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Application of biologically active substances
in agriculture preparations

Abstract. High-quality, naturally protected seeds prior to sowing, along with growth activation
of seedlings, represent a promising approach to stabilising crop yield and quality. Enhancing
plant resistance to dynamic environmental stresses, including harmful organisms, is one of the
strategies for realising the biological potential of crop yields in breeding and seed production. This
research aimed to experimentally evaluate a preparation based on humic substances, film formers,
a nanocomposite, succinic acid, and microbiological carotene. Experiments were conducted using
spring barley and wheat seeds. A seed encrustation technology employing a functional preparation
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Application of biologically active substances in agriculture preparations

was applied. Laboratory and field experiments were conducted at V. Dokuchaev Kharkiv National
Agrarian University, Department of Plant Growing, over two years. The experimental design and
economic efficiency assessment of the functional preparation in enhancing yield was carried
out according to established methodologies. Pre-sowing seed treatment with the preparation
resulted in improved field germination, synchronised seedling emergence, and increased
yield. Comprehensive studies revealed that the preparation was compatible with fungicides,
demonstrating a synergistic effect of their joint protective effect. Experimental results confirmed
that seed incrustation with protective and stimulating formulations based on water-soluble
polymers is an effective method for protecting plants from seed- and soil-borne infections while
reducing the level of environmental pollution. The extended and enhanced fungicidal activity
of film-forming protective and stimulating compositions was also demonstrated. Agricultural
production tests indicated that the developed preparation was user-friendly, environmentally
safe, and economically efficient, contributing to increased crop yields. The positive test results
support practical recommendations for its application in both seed encrustation and grain crop
spraying during the tillering and milky-wax ripeness phases

Keywords: growth stimulators; film-forming agents; fungicides; root rot disease; grain crop yield

INTRODUCTION

The development of biologically active prepa-
rations for plant growth is of both great scien-
tific and practical significance. According to
numerous studies, the use of plant growth reg-
ulators or biostimulants is a key component of
environmentally sustainable, resource-efficient
technologies for cultivating various agricultur-
al crops. These technologies contribute to in-
creased yield and improved nutritional quality
of the resulting products (Bezpalko et al., 2020;
Slobodianyk et al., 2022). As noted by D. Volhin &
V. Havii (2023), modern agricultural science pri-
oritises the identification of novel methods for
enhancing crop production and quality. This re-
search focuses on strategies that minimise reli-
ance on fertilisers and other agricultural chem-
icals. Simply intensifying farming by increasing
fertiliser application has not resulted in propor-
tional yield improvements. Furthermore, pesti-
cide use can degrade soil quality and adversely
affect the chemical composition of crops, in-
cluding levels of vitamins, enzymes, and other
essential components (Nepran et al., 2021). Con-
sequently, the search for alternative compounds
capable of improving crop yields and productiv-
ity in food production remains highly relevant.

M. Matkovska (2020) presented findings
from a comparative study on winter barley yield
under different fungicidal protection meth-
ods across three mineral nutrition regimes

D

(N40P3OK40’ NSDPGOKBO’ N120P90K12D)' The impaCt
of mineral nutrition on disease development
and the effectiveness of fungicide application
in controlling net blotch, powdery mildew, and
dark brown blotch in the Vintmalt winter bar-
ley variety was examined. The study concluded
that fungicidal protection was beneficial across
all nutrition levels: however, the greatest yield
increase from fungicides was observed in the
N,,,P,.K,,, treatment.

Aproven approach forimproving the sowing
quality of seeds is pre-sowing treatment with
growth stimulants, particularly those derived
from humic substances and biologically active
additives. For instance, I. Nepran et al. (2021) and
A. Bahan § S. Nevodnychyi (2023) investigated
the effects of various growth stimulants on the
sowing qualities of common chickpea varieties.
The impact of the studied preparations on ger-
mination energy, laboratory germination, and
fungicidal activity was analysed. The effect of a
growth stimulant with antifungal properties on
the seed quality was also examined. A minor
influence of the growth stimulants on the ger-
mination energy, laboratory germination, and
uniformity of germination in common chickpea
varieties was observed.

Currently, there is considerable scientific in-
terest in plant growth stimulators, as evidenced
by numerous publications. These substances

Plant and Soil Science (16)1
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are being explored both as standalone treat-
ments and in combination with traditional orga-
no-mineral fertilisers as bioadditives. Research
also investigates their potential synergy with
fungicides (Siroshtan & Kavunets, 2021). Among
the most promising approaches is the devel-
opment of preparations based on plant growth
regulators, including biostimulants obtained
through microbiological processes or chemical
synthesis (Zhang et al., 2024). However, the fea-
sibility of applying microorganisms as biostim-
ulants and biofertilisers remains uncertain due
to potential risks to human health. Developing
effective and safe biological agents that promote
plant growth presents a significant scientific
and technical challenge.

L. Krychkovska et al. (2024) developed and
tested experimental batches of microencap-
sulated barley and wheat seeds under labo-
ratory and field conditions following a for-
mulated composition that included natural
components - hydrated fullerenes, sodium
humate, microbiological carotene, and suc-
cinic acid - in a specific ratio. The preparation
also contained an adhesive additive, which
enhanced seed adherence and plant contact,
thereby improving the penetration efficiency of
the preparation into the seed coat. This formu-
lation was conditionally named Humir.

This research aimed to experimentally
and practically evaluate a growth-stimulating
preparation with fungicidal properties devel-
oped by the authors for application to spring
barley and spring wheat using encrusted seeds.
Seed encrustation with the developed prepa-
ration enhanced the uptake of biogenic nu-
trients by plants during the growing season.
Bioadditives were continuously released from
the multilayered seed coating. The primary fac-
tor contributing to growth intensification was
the bioadditive, which contained plant growth
stimulants and exhibited fungicidal and biopro-
tective properties.

LITERATURE REVIEW

According to an analysis of cereal cultivation
data, particularly for spring barley, the culti-
vated area of this grain crop in Ukraine has de-
clined by 56% over the past 15 years (Kasatkina &
Gamayunova, 2018). As a result, interest among

Plant and Soil Science (16)1

commercial producers in barley cultivation has
diminished in recent years. To enhance cere-
al yield and improve plant quality, a study was
conducted to examine the impact of a formula-
tion developed using humates, fullerene, succi-
nates, and microbiological carotene on the yield
and quality of spring barley and spring wheat. In
addition, the use of film-forming compositions
to ensure more stable retention of bioadditives
on seeds has been justified. In the review by
0. Matyshevska et al. (2010), the high biological
efficacy and antioxidant properties of fuller-
ene — which was incorporated as an antioxidant
in the aforementioned composition - were dis-
cussed under the literature data.

In the study by T. Kasatkina & V. Gamayu-
nova (2018), the current state and trends in the
cultivation of spring barley - a valuable food,
feed, and industrial crop - in southern Ukraine
were analysed. The factors influencing the real-
isation of the crop'’s biological potential through
the implementation of modern, competitive
cultivation technologies were highlighted. Such
technologies should prioritise the selection
of high-yielding varieties adapted to the con-
ditions of southern Ukraine, along with opti-
misation of nutrition through modern growth
regulators, biological agents, and organomin-
eral fertilisers. The study also described various
methods of fertiliser application within tradi-
tional barley cultivation technologies. It was
concluded that the use of plant growth regula-
tors represents a modern strategy to increase
barley grain yield. M. Marenych & S. Yurchen-
ko (2016) noted that humic substances posi-
tively influence cell membrane permeability,
activate enzymes involved in protein and carbo-
hydrate synthesis, and enhance respiration and
water exchange processes.

According to a study conducted by T. Kasat-
kina § V. Gamayunova (2018), the most effective
and economically advantageous methods of ap-
plying growth regulators were seed treatment
and foliar feeding of vegetative plants. Upon
contact with the leaf surface, growth regulators
penetrate plant tissues and become involved
in the biochemical reactions of metabolism.
Overall, the use of biostimulants in seed pro-
duction - an advanced branch of plant breed-
ing - and their impact on seed quality and yield
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characteristics of major grain crops require fur-
ther investigation. In particular, the application
of biostimulants compared to pesticides, which
have the potential to enhance seed germination
and emergence while exhibiting as fungicidal
and bactericidal properties, warrants detailed
research and development.

The use of nano-formulations in crop pro-
duction, which contain components with na-
no-sized particles, is an effective approach to
enhancing the yield of major crops (Rouphael
§ Colla, 2018). Nanoparticles enable more ef-
fective delivery of micronutrients to plants, in-
creasing their absorption and impact on plant
health while significantly reducing fertiliser
costs and minimising the environmental im-
pact of plant protection chemicals. Research
into the use of nanotechnologies in agricul-
ture is continuously expanding (Tarazona et
al., 2019; Slobodianyk et al., 2022). According to
0. Matyshevska et al. (2010), nano-sized carbon
materials, particularly hydrated fullerenes, are
increasingly utilised in agriculture, cosmetics,
and the food industry due to their high biologi-
cal activity and antioxidant, antiviral, and anti-
microbial effects.

Organic non-microbial plant biostimulants,
which include humic substances and seaweed
extracts, continue to play a leading role in crop
production, where they are used to stimulate
growth, increase plant stress resistance, and
improve the nutritional value of agricultural
products (Marenych & Yurchenko, 2016; Godara
§ Bakshi, 2021). According to Z. Chen et al. (2023),
algae serve as an important source of biologi-
cally active substances, chlorophyll, carotene,
and other natural pigments. Phytohormones,
which are carotene derivatives - particularly
abscisic acid - function as components of plant
growth regulators, providing a protective effect
and enhancing plant resistance to various types
of stress, as noted by T. Sun et al. (2022). Ac-
cording to H. Slobodianyk et al. (2022), succinic
acid acts as a universal plant growth stimulant
that significantly enhances seed germination
promotes root formation, and boosts yield.
Pre-sowing treatment of soybean seeds with
formulations containing succinic acid complex-
es with specific elemental ions exhibited both
growth-stimulating and fungicidal effects.

1)

MATERIALS AND METHODS
Studies on the effects of a specific preparation
on spring barley and wheat growth and devel-
opment were conducted at the Department
of Plant Growing at V. Dokuchaev Kharkiv Na-
tional Agrarian University during 2020-2021.
These studies included both laboratory and field
experiments. Laboratory germination involved
placing seeds on a gauze-covered cotton wool
pad in Petri dishes and rolled paper strips. Nu-
trient solutions (90 mL) were added beneath
the pad. During the initial stage of seed germi-
nation, Petri dishes were covered with lids, each
with a small hole to allow air penetration. Once
the first seedlings emerged, the lids were re-
moved. In the test variants, a 0.01% solution of
each component under study was applied to the
growing plants (the optimal concentration was
determined through preliminary experiments).
Tap water served as the control. Throughout the
study period, the ambient temperature was reg-
ulated between 21-23°C during daylight hours
and 1718°C overnight. Plant growth was moni-
tored daily, with measurements taken of seed-
ling count and length. At the conclusion of the
study, yield was evaluated by harvesting and
weighing the plants’ fresh biomass.

Field experiments were conducted follow-
ing the variety testing method. Spring wheat
of the Kharkivska 26 variety (super elite) and
spring barley of the Zvershennia variety (super
elite) were sown at optimal times using a contin-
uous row method, with a seeding rate of 5.5 mil-
lion and 5 million viable seeds per 1 hectare,
respectively, using an SSFK-7 seeder (Ukraine).
The plot area was 10 m? with three replica-
tions. Seed encrustation with a fungicide in a
film-forming solution containing the growth
regulator Humir (2% solution) was performed
in the laboratory using specialised equipment.
The working solution was prepared with varying
concentrations of the encrusting mixture com-
ponents. Humir is a complex formulation con-
taining biologically active substances of natural
origin and water-soluble polymers with a mild
mode of action. It includes polyethylene gly-
col (PEG; polyethylene oxide) with a molecular
weight of 500 (230 g/L) and PEG-1500 (540 g/L),
as well as sodium humate (35 g/L), fullerene,
and microbiological carotene.
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The harvest was recorded continuously
and systematically. The yield data were pro-
cessed using the analysis of variance meth-
od. Seed quality before and after treatment
was determined in the laboratory accord-
ing to DSTU 4138-2002 “Seeds of Agricul-
tural Crops. Methods for Determining Qual-
ity” (2004). Monitoring of insect population
dynamics and plant damage across ontoge-
netic phases was conducted through weekly
observations, where the incidence of diseases
and insects by crop type, dominant species,
and their role in plant damage were estab-
lished according to the methodology of the
Institute of Plant Protection (Omeliuta, 1986).

During the growing season, phytosanitary in-
spections of crops, as well as assessments of
sooty mould, Fusarium ear rot, and Fusar-
ium root rot, were conducted following the
“Methodology for Conducting Phytopathologi-
cal Studies under Artificial Infection of Plants”
(2016). The experiments were conducted in the
microbiology laboratory of the Yuryev Plant
Production Institute of NAAS of Ukraine.

The degree of crop resistance to common
diseases was determined following the scale
presented in the manual by L. Babayants et
al. (1988) “Methods of Selection and Assess-
ment of Resistance of Wheat and Barley in the
CMEA Member Countries” (Table 1).

Table 1. The rating scale for crop resistance to common diseases

Resistance, point Disease incidence, %

9 0

8 0.1-5.0

7 5.1-10.0

6 10.1-15.0

5 15.1-25.0

4 25.1-40.0

3 40.1-65.0

2 65.1-90.0

1 91.0-100

Source: compiled by the authors

Field experiments were conducted un-
der the climatic conditions of the moderate
continental zone. The average annual air tem-
perature ranged from 6 to 10°C. Annual rain-
fall totalled 450-460 mm, with the majority
(320-340 mm) occurring between June and
October. Meteorological conditions during the
2020-2021 growing season, compared with
long-term averages, were characterised by an
increase in air temperature of 1-3°C.

The soil in the experimental fields was a
strongly developed, slightly leached black soil
on siltyloamy loess, characterised by an agro-
nomically valuable granular-lumpy structure
with a total humus content of 5.89-6.15%. The
arable soil layer contained 1.9-2.0% potassium,
0.28-0.29% nitrogen, 017-018% phosphorus,
12 mg/kg of mobile zinc, 20 mg/kg of manganese,
and 017 mg/kg of molybdenum. Soil pH ranged
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from 6.8 to 7.5. The microelement content was
measured using an X-ray energy spectrometer,
SER-01 “ElvaX ProShector LE” model (Ukraine).
The research was conducted in compliance with
national laws and regulations, following ethical
guidelines for plantrelated experiments (Con-
vention on International Trade in Endangered
Species of Wild Fauna and Flora, 1973; Conven-
tion on Biological Diversity, 1992).

RESULTS AND DISCUSSION

The phytosanitary situation in grain crop agro-
cenoses is worsening each year. The increas-
ingly contrasting weather conditions in recent
years have contributed to a decline in plant re-
sistance to environmental stresses, including
diseases and insect pests. This has increased
the prevalence and aggressiveness of many
harmful organisms. The greatest impact of the
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phytophagous complex on plants was observed
in low agrotechnical conditions, with disrup-
tions to agricultural practices, as well as delays
in sowing. During 2020-2021, the phytosanitary

condition of spring barley and spring wheat
crops in crop rotations was monitored. Diseases
and pests were identified at different stages of
plant ontogenesis (Table 2).

Table 2. Phytosanitary condition of spring barley and spring wheat crops in 2020-2021

z’;:zs Spring wheat

No. U5 R LIEEEED Prevalence rate of disease

% point % point
1 Fusarium culmorum Sacc. Fusarium root rot 25 5 20 5
2 Helminthosporium sativum P. Common root rot 30 4 25 5
3 Erysiphe graminis (DC.) Powdery mildew 20 5 20 5
4 Drechslera graminea Ito. Leaf stripe 20 5 - -
5 Rhynchosporigm graminicola Rhynchosporiosis 10 7 _ _
Heinsen

6 Ustilago nuda Kell. et Sw. Loose smut 0.01 0 - -
7 Ustilago tritici Jens. Loose smut - - 0.03 0
8 Tilletia caries Tul. Hard wheat smut - - 0.1 8
9 Ustilago hordei Kell. et Sw. Covered smut 0.1 8 - -
10 Puccinia graminis Pers. Stem rust 15 5 20 5

Source: compiled by the authors

The data in Table 2 indicate that, in
2020-2021, root rots were the predominant
disease in barley and wheat crops. Fusarium
root rot leads to seedling death, resulting in
crop thinning, reduced grain mass, decreased
1,000-grain weight, empty ears, lodging, and
deterioration of grain quality. Infection occurs
at temperatures between 3 and 35°C, with an
optimal range 0f 15-22°C, and in soils with mois-
ture levels exceeding 40%. The pathogen per-
sists on grain, plant residues, and in the soil. The
unfavourable conditions for plant growth and
development in 2020-2021 facilitated disease
proliferation. In this context, plant protection
and growth stimulation measures are crucial,
which could be achieved using film-forming
growth regulators such as Humir, which com-
bines the properties of a growth regulator,
adaptogen, cryoprotectant, fungicide, bacteri-
cide, and film-forming agent.

Polyethylene  glycols  (PEG-500 and
PEG-1500) were selected as film-forming agents
due to their low toxicity to humans and their
ability to mitigate plant stress under adverse en-
vironmental conditions. High molecular weight
PEGs administered orally to living organisms are

1)

practically nontoxic. For PEGs with a molecular
weight up to 2,000, LD50 values range from 14
to 50 g/kg when taken orally. The toxicity of PEG
decreases with increasing molecular weight
(Hartwig et al., 2020). According to a study by
L. Ma et al. (2024), pre-sowing seed treatment
with polyethylene oxides increased osmotic
pressure and cell membrane permeability, re-
sulting in positive changes in plant metabolism.
Consequently, plant resistance to stress was en-
hanced, and grain quality improved, particularly
with anincrease in protein content in grain crops.

According to the studies, the preparation
had no adverse effect on seed germination, so
it can be used as a film-forming agent (Table 3).

As illustrated in Table 3, seed germina-
tion increased in all treatments involving
PEG500 + PEG1500 mixtures as film formers,
which was attributed to the enhanced retention
of the functional compound on the seeds. Fur-
thermore, the inclusion of hydrated fullerenes
and succinic acid in the formulation of the func-
tional compound reduced the level of root rot
development in germinating seeds. This finding
suggests the potential of these components for
use in growthstimulating formulations.
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Table 3. The impact of film formers, fullerenes and succinic acid in the composition of Humir
on seed germination and effectiveness against root rot for spring wheat

Film former

Film former A a
consumption rate

Development of
root rot disease
Fusarium ssp., %>

Degree of

retention. % Germination %
, /0

fullerenes + succinic acid

Control: sodium humates (2.0 kg/t) - 85.6 88.2+5.3 33.3+3.5
Humates + PEG-500 0.2 kg/t 94.4 93.3+3.0 30.4+3.4
Humates + PEG-500 + PEG-1500 0.1 kg/t 94.7 96.0+2.8 28.7+£3.2
Humates + PEG-500 + PEG-1500 + 0.1 kg/t 923 97.0+1.9 21.0+2.1

Note: laboratory experiment, average values over two years, 2020-2021;* - the volume of working fluid was 20 L/t;
2 —root rot development was assessed in seedlings at 20 days of age

Source: compiled by the authors

In preliminary laboratory experiments
with wheat and barley seeds, the optimal con-
centration of the preparation for pre-sowing
seed treatment was determined to be within
the range of 1.5-2.5%. At this concentration,
the seeds retained their flowability, and the
added fungicide (with filler) remained intact
during subsequent planting. Field and labora-
tory studies on seed germination concerning
preparation concentration, as well as the vig-
our of early growth, demonstrated that seed
treatment with Humir at concentrations rang-
ing from 0.1 to 4.0% did not exert an inhibitory
effect on these parameters. However, further
increases in concentration led to reductions in
both laboratory and field germination, as well
as growth vigour. From a physiological perspec-
tive, the positive effect was attributed to the

activation of metabolic processes. As a result,
the seeds progressed through the germination
stages more efficiently, which was positively
reflected in subsequent plant growth and de-
velopment, resulting in increased yield and im-
proved quality.

In the studies conducted in 2020-2021, the
potential for combining Humir with fungicides
for seed encrustation was investigated. Field
experiments demonstrated that the combi-
nation of a fungicide with Humir for the seed
treatment of spring barley and spring wheat
significantly increased grain yield compared to
conventional fungicide treatment. The effec-
tiveness of the growth-stimulating compound
Humir was also confirmed for both pre-sowing
seed treatment and foliar application in spring
barley and spring wheat (Table 4).

Table 4. Phytosanitary condition of crops, yield and nutritional quality of spring barley seeds
Zvershennia depending on the application of the Vitavax fungicide
and Humir growth stimulants, 2020-2021

Root rot infection
in the MWR phase’ Infection Crop yield Protein Starch
Variant by loose smut ¢/ha ' | content content
damage, infection y ingrain, % | ingrain, %
% rate, %
Control (suenet‘::a"‘tr;‘;)see‘j""gs 29.0 9.0 0.1 24.0 12.75 58.50
Standard (seeds treated with
Vitavax (2.5 L/t)) 18.0 6.0 25.7 11.28 59.43
Seeds treated with Vitavax
(2.5 L/t) + Humir (2.0 kg/t) 6.0 2.0 - 27.5 12.24 59.25
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Table 4, Continued

Root rot infection .
) in the MWR phase?! Infection Crop yield, Protein Starch
Variant = : content content
damage, infection | by loose smut c/ha MG || (e
% rate, % ! ’
Same as above + spraying
with Humir during tillering 6.0 2.0 - 28.0 12.25 59.30
(250 g/ha)
Same as above + spraying
during tillering (250 g/ha) 6.0 2.0 - 28.3 12.50 60.53
and MWR phases (250 g/ha)

Note: ! - milky-wax ripeness (MWR) phase
Source: compiled by the authors

According to the data presented in Ta-
ble 4, the maximum barley yield obtained in
the seed encrustation treatments was 27.5 c/
ha (+3.5 c/ha, or 15% compared to the control,
and +1.7 c/ha, or 7% compared to conventional
seed treatment). Subsequent spraying of bar-
ley seedlings with Humir led to an additional
increase in grain yield of 2.6 c/ha (+10%) com-
pared to the standard treatment. Further-
more, it was found that conventional fungi-
cide treatment of barley seeds resulted in a
147% decrease in protein content compared
to the control. In contrast, in the Humir treat-
ment variant, the protein content returned to
near control levels, reaching 12.24%. Addition-
ally, subsequent spraying of barley seedlings
with Humir further improved grain quali-
ty. For instance, in the variant where plants
were sprayed during the tillering phase and
again at the MWR phase, the protein content
in barley grain was 12.5%, while starch content

increased by 2.03% compared to the control
and by 1.1% compared to the standard.

In all seed encrustation variants, no devia-
tionswere observed in the progression of pheno-
logical phases compared to the control. Howev-
er, significant trends and differences were noted
for other indicators influencing crop formation.
In 2021, the field germination rate of the studied
crops in the pre-sowing seed treatment variants
with Humir, a plant growth stimulator, gener-
ally exceeded the control values by an average
0f 3-4%. As can be seen from Tables 4 and 5, con-
ventional seed treatment with only a fungicide
significantly reduced plant damage caused by
root rot and the overall infection rate, while also
completely disinfecting seeds from loose smut.
In contrast, seed treatment using the encrusta-
tion method with Humir, a film-forming growth
stimulator, more than doubled the protection of
spring wheat against root rot, which positively
influenced crop yield (Table 5).

Table 5. Phytosanitary condition of crops and grain yield of spring wheat Kharkivska 26 depending
on the application of the Vitavax fungicide and Humir preparation, 2020-2021

Root rot infection in the MWR
hase i i
Variant p : : Infection by Crop yield, ¢/
damage, infection rate, loose smut ha
% %
Control (seeds and seedlings untreated) 25.0 12.0 0.2 33.2
Standard (seeds treated with Vitavax (2.5 L/t)) 15.0 7.0 - 35.9
Seeds treated
with Vitavax (2.5 L/t) + Humir (2.0 kg/t) 7.0 2.0 - 37.2
Same as above + spraying with Humir during
the tillering phase (250 g/ha) 7.0 2.0 38.1
Same as above + spraying during tillering
(250 g/ha) and MWR phases (250 g/ha) 7.0 2.0 389

Source: compiled by the authors
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As shown in Table 5, the maximum wheat
yield obtained through seed encrustation treat-
ments was 37.2 c/ha (+4 c/ha, or 12% compared
to the control, and +2.7 c/ha, or 8% compared
to conventional seed treatment). Subsequent
spraying of wheat seedlings with Humir led to
an additional grain yield increase of 3.0 c/ha
(+ 8%) compared to the standard treatment. It
was assumed that the positive effect of spraying
plants with the Humir growth stimulator was
largely attributable to its high wettability and
film-forming properties. After application to the
leaf surface, a thin film of the compound was ob-
served, and its active components were gradual-
ly absorbed by the plant over several days. As a
result, Humir was effective in combating diseas-
es such as powdery mildew, late blight, and bac-
terial infections. When infection foci appeared
on the leaves and stems, careful treatment with
the Humir film-forming preparation facilitated
the fixation of fungal spores, effectively blocking
the spread of infectious plant diseases.

Satisfying the growing food demands of the
population has increased the environmental
impact of chemical use and requires alterna-
tive methods to produce more food (Barros-
Rodriguez et al., 2020). The use of biostimulants
and biofertilisers deserves attention as an alter-
native solution to this problem. In this regard,
plant biostimulants appear to be among the
most appropriate solutions due to their natural
origin and potential to replace traditional agri-
cultural methods. According to M. Baltazar et
al. (2021), humic substances, seaweed extracts,
and microorganisms have demonstrated the
potential to accelerate plant growth, increase
crop yield and quality, and mitigate the effects
of stress. Thus, humate- and bioadditive-based
formulations are particularly relevant for in-
creasing cereal yields.

To protect seeds from mould fungi,
fullerenes and succinic acid were included in
the developed encrusting preparation as bac-
tericidal agents. This is especially important for
pre-sowing seed treatment. Fullerenes were
studied for their impact on the microbiological
stability of solutions containing biologically ac-
tive substances and compared with carbon-con-
taining water infused with shungites crushed
to nanosize. It was experimentally proven by
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L. Krychkovska et al. (2024) that the inclusion of
hydrated fullerene C60 (C60FWS, nanoparticle
size 1.6-1.8 nm) in the composition of the func-
tional preparation Humir resulted in high re-
sistance to microbiological contamination.

The development of new complex formula-
tions containing succinic acid is of particular in-
terest in the creation of a functional preparation
with multifaceted biological properties, includ-
ing antimicrobial, growth-stimulating, and an-
tifungal activity. Succinic acid, as a natural an-
alogue of salicylic acid, has shown potential for
increasing plant resistance to pathogens when
combined with antimicrobial and growth-stim-
ulating components. This approach enhances
growth, induces antimicrobial properties, and
ultimately leads to increased yields. N. Lev-
chycketal.(2017)investigated the effect of succin-
icacid solutions using biotesting methodsunder
field conditions and in vitro culture. The test ob-
ject was cucumber seedlings (Cucumis sativus L.).
The study demonstrated that aqueous solutions
of succinic acid can be effectively used for grow-
ing agricultural plants both in vivo and in vitro.

In the research by S. Kabdrakhmanova et
al. (2023), the biological effectiveness of suc-
cinates in soybeans was investigated, with the
aim of increasing the germination rate while
reducing the presence of phytopathogens and
dwarfism. Complexes of succinic acid with cop-
per, silver, and boron ions exhibited a distinct
morphology with a monoclinic crystal structure.
These complexes demonstrated a dual effect -
both stimulating and fungicidal - significant-
ly increasing the germination rate by 19.7-24.4
times and reducing susceptibility to phytopath-
ogenic organisms such as Fusarium and Alter-
naria tenuis Nees by 2.75-8.66 times compared
to the control sample.

In the study by L. Krychkovska et al. (2024),
it was found that the treatment of spring wheat
seeds with the carotene-containing Humir
preparation resulted in an increase in the num-
ber of plants and spikelets, as well as the dry
weight of plants, compared to the same prepa-
ration without carotene. Thus, the composition
and effects of the developed preparation on seed
germination align with the general trend in the
combined application of its components, as
demonstrated by multiple studies cited above.
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PEG enhances osmotic regulation and antiox-
idant capacity, succinic acid and fullerenes ex-
hibit antifungal activity, and their synergistic
action contributes to increased crop yields.

The method of seed encrustation using wa-
ter-soluble polymers has been identified as
the most successful form of pre-sowing seed
treatment, as demonstrated in the overview by
M. Baltazar et al. (2021). This method improves
the adhesion of preparations, does not impede
seed respiration and moisture absorption, and
increases resistance to drought and low tem-
peratures. Ultimately, seed encrustation with
biologically active substances enhances crop
yields in plant growth technologies. Recently,
the number of studies on the development of
film-forming compositions has increased. These
formulations include, in addition to pesticides
and polymers, organic and mineral nutrients,
growth stimulants, and surfactants. Their appli-
cation strengthens and expands the fungicid-
al and bactericidal effects on phytopathogenic
and mould fungi. Increased adhesion of prepa-
rations and the creation of a nutrient reserve
on the seed surface enhances germination and
improve the physiological status of plants.

Enhancing grain yield through the use of
biostimulants has shown a positive trend in
response to changing climatic conditions in
Ukraine. However, sustainable grain production
under sharp fluctuations in weather conditions
is only possible through improvements in agro-
technological schemes. Therefore, testing the
developed preparation, as conducted in this re-
search, is relevant for increasing crop yields and
antifungal activity. It has been demonstrated
that the seed treatment method involving the
encrustation of grain seeds with plant growth
regulators is ecologically safe and increases
crop yields by up to 20%.

CONCLUSIONS

A complex preparation for crop production,
named Humir, containing biologically active
substances of natural origin and water-solu-
ble polymers with mild effects, has been tested
for its properties as a growth regulator, adap-
togen, cryoprotectant, fungicide, bactericide,

1)

and film-forming agent. Presowing treatment
of grain seeds with Humir led to increased field
germination, synchronised seedling emer-
gence, and higher yield. Comprehensive stud-
ies have revealed that Humir is compatible
with fungicides, demonstrating a synergistic
protective effect when used together. Experi-
ments have shown that encrusting seeds with
protective and stimulating formulations based
on water-soluble polymers is an effective meth-
od for protecting plants from seed- and soil-
borne infections and contributes to reducing
environmental pollution. A range of film
formers based on water-soluble polymers,
suitable for the development of protective and
growth-stimulating formulations for presow-
ing seed treatment, has been identified. The use
of two-component polymer systems has been
shown to enhance the adhesion of preparations
to seeds and increase the biological activity of
protective and stimulating formulations. The
effectiveness of film-forming protective and
stimulating compositions in enhancing and
prolonging the fungicidal action of treatments
has been demonstrated. The prospects of seed
encrustation with protective and stimulating
formulations based on watersoluble polymers
have been confirmed for growing healthy plants
and reducing environmental pollution.

Agricultural production tests have shown
that the Humir preparation is convenient to use,
environmentally safe, and economically benefi-
cial, as evidenced by increased crop yields. The
positive test results provide a basis for practi-
cal recommendations for its use in agricultural
production, both for seed encrustation and for
spraying grain crops during the tillering and
milkywax ripeness phases. Further research
on this topic will explore synergistic biostimu-
lant effects and contribute to the development
of next-generation plant biostimulants for sus-
tainable agriculture.
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y npenapaTtax A/iq CiibCbKoro rocnogapcrea

AHoOTaUif. BUCOKOSIKiICHe, MPUPOAHO 3axXUIleHe B ITOCiBi HACIHHA Ta POCTAKTHBALf CXOHiB
€ TIepCIIEKTMBHUM HampAMOM cTabimizalii BeaUYMHM i gKROCTi ypoykaro. OfHUM i3 HUIAXiB
peautizailii 6i0JI0TiUHOTO MTOTEHIiaNy YPOXKAMHOCTI CiTbCHPKOTOCIIONAPChKUX KYJIBTYP B CEJIEKIIil
i HaCiHHUIITBI € MiABUIIEHHS CTIMKOCTI POCNIUH 10 TUHAMIYHUX eKOJOTiYHUX CTPeCiB, B TOMY
yuei i 1o mKigmuBux opraHisMiB. MeToi0 AOCTiIKeHHS 6y/I0 eKCIepuMeHTalbHEe TeCTYBaHHS
Ipernapary Ha OCHOBI I'YMIHOBMX DeYOBHH, IUIIBKOYTBOPIOBAdiB, HAHOKOMIIO3UTY, SHTapHOI
KUCJIOTU Ta KapoTHMHY MiKpo6iojoriyHoro. EKCIIepUMeHTU NIPOBEJEHO Ha HaciHHi sporo
STYMEHIO Ta Spol MIeHNUI]i. BUKOPHCTaHO TeXHOJIOTiI0 iHKPYCTyBaHHS HACiHHA QYyHKI[IOHAIBHUM
mpemnapaToM. JIabopaTopHi Ta IIONBOBI E€KCIepUMEHTH NIPOBONWIM Ha 6a3i XapKiBCBKOrO
HallioHaJIbHOT'O arpapHOro YHiBepcuTeTy iM. B.B. [Joky4aeBa Ha KapeIpi pOCIMHHULITBA [IPOTATOM
IBOX POKiB. [I0OCTAHOBKY €KCIIePUMEHTIB Ta OL[iHKY eKOHOMIUHOI ebeKTUBHOCTI PyHKIIIOHATIBHOTO
Iperapary y MifBUILleHH] Bpoykalo IPOBOAWIIN 3a BCTAHOBJIEHMMH MeTOAMKaMU. [lepeArnociBHa
06po6Ka HACIHHSA 3ePHOBUX KYJIBTYP IIperapaToM 3abe3redyBasa 3p0CTaHHS II0TIBOBOI CXOKOCTI,
CUHXPOHHOCTI CXOZiB i yposkalHOCTi. Pi3HOCTOpOHHI BUIpO6YBaHHS [OBENH, IIO IIperapar
CyMiCHUM 3 IIpOTpylOBadaMM HACIHHS, IIpU LbOMY IIPOSBISETHCA CHMHEpPri3M Ix CHinbHOI Ail, a
caMe MiJBUILeHHS QYHTIUIHOrO edeKTy. Pe3ynbTaTH eKCIIepUMEeHTIB IT0Ka3aJly, o iHKpycTaisa
HaCiHHA 3aXMCHO-CTUMYJIOIOYWMHU IIperapaTaMM Ha OCHOBI BOJOPO3YMHHHUX IIOJIiMepiB €
ebeKTUBHUM METOIOM 3aXUCTy POCNIUH Bif HaciHHEBUX Ta I'PyHTOBMX iH}eKLiN i criocobom

Plant and Soil Science (16)1 @


https://orcid.org/0000-0003-3136-3149
https://orcid.org/0009-0002-7967-9978
https://orcid.org/0000-0001-6952-7554
https://orcid.org/0000-0001-8834-4286
https://orcid.org/0000-0002-2960-9544

Application of biologically active substances in agriculture preparations

3HIDKEHHS DiBHA 3abpyIHeHHS HaBKOJIMIIHBOTO CepefoBUIla. [IOBELEHO IIOCHJIEHHS Ta
MIpOJIOHTAlif Ail GYHTIIUAY IpU 3aCTOCYBaHHI B IUIIBKOYTBOPIOIOUMX 3aXKCHO-CTUMYJIOIOUNX
KOMIIO3ULIisIX. BUpO6HMUI BUITPO6YBaHHS ITOKa3aJIH, IO IIperapaT 3pyYHu IIpy BUKOPUCTAHHI,
€KOJIOTTYHO 6e3IMeYHUM, a TOCTIofapChKa ePpeKTUBHICTD IIpenapaTy IPOoABISIEThCA Y 36iblIeHH]
yposkartHOCTi. [I03UTHUBHI pe3ynbTaTy BUIIPOOYBaHHA Jayiy IiACTaBU AJI PeKOMEHIAIN U0h0
MOr0 3aCTOCYBaHHSA Y BUPOOHUYMX YMOBAX SIK IJ1s iHKRpycTallii HaciHHA, TaK i AJ1g 06IIpUCKyBaHHS
POCJIMH 3epHOBHX KOJIOCOBUX KYJIBTYD Y $asy KyIleHHs Ta MOJIOYHO-BOCKOBOI CTUITIOCTI

Knio4yoBi cnoBa: CTUMYIATOPU pOCTY, IUIiIBKOYTBOPIOBAYi; QYHrinuAW; KOpEeHeBi THWII;
YPOXKaMHICTb 3€PHOBUX KYJIBTYD
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Effects of seed treatment and foliar fertilisation
by chelated fertilisers on the productivity
of sugar beets (Beta vulgaris L.)

Abstract. Sugar beets are a highly productive crop that requires a significant amount of
micronutrients and trace elements. They are sensitive to a lack of micronutrients in the early stages
of development, which can affect the morphological changes in the root crop and, consequently,
reduce yield. The purpose of this study was to determine the effects of seed treatment with a
complex of chelated fertilisers and the effects of foliar feeding on the biometric indicators of sugar
beets, photosynthetic productivity, and technological qualities. The study was conducted on typical
low-humus chernozems in the Right-Bank Forest-Steppe zone of Ukraine. To determine the mass
of roots and leaves, leaf area, and photosynthetic productivity, samples were taken during the row
closure phase, the mid-phase of intensive root growth, and the row reopening phase. Technological
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Effects of seed treatment and foliar fertilisation by...

qualities, root yield, and sugar content were determined in plants selected at the physiological
maturity phase. The study found that foliar feeding significantly increased root mass during the
row reopening phase and physiological maturity. The highest root mass was formed in the seed
treatment variant with a high content of trace elements and foliar feeding. The root mass reached
692 g with a yield of 59.6 t/ha and a sugar content of 16.6%. Technological indicators, particularly
sugar yield for this variant, were also maximal at 9.86 t/ha. Nanofertilisers for foliar feeding
enabled an increase in leaf area until the row reopening phase without reducing net photosynthetic
productivity, which allowed the crops to accumulate more dry matter. Seed treatment with
chelated fertilisers increased the accumulation of dry mass in the early stages, leading to a larger
photosynthetic apparatus, which collectively resulted in increased productivity

Keywords: nanofertilisers; net photosynthesis; leaf area; dry matter; mass of the root crop;

productivity; sugar content

INTRODUCTION

The creation and implementation of new en-
vironmentally safe and technological prepa-
rations designed to increase the efficiency
of plant nutrient use of mineral fertilisers
and soil is relevant for the global agricultural
sector. According to D. Kour et al. (2020), bi-
ofertilisers, consisting of beneficial microor-
ganisms, offer a sustainable and eco-friendly
alternative to chemical fertilisers by enhancing
soil nutrient availability and promoting plant
growth through various direct and indirect
mechanisms, ultimately improving crop yields
without harming the environment. In their
research on soybeans, S. Kalenska et al. (2022)
highlighted the potential for advanced fertil-
iser technologies, including nanofertilisers, to
offer targeted nutrient delivery, minimising
environmental impact while maximising crop
yield. As mentioned by N. Ahirwar et al. (2020),
this helps to increase crop yields and product
quality while increasing the overall efficiency
of crop cultivation. The development of inno-
vative technologies for growing plants in crops,
such as nanofertilisers, growth-stimulating
complexes, etc., are starting to play a significant
role in increasing the efficiencies and quali-
ty of crops (Marchiol et al., 2020). T. Farooq et
al. (2023) highlighted the shift from conven-
tional chemical fertilisers, which have a neg-
ative environmental impact, towards the use
of nanofertilisers in sustainable agriculture.
Nanofertilisers, utilising nanomaterials, offer
controlled nutrient release and enhanced plant
growth while minimising ecological harm.

)

The long-term availability of all nutrients to
the plant during the full growing period is cru-
cial to promote germination, growth, flowering,
and fruiting (Koch et al.,, 2020). The undoubted
prospects for the development and widespread
use of nanotechnology are that nanoparticles
of biogenic metals have extremely high activ-
ity and sizes corresponding to the size of living
cells, contribute to an increase in yields, gross
harvests of crops, and product quality; increase
the efficiency of nutrient use and their intended
use, and reduce the toxicological burden on the
environment due to a significant reduction in
the gross volume of fertiliser and pesticide ap-
plication (Gowda et al., 2022).

According to J. Wang et al. (2022), the con-
trolled release of nanofertilisers (nanoparti-
cles) enhances plant growth and development
while contributing to increased yields and
overall productivity. The targeted delivery of
nutrients using nanoparticles is employed to
optimise the production process by directing
their movement through specific areas of func-
tional efficiency (Helal et al., 2023). N. Konap-
pa et al. (2021) explored how nanotechnology,
specifically through nanopesticides and na-
nofertilisers, can revolutionise agriculture in
developing countries by providing controlled
release of agrochemicals, enhancing nutri-
ent efficiency, and minimising environmen-
tal risks associated with conventional farming
practices. The encapsulation of fertilisers and
pesticides within nanoparticles, enabling a
“slow release” mechanism, offers the potential
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for precise dosage delivery to plants. This not
only significantly reduces chemical waste and
environmental contamination but also opti-
mises nutrient uptake, thereby improving crop
yields and promoting sustainable agricultural
practices. A. Elnahal et al. (2022) highlighted
that incorporating nanomaterials into crop
cultivation technologies ensures consistently
high yields while reducing the environmental
impact of agricultural practices. Specifically,
M. Rizwan et al. (2019) found that the effects of
these changes depend on varietal characteris-
tics, the phase of plant development, and the
intensity and duration of stress factors. The
researchers found that foliar applications of
titanium dioxide and silicon nanoparticles can
effectively mitigate cadmium toxicity in rice
plants, enhancing photosynthesis, and improv-
ing the antioxidant defence system.

The purpose of the present study was to de-
termine the effect of chelate nanofertilisers for
seed treatment and foliar fertilisation on the
formation of photosynthetic parameters (leaf
area, dry biomass accumulation, net productivi-
ty of photosynthesis), plant biometric indicators,
and the productivity of yield and sugar content.
Since microelements improve the course of
physiological cycles and help counteract stress,
they assist in realising the yield potential under
existing conditions. Therefore, their effective-
ness in field conditions should be considered.

MATERIALS AND METHODS

The field study was conducted at the farm enter-
prise “Rasavske”, located in the Right-Bank For-
est-Steppe zone of Ukraine (49°46’ N, 30°44' E)
in 2021-2022. The weather conditions are pre-
sented in Table 1.

Table 1. Weather conditions in 2021-2022 in the Right-Bank Forest-Steppe zone of Ukraine

Month Air temperature, °C Precipitation, mm

2021 2022 MA 2021 2022 MA

\% 10.5 133 8.6 55.7 23.1 45

\Y 15.4 18.4 15.0 38.0 42.1 44

Vi 20.6 20.2 18.0 27.7 162.6 77

Vil 20.9 21.1 19.4 18.5 103.8 88

Vil 22.4 22.0 18.7 22.7 21.2 61

IX 17 16.7 14.2 18.5 123.5 41
Average/sum 17.8 18.6 15.7 291.1 476.3 356

Note: MA - multi-annual average/sum based on data from 1990 to 2010

Source: developed by the authors

The weather conditions during the years
of the study varied significantly from each oth-
er and from the long-term average. Notably, the
beet growing season (late April to late September)
in 2021 was characterised by high temperatures
(+17.8°C) and lower moisture availability com-
pared to the long-term average. The total precip-
itation was 291.1 mm, with a small amount in the
summer months. In contrast, the conditions in
2022 were more favourable, with higher precip-
itation and an average temperature of +18.6°C.
The total precipitation for that year was 476.3 mm
during the beet growing season, with a peak in
June (162.6 mm). These conditions are conducive
tothe development of a robustleaf apparatus, and
consequently, increased root biomass and sug-
ar content. Considering the contrasting weather
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conditions of the years under study, the research
on the effects of foliar application and seed
treatment was comprehensive and addressed
abiotic stresses caused by weather factors.

Soilofresearch plotwas a typicallow-humic
chernozem, with the arable layer characterised
by the following agrochemical and agrophysical
indices: pH,,, - 6.8; humus content - 4.9%; ni-
trogen content (alkaline-hydrolised) - 145.5 mg
per 1kg of soil; labile phosphorus - 38.5 mg per
1 kg of soil; exchangeable potassium - 117.5 mg
per1kg of soil. Micronutrient content of soil was
as follows: Fe - 0.26 mg kg™, Mn - 5.21 mg kg™,
Cu - 0.08 mgkg™; Zn - 011 mg kg™. The research
design for investigating the effects of nano-
fertilisers on sugar beets of cultivar Nastya is

presented in Table 2.
G
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Table 2. Research design

Factor A: seed-treatment composition, g L* of solution Factor B:
Option NCF SMP NCF Zn NCF P Fertilisation system
c - - -_—
ontrol i Bl: !\I1 u_Psochg i
T1 7 11 13 foliar fertilisation with Boron
TZ 9 8 8 Bz' N120P80K200 w
T3 8 12 7 foliar fertilisation with NCF

Note: NCF SMP - Nano Chelate Fertiliser Super Micro plus

Source: developed by the authors

The fertilisation system factor included
two options: a background with spraying of
Boron (500 g of Boron acid) and foliar fertilis-
ation. The baseline option involved the appli-
cation of NPK in autumn at 120:80:200 kg/ha.
The alternative option involved the applica-
tion of preparations according to the scheme

presented in Table 3 (Boron was applied at
same stages). Aqueous solutions of fertilisers
were prepared before spraying, which was
conducted in the evening after 18 hours with a
sprayer with a working fluid consumption rate
of 300 1/ha. Sprayer OP-2000, volume 2000 1,
working solution rate - 300 l/ha.

Table 3. Scheme of foliar fertilisation with nanochelate fertilisers

# Application stage Fertilisation Rate, kg ha™
Nano Chelate fertiliser Potassium 23% (P) 1.0
1 8-10 leaves Nano Chelate fertiliser Nitrogen 20% 0.2
Nano Chelate enriched fertiliser Iron 10% 1.0
Nano Chelate Fertiliser Super Micro plus (SMP 1.0
2 12-14 leaves Nano Chelate fertiliserpMagnesiu?n 25(% ) 1.0
3 16-18 leaves Nano Chelate fertilisz.el.' Potassiym 23% (P) 2.0
Nano Chelate fertiliser Calcium 25% 0.5

Note: fertiliser developer information
Source: developed by the authors

Nanopreparations for seed treatment con-
tain micronutrients and macronutrients in a
rapidly accessible form. Since certain micronu-
trients can exhibit phytotoxicity on seedlings,

their concentration in the treatment solution is
maintained within permissible ranges. Nutrient
content of applied fertilisers upon seed treat-
ment is presented in Table 4.

Table 4. Nanofertiliser characteristics

e Nutrient content in fertiliser, %
Fe Zn Mn K Mg Cu N P PO, Mo Ca B
SMP 4.5 8 0.8 3 6 0.65 5 3 7.8 0.1 6 0.65
Zn 20 5
P 25 65
Nutrient content in seed treatment composition, mg L* of solution
T1 315 2,760 56 210 | 420 45.5 900 | 3,460 | 9,000 7 420 45.5
T2 405 2,320 72 270 | 540 58.5 850 | 2,270 | 5,900 9 540 58.5
T3 360 3,040 64 240 | 480 52 1,000 | 1,990 | 5,170 8 450 52.0

Note: fertiliser developer information
Source: developed by the authors
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The area of the individual plot was 40 m?
(27m=15m, 8 rows). The row spacing was 45 cm.
Sowing was carried out in the third decade of
April (22 April 2021 and 25 April 2022). The repe-
tition of the experiment was threefold. Seed rate
was 100 thsd seeds/ha. Field seed germination
was 89.3-90.4%. The study was conducted using
bioadaptive technology of sugar beet cultivation.
The main soil tillage was semi-steam tillage. It
included the following operations: stubble was
peeled 5-6 days after harvesting the predecessor
(winter wheat) with a universal disk stubble har-
vester UDA-2.4-20, which was aggregated with
a tractor MTZ-82 to a depth of 8-10 cm. Under
the predecessor (winter wheat), the following
fertilisers were applied: potassium chloride -
120 kg/ha (potassium content 60%), phosphorus
fertilisers - 80 kg/ha (ammonium phosphate
with a phosphorus content of 50% and nitrogen
content of 12%), nitrogen fertilisers - 200 kg/
ha (ammonium phosphate in autumn and urea
with a nitrogen content of 34% in spring).

Ploughing was carried out until August 15 af-
ter applying mineral fertilisers to a depth of 30-
32 cm with a Lemken EuroDiamant 100-F 7 plow
in combination with a CLAAS-Axion 840 tractor.
In the first decade of October, the area was lev-
elled, and weeds were destroyed witha USMK-5.4
cultivator, the working bodies of which were
arranged for continuous tillage. In spring, the
moisture was closed and pre-sowing tillage was
conducted with the USMK-5.4 working razors for
continuous tillage to a depth of 4 cm. Sugar beet
was sown with a Kleine Multicorn precision beet
seeder to a seeding depth of 4 cm. The seeds
were treated with Cruiser, Force, Tachigaren,
TMTD with a fraction of 3.5-4.5 mm. Sowing was
carried out with KZK-6P rollers, which were ag-
gregated with an MTZ-82 tractor.

The crop management system was aimed
at controlling the number of weeds - spray-
ing (first application) was performed when the
weeds were in the cotyledon to two-leaf stage
with Betanal Expert herbicides at 1 L/ha, Kari-
bu - 30 g/ha with Trend 90 adhesive at 0.3 1/ha,
the second application was performed when
new weed shoots appeared, from the cotyledon
to the stage of 2 leaves, according to the same
scheme. Against annual cereals in the phase
of 2-4 leaves in weeds, the herbicide Fusilade
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Forte 150 ES, e.e. was used at 1-2 1/ha. To pro-
tect plants from pests, the insecticide Nurel-D
was used at 0.8 l/ha. Herbicides and insecti-
cides were applied with an OP-2000 sprayer,
which was aggregated with an MTZ-82 tractor.
To protect against diseases of the leaf appa-
ratus, if necessary, the fungicide Alto-Super
330 ES, c.e. with a consumption rate of 0.5 1/ha
was used, spraying was performed with a knap-
sack sprayer. Sugar beet was harvested in late
terms (1 October).

The research programme included the se-
lection of plant samples across three stages of
development: Stage 1 - leaf canopy cover inter-
rows (Date 10.07), Stage 2 - intensive root growth
(Date 10.08), and Stage 3 - pre-harvest (leaves
discovered interrows, 10 September). At each
growth phase, a minimum of 10 plants were
sampled to determine the mass of roots and
leaves. Leaf area was assessed by scanning the
leaf surface of each plant, calculating the aver-
age and extrapolating to density per hectare.

The dry matter content was determined
using a thermogravimetric method in a two-
phase scheme. Samples were dried at 60°C for
12 hours, followed by further drying at 105°C
until a stable weight was achieved. Accumula-
tion of dry mass was calculated as the difference
between the actual weight and the weight in the
previous phase. Additional samples were taken
during the Emergency phase (“E” in the table) to
determine dry matter content and leaf area.

Net photosynthetic productivity (NPP) was
calculated using the following formula (1):

DMAy—DMAy_y
LA XT, ’ (1)

NPP =

where DMA is the accumulation of dry biomass
(nisacurrent stage, n-1is a previous stage), g/m?
LA is the average leaf area between two stages,
m?/m? T, is the duration of the recording peri-
od, days.

Root mass for yield determination, sugar
content, and sugar yield were assessed from
samples obtained during the technological ripe-
ness phase of beetroot as of 30 September. Plant
density per hectare for individual plant met-
rics was calculated separately for each variant.
Sugar content was determined by digesting the
juice in a saccharimeter. Statistical calculations
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were performed using Statistica 10.0. Two-way
ANOVA and post-hoc analysis based on Tukey’s
HSD were conducted to determine differences
between variants. The study followed the ethical
standards outlined in the Convention on Inter-
national Trade in Endangered Species of Wild
Fauna and Flora (1973) and the Convention on
Biological Diversity (1992).

RESULTS

The positive effects of using nanofertilisers for
seed treatment are manifested in an increase

in root mass during the phase of row closure
(Table 5, Stage 1). The study found that foliar ap-
plication significantly increased root mass in
the row closure phase compared to similar seed
treatment options without foliar application.
Seed treatment with the T3 formulation led to a
significant increase in root mass even without
foliar application (182 g), and therefore the gain
from foliar application was negligible. This fact
indicates the effectiveness of foliar fertilisation,
as on average, root weight gains were greater
than the effect of this factor at this stage.

Table 5. Root, shoot, and plant weight of sugar beet during vegetation (average in 2021-2022), g

Factors Stage 1 Stage 2 Stage 3
F1 F2 R L Plant R L Plant R L Plant
c B 1712 276" 446° 3192 289° 608° 479° 211° 690°
B+FF 187¢ 289¢ 476° 347¢ 309%* 656°¢ 506°¢ 220320¢ 726
- B 175% 266% 442° 328° 304 632°0¢ 502°¢ 215%* 717b
B+FF 190¢ 282 471° 341k 310° 6510 518¢ 230¢ 747¢
T2 B 176%° 2642 440° 3272 308® 6352¢ 487 2273b¢ 7082¢
B+FF 185¢ 280 465° 341bc 296 6362 509¢ 227% 736¢
3 B 1825 266% 448° 330%® 298® 6272 479° 2273bc 6972
B+FF 185¢ 282 467° 341kc 303% 643°c 513¢ 226 735¢
Average 181.3 275.5 456.8 334.0 302.2 636.2 498.8 221.3 720
CV, % 4.2 4.0 3.5 8.5 4.3 5.9 7.1 4.1 5.8

Note: R - root weight, g; L - leaves weight, g; Stage 1 - leaf canopy cover interrow; Stage 2 - intensive root growth;
Stage 3 - pre-harvest (leaves discovered interrows); B - background; B+FF - background + foliar fertilisation. Same
letters in column show no significant differences between variants by Tukey’s HSD

Source: developed by the authors

The weight of the leaf surface in Stage 1was
the highest in the control variants of treated
seeds (276 g and 289 g, respectively, in the sys-
tem without and with foliar fertilisation), but
was significantly lower in the nanopreparation
treatment. At the same time, the total mass of
the plant indicated that as early as at this stage,
the processes of assimilation of dry matter and
biomass in the root were dominant. The larg-
est weight was formed by variants with foliar
fertilisation (465-476 g), without a significant
difference in the factor “seed treatment”, while
the plant weight was within 440-448 g without
foliar fertilisation.

Therootweight in Stage 2 repeated the trend
of the previous stage, as foliar treatments gave
significant increases compared to options with-
out foliar application, considering the same seed
treatments. Notably, the greatest effect of foliar

)

application was observed in the control variant,
which resulted in a 28 g increase (+8.8%), while
the others had a lower effect. Leaf mass in this
stage varied little among the treatments and av-
eraged 302.2 g. Most variants did not differ sig-
nificantly from each other, with only the “T1with
foliar fertilisation” combination showing a sig-
nificant difference from the untreated control.
Foliar application significantly increased plant
mass compared to the variant without its use,
but for the T2 seed treatment, the difference was
negligible (including the control variant).

In Stage 3, the root weight increased to 479-
518 g, while the stem and leaves decreased to
211-230 g. The fertiliser system factor (presence
or absence of foliar fertilisation) significantly
influenced any variant of seed treatment with
nanopreparations. The effectiveness of nano-
preparations for seed treatment was manifested
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only in the formulation T1, which significant-
ly increased the root weight compared to the
control and other variants - up to 502 g with-
out foliar fertilisation and up to 418 g with their
application. The total weight of the plant when
applying nanopreparations for seed treatment
was significantly greater both in the fertiliser
system with and without foliar application, so
seed treatment can be considered as a factor in
increasing crop productivity with a long-term
effect. Notably, the T3 seed treatment formula-
tion without foliar application did not provide a
significant increase compared to the control in
terms of root growth and overall plant growth.
Trace elements in nanofertilisers play a vi-
tal role in the functioning of the enzymatic and
photosynthetic systems of plants, and therefore
their effects on dry matter accumulation are in-
direct. Since an increase in the concentration of

trace elements in a plant does not directly affect
the dry matter growth, as with macrofertilisers,
only the indirect effects on biometric parame-
ters can be assessed or a nutrient deficiency can
be stated. The study found that the investigated
factors significantly affected the leaf area index
in all the studied periods, but with different ef-
fects in the combination of factors (see Table 6).
On the control variant without seed treatment
in stage 1, the crops formed 276 thsd m*ha of
leaves in the variant without foliar fertilisation
and 29.6 thsd m?/ha with their application (this
variant also significantly differed from all oth-
ers). The use of nanopreparations for seed treat-
ment positively influenced the leaf area in the
variants T2 and T3 in the system with foliar fer-
tilisation, but when they were applied, it had the
opposite effect - the leaf area was insignificantly
lower than without seed treatment.

Table 6. Leaf area and photosynthetic parameters of sugar beet

Factors LA, thou. m? ha* DM accumulation, g m? NPP, g DM per m2xday
F1 F2 S1 S2 S3 E-S1 §1-S2 $2-S3 E-S1 S$1-S2 S$2-S3
c B 27.6° 37.7° 27.6° 469° 312° 180%® 7.5° 3.2° 1.8
B+FF 29.6¢ 41.4 30.8 519¢ 318 1652 7.7%° 3.0° 1.5°
1 B 27.8%® | 40.7° 28.6° 480%° 330° 190¢ 7.6%° 3.22 1.8°¢
B+FF 28.85 42.5¢ 32.2« 511¢ 318° 208 7.8° 3.0° 1.8
T2 B 28.2%¢ | 41.6% 28.2% 480%° 338 166° 7.5° 3.2° 1.6%
B+FF 28.9«¢ | 39.7%¢ 31.7¢ 507¢ 305° 216¢ 7.7%® 3.0° 1.9¢
3 B 28.4%¢ 38.2° 28.8° 489° 314° 164° 7.6%®° 3.1° 1.6%
B+FF 29.3« 38.6® 32.7¢ 509¢ 316° 208« 7.6% 3.12 1.9¢
Average 28.6 40.1 30.1 495.5 319.0 187.2 7.6 3.1 1.7
CV, % 34 5.2 6.6 5.4 13.6 13.2 2.6 11.9 12.2

Note: Stage 1 - leaf canopy cover interrow; Stage 2 - intensive root growth; Stage 3 - pre-harvest (leaves discovered
interrows); B - background; B+FF - background + foliar fertilisation. Same letters in column show no significant

differences between variants by Tukey's HSD
Source: developed by the authors

An analogous trend was observed in the next
periodisthe maximum growth oftheleafsurface.
In the variant without seed treatment with nan-
opreparations, the leaf area was 377 thsd m?ha
under the fertiliser system without foliar fer-
tilisation and increased to 41.4 thsd m?*ha with
their implementation. At the same time, the T1
formulation was effective in both systems, as
the leaf area increased by 3.0 thsd m?/ha (8.0%)
and 11 thsd m%ha (27%), respectively. When
treating the seeds with the T2 formulation, the
effect was different: the leaf area increased
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significantly in the system without foliar fer-
tilisation by +3.9 thsd m?ha (10.3%), and in the
system with foliar fertilisation, conversely, it de-
creased by 1.7 thsd m?%ha (-4.1%). Formulation of
T3 was generally ineffective in the variant with-
out foliar fertilisation and led to a decrease in
leaf area when they were performed.

Since the activity of the photosynthetic ap-
paratus depends on the leaf area and its viabil-
ity during the growing season, it is advisable to
evaluate this indicator at the time of harvesting
(Stage 3). The study found that the effect of seed
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treatment and foliar fertilisation was positive in
terms of preserving a viable leaf surface. In the
control variant of seed treatment (no treatment)
underthefertilisersystemwithoutfoliarapplica-
tion, the leaf area was 27.6 thsd m?/ha, while with
fertilisation it was 30.8 thsd m?ha. Under the
fertilisation system without fertilisation, seed
treatment allowed preserving more leaf sur-
face - 28.6 thsd m?/ha and 28.8 thousand m*ha
(T1 and T3, respectively), which is significantly
more than in the control. During foliar fertilisa-
tion, different formulations of nanopreparations
for seed treatment showed differing effects. The
most effective was the T3 formulation, where
the leaf area in Stage 3 was 327 thsd m%ha,
which is 1.9 thsd m?/ha (+6.2%) more than in the
control variant, while in T1 and T2 the increase
was 14 thsd m¥ha (4.5%) and 0.9 thsd m*ha
(2.9%), respectively.

The net photosynthesis productivity (NPP)
in the period from emergence to closure of rows
varied insignificantly within the fertilisation sys-
tem, i.e., did not depend on seed treatment. NPP
during this period averaged 7.6 g DM/m? of leaves
per day, with no significant difference between
treatments except for the “T1with foliar fertilis-
ation” combination (7.8 g DM/m? x day). The dry
mass accumulated by the crops varied more sig-
nificantly. Under the basic fertilisation system,
the crops accumulated 469 g/m? of dry matter,
and when the seeds were treated with the T1and
T2 formulation, this indicator increased slightly
(+11 g/m?), while T3 had a more significant effect
(+20 g; +4.3%). Seed treatment with nanoprepa-
rations with foliar application increased bio-
mass significantly compared to variant without
foliar treatment, but in context of seed treat-
ment difference between variant is absent). In
the period from row closure to intensive root
growth, the NPP did not differ significantly de-
pending on the fertiliser or seed treatment and
amounted to 3.0-3.2 g DM/m? per day. This is

explained by the variation in the accumulation
of dry biomass during this period (CV 13.6%),
and therefore the variants did not differ signif-
icantly from each other, although this indicator
increased with foliar treatment. In the future
(from intensive growth to the opening of the
rows), the NPP decreased and ranged within 1.5-
1.9 g of DM/m? per day. In the variant with foliar
fertilisation without seed treatment, a signifi-
cant decrease in NPP was observed, whereas in
the other variants, this indicator did not change
significantly. At the same time, foliar fertilisa-
tion positively influenced the accumulation of
dry matter. When treated with the T1and T3 for-
mulation, the amount of dry matter increased by
15.6% (208 g), while in T2 it increased by 20.0%.

Since after the phase of intensive growth of
root crops and opening of rows the redistribu-
tion of dry matter between the root and leaves
occurs and trace elements play a vital role in
these processes, the direct influence of these
factors on the yield of root crops, their sugar
content, and sugar yield per area should be con-
sidered. Indicators of root weight and root yield
in the authors’ studies have an almost linear
relationship because the plantation density in
all plots was within the same range with minor
fluctuations in some variants. The study found
that foliar application of fertilisers significantly
increased root mass in all variants compared to
control without foliar fertilisation (Table 7). The
largest root mass was observed in the “T2-fo-
liar fertilisation” combination at 692 g, while in
T2 and T3 variants this value was slightly lower
(672-684 g). This allowed achieving a yield lev-
el of 59.6 t/ha in the best variant, which is 14.4%
greater than the control variant. The average
sugar content in the study was 16.2%. There was
a significant difference in sugar content be-
tween the control variant without foliar treat-
ment (15.8%) and the T2 and T3 seed treatments
with foliar fertilisation (16.6%).

Table 7. Root weight, root yield, and sugar yield as of 30 September

Factors
= = Root weight, g Root yield, t ha* Sugar content, % Sugar yield, t ha?
c B 608 52.1 15.8° 8.25°
B+FF 6522 55.9% 16.2® 9.06"
1 B 6372 54.7° 16.0%® 8.76%
B+FF 6442 55.1° 16.4%® 9.05b¢
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Table 7, Continued

Factors
F1 2 Root weight, g Root yield, t ha* Sugar content, % Sugar yield, t ha?
B 672 57.6% 16.2® 9.29«
12 B+FF 692¢ 59.6¢ 16.6° 9.86°
B 677 58.1%¢ 16.2%® 9.36%k
I B+FF 684¢ 58.8° 16.6° 9.74¢
Average 658.2 56.5 16.2 9.17
Ccv, % 6.8 13.9 2.5 9.3

Note: B - background; B+FF - background + foliar fertilisation. Same letters in column show no significant

differences between variants by Tukey's HSD
Source: developed by the authors

All research variants significantly increased
sugar yield compared to the absolute control
(without seed treatment and foliar fertilisation).
The highest sugar yield (9.86 t/ha) was observed
in variant T2 with seed treatment and foliar
fertilisation. However, in variants with treat-
ment T3, there was only a non-significant de-
crease in this indicator (9.36-9.74 t/ha).

The sugar content and yield correlate with
the factory sugar yield, but there may be differ-
ences due to sugar losses through excess molas-
ses formation. The main elements contributing
to molasses formation are potassium and sodi-
um, which are present in the soil and addition-
ally supplied through fertilisers. Additionally, al-
pha-amino nitrogen, an intermediate product in
plant nitrogen metabolism, can also contribute
to molasses formation. Managing nitrogen nu-
trition is crucial from this perspective because
increasing yields through nitrogen fertilisation
can potentially reduce sugar yield. Therefore,
microelements influencing metabolic cycles
can mitigate high sugar content.

DISCUSSION

The effects of chelated fertilisers on plant
growth and development are stimulating, as
the gross indicators of macroelements they
contain are insufficient for a significant bio-
mass increase (Honchar et al., 2021). Certain
micronutrients help overcome abiotic stress-
es, complicating the isolation of their real im-
pact on growth factors. Root crops accumulate
significantly more microelements in the leaf
mass than in the roots, making foliar fertilisa-
tion an effective means to prevent or overcome
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deficiencies (Trembitska & Bohdan, 2023).
There is sufficient research on sugar beets that
examines the effects of individual elements on
yield formation, but the application of complex
fertilisers is still difficult to predict (Kalenska et
al.,, 2024). According to E. Kandil et al. (2020),
the combination of nanopreparations with bo-
ron increases plant biomass and root mass, but
without a clear dependency.

Complex chelated fertilisers help maintain
the necessary concentration of micronutrients
in the plant, enabling the full utilisation of avail-
able resources. To reduce macro- and micronu-
trient deficiencies and address the problem of
eutrophication, nanofertilisers are effective in
releasing nutrients in a controlled manner ac-
cording to plant needs (Shukla et al,, 2019; Bie-
lashov et al, 2022). Unlike conventional nitro-
gen fertilisers, where losses due to evaporation
or leaching can reach 50-70% (Ramos-Ulate et
al., 2022; Firmanda et al., 2023). Nano-formula-
tions of nitrogen fertilisers synchronise the re-
lease of nitrogen with crop needs, minimising
nutrient losses and reducing nutrient interac-
tions with soil, water, air, and micro-organisms
(Kalia § Sharma, 2019; Mejias et al., 2021; Pavli-
chenko et al., 2023). The use of porous nanoma-
terials such as zeolites, clay, or chitosan helps to
regulate release on demand and increase nitro-
gen uptake by plants (Dimkpa et al., 2020; Tham-
biliyagodage et al., 2023). According to S. Ja-
farzadeh et al. (2023) and A. Yadav et al. (2023),
ammonium zeolites can also increase the solu-
bility of phosphate minerals.

The best options for seed treatment
had higher contents of most micronutrients
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compared to alternative options, which, even at
relatively low rates, increased the plants’ biomet-
ric indicators. According to H. Aktas et al. (2006),
the main micronutrients with such effects are
zinc and boron, which are effective even in small
doses. R. Zewail et al. (2020) indicated that dou-
bling the concentration resulted in an increase in
root dry mass from 8 to 35%, depending on the
year’'s conditions. Increasing the fertiliser rate
also positively affected the leaf area of individu-
al plants and the leaf area index. These elements
also increased photosynthetic productivity, pig-
ment contentinleaves, overall sugar content,and
reducing sugar content. The overall increase in
photosynthetic productivity may be related to the
increase in zinc (Abdel-Motagally § Attia, 2009).
The complex application of nanopreparations
in several treatments positively affects leaf
growth at distinct levels and the photosynthetic
parameters of beets, including the efficiency
of various photosystems (Artyszak et al., 2018).
According to A Artyszak §
D. Gozdowski (2021), the use of preparations
containing silicon and iron also affects root
weight, the content of molasses-forming sub-
stances, and sugar loss during processing. How-
ever, unlike boron and zinc, it almost does not
affect leaf mass growth. Pre-sowing application
of preparations containing copper, manganese,
and iron also enables a significant increase in
yield and sugar content (Pro$ba-Biatczyk et
al., 2017). Increasing the concentration during
treatment also leads to an increase in ash el-
ements and nitrogen in the roots. The results
show some differences, manifested in a weaker
change in potassium content in the roots com-
pared to previous studies (Zewalil et al., 2020).
Boron, which is present in the preparations for
foliar feeding, may balance the content of al-
pha-amino nitrogen and potassium and sodium
content (Nemeat-Alla et al., 2021). The results on
sugar losses in molasses indicate that balanced
micronutrient application does not lead to neg-
ative consequences, as is the case with the uni-
lateral application of individual micronutrients
(Zewail et al., 2020). The application of individual
micronutrients in combination with NPK can
increase root yield without deteriorating quali-
ty across a wide range of conditions (Draycott &
Christenson, 2003; Varga et al., 2022).

2)

Nanopreparations, due to their high bio-
availability, enhance sugar beet productivity by
supplying young plants with a balanced complex
of essential micro- and macronutrients. This
supports the process of root moulting and pos-
itively influences the productivity potential of
the root. Foliar fertilisation plays a stimulating
role during growth stages when nutrient uptake
is high, but the demand for microelements stays
at a level that can be effectively supplemented.
These measures can increase the productivity of
sugar beets and sugar yield while maintaining
the same nutrient supply level in the crop.

CONCLUSIONS

The analysis of the photosynthetic activity of
the crop and the features of sugar accumulation
and extraction at factories suggested the signif-
icant effectiveness of nanopreparations for seed
treatment and foliar spraying. The application of
these preparations enabled a reliable increase
in plant mass as early as in the intensive root
growth phase, which was reflected in the root
mass at early harvesting maturity (10 Septem-
ber, Stage 3) and technological maturity of the
tubers (30 September). Root mass was primar-
ily influenced by seed treatment, leading to an
increase of 9.5% compared to the control with
the T2 formulation and 10.2% with the T3 formu-
lation at the technological maturity phase. Root
weight increased by 64-69 g in untreated plots,
but foliar fertilisation resulted in a smaller in-
crease in root mass (5.8% and 4.7%, respectively).

The net photosynthesis productivity sig-
nificantly increased at the beginning of vegeta-
tion with foliar treatments, while in the subse-
quent stages after row closure, further growth
did not significantly differ. On the other hand,
foliar treatments helped maintain a larger leaf
area until harvest (30.8-32.7 thsd m?%ha vs. 27.6-
28.8 thsd m%*ha in plots without foliar treat-
ment), increasing the overall productivity of
the crop. The sugar content under the proposed
treatment schemes did not differ significantly
from the control (15.8%) in most cases. However,
the T2 and T3 seed treatment variants in com-
bination with foliar fertilisation significantly
increased the sugar content in the root to 16.6%.
This is promising in the context of increasing
sugar yield per unit area, while also positively
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influencing other yield parameters. The appli-
cation of T2 and T3 schemes for seed treatment
with high microelement content (compared
to T1) enabled the formation of a more robust
plant, which, combined with foliar fertilisation,
resulted in a beetroot yield of 57.6-59.6 t/ha with
a potential sugar yield of 9.29-9.86 t/ha.

The application of nanoproducts for seed
treatment and the selection of optimised com-
plexes for foliar application enabled the fulfil-
ment of genetic potential under limited resource

conditions. Future studies should explore the
long-term effects of these treatments on soil
health and the sustainability of sugar beet pro-
duction in varying agroecological zones.
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BnanB o6po6Ku HaCiHHA Ta NO3aKOPEeHEeBOro NiA)XUBNEHHS
XenaTHUMMMU go6pmBaMm Ha NPOAYKTUBHICTDb
6ypskKiB uykpoBux (Beta vulgaris L.)

AHoTauif. BypsaKY IIyKPOBi € BUCOKOITPOAYKTUBHOIO KYJIBTYPOIO, IKa MTOTpebye 3HaYHOI KiTBKOCTI
MIKpOeJIEMEeHTIB Ta IIOKUBHUX PeYOBHMH. BOHU UyTIUBI 4O HecCTadi MiKpOeJIeMeHTIiB Ha paHHIX
eTartaxX po3BUTKY, 1110 MO3Ke BIUIMHYTU Ha MOPOJIOTIUHI 3MiHM KOpEHeIUIOAY i, IK HaC/IiI0K, 3HU3UTHU
BPOJKAMHICTb. MeTO0 [IOCTiIyKeHHS 6yI0 BU3HAUEHHs BIUIMBY OOpPOOKM HACiHHS KOMIUIEKCOM
XeJNaTHUX [NO6pUB Ta II03aKOPEHEBOTO IIiKUBJIEHHA Ha 6iOMeTpUYHi IIOKA3HUKU 6YpAKIB
LIyKPOBUX, IX OTOCHHTETUYHY ITPOAYKTUBHICTD Ta TEXHOJIOTTYHI IKOCTI. [JOCTiJI>KeHHS IIPOBOIUIIN
Ha YOpHO3€eMax TUIIOBUX MaJIoryMycHux IIpaBobepesrHoro JlicocTeny YRpaiHu. [Ij1g BUSHAUYEHHS
MacCUu KOpeHeIUIOZIB i JIMCTKIB, IJIOLII JIMCTKOBOI ITOBepxHi Ta GOTOCUHTETUYHOI IPOAYKTHUBHOCTI
Bimbupamu 3pasku y ¢paszi SMUKaHHSA PAAKIB, y cepefnHi a3y iHTEHCUBHOTO POCTY KOPEHETIONIB
Ta y dasi posMUKaHHS JIMCTKIB y MDRpaApmax. Y pocnuH, Bimibpanux y dasi disiomoriunoi
CTHUIJIOCTI, BU3HAYaIM TEXHOJIOTIYHI SKOCTi, yPOXKaMHICTh KOPEHIB i LyKPUCTICTb. BCTaHOBIEHO,
10 [T03aKOpPEHEBE IIKUBJIEHHS 3HAYHO 361IbIIyBaso Macy KOpeHiB y ¢asi po3KpUTTa pAKiB i
disionoriunoi cTurnocti. Habinklna KopeHeBa Maca popMyBasiacs y BapiaHTi 3 06po6Koio HaCiHHSA
3 BHCOKMM BMICTOM MiKpOeJIeMeHTiB i I03aKOpeHeBUM IIiIKUBJIEHHSIM. Maca KOpeHeIUIonNy
mocsarasa 692 T, yposKauHicTh — 59,6 T/ra, LIyKPUCTICTb — 16,6 %. TeXHOJIOTIYHI ITOKa3HUKH, 30KpeMa
YPOsKaMHICTh LYKPY, AJIg LbOTO BapiaHTy TaKOX 6y MakCUMasbHi — 9,86 T/ra. HaHomo6puBa AJis
[103aKOPEHEBOTO ITiPKUBIIEHHS JO3BOJIVIIN 36UIBIINTY TUIOLLY JIUCTS OO0 Ga3u PO3KPUTTA PAAKIB
6e3 3HIDKEHHS YKCTOI IPONYKTUBHOCTI (OTOCHHTE3y, IO, Y CBOI Yepry, JO3BOJIMJIO IIOCiBaM
HaKOIMYYyBaTU 6iblne cyxoi pedoBuHU. O6po6Ka HACIHHA XeJlaTHUMU Ao6puBaMu 36inblInia
HaKOIIMYEHHS Cyx0i Macy Ha PaHHIX CTafisX, CIIpuUsia 361/IbIIeHHI0 GOTOCUHTETUYHOTO arapary,
110 B CYKYITHOCTI IIPU3BeJIO A0 MifBUIIEeHHS TPOAYKTHUBHOCTI

KniouyoBi crnoBa: HaHOZOOPUBA; YKUCTA IPOAYKTUBHICTE GOTOCUHTESY, IJIOIIA JIMCTKOBOI IIOBEPXHI;
CyXa pe4OBHHA; Maca KOpeHeIUIOY; YPOyKalHiCTh; LIyKPUCTICTh
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Phenological growth and development stages
of asparagus pea (Tetragonolobus purpureus Moench.)
under different sowing patterns in the conditions
of the Right-Bank Forest-Steppe of Ukraine

Abstract. The study synthesised data on the application of phenological models to develop
adaptive production technologies for asparagus pea, enabling the regulation of phenological phase
progression while considering the unique characteristics of the cultivar and regional conditions.
This approach is crucial for improving both yield and quality across various ecological conditions.
The study aimed to determine the rate of key growth and development phases of asparagus pea
and to establish the dependence of these processes on specific cultivation technology elements,
particularly sowing patterns, in the Right-Bank Forest-Steppe of Ukraine. A comprehensive
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Phenological growth and development stages of...

approach was employed, integrating field research on cultivation practices, visual observations of
plant development dynamics, and statistical analysis to quantify the impact of various factors. The
findings revealed a correlation between sowing patterns and the duration of phenological phases. In
the 45x10 cm and 45 x15 cm (control) variants, emergence occurred on 11 May, 11 days after sowing,
under a cumulative temperature above 10°C of 59.4°C and 45 mm of precipitation. In the 45x20 cm
and 45x25 cm variants, emergence was recorded on 17 May, 13 days after sowing, with a cumulative
temperature of 71.2°C and 45.7 mm of precipitation. The onset of flowering was recorded between 16
and 23 June, depending on plant density. The shortest “emergence-flowering” period was observed in
the 45x10 cmvariant (32 days), with a cumulative temperature of 252.9°C and 84.5 mm of precipitation,
while the longest was in the 45x25 cm variant (37 days), with a cumulative temperature of 328.5°C and
927 mm of precipitation. The onset of the technical maturity stage was noted between 24 June and
5 July, with the “flowering-technical maturity” period ranging from 8 to 12 days, depending on plant
density. Biological maturity occurred between 10 and 18 July, with the “technical-biological maturity”
phase lasting 12-16 days. The growing season lasted 56-62 days, with a cumulative temperature of
534-619.9°C and precipitation levels of 156-169.7 mm. A strong inverse correlation was established
between plant density and the duration of the interphase periods from sowing to technical
maturity (r=-0.84 to -0.98), while a strong direct correlation was observed between density and the
“technical-biological maturity” period (r=0.92). Increasing plant density by 5,000 plants per hectare
shortened phenological periods by 0.8-2 days. A direct correlation was also identified between
precipitation (r=0.86 to 1.0), temperature (r=0.97 to 1.0), and phase duration. A temperature increase
of 10°C extended the phases by 0.6-17 days. The findings provide a basis for optimising sowing
patterns to enhance plant growth and development, thereby improving asparagus pea productivity

Keywords: BBCH; emergence; flowering; growing season; critical phases; cumulative temperature
and precipitation

INTRODUCTION

Food security has become one of the most
pressing global challenges due to the rapidly
increasing world population. This situation is
further complicated by climate change, which
leads to a rise in both environmental and bio-
logical stresses. A lack of diversity is another
significant issue within the current food sys-
tem. Globally, humans rely on a limited range
of food sources, with 75% of the world’s food
supply coming from just 12 plant and 5 animal
species (Colgrave et al., 2021). As highlighted by
R. Ambikapathi et al. (2022), a lack of dietary di-
versity may have negative health implications.
Research into underutilised and overlooked
agricultural species is crucial for addressing
global food security. These crops, often rich in
nutrients and resilient to climate change, are
frequently neglected due to their low com-
mercial value. However, they are key to reduc-
ing malnutrition and enhancing food security,
particularly in vulnerable regions (Aboltins et
al, 2024). For example, F. Mudau et al. (2022)

%)

point out that Southern Africa has substantial
potential in utilising underutilised indigenous
crops, but these remain underdeveloped due
to insufficient attention from researchers and
policymakers. The authors stress the need to
accelerate research and develop value chains
for these crops, and advocate for a transdis-
ciplinary approach to successfully integrate
them into modern food and medical systems.

One promising crop for addressing food
security is asparagus pea (Tetragonolobus pur-
pureus Moench.), a tropical legume with high
protein content in its seeds, often referred to
as “the soybean for the tropics” (Ho et al., 2024).
R. Bepary et al. (2023) describe this vegetable
crop as a “single species supermarket” or “one
stalk supermarket” because all parts of the plant,
including pods, young seeds, flowers, leaves, tu-
bers, and mature seeds, are consumable. It is
worth noting that the plant also has a high nutri-
tional value. Specifically, as noted by H. Bassal et
al. (2021), it is an important source of vitamins
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(A and C), minerals (calcium and iron), as well
as erucic acid, polyunsaturated fatty acids, and
proteins (30-45% of which are lectins).

The yield of modern asparagus pea varie-
ties ranges from 5 to 10 tonnes per hectare of
fresh pods, while seed yield ranges from 1 to
1.5 tonnes per hectare. Therefore, P. Singh et
al. (2022) identify overcoming the “yield gap” as
a key task for expanding production and con-
sumption. According to S. Klutse et al. (2025),
optimising plant density is a crucial factor not
only for achieving maximum yield but also for
improving its quality. A high density of plant
cover increases competition between plants for
resources, leading to the depletion of limited re-
sources (Azmat et al., 2024). Practical observa-
tions by M. Haque & S. Sakimin (2022) indicate
that high plant density leads to many adverse
effects, including disease susceptibility, fruit
drop, reduced fruit size, delayed ripening, de-
creased individual plant growth, and light inter-
ception. Through better planting structure, an
optimal leaf area index can be achieved, which
promotes increased photosynthetic capacity
of plants through efficient absorption of solar
radiation (Li et al., 2021). However, the optimal
plant density, according to I. Bobos et al. (2024),
vary depending on the biological characteris-
tics of the crop, including varietal differences
in growth vigour, height, degree of branching,
as well as sowing dates and weather conditions
during the growing season.

Due to variations in soil type and other en-
vironmental conditions, the optimal plant den-
sity for a particular crop may not be suitable
for other locations. This necessitates the devel-
opment of region-specific recommendations
to ensure effective and sustainable manage-
ment of agricultural resources. Thus, this study
aimed to determine the rate of progression of
the main growth and development phases of
asparagus pea and to establish the dependence
of these processes on specific elements of cul-
tivation technology, in particular sowing pat-
terns, under the conditions of the RightBank
Forest-Steppe region of Ukraine.

MATERIALS AND METHODS

The experimental study was conducted over
three years (2016-2018) at the National University

Plant and Soil Science (16)1

of Life and Environmental Sciences of Ukraine
(NULES of Ukraine). The soil of the experimental
site is classified as dark grey, medium podzolic,
and light loamy, with a soil pH of 6.1. The humus
horizonwas 24-28 cm. The experimental site was
characterised by a low humus content, ranging
from1.5t02.2%,a medium nitrogen content of 26
to 38 mg/kg, phosphorus content of 43 to 61 mg/
kg, and potassium content of 28 to 34 mg/kg.

In December, a gradual decrease in temper-
ature was observed, with minor peaks in individ-
ual years and an average ten-day temperature
ranging from 2.2°C to -2.8°C, while precipitation
ranged from 9.5 to 73.0 mm per ten-day period
(Fig.1).InJanuary and February, the average tem-
perature continued to decrease, reaching -9.6°C
in the coldest ten-day period. Precipitation dur-
ing this time was relatively low (0.4-571 mm),
typical of the winter period when snowfall and
periods of relative dryness prevail. Some insta-
bility was noted: in the third ten-day period of
February 2016, precipitation significantly ex-
ceeded the corresponding values in other years.

The onset of spring was marked by a grad-
ual warming, increasing on average by 2-3°C
per ten-day period. March 2018 saw relatively
low air temperatures, fluctuating between -4.3
and 0.7°C. This was accompanied by increased
precipitation, particularly in the first ten-day
period of March (2018), when values reached
581 mm. In April, temperatures continued to rise
(to 74-15.6°C), while precipitation became une-
ven, with both dry ten-day periods and periods of
intense rainfall (up to 90.2 mm in the second ten-
day period of 2016). In May, temperatures rose to
13.3-20.8°C, maintaining a trend of gradual in-
crease. Precipitation reached maximum values,
especially in the third ten-day period of May 2016,
when significant downpours occurred with a
maximum value of 89.5 mm per ten-day period.

The summer months were characterised
by the highest temperatures: in June, they
ranged from 17.0 to 24.8°C per ten-day period,
in July they reached values from 19.3 to 23.5°C,
and in August they remained at 17.1 to 25.6°C.
Precipitation during this period showed sig-
nificant variability: June saw periods of heavy
rain (up to 113.1 mm in the third ten-day pe-
riod of 2018), while July proved to be drier
in some years. August was characterised by
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alternating dry and rainy ten-day periods - in
2016 in the first ten-day period and in 2017 in the
second ten-day period, minimal precipitation
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was recorded, while in the third ten-day period
0f 2017, a sharp increase in precipitation was ob-
served (up to 55.2 mm).
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Figure 1. Analysis of air temperature and precipitation dynamics for 2016-2018
Source: developed by the authors based on the conducted study

In September, temperatures gradually de-
creased (from 20.2°C in the first ten-day pe-
riod to 11.9°C in the third ten-day period), and
precipitation was unevenly distributed: heavy
rains were observed in the second ten-day pe-
riod, while the first and third ten-day periods
were relatively dry. October showed a steady de-
crease in temperature (to 4.1-8.8°C in the third
ten-day period). An unusually high amount of
precipitation was recorded in the first ten-day
period of 2016 - 137.6 mm. November contin-
ued the trend of decreasing temperature (from
6.3°C at the beginning of the month to 4.1°C at
the end), and precipitation was unevenly dis-
tributed across the years (from 0.0 mm in the
first ten-day period of 2018 to 29.3 mm in the
third ten-day period of 2017).

The Department of Vegetable Crops at
NULES of Ukraine studied four sowing patterns
ofasparagus pea during 2016-2018: A) 45x10 cm;
B) 45x 15 cm; C) 45x20 cm; D) 45x 25 cm.

w)

The control was the distance between plants
in the row of 15 cm. Seeds were sown on 4 May
at a depth of 2-3 cm. The area of each plot was
5 m? The phenological development of aspara-
gus pea plants was determined using the BBCH
scale (Meier et al., 2009). According to the BBCH
scale, the life cycle of asparagus pea includes
nine developmental stages, each with charac-
teristic duration and distinct features, where:
0 - germination (00: dry seed); 1 - leaf develop-
ment (10: cotyledons fully unfolded; 13: 3" true
leaf (first trifoliate) unfolded); 2 - development
of side shoots (29: 9 or more side shoots visible):
5 - inflorescence emergence (59: first petals vis-
ible, flowers still closed); 6 - flowering (65: stage
reached when 50% of flowers are open); 7 —
fruit development (75: pods have reached typ-
ical length in approximately 50% of cases, with
pods beginning to fill); 8 - fruit and seed rip-
ening (89: pods fully ripe, showing hardened
state, indicating complete maturity) (Fig. 2).

Plant and Soil Science (16)1
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Figure 2. Main and secondary phenological stages of asparagus pea (P, tetragonolobus) according
to the extended BBCH scale
Note: O - germination (00: dry seed); 1 - leaf development (13: 3© true leaf (first trifoliate) unfolded); 2 - development
of side shoots (29: 9 or more side shoots visible); 5 - inflorescence emergence (59: first petals visible, flowers still
closed); 6 - flowering (65: stage reached when 50% of flowers are open); 7 - fruit development (75: pods have reached
typical length in approximately 50% of cases, with pods beginning to fill)
Source: developed by the authors based on the conducted study

The growth and development stages of as-
paragus pea were determined visually for the
entire experiment simultaneously. The onset
of a stage was recorded when it was observed
in 10% of the plants in the plot, and mass onset
was recorded upon reaching 75%. The sum of
effective air temperatures was calculated us-
ing formula (1):

Zteff = (tavg - B) *n, (0

where X t_; is the sum of effective air tempera-
tures for the period, °C; L is the average active
air temperature for the period, °C; B is the bio-
logical minimum, which was taken as 10°C in
this study; n is the number of days in the period.

Plant and Soil Science (16)1

The research results were processed us-
ing Statistica 13.1 software (StatSoft, Inc., Tul-
sa, OK, USA). To determine the direction and
degree of correlation between the studied in-
dicators, the correlation coefficient was calcu-
lated (Nageswara Rao, 2021). During the study,
the Convention on Biological Diversity (1992)
and the Convention on International Trade in
Endangered Species of Wild Fauna and Flora
(1973) were adhered to.

RESULTS AND DISCUSSION

The analysis results show a clear relationship
between the sowing pattern and the duration
of the asparagus pea germination period. In
the variants with a row spacing of 45 cm and

G
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a plant spacing of 10 cm and 15 cm (control),
seedlings emerged on 11 May, which corre-
sponds to 11 days from the time of sowing
(Figs. 3, 4). The characteristic conditions for the
“sowing-emergence” phenological phase were
a total temperature (above 10°C) of 59.4°C and
a precipitation amount of 45 mm (Fig. 5). In

a plant spacing of 20 and 25 c¢m, seed germina-
tion occurred somewhat slower, and seedlings
appeared on 17 May. The duration of the “sow-
ing-emergence” phenological phase in these
variants was 13 days, which is 2 days later than
the control, and was accompanied by a total
temperature (above 10°C) of 71.2°C and a pre-

the variants with a row spacing of 45 cm and  cipitation amount of 45.7 mm.

BBCHO0O  BBCH 10 BBCH 65 BBCH 75 BBCH 89
X X XK
BBCH 89
, BBCHOO | 'ggcH 10 BBCH 65 BBCH_75 )
e " " " " " " - N
01.05 11.05 21.05 31.05 10.06 20.06 30.06 10.07 20.07
BBCH 00 g BBCH 10 BBCH65 ¢ Py Py
BBCH 00 BBCH 10 BBCH 75 BBCH 89
A A A A
45x10 cm X 45x15 cm (control) BBCH 65 BBCH 75 BBCH 89

® 45x10 cm A 45x25 cm

Figure 3. Results of phenological observations of asparagus pea plant growth
and development under different sowing patterns (average for 2016-2018)

Note: phenological development of asparagus pea plants: sowing (BBCH 00) - dry seed; emergence (BBCH 10) -
cotyledons fully unfolded; start of flowering (BBCH 65) - stage reached when 50% of flowers are open; technical
maturity (immature (green) pods) (BBCH 75) - pods have reached typical length in approximately 50% of cases,
with pods beginning to fill; biological seed maturity (BBCH 89) - pods fully ripe, showing hardened state, indicating
complete maturity

Source: developed by the authors based on the conducted study

el soT Beginning of technical maturity
3 1 12 = ?;;ES?S) beginning of
- 1 —beginning o
5 1 12 12 biological maturity of beans
2| so7 e (B8CH 89),days
£| 407 ™ Beginning of flowering (BBCH
S| 30T 35 37 65) — beginning of technical
c 32 34
Sl 20T maturity of beans
® 10 + (BBCH 75), days
ST mem B B

45x10cm  45x15cm  45x20cm  45x25cm (BBCH 10) — beginning of

(control)

flowering (BBCH 65), days
Sowing scheme

Figure 4. Duration of asparagus pea plant growth and development phenological stages
depending on plant density (average for 2016-2018)

Note: phenological development of asparagus pea plants: sowing (BBCH 00) - dry seed; emergence (BBCH 10) -
cotyledons fully unfolded; start of flowering (BBCH 65) - stage reached when 50% of flowers are open; technical
maturity (immature (green) pods) (BBCH 75) - pods have reached typical length in approximately 50% of cases,
with pods beginning to fill; biological seed maturity (BBCH 89) - pods fully ripe, showing hardened state, indicating
complete maturity

Source: developed by the authors based on the conducted study
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Figure 5. Analysis of the dynamics of the sum of effective temperatures (>10°C) (a)
and precipitation (b) during the asparagus pea growing season (average for 2016-2018)
Note: phenological development of asparagus pea plants: sowing (BBCH 00) - dry seed; emergence (BBCH 10) -
cotyledons fully unfolded; start of flowering (BBCH 65) - stage reached when 50% of flowers are open; technical
maturity (immature (green) pods) (BBCH 75) - pods have reached typical length in approximately 50% of cases,
with pods beginning to fill; biological seed maturity (BBCH 89) - pods fully ripe, showing hardened state, indicating

complete maturity

Source: developed by the authors based on the conducted study

The studies noted the influence of row spac-
ing onthe onset of flowering. The earliest flower-
ing was observed on 16 June in the 45x10 cm var-
iant, while in the control (45 x 15 cm) it occurred
on 18 June, and in the 45x20 cm and 45 %25 cm
variants, it occurred even later,on 21 and 23 June.
The shortest period from emergence to flower-
ing was 32 days in the 45x10 cm variant, which is
2 days less than the control. The average precipi-
tation was 84.5 mm, and the sum of air tempera-
tures (above 10°C) during this interphase period
was 252.9°C. The longest “emergence-flower-
ing” interphase period was characterised by the
45x25cmvariant - 37 days, which is 3 dayslonger
than the control, and was accompanied by a to-
tal temperature of 328.5°C and a precipitation
amount of 927 mm. With a sowing pattern of
45x20 cm, the duration of the “emergence-flow-
ering” period was 35 days, which is 1 day longer
than the control. In this case, the average
sum of temperatures (above 10°C) was 303°C,
and the precipitation amount was 904 mm.

Plant and Soil Science (16)1

Meanwhile, in the 45x15 cm control, the period
from emergence to flowering lasted 34 days with
an average sum of temperatures (above 10°C) of
275°C and a precipitation amount of 904 mm.

The onset of technical maturity of the pods
in the experimental plants was observed from
24 June to 5 July. The longest period from the
start of flowering to the start of technical ma-
turity of the pods was recorded in the variants
with sowing patterns of 45x20 cm and 45x25 cm
(12 days), which is 2 days longer than the control.
The sum of temperatures (above 10°C) during this
phenological period was 134.7-140.6°C, and the
average precipitation was 54.5-56.1 mm. With a
sowing pattern of 45x10 cm, the shortest peri-
od “start of flowering-start of technical maturity
of pods” was observed (8 days), which is 2 days
less than the control, and was accompanied by a
sum of temperatures (above 10°C) of 96.5°C and
a precipitation amount of 114 mm. In the variant
with a plant spacing of 45 x 15 cm (control), the
onset of technical maturity of the pods occurred
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10 days after the start of flowering and was
marked by a sum of temperatures (above 10°C)
0f120.6°C and a precipitation amount of 9.2 mm.

The onset of biological maturity of the
pods was reached earliest in the 45x10 cm var-
iant (10 July), while in the control (45 =15 cm) it
occurred on 12 July, and in the 45 x20 cm and
45x 25 cm variants, it occurred on 15 and 18 July,
respectively. The period from technical to bio-
logical maturity shortened with increasing dis-
tance between plants in the row: it was longest
in the planting with a plant spacing of 10 cm
and lasted 16 days, which is 2 days longer than
the control, in the plantings with a spacing of
20 cm and 25 cm - 12 and 13 days respectively,
or 1-2 days less than the control, and the con-
trol variant (15 cm) - 14 days. The duration of the
“technical maturity-biological maturity” pheno-
logical phase was accompanied by the accumu-
lation of a temperature sum (above 10°C) from
184.6 to 165.3°C and a precipitation sum from
18.5 to 60.1 mm. This indicates that denser plant
spacing leads to slower pod development, which
may be due to increased mutual shading. For as-
paragus pea, the growing season, depending on
the sowing pattern, ranged from 56 to 62 days.
Plant growth and development from emergence
to the onset of biological maturity of the pods
was directly accompanied by a total tempera-
ture (above 10°C) from 534 to 619.9°C and a pre-
cipitation amount of 156 to 169.7 mm.

It was established that there is a strong in-
verse relationship between the density of as-
paragus pea plants and the duration of the in-
terphase period “sowing-emergence” (r=-0.84),
“emergencestart of flowering” (r=-0.96), “start
of flowering-start of technical maturity of pods”
(r=-0.98), and the growing season (r=-0.92). A
strong direct relationship was found between
the density of asparagus pea plants and the du-
ration of the interphase period “start of techni-
cal maturity of pods-start of biological maturity
of pods” (r=0.92) (Fig. 6). Statistical analysis of
the experimental data and their graphical rep-
resentation revealed that an increase in plant
density by 5,000 plants/ha led to a reduction in
the interphase periods: “sowing-emergence”
by 0.8 days, “emergence-start of flowering” by
17 days, “start of flowering-start of technical
maturity of pods” by 1.6 days, and the grow-
ing season by 2 days. At the same time, an in-
crease in the period “start of technical maturity

)

of pods-start of biological maturity of pods” by
1.3 days was observed.

The research results demonstrated a direct
correlation between the amount of precipitation
and the duration of asparagus pea interphase
periods, specifically the periods “sowing-emer-
gence” (r=10); “emergence-start of flowering”
(r =0.93); “start of flowering-start of technical
maturity of pods” (r = 0.88); “start of technical
maturity of pods-start of biological maturity of
pods” (r=0.86); and the growing season (r=0.97).
A direct correlation was also found between
the total air temperature (above 10°C) and the
duration of asparagus pea interphase periods,
namely the periods “sowing-emergence” (r=1.0);
“emergence-start of flowering” (r = 0.98); “start
of flowering-start of technical maturity of pods”
(r=0.98); “start of technical maturity of pods-
start of biological maturity of pods” (r = 0.99);
and the growing season (r = 0.97) (Fig. 7). Based
on the regression equations, it was established
that an increase in the sum of air tempera-
tures (above 10°C) by 10°C led to an increase in
the interphase periods: “sowing-emergence”
by 17 days, “emergence-start of flowering” by
0.6days, “start of flowering-start of technical ma-
turity of pods” by 1.0 day, “start of technical matu-
rity of pods-start of biological maturity of pods”
by 11 days, and the growing season by 0.6 days.

The development of plant phenological
processes is determined by weather conditions
(Katal et al., 2022). Prolonged exposure to high
temperatures causes stress in plants, which
manifests as a decrease in photosynthetic ef-
ficiency. As a result, structural and functional
changes occur in the photosynthetic appara-
tus (Ji et al, 2022). The results of research by
R. Reed et al. (2022) show that thermal stress
caused by high temperatures leads to sever-
al problems, namely: it negatively affects the
process of seed formation and crop volume,
and also significantly reduces the viability of
already harvested seeds. At the same time, the
amount and distribution of precipitation play a
key role in plant growth and development, af-
fecting the water balance and nutrient availa-
bility in the soil (Wang et al., 2022). Moisture
deficit can lead to a slowdown in metabolic pro-
cesses and a decrease in yield, while excessive
precipitation can cause leaching of nutrients
and the development of root diseases (Bhat-
tacharya, 2021; Yanagi, 2021).

Plant and Soil Science (16)1
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Figure 6. Influence of plant density on the duration of asparagus pea interphase periods

(average for 2016-2018)

Note: phenological development of asparagus pea plants: sowing (BBCH 00) - dry seed; emergence (BBCH 10) -

cotyledons fully unfolded; start of flowering (BBCH 65) -

stage reached when 50% of flowers are open,; technical

maturity (immature (green) pods) (BBCH 75) - pods have reached typical length in approximately 50% of cases,
with pods beginning to fill; biological seed maturity (BBCH 89) - pods fully ripe, showing hardened state, indicating
complete maturity a) “sowing-emergence”; b) “emergence-start of flowering”; c) “start of flowering-start of technical
maturity of pods”; d) “start of technical maturity of pods-start of biological maturity of pods”; e) growing season

Source: developed by the authors based on the conducted study
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Figure 6. Influence of total air temperature (> 10°C) on the duration of asparagus pea interphase

periods (average for 2016-2018)

Note: phenological development of asparagus pea plants: sowing (BBCH 00) - dry seed; emergence (BBCH 10) -
cotyledons fully unfolded; start of flowering (BBCH 65) - stage reached when 50% of flowers are open; technical
maturity (immature (green) pods) (BBCH 75) - pods have reached typical length in approximately 50% of cases,
with pods beginning to fill; biological seed maturity (BBCH 89) - pods fully ripe, showing hardened state, indicating

complete maturity a) “sowing-emergence”; b) “emergence-start of flowering”;

c) “start of flowering-start of technical

maturity of pods”; d) “start of technical maturity of pods-start of biological maturity of pods”; e) growing season

Source: developed by the authors based on the conducted study
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J. Dhillon et al. (2020) note that insufficient
understanding of morphological scales of plant
development complicates decision-making, in
particular regarding the optimal timing of sow-
ing and harvesting. In recent years, numerous
models of agricultural crop growth have been
developed, which focus on predicting key stages
of development, such as flowering or ripening,
or individual periods, for example, from sowing
to flowering (Schieler et al., 2023).

The growing degree-day indicator is often
used to characterise crop cultivation processes.
It reflects the accumulated sum of temperatures
exceeding a defined threshold, specific to each
crop. It is believed that using this parameter in-
stead of conventional time counting helps to
make the growth process more predictable and
proportional to accumulated heat (Tschurr et
al, 2023). In particular, E. Pinzén-Sandoval et
al. (2024) in their study highlight the influence of
temperature regime on the processes of forming
total and organ-specific mass in beans. It allows
for a deeper understanding of the patterns of
phenological development, features of growth
and accumulation of degree-days in different
periods - from the vegetative to the reproductive
phase. The authors of this study propose to use
phenological analysis with the use of such as-
sessments as the sum of effective temperatures
and the amount of precipitation, which allows for
building more accurate growth models adapted
to the real conditions of asparagus pea. This will
allow not only to more accurately describe the
development of the crop, but also to minimise
errors associated with subjective interpretation
of morphological scales in different regions.

It was observed that elevated temperatures
significantly shortened the pod development pe-
riod of asparagus pea, thereby reducing the time
available for pod filling and assimilate partition-
ing, and consequently, the yield was reduced. In
legumes, heat stress during flowering causes
a decrease in male fertility, and also negatively
affects the structure of the female reproductive
system (Sher et al.,, 2024). The results of research
by F. Angelotti et al. (2020) demonstrate that gen-
otypes in which flowering begins before the on-
set of extreme temperature conditions may be
able to avoid the negative impact of such high
temperatures. A. Lamichaney et al. (2021) found

D

a significant negative correlation (p < 0.001) be-
tween pea seed germination and maximum tem-
perature during flowering and the reproductive
period. In addition, the number of accumulated
growing degree-days during the growing season
had a positive correlation with seed germina-
tion (p < 0.001). Experiments on asparagus pea
plants with different sowing patterns showed
that with an increase in the sum of air tempera-
tures, the development stages took much longer.

Research in Australia, conducted with a
sowing pattern of 100x75 cm and encompass-
ing three sowing dates and three asparagus pea
samples, showed that the average duration of
the period from sowing to the opening of the
first flower ranged from 68 to 167 days (Eagle-
ton, 2022). Another study conducted in India
with a sowing pattern of 100 x 60 cm revealed a
minimum duration of this period in the VRWB-
84 genotype (68.66 days), and the longest period
wasrecorded inthe VRWB23 genotype (83.3 days)
(Hansda et al., 2023). Based on the observations
of the authors of this study, in Ukraine this pe-
riod lasted from 51 to 62 days. Significant corre-
lations showed that lengthening the periods of
interphase events to 50% flowering and ripen-
ing negatively affects seed yield. In addition, the
presence of a strong correlation between these
periods indicates their synchronicity, where ear-
lier flowering ensures earlier ripening and, ac-
cordingly, increased yield (Bhadmus et al., 2023).
A genetic correlation coefficient > 0.95 between
the average duration of the period to flower
opening and the number of days to the appear-
ance of the first pod and 50% of the pods is bio-
logically significant (Adebayo & Shonde, 2024).

This research demonstrates the significant
impact of sowing patterns on the development
of asparagus pea, a key factor for improving
agricultural technologies. The results indicate
that increasing the distance between plants in
a row, thus reducing their overall density, can
slow down certain stages of development, in-
cluding germination, the start of flowering, and
the achievement of technical maturity. At the
same time, during the pod ripening stage, there
is a tendency for slower ripening with less dis-
tance between plants. This will allow for better
adaptation of technologies to the growing con-
ditions of the crop.

Plant and Soil Science (16)1
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CONCLUSIONS

Based on the conducted phenological obser-
vations, it was established that the growth
and development of asparagus pea plants
(Tetragonolobus purpureus Moench.) in the
Right-Bank Forest-Steppe region of Ukraine is
clearly dependent on the sowing pattern and
plant density. The optimal conditions for rap-
id seedling emergence were found to be in the
variants with a row spacing of 45 cm and a plant
spacing of 10-15 cm, where seedlings appeared
11 days after sowing. Increasing the distance
between plants to 20-25 cm slowed down the
germination process by 2 days. It was estab-
lished that plant density significantly affected
the duration of interphase periods. The shortest
period from emergence to the start of flowering
(32 days) was observed with the 45x10 cm pat-
tern, while in the 45x 25 cm variant, this period
lasted the longest — 37 days. Similar trends were
observed for other phenological phases: short-
ening of interphase periods was observed with
higher plant density, which is due to more in-
tense competition for resources.

The period from the start of flowering to
technical maturity of the pods lasted from 8 to

and the latest was 18 July (with the 45 25 cm pat-
tern). It has been proven that increasing plant
density by 5,000 plants per hectare leads to a re-
duction in the overall growing season by 2 days.
A strong correlation was found between plant
density and the duration of phenological phases
(r=from -0.84 to -0.98; 0.98), which confirms the
significant impact of the sowing pattern on crop
growth and development. Analysis of meteoro-
logical conditions showed that the duration of
interphase periods positively correlates with the
total air temperature (>10°C) (r=0.97-1.0) and the
amount of precipitation (r=0.86-1.0). In particu-
lar, an increase in the sum of air temperatures
by 10°C caused an extension of the interphase
periods by an average of 0.6-17 days.

Future research will focus on an in-depth
analysis of the impact of mineral nutrition, wa-
ter regime, and varietal characteristics on the
growth, development, and productivity of as-
paragus pea, taking into account predicted cli-
matic conditions, which will contribute to the
development of an adapted cultivation tech-
nology to increase the yield and stability of this
crop in the region.

12 days, depending on the planting density, and ACKNOWLEDGEMENTS
the transition from technical to biological ma-  None.
turity occurred within 12-16 days. The earliest
date for achieving biological maturity of the CONFLICT OF INTEREST
pods was 10 July (with the 45x10 cm pattern), None.
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Mpoxop)xeHHsa PpeHoNnorivHux ¢as pocTy Ta PO3BUTKY
TeTparoHonobyca (Tetragonolobus purpureus Moench.)
3aJ1e)XXHOo Bifa pi3HMUX cxeM ciB6u

B yMoBax NMpaBo6epe)xHoro Jlicocteny YKpaiHU

AHoTauia. V3arajibHeHO OTPUMaHi maHi 3 BUKOPUCTAHHS GEHOJIOTIUHUX Monesed A
CTBOpDEHHA AaJaIlTUBHUX TEXHOJIOTiM BUPOGHUIITBA TeTparoHojobyca s 3abe3medeHHS
perynooBaHHA IIPOXOA KeHHS ¢eHosoriuHux ¢as 3 ypaxXxyBaHHAM IHAUBIAyalbHUX
0COBIMBOCTEM COPTO3Pa3Ky Ta YMOB PETiOHY, 0 € KPUTUYHO BAKJIMBUM JJid MiIBULIEHHS
BPO’KAMHOCTI Ta SKOCTi KYJIbTYPU B Pi3HUX eKOJIOTiYHUX YMOBax. MeTOI0 AOCiAKeHHS 6yJI0
BU3HAYEHHS IIBUAKOCTI IPOXOIKEHHI OCHOBHUX $a3 pOCTY i pO3BUTKY TeTparoHonobyca Ta
BCTAHOBJIEHH 3aJIeKHOCTI LJUX ITPOLIeCiB Bi, OKPeMUX eJIeMeHTiB TeXHOJIOril BUpOILyBaHHH,
30KpeMa cxeMu ciB6u, B yMoBax IIpaBobepesrkHoro JlicocTeny YKpaiHu. Y OociimkeHHi
3aCTOCOBAHO KOMIIJIEKCHUU MifAXiZ, 1II0 MOERHYE IIOJIBOBI HOCHiIXKEHHS TeXHOJIOTiUHUX
acCIleKTiB BUPOIIyBaHHS{, Bi3yaabHi CIIOCTepeKeHHS 3a AUHAMIKOI PO3BUTKY POCIUH Ta
CTAaTUCTUYHUM aHaNi3 AJI9KibKiCHOI OLIiHK U BIINBY pi3HOMaHITHUX GaKTOpiB. JoCTigReHHSI
BCTAHOBUJIO 3aJIEKHICTb MiXX CXeMaMU CiB6U TeTparoHosobyca Ta TpUBaIicTi0 GeHONTOTiuHMX
dbas. V BapianTax 45x10 c¢M i 45x15 cM (KOHTpOJIB) cxomu 3'aBuucs 11 TpaBHs, yepes 11 mi6
micsisg ciB6u, 3a cymMapHoi TeMnepatypu moHaz 10 °C 59,4 °C Ta omazis 45 MM. Y BapiaHTax
45x20 cM i 45x25 cM cxomu 3'siBunucs 17 TpaBHs, yepes 13 ni6, mpu cyMapHil TeMIepaTypi
71,2 °C i omazax 45,7 MmM. [ToyaToK LBITiHHA $ikcyBasu 16-23 yepBHS 3aJIeXXHO Bif, 'yCTOTH.
HaWKOpOTIIKY Iepiof] «CXOOU-LIBITIHHA» CrIocTepirasca y BapianTi 45x10 cM (32 mobwu), 3a
cymapHoi TeMmepaTypu 252,9 °Ciomanis 84,5 MM, a HAUOOBIIKWY — y BapiauTi 45x25 cM (37 mib),
npu TeMnepatypi 328,5 °C i onmazax 92,7 MM. IIo4aTOK TexHIYHOI CTUIJIOCTI Bif3Hayanu
24 4yepBHSA - 5 JIUIIHA, TPUBAJICTD IepioAy «LBITIHHA-TeXHIYHA CTUIJIICTh» BapiloBaja Bif,
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8 1mo 12 1mi6, 3ayekHO Bif rycToTu. Bionoriuna cTurimicts Hactana 10-18 MUIIHSA, @ TPUBAIICTh
das3u «TexHiuHa-6ioNOTiUYHA CTUTIICTB» CKIagana 12-16 mi6. BeretauiHuy mepion TpuBas
56-62 mobu 3a cymMapHOi TeMIiepaTypu 534-619,9 °C ¥ omamax 156-169,7 MM. BCTaHOBJIEHO
CHJIPHUN 06epHEHUHN 3B'I30K MiXK I'yCTOTOIO POCIMH i TpuBaiicTio Mixkda3Hux mepiofis Bif
ciB6u [0 TexHiuHoi cTUraocTi (r=-0,84..-0,98) Ta MpAMUN CUJIBHUHN 3B'I30K MiX T'yCTOTOKO
i mepiomoM «TexHiuHa-6iomoriuda cTUrmicTh» (r=0,92). [ligBUILeHHA I'yCTOTH Ha 5 Tuc./ra
cKRopouyBaJio peHosoTiuHi mepioan Ha 0,8-2 Jo6u. BUSBIEHO ITPAMY KOpesAIlifo MiK omtagamMu
(r=0,86...1,0), eMnepatypoio (r=0,97..1,0) iTpuBanicTio ¢pas. 36inbiueHHa TeMIepaTypu Ha 10 °C
TIOZOBIKyBaJo mepioau Ha 0,6-1,7 mobu. OTpuMaHi pe3yJabTaTH LO3BOJSIOTH ONITUMI3yBaTU
cxeMy ciB6u [IJ1 TTOKPAIIEHHS POCTY i PO3BUTKY POCIUH A MiABUIEHHS IPOAYKTUBHOCTI
TeTparoHoiaobyca

KniouoBi cnoBa: BBCH; cxozmu; UBiTiHHS; BeretalilHuM Iepiox; KpuUTU4YHI ¢as3y; cyma
TEMITEpaTYp Ta ONaJliB
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Biological control of Alternaria and late blight of potatoes

Abstract. Infectious diseases, such as Alternaria and late blight, caused by the microorganisms
Alternaria solani and Phytophthora infestans, often reduce potato yields and quality. Disease control
involves the intensive use of chemical pesticides, which leads to pathogen resistance and various
environmental challenges. Therefore, it is vital to investigate safe methods of plant protection. The
purpose of the present study was to evaluate the effectiveness of various combinations of biological
products against Alternaria and late blight of potatoes. The experiments were conducted at the
Ukrainian Research Station of Plant Quarantine of the Institute of Plant Protection of the National
Academy of Agrarian Sciences. Biofungicides based on micromycetes of the genera Gliocladium
and Trichoderma and bacteria of the genera Pseudomonas and Bacillus were used for the study.
The use of combinations of different products included pre-planting treatment of tubers and
three sprayings of vegetative plants at different stages of their growth and development. The use
of biological products on potatoes reduced the spread of Alternaria by 38.7-51.2% and reduced the
intensity of the disease development by 19.1-24.2% compared to the control. The technical efficiency
ranged within 70.0-88.6%. The most effective combinations for disease control were Biospectrum
BT + Vitastim BT, Bactofit BT + BioHibervit BT, Bactofit BT + Vitastim BT, which provided technical
efficiency of 82.0-88.6%. The studied biological products also reduced the damage to plants by
the pathogen of late blight. Technical efficiency under different variants of application of the
preparations ranged from 61.6% (Trichopsin BT + BioHibervit BT, Fluorescin BT + BioHibervit BT) to
84.9% (Bactofit BT + Vitastim BT). The biological products had a positive effect on plant growth, yield
formation, and overall productivity. The highest yield increase was observed in the variants with
the use of Bactofit BT + BioHibervit BT, Trichopsin BT + Vitastim in Biospectrum BT + Vitastim BT.
The studies confirmed the potential of biological products in the management of potato diseases

Keywords: biological products; fungal diseases; microorganisms-antagonists; efficiency;
tubers; yield
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INTRODUCTION
Potatoes are one of the main crops and are es-
sential for food security. Infectious diseases are
among the factors that lead to lower crop yields
and poorer product quality. Fungi often cause
the most harmful plant pathologies. Specifi-
cally, potato plants are parasitised by the fun-
gus Alternaria solani Sorauer and the oomy-
cete Phytophthora infestans (Mont.) de Bary,
which cause early dry spot or Alternaria and
late blight, respectively (Hjelkrem et al., 2021).
M. Riolo et al. (2020) emphasised the great
harmfulness of late blight worldwide, while
K. Schiffer-Forsyth et al. (2023) estimated an-
nual global potato yield losses and costs of late
blight control at USD 3-10 billion.

R. Quds et al. (2023) pointed out that in po-
tato cultivation technologies, pesticides must
be used repeatedly during the growing sea-
son to control Alternaria and late blight. At the
same time, according to C. Davies et al. (2021),
the widespread use of numerous synthetic fun-
gicides has led to the development of pathogen
resistance to their active ingredients and a de-
crease in the effectiveness of the preparations.
S.Juby et al. (2023) noted that to address a series
of negative phenomena, the world is research-
ing environmentally sustainable approach-
es to plant disease control based on biological
agents. Specifically, the use of fungi of the gen-
era Trichoderma, Chaetomium, Pythium, micro-
mycetes Gliocladium virens, and Coniothyrium
minitans, as well as yeast and other organisms
is promising. The protective effect of biocontrol
agents lies in direct antagonistic interaction or
indirect interaction through induced changes in
plant structure and physiology.

The findings of U. Alshimaysawe et al. (2024)
suggest that the strains of micromycetes T. ha-
matum T8 and T. harzianum T5 have great po-
tential as biocontrol agents for inhibiting the
growth of pathogens in dual culture and culture
filtrate methods, specifically, potato pathologies
caused by R. solani. J. Hao et al. (2024) found an
inhibitory effect of the fermentation broth of
bacteria Bacillus subtilis ZWZ-19 (B) and fun-
gus Trichoderma asperellum PT-29 (T) on the
pathogen Fusarium oxysporum. The effect was
better when co-cultivated with a 111 inoculation
ratio (B1T1). M. Shuang et al. (2022) established
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the ability of the Bacillus sp. strain K-9 to in-
hibit in vitro the common potato scab pathogen
(Streptomyces scabies). In addition, the studied
strain K-9 inhibited the growth of the pathogen
of black scab of potatoes at 70.39%. In field tri-
als, the protective effect of the K-9 strain against
potato scab did not differ significantly from the
effectiveness of a mixture of bacteria or chem-
icals, but the disease index under K-9 treat-
ment was significantly lower than in the con-
trol. The potato yield under the treatment with
Bacillus sp. K-9 was 12.44% greater than in the
control. H. Jabnoun-Khiareddine et al. (2023)
found antifungal activity against a series of po-
tato pathogens (Fusarium oxysporum f. sp. tu-
beros, Rhizoctonia solani, Colletotrichum coc-
codes) of strains SV39 and SV104 (B. tequilensis),
SV41 (B. subtilis), SV44 (B. methylotrophicus) and
SV65 (B. amyloliquefaciens subsp. plantarum).
Field studies showed that soil treatment with
Bacillus spp. strains provided substantial control
of fungal diseases and improved potato growth
and productivity parameters.

F. Fathi et al (2021) investigated the abil-
ity of the bacterium Pseudomonas fluo-
rescens VUPF506 to effectively suppress the
causative agent of potato black scab, the fungus
Rhizoctonia solani. X. Shi et al. (2024) estab-
lished the growth stimulation and biological
control of fungal diseases of another solana-
ceous crop, tomatoes, using the rhizobacterium
Pseudomonas chlororaphis subsp. aureofaciens
SPS-41. Specifically, the antifungal properties
were manifested against the phytopathogenic
fungi Fusarium oxysporum and Botrytis cinerea.
S. Feng et al. (2021) identified a rare strain of
the actinomycete Saccharothrix texasensis 6-C,
which was isolated from the potato rhizosphere
and proved its ability to inhibit P infestans.
L. Zhang et al. (2024) observed a reduction in
Alternaria leaf spot index from 78.36 to 37.03%
in potato plants treated with Talaromyces muroii
strain SD1-4, along with significantly improved
growth characteristics, including plant height,
root length, fresh weight, dry weight, chloro-
phyll content, and photosynthetic rate.

Thus, considering the significance of pota-
toes as a valuable food crop in the world and in
Ukraine and the harmfulness of Alternaria and
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late blight, it is vital to investigate the effective-
ness of plant protection products based on bio-
logical control agents. The purpose of the pres-
ent study was to investigate the effectiveness
of various combination schemes of biological
products against the main diseases of potatoes -
Alternaria and late blight.

MATERIALS AND METHODS

Field studies were conducted during 2020-2021
at the Ukrainian Research Station of Plant Quar-
antine of the Institute of Plant Protection of the
National Academy of Agrarian Sciences. The soil
of the experimental plot was grey forest heavy
loam. To protect potatoes from Alternaria and
late blight, the technical effectiveness of a series
of biological products was investigated. Gliocla-
din BT is a biological product based on mycelium
and spores of a micromycete from the genus Gli-
ocladium with a titre of at least 1.5x10° CFU/cm?3;
biologically active substances. Trichopsin BT
contains mycelium and spores of micromycetes
of the genus Trichoderma; rhizosphere bacteria
of the genus Pseudomonas with a titre of at least
2.0x10% CFU/cm?, biologically active substances.
Fluorescin BT is a preparation based on a bac-
terium of the genus Pseudomonas with a titre
of at least 5.0 x10° CFU/cm?; biologically active
substances (phenazine-carboxylic acids, sidero-
phores, cytokinins). Biospectrum BT consists of

rhizosphere bacteria of the genus Pseudomonas
with a titre of at least 5.0 x 10° CFU/cm3, bio-
logically active substances (acids of the genus
phenazine-carboxylic, a complex of active pig-
ments). Bactofit BT contains live cells and spores
of bacteria of the genus Bacillus with a titre of at
least 2.0 x10° CFU/cm?®. BioHibervit BT consists
of chlamydospores, mycelium, and conidia of
Trichoderma micromycetes, as well as their me-
tabolites. Vitastim BT is a preparation based on
the joint deep cultivation of three strains of fun-
gi and bacteria of the genera Trichoderma and
Pseudomonas in liquid nutrient medium.

Field studies, disease diagnostics, evalua-
tion of the technical effectiveness of biological
preparations, and structural analysis of the crop
were conducted according to generally accepted
methods (Trybel et al., 2001; Kyryk et al., 2012).
The potato variety Podolyanka was cultivated.
The experimental design included the variants
presented in Table 1. Tubers were treated before
planting potatoes at the rate of 20 litres of work-
ing solution per 1 tonne. The vegetative plants
were treated with a battery-powered backpack
sprayer FORTE KF-16 during the following pe-
riods of plant growth and development: at the
beginning of plant closure in the row; in the bud-
ding phase; in the flowering phase. Combina-
tions of preparations were applied at the rate of
200 litres of working solution per 1ha.

Table 1. Scheme of the experiment to investigate the effectiveness of combinations
of biological products against potato diseases

No: o . Spraying of plants during the growing season
exper.lment Treatment of tubers before planting (3 times)
variant
1 Control (without preparations)
2 Gliocladin BT, 1.5 I/t + BioHibervit BT, 1.5 I/t Gliocladin BT, 3 I/ha + BioHibervit BT, 3 |/ha
3 Trichopsin BT, 1.5 I/t + BioHibervit BT, 1.5 I/t Trichopsin BT, 3 |/ha + BioHibervit BT, 3 I/ha
4 Fluorescin BT, 1.5 I/t + BioHibervit BT, 1.5 I/t Fluorescin BT, 3 |/ha + BioHibervit BT, 3 I/ha
5 Biospectrum BT, 1.5 I/t + BioHibervit BT, 1.5 I/t | Biospectrum BT, 3 |/ha + BioHibervit BT, 3 I/ha
6 Bactofit BT, 1.5 I/t + BioHibervit BT, 1.5 I/t Bactofit BT, 3 I/ha + BioHibervit BT, 3 I/ha
7 Gliocladin BT, 1.5 I/t + Vitastim BT, 1.5 I/t Gliocladin BT, 3 I/ha + Vitastim BT, 3 |/ha
8 Trichopsin BT, 1.5 I/t + Vitastim BT, 1.5 I/t Trichopsin BT, 3 |/ha + Vitastim BT, 3 I/ha
9 Fluorescin BT, 1.5 I/t + Vitastim BT, 1.5 I/t Fluorescin BT, 3 |/ha + Vitastim BT, 3 I/ha
10 Biospectrum BT, 1.5 I/t + Vitastim BT, 1.5 I/t Biospectrum BT, 3 I/ha + Vitastim BT, 3 I/ha
11 Bactofit BT, 1.5 I/t + Vitastim BT, 1.5 I/t Bactofit BT, 3 I/ha + Vitastim BT, 3 I/ha

Source: developed by the authors based on the findings

=)
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Statistical processing of experimental data
was performed using Microsoft Office® for Mi-
crosoft Windows®. The study followed the eth-
ical standards specified in the Convention on
Biological Diversity (1992) and the Convention
on International Trade in Endangered Species of
Wild Fauna and Flora (1973).

RESULTS AND DISCUSSION

One of the ways to protect potato plants from
pests in an environmentally friendly way is to
use biological products. Thus, during 2021-2022,
the study investigated various schemes of com-
binations of biological products based on micro-
organisms, their metabolites, and biologically
active substances against the most widespread
potato diseases during the growing season — Al-
ternaria and late blight. The treatment of potato
tubers before planting and threefold spraying
of plants led to a decrease in the spread and
development of Alternaria on the aboveground
organs in all variants of the experiment (Fig. 1).
Specifically, the number of diseased plants was
less by 387-51.2%, and the degree of damage
decreased within 191-24.2% compared to the
control, where these indicators were 65.8% and
27.3%, respectively. Preparations based on fungi
of the genera Gliocladium and Trichoderma and
bacteria of the genera Pseudomonas and Bacillus
provided technical efficiency against Alternaria
within 70.0-88.6%. Mixtures of Biospectrum
BT + Vitastim BT, Bactofit BT + BioHibervit BT and
Bactofit BT + Vitastim BT had the greatest effect
on reducing the damage to potato plants by the
pathogen (technical efficiency - 82.0-88.6%).
The studied biological products also had a
fungicidal effect on potato late blight, which was

P, %

R, %

manifested in a decrease in the spread of the
disease by 23.3-37.2% and a decrease in its devel-
opment within 11.4-157% (Fig. 2). In the variants
with the use of mixtures of Bactophyte BT (Bacil-
lus spp.) + Vitastim BT (Trichoderma spp., Pseu-
domonas spp.), Biospectrum BT (Pseudomonas
spp.) + Vitastim BT (Trichoderma spp., Pseu-
domonas spp.), Trichopsin BT (Trichoderma spp.,
Pseudomonas spp.) + Vitastim BT (Trichoderma
spp., Pseudomonas spp.) and Bactophyt BT (Ba-
cillus spp.) + BioHibervit BT (Trichoderma spp.)
showed the maximum effect on reducing the in-
tensity of late blight development. Technical ef-
ficiency under different variants of application
of the preparations ranged from 61.6% (Trichop-
sin BT + BioHibervit BT, Fluorescin BT + BioHi-
bervit BT) to 84.9 % (Bactofit BT + Vitastim BT).

The use of biological products in the treat-
ment of potato tubers and spraying of plants
during the growing season positively influenced
plant growth, yield formation, and generally in-
creased crop productivity (Fig. 3). Depending on
the biological products used, potato growth was
stimulated. Specifically, compared to the control,
the height of plants in different variants was 1.9-
6.7 cm higher. Under the influence of the stud-
ied biological preparations, the total number of
tubers increased by 0.4-8.5 per plant. Therewith,
the marketable fraction increased, depending
on the variant, from 1.3 to 4.5 pieces per plant.
The greatest increase in potato yield was ob-
served in the variants Bactophyt BT + BioHiber-
vit BT - 14.0 t/ha, Trichopsin BT + Vitastim BT -
14.7t/ha, and Biospectrum BT + Vitastim BT - 15.0
t/ha. The increase in potato yield in other vari-
ants with the use of biological products ranged
within 4.4-12.8 t/ha.
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Figure 1. Efficiency of biological products against potato Alternaria (average for 2021-2022)

Note: P - disease spread; R - disease development

Source: developed by the authors based on the findings
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Figure 2. Efficiency of biological products against potato late blight
(Podolyanka variety, average for 2021-2022)

Note: P - disease spread; R — disease development
Source: developed by the authors based on the findings
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Figure 3. Influence of fungicidal and stimulating biological preparations on the indicators
of structure elements and yield of potato tubers (average for 2021-2022)

Source: developed by the authors based on the findings

The conducted studies confirmed the re-
sults obtained in different regions of potato
cultivation using biological products and an-
tagonist microorganisms (Tleuova et al.,, 2020).
N. Rokaya et al. (2023) tested isolates of Tricho-
derma spp. against the potato late blight path-
ogen. Their effectiveness was manifested in a
decrease in the size of the pathogen lesion area
by 19-46% compared to the control. It was found
that isolates of Trichoderma spp. together with
the commercial product Sanjeevni (based on
T. viride), in field experiments on a natural in-
fection background stimulated plant growth,
tuberyield, and reduced the development of late
blight. Specifically, Trichoderma isolates TL1-2A,
TL4-81A, and TL5-21A reduced the intensity of
the disease by 37.3%, 37.2%, and 30.4%, respec-
tively. According to the findings of two-year

%)

studies, isolate TL1-2A increased tuber yield by
46.4%. S. Kumar et al. (2023) found that bioprim-
ing of potato tubers by a microbial consortium
(T. viride, B. subtilis, P. fluorescens) improved
plant growth and induced defence responses
against A. solani, which was conditioned by the
induction of systemic resistance.

In laboratory experiments conducted by
M. Sulaiman et al. (2020), the inhibition of the
pathogen of soft rot of potato tubers — Erwinia
carotovora, subsp. carotovora - by Trichoder-
ma spp. isolates was proved. A decrease was
also found in the damage of tubers treated
with T viride (TV3) and T. harzianum (TH2), re-
spectively, by 20.27% and 16.47%, compared to
the control. Yu. Kolomyets § L. Butsenko (2023)
emphasised that soft rot pathogens are the pri-
mary reason for limiting potato production in
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many regions around the world. J. Leiminger &
H. Hausladen (2012) noted that parasitism of
potato plants by A. solani can lead to a 50% yield
loss. M. Solomiychuk et al. (2024) used the bi-
ological product PhytoDoctor (Bacillus subtilis),
2 1/ha in combination with Humat Ultra, 60 g/
ha in the conditions of Ukraine and noted a
decrease in the development of Alternaria by
54.9% compared to the control.

I. Debez et al. (2024) found endophytes of
Bacillus (B. halotolerans SpS5, B. amyloliquefa-
ciens LiR9, B. haynesii ReR10, B. velezensis KnL15,
B. aryabhattai FaR1) to have an antagonistic ef-
fect against the fungus R. solani, the causative
agent of potato black scab. The vegetative and
spore-forming strain SpS5, as well as 5 other
Bacillus and their Sps5-based consortia were
effective in reducing disease development and
increasing the yield of healthy, high-quality po-
tato tubers. The results of the study of the effec-
tiveness of various biological products suggest
the possibility of their use for the protection of
potatoes against Alternaria and late blight. The
studied biological agents had a protective effect
on potato plants, which was manifested in a de-
crease in their damage by pathogens compared
to the control. In addition, the mechanisms of
plant growth and development were activated,
and the yield increased.

CONCLUSIONS

As aresult of the study, the use of combinations
of various biological preparations based on mi-
croorganisms, their metabolites, and biological-
ly active substances was found to decrease the
spread and development of potato diseases on
the aboveground organs of plants in all variants
of the experiment. Treatment of potato tubers
before planting and threefold spraying of plants
during the growing season reduced the spread
of Alternaria by 387-51.2% and reduced the

intensity of plant damage within 191-24.2%
compared to the control. Biological products
provided technical efficiency against Alternaria
in the range of 70.0-88.6%.

The investigated biological products re-
duced the spread of late blight within 23.3-37.2%
and limited the intensity of the disease by
114-157%, while their technical -efficiency
ranged within 61.6-84.9%. The use of biologi-
cal products positively influenced the growth
of potato plants, the formation of the crop and,
as a result, the overall productivity. Specifical-
ly, the height of plants in different variants was
19-6.7 cm higher compared to the control. Under
the influence of the studied biological prepara-
tions, the total number of tubers increased by
0.4-8.5 per plant. The marketable fraction in-
creased, depending on the experimental vari-
ant, from 1.3 to 4.5 pieces per plant. The highest
increase in tuber yield was observed in the var-
iants with the introduction of biological prod-
ucts Bactophyt BT + BioHibervit BT - 14.0 t/ha,
Trichopsin BT + Vitastim BT - 14.7 t/ha and Bio-
spectrum BT + Vitastim BT - 15.0 t/ha.

In further research, it will be significant to
assess the technical effectiveness of biological
products under different meteorological condi-
tions, as well as on potato varieties with different
resistance, which will allow establishing the best
combinations of biological control agents and
improve the scheme of their application. Over-
all, the findings of the study confirmed the abil-
ity of biological products to control Alternaria
and late blight of potatoes, which is relevant in
modern agrarian production.
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BionoriuHMM KOHTPOJIb aNibTepHapio3y
Ta ditopTOopo3y KapTonni

AHoTauiq. [HbeKLiHI xBopobu — anbTepHapios i piTodpTopo3, BUKIUKAHI MikKpoopraHizMaMu
Alternaria solani i Phytophthora infestans, — 4acTo 3HUKYIOTb YPOKAMHICTH i AKiCTh KapTOILII.
KOHTPOJIb 3aXBOPIOBaHb Ilepenbadaec iHTeHCUBHE BUKOPUCTAHHA XiMIiUYHUX MMECTUIUIB, IO
IPpU3BOLUTH IO BUHUKHEHHS Pe3UCTEeHTHOCTI[IaTOreHiB i piSHUX eKOJIOTIYHUX BUKJIUKIB. ToMy
aKTyaJIbHUM € BHMBUYEHHS Oe3[eYHUX MeTOJiB 3aXUCTy POCIMH. MeToo IOCIiIXeHHs 6yia
oriHka eQeKTUBHOCTI pi3HUX KOMbiHAIiM 6ioNoriuHuX MTpernapaTiB IPOTH aJbTepHapiosy Ta
diTodTopo3y KapTomii. ERCIIeprMeHTU ITPOBOLUIIU B yMOBax YKpaiHChKOI HAYKOBO-LOCIifHOT
CTaHLIIKapaHTUHYPOCIUHIHCTUTYTy3axUCTypocauH HallioHanbHOlaKaeMilarpapHUXHayK.
071 ZoCIifKeHb BUKOPUCTOBYBaNu 6iopyHrinuay Ha ocHoBi MikpoMineTiB pozis Gliocladium
i Trichoderma Ta 6akTepiyt pogiB Pseudomonas i Bacillus. 3acTocyBaHHs KOMbiHALiN pi3HUX
IIpenapaTiB BKJIOYAJO IIepeAIIocagKoBy 06po6Ky 6ynbb i Tpu 06MpPHUCKYBAHHSA BETETYIOUUX
POCJIVH Ha pi3HUX eTalax ix poCTy Ta PO3BUTKY. BuUKopucTaHHs biompenapaTiB Ha KapTOILIi
3MeHIIyBaJIONOIIMpeHHI aIbTepHapio3y Ha 38,7-51,2 % Ta 3HM)KyBaJI0O IHTEHCUBHICTE DO3BUTKY
xBopobu B Mexkax 19,1-24,2 % TOpiBHAHO 3 KOHTpoJieM. [Ipu 1IbOMY TeXHiuHa epeKTUBHICTH
cTaHoBuMIIA Bix 70,0 mo 88,6 %. Hatibinbin mieBuMy KOM6iHALiIMU AJ19 06MEXeHHSI XBOpo6u
6ynu BioctekTp BT + BiracTum BT, BakTodit BT + Biol'i6epsit BT, BakTodit BT + BitacTiMm BT,
AKi 3a6e3meuyBany TeXHIUHY ebeKTUBHICTb 82,0-88,6 %. JocaimkyBaHi biommpenapaTy TaKOXK
3MeHIIYBaJIU YPaskeHHs POCIUH 36yTHUKOM diTodTopo3y. TexHiuHa ebeKTUBHICTD 3a Pi3HUX
BapiaHTIB 3acTOCyBaHHA IIperapariB cTaHoBua Bix 61,6 % (Tpuxomncus BT + Biol'ibepsit BT,
dnyopecuun BT + Bioli6epsiT BT) mo 84,9 % (BakTodit BT + BiTactum BT). Bionoriuni
rpernapaTy IO3WTHUBHO BIJIMBAJIM Ha picT pocnuH, GopMyBaHHSA BPOXKAIO Ta 3arajibHy
MIPOAYKTUBHICT. HaMbiNbUINY IPUPICT yposKaIo CIIOCTepiraay y BapiaHTax i3 3acToCyBaHHAM
BakTodiTBT +Biol'i6epBiT BT, TpuxoncuH BT + BitacTuM B BiociekTp BT + BitracTiM BT. [TpoBe feHi
IOCTiIReHHs IiATBEpAUIY ITOTEHIlia 6ionpenapaTiB B yIIpaBIiHHI XBopobaMu KapTOILIi
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Abstract. Enhancing cultivation technologies adapted to climate change while maintaining soil
fertility is a key objective in the agricultural sector. Particular attention is given to implementing
intercropping systems and selecting the most effective technological elements to maximise
agroecosystem productivity. This study aimed to examine the effects of various biopreparations
on the productivity of a barley-pea binary crop and the mineral nitrogen content in the soil. The
research was conducted in 2023-2024 at the experimental field of the Separate Subdivision of the
National University of Life and Environmental Sciences of Ukraine, “Agronomic Research Station”
in the Kyiv Region. The experiment comprised five treatments: control, biochar, humus extract,
EM-5 preparation, and LF 20 humate. Plant samples for biomass assessment were collected on the
30, 60%, and 90 days after emergence. Soil samples from the 0-10 cm, 10-20 cm, and 20-30 cm
layers of typical medium loam chernozem were analysed for mineral (nitrate and ammonium)
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nitrogen content following DSTU 4729:2007. It was established that the best seedling emergence
in the pea-barley intercropping system was observed with the application of biochar, reaching 64
and 140 plants per m? respectively. However, by the 30™ day, biochar application suppressed plant
growth, whereas the highest values were recorded in the humus extract treatment, followed by
the EM-5 treatment. A similar trend was observed on the 60" day after emergence. Pea yield in
the LF 20 humate treatment was 1.56 t/ha, while in the humus extract treatment, it was 1.52 t/ha.
The corresponding barley yields were 4.52 t/ha and 5.19 t/ha. Biochar application was the least
effective in enhancing crop productivity in intercropping; the pea yield increase relative to the
control was negligible, while barley yield decreased by 0.23 t/ha. This decline was attributed to
the deterioration of the soil nitrogen regime, as mineral nitrogen content in this treatment was
the lowest on the 60™ day after crop emergence, ranging from 31.1 to 34.8 mg/100 g of soil. The
findings hold practical significance for improving organic fertilisation systems in binary cropping
and enhancing agroecosystem resilience. They may be utilised by agricultural producers across

various ownership structures

Keywords: intercropping; pea; barley; biochar; humates; biopreparations

INTRODUCTION

In contemporary agricultural production, en-
suring food security requires producers to con-
tinuously improve crop cultivation technologies,
adapt them to changing climatic conditions, and
preserve soil fertility. One key element of this
improvement is the utilisation of intercropping
systems, including binary crop systems, and the
selection of optimal technological components
tomaximise productivity with appropriate nitro-
gen nutrition. Binary cropping, which involves
growing two different crops in the same field, is
becoming increasingly prevalent as it enables
greater efficiency and reduces the risks associ-
ated with monoculture. However, the choice of
specific crops for binary cropping, as well as the
correct combination of cultivation technology
elements - such as soil tillage, fertiliser systems,
and plant protection - are of paramount impor-
tance for achieving maximum productivity and
maintaining soil fertility.

R.-P. Yu et al. (2025) note that intensive crop
cultivation technologies, which have met the sig-
nificant demand for agricultural products, are
based on monoculture and the use of mineral
fertilisers and pesticides, leading to the loss of
biodiversity in agricultural lands and a negative
impact on the environment. In recent years, sci-
entists’ attention has been focused on intercrop-
ping and mixed cropping systems. A. Scavo et
al. (2022) conclude that long-term intercropping
research is warranted, particularly regarding
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its impact on soil fertility indicators. Y. Fan et
al. (2020) highlight the higher economic effi-
ciency and productivity of maize and soybean in-
tercropping compared to monocultures of these
crops. As this practice is effective in influencing
land productivity, specifically, the highest Land
Equivalent Ratio (LER), System Productivity In-
dex (SPI), and Monetary Advantage Index (MAI)
were obtained when mixing barley at 25% with a
grass pea sowing rate of 75%. Intercropping bar-
ley with peas has significant potential to improve
forage productivity with high land-use efficien-
cy (Jaskulska et al., 2022). R. Cowden et al. (2020)
state that growing cereals and legumes together
increases nitrogen input through biological ni-
trogen fixation. A. Oberson et al. (2024) point to
the improved utilisation of both fertilisers and
soil nitrogen, which often leads to increased
grain nitrogen content and higher productivity
per unit area compared to monocultures. Re-
search results from V. Vakhnyak et al. (2025) have
shown that over 40% of Ukraine’s arable land is
degraded, resulting in a 20-30% yield reduction
and economic losses reaching 15 billion UAH an-
nually. However, the application of biochar in
areas with organic matter deficiency has in-
creased humus content by up to 12%, and inno-
vative restoration approaches generally provide
a 15-25% yield increase in the first five years.

Biopreparations have a positive impact on
crop productivity indicators. The research by
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Y. Ma et al. (2024) has established the positive
effect of humic acid preparations on agricul-
tural crop productivity and nitrogen utilisation,
thereby ensuring the sustainability of agricul-
tural landscapes by reducing the excessive use
of synthetic fertilisers. The use of 50% com-
post +50% mineral nitrogen fertilisers together
with 1.5 L ha™ of biostimulants (VIUSID® agro)
increased the yield of both wheat varieties (Ab-
bas et al, 2022). A 100% compost application
significantly increased protein, crude fibre,
total sugars, Mg, and Mn content in the grain,
while a 100% mineral nitrogen fertiliser treat-
ment significantly increased ash, total phe-
nols, P, and Ca content in the grain. Replacing
nitrogen fertilisers with compost significantly
increased ether extract and carbohydrate con-
tent in the Nigerian variety’s grain, while N, K,
and Fe content increased in the grain of both
studied varieties. Foliar feeding with biostim-
ulants at various levels significantly increased
protein, carbohydrate, total sugar, P, K, Ca, Cu,
and Zn content. Replacing mineral nitrogen
fertilisers with a combination of compost and
mineral nitrogen (50% compost + 50% min-
eral nitrogen) together with 1.5 L ha of bi-
ostimulants is recommended to enhance yield
and grain quality. The biologisation of the

fertiliser system in the Right-Bank For-
est-Steppe of Ukraine contributed to improv-
ing the humus status of typical chernozem
and enhancing its physicochemical properties
(Balayev et al., 2020).

This research aimed to determine the im-
pact of biostimulants on the biomass accu-
mulation of barley-pea intercropping and the
dynamics of mineral nitrogen consumption in
typical chernozem. This will enhance the pro-
ductivity and stability of agricultural production
by improving the understanding of the effects of
soil nitrogen consumption and cultivation tech-
nology elements in binary cropping systems.

MATERIALS AND METHODS

The research was conducted in 2023-2024 at the
Separate Subdivision of the National University
of Life and Environmental Sciences of Ukraine,
“Agronomic Research Station” in the village
of Pshenychne, Fastiv District, Kyiv Region,
Ukraine (located in the northeastern part of the
RightBank Forest-Steppe, 49°46' N, 30°44' E). In
the field experiment, the size of the experimen-
tal plots was 15 m?with three replications of each
treatment. The experimental design included
the following treatments involving bioprepara-
tions and organic fertilisers (Table 1).

Table 1. Experimental treatments at the Separate Subdivision of NULES of Ukraine
“Agronomic Research Station”

Tr(:;tnr:\:nt Application rates of organic fertilisers and biopreparations
T1 Control — no fertilisers or biopreparations applied
T2 Biochar — 250 kg/ha applied during primary soil tillage
T3 Humus extract — 50 L/ha at 30 days after emergence + 50 L/ha at 60 days after emergence
T.4 EM-5 -5 L/ha at 30 days after emergence + 5 L/ha at 60 days after emergence
T.5 Humate LF 20 — 0.4 L/ha at 30 days after emergence + 0.4 L/ha at 60 days after emergence

Source: developed by the authors

Biochar is a charcoal produced by the ther-
mal decomposition of biological materials un-
der limited oxygen conditions. Biochar IDEALE
is a highly active soil amendment composed of
92-96% carbon accumulated in biomass, pro-
cessed via hydrothermal carbonisation (Bio-
char, n.d.). Humus extract is an organic product
derived from the processing of humus waste.
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EM-5 is a complex of organically ferment-
ed ingredients with Effective Microorgan-
isms® (EM®), which enhance plant resistance
to conditionally pathogenic and pathogenic
microorganisms. This preparation is used as a
preventative measure to avoid plant diseases
and as a pest control agent (EM-Ukraine, n.d.).
Humate LF 20 is a concentrated organo-mineral
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fertiliser, plant growth stimulant, and soil condi-
tioner based on humic acids derived from leon-
ardite. It contains 180 g/L of humic acids, 20 g/L
of fulvic acids, and 30 g/L of potassium, has a pH
of 9-11, and contains no less than 5 g/L of micro-
elements (AgroPlant, n.d.).

Crops were sown using a row method with
a 12.5 cm inter-row spacing at a soil tempera-
ture of 4-6°C at seed placement depth, utilising
a Klen-1.5 seeder for binary cropping of peas
and barley under various cultivation technol-
ogies. The soil of the experimental plot was a
typical medium loam chernozem developed on
carbonate loess. The organic carbon content
ranged from 2.55-2.61% in the 0-30 cm layer, pH
was 8.2-84, and the cation exchange capacity
was 31.7-32.2 meq per 100 g of soil.

The 2023 season was characterised by a
stable increase in temperature during spring,
while 2024 experienced high temperatures
throughout May-August and very low precipita-
tion. Sowing in 2023 was conducted at the end
of March, followed by the total monthly precip-
itation. A significant amount of April precipita-
tion occurred before crop emergence, resulting
in soil moisture levels close to full field capaci-
ty. Temperature increases were moderate until
June, which somewhat slowed crop develop-
ment. Soil moisture reserves were sufficient
for normal crop development despite low May
precipitation. In June, the average monthly tem-
perature exceeded 20°C, but precipitation was
adequate for normal crop development. After
the previous crop was harvested, ploughing was
carried out to a depth of 20-22 cm. In spring,
moisture was retained using tine harrows, and
pre-sowing cultivation was performed to adepth
of 6-8 cm. The application of mineral fertilisers
and plant protection products was not included
in the experimental design.

Identical varieties for production systems
were used in the experiment: pea ORCHESTRA
and barley PROSPECT. On the day of sowing, pea
seeds were inoculated with Rizoactive Legumes
at a rate of 2 L/tonne of seeds. Seeds were sown
without seed dressing. The sowing depth for
peas was 6-8 cm, and for barley 4-6 cm. In in-
tercropping, peas were sown first at a depth of
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6-8 cm, and then barley was sown in the same
rows at a depth of 4-6 cm.

Plant samples for biomass determina-
tion were collected on the 30%, 60%, and 90%®
days after emergence. For barley, the density of
standing ears, the number and weight of seeds
per ear, and the 1,000-seed weight were de-
termined. For peas, the number and weight of
seeds per plant, the number of plants, and the
1,000-seed weight were recorded. Yield and
weight elements of yield structure are present-
ed in terms of 14% moisture content. Soil sam-
ples were collected from soil layers 0-10, 1020,
and 20-30 cm following DSTU 4287:2004 (2005),
and preparation for analysis and prelimi-
nary processing of soil samples for physico-
chemical analysis were performed according
to DSTU ISO 11464:2007 (2009). The content
of mineral (nitrate and ammonium) nitrogen
was determined in soil samples according to
DSTU 4729:2007 (2008). Dispersion analysis
was performed using the STATISTICA 13.0 pack-
age (©TIBCO). Fisher’s LSD-post hoc test (al-
pha = 0.05) was used to assess differences be-
tween treatments. The research complied with
the ethical standards set out in the Convention
on Biological Diversity (1992) and the Conven-
tion on International Trade in Endangered Spe-
cies of Wild Fauna and Flora (1973).

RESULTS AND DISCUSSION

Theresearchrevealed thatthe germinationrates
of peasandbarley, sown atthe same seedingrate,
varied across the different treatments, with the
best results observed in the biochar treatment -
64 pea plants/m? and 140 barley plants/m2
The control treatment yielded 54 pea plants/m?
and 148 barley plants/m?, indicating a positive
effect of biochar on the germination of these
crops (Table 2). The differences in pea plant
numbers during the germination phase due to
the influence of different biostimulants were
not statistically significant.

The results of the study on the weight of
peas and barley in green biomass under the in-
fluence of various biostimulants on the 30" day
of the growing season (PS30 - plant weight) are
presented in Figure 1.
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Table 2. Germination rates of peas and barley under different biostimulants treatments
(average for 2023-2024), plants/m?

Experimental variant Peas Barley
Control 54 148
Biochar 64 140

Humus Extract 64 124
Humate LF 20 62 112
EM-5 62 127

Source: developed by the authors based on research

Control

Biochar === Humate LF 20 === Humus Extract === EM-5
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Crop, growing season day

Figure 1. Dynamics of green biomass accumulation in peas and barley on the 30%, 60, and 90 days
of the growing season for mixed cultivation of peas and barley, g/m? (average for 2023-2024)

Source: developed by the authors based on research

In the control treatment without the appli-
cation of biopreparations, the green biomass
weight was 130 g for peas and 144 g for barley.
The use of biochar led to a decrease in weight for
both crops by 27% and 31%, respectively, while
the application of humus extract resulted in an
increase of 27% and 15% compared to the con-
trol. The application of Humate LF 20 and EM-5
did not lead to significant changes in the indi-
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cators relative to the control. Corresponding
changes on the 30" day of the growing season
were observed in dry matter (Fig. 2). The de-
crease in weight with the application of biochar
was 19% for peas and 20% for barley. The in-
crease in pea weight with the use of humus ex-
tract was 20%, while the other biostimulants did
not have a significant effect on the dry matter of

peas and barley.

PS90

EM-5 m Humate LF 20

PS30 PS60

Barley

Figure 2. Dynamics of dry mass accumulation in peas and barley on the 30™, 60, and 90" days
of the growing season for mixed cultivation of peas and barley, g/m? (average for 2023-2024)

Source: developed by the authors based on research
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At 60 days of growing season, the control
treatment showed a pea weight of 894 grams in
green biomass and 2324 grams in dry matter,
while barley weight was 1,170 grams in green
biomass and 3604 grams in dry matter. The
biochar treatment showed a slight increase
in pea weight and a decrease in barley weight
at 60 days of growing season compared to the
control. Peas reached 975 grams in green bi-
omass and 222.3 grams in dry matter, while
barley reached 1,111 grams in green biomass
and 320.0 grams in dry matter. The use of Hu-
mate LF 20 also contributed to an increase
in pea weight but decreased barley weight at
this stage of the growing season. Peas reached
1,080 grams in green biomass and 254.9 grams
in dry matter, while barley reached 1,138 grams
in green biomass and 320.9 grams in dry matter.
The highest results were observed in the humus
extract treatment. Peas reached 1,217 grams in
green biomass and 284.8 grams in dry matter,
and barley reached 1,216 grams in green bio-
mass and 294.3 grams in dry matter.

At 90 days of growing season, the control
treatment showed a pea weight of 322.2 grams
in green biomass, with a seed weight of
101.3 grams per square meter. Barley weight was
1,014.0 grams in green biomass and 403.0 grams
per square meter. The use of biochar increased

pea weight compared to the control, reach-
ing 3477 grams in green biomass, and a seed
weight of 111.7 grams per square meter, while
barley decreased relative to the control to
956.6 grams in green biomass and 380.1 grams
per square meter. Humate LF 20 significant-
ly increased the weight of both peas and bar-
ley at this stage of the growing season, reach-
ing 469.1 grams in green biomass, with a seed
weight of 156.1 grams per square meter, while
barley reached 1,160.6 grams in green biomass
and 451.6 grams per square meter.

The highest results were obtained in the
humus extract treatment, with 446.9 grams of
green biomass and a seed weight of 152.1 grams
per square meter for peas, and 1,247.8 grams of
green biomass and 519.3 grams per square me-
ter for barley. EM-5 also showed high results,
while biochar had a lesser impact on the yield of
these crops at this stage. Biopreparations have
different mechanisms of action on legumes. In
studies by M. Solomiychuk & M. Pikovskyi (2021),
the application of biological preparations for
seed treatment and vegetating soybean plants
increased yield and reduced the manifestation
of the soybean mycotic complex. As a result, bi-
ostimulants had a positive effect on the yield of
peas and barley, except biochar, the use of which
led to a slight decrease in yield (Table 3).

Table 3. Effect of biostimulants on pea and barley yield in intercropping,
t/ha (average for 2023-2024)

Experimental variant Peas Barley
t/ha + t/ha +

Control 1.01 - 4.03

Biochar 1.12 0.11 3.80 -0.23
Humate LF 20 1.56 0.55 4.52 0.49
Humus Extract 1.52 0.51 5.19 1.16
EM-5 1.42 0.41 4.17 0.14
LSD, . 0.16 0.24

Source: developed by the authors based on research

Significant yield increases in peas were
achieved with the use of humates and the
EM-5 preparation. The highest yield increases
were obtained with the use of humus extract,
amounting to 0.51 t/ha for peas and 116 t/ha for
barley. The use of Humate LF 20 resulted in an
increase in peayield of 0.55 t/ha and barley yield
of 0.49 t/ha compared to the control, indicating
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its high effectiveness in intercropping. The high
effectiveness of applying a mixture of bioactive
humic molecules together with microbial con-
sortia to improve crop productivity in binary
crops is also evidenced by the results of other
researchers (Atero-Calvo et al., 2024).

Regarding humus extract, it also contributed
to an increase in yield for both peas (by 0.51 t/ha)
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relative to the control and barley (1.16 t/ha). In
the biochar treatment, pea yield increased by
011 t/ha compared to the control, while barley
yield decreased by 023 t/ha compared to the
control. However, the use of biochar in mono-
culture had a positive effect and improved soil
fertility indicators, as well as increased grain
yield of barley by 2.84-19.88% and maize by 12.27-
16.74% (Tang et al., 2023). Intercropping advan-
tages only arise when each species has sufficient
time and space to maximise cooperation and
minimise competition between them. Research
on binary cropping of other crops was conduct-
ed by F Han et al. (2023), who studied the impact
of maize and soybean binary cropping systems
on the uptake and utilisation of nitrogen, phos-
phorus, and potassium. They found that com-
pared to maize monoculture, biological yield and
economic efficiency increased. In other studies,
it was established that the application of a mix-
ture (1:1) of chemical and organic nitrogen fer-
tilisers increased maize seed yield and quality,
and soybean yield in studies conducted in Chi-
na (Lin et al,, 2022). It is important to compare
not only fertilisation treatments but also spatial
variations in the arrangement of a barley-pea
50:50 mixture. In all cases of spatial variations,
the dry matter content in companion crops was
higher than in monocultures. Intercropping also
improves soil physical properties, including mi-
croaggregation, porosity, and infiltration. It also
leads to the accumulation of soil organic carbon
(Walker et al, 2011). Research by J. Abdollah et
al. (2014) demonstrated that intercropping bar-
ley (Hordeum vulgare L.), vetch (Vicia villosa), and
grass pea (Lathyrus sativus L.) in barleylegume
ratios of 75:25, 50:50, and 2575 reduced the dry
matter yield of the three component plants com-
pared to their respective monocultures. Inter-
cropped barley had a higher crowding coefficient
(K =1.64) than intercropped legumes (K =1.20),
indicating that barley was more competitive

than legumes in the mixtures. Furthermore,
grass pea was more competitive than vetch
in mixtures with barley. Studies by T. Darch et
al. (2018) have shown that growing intercrops of
barley and legumes accumulate 10-70%% more
phosphorus compounds and up to 40% more
plant biomass than monocultures. Moreover,
the greatest increase occurred at or below the
sub-critical phosphorus requirement for barley.

The cultivation of binary crops of pea and
barley led to an increase in total accumulated
nitrogen compared to monocultures. In the bar-
ley field, more mineral nitrogen was consumed,
while peas relied on nitrogen fixation. Regard-
less of the location and pattern of the binary
crop, a higher contribution of nitrogen fixation
to the total nitrogen in pea plants was observed
when grown in intercropping with barley. An in-
crease in the accumulation of phosphorus (P),
potassium (K), and sulphur (S) was also ob-
served in the binary crop, which can influence
overall yield and competitiveness for other re-
sources. Overall, the binary sowing of pea and
barley in an organic cultivation system proved
to be an effective way to enhance nitrogen fixa-
tion (Hauggaard-Nielsen et al., 2009). Studies by
T. Sahota & S. Malhi (2012) found that growing a
mixed crop of barley and peas on grey-clay soil in
Canada improved barley yield by 420-488 kg/ha
and reduced land use in production by 7-17%.
The net profit from mixed cropping without ni-
trogen application increased to 854-939 USD
per hectare, which is more than for monoculture
barley with 80 kg N/ha (628 USD per hectare). It
was also shown that the protein concentration
in barley grain increased with nitrogen applica-
tion, and mixed cropping with peas also led to an
increase in this indicator.

Table 4 presents data on the mineral nitro-
gen content in the 0-30 cm soil layer for differ-
ent treatments in the barley-pea intercropping
experiment.

Table 4. Effect of biostimulants on mineral nitrogen dynamics in typical chernozem
under barleypea intercropping, mg/100 g soil (average for 2023-2024)

Experifnental Py Mineral nitrogen content, mg/100 g of soil
variant ! 30 days after germination | 60 days after germination | 90 days after germination
0-10 21.2 34.2 21.3
Control 10-20 23.3 33.3 23.5
20-30 23.7 31.7 19.2
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Table 3, Continued

Experimental Depth, cm Mineral nitrogen content, mg/100 g of soil
variant 30 days after germination | 60 days after germination | 90 days after germination
0-10 231 31.1 24.6
Biochar 10-20 23.5 33.5 24.9
20-30 23.8 34.8 23.7
0-10 27.6 38.6 25.8
Humate LF 20 10-20 27.4 37.4 25.2
20-30 27.8 37.8 22.3
0-10 26.4 38.6 29.2
Humus Extract 10-20 27.1 34.4 30.1
20-30 26.2 31.8 28.6
0-10 26.9 36.9 24.2
EM -5 10-20 26.6 36.6 21.7
20-30 24.1 34.1 23.0
LSD, .. 1.74 2.04 1.45

Source: developed by the authors based on research

A seasonal dynamic in nitrogen content
was observed, with the highest values occurring
on the 60™ day of intercropping. T. Chapagain &
A. Riseman (2014) indicate that the decrease in
land productivity caused by a reduction in soil
organic carbon and nitrogen content is a serious
problem in barley monoculture. Intercropping
barley and peas can increase field productivity.
In their study conducted in Vancouver, it was es-
tablished that barley and pea intercropping is an
effective strategy for increasing land productivi-
ty, yield, biomass, and grain quality, as well as ni-
trogen and carbon content, at a barley:pea ratio
of 21 in the intercrop. In the control treatment,
the nitrogen content at the beginning of the
growing season was 21.2 mg/100 g. On the 60®
day, as in the other treatments, it was the highest
at 34.2 mg/100 g and then decreased by the 90®
day after emergence to almost the initial level.
The use of biochar had little effect on the change
in mineral nitrogen content, indicating the sup-
pression of nitrification processes and the bind-
ing of nitrogen compounds. Therefore, when us-
ing this biopreparation, special attention should
be paid to plant nitrogen nutrition. It is also im-
portant to study not only the content of mineral
nitrogen in the soil but also its ratio to carbon,
since the critical C:N ratio in fertilisers is 10:1, and
below this level, significant nitrogen losses can
occur, negatively affecting the soil, plants, and
the environment. A high C:N ratio leads to the
loss of a significant amount of carbon and an en-
hanced greenhouse effect (Balayev et al., 2023).

o)

Scientists Z. Ahmad et al. (2021) established
improved nitrogen mineralisation in soil based
on laboratory studies, which, in their opinion,
complicates the understanding of nitrogen
transformation processes in soil with nitrogen
application. Therefore, they warn that when ap-
plying biochar, soil nitrogen content should be
monitored. C. Xiao et al. (2023) note that enzymes
involved in the nitrogen cycle are extremely im-
portant in the biological catabolism of organic
and mineral soil components in agroecosystems.

Studies on the use of Humate LF 20, humus
extract, and EM-5 showed a statistically signif-
icant increase in mineral nitrogen compound
content in the 0-10 and 10-20 cm soil layers by
10-30.2% relative to the control throughout the
growing season. The greatest increase in nitro-
gen content was observed with the use of Hu-
mate LF 20 in the 0-10 cm layer, amounting to
30.2% on the 30" day, 12.3% on the 60" day, and
21.5% on the 90" day. Thus, the use of humates
promoted pea nitrogen fixation. Similar conclu-
sions were established by S. Malhi (2012), who
noted that the use of nitrogen fertilisers im-
proved the yield of barley and canola intercrops.
The LER for intercropping were always greater
than1,indicating a lower need for land resources
in intercropping compared to monocultures for
the same yield. The general conclusion is that in-
tercropping improves yield, nitrogen uptake, and
economic outcomes, highlighting its potential in
organic farming systems. Thus, a positive effect
of biopreparations in companion crops of barley
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and peas on productivity and the nitrogen pool
of typical chernozem was established.

CONCLUSIONS

Biopreparations and organic fertilisers had a
significant impact on the productivity indica-
tors of peas and barley in binary crops under the
conditions of the Kyiv region in the Right-Bank
ForestSteppe of Ukraine on typical medium
loam chernozems. The greatest impact of bio-
preparations in the experiment was established
in terms of crop yield in intercropping. Biostim-
ulants had a positive effect on the growth, de-
velopment, and yield of peas and barley, except
for the biochar treatment. The application of
humus extract led to a significant increase in
pea and barley yield, with the largest yield in-
crease recorded in peas at 0.51 t/ha, while the
barley yield increase was the highest at 1.16 t/ha.
Humus extract and EM-5 preparation showed
the greatest impact on plant weight and seed
weight indicators at various stages of the grow-
ing season compared to other treatments. The
application of biochar led to a decrease in plant
weight for both crops by 27% and 31% compared
to the control, while humus extract increased
these indicators by 27% and 15%. The application
of humates and EM-5 preparations noticeably
increased the mineral nitrogen content in the

soil layers, indicating an improvement in the
nitrogen regime due to symbiotic nitrogen fixa-
tion during pea cultivation.

The application of biochar caused a de-
crease inbarleyyield in the intercrop by 0.23 t/ha
relative to the control. These results correlate
with the mineral nitrogen content, which was
the lowest in this treatment, especially on the
60" day after crop emergence, ranging from
311-34.8 mg/100 g of sail, indicating some im-
mobilisation of nitrogen compounds by biochar.
Thus, the issue of studying the effect of biochar
in companion crops on the soil nitrogen regime
is promising and requires detailed study in the
context of researching the processes of organic
and mineral compound transformations in soils.
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MpoayKTUBHICTb GiHapHMX NOCIBIB 3a 3aCTOCYyBaHHS
Pi3HMX efleMeHTIB TeXHONOri BUPOLLYyBaHHA

AHoTauiqa. YIOCKOHaJIeHHSl TeXHOJIOTiM BUPOIIyBaHHSA CiJIbCBKOTOCIOZAPCBKUX KYJBTYP,
110 aJariTOBaHi 1o 3MiH KjiMaTy i 3a6e31meuyoTh 36epesKeHHI POAI0YOCTi I'PYHTIB, € OMHUM
i3 BasKJIMBUX 3aBIaHb arpapHOro ceKTopy. OCO6IMBY yBary mpUIAiNAITh BIIPOBaKeHHIO
cyMicHuxX TmociBiB i Bubopy Halbinbil ePpeRTUBHUX TEXHOJOTIYHUX eJeMEeHTIB MAJjd
3abe3meyeHHsS MaKCUMalbHOI NMPOAYKTUBHOCTI arponaHzmadriB. MeToo pobotu 6yio
IOCIiJP)KeHHsI BIJIUBY pi3HUX 6iompemapariB Ha IIPOAYKTUBHICTH 6iHapHOTO MOCiBY
SYMEeHIO Ta TOPOXY, & TAKOXK BMICT MiHepaJIbHOI'0 a30Ty Y I'PYHTI. [JOoCIif KeHHS IPOBOA U
npoTaroM 2023-2024 pp. Ha LOCIiLHOMY IOl y BiokpeMiieHOMy Nifpo3Aini HanioHanbHOT O
yHiBepcuTeTy 6iopecypciB i MpUpPOmOKOPUCTYBaHHSA VKpaiHU «ATpoHOMiuHa mdociimzHa
cTaHIlis» KuiBchkoi obmacTi. [Jociif BKIOYAB IT'ATh BapiaHTiB: KOHTPOJb, 6iouap, TyMyc
eKCTpakT, mpenapaT EM-5, rymar LF 20. [Tpo6u poC/IuH s BUSHAYEeHHS 6ioMacu Bigbupanu
Ha 30-1, 60-11 Ta 90-1 OeHb Iicys MOSBU CXOHiB. V 3pa3Kax IPyHTY, Bimibpanux 3 0-10, 10-
20 Ta 20-30 cM LIapy YOpHO3eMy TUIIOBOIO CepefHBOCYIJIMHKOBOI'O, BU3HA4YaJU BMICT
MiHepaJbHOro (HITpaTHOro Ta aMOHINHOTO) a3oTy 3a JICTV 4729:2007. BCTaHOBIIEHO, ILII0
HaWKpalle IPOPOCTAHHSA CXOZIiB CYMICHUX IIOCiBiB ropoxy Ta SuMeHI0 6YJI0 3a BHECEHHS
6iouapy i ckyamano 64 i 140 pocnuH Ha 1 M? BiAmosigHo. BogHouac BxXe Ha 30-U OeHb
BHeCeHHd 6ioyapy IpUTHiYyBaJo PiCT poCcanH, a HaWBUILi 3HaUeHHA 6yJIM Ha BapiaHTi rymMyc
eKCTPaKTy, [elllo IIOCTynaBcs BapiaHT EM-5. AHanoriyHa TeHZeHILiq 6yna Ha 60-1 IeHb
micasg mosBU cxXoniB. [IOKa3HMKU BPOXKAWHOCTI ropoxy Ha BapiaHTi rymar LF 20 ckianu
1,56 T/Ta, T'yMyC eKCTPaKT - 1,52 T/ra, SYMeHI0 — BifnoBigHo 4,52 1 5,19 T/ra. BHeceHHd 6iouapy
Majno HaWMeHIy edeKTHUBHICTDH 3a BIJIMBOM Ha MPOAYKTUBHICTb KyNbTYD y CyMicHOMY
MociBi: mpupicT BpoKal TOPOXY BiZHOCHO KOHTPOJIO 6YB HECYTTEBUM, a YPOXKAMHICTh
AYMeHI0 3HU3WwIach Ha 0,23 T/ra. Take 3HUKEHHS MOSCHIOBAJIOCH MOTIpUIEHHAM a30THOIO
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peXUMy I'PYHTY, aJ’ke BMICT MiHepaJbHOro a30Ty 3a IIhOTO BapiaHTy 6YB HAMHUKYUM
Ha 60-M IeHbIIicIg cXoniB KyIbTypickiaamas31,1-34,8 Mr/100 rr'pyHTY. OTpHMaHi pe3yibTaTu
MaloTh MPAKTUYHY LIHHICTb y BAOCKOHaJEHHI OpraHiYHUX CHUCTeM ymobpeHHS 6iHapHUX
MoCiBiB Ry/MbTyp Ta 3a6e3medeHHs CTiNKOCTi arpoOeKOCUCTEM i MOXKYTh 6YTH BUKOPUCTaHI
BUPOOGHUKAMU CiJIbCHKOTOCIIONAPCHKOI MPOAYKILii pisHUX pOpM BIaCHOCTI

KniouoBi cnoBa: cyMicHi IoCiBY KyJIBTyD; ropox; T9MiHb; 6iodap; rymaty; 6iorperapaT
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