by an average of ~15%
and an increase in proline content by ~20% com-
pared to the control.

Oxidative damage caused by adverse temper-
ature conditions can be reduced by inoculation
with phyllosphere bacteria, strains of Bacillus am-
yloliquefaciens, Azospirillum brasilense, Rhizobium
leguminosarum, Mesorhizobium cicero, Trichoderma
sp., which form colonies in root zones and en-
hance plant growth under various circumstances,

Chaika et al.

as was shown in rice plants (Seleiman et al., 2021;
Mokrienko et al., 2024).

However, there are suggestions that bacterial
preparations might be less effective under high
temperatures. However, microorganisms do not
necessarily die under the influence of high tem-
peratures; they can enter a dormant state. Rehy-
drating dry soil promotes the stimulation of bac-
terial growth and the activation of respiration, as
reflected in studies by P. lovieno & T.Baath (2008)
and A. Meisner et al. (2015).

Articles by X.Zhang et al. (2013) and M. Card-
arelli et al. (2022) have shown that bacterial inoc-
ulation can positively affect the maintenance of
photosynthetic pigments in plants under condi-
tions of insufficient moisture. Seed bacterization
contributes to an increase in Chl (a+ b) content,
which is explained by a direct relationship be-
tween chlorophyll concentration in leaves and
nitrogen fixation intensity, which significantly de-
pends on the symbiotic properties of nodule bac-
teria that determine plant nitrogen nutrition. Ac-
cording to research by O. Lastochkina et al. (2020),
the use of B. subtilis induced an increase in Chl a
and Chl b levels up to 1.52 and 1.46 times, re-
spectively,compared to non-inoculated seeds due
to an increase in proline levels, which provides
neutralisation of ROS production in plants under
drought conditions. At the same time, C. Pagano &
M. Miransari (2016) and E. Yusnawan et al. (2019)
proved that depending on the strain used, differ-
ent results can be obtained regarding soybean
development and yield.

According to research by S.G. Jaybhaye et
al. (2024) and A. Koziuchko et al. (2024), presow-
ing treatment of seeds with biologically active
substances (phytohormones, vitamins, amino
acids, etc.) plays an important role in increasing
soybean productivity. Biologically active sub-
stances create a favourable microbiological and
biochemical environment around germinating
seeds, which stimulates growth, increases the
resistance of seedlings to adverse weather con-
ditions, and also activates beneficial soil micro-
flora W.F. Abobatta & D.K.A. Al-taey (2023). When
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growing common beans (Phaseolus vulgaris L.)
under drought conditions, seed inoculation with
Bacillus velezensis and foliar treatment with ace-
tylsalicylic acid significantly increased Chl a lev-
els by 25.5% and Chl b by 37%, which increased
yield by ~30% compared to plants without inocu-
lation (Zamani et al., 2024).

Thus, the highest levels of Chl a and Chl b
can be achieved under conditions of combined
use of bacterial preparations in pre-sowing seed
treatment and phytohormonal preparations,
which indicates the possibility, within certain
limits, of managing the photosynthetic process
in legume crops. Thus, the experimental results
and subsequent analysis highlight the phytohor-
monal preparation Violar as an effective means
for inducing soybean plants to overcome adverse
climatic conditions and form high yields under or-
ganic farming technologies.

Conclusions

In organic farming, inoculating seeds with bac-
terial preparations and priming them with phy-
tohormone-containing substances significantly
impacts soybean development and yield under
harsh growing conditions (high temperatures
and lack of precipitation). Quantifying param-
eters like leaf area and chlorophyll content,
based on growing conditions and pre-sowing
seed treatment, provides valuable insight into
yield-boosting factors. Also, measuring MDA
and proline levels when using these treatments
helps assess their role in enhancing plant resil-
ience to adverse weather.

The results showed that all methods of soy-
bean seed treatment led to an increase in leaf
area, photosynthetic pigment content, and their
total while reducing MDA levels and increasing
proline content. However, pre-sowing treatment
with the Violar phytohormonal preparation was
more effective than the Legume Fix bacterial

inoculant. The MDA content in plants grown from
Violartreated seeds was almost 20% lower in
2022-2023 and 18% lower in 2024 than after us-
ing Legume Fix. A significant increase in proline
levels was observed both with Violar treatment
(averaging ~40% relative to the control) and with
Legume Fix inoculant use (~22%). The content
of chlorophylls Chl a and Chl b in plants whose
seeds were treated with Violar exceeded the con-
trol by an average of 18.9% and 13.3%, respec-
tively, while with Legume Fix inoculation, these
indicators increased by 7.4% and 3.4%.The exper-
imentally established increase in the total chloro-
phyll content Chl (a + b) relative to the control by
5.5% when using Legume Fix and by 17.2% with
Violar treatment, which contributed to an increase
in soybean yield by an average of 13.220.6%.

A statistically confirmed strong direct re-
lationship between these indicators and yield,
which on average increased relative to the con-
trol by 13.2% (2.47 t/ha) when using Legume Fix
and 20.5% (2.63 t/ha) when using Violar. This
study demonstrates the possibilities of various
approaches to soybean seed preparation (using
bacterial and phytohormonal preparations) for
cultivation using organic farming technologies,
comparing their effectiveness. Future research
is planned to be devoted to assessing the effect
of their combined use in overcoming inevitable
climate changes that pose a serious threat to soy-
bean production and the development of effec-
tive adaptation measures.
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Physiological and biochemical aspects...
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KniMaTy BMAMBAKOTb Ha BPOXaMHICTb, WO BMMAarae BNpoBamXeHHs GionpenapaTtiB Ang NiABWLLEHHSA
CTIAKOCTi POCAMH A0 CTpecoBux yMoB. MeTa poboTu mongrana y [OCHIAXKEHHI BNIMBY nepeAnociBHOI
00p0obKM HaciHHS COi iHOKYNSHTOM | iToropMoHanbHMM npenapatoM Ha @isionoro-6ioximiyHi
MOKA3HWKM POC/IMH i X BPOXaMHICTb B YMOBaX OpraHiyHoro 3emnepobcTea. Y nonboBOMY AOCHIIKEHHI,
nposegeHomy B 2022-2024 pokax, NpoaHani3oBaHoO BMAMB NepefnociBHOi 0OpOOKM HaCiHHA coi
iHokynsHToM Legume Fix Ta diToropmoHanbHuM npenapatoM Bionap Ha nmnouy fMCTKOBOI NOBEPXHI,
BMICT NpoOniHy, MafoOHOBOro fianbgerigy Ta (QOTOCMHTETUMYHMX MIFMEHTIB | BPOXAMHICTb B YMOBAX
opraHiyHoro 3emnepo6cTBa 3a pi3HMX NorogHuMx ymMoB. BctaHoBneHo, Wwo 3a nepepnociBHoi 06pobku
HaCiHHA 36iNbWYETHCS NAOLWA TMCTKOBOI MOBEPXHi B cepeAHboMy Ha 13,4 % 3a BuKopucTaHHg Legume
Fix i Ha 19,3 % - 3a 06pobku Bionap. 3'acoBaHo, Wo Haibinblie NiABULLEHHS NPONiIHY B POCIMHAX (SK
3axMCHa PYHKLig) cnocTepiranocb y cnekoTHoMy 2024 poui 33 06pobku HaciHHg coi Bionap (41,2 %) Ta
Legume Fix (26,5 %). 3a poku pocnifxeHb y pociiMHaX COi CNOCTepirany HaMMeHLWy KoHueHTpauito MDA
3a 06pobku HaciHHS Bionap i Legume Fix - B cepegHboMy 7,57 i 9,33 MKr/r cupoi Macu, BiANOBiAHO, WO
Ha 37,41 22,9% MeHLwwe, HiXX B KOHTPONbHUX poc/MHax. 3a 06pobku Bionap Bmict Chla, Chl b i Chl (a+b)
nepeBuLLyBaB KOHTPONb y cepefHboMy Ha 18,9; 13,3 i 17,2 %, BianoBigHo, a 3a iHokynduii Legume
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Fix - Ha 7,4; 3,4 i 6,2 % BignoBsigHo. Bu3HayeHo, Wwo 3a nepeanociBHoi 06pobKM HaciHHA coi Legume
Fix i Bionap oTpuMaHo 6ifblly BpOXaWHICTb BiHOCHO KOHTPONbHWX POCIAMH B CepefHboMy Ha 13,2 i
20,6 % BinnoBigHo. OTpMMaHi pe3ynbTaTi MOXyTb OyTM peKOMeHA0BaHi Ang opraHiyHoro 3emnepobcTea

3 MeTOH NiABUILEHHS BPOXANUHOCTI KyNbTypU

Knio4oBi cnoBa: nsiowa IMCTKOBOT MOBEPXHi; NPOAiH; MasIOHOBWIA Aianbaeria; GOTOCUHTETUUHI NirMeHTH;

opraHiyHe 3eMnepo6CTBO; NOroAHi YMOBU
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Abstract. The study of the photosynthetic activity of grain sorghum is crucial for enhancing its
productivity under the conditions of the Northern Steppe of Ukraine, characterised by unstable moisture
levels and significant temperature fluctuations. This research aimed to determine the influence of
hybrids, plant density, and the application of the plant growth regulator Appetaizer on the indicators
of photosynthetic activity in grain sorghum. The research was conducted over the period 2022-2024
on experimental plots in the Dnipropetrovsk Region. Winter wheat served as the preceding crop, and
cultivation practices followed the standard techniques for the region (except for the investigated
elements and a row spacing of 45 cm). The methods employed included: field observations of the
phenological phases of growth and development of the crop, as well as the impact of the studied
factors on the photosynthetic activity of grain sorghum; tabular methods for the systematisation,
arrangement, and presentation of the data obtained; and graphical methods for data visualisation.
The study established that, in terms of photosynthetic potential, the optimal combinations were found
to be: the hybrid ES Alize at a density of 170 thousand plants/ha with the application of the plant
growth regulator (PGR) (392.7 thousand m?/ha*days); hybrids ES Alize and ES Foehn at a density of
200 thousand plants/ha under control conditions (407.2 and 398.4 thousand m?*/ha*days respectively);
the ES Foehn hybrid at the same density with the application of the PGR (404.0 thousand m?/ha*days);
and hybrids ES Alize and ES Foehn at a density of 230 thousand plants/ha under control conditions
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(400.0 and 415.7 thousand m%*/ha*days respectively), as well as ES Alize with the application of the
PGR (403.2 thousand m?/ha*days), demonstrated optimal results. In terms of net photosynthetic
productivity, the best results were recorded for the Albanus hybrid at a density of 170 thousand
plants/ha - both without PGR (4.67 g/m? per day) and with PGR (4.70 g/m? per day); for the Albanus
(4.77) and ES Monsoon (5.07) hybrids at 200 thousand plants/ha under control conditions, as well as
with PGR (4.89 and 5.12 g/m? per day, respectively); and at 230 thousand plants/ha - for the Albanus
(4.78) and ES Monsoon (4.69) hybrids under control conditions, and with PGR (4.78 and 4.82 g/m? per
day, respectively). Thus, the photosynthetic activity of sorghum was influenced by plant density, hybrid,
and the effect of the studied growth regulator. The results obtained will enable agricultural producers
to select optimal combinations of plant density, sorghum hybrids, and the appropriateness of using
growth regulators to enhance the photosynthetic activity and yield of crops

Keywords: photosynthetic potential; net photosynthetic productivity; phenological phases; plant

nutrition; biostimulant; grain sorghum

Introduction

Rational cultivation of grain sorghum necessi-
tates considering the specifics of regional soil
and climatic conditions, as these factors deter-
mine the efficiency of the plants’ photosynthetic
apparatus, upon which yield formation directly
depends. In the context of climate change and
increasing moisture deficit, research into sor-
ghum photosynthetic productivity in the North-
ern Steppe of Ukraine - a zone characterised by
unstable moisture, high temperatures, and fre-
quent occurrences of abiotic stress — becomes
particularly relevant. Given sorghum’s ability to
adapt to arid conditions, identifying the most
productive hybrids in combination with optimal
agricultural practices, namely plant density and
the application of growth regulators, offers the
potential to significantly enhance the efficiency
of the crop’s photosynthetic potential utilisation.
Therefore, studying these aspects is of consider-
able importance for developing adaptive grain
sorghum cultivation technologies aimed at en-
suring stable high productivity even under cli-
matic constraints (Polevoy et al., 2020; Prysiazh-
niuk et al., 2022).

According to Y.Al-Salman et al. (2024), global
climate change trends over recent decades have
expanded the potential growing region for grain
sorghum, which is attracting attention from the

scientific community due to its low requirements
for soil and climatic conditions and its plasticity
towards abiotic factors. Researchers D. Wang et
al. (2022) investigated that grain sorghum be-
longs to plants with C4-type photosynthesis,
which are characterised by lower water losses
through transpiration due to CO, fixation in mes-
ophyll cells and subsequent transfer to bundle
sheath cells where photosynthesis occurs. This
type of photosynthesis is more productive com-
pared to C3 photosynthesis under high light in-
tensity and temperature conditions.

The drought tolerance of this crop using dif-
ferent concentrations of PEG 6000 (polyethylene
glycol) was confirmed in studies by M. Stefanov et
al. (2023), who noted better plant recovery at PEG
concentrations of 20% and 25%. Concurrently,
R.G. Avila et al. (2023) found that water deficit
negatively impacts the photosynthetic parame-
ters of grain sorghum plants, although the appli-
cation of plant growth regulators increases plant
resilience. S.Y. Davidenko (2023) argued that the
insufficient realisation of the genetic potential
of grain sorghum plants is linked to violations
of cultivation technological protocols, including
those that determine the plant’s feeding area and
its shape, and consequently regulate competition
between plants in agrophytocoenoses.
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According to R.E. Grishchenko et al. (2020),
one of the most dynamic indicators of plant pho-
tosynthetic activity is leaf area. The capacity of
the assimilatory apparatus and the duration of
its function are crucial factors for photosynthetic
productivity,influencing yield and grain quality in-
dices. Research by L.A. Pravdyva et al. (2023) high-
lighted the positive impact of applying a growth
regulator on the leaf area of grain sorghum, its
photosynthetic potential, and net photosynthetic
productivity, as well as the important role of crop
nutrition in enhancing photosynthetic productivi-
ty. The authors established that the use of a regu-
lator promotes increased leaf area development,
activates photosynthetic processes, and improves
the overall physiological state of plants, enabling
more effective utilisation of the crop’s potential
under stress conditions. L. Pravdyva & V. Dor-
onin (2020) analysed the influence of mineral
nutrition on grain sorghum photosynthetic pro-
ductivity. It was determined that the application
of mineral fertilisers contributes to an increase in
leaf area, a rise in photosynthetic potential, and
an increase in net photosynthetic productivity,
which collectively improve the crop’s yield.

According to O.S. Tytarenko & L.M. Kar-
puk (2022), the photosynthetic parameters of
crops are an exceptionally important compo-
nent for determining the effectiveness of grain
sorghum cultivation technology elements, as
in cultivated plants, yield formation efficiency
directly depends on the speed and quality of
photosynthetic processes. They also noted a
significant influence of applying micronutrients
and growth regulators on the course of photo-
synthetic processes.

Therefore, studying the photosynthetic ac-
tivity of crops depending on hybrid composition,
plant density, and the application of growth reg-
ulators is a necessary condition for further im-
provement of grain sorghum cultivation agricul-
tural practices to realise its biological potential.
This study aimed to determine the photosynthetic
efficiency of grain sorghum hybrids of different
maturity groups depending on plant density and

growth regulator application under the condi-
tions of the Northern Steppe of Ukraine.

Materials and Methods

Field research was conducted between 2022 and
2024 on the fields of Zoria LLC in the village of
Havrylivka, Synelnykove District, Dnipropetrovsk
Region. According to the zonal distribution, the
district belongs to the northern part of the steppe
zone of Ukraine, characterised by insufficient and
unstable moisture and arid weather conditions.
The soils at the research site are ordinary cher-
nozems with a high humus content. Soil nutrient
reserves were 260-270 kg/ha of mineral nitrogen,
240-260 kg/ha of phosphorus,and 860-880 kg/ha
of potassium. The humus content during the
research years fluctuated between 4.48% and
4.55%. The agricultural practices in the exper-
iment were generally accepted for the Steppe
zone of Ukraine, except for the sowing method
(row spacing was 45 cm) and the experimental
factors. The preceding crop was winter wheat. The
experimental design involved the study of three
factors. The research was conducted following
the Convention on Biological Diversity (1992).

The first factor comprised grain sorghum hy-
brids of French breeding from the company Lidea,
belonging to different maturity groups: early-ma-
turity - Albanus; mid-early - Kalatur, ES Foehn,
and ES Monsoon; and late-maturity - ES Alize.
The early-maturity hybrid Albanus (FAO maize
equivalent 300-350) has a vegetation period of
92-100 days. Plant height is 115-116 cm. The
grain is white, with a 1,000-grain weight of 25.9-
29.0 g. Grain protein content is 12.6%-13.0%, and
starch content is 74.3%-74.8%. The mid-early
hybrid Kalatur (FAO maize equivalent 400-450)
has a vegetation period of 108-109 days. Plant
height is 114-120 cm. The grain is white, with
a 1,000 grain weight of 25.4-29.5 g. Grain pro-
tein content is 12.4%-12.8%, and starch content
is 74.0%-74.8%. The mid-early hybrid ES Foehn
(FAO maize equivalent 380-450) has a vegetation
period of 108-111 days. Plant height ranges from
107 to 120 cm.The grain is red, with a 1,000 grain
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weight of 24.7-30.0 g. Grain protein content is
12.0%-12.8%, and starch content is 73.8%-74.3%.
The mid-early hybrid ES Monsoon (FAO maize
equivalent 320-400) has a vegetation period of
103-108 days. Plant height is 105-114 cm. The
grain is white, with a 1,000grain weight of 26.2-
26.5 g. Grain protein content is 11.4%-12.8%, and
starch content is 71.8%-73.9%. The late-maturity
hybrid ES Alize (FAO maize equivalent 400-480)
has a vegetation period of 117-120 days. Plant
height is 107-120 cm. The grain is red, with a
1,000-grain weight of 26.9-28.4 g. Grain protein
content is 10.2%-11.6%, and starch content is
74.6%-76.4%.

The second factor investigated was plant
density, which was set at 170, 200, and 230 thou-
sand plants per hectare. The third factor inves-
tigated was the double application of the plant
growth regulator Appetaizer, which stimulates
physiological processes and improves plant nu-
trition under stress conditions. The formulation
of the Appetaizer growth regulator is an aqueous
solution (AS). The active ingredients are sea al-
gae extract (GA-142) - 952 g/L, zinc salts (1%),
and manganese salts (1%). The first application
was carried out at the 4-5 leaf stage on the ex-
perimental variants at a rate of 0.5 L/ha with a
working solution volume of 150 L/ha. To ensure
high-quality application of the product per the
manufacturer’s recommendations, an air injection
double fan nozzle IDKT 04 with a droplet size of
350-480 VMD pm was used.

The second application of the growth regu-
lator was conducted at the 7-8 leaf stage with a
product application rate of 0.5 L/ha and a work-
ing solution volume of 150 L/ha. Applications
were performed in the evening at air tempera-
tures ranging from +15°C to +20°C, relative air
humidity of 20%-30%, and wind speed of 3-4 m/s.
The total area of the experimental plot was 8 ha.
The accounting area of a variant plot was 600 m?
(6%100 linear metres), and the total area was
673.2 m? (6.6x102 linear metres). The variants
were arranged systematically in three tiers (30
variants). The experiment had four replications.

Sukhina & Novytska

Photosynthetic activity of plants was determined
by the following indicators: leaf area - using
the ‘“cutting” method; photosynthetic potential
of the crop (PP) and net photosynthetic produc-
tivity (NPP) - according to the methodology of
A.O. Nichiporovich. Statistical analysis of the re-
search results was performed using the analysis
of variance method for multifactorial experiments
with the aid of Microsoft Excel software.

Results and Discussion

During the field research conducted between
2022 and 2024, the dates of the onset of pheno-
logical growth and development stages of grain
sorghum hybrids were recorded, the leaf areas of
the variants were determined depending on the
studied factors, and the photosynthetic potential
of the crops (PP) and net photosynthetic produc-
tivity (NPP) were calculated. From the obtained
data, average values over the 3 years were deter-
mined to reflect the effectiveness of the agricul-
tural practices.

During the plant stages of stem elongation
to panicle emergence, in the control variants at
a plant density of 170 thousand plants/ha, the
highest photosynthetic potential was observed
in the late-maturity hybrid ES Alize (217.8 thou-
sand m?/ha*days) and the early-maturity hybrid
Kalatur (212.6 thousand m%*/ha*days), while the
lowest value was recorded for the mid-early hy-
brid ES Monsoon (320.3 thousand m?/ha*days)
(Fig. 1). An increase in photosynthetic potential
occurred in all variants with the application of
the growth regulator; the minimum difference
was +2.52% for the Albanus hybrid, and the max-
imum was +13.12% for the ES Monsoon hybrid.
A significant difference was also recorded for
the ES Alize (+10.59%) and ES Foehn (+10.38%)
hybrids. During the panicle emergence to flow-
ering stages of grain sorghum development, the
highest photosynthetic potential was observed in
the ES Alize (265 thousand m?/ha*days) and ES
Foehn (262.4 thousand m?/ha*days) hybrids. The
minimum value during this period was for the Al-
banus hybrid - 205.7 thousand m?/ha*days.
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LSD 05 for factors: A - 0.02; B - 0.02; C - 0.02;
LSD 05 for factor interactions: AB — 0.04; BC, AC - 0.02; ABC - 0.06
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Figure 1. Photosynthetic potential of crops at a density of 170 thousand plants/ha during

the main phenological growth and development stages of the plants
Note: C - control; PGR - plant growth regulator; SE - seedling; SE - stem elongation; PE - panicle emergence; F -

flowering; WR - waxy ripeness
Source: developed by the authors

The application of the growth regulator at
this stage had a somewhat differentiated ef-
fect - on the ES Alize and ES Foehn hybrids, the
photosynthetic potential decreased by 6.42%-
6.64% compared to the control, but increased
by 5.77% for the Kalatur hybrid and by 2.38%-
2.41% for the ES Monsoon and Albanus hybrids.
This phenomenon was likely due to the genetic
characteristics of the hybrids, particularly their
maturity group, which in turn characterises the
process of ontogenesis with specific features of
biometric parameter development (formation of
leaf area and senescence of lower-tier leaves).
That is, the stimulating effect of the PGR led to
an acceleration of the plants’ passage through
phenological stages, resulting in the earlier se-
nescence of lower-tier leaves compared to the
control variants.

During the flowering to waxy ripeness peri-
od, in the control variants at a plant density of
170 thousand plants/ha, the photosynthetic po-
tential of the crop reached its maximum value in

the earlymaturity hybrid Albanus (362.1 thousand
m?/ha*days) and the late-maturity hybrid ES Alize
(360.0 thousand m?/ha*days), while the lowest
value was for the mid-early hybrid ES Monsoon
(320.3 thousand m?/ha*days). At this stage, an
increase in photosynthetic potential of 2.11%-
9.08% was recorded in all variants with the ap-
plication of PGR. During the grain sorghum devel-
opment phases from stem elongation to panicle
emergence, with an increase in plant density to
200 thousand plants/ha, an increase in the PP in-
dex of 9.1%-19.4% was noted in all control vari-
ants (Fig. 2). Thus, the highest PP was observed in
the ES Alize (266.0 thousand m?/ha*days) and ES
Foehn (261.8 thousand m?/ha*days) hybrids, and
the lowest in the ES Monsoon hybrid (189.2 thou-
sand m%*/ha*days). The influence of growth reg-
ulator application at this stage also proved to
be differentiated: +2.31% in the Albanus hybrid;
+3.00% in Kalatur; +10.29% in ES Foehn; -4.94%
in ES Alize and -6.45% in ES Monsoon, for the
reasons mentioned previously.
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LSD 05 for factors: A - 0.02;B — 0.02; C — 0.02;
LSD 05 for factor interactions: AB — 0.04; BC, AC - 0.02; ABC - 0.06
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Figure 2. Photosynthetic potential of crops at a density of 200 thousand plants/ha during

the main phenological growth and development stages of the plants
Note: C - control; PGR - plant growth regulator; SE - seedling; SE - stem elongation; PE - panicle emergence; F -

flowering; WR - waxy ripeness
Source: developed by the authors

During the panicle emergence to flowering
period,the control variants of ES Alize (273.0 thou-
sand m?/ha*days), ES Foehn (266.5 thousand m?/
ha*days), and Kalatur (258.5 thousand m?/ha™
days) exhibited the highest photosynthetic po-
tential. A significant positive effect of the growth
regulator on PP was observed in the ES Alize
hybrid (+11.41%), while others showed increases
within the range of +2.35%-2.75% (except for the
ES Foehn hybrid, which saw a decrease of 8.48%).
During the flowering to waxy ripeness develop-
ment stages of grain sorghum at a plant density of
200 thousand plants/ha, the variants with the ES
Alize (407.2 thousand m?/ha*days) and ES Foehn
(398.4 thousand m?/ha*days) hybrids reached
maximum values in the control. Furthermore, in
the variants with PGR application, the highest
value was recorded for the ES Foehn hybrid -
404.0 thousand m?/ha*days. During the grain
sorghum stages from stem elongation to panicle
emergence, increasing the plant density to 230
thousand plants/ha resulted in a differentiated
effect. In the control variants, an increase in the

PP index was noted for the Kalatur hybrid by 1.1%,
for the ES Foehn hybrid by 8.0%, and for the Al-
banus hybrid by 1.4% (Fig. 3). The index decreased
in other hybrids, indicating excessive density.

During the panicle emergence to flowering
period, the control variants showed an increase in
the PP index of 2.3% for the Kalatur hybrid, 10.6%
for the ES Alize hybrid, and 3.2% for the ES Mon-
soon hybrid. The increase in density had almost
no effect on the Albanus hybrid, while the ES
Foehn hybrid showed a decrease in the index of
9.1%.PGR application was effective for all hybrids
(+1.08%-11.25%), except for the ES Foehn hybrid
(-5.43%). During the flowering to waxy ripeness
development stages of grain sorghum at a plant
density of 230 thousand plants/ha, the variants
with the ES Foehn (415.7 thousand m?/ha*days)
and ES Alize (400.0 thousand m?/ha*days) hybrids
reached maximum values in the control. Fur-
thermore, in the variants with PGR application,
the highest value was observed in the ES Alize
hybrid - 403.0 thousand m?/ha*days, which was
slightly lower than the ES Foehn variant at a
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density of 200 thousand plants/ha. Other variants
with PGR application demonstrated a PP increase

of 0.8%1.38%, except for the Kalatur (-6.09%) and
ES Foehn (=5.11%) hybrids.

LSD 05 for factors: A - 0.02;B - 0.02;C — 0.02;
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Figure 3. Photosynthetic potential of crops at a density of 230 thousand plants/ha during

the main phenological growth and development stages of the plants
Note: C - control; PGR - plant growth regulator; SE - seedling; SE - stem elongation; PE - panicle emergence; F -

flowering; WR - waxy ripeness
Source: developed by the authors

L.A. Herasymenko (2014) argued that a cru-
cial condition for ensuring yield is the duration
of functioning of the formed leaf area of crops,
which is expressed by the photosynthetic poten-
tial (PP) index. This index can vary widely de-
pending on the soil and climatic zone and the
growing conditions of the given crop. Accord-
ing to their observations, with a row spacing
of 45 cm and a plant density of 200 thousand
plants/ha, the PP was 4.11 million m?/ha*days
for the variety Sylosne 42 and 4.41 million m?%/
ha*days for the hybrid Medovyi. With an increase
in plant density to 300 thousand plants/ha, this
index was 4.52 and 4.78 million m?/ha*days,
respectively. In the current research, the pho-
tosynthetic potential index was calculated at
each stage of ontogenesis for a more precise un-
derstanding of the dynamics of changes in the
grain sorghum hybrid variants depending on the
studied factors. However, a comparison of the

research results indicates that grain sorghum
and sweet sorghum differ significantly in terms
of photosynthetic potential even at the same
plant density of 200 thousand plants/ha.

In comparison with the indices from the re-
search by L. Pravdyva & V. Doronin (2020), the
current study’s indices at the same plant den-
sity of 200 thousand plants/ha showed lower
values, specifically: compared to the varieties
Dniprovskyi 39 (1.24 million m?/ha*days) and
Vinets (1.18 million m%*/ha*days), the photosyn-
thetic potential of the control variants over the
vegetation period was: Kalatur hybrid - 1.11 mil-
lion m?/ha*days; ES Alize - 1.22 million m?¥
ha*days; ES Foehn - 1.19 million m?/ha*days;
Albanus - 1.04 million m%*/ha*days; ES Mon-
soon - 1.04 million m%*/ha*days. Furthermore, the
variants with the application of the PGR Appe-
taizer were characterised by significantly higher
indices: Kalatur hybrid - 1.16 million m?/ha*days;
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ES Alize - 1.23 million m?/ha*days; ES Foehn -
1.23 million m%*/ha*days; Albanus - 1.08 million
m?/ha*days; ES Monsoon - 1.04 million m?/ha*
days. In contrast, the net photosynthetic produc-
tivity of the investigated hybrids was significant-
ly higher compared to the varieties Dniprovskyi
39 (3.91 g/m? per day) and Vinets (3.72 g/m? per
day): for the Kalatur hybrid - 4.22 g/m? per day;
ES Alize - 3.77 g/m? per day; ES Foehn - 4.09 g/
m? per day; Albanus - 4.77 g/m? per day; ES Mon-
soon - 5.07 g/m? per day. These indices, consider-
ing the different agro-meteorological conditions
of the areas where the comparative studies were
conducted, indicate the adaptability of the in-
vestigated hybrids to the arid conditions of the
Northern Steppe of Ukraine.

R.M.Vasylenko (2018) investigated the pho-
tosynthetic productivity of grain sorghum (Piv-
dennyi variety with 70 cm row spacing) under dif-
ferent sowing dates, reporting a photosynthetic

LSD 05 for factors: A - 0.02;B - 0.02;C - 0.02;
LSD 05 for factor interactions: AB - 0.06; BC, AC — 0.04; ABC - 0.08
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potential of 1.13 million m?/ha*days without ir-
rigation and 1.19 million m%/ha*days under irri-
gation; and a net photosynthetic productivity of
3.7 g/m? per day without irrigation and 3.6 g/m?
per day under irrigation. These data are signifi-
cantly lower compared to the Kalatur, ES Alize,
ES Foehn, Albanus, and ES Monsoon hybrids, and
indicate the effectiveness of the grain sorghum
hybrids investigated in non-irrigated conditions,
as well as the expediency of using plant growth
regulators. Furthermore, R.M. Vasylenko (2018)
in their research paid attention to the plant pro-
tection system and highlighted its important
role in the formation of grain sorghum photo-
synthetic productivity.

Based on the photosynthetic potential and
data on the duration of phenological phase peri-
ods, dry biomass yield increments were calculat-
ed, after which the net photosynthetic productivi-
ty of each variant was determined (Fig. 4).
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Figure 4. Net photosynthetic productivity at a density of 170 thousand plants/ha during

the main phenological growth and development stages of the plants
Note: C - control; PGR - plant growth regulator; SE - seedling; SE - stem elongation; PE - panicle emergence; F -

flowering; WR - waxy ripeness
Source: developed by the authors

These results indicate that at a plant den-
sity of 170 thousand plants/ha, the early-matu-
rity Albanus hybrid exhibited the highest NPP
among the hybrids during the stem elongation

to panicle emergence (3.63 g/m? per day) and
flowering to waxy ripeness (4.67 g/m? per day)
periods. Furthermore, the ES Monsoon hybrid
consistently showed high NPP throughout all
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phases (3.754.35 g/m? per day), despite low
photosynthetic potential indices. The Kalatur
hybrid was also stable throughout the entire pe-
riod, with NPP within the range of 2.96-3.85 g/
m? per day. At a plant density of 200 thousand
plants/ha, the highest net photosynthetic pro-
ductivity across all variants was recorded (Fig. 5).
Among the hybrids, ES Monsoon (3.74-5.07 g/m?

per day), Albanus (3.564.77 g/m? per day), and
Kalatur (3.95-4.22 g/m? per day) distinguished
themselves with high values in the control
plots. In the variants with PGR application,
the highest NPP values were observed in the
ES Monsoon (3.77-5.12 g/m? per day), Albanus
(3.61-4.89 g/m? per day), and ES Foehn (2.98-
4.63 g/m? per day) hybrids.
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Figure 5. Net photosynthetic productivity at a density of 200 thousand plants/ha during

the main phenological growth and development stages of the plants
Note: C - control; PGR - plant growth regulator; SE - seedling; SE - stem elongation; PE - panicle emergence; F -

flowering; WR - waxy ripeness
Source: developed by the authors

Increasing plant density to 230 thousand
plants/ha led to a decrease in NPP in the con-
trol variants during the stem elongation-panicle
emergence stages by 12% for the Kalatur hybrid,
2% for the ES Alize hybrid, and 16% for ES Foehn,
while remaining unchanged for the Albanus and
ES Monsoon hybrids (Fig. 6). During the panicle
emergence-flowering period, the NPP index de-
creased by 15% for the ES Alize hybrid and 8% for
ES Monsoon; for other hybrids, the change was
insignificant. The flowering-waxy ripeness period
was characterised by a decrease in NPP for the
Kalatur and ES Foehn hybrids by 13% and 10%,
respectively. The indices for other hybrids re-
mained almost at the same level.The application
of the growth regulator to the variants had a dif-
ferentiated effect on the hybrids at various devel-
opment stages: for the Kalatur hybrid, a reduction
in the effect of increased density of 1%-14% was

observed; for the ES Alize hybrid - a reduction in
the negative impact of increased density of 6%-
18%; for the ES Foehn hybrid - 5%-7%; a decrease
in NPP occurred for the Albanus hybrid by 1%-3%
at all development stages, and for the ES Mon-
soon hybrid there was a decrease of 16% during
the stem elongation-panicle emergence period,
and an increase of 1%-2% in other periods.
According to O.S. Tytarenko & L.M. Kar-
puk (2022), research results for grain sorghum
hybrids Brigga and Yutami in the Right-bank
Forest-Steppe of Ukraine, a region with unstable
moisture, showed that without plant growth reg-
ulators, NPP during the stem elongation-panicle
emergence period ranged from 3.29 to 3.87 g/m?
per day. With the application of the PGRs Rego-
plant or Stimpo, it ranged from 3.30 to 3.88 g/m?
per day. In comparison, the hybrid Kalatur had an
NPP of 4.22 g/m? per day; ES Alize - 3.77 g/m?
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per day; ES Foehn - 4.09 g/m? per day; Albanus -
4.77 g/m? per day; and ES Monsoon - 5.07 g/m?
per day on the control variants. With the appli-
cation of the PGR Appetaizer, the NPP values in-
creased to 4.26 g/m? per day for the Kalatur hy-
brid; 3.52 g/m? per day for ES Alize; 4.63 g/m? per
day for ES Foehn; 4.89 g/m? per day for Albanus;
and 5.12 g/m? per day for ES Monsoon. A simi-
lar dynamic is also observed during the panicle

LSD 05 for factors: A - 0.02;B - 0.02;C - 0.02;
LSD 05 for factor interactions: AB — 0.06; BC, AC — 0.04; ABC - 0.08
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emergence-flowering and flowering-waxy ripe-
ness periods. This indicates the greater effective-
ness of the PGR Appetaizer compared to the other
growth regulators. However, the aforementioned
research also included the application of micro-
nutrients, which, in combination with the use of
PGRs, resulted in photosynthetic productivity in-
dices that exceeded those of the grain sorghum
hybrids investigated in the present study.
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Figure 6. Net photosynthetic productivity at a density of 230 thousand plants/ha during

the main phenological growth and development stages of the plants
Note: C - control; PGR - plant growth regulator; SE - seedling; SE - stem elongation; PE - panicle emergence; F -

flowering; WR - waxy ripeness
Source: developed by the authors

A.Shrestha et al. (2016) investigated the tol-
erance of grain sorghum to high salt concentra-
tions under laboratory conditions, which allowed
the assertion that grain sorghum is a strategic
crop for cultivation on saline soils. However, ac-
cording to research by I.G. Daniells et al. (2001)
under field conditions, the productivity of grain
sorghum on saline soils is rather limited and can
be up to 50% of the potential yield. The peculi-
arities of grain sorghum’s physiological respons-
es during drought stress involve an increase in
photosynthetic rate through reduced stomatal
conductance and transpiration rate (Zhang et
al., 2019), increased leaf temperature (Kapani-
gowda et al., 2014), decreased chlorophyll con-
tent, and increased oxygen evolution (Bao et

al., 2017). Consequently, an enhanced photosyn-
thetic rate, which provides the nutrients and en-
ergy required for plant growth and development,
is the main mechanism by which tolerant gen-
otypes maintain grain yield in sorghum during
stress (Getnet, 2015). Thus, under conditions of in-
sufficient moisture, the photosynthetic apparatus
is fundamental to plant growth and development,
as well as yield formation.

According to L.A. Herasymenko (2014), sow-
ing dates and seed burial depth significantly
influence sorghum photosynthetic productivi-
ty, with optimal conditions being sowing in the
second ten-day period of May and a seed burial
depth of 4-6 cm. Field research by L.A. Herasy-
menko (2014) also established that key factors
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influencing crop photosynthetic productivity are
row spacing (30 cm is optimal for sweet sorghum)
and plant density (300 thousand plants/ha is
optimal for sweet sorghum). M.B. Grabovskiy et
al. (2017) hold a similar view, focusing specifical-
ly on the optimal temperature for grain sorghum
sowing (+10°C-12°C), and their research results
indicate a close interrelationship between photo-
synthetic potential, net photosynthetic productiv-
ity, and increased yield.

In the research conducted by R.E. Grishchen-
ko et al. (2020) on the photosynthetic productiv-
ity of the Artemida variety at a plant density of
180 thousand plants/ha with 45 c¢cm row spac-
ing, it was found that the highest indices of sor-
ghum crop photosynthetic potential (2.96 million
m?/ha*days) and net photosynthetic productivity
(5.4-5.76 g/m? per day) were achieved with the
main application of N, P, K, and additional ni-
trogen feeding (N,;) alongside seed treatment
with the BTU preparation. Considering the some-
what lower indices in current research, it can be
concluded that the agricultural practices investi-
gated, namely the grain sorghum hybrids, plant
density of 200 thousand plants/ha, and the appli-
cation of the studied additive, are expedient un-
der the unfavourable and arid conditions of the
Northern Steppe of Ukraine. Thus, the obtained
results demonstrate significant variability in pho-
tosynthetic potential and net photosynthetic pro-
ductivity depending on the hybrid composition,
plant density, and the application of the growth
regulator. The optimal conditions for realising the
biological potential of the hybrids were found to
be a density of 200 thousand plants/ha and the
use of the Appetaizer preparation, which ensured
an increase in photosynthetic activity indices and
productivity stability during the phases of active
growth. The hybrids Kalatur, ES Foehn, and ES
Monsoon proved particularly effective under the
conditions of the Northern Steppe of Ukraine.

Conclusions
The presented results allow for the conclusion
that, in terms of photosynthetic potential, the

optimal variants were the combinations of: the
ES Alize hybrid at a plant density of 170 thou-
sand plants/ha with PGR application; the ES Al-
ize and ES Foehn hybrids at a plant density of
200 thousand plants/ha in the control; the ES
Foehn hybrid at a plant density of 200 thousand
plants/ha with PGR application; the ES Alize and
ES Foehn hybrids at a plant density of 230 thou-
sand plants/ha in the control, as well as ES Alize
with PGR application.

Conversely, regarding net photosynthetic
productivity, the best variant at a plant density
of 170 thousand plants/ha proved to be the ear-
ly-maturity Albanus hybrid, both without (4.67 g/
m? per day) and with the application of the PGR
Appetaizer (4.70 g/m? per day). At a density of
200 thousand plants/ha, the best control var-
iants were the Albanus (4.77 g/m? per day) and
ES Monsoon (5.07 g/m? per day) hybrids, as well
as the variants with PGR application on these hy-
brids (4.89 and 5.12 g/m? per day, respectively).
The Albanus and ES Monsoon hybrids also per-
formed well at a density of 230 thousand plants/
ha: in the control variants with values of 4.78 and
4.69 g/m? per day, respectively; and in the vari-
ants with PGR application with maximum values
of 4.78 and 4.82 g/m? per day. Furthermore, the
aforementioned indicates that grain sorghum
photosynthetic activity is significantly dependent
on plant density and the genetic characteristics of
the hybrids (individual sensitivity to high density),
and the application of the investigated prepara-
tion increases the indices of photosynthetic po-
tential and net photosynthetic productivity of
crops or improves plant plasticity in cases of stem
stand crowding.

Prospects for further research include ex-
panding experiments to other agro-climatic
zones of Ukraine to establish the regional stabili-
ty of photosynthetic indicators for different grain
sorghum hybrids. It is also advisable to investi-
gate the dynamics of photosynthetic activity in
conjunction with the biochemical characteristics
of leaves and the level of water resource utilisa-
tion for a comprehensive assessment of the crop’s
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adaptive potential under varying moisture condi- Funding
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AHoTauifl. BuBUEHHA (HDOTOCMHTETMUYHOI aKTUBHOCTI COPro 3epHOBOMO € BAXIMBUM AN MiABULLEHHS
Moro npoaykTMBHOCTI B yMmoBax [liBHiyHoro Creny YKpaiHW, WO XapaKTepu3yeTbCs HeCTabifibHUM
3BOJIOXKEHHSIM | BWCOKMMM TeMMepaTypHUMMU KONMBAHHAMU. MeTow pocnimxeHb Oyno BU3HAYUTK
BNAMB riGpMAIB, NyCTOTU CTOSIHHA POC/IMH | 3aCTOCYBAHHS perynsaropa pocTy pocauH «AnneTtaisep» Ha
MOKa3HWKM POTOCUHTETUYHOT aKTUBHOCTI COPro 3epHOBOro. JlocniaxeHHs NpOBOAWUAM NPOTATrOM nepioay
2022-2024 pp. Ha pocnigHux mingHkax [HinponetpoBcbkoi obnacTi. MonepenHukom byna nwexHmuA
03MMa, arpoTexHika BUpOLLYBaHHS — 3arafibHONPUIHATA 415 30HU BUPOLLYBAHHS (OKPiM A0CNIAXYBAHUX
€N1eMEHTIB Ta WMPUHU MiXpsAAas, sike ctaHoBuno 45 cm). Cepen MeToAiB, WO BMKOPUCTOBYBANMUCA,
6ynu: MonboBUIA — cnocTepexkeHHs1 3a GeHonoriyHMMKU asaMu pocTy Ta PO3BUTKY KYNbTypu, BIIMB
[OCNIKYBAHUX €NeMeHTIB Ha (QOTOCMHTETMYHY aKTMBHICTb COPro 3epHOBOro; Tabnuuyuui - ang
cucTemMatusalii, BNopsaKyBaHHSA Ta BifobpaxeHHs OTPUMaHUX AaHUX; rpadiuyHMi — Ang BiA0OpaXKeHHs
OTpUMaHUX AaHux. Y Xo4i [AOCNIMKEHHS BCTAaHOBNEHO, WO 33 (GOTOCMHTETUYHMM MNOTEHLiIaNOM
onTuManbHMMK 6ynu koMmbiHauii: ribpuay EC Anize 3a ryctotn 170 Tvc. pocnumH/ra i3 3aCToCyBaHHAM
perynsTopy (gani - PPP) pocty pocnuH (392,7 Tuc.M*/ra*pi6); ribpuais EC Anize Ta EC DoeH 3a ryctotu
200 T1C. pocnuH/ra Ha KoHTponi (407,2 Ta 398,4 Tnc.M?/ra*pi6); ribpuay EC MoeH 3a Tiei X ryctotv 3
PPP (404,0 tTnc.mM*/ra*pi6); riopuais EC Anize 1a EC ®@oeH 3a ryctot 230 TUC. pOCIMH/Ta Ha KOHTPONi
(400,0 Ta 415,7 Tuc.M?/ra*pib), a Takox EC Anise i3 3acTtocyBaHHsM PPP (403,2 Tuc.mM?/ra*gi6). 3a unctoto
NPOAYKTUBHICTIO GOTOCMHTE3Y HakKkpalmmu bynu: ribpua AnbaHyc npwm ryctoti 170 Tuc. pocnmH/ra —
6e3 PPP (4,67 r/m%/noby) Ta 3 PPP (4,70 r/M2/no6y); ribpuan Anbanyc (4,77) Ta EC MyccoH (5,07)
npu 200 TMC. pocimH/ra Ha KOHTponi, a Takox 3 PPP (4,89 1a 5,12 r/mM%/noby BignosigHo); npu
230 tvc. pocnmH/ra — ribpuan Anbanyc (4,78) ta EC MyccoH (4,69) Ha koHTponi Ta 3 PPP (4,78 Ta
4,82 r/M?*/no6y). OTxe, GOTOCMHTETMYHA aKTWMBHICTb COPro 3anexana Big ryctotu, ribpuay Tta Aaii
perynstopa pocTy AocnigkyBaHoi aobaBku. OTpuMaHi pe3ynbTaTM [03BONSATb arpoBUpPOBHMKaM
06rpyHTOBaHO [06MpaTM ONTMManbHi KOMOIHALIT rycTOTM CTOsSIHHA, ribpuAiB copro Ta AOLINbHICTb
3aCTOCYBaHHS peryngatopa pocTy A5 NiABUWEHHSN GOTOCUMHTETUYHOT aKTUBHOCTI Ta YPOXXaMHOCTI NOCiBiB

Knio4oBi cnoBa: hoTOCMHTETUYHMIA NOTEHLiaN; Y1CTa NPOAYKTUMBHICTb POTOCUHTE3Y; PEeHONOriuHi pasu;
XWBJIEHHS POCAUH; 6IOCTUMYNATOP; COPro 3epHoBE
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Abstract. The challenge of germinating Cercis L. seeds, caused by their physiological and physical
dormancy, necessitates the improvement of generative propagation methods using growth stimulants.
This study examined the influence of organo-mineral growth stimulants on the germination efficiency
of experimental species seeds, as well as their subsequent impact on the morphometric parameters
of seedlings. Field germination was determined by direct counting of germinated seeds, while
laboratory germination was assessed according to the International Seed Testing Association (ISTA)
methodology for evaluating seed quality. Statistical data processing was performed using MS Excel
(one-way ANOVA and Standard Deviation). The study revealed a statistically significant effect of the
tested preparations on seed germination efficiency. It was found that Cercis siliquastrum “Alba” seeds
exhibited the highest germination rate when treated with Succinic acid at a concentration of 1 g/L.For
Cercis canadensis L., the preparations “Megafol” (5.0 mL/L, germination rate 70-77%) and “Alga 600"
(1.25 g/L, germination rate 50-70%) demonstrated a positive effect. Additionally, experimental data
showed that seedlings derived from stimulant-treated seeds exhibited greater growth increments
compared to the control group. Treatment with “Succinic acid” resulted in a 2.5-2.9-fold increase in
Cercis siliquastrum “Alba” seedlings. Similarly, Cercis canadensis L. seedlings from seeds treated with
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“Succinic acid” showed nearly double the growth increment. Application of “Radifarm” (5.0 mL/L)
increased the height of Cercis canadensis L. seedlings by approximately 1.6-fold

Keywords: seed propagation; Judas tree; seedlings; growth stimulants; germination

Introduction

The genus Cercis L. comprises ornamental woody
plants distinguished by their vibrant flowering
and distinctive leaf morphology, making them
widely used in landscaping, garden design, and
botanical cultivation. Despite their horticultural
value, large-scale propagation of Cercis remains
challenging due to the biological characteristics
of its seeds. Specifically, the seeds exhibit deep
physiological and physical dormancy, significantly
complicating germination and limiting the wide-
spread application of generative propagation in
nursery conditions. Consequently, there is a need
to refine stratification techniques and employ
growth stimulants to enhance Cercis seed germi-
nation and reduce pre-sowing preparation time.

The simplest propagation method is gener-
ative. As noted by N. Nimavat & P. Parikh (2024),
generative reproduction carries a risk of paren-
tal trait segregation. However, for plants that are
difficult to propagate via cuttings, grafting serves
as an alternative for preserving the ornamental
traits of parent plants. This technological process
requires rootstock planting material, which is typ-
ically obtained through generative propagation.
Thus, improving generative propagation tech-
niques and studying the influence of growth stim-
ulants on seed germination efficiency and subse-
quent seedling quality remain pressing issues.

According to F.A. Chattha et al. (2025), seed
germination is a complex process influenced by
both endogenous and exogenous factors. Key
determinants of successful germination include
temperature, moisture, and oxygen. The en-
dosperm acts as a nutrient reservoir, containing
hormones that regulate germination. Phytohor-
mones play a critical role in germination and
early seedling development. For instance, auxins
regulate embryo growth and development, with

their concentration controlling differentiation
into various plant organs. Gibberellins, another
vital group of phytohormones, are used in seed
treatment to induce amylase production, which
promotes germination. Post-germination, in-
creased sugar content elevates respiration rates,
facilitating growth. Cytokinins regulate seedling
development, particularly stem elongation and
enzyme induction. These phytohormones are
synthesised in the apical tissues of young roots.
In contrast, abscisic acid acts as an inhibitor and
interacts antagonistically with gibberellins. Ad-
ditionally, exogenous chemicals are employed to
modulate seed and plant growth, influencing not
only development but also providing insights into
seed physiology through compositional analysis.
R. Zhou et al. (2025) investigated the effects
of gibberellic acid and cold stratification on the
germination of the perennial medicinal plant
Ferula gigantea via controlled experiments. They
found that a 90-day cold stratification period
yielded the highest germination rate (86.7%),
recommending this pre-sowing treatment for the
species. Garg (2024) studied the positive influ-
ence of beneficial microbes, including arbuscular
mycorrhizal fungi, Trichoderma spp., rhizobia, and
other bacteria, noting significant germination im-
provements in cereals, oilseeds, and vegetables.
During the generative propagation of Zostera
marina L., researchers R. Pieraccini et al. (2025)
investigated the effects of light and gibberellic
acid on seed germination in the studied species.
They examined the combined influence of light
spectra (white, red, and absence of light), photo-
period, and gibberellic acid at concentrations of
0, 50, 500, and 1000 mg/L on germination rates.
Their findings revealed that the absence of light
or exposure to red light spectra, in combination
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with gibberellic acid, significantly increased the
likelihood of seed germination. Additionally, it
was noted that moderate (50 mg/L) and high
(500 mg/L) concentrations of gibberellic acid also
had a positive effect on reducing germination
time. Based on their research, the authors con-
cluded that seed treatment could mitigate dor-
mancy periods induced by stress or handling and
may represent a viable strategy for generative
propagation in nursery settings.

The study by X. Wang et al. (2025) focused on
the effects of freezing and stratification on the
germination of pecan (Carya illinoinensis) seeds,
which are widely used for rootstock cultivation.
The authors emphasised that, despite the tradi-
tional emphasis on scions, rootstocks largely de-
termine plant growth, phenology, and resilience.
The primary challenges arise from the seeds deep
dormancy and hard seed coat. It was found that
stratification significantly improved germination
rates (up to 48.5%) and reduced germination time
(to 18 days), whereas freezing without stratifica-
tion demonstrated markedly lower efficacy (ger-
mination rate of 15.7%, with germination occur-
ring after 37 days). Conversely, the combination
of freezing and stratification negatively affected
the results. Seed provenance had no significant
influence.

M.Szymajda & R.Maciorowski (2025) investi-
gated the impact of different treatment methods
on the germination and growth of cherry seed-
lings under greenhouse conditions. The tested
treatments included varying durations of cold
stratification (+5°C) and several approaches to
removing germination inhibitors present in the
endocarp, seed coat, endosperm, and cotyledons
of the embryos. Their results indicated that the
highest germination rates were achieved by re-
moving the seed coat attached to the endosperm
and exposing the embryos to +20°C after 90 days
of stratification. Germination rates reached 80-
90%, with germination time ranging between
10-15 days. The authors also noted that under
conventional stratification methods (seeds in en-
docarps at +5°C), a significant proportion of seeds

failed to germinate even after 150 days. Using this
method, seedlings 20-25 c¢m tall were obtained
within five months, while the final germination
rate for the control group varied between 16.4%
and 54.4%. Seedlings derived from seeds strati-
fied for 90 days exhibited better growth than
those subjected to shorter stratification periods.

The objective of this study was to determine
the effects of organo-mineral growth stimulants
on the germination of experimental Cercis L. spe-
cies and to analyse subsequent changes in the
morphometric characteristics of the resulting
seedlings.

Materials and Methods
Germination tests were conducted by sowing
seeds of Cercis canadensis L. and Cercis siliquas-
trum “Alba” in multi-cell trays (60x40 cm, cell size
4.5x4.5x7.0 cm). Seeds of Cercis canadensis L. “F”
and Cercis siliquastrum “Alba” were collected from
trees growing in the 0.0. Fomin Botanical Garden
and from a plant located on V. Petriv Str. (Cercis
canadensis L.“K”). The seeds subsequently under-
went cold stratification at +4°C for four months.
Pre-sowing treatment included scarification of
the seed coat using hot water: seeds were soaked
in boiling water (t=100°C) and left to cool for 24
hours. Afterward, the seeds were soaked in solu-
tions of the tested preparations at varying con-
centrations (according to the experimental de-
sign) for 24 hours. The tested substances included
“Megafol”, “Radifarm”, “Alga 600", and succinic acid.
The seeds were then sown in individual cells of
the trays at a depth of 1-1.5 cm, with one seed
per cell. Lowland peat was used as the substrate.
The trays were placed in a greenhouse. The study
was conducted between 2022 and 2024. Irriga-
tion was performed as needed based on substrate
dryness, supplemented by automated watering
three times daily (5-minute intervals at 8:00,
12:00, and 16:00) via fine mist nozzles (flow rate:
2 L/h). Germination rates were assessed 30 days
after sowing. Seedling height was measured on
day 40 and after growth completion (five months
post-sowing).
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Laboratory germination capacity of the
seeds was determined in accordance with the
International Rules for Seed Testing 2025 by the
International Seed Testing Association (ISTA) at
the State Enterprise “State Centre of Agricultural
Products Certification and Examination”. Seeds
from different harvest years (2021 and 2023)
and subjected to different stratification methods
were used for the experiment. The 2021 seeds
were stored under controlled cold conditions,
whereas the 2023 seeds were collected direct-
ly from trees immediately before sowing, thus
undergoing natural stratification. Due to the ab-
sence of the studied genus and species in the
aforementioned Rules, it was decided to conduct
the research using the methodology for deter-
mining the sowing qualities of Robinia pseudo-
acacia L. seeds, as this species requires similar
pre-sowing preparation procedures and has a
hard seed coat. According to the methodology,
the seeds were germinated on filter paper under
alternating temperatures: 20°C for 16 hours and
30°C for 8 hours. Seed evaluation was recom-
mended to be conducted first on day 7 (germi-
nation energy) and finally on day 14 (germina-
tion capacity). To determine the influence of the
germination method on laboratory germination

Babyn & Pinchuk

capacity, seeds were placed for germination be-
tween layers of filter paper. Seeds used for ger-
mination included those from the 2021 harvest,
which had undergone cold stratification (for 4
months at +4°C) in 2021-2022 and were subse-
quently stored at room temperature, as well as
seeds from the 2023 harvest, collected directly
from trees immediately before the experiment
(March 2024) and not subjected to artificial
stratification. Germination was carried out in a
laboratory incubator with cooling (ST700 BASIC,
manufactured by PolEko Aparatura, Poland) un-
der a variable temperature regime in accordance
with the methodology, as well as under a var-
iable photoperiod - 8 hours with light and 16
hours without light. Seed evaluation was con-
ducted following the methodology; however, the
final evaluation period was extended to day 30
due to low germination energy. The study was
conducted in compliance with the Convention
on Biological Diversity (1992).

Results and Discussion
Seed germination capacity was evaluated on day
30, and morphometric measurements were taken
on day 40 after sowing. The summarised data on
germination capacity are presented in Table 1.

Table 1. Efficacy of the influence of tested preparation concentrations
on the germination rate of the studied plant species

Germination rate, %

. Concentration,
Preparation

C. canadensis L. (0.0. Fomin

C. canadensis L. C. siliquastrum

mi/1 Botanical Garden) (V. Petriv Str.) “Alba”
2.5 60.0£3.4 66.7+2.8 80.0+4.7
Radifarm 5.0 56.7+2.8 46.7+3.6 66.7+2.9
10.0 36.75.1 50+4.3 63.3+3.2
2.5 63.3+3.2 60+3.7 56.7+4.1
Megafol 5.0 7041 76.7+4.6 70.0£5.3
10.0 56.7+5.3 50+5.2 56.7+5.1
1.25 70+3.6 50.0+4.2 60.0£2.9
Alga 600 (g/1) 2.5 56.7+3.1 56.7+3.5 56.7+3.8
5.0 36.7+3.8 46.7+2.9 46.7+3.4
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Table 1. Continued

Germination rate, %

. Concentration,
Preparation

C. canadensis L. (0.0. Fomin

C. canadensis L. C. siliquastrum

mi/l Botanical Garden) (V. Petriv Str.) “Alba"
0.5 66.7+3.2 73.3+3.6 80.0+4.0
Succinic acid 1 73.3+3.3 73.3+4.3 83.3+3.3
2 66.73.1 63.3+3.6 63.3x4.1
Control 70.0+7.6 80.0+6.8 93.3+23

Source: developed by the authors

The data presented in Table 1 demonstrate
that the seed germination rate of the studied
plant species varies depending on both the
concentrations of the tested substances and
the species. Specifically, the seeds of Cercis si-
liguastrum “Alba” exhibited a higher germina-
tion rate compared to those of Cercis canaden-
sis L., which were collected from two different

locations in Kyiv. It was hypothesised that this
difference in germination rate may reflect a
species-specific trait of C. siliquastrum “Alba”.
Statistical analysis confirmed that the prepara-
tion concentrations had a statistically signifi-
cant effect on the seed germination rate of the
studied species. The results of the data analysis
are presented in Table 2.

Table 2. One-way ANOVA

Source of variation SS df

MS F P-value F crit

Between groups 4400.824 12

366.7353

6.16992 0.0000534  2.147926

Note: df - number of degrees of freedom; MS - variances; F - calculated value of the Fischer criterion; P-value -
calculated value of the minimum substantiality; Fcrit - critical value of the Fischer criterion

Source: developed by the authors

“Radifarm” showed the greatest efficacy at
a concentration of 2.5 ml/l, whereas “Megafol”
was most effective at 5.0 ml/l. Succinic acid
demonstrated optimal influence at the manu-
facturer-recommended concentration of 1 g/l
(Figs. 1, 2).

The data obtained during the study revealed
that the germination rate of C. canadensis L. seeds
ranged from 36.7% (treated with “Radifarm” and
‘Alga 600” at a concentration of 5.0 g/L) to 73.3%
(succinic acid at 1 g/L). The least variability in
germination results (66.7-73.3%) was observed
with the “Succinic Acid” preparation. The germi-
nation variability of Cercis canadensis L. seeds
collected from plants growing on V. Petriv Street
ranged from 46.7% (“Radifarm” and “Alga 600" at

concentrations of 2.5 g/Land 5.0 g/L, respectively)
to 80% (Control). The smallest fluctuation in seed
germination between preparation concentrations
was noted for “Succinic Acid” (63.3-73.3%) and
‘Alga 600" (46.7-56.7%).

It was established that succinic acid at a con-
centration of 1 g/L is optimal for enhancing the
germination of Cercis L. seeds. However, it should
be noted that a high germination rate (80%) was
observed in C. siliquastrum “Alba” seeds treated
with “Radifarm” at 2.5 ml/l. At the same time,
high germination rates in C. canadensis L. were
achieved with “Megafol” at 5.0 ml/l and “Alga 600"
at 1.25 g/L. The control sample of Cercis siliquas-
trum “Alba” seeds exhibited a germination rate of
93.3%, the highest recorded.
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Figure 1. Efficacy of organo-mineral biostimulant concentrations

on the generative propagation of Cercis canadensis L.
Note: a - seeds from a tree growing in the 0.0. Fomin Botanical Garden (‘F”); b - seeds from a tree growing in Kyiv,
V. Petriv Str. (‘K”); n=manufacturer-recommended concentration

Source: developed by the authors
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Figure 2. Effect of tested preparation concentrations
on the field germination of C. siliquastrum "Alba”

Note: n=manufacturer-recommended concentration
Source: developed by the authors

The most common practice for using growth
regulators involves vegetative propagation using
plant cuttings. However, as asserted by J.D. Bew-
ley & M. Black (1985), these substances can also
be employed to break seed dormancy. The re-
searchers provide a list of compounds capable of
mitigating or eliminating such issues, including
respiratory inhibitors, oxidisers, nitrates, nitrites,

and phytohormones themselves. Gibberellins
promote the induction of cell wall hydrolases,
thereby weakening and damaging the endosperm.
Abscisic acid (ABA), acting as an antagonist to
gibberellic acid, inhibits the induction of cell
wall hydrolases, reducing endosperm weakening
and damage. As stated by K. Miiller et al. (2006),
gibberellic acid enhances, while abscisic acid
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suppresses, embryonic growth potential. The work
of H. Fernandez et al. (1997) demonstrates signif-
icant variations in gibberellins during dormancy
release in beech (Fagus sylvatica L.) seeds and the
capacity of non-dormant seeds to undergo meta-
bolic transformations.

Although the germination percentage of
control samples was equal to or slightly high-
er than that of seeds subjected to pre-sowing
treatment, qualitative indicators such as seed-
ling height were significantly lower in the con-
trol group (Table 3).

Table 3. Morphometric parameters of Cercis L. (x+SDev, n=30)

= Seedling height, cm
~_9 16.05.2022 16.10.2022
~
= . .
Preparation g g g §. . § g g N
g b 3y g3 3k Sy g2
5 & g g § g: g
8 S 8 5 S 8 5
2.5 46+1.8 6.2+1.2 2.6+0.3 11.5+3.9 9.2+3.5 7.529
Radifarm 5.0 47+1.8 59+1.0 2.5+0.5 12543 10.0+3.2 59+27
10.0 58114 57+1.5 2.3+0.3 10.8+4.7 9.6+3.7 4.841.2
2.5 46+1.9 6.2+1.2 2.310.3 8.1%1.5 13.6+3.1 8.0+1.6
Megafol 5.0 47+1.8 59+1.0 2.5+0.5 7.8+2.3 9.5+29 7.3+x1.7
10.0 58+1.4 57+1.5 2.3+0.3 8.3+1.7 10.2+3.4 6.0+1.9
1.25 43+1.4 48+1.7 2.810.6 9.9+3.2 11.4+2.2 9.3+3.3
Alga 600 2.5 43+1.4 57+1.4 2.610.6 10.0t2.6 12.5+3.1 8.1+2.7
5.0 46+1.7 58+1.1 3.0+0.7 10.6+29 11.1+£3.9 8.8+2.5
0.5 41+1.8 51+1.7 2.5+0.4 12.623.7 12.043.3 9.842.9
Succinic acid 1.0 4.241.8 5.0+1.8 2.5+0.4 12.524.0 10.843.1 9.442.7
2.0 4141.5 5.6%2.3 2.7+0.5 10.5+3.8 13.4£2.8 9.3+3.3
Control 42413 4941.4 2.140.5 8.1+2.4 8.311.7 4.54+2.0

Source: developed by the authors

Seedling height of the studied species on the
40" day after sowing ranged from 2.1 cm (con-
trol sample of Cercis siliquastrum “Alba”) to 6.2 cm
(Cercis canadensis L. “K” treated with “Radifarm”
at 2.5 ml/l). Seedling height measurements were
conducted after growth cessation, five months

after the initial assessment. At the end of the
growth period, seedling height varied between
4.5 cm (control, Cercis siliquastrum “Alba”) and
13.4 cm (Cercis canadensis L.“K” treated with suc-
cinic acid at 2 g/L). The growth increment data
are presented in Table 4.

Table 4. Dynamics of changes in the mean shoot increment of seedlings from the genus Cercis L.

Seedling increments

=
£ Absolute (Ah), cm Relative, %
s K K g @ @ 13
Preparation S 2 2 g 2 2 g
£2 Sk Sy ] Sk S¥ ]
3 g g7 52 g g 52
] & - & =i = S s - s - ==
s o o > o o >
© 3} 3} % 3} 3} o
. 2.5 6.9 3 4.9 150 48 188
Radifarm
5.0 7.8 41 34 166 69 136
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Table 4. Continued

Seedling increments

E Absolute (Ah), cm Relative, %
c=; 0 K%} g 0 K} g
Preparation "@ ’_?; § - § : % = § s § : % =
i s S X s 8 s L S X s 8
5 P VA R
g 8 8 5 8 8 5
© ) 3} o 3} 3} o
Radifarm 10.0 5.0 3.9 2.5 86 68 109
2.5 3.5 7.4 57 76 119 248
Megafol 5.0 3.1 3.6 4.8 66 61 192
10.0 2.5 4.5 3.7 43 79 161
1.25 5.6 6.6 6.5 130 138 232
Alga 600 2.5 57 6.8 55 133 119 212
5.0 6.0 5.3 5.8 130 91 193
0.5 8.5 6.2 7.3 207 122 292
Succinic acid 1.0 8.3 5.8 6.9 198 116 276
2.0 6.4 7.8 6.6 156 139 244
Control 3.9 3.4 2.4 93 69 114

Source: developed by the authors

The data presented in Table 4 allow for a com-
parison of changes in seedling height between the
initial measurement and the end of the growth
period. Over five months, seedling increments
ranged from 2.4 cm (control sample, Cercis siliquas-
trum “Alba”) to 8.5 cm (succinic acid, 0.5 g/L, Cercis
canadensis L. “F”). However, given that seedlings
had varying initial heights, those with identical
absolute increments may exhibit differing relative
values. Calculating the relative increment provides

Seedling growth dynamics over 5 months%

insight into the change in seedling height relative
to their initial value. Figure 6 illustrates the dy-
namics of seedling height. The best-performing
seedlings were those of Cercis siliquastrum “Alba”,
with the smallest height increase observed in
samples treated with “Radifarm”at 10 ml/L (109%),
and the largest in those treated with succinic acid
at 0.5 g/L (292%). The relative height change in
the control sample was 114%, representing the
second-lowest increment for this cultivar (Fig. 3).

C. canadensis L. “F"
C. canadensis L. "K”
B C. siliquastrum “Alba”

350 a ©
N
300 g o N 3
S ST TR d
25 g S & a Q g
o~ © - NS -
200 o ~ 9 - o 3 © 8@ o O - % <
150 - g - - - - ;:
100 <3
: |
0
2.5 10 2.5 10 10 0.5 1
Radlfarm Megafol Alga 600 Succinic ACId Control

Figure 3. The effect of tested preparation concentrations
on the dynamics of height changes in seedlings of the studied plant taxa

Source: developed by the authors
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Among Cercis canadensis L. “F” seedlings, the
variability in height change ranged from 43% (for
the preparation “Megafol” at a concentration of
10 ml/l) to 207% (for succinic acid at a concentra-
tion of 0.5 g/L). The dynamics of height increment
in Cercis canadensis L. “K” seedlings varied from
48% (for “Radifarm”, 2.5 ml/L) to 139% (for succinic
acid, 2 g/L). In summary, it can be concluded that
both the preparations and their concentrations
significantly influence growth and development.

During the experiments, it was established
that regular irrigation adversely affects the
growth and development of seedlings of the
studied genus. In particular, triple irrigation with
fine-dispersed nozzles, with each irrigation last-
ing 5 minutes and a water flow rate of 2 l/h, leads
to waterlogging of the root system and suppres-
sion of seedling development, eventually result-
ing in their complete mortality (Fig. 4).

Figure 4. The process of root system

waterlogging and seedling mortality
Source: authors’ photo

During the experiment, a decision was made
to extend the seed evaluation period from 14 to
30 days. This was justified, firstly, by the absence
of the studied genus in the ISTA methodolo-
gy; therefore, it was decided to conduct the re-
search in accordance with the germination test-
ing method for Robinia pseudoacacia L. Secondly,
the germination rate on the 14" day exhibited
high variability: from 4% for Cercis siliquastrum
‘Alba” (2023 harvest) to 94% for Cercis canaden-
sis L. (2021 harvest). Seed germination was also
influenced by the sprouting method, as seeds
germinated according to the filter paper method
(fP) demonstrated higher germination rates com-
pared to those germinated between filter paper
layers (bF). Germination rates ranged from 68%
(bF) to 94% (fP) for Cercis canadensis L. and from
26% (bF) to 76% (fP) for Cercis siliquastrum “Alba”.
Additionally, during seed germination, the release
of secondary metabolites on the filter paper was
observed (Fig. 5). The results of laboratory germi-
nation are presented in Table 5.

o Karos

il

e %o ¢
¢ ©° &
e 0% @

Figure 5. Isolation of secondary metabolites

from C. canadensis L. (2023)
Source: authors’ photo

Table 5. The effect of pre-sowing treatment
and germination methods on the germination capacity of Cercis L.

Harvest year

(germination Species, cultivar

Germination
energy (7 days), %

Germination capacity Germination capacity
(14 days), % (30 days), %

method)
C. canadensis L. “F” 66+6.2 94+3.1 94+3.1
2021 C. canadensis L. “K” 42+55 68+4.2 74+4.5
(on paper)
C. siliquastrum “Alba” 0 12+2.5 76+3.6
2023 C. canadensis L. “"K” 0 8+29 20+3.4
(on paper) C. siliquastrum “Alba” 0 4418 24+4.1
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Table 5. Continued

Harvest year

(germination Species, cultivar

Germination
energy (7 days), %

Germination capacity
(14 days), %

Germination capacity
(30 days), %

method)
2021 C. canadensis L. “F" 20+2.4 58+3.8 72+3.3
(between C. canadensis L. “K” 8+2.1 42+3.3 68+3.8
paper layers) " i uastrum “Alba” 0 642.2 26+2.5

Source: developed by the authors

The conducted experiment established that
seed germination efficiency is significantly in-
fluenced by pre-sowing treatment, specifically
cold stratification. The effect of cold stratification
duration was investigated by Greek researchers
E. Pipinis et al. (2011). Their study aimed to de-
termine how the germination rate of Cercis silig-
uastrum L. seeds varied under different exposure
times to sulfuric acid scarification and cold strat-
ification periods. The experimental design was
as follows: seeds were treated with concentrat-
ed sulfuric acid (95-97%) for 20, 40, and 60 min-
utes. After scarification, the seeds underwent cold
stratification at 2-4°C in moist river sand for 1,

2, 3, and 4 months. The results demonstrated
that seeds subjected to neither scarification nor
stratification failed to germinate. The highest ger-
mination rates (88-98%) were observed in seeds
scarified for 20-60 minutes and cold-stratified
for 3 months. As noted by E. Pipinis et al. (2011),
seed germination increased to 95-97% under
cold stratification conditions. Their experiments
showed that germination rates rose from 31%
(1-month stratification) to 94% (3-month stratifi-
cation). However, extending the stratification pe-
riod beyond 3 months led to a decline in germi-
nation efficiency, dropping to 81% after 4 months
(Table 6).

Table 6. Basic physical and chemical parameters of raw materials (n=4)

H,SO0, scarification (min)

Stratification (2-4°C) (months)

Germination, %

2

31.0 + 5.03

20

94.0+£5.16

81.0+6.0

38.0+4.0

40

88.0 £ 5.66

68.0 + 5.66

65.0+6.0

60

WINIAWIN|d®

98.0 +2.31

59.0+5.03

Source: developed by the authors based on E. Pipinis et al. (2011)

Research on the generative propagation of
plants from the genus Cercis L. has been con-
ducted by a number of foreign scientists. The
influence of various groups of phytohormones
on the germination of Cercis siliquastrum L. seeds
was studied by M. Grbic¢ et al. (2014), a group of
researchers from Serbia. The essence of their re-
search lay in examining the effect of gibberellic

acid in combination with cold stratification of
seeds, as well as the ability of gibberellic acid to
break seed dormancy and enhance overall germi-
nation rates.

As a result of their studies, P. Profumo et
al. (1979) and O. Babyn et al. (2024) asserted
that gibberellic acid has a significant impact on
the germination of Cercis siliquastrum L. seeds.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 2

143



Features of generative reproduction in plants of the genus Cercis L.

However, they did not recommend simultaneous-
ly combining gibberellic acid treatment with cold
stratification, explaining that gibberellic acid at
4°C does not exhibit its physiologically active
properties. The findings of E. Pipinis et al. (2011)
align with the data of J.L. Frett & M.A. Dirr (1979).
According to the latter, unscarified seeds did not
absorb moisture or germinate due to the presence
of a hard seed coat (Orozco-Almanza et al., 2003).
The restrictive effect of a hard seed coat on ger-
mination has also been studied in several species
of the Leguminosae family (Demel, 1996).

Additionally, scarified but non-stratified
seeds also failed to germinate, indicating the
presence of endogenous dormancy in the seeds.
As noted by R. Martinuzzi et al. (1985), endoge-
nous seed dormancy may be linked to the pres-
ence of ferulic acid in the endosperm, which lim-
its oxygen availability to the embryo. G.H. Gebre
& N.S. Karam (2004) recommended an optimal
cold stratification period of 16 weeks for me-
chanically scarified seeds. According to the study
by E. Pipinis et al. (2011), the duration of cold
stratification could be reduced to three months
if preceded by acid scarification. The authors
suggested that this reduction might be due to
differences in seed scarification methods, as also
mentioned by L.S. Rosner et al. (2003), or to vari-
ations in the degree of endogenous dormancy in
seeds of the same species under different habitat
conditions (Anderson & Milberg, 1998). It is also
worth noting that J.L. Tipton (1992) observed in
their research that seeds of Cercis canadensis var.
mexicana also failed to germinate without scari-
fication and cold stratification.

M. Zencirkiran et al. (2010) reported a pos-
itive effect of three different seed scarification
methods: mechanical, acid immersion, or hot
water treatment. In their study, the authors used
seed soaking in concentrated H,SO, for 30 min-
utes, followed by cold stratification for 8 weeks
at 1-5°C. Under these conditions, they achieved
approximately 85% seed germination. As noted
by N.Y. Liu et al. (1981), acid treatment of seeds
yields slightly better and more stable results.

Among domestic researchers, L.A. Kol-
dar (2003) also studied seed propagation of plants
from the genus Cercis L. In her work, she described
the influence of seedling pricking-out timing on
morphometric parameters and the survival rate of
Cercis L. seedlings. The author noted that seeds
of the studied genus exhibit “hard-seededness”,
which negatively affects germination vigour. For
this reason, she conducted pricking-out in three
stages: 05.06,15.06,and 25.06.2003. Her research
data indicate a direct correlation between prick-
ing-out timing and seedling morphometric pa-
rameters, such as seedling height, stem thickness
at the root collar, and crown diameter.

Thus, the research results demonstrate that
the germination efficiency of Cercis L. seeds de-
pends not only on the degree of physical and
physiological embryo dormancy but also on ger-
mination conditions and pre-sowing seed treat-
ment. By ensuring optimal germination condi-
tions and pre-sowing preparation, high-quality
planting material of Cercis L. plants obtained
through generative propagation can be achieved.

Conclusions

Based on the research results, a positive effect
of cold stratification for 4 months at +4°C, fol-
lowed by seed scarification with boiling water
(t=100°C), has been established. Seeds subjected
to artificial stratification under the above scheme
maintained high laboratory germination rates
(70-90%) compared to seeds undergoing natural
stratification (20-30%).

Experimental studies confirmed that the
tested growth stimulants influence seed germi-
nation and subsequent seedling development
compared to the control sample. The optimal
concentrations of growth stimulants were as fol-
lows: “Radifarm” - 2.5 ml/L; “Megafol” - 5.0 ml/L;
“Succinic acid” - 1 g/L; Alga 600 - 1.25 g/L. No-
tably, the control sample exhibited higher ger-
mination rates, but the subsequent morphomet-
ric parameters of seedlings treated with growth
stimulants were superior to those of the control.
It was observed that “Succinic Acid” at all tested
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concentrations and Megafol at 2.5 ml/l had the
best effect on the morphometric parameters of
Cercis siliquastrum ‘Alba” seedlings. Seedlings
increased in height by 2.44 to 2.92 times com-
pared to initial measurements. “Radifarm” at
5.0 ml/l and “Succinic Acid” at 0.5 g/L positively
influenced the development of Cercis canaden-

Babyn & Pinchuk

achieved when germinating Cercis L. seeds on fil-
ter paper, following the methodology for deter-
mining Robinia pseudoacacia L. germination. Fur-
ther research will focus on studying the influence
of biochemical processes and growth stimulants
on morphometric parameters and the growth in-
tensity of planting material.

sis L.“F” seedlings.

It was established that substrate waterlog-
ging negatively affects the development of Cer-
cis L. plants. With triple watering (2 L/h for 5 min),
seedling root systems became waterlogged, lead-
ing to complete loss of planting material. During
laboratory germination tests, it was found that
germination efficiency depends on the seed ger-
mination method. Higher germination rates were
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AcnipaHT

HaBuyanbHO-HayKOBMIA IHCTUTYT NiCOBOTO i CAA0BO-NAapKOBOro rocnofapcTea
HauionanbHoro yHiBepcuteTy HiopecypciB i NpUpoAOKOPUCTYBAHHS YKpaiHu
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AHapii MiHyyk

KaHanaaT cinbCbKOrocnonapCbKmx HayK, AOLEHT

HaBuanbHO-HayKOBMIA iHCTUTYT NiCOBOrO i Cafl0BO-NapKOBOrO roCNoAapcTBa
HauioHanbHoro yHiBepcuTeTy 6iopecypciB i NpMpoaoKOPUCTYBaHHS YKpaiHu
03041, Byn. lopixyBaTcbkuit wnsax, 19, m. Kuis, YkpaiHa
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AHoTauif. Mpobnema cknagHOro NpopoLlyBaHHsa HaciHHa Cercis L., 3ymMoBfieHa ioro @isionoriynnm
i ®i3yHMM CTaHOM crnokot, noTpebye YAOCKOHANEHHS METOLIB reHepaTUBHOTO PO3MHOXEHHS
3 BMKOPUCTAHHAIM CTUMYNATOpiB poCTy. B paHiit ctaTTi po3rnsgaBcs BNAMB OpraHo-MiHepanbHUX
CTUMYNATOPIB pOCTY Ha edEeKTUBHICTb MPOPOCTaHHSA HACIHHA LOCAIAHMX BMAIB, @ TAaKOX MOAANbLIMMI
BM/IMB Ha MOPMOMETPUYHI MOKA3HWKM CisHUIB. [PYHTOBA CXOXICTb BM3HA4Yanach LWSAXOM MPSIMOro
MiAPaxXyHKY CXOXOro HaciHHS, @ nabopaTopHa CXOXiCTb BM3HA4anacb 3riflHO METOAMKM BM3HAYEHHS
NOCiBHMX AIKOCTENM HaciHHA International Seed Testing Association (ISTA). CratuctnyHa 06pobka aaHux
nposoaunacb 3a ponomorow MS Excel (ogHodakTopHuMit aucnepcinHmin aHanis ANOVA Ta Standard
Deviation) Y pe3ynbTati NnpoBeaeHUX AOCIAKEHb BUSBNEHO CTaTUCTUYHO 3HAYYLLMIA BNIMB anpoboBaHUX
npenapaTiB Ha eeKTUBHICTb NPOPOCTAHHA HACiHHA. BcTaHOBNEHO, WO HaMKpalmii BMIMB HA CXOXIiCTb
HaciHHs Cercis siliquastrum ‘Alba’ Mae «byplwTMHOBa KMcnoTa» B KoHUeHTpauii 1 r/n. MNo3uTUBHMIA BNAUB
Ha npopocTaHHs HaciHHs Cercis canadensis L. mann npenapat «Megafol» B koHueHTpauii 5,0 mn/n
(cxoxicTb BapitoBanacb B Mexax 70-77 %), a Takox «Anbra 600» B KoHuUeHTpauii 1,25 r/n (cxoxicTb
BapitoBanacb B Mexax 50-70 %). OkpiM LbOro fOCAIAHUM LWASXOM BCTAHOBAEHO, WO CisIHLi, HACIHHS SKUX
6yn0 06p061EHO CTUMYNATOPAMM POCTY MaNM BULLI NOKA3HUKKM NPUPOCTIB, HiXK KOHTPOJIbHWIA 3pa3ok. [pu
06po6Li HaciHHg npenapatoM «byplTtnHoBa Kucnotax cigHui Cercis siliquastrum ‘Alba’ 36inbwuancy B
2,5-2,9 pasu. lInHamika npupocTis cisHuiB Cercis canadensis L., HaciHHS skux obpobneHe npenapatom
«BbyplwTHOBa KMcnoTa» 36inblwmnanch Maike BABiYi. Bname npenapaty «Radifarm» B KoHueHTpauii
5,0 Mn/n Ha aunHamiky ciaHuis Cercis canadensis L. nposiBMBCA y 36inblUEHHI BUCOTM B Maiixe B 1,6 pasu

Knio4oBi cnoBa: HaciHHEBE PO3MHOXEHHS; iyAMHE AEPEBO; CiHLLI; CTUMYNATOPM POCTY; CXOXiCTb
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Abstract. The research relevance of the photosynthetic productivity of sorghum hybrids is determined
by the need to optimise fertilisation to increase yields in the forest steppe of Ukraine. The study aimed
to investigate the effect of complex granular mineral fertilisers on grain yield formation, specifically the
photosynthetic productivity of grain sorghum plants. The research was conducted in 2021, 2023-2024
in the experimental field of the State Biotechnological University. The experiment was conducted using
the method of systematic repetitions with three times repeatability to ensure the reliability and validity
of the results. Sowing was conducted at a ten-centimetre soil layer temperature of 10-12°C with a
sowing rate of 200 thousand seeds/ha using a wide-row method with a row spacing of 45 cm. Leaf
surface area and net photosynthetic productivity were determined by the method of A.A. Nichiporovich.
The study determined that the maximum possible leaf area per plant and hectare of sowing is formed
by plants of the Aggil hybrid under the variant of fertiliser application Dura SOP at a dose of 80 kg/ha
and Renovation Fuerza at doses of 80 and 100 kg, and plants of the Brigga hybrid under the variant of
fertiliser application Renovation Fuerza at both doses. The photosynthetic productivity of both hybrids
increased under the variant of application of all forms and doses of fertilisers compared to the absolute
control. The net photosynthetic productivity was the highest in both studied hybrids under the variant
of application of Renovation Fuerza mineral fertiliser in doses of 80 and 100 kg/ha. A linear correlation
was established, and the regression equation between leaf area and net photosynthetic productivity for
both studied hybrids is as follows: y=0.0479x-0.098 (R2=0.88). The results can be used to optimise the
mineral fertilisation of sorghum hybrids to increase yields and reduce costs in the forest-steppe of Ukraine

Keywords: grain sorghum; mineral fertilisers; leaf surface area; photosynthetic potential; net
photosynthetic productivity

Suggested Citation:

Mohylevska, V. (2025). Photosynthetic productivity of grain sorghum hybrids depending on different forms
and doses of fertilisers. Scientific Reports of the National University of Life and Environmental Sciences of Ukraine,
21(2), 148-158. doi: 10.31548/dopovidi/2.2025.148.

‘Corresponding author

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


https://scireports.com.ua/en

Introduction

In the context of climate change and water short-
ages, the cultivation of drought-resistant crops,
including grain sorghum, is becoming increasing-
ly important. Due to its high adaptability to arid
conditions, heat tolerance and stable yield, this
crop is promising for expanding its cultivation in
the central and southern regions of Ukraine. At
the same time, the level of its productivity largely
depends on photosynthetic activity, which is de-
termined by both the hereditary characteristics of
hybrids and mineral nutrition. Optimisation of the
use of mineral fertilisers can activate photosyn-
thesis, improve morphophysiological processes
and increase dry matter accumulation. However,
there is a lack of data in the scientific literature
on the effect of different forms and doses of fertil-
isers on the photosynthetic productivity of grain
sorghum hybrids under specific agroecological
conditions. This necessitates in-depth research to
improve the technology of crop cultivation.

Ya.V. Alekseev (2020) believe that hydro-
thermal changes in plant growing conditions in
Ukraine require different approaches to the tech-
nology of growing major cereals, including sor-
ghum. According to S.Yu. Davydenko & A.O.Rozh-
kov (2022), the main global areas of this crop are
in India, Africa and the United States of America,
which account for more than 70% of the world’s
sorghum acreage. The study argued that sor-
ghum is one of the oldest crops in world agricul-
ture, which is the undisputed leader among ce-
reals grown in conditions of prolonged droughts
and high temperatures. The wide range of its use
for food, feed and technical purposes and its un-
pretentiousness to growing conditions make it
important to research and improve the elements
of its cultivation technology, namely the applica-
tion of complex mineral fertilisers, which is one
of the most urgent tasks that will contribute to
the formation of high photosynthetic productivi-
ty of grain sorghum.

According to K.B. Abreha et al. (2022), in
dry conditions, sorghum plants, due to mor-
phological characteristics, consume moisture
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economically and form a significant leaf sur-
face area with a specific type of photosynthesis.
R.E. Grishchenko et al. (2020) studied photosyn-
thetic productivity under variants of mineral
fertiliser application and concluded that even
under stressful conditions of vegetation peri-
ods, photosynthetic productivity increases with
fertiliser application.

M. Stefanov et al. (2023) studied photosyn-
thesis as a vital process under different drought
conditions and concluded that the photosyn-
thetic apparatus of sorghum plants should in-
crease the area of the assimilative leaf surface
as quickly as possible to provide plants with
photosynthetic products. The study noted that
the rapid deployment of the leaf apparatus can
compensate for the effects of short-term stress
and maintain yields. O.S. Titarenko & L.M. Kar-
puk (2022) believed that one of the factors of
grain sorghum cultivation technology is the
creation of optimal mineral nutrition for plants
to form the leaf surface area. According to the
observations, the use of fertilisers in balanced
doses stimulates the development of a photo-
synthetically active surface, which increases the
absorption of solar energy by plants.

W. Sun et al. (2024) studied the effect of ir-
rigation water in arid conditions in China and
proved that the leaf surface area varies greatly
under different conditions of moisture supply,
temperature, mineral nutrition and agronom-
ic cultivation methods. R. Zhang et al. (2023)
proved that the photosynthetic activity of plants
is a rather mobile indicator. The rapid develop-
ment and achievement of optimal leaf surface
area increases photosynthetic productivity and
keeps the leaves in the active layer for a longer
period, which contributes to better use of photo-
synthetic productivity to accumulate as much or-
ganic matter as possible, which is the main com-
ponent of the plant yield. T. Jayanti et al. (2021)
proved that in different countries of the world,
mineral fertilisers affect plant nutrition and fer-
tiliser application increases plant growth and
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development and leads to an increase in photo-
synthesis of sorghum crops. The study noted that
the use of balanced mineral complexes signifi-
cantly improves photosynthetic activity and con-
tributes to an increase in sorghum biomass and
yield under different soil and climatic conditions.
Despite the availability of thorough research,
the issue of the complex effect of forms and dos-
es of mineral fertilisers on the photosynthetic
productivity of grain sorghum hybrids under
specific agricultural and ecological conditions
of the Eastern Forest-Steppe of Ukraine remains
insufficiently studied. This necessitates targeted
research, the results of which can improve the
elements of the technology for growing the crop.
The study aimed to determine the effect of
forms and doses of mineral fertilisers on the yield
and photosynthetic productivity of grain sorghum
hybrids in the Eastern Forest-Steppe of Ukraine.

Materials and Methods

Field trials were conducted in 2021, 2023-2024
at the experimental field of the State Biotech-
nological University. The two-factor field exper-
iment had the following scheme: factor A grain
sorghum hybrids Aggil and Brigga F,; factor B
forms and doses of fertilisers Absolute control,
zonal control (Nitroammophoska 100 kg/ha, NPK
ratio 16:16:16), Dura SOP 80 kg/ha, Dura SOP
100 kg/ha (NPK ratio 10:10:17), Renovation Fuer-
za 80 kg/ha, Renovation Fuerza 100 kg/ha (NPK
ratio 8:14:6). The experiment was set up using the
method of systematic replication, with a constant
seeding rate of 200 thousand seeds/ha, using a
wide-row sowing method with a row spacing of
45 cm. Sowing was carried out when the ten-cen-
timetre soil layer was warmed up to a tempera-
ture of 10-12 °C.

Leaf surface area and net photosynthetic
productivity were determined by the method of
A.A.Nichiporovich.The object of the research was
an early ripe grain sorghum hybrid Brigga and a
medium early hybrid Aggil of French selection
and complex granular mineral fertilisers Dura

SOP and Renovation Fuerza (Spain). Soils of the
experimental field are typical chornozem, charac-
terised by a deep humus profile reaching 120 cm,
containing 5.0-6.0% humus, good physical prop-
erties, high content of mobile forms of NPK and
generally high biological activity. The total depth
of the humus profile of the regraded chornozem
reaches 90-110 cm, with a humus content of
4.7-5.0%. The type of typical chornozem is a
poorly washed, low-humus, heavy loamy soil on
carbonate loess and is characterised by the fol-
lowing agrochemical parameters: pH of the salt
extract 6.5-7.0; total humus content in the topsoil
5.0%; P,0, 102 mg per 1 kg of soil; K,0 179 mg
per 1 kg of soil (according to Chirikov).

The weather conditions during the study
years were favourable in 2021 and 2023, and
in 2024 there was an excess of air temperature
and a prolonged period of drought compared
to long-term averages. The research was con-
ducted following the Convention on Biological
Diversity (1992).

Results and Discussion

The studies conducted in the Eastern For-
est-Steppe of Ukraine demonstrated that the
leaf surface area was significantly influenced by
the form and dose of fertiliser (Table 1). The in-
troduction of all forms and doses of fertilisers
ensured the formation of a larger photosyntheti-
cally active leaf area for a much longer period.
The highest leaf surface area starting from the
phenological phase of tillering was formed by
both hybrids under the variants of Dura SOP
and Renovation Fuerza application in doses of
80 and 100 kg/ha. In this phase, the highest leaf
area was formed by the Brigga hybrid under the
Renovation Fuerza application variant at a dose
of 100 kg/ha, which provided the highest leaf
area per hectare of 91 cm? and 16.56 thousand
m?/ha, respectively. In this variant, the leaf area
of the Aggil hybrid was formed both on one
plant and one hectare of crops, respectively,
88 cm? and 16.37 thousand m%/ha.
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Table 1. Effect of different forms and doses of fertilisers on the leaf area of grain sorghum hybrids
(average for 2021, 2023-2024)

The area of the sheet metal floor in the phase:

flowering panicle

o = bushing tubing shedding maturation
s 2 per 1ha or 1 ha of per 1ha per 1ha
T = per of:;)g;/jlng per gown area, per of:;)ev;mg per of :Sev;mg
plant, cm? thousand plant, cm? thr(:]l;/sr?:d plant, cm? thousand plant, cm? thousand
m?/ha m?/ha m?/ha
1* 66 10.36 792 14.67 844 17.38 796 16.40
2 72 12.89 838 17.85 996 22.11 858 19.05
S 3 77 13.78 933 19.71 1024 24.88 964 23.42
< 4 82 15.17 990 22.16 1079 26.86 1023 25.47
5 87 16.01 1066 24.91 1106 28.53 828 21.36
6 88 16.37 1144 27.87 1289 34.03 1218 32.15
1* 72 11.09 780 13.21 809 15.37 732 13.91
2 77 12.86 828 16.18 886 19.23 804 17.45
é 3 80 14.00 897 18.52 934 22.79 863 21.06
5 4 84 15.20 963 21.09 1028 25.70 941 23.52
5 88 16.02 1031 23.45 1099 28.24 998 25.65
6 91 16.56 1066 24.64 1134 28.69 1049 26.54
LSD
05 0.71 1.92 2.84 0.96

Note: 1* — absolute control, 2 - zonal control (Nitroammophoska 100 kg/ha), 3 — DuraSOP 80 kg/ha, 4 — Dura
SOP 100 kg/ha, 5 — Renovation Fuerza 80 kg/ha, 6 — Renovation Fuerza 100 kg/ha

Source: compiled by the author

The highest values were recorded during the
interphase period of panicle emergence and flow-
ering for all fertiliser application options and dos-
es. The area of one plant of the Aggil hybrid with
Renovation Fuerza applied at a dose of 100 kg/ha
was 1289 cm?, and the area per hectare of crops
was 34.03 thousand m?/ha, which was slightly
lower than that of the Brigga hybrid by 155 cm?
and 5.34 thousand m?/ha, respectively. The larg-
est number of preserved leaves with the applica-
tion of Renovation Fuerza at a dose of 100 kg/ha
on average over three years was preserved in the
Aggil hybrid, which provided a total leaf area at
this point of 1218 cm? per plant and 32.15 thou-
sand m?/ha per hectare of crops. Lower values
for this option were found in the Brigga hybrid,
169 cm? and 5.61 thousand m?/ha, respectively.

The application of all forms and doses of fer-
tilisers contributed to the formation of a larger
leaf area per plant and per hectare of crops in

both hybrids compared to the absolute control. In
the Aggil hybrid, starting from the tillering phase,
with the application of Dura SOP and Renovation
Fuerza at doses of 80 and 100 kg/ha, the leaf area
of one plant increased by 11, 16, 21 and 22 cm?,
respectively; in the stem elongation phase, the ex-
cesses were 141,198,274 and 352 cm?,and in the
interphase of panicle emergence, 180; 235; 262
and 445 cm?; the increases were slightly lower
in the ripening phase, 168; 227; 32 and 422 cm?.
Accordingly, the leaf area per hectare of crops
increased in the variants. Compared to the zon-
al control variant (Nitroammophoska 100 kg/ha),
the increase in leaf area per plant and per hec-
tare of crops was lower compared to the absolute
control variant. The Brigga hybrid retained the
patterns of growth in leaf area per plant and per
hectare of crops. The excesses were significantly
lower compared to the absolute and zonal con-
trols than in the grain sorghum hybrid Aggil. The
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application of Dura SOP and Renovation Fuerza at
doses of 80 and 100 kg/ha resulted in an increase
in the tillering phase compared to the absolute
control by 8,12, 16 and 19 cm?; in the tube stage
by 117, 183, 251 and 286 cm?; in the interphase
of panicle ejection by 125,219,290 and 325 cm?;
and in the maturity stage by 131, 209, 266 and
317 cm? The best development of leaf surface
area in both hybrids was observed in the variant
of Renovation Fuerza 100 kg/ha and amounted to
32.15 thousand m?/ha in the phenological phase
of ripening in the Aggil hybrid and 26.54 thou-
sand m?/ha in the Brigga hybrid, respectively.

Indicators of net photosynthetic productivity
reflect the photosynthetic potential of crops, the
average data are provided in Table 2. The highest
net productivity of photosynthesis of the assimi-
lation apparatus of the grain sorghum hybrid was
in the Renovation Fuerza variant application at
a dose of 100 kg/ha 4.67 g/m?. In the variant of
this fertiliser application, but in a lower dose, a
tendency to decrease the net productivity of pho-
tosynthesis was noted, but mathematically the
advantages of their application in a higher dose
of 100 kg/ha compared to the dose of this fertil-
iser 80 kg/ha were not proved.

Table 2. Indicators of photosynthetic productivity of grain sorghum hybrids depending
on the forms and doses of mineral fertilisers (average for 2021, 2023-2024)

E Variant Photosynthetic potential, Pure performance of
= (thousand m?/ha)xday photosynthesis, g/m?
AC (absolute control) 0.80 2.19
ZC (zone control Nitroammophoska 100 kg/ha) 1.03 2.46
S Dura SOP 80 kg/ha 1.32 3.35
54 Dura SOP 100 kg/ha 1.49 3.65
Renovation Fuerza 80 kg/ha 1.28 4.65
Renovation Fuerza 100 kg/ha 2.02 4.67
AC (absolute control) 0.66 2.64
ZC (zone control Nitroammophoska 100 kg/ha) 0.92 2.87
§ Dura SOP 80 kg/ha 1.18 3.17
& Dura SOP 100 kg/ha 1.36 3.38
Renovation Fuerza 80 kg/ha 1.54 3.66
Renovation Fuerza 100 kg/ha 1.62 3.74
LSD 0.5 0.26 0.98

Source: compiled by the author

The correlation and regression analysis be-
tween leaf surface area and net photosynthetic
productivity of both studied grain sorghum hy-
brids was performed (Fig. 1).

The results of correlation and regression
analysis indicate a close correlation between
leaf area and net photosynthetic productivity in
grain sorghum hybrid Aggil, where the coefficient
of determination is R2=0.88, and the correlation
coefficient is R =0.80. The results of the corre-
lation-regression analysis also indicate a close
correlation between leaf area and net photosyn-
thetic productivity in the grain sorghum hybrid

Brigga, where the coefficient of determination is
R2=0.88, and the correlation coefficient is R=0.80.
The increase in leaf area of grain sorghum hybrid
Aggil plants was due to a change in the form and
dose of complex granular mineral fertiliser Ren-
ovation Fuerza up to 100 kg/ha for pre-sowing
soil cultivation. The net productivity of photosyn-
thesis in both hybrids under this variant was also
the highest. Analysing the results of the research,
it is worth noting that there is a direct correla-
tion between the data on leaf area and photo-
synthetic potential, as well as between the data
on leaf area and net photosynthetic productivity.
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Figure 3. Correlation and regression relationship between leaf surface area and net photosynthetic
productivity of grain sorghum hybrids Aggil and Brigga, average for 2021, 2023-2024

Note: a) Aggil hybrid; b) Brigga hybrid
Source: compiled by the author

The presence of the same values of corre-
lation and determination coefficients in the two
hybrids indicates the constant influence of leaf
surface area as a key factor that determines the
level of sorghum assimilation capacity under dif-
ferent variants of mineral nutrition. The regres-
sion curves have a positive slope, which confirms
the linear nature of the relationship, and thus the
possibility of predicting photosynthetic produc-
tivity based on leaf morphometric characteristics.
Notably, under conditions of increased supply of
plants with minerals, not only a quantitative in-
crease in the area of the assimilation surface was
observed, but also a qualitative increase in its ef-
ficiency in the context of net photosynthetic pro-
ductivity. Such results are a strong justification for
further optimisation of fertiliser doses and forms
in the technological maps of sorghum cultivation
in the Eastern forest-steppe of Ukraine.

The obtained research results, but for the
Eastern part of the Forest-Steppe of Ukraine, cor-
relate with the studies of L.A. Pravdyva & V.A.Dor-
onin (2022), which were conducted in 2016-2020
at the Bila Tserkva Experimental Breeding Sta-
tion of the Institute of Bioenergy Crops and Sugar
Beet of the National Academy of Agrarian Scienc-
es of Ukraine in the Right-Bank Forest-Steppe of
Ukraine to determine the effect of different doses
of complex mineral fertilisers. The studies proved
that an increase in the leaf area of grain sorghum
plants occurred due to an increase in the dose of

mineral fertilisers. The application of the calcu-
lated rate (N,,P,,K,) and higher doses of fertil-
isers (NgoPyKy and Ny, P, K. ) during the period
of ejection of the flowering panicle contributes to
the formation of a larger leaf surface area. Under
the variants, the highest net productivity of pho-
tosynthesis and grain yield of the studied grain
sorghum varieties were obtained.

Similar results to the current research were
obtained by R.E. Grishchenko et al. (2020) in a
study on the productivity of grain sorghum in the
northern forest-steppe zone of Ukraine under the
influence of basic fertilisation and top dressing
on the background of seed treatment with BTU.
The use of N,.P, K, as the main fertiliser and N,
as a top dressing contributed to the formation of
the maximum leaf area of crops. An increase in
the dose of fertilisers to N, P, K, contributed to
the accumulation of significant dry mass, at this
dose photosynthetic productivity and net pho-
tosynthetic productivity increased, and it is pro-
«oPsoKeo to Obtain
the maximum possible yield in this growing zone.

The effect of soil irrigation with three differ-
ent concentrations of CdCl, on pigment content,
photosynthetic activity, carbohydrate content
and productivity of Sorghum bicolour L. cultivar
Dorado at different stages of plant growth and
development was studied by H.S. Aldesuquy &
A.A. El-Saied (2004). The study also addressed

the effect of pre-soaking the grain with kinetin to

posed to use fertiliser doses of N
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reduce the toxic effects caused by different levels
of CdCL,. The results of the studies demonstrat-
ed that in most cases, pretreatment of grain with
kinetin increased the amount of photosynthetic
pigments, photosynthetic activity, Hill's reaction,
and carbohydrate content in leaves of sorghum
plants treated with cadmium. In general, there
was a decrease in yield and yield parameters of
sorghum plants in response to Cd*" treatment,
especially when the grain was pre-soaked in ki-
netin. The improving effect of kinetin was more
pronounced at 1 mM CdCL,. Grain priming with ki-
netin increased grain biomass, carbohydrate, pro-
tein and ion content in yielding grains of sorghum
plants treated with cadmium. The cadmium treat-
ment changed the balance of growth bioregula-
tors in the developed grains of sorghum plants.
From the results obtained, the scientists conclud-
ed that CdCL, in all concentrations used led to a
significant decrease in the level of growth stim-
ulants with an increase in the level of growth-in-
hibiting substances equivalent to abscisic acid.
On the other hand, grain priming with kinetin in-
creased the level of growth-promoting substanc-
es and decreased the level of abscisic acid.

V\V. lvanina et al. (2021) conducted the study
in the zone of insufficient moisture in the for-
est-steppe of Ukraine. A high grain yield was ob-
tained with the fertilisation system for the main
tillage of P, K, and N, in the pre-sowing cul-
tivation. The study determined that a balanced
balance of nutrients can be achieved by apply-
ing P, K, for ploughing and N, for pre-sowing
cultivation. Another way of sowing and applying
mineral fertilisers was found by V.G. Lypovy et
al. (2020) in a study on the effect of mineral fertil-
isers on the leaf surface area in the zone of stable
moisture. The largest leaf surface area and the
duration of its active work were obtained in grain
sorghum at a dose of mineral fertiliser N, P, K ..
Under this variant, the maximum value of photo-
synthetic potential was obtained. The study was
conducted with intercropping of sorghum and
soybeans. This variant of research formed the
highest yield of green mass.

Other components of the cultivation tech-
nology were studied by O.S.Titarenko & L.M.Kar-
puk (2022) in the Right-Bank Forest-Steppe of
Ukraine, analysing the effect of microfertilisers
and growth regulators under different options of
foliar feeding and found an effective effect of mi-
crofertilisers and plant growth regulators on pho-
tosynthesis and the formation of higher yields.
R.M. Vasylenko (2018) and L.I. Storozhik (2017)
proved that high photosynthetic activity of agro-
cenosis is determined by leaf surface area, pho-
tosynthetic potential and net photosynthetic
productivity, which are the key to high yields of
grain sorghum.

A certain parallel with the results of this
study was traced in the study by O. Prysiazhniuk et
al. (2022), where the influence of the timing of
growth regulators application on the productivity
of sorghum hybrids depending on the phenolog-
ical phase according to the BBCH and Kuperman
scales was established. The authors proved that
early application of growth regulators at BBCH 21
provided a significant increase in grain yield in
grain hybrids, as well as biomass and dry matter
in sugar sorghum hybrids. Particularly noteworthy
is the emphasis on the need to consider the exact
phenological phases when applying the prod-
ucts, which echoes our findings on the depend-
ence of photosynthetic activity and leaf area on
the timeliness and form of fertilisation. This once
again confirms the expediency of an individual
approach to fertilising sorghum hybrids, which
incorporates not only the dose and form of fertil-
iser but also the dynamics of plant development.

In the arid zone of China, F.Zhang et al. (2019)
investigated the effect of different irrigation dos-
es on photosynthesis and chlorophyll accumula-
tion in grain sorghum leaves. Under drought and
waterlogging conditions, chlorophyll content in
leaves and photosynthesis intensity varied. The
results confirm the high adaptability of sorghum
to drought and waterlogging stress by reducing
the rate of photosynthetic product transport
and chlorophyll content. Under Indian condi-
tions, S. Li et al. (2021) studied different sorghum
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genotypes that showed significant variability in
photosynthetic capacity, leaf nitrogen content
and specific leaf area depending on the ozone
dose. Bioenergy sorghum is ozone-resistant and
can be used to increase biomass productivity in
ozone-polluted regions.

Increased tropospheric ozone concentration
significantly reduces sorghum photosynthesis
and productivity, which requires consideration
of environmental factors in the development of
fertiliser technologies. A valuable addition to the
general scientific context is the results of the re-
search by M.G. Salas Fernandez et al. (2015), who
studied the photosynthetic capacity of leaves in a
large panel of sorghum genotypes. The study de-
termined significant variability in photosynthetic
parameters, which is due to both genetic char-
acteristics and nutritional conditions. S. Tang et
al. (2018) substantiated the prospects of growing
sorghum as a crop for high biomass production,
emphasising the importance of photosynthetic
parameters for realising this potential. A study by
H.A. Ajeigbe et al. (2018), conducted in Nigeria,
demonstrated that the application of different ni-
trogen rates had a positive effect on the efficiency
of moisture use and sorghum productivity, which
echoes the conclusions about the feasibility of
balanced mineral nutrition in the forest-steppe
of Ukraine. A study by M. Bagayoko (2012), con-
ducted in Mali, demonstrated that the optimal
combination of plant density, organic matter and
nitrogen provided a significant increase in yield,
which indicates the importance of adapting tech-
nological approaches to specific climatic condi-
tions and resource capabilities of farms.

Thus, the results of the study confirmed the
significant influence of forms and doses of miner-
al fertilisers on the level of photosynthetic activ-
ity and yield of grain sorghum hybrids. The high-
est values of leaf surface area, photosynthetic
potential and net photosynthetic productivity
were observed with the use of Renovation Fuerza
complex fertiliser at a dose of 100 kg/ha, which
provided effective nutrition during all phas-
es of plant development. A reliable correlation

Mohylevska

between the morphometric parameters of the
leaf apparatus and the level of assimilation pro-
ductivity was established, which gives grounds
for predicting the yield. The data obtained are
consistent with the results of domestic and for-
eign studies while specifying the effective ele-
ments of sorghum cultivation technology in the
Eastern forest-steppe of Ukraine.

Conclusions

The study determined that the highest develop-
ment of leaf surface area in both hybrids was ob-
served in the variant of Renovation Fuerza 100 kg/
ha and amounted to 32.15 thousand m?/ha in the
phenological phase of ripening in the Aggil hy-
brid and 26.54 thousand m?/ha in the Brigga hy-
brid, respectively. The study noted for the variants
of application of all forms and doses of fertilisers
in the interphase period of panicle ejection and
flowering that the highest area of one plant in the
Aggil hybrid was formed in the variant of applica-
tion of the mineral fertiliser Renovation Fuerza
at a dose of 100 kg/ha 1289 cm?, and the area
per hectare of sowing was 34.03 thousand m?/ha,
the figures were slightly lower than the area of
the leaf floor in the Brigga hybrid by 155 cm? and
5.34 thousand m?/ha, respectively.

The study determined that the highest pho-
tosynthetic potential of grain sorghum crops in
the Aggil hybrid was 2.02 thousand m?/haxday
when Renovation Fuerza fertiliser was applied at
a dose of 100 kg/ha and in the Brigga F, hybrid
1.62 thousand m?/ha. The study determined that
the net productivity of photosynthesis depends on
the use of different forms and doses of fertilisers.
It was the highest in the variant of application of
mineral fertiliser Renovation Fuerza at a dose of
100 kg/ha in both grain sorghum hybrids. Correla-
tion and regression analysis of the data between
photosynthetic potential of crops and leaf area
showed a close correlation, with the coefficient of
determination being R?=0.88 and the correlation
coefficient R=0.80 for both grain sorghum hybrids
Aggil and Brigga F1. The regression equation of
the linear correlation between leaf area and net
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photosynthetic productivity for both hybrids un-
der study is y=0.0479x-0.098 (R?=0.88). Net pho-
tosynthetic productivity was the highest in the
medium-early hybrid Aggil at 4.67 g/m? with the
variant of Renovation Fuerza fertiliser at a dose
of 100 kg/ha and was lower in the early-ripening
hybrid Brigga at 3.74 g/m?, respectively. The use
of Dura SOP fertiliser at doses of 80 and 100 kg/
ha contributed to the growth of leaf surface area
compared to the absolute and zonal controls in
both hybrids. The doses of fertiliser contribut-
ed to the formation of higher photosynthetic
potential and net photosynthetic productivity.

In the future, it is necessary to study the ef-
fect of complex mineral fertilisers Dura SOP and
Renovation Fuerza in different organo-mineral

systems and doses and identify the most effective
options for their use in grain sorghum cultivation
technology, which in turn fulfil the potential yield
of grain sorghum.
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$OoTOCUHTETMYHA NPOAYKTUBHICTb POCAUH riGpUAIB COPro 3epHOBOro
3aJieXXHo BiA pi3Hux dopm i .03 no6puB

BikTopiss Moruneecbka

AcnipaHT

[ep>xxaBHui 6ioTeXHONOrYHMI yHiBEPCUTET
61002, Byn. AnueBcbkux, 44, M. Xapkis, YkpaiHa
https://orcid.org/0009-0000-2840-0186

AHoTauif. HeobxigHicTb BMBYEHHS (DOTOCMHTETMYHOI NPOAYKTMBHOCTI TiGPUAIB COPro 3ymoBaeHa
notpeboto onTuMisaLii yLobpeHHs ANS NiABULLEHHS ypOXariHOCTi B ymoBax Jlicocteny YkpaiHu. MeToto
poboTu 6yno [oCniauTM BNAMB KOMMNEKCHUX FPaHYNbOBaHUX MiHepanbHWX Ao6puB Ha (GOPMYBAHHA
BPOXaMHOCTI 3epHa, 30KpeMa POTOCUHTETUYHY NPOLYKTUBHICTb POC/IMH COPro 3epHOBOro. JJocnigkeHHs
nposogunn y 2021, 2023-2024 pp. B ymoBax pocnigHoro nons [epaBHoro 6ioTeXHONOri4yHoro
yHiBepcuTeTy.[locnia npoBoaAnAM 33 METOAOM CUCTEMATUUYHMUX MOBTOPEHD i3 TPMPA30BO0 NOBTOPIOBAHICTIO
ONns 3abe3neyeHHs HaZiMHOCTI Ta [OCTOBIpPHOCTI OTpMMaHMX pe3ynbTaTtie. CiBOy 3aiicHOBanM 3a
NporpiBaHHA AecsT1 CAHTUMETPOBOTO LWapy IpyHTY Ao Temnepatypu 10-12°C 3 Hopmoto Bucisy 200 Tuc.
WT./ra WMPOKOPSAAHUM CnocoboM 3 WKMpPUHOK MiXpsaab 45 cM. lnowy NMCTKOBOI MOBEPXHI Ta YuCTy
NPOAYKTUBHICTb OTOCUHTE3Y BU3HAYaNM 3a MeToamKow A.A. Huunnoposuya. 3'acoBaHo, Lo MakCUManbHO
MOX/IMBY MNOLLY TUCTKOBOI NOBEPXHi OAHIEI POCAMHM Ta 3 OAHOMO rekTapy nocisy GopMyrTb pOCIMHU
ribpuay Aggil 3a BapiaHTa 3actocyBaHHs 8o6pus Dura SOP B no3i 80 kr/ra Ta Renovation Fuerza B nosax
80 i 100 «r/, a pocnuuu ribpuaa Brigga 3a BapiaHTa 3actocyBaHHs fobpus Renovation Fuerza B 060x
no03ax. POTOCMHTETMYHA NPOAYKTUBHICTL 060X ribpuMAiB 3pocTana 3a BapiaHTa BHeCEHHS yCix GopMm i f03
n06puB NOPIBHAHO 3 abBCONKOTHUM KOHTpONeM. YucTa NpOAYKTUBHICTL (DOTOCMHTE3Y HalBULLOK Byna y
060x JocnifxXyBaHux ribpuais 3a BapiaHTa 3acTocyBaHHS MiHepanbHoro fobpuea Renovation Fuerza
B ao3ax 80 i 100 kr/ra. BctaHOBNEHO NiHiViHY KOpPENALiiHY 3a1eXHiCTb, piBHSHHS perpecii Mixk naowoto
JINCTKOBOI MOBEPXHi Ta YMCTOI NPOAYKTMBHOCTI OTOCMHTE3Yy Ans 000X AOCNiAXYBaHWX ribpuais Mae
surnag: y = 0,0479x - 0,098 (R?=0,88). Pe3ynstatt MOXHA BUKOPUCTATH AN ONTUMi3aLii MiHepasbHOro
yA0OpeHHs ribpuais copro Ans NigBULLEHHS YPOXKaMHOCTI Ta 3HWXKEHHS BUTPAT Yy Jlicocteny YkpaiHu

Knio4oBi cnoBa: copro 3epHoBe; MiHepanbHi 406pUBa; NIOLA NUCTKOBOT MOBEPXHi; GOTOCUHTETUUHMIA
noTeHLian; YACTa NPOAYKTUBHICTb HOTOCUHTESY
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