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Prerequisites for cultivating frost-resistant peach varieties
in the Right-Bank part of the Western Forest-Steppe
of Ukraine

Abstract. The necessity of cultivating frost-resistant peach varieties in the Forest-Steppe zone
of Ukraine arises due to frequent sharp fluctuations in air temperature during the winter-spring
period. Their cultivation can mitigate the impact of weather conditions, ensuring stable fruit
production of this crop. The study aimed to analyse the prospects for growing peaches (Prunus
persica Mill.) using intensive technologies under changing climate conditions. An analysis of the
peach-growing situation revealed that it is a widely cultivated drupe in Ukraine and globally. The
main countries leading in peach fruit production were identified: China, Italy, Turkey, Greece, and
Spain. Despite a 24% increase in global peach production between 2013 and 2023, the demand for
this crop has also risen, leading to a deficit and increased imports to Ukraine. Calculations of the
scientifically justified annual consumption norms for peaches showed a shortfall of 187 thousand
tonnes in production, with current production standing at 11.2 thousand tonnes. Several factors
hindering the expansion of peach orchards were identified. The development of frost-resistant
varieties by breeders, suitable for cultivation in the Forest-Steppe of Ukraine, alongside changing
weather conditions, offers opportunities for the safe cultivation of peaches in the region. An
analysis of the weather conditions in the Right-Bank part of the Western Forest-Steppe of Ukraine
was conducted. It was found that between 2013 and 2023, there was a significant increase in the total
active temperatures, with 2023 recording a maximum of 3,777°C. At the same time, precipitation
decreased by 58%, amounting to only 325 mm. Considering the changing weather conditions and
the development of new frost-resistant varieties, which have expanded the peach cultivation
zone to northern regions of Ukraine, it is essential to prepare and implement specific measures
to adapt the horticultural industry to peach cultivation in these new regions to meet domestic
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market demands. It is recommended to initiate trials in irrigated horticulture and develop new
methodological guidelines to provide scientific support for establishing perennial peach orchards
in the Right-Bank part of the Western Forest-Steppe of Ukraine

Keywords: Prunus persica Mill,; productivity; fruit market; climate change; intensive technologies;

drought resistance

INTRODUCTION

In the context of climate change and unstable
temperature regimes, studying the precondi-
tions for growing frost-resistant peach varieties
is crucial for ensuring the effective adaptation
of this crop to various climatic conditions, espe-
cially in regions with cold winters. Researching
these preconditions will help develop agronom-
ic approaches to optimise the growing process.
Frost-resistant peach varieties have the poten-
tial to expand cultivation areas in new regions,
such as the Forest-Steppe of Ukraine, where
peaches were previously less suitable for culti-
vation. In addition, studying the preconditions
for cultivation will help reduce the risk of crop
losses from adverse weather conditions and
stabilise the production of this crop, which is
important for meeting the growing needs of the
domestic market.

According to J. Mohammed et al. (2021) and
W. Liu et al. (2022), the value of peaches as a fruit
crop lies in their nutrient-rich and biological-
ly active components. They also contain vita-
min P (anthocyanins, catechins, flavones), vita-
min C (ascorbic acid), provitamin A (carotene),
malic and citric acids, and pectin substances
(Gecer, 2020; Aubert & Chalot, 2020).

Peach fruits are primarily consumed fresh
or used in the confectionery or canning indus-
try. Recently, new methods of storing and us-
ing the fruit have been developed. In studies
by P. Wang et al. (2018), Y. Zhong et al. (2021),
and K. Zhu et al. (2023), it was shown that quick
freezing fully preserves the dietary, nutritional,
and taste qualities of the fruit. The diverse com-
position of peach fruits indicates not only their
nutritional value but also their medicinal prop-
erties, which is especially important in the com-
plex ecological situation in the world.

The peach, traditionally recognised as a
southern crop, is gradually expanding into oth-
er regions of Ukraine due to the introduction

D

of new varieties and the adaptation of cultiva-
tion technologies. V. Blinova (2019) emphasis-
es that climate changes and improvements in
agrotechnical practices have enabled the suc-
cessful cultivation of peaches in more northern
regions. Research by D. Hromov (2023) high-
lights the importance of selecting adapted va-
rieties for the western and northern parts of
the country, where climatic conditions differ
from those in the southern regions. These are-
as experience cooler temperatures and higher
humidity, which affect the growth and develop-
ment of peach trees. According to 1.V. Liadska
& 0.Yu. Holovko (2023), most of Ukraine offers
favourable conditions for stable fruit produc-
tion, including peach cultivation using inten-
sive technologies. However, the combination
of intensification factors and their role in yield
formation vary significantly depending on the
region, soil fertility, utilisation of the variety’s
biological potential, and the availability of mate-
rial resources for the technology used.

Special attention is paid to the choice of vari-
ety in the research of O.M. Aleksieieva & LV. Yudyt-
ska (2023), as varieties created in Ukraine are the
most adapted to its conditions and contribute
to increasing the efficiency of fruit production.
Each zone has its own characteristics. In the For-
est-Steppe zone of Ukraine, new frost-resistant
varieties of this valuable crop are being intro-
duced, which is due to their high adaptability to
temperature fluctuations in the winter-spring
period. D.G. Bielenberg § K. Gasic (2022) have
proven that this is facilitated by the duration
of dormancy, the rate of morphogenesis, and
the winter hardiness of the generative buds.

At the same time, the Forest-Steppe of
Ukraine experiences unfavourable weath-
er conditions during the growing season each
year. D. Natalchuk § L. Pavliuk (2024) found that
the spring and summer periods are marked

Plant and Soil Science (15)3
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not only by rising temperatures but also by fre-
quent droughts. Although the average annual
precipitation for 2013-2023 was 418 mm, its dis-
tribution was highly uneven. High air temper-
atures and low humidity levels lead to atmos-
pheric drought, which eventually turns into soil
drought. While peach is a drought-tolerant crop,
a lack of rainfall can result in not only a decline
in the commercial quality of fruit in a drought
year but also affect the formation of genera-
tive buds for the following year. D. Natalchuk &
L. Pavliuk (2024) found that although peach is
noted for its drought tolerance, there are differ-
ences among varieties in terms of leaf tissue wa-
ter content and water deficit indicators. These
varieties are classified into three drought-re-
sistance groups: highly drought-resistant,
drought-resistant, and moderately drought-re-
sistant. The water loss dynamics observed, de-
pending on the drought-resistance group, indi-
cate that highly drought-resistant combinations
possess the highest water retention capacity.
Therefore, in the context of climate change, it
becomes increasingly important to develop va-
rieties that are well-adapted to adverse abiotic
environmental factors, particularly frost and
drought resistance.

The aim was to analyse the prospects for
peach cultivation using intensive technology
under the conditions of climate change.

The study is based on a detailed analy-
sis and identification of frost-resistant peach

varieties listed in the State Register of Plant Vari-
eties Suitable for Propagation in Ukraine (2024),
as well as the most promising and introduced
varieties. For these varieties, key factors that en-
able the expansion of peach cultivation to more
northern regions of Ukraine have been identi-
fied based on a review of literature sources. The
analysis of FAO data (n.d.) on global peach pro-
duction is limited to 2022, as this was the most
recent data available at the time of publication.

Peach Cultivation
in Ukraine and Worldwide

Between 2012 and 2022, the global area un-
der peach cultivation saw a slight increase.
According to the FAO (2024), the area dedi-
cated to peach orchards globally expanded by
1.8 thousand hectares, reaching 1,542,648 hec-
tares by 2022. During this period, gross peach
production grew by 24%, reaching 26.3 mil-
lion tonnes. China remains the world’s leading
peach producer, with an average annual out-
put of 154 million tonnes, which increased to
16.8 million tonnes in 2022 (Fig. 1). In contrast,
Ukraine produces only 21 thousand tonnes of
peaches. Other major peach-producing coun-
tries include Italy (1.2 million tonnes), Tur-
key (1 million tonnes), Greece (895 thousand
tonnes), Spain (871 thousand tonnes), the USA
(666 thousand tonnes), Iran (577 thousand
tonnes), Chile (312 thousand tonnes), and Egypt
(272 thousand tonnes).

666000 577000 312000
871000 272000
895000
1000000 China M Italy Turkey
1200000 B Greece M Spain USA
16800000 .
Iran W Chile Egypt

Figure 1. Global peach production, tonnes, 2022

Source: compiled by the authors based on FAO (n.d.)

In Ukraine, the largest area dedicated to
peach orchards was recorded in 1998, totalling
20.5thousand hectares. However, this area grad-
ually declined to 3.3 thousand hectares by 2018
and further decreased to 1.5 thousand hectares

Plant and Soil Science (15)3

by 2023 (Fig. 2), primarily due to the annexa-
tion of Crimea and the occupation of southern
regions of Ukraine. Currently, the majority of
peach orchards are concentrated in the Odesa
Region (1 thousand hectares), Dnipropetrovsk
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Region (0.2 thousand hectares), Mykolaiv Region
(0.2 thousand hectares), and Zakarpattia Region
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Figure 2. Peach orchard areas and gross harvest in Ukraine, 1992-2023
Source: compiled by the authors based on the State Statistics Service of Ukraine (n.d.)

Overall, as illustrated in the diagram, the
area dedicated to peach orchards has decreased
by a factor of 13.6, or nearly 93%. However, this
decline has been accompanied by an increase
in yield per unit area. In 1998, the gross har-
vest for an area of 20.5 thousand hectares was
30.9 thousand tonnes, resulting in a yield of only
1.5 tonnes per hectare. In contrast, by 2008, the
figures were 6.7 thousand hectares, 22.7 thou-
sand tonnes, and 3.4 tonnes per hectare, while
in 2018, they stood at 3.3 thousand hectares,
26.4 thousand tonnes, and 8 tonnes per hec-
tare, respectively. Consequently, the yield has
increased by a factor of 5.3, primarily due to the
intensification of production, which involves the
use of new frost-resistant, high-yield varieties
and rootstocks that promote precocity and ena-
ble orchard densification.

Itis worth noting that, given the current lev-
el of production, the domestic market for peach-
es remains deficit. To meet the scientifically jus-
tified annual consumption norm of up to 6 kg
per person, production must be increased to
198 thousand tonnes; however, in Ukraine, only
11.2 thousand tonnes were produced in 2023
(State Statistics Service of Ukraine, n.d.). This
represents a niche that requires development
and improvement, both in cultivation technol-
ogies and in the research of new promising va-
riety-rootstock combinations, which would ena-
ble an increase in peach production in the more
northern regions.

1)

Analysis of Peach Varieties in Ukraine

Under certain socio-economic conditions,
peach cultivation in Ukraine began to develop in
thelate 1940s. The main growing regions includ-
ed Crimea, the western, central, and southern
Steppe, as well as Transcarpathia. Here, varie-
ties of Western European origin were predomi-
nantly cultivated, known for their excellent taste
quality. However, these trees were susceptible
to diseases and damage from low temperatures
(Barabash et al., 2000).

However, the development and utilisation of
frost-resistant peach varieties under favoura-
ble weather conditions enable the production of
high and consistent yields (Shoferistov § Bun-
chuk, 2013; Liadska & Holovko, 2023). Many vari-
eties begin to bear fruit within two to three years
of being planted in a permanent location, and by
the fifth or sixth year, they can produce excep-
tionally high yields, making this crop highly prof-
itable in commercial orchards (Hulko, 2009). For
this reason, peach fruits enjoy unrestricted de-
mand among the population, creating the con-
ditions for further comprehensive study of this
crop in various fruit-growing zones.

As of 2024, the list of peach varieties suit-
able for propagation in Ukraine comprises 26
officially recommended varieties. Among these,
16 are recommended for the Forest-Steppe
zone, with frost-resistant varieties including
Kniazhehradskyi, Dniprovskyi, Druzhba, Ky-
ivskyi rannii, Lesia, Liubymets II, Oksamytovyi,
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Pamiat Hryshko, Pecherskyi, and Slavutych.
Most of these varieties were developed at the
M.M. Hryshko Central Botanical Garden and the
Institute of Horticulture of the National Acad-
emy of Agrarian Sciences (NAAS) in Kyiv (State
Register..., 2024). Significant work has also been
undertaken to create high-quality winter-hardy
peach varieties that are resilient to the climat-
ic conditions of Ukraine at the Nikita Botanical
Garden (Yalta), the Institute of Irrigated Horti-
culture (Melitopol), Odesa State Agrarian Uni-
versity, and Uzhhorod State Agrarian University
(Turovtseva & Turovtsevoi, 2002; Rikhter, 2013).
Notable varieties developed at these institu-
tions include liunskyi Rannii, Krymskyi Fei-
erverk, Charivnyk, Skazka, Zlatodar, Posol Myru,
Vireneia, and Zolotystyi. Furthermore, peach
breeding is ongoing, with new varieties being
created that have already been registered or are
proposed for inclusion: Mostyskyi, Mostyskyi
diamant, Kniazhe bahatstvo, Kniazhe Zoloto,
Pontiiskyi, Osvizhaiuchyi and Karnavalnyi (Ly-
tovchenko et al., 2011).

The assortment of peaches in Ukraine is
also being supplemented by varieties of foreign
breeding. The primary criteria for selecting a
variety for cultivation in commercial orchards
are, first and foremost, frost resistance, market-
ability, and transportability (Klochko, 2014). The
most commonly introduced varieties include
Redhaven, Early Crest, Rich May, Ruby Prince,
George Line, Harbinger, and Harness. Addition-
ally, there is considerable popularity for varie-
ties marketed under the general brand name
Flemin Fury: PF 58, PF 1IN, PF 19 007, PF 24C, PF
23, and PF 24 007 H.H. Klochko (2013), in stud-
ying the introduced peach varieties Gold Line,
Harrow Beauty, Montar, and Harrow Diamond,
noted their high adaptability to cultivation
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conditions and indicated that they could serve
as parent varieties exhibiting high fruit quality
for future breeding efforts.

Frost and Winter Hardiness of Peaches
in the Context of Climate Change
Cultivating peaches in the majority of Ukraine
is a risky endeavour. A crucial factor influ-
encing both productivity and the regularity
of fruiting is the tree's winter hardiness. Ac-
cording to L.M. Holubkova (2016), 1L.V. Liadska
§ 0.Yu. Holovko (2022), peaches are the most
thermophilic deciduous fruit crop in temperate
climate zones. Temperature regime is one of the
primary factors that determines the cultivation
of peaches in a particular area. When there is
insufficient warmth during the growing season,
peach trees may grow, but their fruits do not rip-
en. For instance, in Denmark and southern Swe-
den, peach plants can withstand winter temper-
atures; however, due to a lack of the necessary
warmth in the summer months, their fruits fail

to mature (Aleksieieva & Yudytska, 2023).

In her research, O. Bezkrovna (2014) estab-
lished that an optimal sum of effective tempera-
tures of up t0 2,500 °C is required for the normal
growth and ripening of peach fruits. However,
prior to 2013, the sum of active temperatures in
the Kyiv Region did not support the cultivation
of peaches. Between 2013 and 2023, however, a
significant increase in the sum of active temper-
atures was recorded in Kyiv. According to data
from the meteorological station located in the
experimental orchards of the Institute of Horti-
culture of the NAAS, the sum of active tempera-
tures was 3,192 °C in 2013 and remained at that
level until 2017. From 2018 onwards, it increased
to 3,681 °C and continues to rise with periodic
fluctuations (Fig. 3).
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Figure 3. The sum of active temperatures and precipitation for 2013-2023
Source: compiled by the authors based on data from the meteorological station of the Institute of Horticulture NAAS
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In 2023, a record maximum sum of active
temperatures was recorded at 3,777 °C, enabling
the unobstructed cultivation of not only peaches
but also other heat-loving crops in this region.
Such changes in temperature patterns have
been noted by several researchers, including
0.V. Shevchuk (2023), who states that during the
period from 1991 to 2020, this positive anomaly
(the deviation of air temperature from climatic
norms) was the largest across the entire coun-
try in the history of instrumental meteorological
observations.

However, for peaches, the temperature re-
gime is significant not only during the grow-
ing season but also during the dormant period
(Shoferistov & Bunchuk, 2013; Fadén et al., 2020:;
Milech et al, 2022). An analysis of long-term
data on the productivity and condition of peach
plantations indicates that even in the southern
and southwestern regions of Ukraine, where
the industrial cultivation of this plant is well
established, critical conditions for the overwin-
tering of trees periodically arise (Riabov, 2011).
Approximately once every 5 to 10 years, criti-
cal conditions for plant overwintering devel-
op, characterised by sharp fluctuations in low
temperatures and their prolonged effect during
the winter-spring period, especially with mini-
mal snow cover, leading to the freezing of flow-
er buds and wood in areas such as Transnistria,
Kyiv, Zaporizhzhia, and even Crimea. O.M. Alek-
sieieva § 1.V. Yudytska (2023) note that the most
damage is often caused by temperature fluctua-
tions in February when thaws alternate with sig-
nificant drops in temperature at night. Several
researchers from other countries also address
spring frosts as a limiting factor in peach culti-
vation (Kuden et al., 2018).

In adormant state, depending on the variety
and rootstock, peaches can withstand low tem-
peratures ranging from 23 to 28°C. For swollen
buds, temperatures of 18 to 19°C are detrimen-
tal, while for split buds, approximately 12°C is
critical. During the flowering stage, buds are
damaged at temperatures between 3 and 4°C,
meaning that spring frosts can destroy a signif-
icant portion of the harvest (Feshchenko, 2004).

O.M. Aleksieieva & PH. Bondarenko (2021)
asserted that a decrease in peach yield is only
observed when 75 to 80% of the floral buds are

1)

killed. Additionally, the second wave of growth,
or what is referred to as premature shoots, plays
a crucial role in the trees winter hardiness. It
is known that flower buds exhibit the greatest
winter hardiness during the phase of arche-
osporium (the initial formation of pollen), which
occurs during the deep dormancy of the plant.
In the second wave of growth, this phase lasts
longer (up until the end of January), allowing
the buds on these shoots to maintain frost re-
sistance for a significantly extended period. At
the same time, several researchers indicate that
the yield of peaches depends on the formation
and differentiation of generative buds on these
growths; poor bud formation makes it impos-
sible to achieve high yields. Bud differentiation
occurs in the second half of summer and is in-
fluenced by variety, weather conditions, plant
nutrition, and other factors (Li et al., 2016; Bep-
pu, 2020; Suranyi, 2020).

The winter hardiness of drupes, includ-
ing peaches, refers not only to their resistance
to low temperatures but also to their ability to
withstand a range of adverse factors during the
winter period. Among these factors, the most
significant are the characteristics of the tem-
perature regime, the desiccating effect of wind,
frost, and sunburn.

Drought Resistance as a Factor
in Achieving Stable Yields
However, the winter hardiness of peaches is
significantly influenced by the plant’s develop-
ment and its progression through various stag-
es of organogenesis. Beginning in the second
half of summer, processes commence within
peach plant tissues to prepare for winter - shoot
growth ceases, structural reorganisation oc-
curs within the cells, and a series of physiolog-
ical processes take place. These include the ac-
cumulation of starch, sugars, and phosphorus
compounds, a reduction in the levels of growth
stimulators, and anincrease in the number ofin-
hibitors (Opanasenko, 2005). As a result of met-
abolic changes, plants enter a state of dormancy,
reaching a physiological condition that confers
high frost resistance; however, this resistance
may be insufficient in the absence of favourable
weather conditions. For instance, during notice-
able drought or cool, rainy weather in summer,
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trees may fail to complete their vegetative cycle
adequately and may perish during frosts that
trees cultivated under favourable summer con-
ditions can withstand. It has been established
that following drought periods, frost resistance
decreases by 4-6°C (Kryvoshaka et al., 2018).

Consequently, drought resistanceis a crucial
economically valuable trait of a variety, as it re-
flects adaptive properties to moisture deficiency
and impacts the overall health of the plants, as
well as their yield and fruit quality. Among fruit
crops, peaches are classified as drought-re-
sistant, characterised by an enhanced ability of
their leaves to retain water, relatively rapid res-
toration of turgor after wilting, and the capacity
to utilise low levels of available water in the soil
(Smykov et al., 2013). The resistance to drought is
facilitated by a well-developed vascular system,
primarily attributed to the organism’s genetics,
as well as the physiological, biochemical, and
anatomical characteristics of the aerial organs
(Liu, 2023). In this context, there is a significant
reduction in moisture loss through transpira-
tion and an increased heat resistance of the
tissues, which in turn contributes to the overall
high drought resistance of the organism (Bun-
chuk, 2013).

At the same time, to achieve high yields
of market-quality produce, particularly under
drought conditions, peaches require a substan-
tial amount of water. Atmospheric precipitation
constitutes the primary component of the water
balance. Insufficient rainfall from May to August
leads to significant crop losses, while tempera-
ture fluctuations and inadequate precipitation
adversely affect plant growth and development
(Silaev, 2003). Water serves as both a solvent and
a medium for the movement and exchange of
substances, and its high specific heat capacity
helps stabilise plant temperatures (Kryvosha-
ka,2012). When moisture is deficient, fruit-bear-
ing plants cease to grow, their leaves and fruits
wilt and drop, and the formation of generative
buds diminishes, consequently reducing yields
not only in the drought year but also in the fol-
lowing year (Fernandez et al., 2020).

An analysis of the total precipitation from
2013 to 2023 reveals a clear trend of decreasing
rainfall (Fig. 3). Previously, from 1961 to 1990, the
average annual precipitation across Ukraine
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was 578 mm (Shevchuk, 2023); however, this
figure has now dropped to 418 mm in the Kyiv Re-
gion. The year 2022 was notably the driest, with
a total precipitation of 249 mm, representing a
reduction of 67% compared to the long-term av-
erages. A significant decline in rainfall has been
observed since 2015 when the total was 301 mm.
Moreover, not only is the total amount of precip-
itation decreasing, but it is also unevenly dis-
tributed throughout the growing season of the
trees. A detailed month-by-month analysis indi-
cates that the driest months are July and August,
during which the future harvest is established.

Consequently, considering climate change -
specifically the increase in active tempera-
ture accumulation, the reduction of minimum
winter temperatures, and the development of
frost-resistant peach varieties by both Ukrain-
ian and foreign breeders - conditions are be-
coming favourable for cultivating this crop in the
Forest-Steppe zone of Ukraine. The insufficient
moisture during the growing season presents
new challenges for researchers, particularly in
establishing irrigation horticulture experiments
in this area. It is essential to develop new meth-
odological recommendations and provide scien-
tific support for the establishment of perennial
plantings,including peach orchardsbybothcom-
mercial farms and private amateur gardeners.

CONCLUSIONS

The analysis of various literary sources indi-
cates that the peach is a widely cultivated drupe
globally, with both the area under cultivation
and yield continuously increasing. In contrast,
Ukraine has experienced a reduction in cultivat-
ed area; however, the implementation of inten-
sification elements has led to a 5.3-fold increase
inyield, while the needs of the domestic market
remain unmet. The primary objectives set for re-
searchers and horticulturists involve expanding
cultivated areas not only in the southern regions
but also in more northern areas due to chang-
ing climatic conditions. Among the key factors
facilitating the spread of peach cultivation into
northern regions of Ukraine is the develop-
ment of frost-resistant varieties that can adapt
to unstable weather conditions during the win-
ter-spring period. Additionally, the temperature
regime plays a significant role, particularly the
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increase in active temperature accumulation
during the spring-summer period, both with-
in Kyiv Region and in other regions of Ukraine,
allowing peaches and other heat-loving crops to
grow and bear fruit uninterruptedly, as well as
ensuring even ripening of the fruits.

At the same time, it has been established
that the high temperatures and insufficient
rainfall observed during the period 2013-2023
create conditions for the formation of dan-
gerous phenomena in horticulture - air and
soil droughts. Therefore, drought resistance
is also an important characteristic of the crop

to the shift in the distribution range of peach
culture to more northern regions of Ukraine, it
is necessary to prepare and implement special
measures to adapt the horticultural industry to
the cultivation of this crop in new regions for it.

It is recommended to start laying down ex-
periments on irrigated horticulture and devel-
op new methodological recommendations to
provide scientific support for the establishment
of perennial peach plantations in the condi-
tions of the Right-Bank part of the Western For-
est-Steppe of Ukraine.

and variety in particular, as it affects the over- ACKNOWLEDGEMENTS
all condition of plants, yield, and fruit quality. = None.
Thus, considering the weather changes of re- co
cent years and the creation by breeders of new NFLICT OF INTEREST
frost-resistant varieties, which has contributed  None.
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HayKkoBuMiA cNiBpOBITHMK

[HCTUTYT cadiBHMLUTBA HauioHanbHOT akagemii arpapHMX HayK YKpaiHu
03027, syn. CapoBa, 23, m. Kuis, YkpaiHa
http://orcid.org/0009-0004-9941-9166

Onbra PygHuUK-IBaweHKo

[OKTOp CiNbCbKOrOCNoAapCbKMX HayK, FONOBHWI HAYKOBUIA CNiBPOBITHMK
[HCTUTYT casiBHMLTBA HalioHanbHOT akaZemii arpapHmX HayK YKpaiHu
03027, syn. CapoBa, 23, m. Kuis, YkpaiHa
http://orcid.org/0000-0003-2724-9482

MepeayMoBU BUPOLLYBaHHS MOPO30OCTIMKMX COPTIiB NepcukKa
y NpaBo6epeXxHin YacTuHi 3axigHoro Jlicocteny YKpaiHu

AHoTauiga. HeobxigHiCTh BUKOPUCTAHHA MOPO3OCTIMKUX COPTIB IepcuKa y 30Hi JlicocTery
VKpaiHu 06yMOBJeHA YaCTUMU Pi3KUMU KOJIMBAaHHAMU TeMIIepaTypu IIOBITPS y 3UMOBO-
BeCHAHUN IIepiofl, a IX BUPOIIyBaHHA JO3BOJIWTb HiBEIIOBATU BIUIUB ITOTOAHUX YMOB ZJf
cTabiTbHOTO BUPOOHUIITBA IUIOLIB IIi€l KyIBTypy. TOMY METO0 JOCIiAKeHb 6yJ10 MpoaHati3yBaTu
MePCIIeKTUBY BUPOIIYBaHHA mepcuka (Prunus persica Mill) 3a iHTEHCMBHUMU TEXHOJIOTISIMU B
yMoBax 3MiHM KiiMary. [IpoaHanisyBaBIIK CUTYallilo 3 BUPOIIyBaHHS [IePCHKa BCTAaHOBJIEHO, 1110
BiH € JOCUTH NOIIMPEHOIO0 KiCTOUKOBOIO KYJIBETYPOIO, IK B YKpaiHi TaK i B CBiTi. BuAineHo 0CHOBHI
KpaiHu, 1o € JliepaMu 110 BUPOOHULITBY TUIOAIB Mepcuka: Kurat, ITanig, TypeuunHa, [pelis Ta
Icmanis. He 3Ba)kaloyy Ha MPHUPICT BaJIOBOTO BUPOGHUIITBA (Ha 24 %) TUIOAIB MepCUKa y CBiTi 3a
2013-2023 pp. Bizbynock i migBuiie HHA TOMTUTY Ha LII0 KYJIBTYPY, ILI0 ITIPOBOKYE AedilluT i 3pocTaHHA
piBHA iMIIOpTy B YRpaiHi. 3a po3paxyHKaMu i3 3a6e3meueHHs] HAYKOBO-0OIPYHTOBAHUX PIUHUX
HODPM CITOKUBAHHSA IUIOZIB IIEPCUKA BUSBJIEHO, III0 HECTaya iX y BUPOOHUIITBI CTAaHOBUTH 187 TuUC.
T NIPY HUHIMIHBOMY BUPOGHUITBI 11,2 THC. T. BUABIEHO GaKTOPH, IO CTPUMYIOTh PO3IIUPEHHS
TUIOMNI ITiJ TIEPCUKOBUMMU HacapKeHHAMU. [IpoTe CTBOpPeHHS cejleKI[ioHepaMU MOPO30CTiMKUX
COPTIiB, NPUIATHUX AJIS BUPOIyBaHHA B JlicocTeny YKpalHH, pa3oM 3i 3MiHOIO IIOTOJHUX YMOB
IAlOTh MOJKJIMBICTH Jjia 6e3IEeYHOTO KyJABTHBYBAaHHA IIepCUKA B perioHi. IIpoBereHo aHaii3
IIOTOZHUX YMOB IpaBobeperkHOi yacTuHU 3axigHoro JlicocTemy YKpaiHU. VCTaHOBJIEHO, IO
3a 2013-2023 pp. CYTTEBO MiABUINUIIACH CyMa aKTUBHUX TeMIlepaTyp, a 2023 piK Big3HauUBCA
MaKCUMaJIbHUM 3HaueHHAM — 3777 °C. [Ipu LIbOMY CyMa OIlaZiB 3HH3UJIAcA Ha 58 % Ta CTAHOBUTH
BCHOTO 325 MM. BpaxoByrouH IIOTOSHI 3MiHU i CTBOPEHHSI ceJleKLlioHepaMy HOBUX MOPO30CTIMKUX
COPTIB, LI0 CIPUSAJIO 3MillleHHIO apeasy MOLIMPEeHH KyIbTypU IIepCUKa B IiBHIUHI perioHu
VKpainu, HeobxigHa ITiAroTOBKA Ta peaisallig cIielliaIbHUX 3aX0IiB I0A0 afanTallii cafgiBHUYO0l
raJiysi o BUPOLIYBaHHS 1li€l KyJABTYpU Y HOBUX [IJI Hel perioHax 3 MeTOI0 3aI0BOJIEHHS ITOTpe6
BHYTPILIHBOTO PUHKY. PEKOMEHAYEThCA PO3MOYaTU 3aKIaJaHHA [OCHIZIB i3 3pOLIyBaJbHOTO
CaliBHUIITBA Ta PO3PO6GUTH HOBi METOAWYHI peKROMeHpalli Aya 3abe3ledeHHs HAyKOBOTO
CYNpOBOZy NpHU 3aKIafaHHi 6araTopiuHux HacaJKeHb IIEPCHKA B YMOBAaX IIpaBo6epesrHOi
4acTuHU 3axigHoro JlicocTeny YKpalHu

KntouoBi cnoBa: Prunus persica Mill; mpogyKTUBHICTh; pUHOK IJIOAIB; 3MiHA KJIIMaTy; iIHTeHCUBHI
TEXHOJIOTI; ITOCYXOCTiNKICTh
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Impact of biopreparations
on the phytopathological state of potato plants

Abstract. Given the frequent use of chemical agents for the control of potato diseases, it is crucial
to explore protective measures that consider agroecological aspects. This study aimed to determine
theimpact of biological preparations on the development of late blight and alternariosis in potatoes.
Research on the effects of biopreparations on the main diseases of potatoes was conducted over
three years under field conditions at the Volyn State Agricultural Research Station of the Institute
of Potato Growing of the National Academy of Agrarian Sciences of Ukraine. The experimental
design, disease diagnosis, and assessment of the technical efficacy of biological preparations
against potato diseases were performed according to established methodologies. The experiments
revealed that the application of biopreparations under various conditions leads to a reduction in
the intensity of late blight and alternariosis in potatoes, as well as contributing to the preservation
of yield. Lower disease development and higher efficacy of biopreparations were observed
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in the context where the biodestructor Ekostern (1.2 L/ha) and the biopreparation MycoHelp
(20 L/ha) were applied, alongside three rounds of plant spraying with various biological
preparations - Agat-25K, Regoplant, PhytoHelp, and Stimpo. Among these, PhytoHelp, with
an application rate of 1.0 L/ha, exhibited the highest technical efficacy. The use of biological
preparations in different contexts increased potato tuber yield. Specifically, with the application of
MycoHelp at 2.0 L/ha and the spraying of plants with various biological agents, the preserved yield
ranged from 171 to 2.02 t/ha. The application of biopreparations alongside the use of Ekostern at
1.2 L/ha and MycoHelp at 2.0 L/ha contributed to yield increases across various treatments, ranging
from 1.6 to 2.21 t/ha. The obtained results are deemed useful for enhancing the effectiveness of
the integrated protection system for potatoes against specific diseases and for developing organic
cultivation technologies for table potatoes on sod-podzolic soils

Keywords: potato blight; alternariosis; disease development; technical efficacy, potato tuber yield

INTRODUCTION
Biopreparations can provide a more environ-
mentally safe and effective means of protecting
plants from diseases due to their natural active
components, which exert a lesser impact on
the environment compared to chemical agents.
Their application can help reduce the risk of
soil and water resource contamination, as well
as minimise the negative effects on beneficial
organisms essential for maintaining ecologi-
cal balance. Furthermore, biopreparations can
decrease the risk of pathogen resistance devel-
opment, a common occurrence with prolonged
use of chemical treatments. In addition to their
ecological benefits, biopreparations can signif-
icantly enhance crop yields and improve plant
quality owing to their growth-promoting prop-
erties and ability to strengthen plant immunity.
This is critically important for ensuring food se-
curity, as high yields and quality produce meet
the population’s needs and enhance economic
stability within the agricultural sector. The study
and implementation of biopreparations could
be vital steps towards the development of sus-
tainable agriculture and the introduction of new,
more effective methods for combating phyto-
pathogens.

M. Koch et al. (2020) highlighted the signif-
icance of potatoes (Solanum tuberosum L.) in
agriculture due to their high yield potential and
valuable nutritional properties, including min-
erals, vitamins, antioxidants, protein, and fibre.
T. Deguchi et al. (2016) reported that global potato
consumption is approximately 35 kg per person
per year. They also found that optimal growing
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conditions for potatoes are in regions with aver-
age daily temperatures between 10 and 20°C. In
Japan, as noted by the authors, plastic mulching
is often used to accelerate planting and warm
the soil more quickly. This practice is employed
to achieve higher prices for early harvests, free
up land for rice cultivation, and reduce the risk
of late blight under conditions of heavy rainfall.

At the same time, according to T. Artyukh et
al. (2022), the use of polyethylene film mulching
in Ukraine is infrequent, despite the strategic
importance of potatoes for the country’s food
security. As of 2021, Ukraine ranked fourth glob-
ally in potato production and second in per cap-
ita consumption at 139 kg. However, the authors
highlighted that diseases affecting potatoes
during growth and storage are among the key
limiting factors for yield and quality.

According to M. Berhan (2021), late blight
(caused by Phytophthora infestans (Mont.) de
Bary) and alternariosis (caused by Alternaria
solani (Ell. et Mart.) Sor.) are among the most
prevalent potato diseases worldwide. S.K. Bomok
§ M.Y. Pikovskyi (2019) found that during storage,
table potatoes often develop fungal rots such as
dry fusarium, phoma, white, grey, and verticilli-
um rots, as well as common scab and black scurf.
These diseases reduce the quality of tubers, de-
creasing their dry matter and starch content.
Research by S.K. Bomok et al. (2020) identified
late blight and alternariosis as the most danger-
ous potato diseases in Ukraine. M.M. Kyryk et
al. (2012) highlighted that late blight affects the
above-ground parts of the potato plant and can
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also spread to tubers, while alternariosis causes
leaf spot and stem necrosis.

R. Sharma et al. (2020) investigated the
widespread use of chemical pesticides for po-
tato disease control, highlighting the increasing
pesticide load on the biosphere. They identified
a lack of high-yielding varieties and the preva-
lence of diseases, particularly alternariosis, as
major factors limiting potato yield. . Yuen (2021)
also emphasised the significant impact of Phy-
tophthora infestans on food security. Due to the
prolonged use of fungicides for disease con-
trol, many potato varieties require continuous
chemical treatments or possess disease-resist-
ance genes.

Given the challenges posed by chemical
pesticides and the prevalence of potato diseases,
there is a pressing need to explore more sustain-
able disease management strategies. Biological
control, utilising beneficial microorganisms, of-
fers a promising alternative. Z. Gao et al. (2017)
demonstrated the efficacy of soil microorgan-
isms in producing volatile organic compounds
that can influence plant growth and enhance
resistance to pathogens, including grey mould
and late blight.

Numerous scientific studies have demon-
strated the efficacy of biological control agents
in managing potato diseases. Notably, isolates
of Bacillus amyloliquefaciens and Bacillus subti-
lis have exhibited antifungal activity exceeding
50% against a broad spectrum of phytopath-
ogenic fungi, including Alternaria alternata,
Rhizoctonia solani, Fusarium oxysporum and
Fusarium verticillioides, while simultaneously
promoting plant growth (Azeem et al., 2022).

J. Zhang et al. (2023) investigated the effica-
cy of the strain of Bacillus subtilis H17-16, isolat-
ed from healthy potato roots, in controlling po-
tatolate blight caused by Phytophthora infestans.
The study found that strain H17-16 inhibited the
growth of P. infestans mycelium and sporangia,
induced disease resistance in potatoes, and
promoted plant growth. Furthermore, field and
post-harvest applications of H17-16 effectively
reduced the incidence of potato late blight, and
its combination with chitosan or chemical fun-
gicides yielded better results than H17-16 alone.
Additionally, another stain of Bacillus subti-
lis, EG21, demonstrated antagonistic activity

2)

against both Phytophthora infestans and Rhizoc-
tonia solani in vitro.

The research aims to establish the impact of
biological preparations on the development of
late blight and alternariosis in potatoes.

MATERIALS AND METHODS

Research on the impact of biopreparations on
the development of late blight and alternariosis
in potatoes was conducted from 2021 to 2023 at
the Volyn State Agricultural Research Station of
the Institute of Potato Growing of the Nation-
al Academy of Agrarian Sciences of Ukraine
(NAAS). The soil at the experimental site is char-
acterised as sod-podzolic loamy sand. The pota-
to variety Partner was cultivated.

The experimental design, disease diagnos-
tics, and determination of the technical efficacy
of biological preparations against potato dis-
eases were carried out according to accepted
methodologies (Kononuchenko, 2002; Kyryk et
al, 2012). The following biopreparations were
used in the studies:

1. Ekostern Classic (bacteria of the genera
Bacillus, Paenibacillus, Azotobacter, Enterobacter,
Enterococcus, Agrobacterium, and fungi of the
genus Trichoderma; total viable effective micro-
organisms not less than 2.5-5.0 x10° CFU/cm?);

2. MycoHelp (a mixture of cells from Bacillus
subtilis, Azotobacter, Enterobacter, Enterococ-
cus, and fungi of the genus Trichoderma; total
viable effective microorganisms not less than
1.0x10° CFU/g);

3. PhytoHelp (a concentrated mixture of live
natural bacteria Bacillus subtilis — not less than
4x10° CFU/cm3);

4. Agat-25K (based on soil bacteria Pseu-
domonas aureofaciens H-16; cultural substance
of inactivated bacteria, titre 5-8 x 10° before
inactivation, bioactive substances from plant
sprouts, containing macro- and micronutri-
ents, flavonoids, as well as active fractions of
pine extract);

5. Regoplant (contains metabolites of mi-
cromycetes, which are biologically active sub-
stances at a concentration of 0.3 g/L, saturated
and unsaturated fatty acids (C14-C28), polysac-
charides, includes 15 amino acids, as well as ana-
logues of phytohormones of cytokinin and aux-
in nature, micronutrients at a concentration of
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175 g/L, potassium salt of alpha-naphthyl acetic
acid - 1mg/L, and Aversectin C);

6. Stimpo (metabolites of micromycetes,
which are biologically active substances - 1 g/L,
saturated and unsaturated fatty acids (C14-C28),
polysaccharides, 15 amino acids, analogues of
phytohormones of cytokinin and auxin nature,

micronutrients at a concentration of 0.014 g/L,
and Aversectin C).

In this study, mustard was used as a green
manure crop, followed by incorporation into
the soil either without a biodestructor or after
spraying with the biodestructor Ecostern at a
rate of 1.2 L/ha (Table 1).

Table 1. Experimental design for studying the impact
of biological preparations on the development of potato diseases

Factor A

Factor B

Background 1. No biodestructor.
Incorporation into the soil of MycoHelp, 2.0 L/ha

. Control (no foliar application of biological preparations)

. Agat-25K, 100 mL/ha

. Regoplant, 50 mL/ha

. PhytoHelp, 1.0 L/ha

. Stimpo, 15 mL/ha

Background 2. Ecostern 1.2 L/ha.
Incorporation into the soil of MycoHelp, 2.0 L/ha

. Control (no foliar application of biological preparations)

. Agat-25K, 100 mL/ha

. Regoplant, 50 mL/ha

. PhytoHelp, 1.0 L/ha

NI IWNROIDWIN P

. Stimpo, 15 mL/ha

Source: developed by the authors

Subsequently, the impact of biopesticides
was studied following a soil application of My-
coHelp at a rate of 2.0 L/ha (in spring, before
cultivation) and three foliar spray applications
of Agat-25K, Regoplant, PhytoHelp, and Stimpo
on potato plant development, late blight, and
alternariosis. The study adhered to the ethical
guidelines outlined in the Convention on Bio-
logical Diversity (1992).

Potato plants were sprayed at the following
growth stages: when the canopy closed, at bud-
ding, and after flowering.

RESULTS AND DISCUSSION

Analysis of the results revealed that in Back-
ground 1 (soil application of MycoHelp, 2.0 L/ha,
and three foliar spray applications with vari-
ous biological agents), late blight development
on the treated plots ranged from 6.8% to 9.2%,
which was 5.0-74% lower compared to the

control (Table 2). The lowest disease incidence
was observed in treatments with PhytoHelp,
1.0 L/ha (6.8%), and Agat-25K, 100 mL/ha (7.9%).
The development of late blight was also reduced
with the use of Stimpo, 15 mL/ha, and Regoplant,
50 mL/ha, where it was 8.9% and 9.2%, respec-
tively. In the study, the reduction in alternari-
osis development was 6.6-9.4% with a control
disease incidence of 17.5%. The highest value
was observed when using PhytoHelp at a rate
of 1.0 L/ha. The development of alternariosis
was practically the same with the application
of Regoplant, Stimpo, and Agat-25K, with val-
ues 0f 10.9%, 10.8%, and 10.5%, respectively. The
technical efficacy of the tested biopreparations
against late blight was 35.2-52.1%. This figure
against alternariosis reached 377-537%. The
most effective protection of potato plants from
diseases was provided by spraying with Phyto-
Help at arate of 1.0 L/ha.

Table 2. Efficacy of biological preparations against potato diseases (average for 2021-2023)

Disease development, % Technical efficacy, %
No. Experimental variant . ..
Late blight | Alternariosis | Late blight | Alternariosis
Background 1. Incorporation into the soil of MycoHelp, 2.0 L/ha
1 Cpntrc_\l (no foliar a_ppllcatlon of 14.2 175 B B
biological preparations)
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Table 2, Continued

- . Disease development, % Technical efficacy, %

No Experimental variant Late blight | Alternariosis
Late blight ‘ Alternariosis

2. | Agat-25K, 100 mL/ha 7.9 10.5 44.0 40.0
3. | Regoplant, 50 mL/ha 9.2 10.9 35.2 37.7
4. | PhytoHelp, 1.0 L/ha 6.8 8.1 52.1 53.7
5. | Stimpo, 15 mL/ha 8.9 10.8 37.3 38.3

LSD,. 0.31 0.24

Background 2. Ecostern 1.2 L/ha. Incorporation into the soil of MycoHelp, 2.0 L/ha

1 |Gl smmicatonol [ g | ga : -
2. | Agat-25K, 100 mL/ha 6.5 8.1 49.2 42.5
3. | Regoplant, 50 mL/ha 7.9 8.5 38.3 39.7
4. | PhytoHelp, 1.0 L/ha 5.5 5.8 54.7 58.8
5. | Stimpo, 15 mL/ha 7.8 8.4 39.0 40.0

LSD,. 0.21 0.26

Source: developed by the authors

In treatment, variants in Background 2,
where Ecostern (1.2 L/ha) was applied to the soil
along with MycoHelp (2.0 L/ha) and foliar sprays
of biopreparations during the potato growing
season, late blight development decreased to
5.5-7.9% compared to the control, where the dis-
ease incidence was 12.8% (Table 2). The trend
observed in Background 1 was also evident in
Background 2, namely the ability of PhytoHelp
(10 L/ha) and Agat-25K (100 mL/ha) to provide
the maximum reduction in late blight develop-
ment. In the variants in Background 2, the lowest
alternariosis development was also observed in
Variant 4 with PhytoHelp treatment, where the
value was 5.8%, while in variants treated with
Agat, Stimpo, and Regoplant, the value was 81%,
8.4%, and 8.5%, respectively.

The technical efficacy of biopesticides
against late blight in Background 1 ranged from
35.2% to 52.1%, while against alternariosis, this
figure was 37.7-53.7% (Table 2). For both diseas-
es, PhytoHelp at a rate of 1.0 L/ha was the most
effective. Meanwhile, in Background 2, with the
application of Ecostern (1.2 L/ha), an increase

in technical efficacy was observed when using
biological treatments. Specifically, this figure
against late blight was 38.3-54.7%, and against
alternariosis - 39.7-58.8%. The highest efficacy
was observed in variants with foliar application
of PhytoHelp.

The application of biological preparations
on different backgrounds increased potato tu-
ber yield (Table 3). In the control, the potato tu-
ber yield was 10.62 t/ha in Background 1 with a
soil application of MycoHelp at 2.0 L/ha, while
in the control of Background 2 with the use of
Ecostern at 1.2 L/ha and MycoHelp at 2.0 L/ha,
the yield was 11.46 t/ha. In Background 1, with a
soil application of MycoHelp at 2.0 L/ha and fo-
liar application of various biological agents, the
harvested yield was 171-2.02 t/ha. Comparing
the variants of foliar treatment of potato plants
with biopreparations in Background 1, it should
be noted that they differed little in potato tuber
yield, which was 12.33-12.64 t/ha. The highest
yield was established in Variant 4 with a soil ap-
plication of MycoHelp (2.0 L/ha) and three-time
treatment with PhytoHelp (1.0 L/ha).

Table 3. Potato tuber yields under the application of biological preparations (average for 2021-2023)

Experimental variant ‘ Yield, t/ha
Background 1. Incorporation into the soil of MycoHelp, 2.0 L/ha
1. Control (no foliar application of biological preparations) 10.62
2. Incorporation into the soil of MycoHelp at 2.0 L/ha + three foliar applications of Agat-25K at
. . 12.35

100 mL/ha during the growing season
3. Incorporation into the soil of MycoHelp at 2.0 L/ha + three foliar applications of Regoplant at

) X 12.33
50 mL/ha during the growing season

Plant and Soil Science (15)3
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Table 3, Continued

Experimental variant Yield, t/ha
4. Incorporation into the soil of MycoHelp at 2.0 L/ha + three foliar applications of PhytoHelp at
- : 12.64
1.0 L/ha during the growing season
5. Incorporation into the soil of MycoHelp at 2.0 L/ha + three foliar applications of Stimpo at
. h 12.42
15 mL/ha during the growing season
Background 2. Ecostern 1.2 L/ha. Incorporation into the soil of MycoHelp, 2.0 L/ha
1. Control (no foliar application of biological preparations) 11.46
2. Incorporation into the soil of MycoHelp at 2.0 L/ha + three foliar applications of Agat-25K at
. . 13.08
100 mL/ha during the growing season
3. Incorporation into the soil of MycoHelp at 2.0 L/ha + three foliar applications of Regoplant at
h h 13.39
50 mL/ha during the growing season
4. Incorporation into the soil of MycoHelp at 2.0 L/ha + three foliar applications of PhytoHelp at
- : 13.67
1.0 L/ha during the growing season
5. Incorporation into the soil of MycoHelp at 2.0 L/ha + three foliar applications of Stimpo at
h h 13.06
15 mL/ha during the growing season
LSD,, Factor A 0.07
Factor B 0.11
AB 0.15

Source: developed by the authors

The application of biological preparations
on a background of Ecostern at 1.2 L/ha and My-
coHelp at 2.0 L/ha contributed to a yield increase
of 1.6-2.21t/ha in various variants.

In Background 2, tuber yields for variants
with foliar applications of biopreparations
ranged from 13.06 to 13.67 t/ha. Similar to Back-
ground 1, the highest yield was obtained in Var-
iant 4 (soil application of MycoHelp at 2.0 L/ha +
three foliar applications of PhytoHelp at 1.0 L/ha
during the growing season). Variant 3, with a soil
application of MycoHelp at 2.0 L/ha and three
foliar applications of Regoplant at 1.0 L/ha, had
a slightly lower tuber yield of 13.39 t/ha. Mean-
while, Variants 1 (MycoHelp at 2.0 L/ha and Ag-
at-25K at 100 mL/ha) and 5 (MycoHelp at 2.0 L/
ha and Stimpo at 15 mL/ha) showed virtually no
difference in tuber yield, with values 0f 13.08 and
13.06 t/ha, respectively.

In general, scientific literature presents
findings on the varying potential of biological
products in enhancing plant productivity and
limiting the development of potato diseases,
which depend on numerous factors requiring
further study (Osei et al., 2022). The current re-
search has demonstrated the effectiveness of
both biological products applied to sod-podzolic
soil and those applied as foliar treatments.

The results presented indicate that the
application of biopreparations under various
conditions leads to a reduction in the severity
of late blight and alternariosis in potatoes and
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contributes to increased yield. Lower disease
incidence and higher efficacy of biological prod-
ucts were observed when a biodestructor, Ecos-
tern (1.2 L/ha), and a biopreparation, MycoHelp
(2.0 L/ha), were applied to the soil, followed by
three foliar sprays of different biological agents -
Agat-25K, Regoplant, PhytoHelp, and Stimpo.
Among these, PhytoHelp (based on B. subtilis
bacteria) at a rate of 1.0 L/ha exhibited the high-
est technical efficacy. The findings of A. Saba et
al. (2022) confirm the effectiveness of biologi-
cal control agents against potato diseases using
various microorganisms. Specifically, isolates
of Bacillus amyloliquefaciens and Bacillus subti-
lis demonstrated antifungal activity (over 50%)
against a broad spectrum of phytopathogenic
fungi, including Alternaria alternata, Rhizocto-
nia solani, Fusarium oxysporum, and Fusarium
verticillioides, and also promoted plant growth.
In a study conducted by L. Stridh et al. (2022)
under both greenhouse and field conditions,
the impact of various biocontrol agents, such
as Pythium oligandrum, Bacillus subtilis, and
the biopreparations Polygandron and Serenade,
was evaluated for the control of early blight in
potatoes. These agents were used individually,
in combination with each other, or conjunction
with synthetic fungicides. In greenhouse condi-
tions, the application of biocontrol agents led to
a significant reduction in infection by A. solani,
achieving efficacy rates of 50% to 95%. Howev-
er, in field conditions, this effect was much less
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pronounced, indicating the difficulty of achiev-
ing similar results in open fields due to the influ-
ence of various external factors. In light of these
results, the authors of this article conducted
their own field trials, which confirmed the effec-
tiveness of bioproducts not only in controlling
common potato diseases but also in increasing
overall tuber yield. This approach highlights the
potential of integrating biological agents with
other control methods for a comprehensive ap-
proach to improving crop productivity.

A. Alfiky et al (2022) reported that EG21
metabolites exhibited a strong zoosporecid-
al effect on P infestans. The inhibitory effect
against P infestans and R. solani infections was
confirmed on potato leaves and tubers, respec-
tively. The antagonistic potential of Trichoderma
spp. strains against P infestans were evaluated in
vitro by A. Alfiky et al. (2023). In dual culture, P
infestans growth was suppressed by 53% to 95%.

Overall, Pseudomonas spp. strains ex-
hibited varying levels of biocontrol activity
against P infestans in potato tuber bioassays.
For instance, a study by G. Léger et al. (2021)
demonstrated that strains of P, orientalis and P.
yamanorum significantly reduced the level of
late blight, exhibiting a high level of biocontrol
properties. Conversely, strains of P synxantha
were ineffective in inhibiting pathogen growth,
highlighting the need for careful strain selec-
tion for the control of P infestans. These re-
sults also indicate potential variations among
strains of the same genus, requiring further re-
search to identify the most effective biocontrol
agents. Moreover, in addition to the individual
characteristics of strains, environmental con-
ditions can also influence their ability to effec-
tively protect plants from pathogens.

S. Kumar et al. (2023) conducted pot exper-
iments to evaluate the efficacy of three biocon-
trol agents - Trichoderma viride, Bacillus subtilis
and Pseudomonas fluorescens — individually and
in a consortium, for promoting potato growth
and activating defence mechanisms against A.
solani. Results indicated that the application of
a consortium of the three microorganisms sig-
nificantly enhanced plant growth compared to
other treatment methods. Potato plants treated
with the triple-microbe consortium exhibit-
ed a substantial reduction in disease incidence

)

compared to control plants inoculated with
A. solanibut left untreated.

N. Metz § H. Hausladen (2021) investigated
the potential of Trichoderma spp. against A. sola-
ni under laboratory, greenhouse, and field con-
ditions. They found that the choice of a specific
Trichoderma strain can significantly influence
the outcome, as even strains of the same species
demonstrated varying levels of efficacy. Howev-
er, a significant reduction in alternariosis in the
field was recorded in only one of the four years
of field trials. Furthermore, the authors were un-
able to find a significant correlation between in
vitro, in vivo, and field data within a single year,
highlighting the need for field trials to assess re-
al-world efficacy.

Thus, both in the present research and in
studies conducted by other researchers, a pos-
itive effect of biopreparations on reducing the
incidence of diseases affecting table potatoes
has been established. In particular, a decrease
in the infectious load on plants and an increase
in their resistance to pathogens have been ob-
served. This not only improves the quality of the
yield but also reduces the reliance on chemical
protection agents.

CONCLUSIONS

The results of the research indicate that the
use of biopreparations has a positive impact
on the development of both late blight and al-
ternariosis in potatoes. The greatest efficacy
was demonstrated by the product PhytoHelp at
a dosage of 1.0 L/ha, which reduced the level of
late blight infestation to 5.5% and alternariosis
to 5.8%, in conjunction with the application of
Ekostern at 1.2 L/ha. Overall, the technical ef-
ficacy of the investigated products against late
blight reached 54.7%, while against alternario-
sis, it reached 58.8%. Other biopreparations also
contributed to the reduction of disease develop-
ment, although their effectiveness was some-
what lower.

The application of biopreparations also
contributed to increased potato yields. When
using MycoHelp at a rate of 2.0 L/ha in combina-
tion with PhytoHelp at 1.0 L/ha, yields reached
13.67 t/ha, which is 2.21 t/ha higher than the con-
trol. Similarly high yield results were obtained
with other biopreparations such as Agat-25K
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and Stimpo, however, PhytoHelp demonstrated
the most consistent results.

The lowest disease development was ob-
served in treatments where the biodestruc-
tor Ecostern (1.2 L/ha) and the biopreparation
MycoHelp (2.0 L/ha) were applied, followed by
foliar sprays with Agat-25K, Regoplan, Phy-
toHelp, and Stimpo at various growth stages.
PhytoHelp, at a rate of 1.0 L/ha, demonstrat-
ed the highest technical efficacy, resulting in
a yield increase of 2.21 t/ha. Thus, the research
confirmed the high efficacy of biopreparations
in controlling major potato diseases, as well as
their positive impact on yield. This indicates
the feasibility of their use in potato production.
The results obtained suggest the need for fur-
ther studies on the effects of biopreparations
on different potato varieties and other crops.

Additionally, the long-term effects of bioprepa-
rations on the preservation of agroecosystems
should be investigated. It is also important to
study the impact of these products on other
pathogenic organisms that may affect potatoes.
Research into the efficacy of biopreparations
in other soil and climatic zones is promising.

ACKNOWLEDGEMENTS

This research was conducted as part of the pro-
ject “Management of biological activity and
organic matter to increase the productivity of
chernozems of the Forest-Steppe of Ukraine
under climate change’ (state registration
No. 0123U102166).

CONFLICT OF INTEREST

None.

(1]

(2]

(3]

(4]

(5]

(6]
(7]
(8]
(9]

[10]

REFERENCES
Alfiky, A., § L'Haridon, F, § Abou-Mansour, E., § Weisskopf, L. (2022). Disease inhibiting effect
of strain Bacillus subtilis EG21 and its metabolites against potato pathogens Phytophthora
infestans and Rhizoctonia solani. Phytopathology, 112(10), 2099-2109. doi: 10.1094/PHYTO-12-
21-0530-R.
Alfiky, A., Abou-Mansour, E., § De Vrieze, M., L'Haridon, F,, § Weisskopf, L. (2023). Newly isolated
Trichoderma spp. show multifaceted biocontrol strategies to inhibit potato late blight causal
agent Phytophthora infestans both in vitro and in planta. Phytobiomes Journal, 8(1), 70-84.
doi: 10.1094/PBIOMES-01-23-0002-R.
Artyukh, T, Bezsmertna, O., § Melnyk, D. (2022). Problems and prospects of the development
of the potato market in Ukraine, taking into account the zonal specialization of the industry.
Economy and Society, 39. doi: 10.32782/2524-0072/2022-39-54.
Azeem, S, Agha, SI, Jamil, N., Tabassum, B., Ahmed, S, Raheem, A, Jahan, N, Ali, N,, &
Khan, A. (2022). Characterization and survival of broad-spectrum biocontrol agents against
phytopathogenic fungi. Revista Argentina de Microbiologia, 54(3), 233-242. doi: 10.1016/j.
ram.2021.10.005.
Berhan, M. (2021). Review on epidemiology, sampling techniques, management strategies of late
blight (Phytophthora infestans) of potato and its yield loss. Asian Journal of Advances in Research,
7,9-17.
Bomok, S., Taktaiev, B., Pikovskyi, M., § Marieva, O.(2020). Biochemical changes in affected potato
tubers. Protection and Quarantine of Plants, 1, 9-11. d0i:10.36495/2312-0614.2020.01.9-12.
Bomok, SK., § Pikovskyi, M.Y. (2019). Symptomatology of fusarium dry rot of potato tubers.
Scientific Reports of NULES of Ukraine, 5(81). doi: 10.31548/dopovidi2019.05.006.
Convention on the Trade in Endangered Species of Wild Fauna and Flora. (1973, June). Retrieved
from https://zakon.rada.gov.ua/laws/show/995_129#Text.
Deguchi, T, Iwama, K., § Haverkort, A.]. (2016). Actual and potential yield levels of potato in
different production systems of Japan. Potato Research, 59,207-225. doi: 10.1007/s11540-016-
9322-7.
Gao, Z., Zhang, B, Liu, H, Han, J., § Zhang, Y. (2017). Identification of endophytic Bacillus
velezensis ZSY-1 strain and antifungal activity of its volatile compounds against Alternaria
solani and Botrytis cinerea. Biological Control, 105, 27-39. doi: 10.1016/j.biocontrol.2016.11.007.

Plant and Soil Science (15)3


https://doi.org/10.1094/PHYTO-12-21-0530-R
https://doi.org/10.1094/PHYTO-12-21-0530-R
https://doi.org/10.1094/PBIOMES-01-23-0002-R
https://doi.org/10.32782/2524-0072/2022-39-54
https://doi.org/10.1016/j.ram.2021.10.005
https://doi.org/10.1016/j.ram.2021.10.005
http://science.sdpublishers.org/id/eprint/1956
http://science.sdpublishers.org/id/eprint/1956
https://doi.org/10.36495/2312-0614.2020.01.9-12
https://doi.org/10.31548/dopovidi2019.05.006
https://zakon.rada.gov.ua/laws/show/995_129%23Text
http://dx.doi.org/10.1007/s11540-016-9322-z
http://dx.doi.org/10.1007/s11540-016-9322-z
http://dx.doi.org/10.1016/j.biocontrol.2016.11.007

Impact of biopreparations...

[11] Koch, M., Naumann, M., Pawelzik, E., Gransee, A., & Thiel, H. (2020). The importance of nutrient
management for potato production Part I: Plant nutrition and yield. Potato Research, 63, 97-119.
doi: 10.1007/s11540-019-09431-2.

[12] Kononuchenko, V.V. (Ed.). (2002). Methodological recommendations for conducting research with
potatoes. Nemishaeve: IC UAAS.

[13] Kumar, S., Chandra, R., Behera, L., Sudhir, I, Meena, M., Singh, S., § Keswani, C. (2023). Microbial
consortium mediated acceleration of the defense response in potato against Alternaria solani
through prodigious inflation in phenylpropanoid derivatives and redox homeostasis. Heliyon.
10, article number e22148. doi: 10.1016/j.heliyon.2023.€22148.

[14] Kyryk,M.M., Pikovskyi, M.Y,, & Azaiki, S. (2012). Diagnostic signs of diseases of vegetable crops and
potato. Kyiv: Phoenix.

[15] Léger, G., Novinscak, A., Biessy, A, Lamarre, S., § Filion, M. (2021). In tuber biocontrol of potato
late blight by a collection of phenazine-1-carboxylic acid-producing Pseudomonads spp.
Microorganisms, 9, article number 2525. doi: 10.3390/microorganisms9122525.

[16] Metz, N., § Hausladen, H. (2021). Trichoderma spp. as potential biological control agent against
Alternaria solani in potato. Biological Control, 166, article number 104820. doi: 10.1016/j.
biocontrol.2021.104820.

[17] Osei, R, Yang, C., Cui, L., Wei, L., Jin, M., & Wei, X. (2022). Antagonistic bioagent mechanisms of
controlling potato soft rot. Plant Protection Science, 58(1), 18-30. doi: 10.17221/166/2020-PPS.

[18] Sharma, R, Patel, ], Patel, D., § Patel, R. (2020). Management of early blight of potato (Solanum
tuberosum L.) caused by Alternaria solani [(Ellis § Martin) Jones & Grout] through fungicides and
itsimpact on yield. International Journal of Current Microbiology and Applied Sciences, 9(3),1683-
1693. doi: 10.20546/ijcmas.2020.903.196.

[19] Stridh, L., Mostafanezhad, H., Christian, A., Odilbekov, E, Grenville-Briggs, L., Lankinen, A, s
Liljeroth, E. (2022). Reduced efficacy of biocontrol agents and plant resistance inducers against
potato early blight from greenhouse to field. Journal of Plant Diseases and Protection, 129, 923-
938. https://doi.org/101007/s41348-022-00633-4.

[20] Yuen, J. (2021). Pathogens which threaten food security: Phytophthora infestans, the potato late
blight pathogen. Food Security, 13(2), 247-253. doi: 10.1007/s12571-021-01141-3.

[21] Zhang, ], Huang, X,, Yang, S., Huang, A, Ren, ], Luo, X,, Feng, S, Li, P, Li, Z,, § Dong, P. (2023).
Endophytic Bacillus subtilis H17-16 effectively inhibits Phytophthora infestans, the pathogen of
potato late blight, and its potential application. Pest Management Science, 79(12), 5073-5086.
doi: 101002/ps.7717.

@ Plant and Soil Science (15)3


https://doi.org/10.1007/s11540-019-09431-2
https://doi.org/10.1016/j.heliyon.2023.e22148
https://doi.org/10.3390/microorganisms9122525
https://doi.org/10.1016/j.biocontrol.2021.104820
https://doi.org/10.1016/j.biocontrol.2021.104820
https://pps.agriculturejournals.cz/artkey/pps-202201-0002_antagonistic-bioagent-mechanisms-of-controlling-potato-soft-rot.php
http://dx.doi.org/10.20546/ijcmas.2020.903.196
https://doi.org/10.1007/s41348-022-00633-4
https://doi.org/10.1007/s12571-021-01141-3
https://doi.org/10.1002/ps.7717

Khomenko et al.

TeraHa XomeHKO

AcnipaHT

HaujioHanbHMin yHiBEpCUTET BiopecypciB i NPUPOAOKOPUCTYBAHHSA YKpaiHK
03041, Byn. lepois O6opoHu, 15, m. Kunis, YkpaiHa
https://orcid.org/0000-0003-4095-3706

OkcaHa ToHxa

[OKTOp CinbCbKOrocnoAapcbKkmx Hayk, npodecop

HauioHanbHMIA yHiBEpCcUTET BiopecypciB i NPMPOAOKOPUCTYBAHHA YKpaiHK
03041, Byn. Tepois ObopoHu, 15, m. Kuis, YkpaiHa
https://orcid.org/0000-0002-0677-5494

Mopmuna lopaieHko

AcnipaHT

HauioHanbHMI yHiBEpcUTET BiopecypciB i NPMPOAOKOPUCTYBAHHA YKpaiHM
03041, Byn. Tepois ObopoHu, 15, m. Kuis, YkpaiHa
https://orcid.org/0009-0000-1097-7649

OneHa MikoBcbKa

KaHamaaT cinbCbKOrocnoAapCbKMX HayK, AOLEHT

HauioHanbHMI yHiBepcUTET Biopecypcis i NPMPOAOKOPUCTYBaHHA YKpaiHu
03041, Byn. lepois ObopoHu, 15, m. Kuis, YkpaiHa
https://orcid.org/0000-0002-5052-9223

Bnnus 6ionpenapariB
Ha ¢iTonaTonoriyHUM cTaH POC/IUH KapTonni

AHoTaUiq. 3 orgay Ha YacTe 3aCTOCYyBaHHA XiMiYHMX 3ac06iB [T KOHTPOJIIO XBOPO6 KapTOIL,
BaJKJIMBO IIYKaTH MOKJIMBOCTI 3aXVCTY 3 YpaxyBaHHSIM arpOeKoJIOTTIHUX aCIIeKTiB. MeToio pobotu
6yJ10 BU3HaYeHHs BIUIMBY 6i0JIOTTUHUX ITpernapariB Ha po3BUTOK GiToGTOPO3y Ta anmsTepHapiosy
KapTOIUIi. [JOCIiIKeHH BIUTUBY 6i0TIperiapaTiB Ha pO3BUTOK OCHOBHUX XBOPO6 KapTOILIi TPOBOAMIIN
TIPOTATOM TPbOX POKIB y IIOJIBOBUX YMOBax BOJWHCBKOI [epsKaBHOI CLIBCBKOTOCIIONApPCHKOI
JocnifgHoI cTaHLil IHCTUTYTY KapToIuiapcTBa HallioHanbHOI akaZieMil arpapHUX HayK. IIOCTAaHOBKY
€KCIIEpUMEHTIB, [OiarHOCTUKY XBOpOO, BU3HAYEHHS TexXHIYHOI edeKTUBHOCTI 6ioorigyHumx
mIperapariB IpPOTHU 3aXBOPIOBAaHb KAPTOIUI IMPOBOAMWIIN 33 3araJIbHONPUNHATUMU MEeTOIUKaAMU.
ERcITepyMeHTaMU BCTAHOBJIEHO, IO 3aCTOCYBaHHS biomperiapariB Ha pi3HUX GpoHAxX IIPHU3BOAUTD
IO 3HIDKEHHS IHTeHCHBHOCTI pO3BUTKY GiTodTOpO3y Ta ajlbTepHapio3y KapTOIUI, a TaKOX
cripusie 36epeskeHHI0 Bpoykao. HUKYUN PO3BUTOK XBOPO6 i BUIlly epeKTUBHICTh biompernaparis
BimMiueHO Ha $oHi, e BHOCHIM 6iomecTpyrTop EROoCTepH (1,2 j1/ra), 6iompemnapar Mikoxerr (2,0 11/
ra) Ta 37iMCHIOBAIM TPhOX PA30Bi O6IIPUCKYBAHHA POCIIMH PiSHUMU 6i10JI0TTYHMMY MIperaparaMu —
Arat-25K, PerorutaHt, ®@itoxenm i Ctumrmo. [Ipy IIbOMY HaWBUILOK TEXHIYHOIO ePeKTUBHICTIO
xapakTepu3yBaBcsa OiToxenr 3 HopMoo BUTpaTH 1,0 j1/ra. BUKOpUCTaHH 610JI0TYHIX ITperapaTiB Ha
pisHux poHax 3a6e3reyyBao 3pOCTaHHSA BPOXKAMHOCTI 6y/166 KapToruIi. 30KpeMa 3a 3aCTOCYyBaHHS
Miroxent 2,0 ji/rTa Ta O6IIPHUCKYBaHHAM POCIMH Pi3HUMU 6iooTiuHUMU 3acobaMu 36epeReHUX
yposkait cTaHOBUB 1,71-2,02 T/ra. BHeceHHs biompernapatiB Ha $oHi BuKopucTaHHs EkocTepH 1,2 71/
ra Ta Miroxent, 2,0 j1/ra CIIpysiyIo 3pOCTAHHIO BPOJKAMHOCTI y pi3HUX BapiaHTax Bix 1,6 1o 2,21 T/ra.
OTpuMaHi pe3ynbTaTyl OOLIIBHO BUKOPUCTOBYBATHU [IJIs IMiTBUIIEHHS epeKTUBHOCTI iHTEIrpOBaHOI
CUCTEMU 3aXUCTy KapTOILTi BiZ OKpEMUX XBOPOD i pO3pOOKYU OpraHiYHUX TEXHOJIOTIM BUPOILYBaHHS
KapTOILIi CTOJIOBOI Ha JePHOBO-ITi30JIUCTUX I'PYHTAX

KniouoBi cnoBa: piTodpTopo3 KapTOILIi; aIbTepHapio3; pO3BUTOK XBOPO6; TeEXHIUHA ePeKTUBHICTE;
YPOJRaMHiCTh 6y71b6 KapTOTLITi
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Density of soil composite composition
in a changing magnetic field

Abstract. The advancement of technical means for determining soil density in precision
(controlled) agriculture necessitates the enhancement of non-destructive flow interaction
methods. There is also a need to improve methods for assessing soil density, as existing deviations
from optimal values adversely affect the yield of agricultural crops. This research aims to establish
the density of the composites in the granulometric composition of soil by determining the self-
induction voltage in a changing magnetic field. The research methods are adapted to determine
the relationships of Larmor precession under variable inductive current for the density of each
composite in the granulometric soil composition. Experimental investigations were conducted by
measuring the self-induction voltage of a solenoid acting as a sensor for each of the composites
located within the core. The processing of experimental results was carried out according to
the principles of mathematical statistics and probability theory, using approximations in the
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Excel and Statistica software packages. Based on the results of the experimental investigations,
models of the relationships between the density p (1.0-1.5 g/cm?) of soil composites and the self-
induction voltage ¢ =184-192 mV, with a generator voltage of 5 V and determination coefficients
R?=0.95-0.99, have been established. These models enable the assessment of soil density with high
accuracy, thereby facilitating the optimisation of agronomic processes. It has been determined
that these models can be used with a high degree of reliability as calibration characteristics for
the design of technical means for flow-based non-destructive measurement of the density of the
main soil types in Ukraine. Furthermore, it has been identified that future research should focus
on a more in-depth investigation of the relationships between magnetic permeability and the
agrophysical characteristics of soil within the locally defined inductive field of the sensor (solenoid).
An applied aspect of the obtained results is the further development of adaptive machinery and
monitoring systems for soil conditions, aimed at achieving optimal cultivation indicators, as well
as their utilisation by research institutions and instrument-making enterprises

Keywords: soil density; magnetic permeability; self-induction; magnetisation; Larmor precession

INTRODUCTION
Determining soil density in a variable magnet-
ic field is crucial for enhancing the precision
of agrophysical characteristic measurements,
which directly impacts the efficiency of agri-
cultural processes. This method enables flow-
based, non-destructive assessment of soil
conditions, facilitating high-speed, intelligent
cultivation and monitoring of physicochemical
properties. It contributes to the optimisation of
cultivation technologies, increased yields, and
reduced risks of land degradation. Furthermore,
this research opens up new avenues for the de-
velopment of adaptive machines and control
systems that utilise modern methods of contin-
uous non-destructive soil condition assessment.

Research by G. Baranov et al. (2022) indi-
cates that modern agricultural technologies
are based on the use of intelligent systems for
high-quality flow-based soil condition mon-
itoring and the adaptation of machine com-
ponents to achieve the desired agrophysical
parameters, particularly soil density, during
pre-sowing cultivation.

The normative requirements for pre-sow-
ing soil cultivation, particularly for sugar beet,
are established by DSTU 4819:2007 (2009). Ac-
cording to this standard, the depth of the loos-
ened layer, depending on soil moisture, should
be between 2.5 and 4 cm across the entire width
of the mechanised unit and should not devi-
ate from the set value. The density of the seed-
bed should be between 1.2 g/cm?® and 1.3 g/cm?.
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Deviations in soil density from the optimum
lead to reduced yields. For example, experi-
mental studies by S. Kartashov et al. (2012) have
shown that deviations in soil density of 0.1..0.3 g/
cm? (from the optimum) result in a decrease in
yield, particularly for sugar beet, by 20-40%.

The implementation of modern sugar beet
cultivation technologies using precision farm-
ing methods and electronic maps, as proposed
by M. Ivaniuta et al. (2023), should guarantee
flow-based monitoring of soil density in both
time and space, considering its compositional
makeup, and allow for corresponding adjust-
ments in the operation of farming implements.

The impact of soil compositional composi-
tion on density during flow-based monitoring
using electronic devices has not been suffi-
ciently studied. According to J. Ruehlmann et
al. (2020) and P. Panagos et al. (2024), the solid
portion of soil is primarily composed of “physi-
cal clay” (aluminium oxide) and “physical sand”
(silicon dioxide), which are classified as diamag-
nets and paramagnets, respectively.

Existing methods for measuring soil agro-
physical characteristics, as exemplified by the
research of M. Abdulraheem et al. (2024), rely on
the soil's ability to alter its dielectric permittiv-
ity between submerged electrodes depending
on its condition. These methods are effective
for determining parameters such as moisture
content, temperature, and cation exchange
capacity, and are widely used in agricultural
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monitoring tools. However, despite the success
of these methods in measuring these indicators,
they primarily focus on agrochemical properties,
neglecting other important characteristics such
as soil density, which can be determined through
interactions with a changing magnetic field.

In the research conducted by M. Zaouche et
al. (2017), it was noted that to achieve results in
determining agrophysical parameters using
non-destructive flow-based methods, the inter-
action of an electromagnetic field with the soil is
utilised. These methods are based on studies of
eddy currents and reflectometry (radar sensing)
which are applied in soil profiling tools and the
determination of soil horizons.

Measurements of soil magnetic sus-
ceptibility, as proposed by F. Shirzaditabar &
R.J.Heck (2022), are widely used to identify zones
with elevated concentrations of contaminants.
This approach allows for the effective determi-
nation of the content of ferromagnetic minerals
of anthropogenic origin, such as iron oxides and
heavy metals, commonly found in contaminated
soils. Due to its sensitivity to changes in magnet-
ic properties, this method is useful for environ-
mental monitoring, however, its application is
primarily limited to the detection of contami-
nation, requiring further development for ad-
dressing agricultural tasks.

Promising directions for determining soil
density, considering its compositional makeup,
were proposed in the research of N. Asgari et
al. (2018), M.O. Kanu et al. (2014) and S. Ayoubi et
al. (2018), where the adaptation of Larmor pre-
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Figure 1. Diagram of connecting
a solenoid (coil) with inductance L
to an alternating current source
Note: ¢ - generator voltage, ¢, - self-induction voltage,
L - solenoid inductance, I - current
Source: J. Rawlins (2000)

2)

cession methods for analysing the interaction of
a non-homogeneous magnetic field with soil is
considered. This approach involves using induc-
tion measurement methods to convert the elec-
tronic signal into electrical quantities, opening
up new possibilities for the precise determina-
tion of the physical properties of soil. This is a
relevant area of research, as such methods can
significantly improve the accuracy of soil moni-
toring and cultivation.

This study aimed to investigate the depend-
encies of the density of the soil's composite
composition on the self-induction voltage in a
changing magnetic field.

MATERIALS AND METHODS

Experimental research was conducted in 2024 at
the Institute of Bioenergy Crops and Sugar Beet
of the National Academy of Agrarian Sciences of
Ukraine, a research institution located in Kyiv,
Ukraine. For the study, soil composition samples
optimal for sugar beet cultivation were selected,
specifically sandy loam, light loamy, medium
loamy, and heavy loamy.

The essence of the method lies in the fact
thatwhen avoltage from a generator, ¢, is applied
to a solenoid with inductance L, a phase shift in
the current occurs due to Larmor precession
(the interaction of the magnetic field with the
core), as shown in Figure 1. The characteristic of
the phase shift of the current can be determined
from known values of inductive reactance, X,
by measuring the current, I, flowing through the
solenoid (Fig. 2).

o
et) ~ X 6/)
I

()

Figure 2. Diagram for determining
the inductive reactance X,
Note: ¢ - generator voltage, e, - self-induction voltage,
L - solenoid inductance, I - current
Source: J. Rawlins (2000)
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Inductive reactance, X, depends on the rate
of change of current, o, and the magnetic per-
meability of the core, which is proportional to
the inductance L (Rawlins, 2000; Chakraborty §
Majumdar, 2023):

X=wlL, 6)

where o is the angular frequency, rad/s; L is the
inductance of the solenoid (coil), H. Alternatively:

X, =2nfL, %)

where f is the frequency of the alternating cur-
rent, Hz. The inductance of the solenoid can be
calculated from known characteristics of the
construction and magnetic permeability of the
core (Rawlins, 2000):

L=ppy - 3)

where S is the cross-sectional area of the core,
mm?, u is the magnetic permeability of the core,
U, is the magnetic permeability of the vacuum,
U, =4m-107, N is the number of turns; [ is the
length of the solenoid, m.

The current in the solenoid, according to
Ohm's law, can be found by determining the
self-induction voltage ¢, (Fig. 2):

A
1= (4)
The power P consumed by the solenoid in
an alternating current circuit can be calculated
by determining the self-induction voltage ¢, and
the current I (Rawlins, 2000):

P=¢, L (5)
The inductive reactance of the solenoid X,

Q, expressed through the magnetic permeabil-

ity u:
XL=27T'f',U',UO'¥' (6)

The power consumption P, W, used for the
interaction of the solenoid’s induced current
with the soil in the core is determined by the re-

lationship:
_a® )

N2S*
21 f upg—=

P =

To establish the relationships between the
agrophysical parameters of the soil, it is neces-
sary to conduct research on magnetic permea-
bility at a set magnetisation time of the core of a
given density for each soil composition optimal
for growing sugar beets (Table 1).

Table 1. Classification of the soil sample compositions
by granulometric structure (based on N.A. Kachinsky)

T ——— B
Sandy loam 10/20
Light loam 20/30
Medium loam 30/45
Heavy loam 45/60

Source: developed by the authors based on DSTU 4819:2007 (2009)

Optimal indicators and methods for deter-
mining and controlling soil density for sugarbeet
cultivation have been established by research
and relevant regulatory acts, namely: DSTU ISO
11272:2001 (2001), DSTU 4362:2004 (2005),
DSTU 11277:2005 (2005), DSTU 4819:2007 (2009),
DSTU 7846:2015 (2016).

The soil compositions from Table 1 were
pre-cleaned, dried to a moisture level of 0.5-1%,
and weighed with an accuracy of 0.01 grams.
The density range of 1.0-1.5 g/cm?® was artificially
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achieved by pressing each composition into a
50 ml volume. For conducting experimental
studies, the instruments and equipment de-
picted in Figure 3 were used. The AC generator
9 was connected to a laboratory power supply
with stabilised voltage and a coil 11 (solenoid)
functioning as a sensor. The frameless coil con-
sists of 50 turns with a diameter of 32 mm and a
length of 65 mm. The AC generator was set to a
frequency of 600 kHz, with the ability to gener-
ate amplitudes of 3, 4, and 5 V (Fig. 4).
€
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Figure 3. Instruments and equipment

for conducting experimental research
Note: 1 - FNIRSI 1013D oscilloscope (FNIRSI Technology
Co., Ltd, China), 2 - scales (Digital Pocket, China), 3 -
multimeter - DT838 (Avrora LTD, Ukraine), 4 - probes,
5 - sandy loamy soil composition; 6 - light loamy soil
composition; 7 - medium loamy soil composition;
8 — heavy loamy soil composition; 9 - AC generator
(author’s development), 10 - syringe for forming soil
composition samples (Jiangsu Zhengkang Medical
Apparatus Co., LTD., China), 11 - measuring coil
(solenoid) (author’s development)
Source: photo by authors

For the experimental research, a classical
approach to planning was chosen, in which each
factoris changed in turnuntil a partial maximum
is determined while the values of other factors
remain constant. The object of the experimental
research is the relationships between magnetic
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Figure 4. Oscillogram of the alternating
current (voltage) of the generator e
Note: FNIRSI 1013D oscilloscope
Source: photo by authors

permeability and the compositional composi-
tion of the soil, which is established by analytical
studies of the interactions of the magnetic field
with molar mass. The scientific hypothesis is the
presence of relationships between the density
of soil compositions and the inductive current
power of the solenoid under the influence of
magnetic flux interactions.

RESULTS AND DISCUSSION

In the experimental research, a first-order facto-
rial design was used with independent variables
x, - X, (density p) and y, - y, (generator voltage &)
and dependent variable z_ (self-induction volt-
agee,). (Table 2).

Table 2. Results of experimental studies of self-induction voltage ¢,

Density, g/cm3 Self-induction voltage £, mV (z)
X ‘ p Sandy loamy ‘ Light loamy ‘ Medium loamy ‘ Heavy loamy
Generator voltage € (y,=3 V)
X, 1.0 59.3 58.5 58.3 59.2
X, 1.1 59.3 58.5 58.8 58.8
X, 1.2 59.0 59.2 59.2 58.7
X, 1.3 59.3 58.9 59.2 58.5
Xg 1.4 59.0 57.7 58.3 57.3
X 1.5 57.6 57.0 57.9 56.9
Generator voltage € (y,=4 V)
X, 1.0 156.2 154.4 156.1 155.3
X, 1.1 156.1 155.5 154.0 154.5
X, 1.2 155.0 154.5 155.1 154.0
X, 13 153.8 153.0 154.3 153.3
Xy 1.4 151.8 151.8 152.0 153.4
X, 1.5 151.2 150.4 151.8 150.2
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Table 2, Continued

Density, g/cm? Self-induction voltage £, mV(z )
X ‘ p Sandy loamy ‘ Light loamy ‘ Medium loamy ‘ Heavy loamy
Generator voltage € (y,=4 V)
X, 1.0 190 189 191 190
X, 1.1 190 190 191 190
X, 1.2 189 189 190 188
X, 1.3 188 188 189 188
X 1.4 186 187 188 186
X 1.5 185 184 187 185

Source: developed by the authors

The results of the study of the generator am-
plitude of 3V determined the range of variation
of the self-induction voltage ¢, = 59.3-56.9 mV
for density values p=1.0-1.5 g/cm? of all soil com-
positions placed in the solenoid core. It was es-
tablished that with an increase in the density p
of soil composition samples, the self-induction
voltage ¢, decreased, which is justified by the
increase in the specific energy costs of the in-
duction field. For soil compositions, with an in-
crease in their density p from 1.0 g/cm? to 1.5 g/
cm?, the self-induction voltage As, decreased by:
sandy loamy - 17 mV; light loamy - 2.2 mV, me-
dium loamy - 1.3 mV and heavy loamy - 2.3 mV.

Forthegeneratoramplitude of4V,thechange
in self-induced voltage ¢, was determined to be
150.2-156.2 mV for all soil compositions placed
in the solenoid core within the density range
p=10-15 g/cm?. It was established that with an
increase in the density p of soil composition
samples, the self-induction voltage ¢, decreased,
which is justified by the increase in the current
in the sensor (solenoid) supply circuit. For soil
compositions, with a change in their density p
from 1.0 g/cm® to 15 g/cm? the self-induction
voltage Ag, changed by: sandy loamy - 50 mV;
light loamy - 51 mV, medium loamy - 4.3 mV
and heavy loamy - 4.9 mV.

Experimental investigations using a gen-
erator amplitude of 5V revealed a range of
self-induction voltage ¢, from 185 to 191 mV for
all soil composition densities p between 1.0 and
1.5 g/cm?. Results indicated that as the densi-
ty p of soil composition samples increased, the
self-induction voltage ¢, decreased, attributa-
ble to the increased induction current required
to generate the induction field. For soil com-
positions, as their density p increased from
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10 g/cm?® to 1.5 g/cm?, the self-induction volt-
age Ag, decreased by: sandy loamy - 5 mV; light
loamy - 6 mV: medium loamy - 4 mV; and heavy
loamy - 5mV.

To investigate the influence of various fac-
tors based on the results of experimental stud-
ies, mathematical models of the parameters of
their interrelationships have been developed,
along with the determination of their numerical
values. The mathematical model was construct-
ed using a set of factors that characterise the
conditions under which measurements were
taken for each soil composition, following the
current plan.

Based onthe experimental results, function-
al relationships between self-induced induction
and soil composition density (magnetic perme-
ability) were established. Graphs were plotted to
provide a preliminary visual analysis of the in-
teractions of induction current power, resulting
in second-degree polynomial equations for each
soil composition (Fig. 5):

n sandy loamy:

¢,=-6207+36.2p-12.34p?+

+314¢-30.67¢2-3.3p-¢+0; (8)
n light loamy:
€,=-632.7+66.86p -239p%+
+310¢-3015¢2-3.5p-¢+0; (9)

n medium loamy:

¢,=-623.8+40.6p-12.8p%+

+313¢-30.4¢2-3.6p-¢+0; (10)
n heavy loamy:
£,=-606.8+27.6p-8.68p>+
+309.45¢-29.99¢2-370p - ¢+ 0. (12)
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Figure 5. Surface graphs of generator voltage ¢, self-induction voltage ¢,
and density p for soil compositions
Note: a - sandy loamy, b - light loamy, ¢ - medium loamy, d — heavy loamy

Source: developed by the authors

Based on the surface graphs, a dominant in-
fluence of the generator voltage ¢ on the self-in-
duction voltage ¢, was established about the
density indicators of the soil compositions. This
finding is supported by second-order analytical
models of the relationships between the densi-
ty values and the self-induction voltage for each
voltage level of 34 and 5V, with coefficients of
determination R?=0.8-0.98.

From the graph in Figure 6, it can be con-
cluded that the approximation of the measure-
ments using the least squares method (LSM)
enabled the characterisation of the numerical
values of the change in self-induction voltage

%)

g, concerning density p through second-order
equations, yielding coefficients of determi-
nation for each soil composition: sandy loamy
R?=0.81; light loamy R?= 0.89; medium loamy
R?=0.90; and heavy loamy R?=0.95. The per-
centage of variation attributed to the influ-
ence of the factor characteristics on the overall
change in the outcome variable can indicate the
acceptable prospects for the models of relation-
ships based on the data from the experimental
studies. It was established that the coefficient
of determination increases as the fractional
composition of the examined soil composition
decreases.
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Figure 6. Results of experimental investigations into the relationships between
soil composition density and self-induction voltage ¢, (amplitude 3 V)

Source: developed by the authors

As illustrated in the graph in Figure 7, the
approximation of the measurements using the
LSM enabled the modelling of the dependencies
of self-induction voltage ¢, on density p through
second-order equations, yielding coefficients of
determination for each soil composition: sandy
loamy R?= 097, light loamy R?=0.95; medium
loamy R?=0.99; and heavy loamy R?=0.88. It was

157

established that the coefficients of determina-
tion increased with the amplitude of the alter-
nating current for the majority of the soil com-
positions. The percentage of influence of the
factor characteristics on the overall change in
the outcome variable can indicate the acceptable
prospects for the models of relationships based
on the data from the experimental studies.

156
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Figure 7. Results of experimental investigations into the relationships between
soil composition density and self-induction voltage ¢, (amplitude 4 V)

Source: developed by the authors
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The results of the graphical modelling
(Fig. 8) indicate that the approximation of the
determined parameters using the LSM facilitat-
ed the modelling of the relationships between
self-induction voltage ¢, and density p through
second-order equations, yielding coefficients of
determination for the soil compositions: sandy

loamy R?=0.98; light loamy R? = 0.97, medium
loamy R?=0.99; and heavy loamy R?=0.95. The
percentage of influence of the factor charac-
teristics on the overall change in the outcome
variable can determine the prospects for the de-
velopment of relationship models based on data
from experimental studies.

«Sandyloamy , Lightloamy

185
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Figure 8. Results of experimental investigations into the relationships between
soil composition density and self-induction voltage ¢, (amplitude 5 V)

Source: developed by the authors

Analysis of the graphs (Fig. 6-8) reveals that,
with the increase in the amplitude of the gen-
erator’s alternating current from 3 V to 5V, the
self-induction voltage ¢, of the solenoid (sensor)
increased from 59.3 mV to 190 mV for a sandy
loamy soil density of p=1.0 g/cm?®.

The highest coefficients of determination
R?2=095 - 099 for the models describing the
relationships between the density of soil com-
positions p =1.0-15 g/cm?® and the self-induc-
tion voltage £, =184 - 192 mV were observed at
a generator voltage of 5 volts. The models fea-
turing these relationships can be employed as
calibration characteristics for technical means
of non-destructive testing for determining the
density of composite soil compositions.

Comparing the results obtained in this re-
search with other similar approaches to this
issue, it can be noted that density is one of the
critical indicators of soil fertility. Optimal den-
sity levels facilitate the faster development of
the root system (by an average of 2-3 days) and

%)

the increase in vegetative mass, ultimately con-
tributing to higher yields. For most agricultur-
al crops, optimal density levels fall within the
range of 1.1to 1.3 g/cm?. Overall, a deviation from
the optimal density of 1.2 g/cm? for sugar beets,
as noted by S. Kartashov et al. (2012), by 0.1 to
0.3 g/cm?® may lead to a reduction in yield of 20
to 40 per cent.

In agricultural practice, bulk density serves
as a comprehensive indicator of soil physical
condition. For most crops grown on medium to
heavy loamy soils, optimal growth conditions
occur within a density range of p=1.0-1.3 g/cm?,
while for sandy and sandy loamy compositions,
the optimal range is p=12 - 1.5 g/cm? However,
existing methods often fail to provide accurate
measurements of soil conditions throughout the
entire plough layer, hindering the assessment
of tillage equipment performance. According
to V. Kravchuk et al. (2023), current electronic
devices for flow-based density measurement
lack the necessary capabilities for precision
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agriculture and adaptive tillage operations. No-
tably, non-destructive methods based on elec-
tromagnetic interactions with the soil layer are
gaining prominence in modern agriculture.
These methods encompass both contact and
non-contact interactions, as highlighted in the
research by V. Kravchuk et al. (2023).

One of the approaches to addressing the is-
sues of guaranteed adaptive management of soil
cultivation operations is the implementation of
automated tools through the use of electronic
maps with specified indicators of soil cultivation
quality. An important task in designing these
automated systems is the development of flow-
based measurement tools for agrophysical in-
dicators, as highlighted by I. Trinks & M. Preges-
bauer (2016), as well as Y. Zhou et al. (2022).

However, the aforementioned tools inade-
quately respond to the compositional compo-
sition of sandy and clay soils, which form the
basis of the physical composition according to
the classification by Kachinsky, as outlined in
DSTU 4730:2007 (2008), and the research con-
ducted by J. Ruehlmann et al. (2020) and X. Xu et
al. (2022).

According to this classification, the division
of soils based on their granulometric composi-
tion is founded on the complexity of cultiva-
tion by the working components of soil tillage
machines and the fractional composition, as
confirmed by the researcher P. Sanchez (2019).
Soils can be classified into light, such as sandy
and sandy loamy; medium, including light and
medium loams; and heavy, comprising heavy
loams and clays. The granulometric composi-
tion is one of the factors that influence various
physical properties of soils, including densi-
ty, porosity, plasticity, permeability, swelling,
shrinkage, and others.

Research by O. Kruglov et al (2022) indi-
cates that information regarding the agronom-
ic indicators of soil forms the foundation of the
modern concept of “precision” (or smart) ag-
riculture. Soils used in agrotechnological pro-
duction exhibit high levels of differentiation and
dispersion. Standard agrochemical surveys do
not provide adequate monitoring of the actual
situation or the complete realisation of the po-
tential fertility of the soil cover. Consequently,
the measurement of magnetic permeability has
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been proposed as an alternative. It is important
to note that conducting the necessary research
using standardised agrochemical and agrophys-
ical methods is a labour-intensive procedure,
requiring significant time and financial resourc-
es to carry out the relevant analyses.

In the study of M. Hanesch & R. Scholg-
er (2005), it is explored that the determination
of the characteristics of magnetic susceptibil-
ity x and magnetic permeability u is a widely
accepted method in soil science, particular-
ly within the framework of molar mass mag-
netism, frequency dependence, and thermal
behaviour of soils. Furthermore, this study
confirmed that fundamental principles of mag-
netism can be applied to determine parameters
relevant to soil contamination studies. The in-
fluence of several factors, such as mineralogical
composition and particle size, on magnetic field
indicators, is analysed, as well as the relation-
ship between the magnetic susceptibility of soil
and its parent lithology, climate, organic mat-
ter content, topography, sediment sources, and
particle size, among others.

According to the research conducted by
A. Ouallali et al. (2023), a simple, rapid, and
cost-effective method for determining mag-
netic susceptibility y is essential for the precise
mapping of soil erosion. Furthermore, the stud-
ies are aimed at identifying the factors that in-
fluence the variation in soil susceptibility x and
utilising this susceptibility to assess soil erosion
as an inexpensive and efficient means of track-
ing long-term morphological processes and
sedimentation. The results confirm that land
use, slope, and soil type significantly affect sus-
ceptibility x values. Current research indicates a
high efficacy of magnetic susceptibility values
as a rapid, straightforward, and economically
viable approach that can serve as an alternative
method for assessing soil redistribution.

The research conducted by F. Shirzaditabar
§ R. Heck (2021) examines the relationships be-
tween the volume and bulk density of magnetic
permeability p in soil materials. The study pre-
sents a comparison of two types of instruments
formeasuring soilmagnetic susceptibility,based
on interactions in a magnetic field and elec-
tromagnetic induction (EMI). Magnetochem-
ical investigations encompassed particle size
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analysis, pollutant detection, organic matter
identification, paleoecological studies, archae-
ology, as well as soil erosion and degradation.
The results indicate that the investigated devic-
es, which utilise magnetic fields, can accurately
measure the magnetic susceptibility of small
soil quantities, thinly applied layers, or exposed
soil, but are ineffective at measuring materials
beyond 10 cm from the sensor.

The determination of individual soil prop-
erties by compositional composition is partially
traced in the scientific studies of D. Robinson et
al. (2004) and P. McLachlan et al. (2022), using
equipmentbased on the principles of interaction
of the electromagnetic field with the soil and are
not intended to solve the goal of research aimed
at developing non-destructive flow determina-
tion of agrophysical indicators and tillage man-
agement systems.

The studies made it possible to develop de-
vices for flow-based non-destructive determi-
nation of soil magnetic permeability by meas-
uring the values of self-induction voltage in a
changing magnetic field.

CONCLUSIONS

The conducted studies of flow-based determi-
nation of soil density by the induction method
concerning the compositional composition can
be the basis for the development of equipment
for guaranteed adaptive control of working
bodies, which will ensure the achievement of
the specified indicators during the operation
of the unit, increase the yield and efficiency of
the technological process. The obtained results
made it possible to establish the expediency of
determining the magnetic permeability of soil
for flow-based non-destructive density deter-

with the soil, are based on the methods of de-
termining eddy currents and reflectometry. The
disadvantages of eddy current methods in the
soil during flow-based measurement are the
susceptibility to electrochemical corrosion of
the root layer and scattering of the probing sig-
nal depending on its structure, which compli-
cates the use of reflectometry tools.

It is noted that the development of means
for flow determination of soil agrophysical in-
dicators by induction methods will provide an
opportunity to obtain operational monitoring of
therootlayer and respond to changesin the state
during cultivation. Studies have shown that the
relationships between the density of soil com-
positions p and the self-induction voltage ¢, can
be determined by second-order models with de-
termination coefficients R?=0.80 - 0.98 at gen-
erator voltages of 34 and 5 volts. The smallest
error of the models of the relationships between
the density of soil compositions R?=1.0-1.5 g/cm?
and the self-induction voltage ¢, =184 - 192 mV
was observed at a generator voltage of 5 volts.

The obtained models can be used as calibra-
tion characteristics for the design of technical
means for flow-based, non-destructive deter-
mination of the density of various soil structure
compositions. It has been established that to
improve the accuracy of non-destructive flow-
based determination of soil density by induc-
tion methods, it is advisable to use second-or-
der models that characterise the compositional
composition of the corresponding soil type.

The prospect of research is the introduction
of methods for flow-based determination of
agrophysical indicators in the system of guar-
anteed adaptive management of soil cultivation.

mination about the compositional composition ACKNOWLEDGEMENTS
by using the interaction of the induction field. None.
It has been established that modern means
of determining agrophysical indicators, which CONFLICT OF INTEREST
use the interaction of the electromagnetic field  None.
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LLlinbHiCTb KOMMNO3ULIMHOIro CKNnagy rpyHTty
B 3MiHHOMY MarHiTHoMy norsni

AHoTauifa. PO3BUTOK TeXHIUHMX 3acO6iB BU3HAYEHHS LIIBHOCTI I'PYHTy B YMOBaX TOYHOIO
(kepoBaHoro) 3eMJIEpO6CTBA ITOTPEGYE BAOCKOHAJIEHHS METO[iB HEPYHHIBHOI TOTOKOBOI B3AEMOI]I.
IcHye TaKOXX HeobXiIHICTh BIOCKOHAJIEHHS METOZIB BU3HAUYEHHS MUIUTBHOCTI I'PYHTY, OCKIJIBKU
HasBHI BiIXWJIeHHA BiJ ONTHMAaJbHUX 3HadeHb, MAIOTh HETaTMBHUN BIUIMB HA BPOKAWHICTD
CLTBCBKOTOCIIONAPCHKUX KyJIBTYp. MeTa AOCHifyKeHb CIIpSMOBaHa Ha BCTAaHOBJIEHHS IIIJIBHOCTI
KOMIIO3ULII I'PaHyJIOMETPUYHOIO CKJIaJly I'PYHTY LUISXOM BU3HAUEHHS HAIPYT'M CaMOiHJIYKIII
y 3MiHHOMYy MarHiTHOMy IIoni. MeTomu IOCHTiI)KeHb aJalToBaHi 0 BU3HaYeHHS 3B'I3KiB
mpeliecii JlapMopa 3a 3MiHHOTO IHAYKI[IMHOTO CTPyMy IJISl IIiJIBHOCTI KOKHOI 3 KOMIIO3MLIiM
TPaHyJIOMETPUYHOIO CKJIAZy I'PYHTY. EKCIIepUMeHTasbHI AOCTIIKeHH BUKOHYBAJIUCh IIIAXOM
BU3HAUEHH HATIPYTY CAMOIHIYKIIil COIeHOIa K JaTY KA J1J15 KOYKHOI 3 KOMITO3ULIiM pO3TalllOBAHMX
B ocepzi. O6pobKa pe3yNbTaTiB eKCIIepUMEHTAIBHUX JOCTIIKeHb BUKOHYBaIaCh BiIIOBIAHO [0
MIpaBWJI MaTeMaTU4HOI CTAaTUCTHMKU Ta Teopii MMOBIPHOCTI i3 3aCTOCyBaHHAM alpoKCHMallii B
mporpaMHoMy KoMmIieKci Excel Ta Statistica. 3a pesynbTaramMu eKClieprMeHTaIbHUX JOCTiI>KeHb
BU3HAUEHO MOJENi B3a€EMO3B'A3KIB wiiibHOCTI p (1,0-1,5 r/cM?) KOMIIOSHUI[M TPYHTY, HAIPyTH
caMOIHAYKIIiI £, =184 - 192 MB 3a Harpyru reHeparopa 5 B 3 RoedilieHTu geTepMinarii R*=0,95-0,99.
Mogeni 703BOJIAIOTh OLIHIOBATH LIUIBHICTh IPYHTY 3 BHCOKOIO TOUHICTIO, L0 CIIPUSAE ONTHUMIi3allil
arpoTexXHIUHUX IpoLieciB. BU3HAUEHO, IO 3 BUCOKOIO BipOTiAHICTIO 3a3HaYeHi Moziesi MOKYTh 6yTH
BUKOPHCTaHI AK KaJIi6pyBajIbHi XapaKTepUCTUKY AJIS TIPOEKTYBAHHSA TEXHIYHIX 3aC06iB ITOTOKOBOTO
HepyMHIBHOrO BM3HAYeHHS LIUIBHOCTI OCHOBHUX THUIIIB I'PYHTIB YKpaiHU. BU3Ha4eHO TaKOX, L0
TIEPCIIEKTUBOI0 TOJABIINX JOCHTIIKEHb € IIOMINGJIeHe BUBYEHHS B3aEMO3B'A3KIB MarHiTHOI
TIPOHUKHOCTI Ta arpodisvyHuX XapaKTePHUCTUK I'PYHTY B MiClieBU3HAYE€HOMY iHIYKIIMTHOMY II0JIi
ceHcopa (conmeHoina). TIpUKIaHUM aCIIEKTOM OTPUMAHUX PE3YIIBTATIB € MOAAJIBLINI PO3BUTOK
amanTUBHUX MallWH Ta 3acobiB MOHITOPHHIY CTaHy IPYHTY [Js JOCATHEHHS ITOKa3HUKIB
OIITMMAJIBHOTO MOr0 O6pO6iTKy, a TaKOoK, BUKOPUCTaHS HAYKOBO-LOCHIZHUMU YCTAaHOBAMH Ta
IpUIago6yaiBHUMU MiAIIPUEMCTBAMU

KnioyoBi cnoBa: IIiBHICTh I'PYHTY, MarHiTHa [IPOHUKHICT; CaMOIHAYKIIif; HaMarHiUyBaHHS;
npeniecisg JlapMopa
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The impact of mineral fertilisers
on the physicochemical properties
of soil in maize cultivation

Abstract. The use of mineral fertilisers is a critical factor in modern agriculture, significantly
influencing the physicochemical properties of soil, which in turn affects crop yield and quality.
Understanding these impacts is essential for sustainable agricultural practices. This study aimed to
determine the effects of different types and quantities of mineral fertilisers on the physicochemical
properties of soil in the context of maize cultivation. The research involved experimental field
trials with varying applications of mineral fertilisers. Soil samples were collected at different
stages of maize growth and analysed for parameters such as pH, electrical conductivity, organic
matter content, and nutrient availability (nitrogen, phosphorus, potassium). The study employed
a range of methods to investigate the effects of mineral fertilisers on soil properties, including
soil preparation, application of various types and doses of fertilisers, maize planting, plant growth
monitoring, and analysis of soil physicochemical characteristics. The application of mineral
fertilisers led to significant changes in soil pH, with some fertilisers causing acidification and
others increasing alkalinity. Fertilised plots showed increased electrical conductivity, indicating a
rise in soluble salt content. Variations in organic matter content were observed, dependent on the
type and dosage of fertilisers used. It was determined that fertilised plots exhibited elevated levels
of nitrogen, phosphorus, and potassium, directly correlating with the type and quantity of fertiliser
applied. The highest maize yield was achieved with balanced applications of nitrogen-phosphorus-
potassium (NPK) fertilisers, underscoring the importance of balanced nutrient management. These
findings provide valuable insights for optimising fertiliser use, which may contribute to improved
soil health, increased maize yield, and sustainable agricultural practices

Keywords: fertility, yield; growth; fertilisers; cultivation process

INTRODUCTION
Contemporary research focuses on finding a regional soil and climate characteristics. In
balance between high crop yields and main- particular, attention is directed towards study-
taining ecological stability, taking into account  ing the effects of mineral fertilisers combined
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with organic fertilisers, as well as developing
new formulations to reduce environmental im-
pact. This approach supports the development
of more sustainable agriculture that meets
current and future demands. The use of min-
eral fertilisers is a primary practice in modern
agriculture, influencing soil physicochemical
properties and crop yield. T. Mardamootoo et
al. (2021) indicated that nitrogen fertilisers
enhance crop yields but also contribute to soil
acidification.].Jin et al. (2020) examined the ef-
fects of different types of phosphorus fertilisers
on soil pH, finding that they can either increase
or decrease acidity, depending on application
conditions. Researchers such as M. Kolton et
al. (2019) emphasised the need for balanced
mineral fertiliser use to maintain stable nu-
trient levels in the soil, noting that excessive
nitrogen fertiliser use reduces organic matter
content, potentially leading to soil degradation.
J. Kucerik et al. (2018) conducted experiments
with varying doses of potassium fertilisers and
found that optimal doses improve maize yield
without negatively impacting the soil’s physic-
ochemical properties. They also observed that
long-term application of these doses helps
maintain organic matter balance and does not
alter soil acidity levels, preserving soil produc-
tivity. Y. Kuzyakov et al. (2019) highlighted the
importance of considering soil-specific condi-
tions when selecting the type and quantity of
fertilisers. They noted that adapting fertiliser
use to the characteristics of a particular soil
optimises their effectiveness, enhancing maize
yield while minimising environmental risks.
C. Nataris et al. (2021) examined the long-term
effects of mineral fertilisers on soil biota and
found that regular use of certain fertilisers can
reduce microbial biodiversity. They indicated
that this decline in biodiversity may negative-
ly impact soil functions such as organic mat-
ter decomposition and nutrient availability for
plants, which in turn could reduce agroecosys-
tem productivity. Z. Guo et al. (2019) explored
the effects of various mineral fertiliser com-
binations and found that balanced application
of nitrogen, phosphorus, and potassium (NPK)
significantly enhances soil physicochemical
properties and crop yield. Overall, the research
supports the need for an integrated approach

Plant and Soil Science (15)3

to soil fertility management. Mineral fertil-
iser use should take into account soil-specific
conditions and the requirements of particular
crops. The relevance of this study stems from
the need to determine optimal rates and types
of mineral fertilisers to preserve soil fertility
and ensure high maize yields.

This study aimed to investigate the impact
of mineral fertilisers on the physicochemical
properties of soil during maize cultivation and
to develop recommendations for farmers on the
effective use of fertilisers.

The main objectives of the study were as fol-
lows:

n to analyse the effects of different types of
mineral fertilisers on soil pH and electrical con-
ductivity;,

n to examine changes in organic matter
content and nutrient availability under the in-
fluence of fertilisers;

n to identify optimal fertiliser application
rates to secure high maize yields.

The scientific novelty of the article lies in
its comprehensive approach to studying the
impact of mineral fertilisers on soil properties
and maize yield, which includes a detailed anal-
ysis of soil physicochemical parameters and the
development of practical recommendations for
agricultural producers.

MATERIALS AND METHODS

To achieve the study’s objectives, experimental
field trials were conducted at the research base
of the Agricultural University, specifically at the
National University of Life and Environmental
Sciences of Ukraine, in 2023.

The investigation into the effects of mineral
fertilisers on the physicochemical properties of
soil in maize cultivation utilised several meth-
ods, including soil preparation, the application
of various fertiliser types and doses, maize
planting, plant growth monitoring, and analysis
of soil physicochemical characteristics.

Field trials. The research involved the divi-
sion of plots for the application of different dos-
es and types of mineral fertilisers. Soil samples
were collected at the beginning of the experi-
ment and during critical maize growth stages,
allowing an assessment of changes in soil phys-
icochemical properties over time.

(=
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Soil sample analysis. The content of essen-
tial nutrients (nitrogen, phosphorus, potassi-
um) was determined using spectrophotometric
methods. Soil pH was measured via an electro-
metric method, ensuring accuracy and relia-
bility. Soil electrical conductivity was assessed
using a conductometer, which enabled the eval-
uation of the soil's salt balance.

Organic matter analysis. Organic matter
content was determined using Tyurin's volu-
metric analysis method, allowing the assess-
ment of the impact of mineral fertilisers on soil
organic composition.

Biometric indicators of maize. Measure-
ments of plant height, leaf count, and yield were
conducted to evaluate the impact of fertilisers
on maize growth and development. These data
enabled the establishment of correlations be-
tween the use of mineral fertilisers and crop
productivity.

The experimental base of this study was
conducted on chernozem soils. The trials were
performed on plots of 1 m? for each fertiliser
variant, with a total of 10 variations, including
a control Plot without fertiliser application
(Table 1).

Table 1. Characteristics of fertilisers and application methods for experimental plots

- Manufacturer A

Plot Fertiliser ) Dosage | Application method | Season/Growth phase
Plot 1 NPK 15:15:15 UkrAhroNikel 200 kg/ha Disc harrow Pre-sowing period
Plot 2 Carbamide (Urea) Azot 150 kg/ha Sprayer At the bggmnmg of the

growing season
Plot 3 | Crystalline NPK 16:8:24 HidroAhro 100 kg/ha Disc harrow During flowering
Plot 4 Potassium nitrate PhosAgro 120 kg/ha Sprayer Grain filling period
Plot 5 Superphosphate Agroprodservice 250 kg/ha Disc harrow Autumn period
Plot 6 | Organic fertiliser (manure) EkoAgro 20t/ha | In-depth application Pre-sowing period
Plot 7 Liquid fertll.lser pased on AhroKhim 50 L/ha Sprayer Phase 4-6 leaves
humic acids
Plot 8 | Balanced NPK 10:20:10 AgroZahyst 180 kg/ha Disc harrow Development of the
root system

Plot 9 Ammonium nitrate Fosforyt 200 kg/ha Disc harrow Autumn period

Source: author’s own development

Each experimental variant was repeated
three times to ensure the statistical reliabili-
ty of the results. The use of standard soil and
plant analysis methods enabled reproducibility.
Data processing was carried out using software
(SPSS, MATLAB, GIS systems, ANOVA) for statis-
tical analysis, ensuring reliability and accuracy.
This study can be replicated by other research-
ers by following the described methods and
using similar materials. The study adhered to
ethical standards outlined in the Convention on
Biological Diversity (1992) and the Convention
on the Trade in Endangered Species of Wild Fau-
na and Flora (1973).

RESULTS AND DISCUSSION

The cultivation of maize in modern conditions
is a key component of agricultural production,
as this crop serves as an important source of

D

food, feed, and industrial raw materials. How-
ever, maize cultivation faces several challeng-
es, particularly due to climate change, rising
resource costs, and increased demands for en-
vironmental sustainability. Climate change sig-
nificantly impacts maize-growing technologies,
with higher temperatures, irregular rainfall, and
frequent droughts requiring adaptation of both
crop varieties and soil management practices.
Consequently, there is growing emphasis on us-
ing drought-resistant hybrids and improving ir-
rigation systems to sustain stable yields even in
unfavourable conditions. Another critical factor
is the efficient management of resources, par-
ticularly fertilisers, water, and fuel. Rising fertil-
iser and energy costs drive farmers to seek ways
to optimise their expenditure. Precision farming
and advanced agricultural technologies, such
as GPS guidance for the targeted application of
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fertilisers and crop protection products, help
reduce costs and improve efficiency. Environ-
mental sustainability is also of high importance.
Today, farmers strive to minimise their environ-
mental impact, including reducing pesticide and
chemical fertiliser use. Methods of organic farm-
ing, crop rotation, and other practices aimed at
maintaining soil fertility and preventing deg-
radation are increasingly being implemented.

Modern maize cultivation requires adapta-
tion to emerging challenges related to climate
change, economic conditions, and environmen-
tal standards. The use of innovative agricultural
technologies and resource management ap-
proaches has become essential to the successful
production of this vital crop.

The application of nitrogen fertilisers in-
creases soil acidity, potentially reducing nutri-
ent availability to plants and necessitating addi-
tional measures to maintain an optimal pH level.
Conversely, phosphorus and potassium fertil-
isers contribute to improved soil structure by
enhancing the stability of soil aggregates, there-
by boosting water permeability and aeration.
This is particularly beneficial for maize, which
requires well-structured, well-drained soils for
optimal growth. Additionally, mineral fertilisers
significantly raise the levels of essential nu-
trients in the soil, promoting increased maize
yields. However, prolonged and uncontrolled
use of fertilisers can lead to excessive accumula-
tion of these elements in the soil, negatively im-
pacting long-term soil fertility and posing envi-
ronmental risks, such as groundwater pollution.
Therefore, the use of mineral fertilisers in maize
cultivation should be balanced and carefully
monitored to maximise benefits while safe-
guarding soil resources and the environment.

The impact of mineral fertilisers on the
physicochemical properties of soil in maize
cultivation is a significant issue in contempo-
rary agricultural production, as the application
of fertilisers largely determines not only crop
yield but also the ecological condition of the
soils. Numerous studies have been conducted
to date, revealing a variety of results concerning
the changes in the physicochemical properties
of soil under the influence of mineral fertilisers.

One of the key indicators altered by min-
eral fertilisers is the soil acidity level (pH).
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Numerous studies have demonstrated that
intensive application of mineral fertilisers, par-
ticularly nitrogenous ones, leads to soil acid-
ification. For instance, applying 150-200 kg/
ha of nitrogenous fertilisers can decrease pH
by 0.5-1.0 units within a few years of contin-
uous application. Consequently, this affects
the bioavailability of nutrients and the ac-
tivity of microorganisms involved in organic
matter transformations (Hwang et al, 2021).

Another critical aspect is the alteration of
soil organic matter content. The consistent ap-
plication of mineral fertilisers can lead to a de-
crease in humus content in the topsoil. Accord-
ing to AgroTimes (2020), applying 150 kg/ha of
nitrogen-phosphorus fertilisers can reduce hu-
mus content by 5-10% over a 10-15-year period.
This is because mineral fertilisers stimulate mi-
crobial activity, leading to a more rapid decom-
position of organic matter. However, without
adequate replenishment through organic fer-
tilisers or green manures, this can result in soil
degradation.

Furthermore, it is important to consider
changes in soil structure. Research by M. Hun-
ninghaus et al. (2019) indicates that mineral fer-
tiliser application can affect the water and phys-
ical properties of soil, including its permeability
and aeration. Forinstance, prolonged use of high
dosesof mineralfertilisers (exceeding200 kg/ha)
can lead to soil compaction, deteriorating its
structural condition. This reduces the soil’s ca-
pacity to hold water and air, which in turn nega-
tively impacts plant root systems. Consequently,
itis recommended to adhere to optimal mineral
fertiliser application rates and combine them
with organic fertilisers to maintain soil fertility.
Additionally, applying mineral fertilisers at rates
not exceeding 100-150 kg/ha is optimal, allowing
for the maintenance of a stable pH level and pre-
venting soil degradation (SuperAgronom, 2022).
In such cases, the negative impacts on soil struc-
ture and humus content are minimised while
maize yields remain high.

Mineral fertilisers are a crucial component
of modern agriculture, but their use requires
careful management. Systematic monitoring
of soil physicochemical properties, such as pH,
humus content, and water and physical proper-
ties, is essential to prevent the adverse effects of
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long-term fertiliser application. Adhering to ag-
ronomic recommendations regarding fertiliser
rates and combining them with organic practic-
es is key to maintaining soil fertility and sustain-
able maize production.

The impact of mineral fertilisers on the
physicochemical properties of soil in maize cul-
tivation is a significant topic, as their correct
application can significantly increase yields but
also affect the soil and environment. The use of
nitrogenous fertilisers, such as ammonium ni-
trate, can lead to increased soil acidity. Research
by SuperAgronom (2020) shows that regular ap-
plication of these fertilisers can decrease soil pH
by 01-0.3 units per year. When growing maize
using complex mineral fertilisers (nitrogen,
phosphorus, and potassium), an increase in soil
organic matter content of 10-15% is observed
compared to control plots where no fertilisers
are applied. The application of potash fertilisers
can improve the water-holding capacity of the
soil. Statistical data from SuperAgronom (2020)
shows that the use of potash fertilisers increases

this indicator by 5-8%, which positively affects
maize growth, especially under drought con-
ditions. The use of mineral fertilisers in maize
fields on average increases yields by 20-40%.
For example, the application of nitrogenous fer-
tilisers can increase maize yields to 8-10 t/ha
compared to 5-6 t/ha on control plots. Excessive
use of mineral fertilisers can lead to the accu-
mulation of nitrates in the soil, which in turn
contributes to their leaching into groundwater.
According to some data, the concentration of
nitrates in the soil can increase by 30-50 mg/kg
with excessive use of nitrogenous fertilisers.
These statistics highlight the importance of a
balanced approach to the use of mineral fertil-
isers to ensure sustainable maize production
and maintain long-term soil health.

A study investigating the impact of mineral
fertilisers on the physicochemical properties of
soil during maize cultivation revealed signifi-
cant changes in soil parameters and crop yield.
The results were statistically analysed using
ANOVA and are presented in Table 2.

Table 2. Effect of mineral fertilisers on soil pH

Plot Initial pH pH after application
Plot 1 6.5 5.9
Plot 2 6.5 5.8
Plot 3 6.5 6.1
Plot 4 6.5 6.2
Plot 5 6.5 6.3
Plot 6 6.5 6.4
Plot 7 6.5 6.0
Plot 8 6.5 6.1
Plot 9 6.5 6.0

Control 6.5

Note: data presented with a mean error of +0.1
Source: compiled by the author based on research

The plot treated with carbamide (Plot 2) ex-
hibited the greatest decrease in pH, from 6.5 to
5.8, indicating a high acidifying effect of nitrog-
enous fertilisers. Plot 5, where superphosphate
was used, also showed a slight decrease in pH
from 6.5 to 6.3, suggesting a weak acidifying
effect of phosphorus. Potassium nitrate (Plot 4)
reduced pH to 6.2, demonstrating a moderate
acidifying effect of potassium. The complex
NPK 15:15:15 fertiliser (Plot 1) lowered pH from
6.5 to 59, indicating a moderate acidifying

)

effect, although less pronounced than that of
pure nitrogenous fertilisers.

The results obtained demonstrate a signifi-
cant impact of different types of mineral fertil-
isers on the physicochemical properties of the
soil. Specifically, the application of nitrogen (N)
fertilisers led to a decrease in soil pH, which is
consistent with the findings of T. Hirvilammi
§ M. Koch (2020), who noted a similar effect of
nitrogen on soil acidity. The application of phos-
phorus (P) and potassium (K) fertilisers showed
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aless pronounced effect on soil pH, which corre-
sponds to the results of studies by M. Dusenge et
al. (2019).

The data presented in Table 3 indicate that
the application of fertilisers, particularly nitro-
gen-based ones, significantly enhances maize
yield, which can be beneficial for optimising ag-
ronomic practices. The use of mineral fertilisers

increases yields by 20-40% compared to plots
without fertiliser. For instance, yields can reach
8-10 tonnes per hectare on fertilised plots com-
pared to 5-6 tonnes per hectare on control plots.
The application of mineral fertilisers signifi-
cantly improves the growth and development of
maize, resulting in higheryields and better plant
growth indicators.

Table 3. Plant height, leaf number, and yield on experimental plots

Plot Plant height (m) Number of leaves Yield, t
Plot 1 (NPK 15:15:15) 2.4 15 9.0
Plot 2 (Carbamide ) 2.5 16 9.5
Plot 3 (Crystalline NPK 16:8:24) 2.3 14 8.5
Plot 4 (Potassium nitrate) 2.2 15 8.8
Plot 5 (Superphosphate) 2.0 13 7.0
Plot 6 (Manure) 2.1 14 7.5
Plot 7 (Liquid fertiliser based on humic acids) 2.2 15 8.0
Plot 8 (Balanced NPK 10:20:10) 2.3 15 9.2
Plot 9 (Ammonium nitrate) 24 16 9.0
Control 19 12 5.5

Source: author’s own development

Overall, the comprehensive study demon-
strated that the application of mineral fertilisers
significantly increased the content of essential
nutrients in the soil, positively affecting maize
growth and development. The spectrophoto-
metric analysis confirmed a substantial increase
in nutrient content, but it was also found that in-
tensive application of nitrogenous fertilisers led
to an increase in soil acidity, as confirmed by pH
measurements using an electrometric method.
Conductivity measurements indicated that high
doses of fertilisers could increase the risk of
soil salinisation, as elevated conductivity values
were observed. Analysis of organic matter using
the Tyurin method showed that prolonged use
of mineral fertilisers can reduce organic matter
content, which in turn negatively impacts long-
term soil fertility.

Increased soil electrical conductivity follow-
ing fertiliser application indicates an increase in
soluble salt content, as confirmed by the findings
of R. Fang et al. (2020). In particular, a decrease
in soil organic matter content was observed un-
der the influence of high doses of nitrogenous
fertilisers, which aligns with the conclusions of
L. Domeignoz-Horta et al. (2020).
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A significant finding of this study is the de-
termination of the optimal fertiliser combina-
tion to increase maize yield. The highest yield
was achieved when balanced nitrogen-phos-
phorus-potassium (NPK) fertilisers were ap-
plied, confirming the importance of a balanced
approach to plant nutrition, as noted in the re-
search of H. Das et al. (2023).

Comparing the results of this study with
those of the aforementioned researchers allows
us to conclude that a comprehensive approach
to soil fertility management is necessary. The
use of mineral fertilisers should be adapted to
specific soil conditions and crop requirements,
ensuring not only increased yields but also long-
term soil health.

Determining optimal rates of mineral fertil-
iser application is a key factor in achieving high
maize yields. The correct selection of nitrogen,
phosphorus, and potassium fertiliser dosages
allows not only for increased yields but also for
maintaining soil health, preventing soil deple-
tion and degradation (Chi et al., 2020).

To achieve high maize yields, it is necessary
to consider soil type, climatic conditions, and
the specific characteristics of the maize variety.
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Nitrogen fertilisers are typically the most im-
portant for maize growth, as nitrogen is a pri-
mary component required for protein syn-
thesis, which is essential for plant growth and
development. The optimal nitrogen fertiliser
rate is 120-180 kg/ha, depending on the level
of natural soil fertility and organic matter con-
tent. Phosphorus fertilisers are also important,
especially in the early stages of maize devel-
opment. They promote root development and
improve plant resistance to adverse conditions.
The optimal phosphorus fertiliser rate is typi-
cally 60-90 kg/ha of active ingredient. Potassi-
um fertilisers improve plant water relations and
increase their resistance to drought, pests, and
diseases. For maize, it is recommended to apply
potassium fertilisers at a rate of 80-120 kg/ha.
It is also important to integrate fertilisers, tak-
ing into account the plant growth stage. For ex-
ample, the main portion of nitrogen fertilisers
should be applied before sowing or during the
early growth stages to ensure maximum nitro-
gen availability during critical growth periods.
Phosphorus and potassium are best applied
before primary ploughing or before sowing to
ensure their uniform distribution in the soil
(Ukrainian agro-industrial group, 2024).

The impact of mineral fertilisers on maize
cultivation is a critically important topic in mod-
ern agriculture. This is because maize is one
of the most significant crops for both food and
feed industries. It occupies vast areas in many
countries worldwide, including Ukraine, which
is a leading producer of this crop. However, to
ensure stable yields and maintain soil fertility,
mineral fertilisers must be applied correctly,
taking into account specific soil characteristics
and plant needs. It is crucial to note that mineral
fertilisers undoubtedly increase maize yields by
providing essential nutrients such as nitrogen,
phosphorus, potassium, and micronutrients.
However, the misuse of fertilisers can lead to soil
degradation, reduced fertility, and even negative
environmental consequences, such as water
pollution due to nitrate leaching. Therefore, the
judicious and balanced use of mineral fertilisers
is essential for ensuring the sustainable devel-
opment of agriculture.

A key recommendation for successful
maize cultivation is to consider the specific

©)

characteristics of the soil and its agrochemical
composition. According to T. Hao et al. (2020),
it is essential to conduct a soil analysis before
applying fertilisers to determine pH level, or-
ganic matter content, and available nutrients.
This allows for the correct selection of fertiliser
types and rates required for a particular field.
For example, on acidic soils, attention should
be paid to liming to correct acidity, which will
ensure better nutrient uptake and healthy
maize growth.

Exceeding recommended doses of miner-
al fertilisers does not always lead to increased
yields and can sometimes even have negative
consequences. Excessive fertiliser concentra-
tions canreduce plant nutrient uptake efficiency
and alsoadversely affect soil structure, waterand
physical properties, and the activity of soil mi-
croorganisms. Optimal doses should be select-
ed according to agronomic recommendations,
considering soil conditions and climatic factors.

Combining mineral fertilisers with organ-
ic ones is crucial. The combined application of
organic fertilisers, such as compost, manure,
or green manure, helps to maintain and even
increase soil humus levels, contributing to
long-term soil fertility improvement. Organic
fertilisers also enhance soil structure, increase
its water-holding capacity, and promote better
uptake of mineral fertilisers. It is also important
to consider the correct timing of fertiliser appli-
cation. The most effective approach is to apply
fertilisers during growth stages when maize has
the highest nutrient requirements, such as dur-
ing the period of active growth and root develop-
ment. Failure to adhere to these timing recom-
mendations can lead to inefficient fertiliser use
when the plant cannot fully utilise them.

Finally, it is essential to consider chang-
ing climatic conditions that affect maize yields.
Under changing climate conditions, it is neces-
sary to adapt agricultural practices to new con-
ditions, including the optimisation of fertiliser
application. It is important to pay attention to
long-term changes in weather patterns, such as
rising average annual temperatures and chang-
es in precipitation patterns, which affect the
timing and methods of fertiliser application.
Researchers A. Ali et al. (2020) have established
that the correct and balanced use of mineral
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fertilisers is a key factor in ensuring high maize
yields and maintaining soil fertility. The appli-
cation of a comprehensive approach, including
soil analysis, optimal dosing, combination with
organic fertilisers, and consideration of climatic
conditions, will minimise negative impacts and
ensure the stability of agricultural production.
Therefore, optimal rates of mineral fertiliser
application to ensure high maize yields should
be tailored to specific growing conditions, con-
sidering the balance between nitrogen, phos-
phorus, and potassium components, as well as
the plant growth stage. Such an approach allows
for maximum fertiliser use efficiency and the
achievement of consistently high yields.

CONCLUSIONS

Mineral fertilisers have the potential to signifi-
cantly enhance maize yields, but their use must
be balanced and well-considered. This approach
not only ensures high productivity but also pre-
serves the ecological state of soils, a crucial as-
pect of sustainable agriculture. The results of
this study confirm the importance of balanced
mineral fertiliser application for optimising
soil physicochemical properties and increasing
maize yields. The obtained data demonstrate a
positive impact of fertilisers on maize growth
and development, leading to high productivity.
Fertiliser application resulted in a significant
increase in the concentration of essential nutri-

yields, however, potential negative consequenc-
es such as soil acidification must also be con-
sidered. This underscores the need for soil pH
monitoring and regular soil health assessments
to prevent a decline in nutrient availability for
plants. Further research should focus on devel-
oping recommendations for optimal fertiliser
application rates based on soil type and agrocli-
matic conditions, helping farmers to effectively
manage maize production and maintain soil
fertility. In particular, determining the optimal
timing of fertiliser application based on plant
growth stages will allow for maximum utilisa-
tion of their nutrient potential. Studies also in-
dicate the risk of soil salinisation with excessive
use of mineral fertilisers, highlighting the need
to adhere to recommended doses to maintain
soil health and prevent negative impacts on the
ecosystem. Timely fertiliser application and the
correct choice of fertilisers can form the basis
for sustainable agriculture, which requires an
integrated approach to resource management.

Future research could focus on investigat-
ing the long-term impact of different types of
mineral fertilisers on the physical and chemical
properties of soils under varying climatic condi-
tions and soil types. It is particularly important
to explore optimal fertiliser application rates to
ensure high maize yields without negatively af-
fecting the environment.
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AHoTaUiq. BUKOPUCTaHHSA MiHEPaIBHUX JOOPUB € KPUTUYHUM GAaKTOPOM Y CyIacCHOMY CiJTbCBKOMY
TOCIIOZAPCTBI, KUY 3HAYHO BIUIMBA€E Ha $i3MKO-XiMiUHi BIaCTUBOCTI I'PYHTY, IO, B CBOIO YEpry,
BIUIMBAa€E Ha BPOXKAMHICTh Ta AKICTb KyNbTyp. PO3yMIiHHS LIMX BIUIMBIB € BaKJIUBUM [JISI CTAJINX
CITTBCBKOTOCIIONAPCHKRUX IPAKTUK. MEeTO0 HOCTiIKeHHS 6yJI0 BUSBIIEHHS BIUIMBY Pi3HUX TUIIIB Ta
KiJIBRKOCTEN MiHepabHUX J06pUB Ha Gpi3rKO-XiMiuHi BIACTUBOCTI I'PYHTY B KOHTEKCTi BUPOIIYBaHHS
KYKYDPYZ3U. JOCITiIKeHHS BKIIIOYAIO EKCIIePUMEHTAIbHI II0JIbOBI BUIIPOOGYBAHHA 3 pi3HUMU
BapiaHTaMu BHECEHHs MiHepaslbHUX HO6pUB. 3pasKu TPYHTY 36upayivcsa Ha pi3HUX CTamifx
POCTY KyKypyZ3H i aHasi3yBajMcsA 3a TaKMMU IlapaMeTpaMy, K pH, eneKTpoIIpoBifIHICTb, BMICT
OpraHiyHOi PEYOBUHY Ta JOCTYITHICTh MOXXUBHUX PedoBUH (a30Ty, docdopy, Kaio). Y qociimkeHHi
BIIMBY MiHEpaIbHUX J06pUB Ha Gi3uK0o-XiMIUHi BIaCTUBOCTI I'PYHTY IIPY BUPOIILYBaHHI KYKypyA3U
BUKOPHCTOBYBAJIMCA DSAL, METOZIB, 10 BKJIIOYAJIU MiITOTOBKY I'PYHTY, 3aCTOCYBaHHS pi3HUX TUIIIB
i mo3 mo6puB, BUCAIKYBaHHA KYKYPYI31, MOHITOPUHT POCTY POCIWH Ta aHami3 ¢isuKo-XiMiuHMX
XapaKTepUCTUK IPYHTY. OCHOBHI pe3ynbTaTH IOCHIIKEeHHA BHECEHHS MiHepaJpHUX AO6pUB
IIPU3BEJIO 10 3HAUHUX 3MiH piBHA pH I'PYHTY, IIpU LIBOMY IesKi Zo6prBa BUKIMKAIN 3aKUCIEHH,
a iHmi - migBUINEHHS Jy)XHOCT. Ha ymobpeHux HingHRax 6yna Big3HaueHa MifBUlLeHA
€JIeKTPOIIPOBIAHICTE, IO CBiIYNTH Mo 36i/MbIIeHHS BMICTy PO3YMHHUX cOjiel. CrocTepiramucs
3MiHU Y BMIiCTi opraHiyHOi peuoBMHM, 3yMOBJIEHI THIIOM Ta J03yBaHHAM BHKOPUCTaHUX HO6PUB.
Bu3HaueHo, 10 ymob6peHi AiMAHKM TTOKasalu MigBuileHi piBHI a3oTy, docdopy Ta Kajiro, 1o
6e3mocepeiHbO KOPEJIIOE 3 TUIIOM Ta KiJIBKICTIO BHeceHOro HobpuBa. HalBHUIla BpOKaMHICTH
KYKypyZ3u 6y71a ZOCATHYTA IPY 36a1aHCOBAHOMY 3aCTOCYBaHHi a30THO-bochopHOo-KamiHux (NPK)
Io6pUB, IO AEMOHCTPYE BaKIMBICTH 36a/IaHCOBAHOTO YIIPABIIHHSA MMOKUBHUMU PEUOBHMHAMU.
OTpuMaHi pe3ynbTaTy HaJaroTh LiHHY iHGopMalio A onTUMi3aLii BUKOPHUCTaHHS JO6PUB, L0
MOJKe CIIPUATH ITOKpallleHHIO 3[I0POB'Sl IPYHTY, MiABUIIeHHIO BPOXKaMHOCTI KyKYPyA3H Ta CTaJIUM
CLIIbCHKOTOCIIOAAPCHKUM IIPAKTHUKAM
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Crown gall of grapevine
and prospects for its biological control

Abstract. The relevance of this study is conditioned by the spread of bacterial diseases of grapes
in the south of Ukraine and the necessity of improving methods of pathogen identification and
protection. The purpose of this study was to establish the area of bacterial grape cancer in Odesa
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region and to develop preventive measures based on the biological method. The study involved
the inspection of industrial plantations for symptoms of the disease and its spread in the field. The
molecular biological method of real-time polymerase chain reaction (PCR) was employed to identify
the crown gall pathogen. The study was conducted following a certified methodology. PCR laboratory
equipment was used to identify phytopathogens. As a result of the phytosanitary inspection of grape
plantations of various farms in Odesa region, the study found grape bushes with characteristic
symptoms of crown gall, with tumorous tissue growths in various parts of the plants: on the branches,
stem, and grafting sites. Overall, grape crown gall is characterised by a wide distribution in the study
area. According to the findings of the phytosanitary survey, the spread of bacterial grape cancer on
different varieties ranged between 0.3-35%. The causative agent of the disease, A. tumefaciens, was
identified in real time by PCR. The disease manifested itself in the form of characteristic symptoms
and developed in a latent form. The developed multiplex PCR allowed for the simultaneous analysis
of multiple strains of pathogenic agrobacterial isolates. Two isolates of agrobacteria were identified
among the majority of isolates that were subsequently tested for tumour suppression: ILVM1 and
ILVM2, which had elevated levels of antagonistic properties against the crown gall pathogen.
The pathogenicity of the isolated agrobacteria on test plants of tomato and sunflower confirmed
the findings of these properties obtained in vitro. The isolates of ILVM1 and ILVM?2 agrobacteria
considerably inhibited the growth of tumours on the stems of test plants compared to the pathogenic
strain, and therefore they can be used in the future against the crown gall pathogen and to protect
grape plants from secondary infection by the pathogen from the soil. The findings can be used to
improve methods of biological plant protection against bacterial infections

Keywords: grape diseases; polymerase chain reaction; Agrobacterium tumefaciens; antagonist

bacteria; biological protection

INTRODUCTION

Crown gall of grape, caused by Agrobacterium
tumefaciens (Smith et Townsend 1907) Conn
1942, is a systemic, chronic disease. There is al-
most no means of protection against it, and con-
trol is mainly based on the prevention of plant
damage, prompt diagnosis and identification of
the pathogen. The disease causes a 10-20% de-
crease in yield and an average 15-20% decrease
in sugar content (Sawant, 2023). It also impairs
vine ripening. The factors contributing to plant
damage include frost damage, mechanical dam-
age, infection of planting material, soil infection,
and high rates of disease transmission. As a re-
sult of the development of crown gall, industrial
grape growing technologies may face difficulties
in obtaining high-quality products.

As indicated by Y. Noutoshi et al. (2020) and
LA. Kovaleva et al. (2022), fungal, viral, and bac-
terial diseases are widespread and harmful in
various grape growing regions. Among the lat-
ter, crown gall is characterised by high harmful-
ness in vineyards. This disease can spread rap-
idly among plants, especially under favourable
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conditions for bacteria, which significantly com-
plicates the fight against it. As a result of crown
gall, the overall productivity of vineyards and the
quality of the crop are reduced, whichleads to se-
rious economic losses. The study by A. Konup et
al. (2019) found that among the various infec-
tious diseases in the vineyards of certain dis-
tricts of Odesa region, crown gall accounts for
about 25%. These statistics highlight the rele-
vance of the problem and the importance of de-
veloping effective measures to control and treat
this disease. Furthermore, the high prevalence
of crown gall in the region requires attention
from plant protection specialists and research-
ers to monitor the condition of vineyards and
take prompt action. According to M.G. Thomp-
son et al. (2020), symptoms of the disease are
more likely to occur on bush boles, especially af-
ter damage by abiotic factors. This suggests that
stressful conditions, such as drought, excessive
humidity, or temperature fluctuations, can sub-
stantially weaken plants, making them more
vulnerable to infections. Therefore, monitoring



Crown gall of grapevine...

environmental conditions and their impact on
the condition of grape bushes is a crucial aspect
in preventing the development of crown gall.
T. Nguyen-Huu et al. (2020) noted that crown
gall weakens grapevines, causes a sharp decline
in yield, and in some cases leads to partial or
complete plant death. This highlights the need
for prompt diagnosis and treatment of the dis-
ease, as a delay in its detection can lead to major
economic losses for viticulturists. Additionally,
agronomic measures to strengthen plants, such
as improved nutrition and water management,
can help reduce the damage caused by crown
gall. T. Meyer et al. (2019) also found that the dan-
ger of crown gall is that the bacterium, accumu-
lating in the soil, can later cause root infection in
new plantations of grape plants.

Notably, bacterial plant diseases are gener-
ally challenging to control. According to L.M. Ye-
pes et al. (2019), copper bactericides and antibi-
otics are ineffective, while disease prevention
by planting pathogen-free planting material
is complicated by the vegetative propagation
of infected, asymptomatic vines. Under such
conditions, according to AT. Wong et al. (2021),
it is promising to use non-pathogenic strains
of Rhizobium (synonym for Agrobacterium) by
co-inoculationwith pathogenicbacterialisolates
to reduce the damage to grapevine seedlings.

The purpose of this study was to conduct a
phytosanitary inspection of grape plantations
in the Odesa region to determine the spread of
crown gall and identify the causative agent. For
this purpose, it was necessary to extract and
screen agrobacterial isolates for their antago-
nistic properties against A. tumefaciens.

MATERIALS AND METHODS

The study was conducted at the Laboratory of
Virology and Microbiology of the National Sci-
entific Centre “Institute of Viticulture and Win-
emaking named after VE. Tairov” of the Na-
tional Academy of Agrarian Sciences (NAAS) of
Ukraine. The study followed the ethical standards
set out in the Convention on Biological Diversi-
ty (1992) and the Convention on the Trade in En-
dangered Species of Wild Fauna and Flora (1973).
The grape plantations were inspected at the re-
search farms of the National Scientific Centre
“Institute of Viticulture and Winemaking named

<)

after VEE. Tairov” and industrial farms in Ode-
sa region according to DSTU 3355:1996 (1997)
and DSTU 4390:2005 (2006). Visual phytosan-
itary inspection and assessment of the degree
of crown gall infection was based on the exam-
ination of plants in the plantations. Samples
of grape plants of Cabernet Sauvignon, Merlot,
and Chardonnay varieties were selected based
on external symptoms: the presence of tu-
mours in certain areas of the plants, as well as
asymptomatic plants to detect the latent form
of the disease. The grape plant samples were
collected, stored, and prepared according to
1SO16578:2022(2022). Classical polymerase chain
reaction (PCR)wasused toidentify A. tumefaciens.

The study employed the method of semi-se-
lective nutrient media for the determination of
agrobacteria, original and modified methods
for the isolation of DNA of the crown gall patho-
gen, and PCR for the identification of A. tumefa-
ciens. Bacteria were isolated from grape tissues
according to the Lehoczky method (Lehocz-
ky, 1971). Tumour, ripened vine, strands, or roots
were used as samples for detection of the crown
gall pathogen. The average sample of vines was
formed from 1-3 two-year-old shoot fragments
from several different parts of the bush, which
were selected as close to the perennial wood
as possible. For the extraction of agrobacteria,
discs 0.2-0.5 cm tall were cut from each frag-
ment; 15-20 discs of the average sample were
placed in 3-5 ml of sterile distilled water. The
agrobacteria were isolated from the samples
under aseptic conditions using sterile dishes,
instruments, and culture media. Agrobacteria
were isolated on semi-selective nutrient me-
dium (Roy and Sasser medium) of the follow-
ing composition per 1,000 ml: MgSO, - 0.20 g,
K,HPO, - 0.9 g, KH,PO, - 07 g, adonitol - 04 g,
yeast extract — 0.14 g, NaCl - 0.2 g, boric acid -
10 g, agar - 15 g, pH - 7.2. After autoclaving and
cooling to +50°C, the following were added:
triphenyltetrazolium chloride - 0.08 g, trimeth-
oprim - 0.02 g, d-cycloserine - 0.02 g, cyclohex-
imide - 0.25 g. The colonies of agrobacteria
obtained on the medium in Petri dishes were in-
oculated into tubes with bevelled agar and incu-
bated for 1 day in a thermostat at +28°C. Subse-
quently, isolates of agrobacteria were identified
by PCR (Abolmaaty et al, 2000). The plasmid
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DNA of A. tumefaciens was isolated using cetav-
lon, thermal method or alkaline lysis, and the
resulting preparations were stored at -20°C.
For PCR, reagents qualified as “for molecular
biology”, sterile solutions, and glassware were
used. PCR was performed following the certified
methodology No. MVV 002-85/3 - 2006.

To detect A. tumefaciens, specific primers
were used for the ipt isopentenyltransferase
gene: iptl/ipt2 GATCG(G/C)GTCCAATG(CT)TGT/
GATATCCATCGATC(TC)CTT and for the VirD2
endonuclease gene of the pathogenicity plas-
mid: virD2A/virD2C ATGCCCGATCGAGCTCAA-
GT/TCGTCTGGCTGACTTTCGTCATAA (Haas et
al., 1995). Primers were synthesised by Fermen-
tas (Lithuania). Real-time PCR was performed
using forward and reverse primers, fluores-
cently labelled DNA probes, reaction mixture
in the amount of 20 pl (H,0, - 85 pl; 10xPCR
buffer - 2.5 pl; 4mM dNTP - 2.5 pl (176 mM -
2.84 ul); prl - 0.5 uM; pr2 - 0.5 pM; fluorescent
probe - 0.1 uM, Taq polymerase (2.5 u/pl) (Pfu
DNA, Fermentas, Lithuania) - 0.25 ul; Mg - 3.0
mM and 5 pl of NCS, or PCS, or internal control,
or test sample (at the bottom of the tube). The
concentrations of forward and reverse primers
and fluorescent DNA probes were selected em-
pirically. To control the reaction, the study used
a negative control sample (NCS) - 1xPCR buffer
and a positive control sample (PCS) - the ref-
erence strain Fa-2 of the crown gall pathogen.
Amplification was performed in a programma-
ble thermocycler Rotor-Gene 6000 (Corbett
Research Pty Ltd., Australia), which provided
a temperature range within +40-100 °C, in the
following mode:

1. Denaturation 95°C - 30 sec;

2. Annealing 60°C - 1 min;

3. Elongation - 72°C - 1 min (30 cycles);

4. Final elongation - 72°C - 10 min.

The solution with the amplification products
was stored at -20°C. Initial denaturation was
95°C for 12 min. Fluorescence signal accumula-
tion was measured for 4 channels, respectively:
FAM/Green (470 nm/510 nm) for the identifica-
tion of the crown gall pathogen, JOE/Yellow/HEX
(530 nm/555 nm), ROX/Orange (585 nm/610 nm),
Cy5/Red (625 nm/660 nm, and Cy3.5/Orange
(585 nm/610 nm) for the endogenous inter-
nal control signal. The analysis results were

Plant and Soil Science (15)3

recorded, and threshold cycles were calculat-
ed using Rotor-Gene 6000 Series Software 17.
The amplification products were detected by
increasing the fluorescence of the intercalat-
ing dye when it forms a complex with the dou-
ble-stranded DNA of the crown gall pathogen.
A positive sample was considered the one that
showed an increase in the fluorescent signal on
one of the colour channels of the amplifier.

To determine the pathogenicity of the ex-
tracted agrobacteria, test plants were used: to-
matoes (Solanum lycopersicum L.) and sunflower
(Helianthus annuus L.). The plants were inoculat-
ed with a suspension of these agrobacteria in the
amount of 10° CFU/ml by cutting the internode
of the stem at the level of 2-3 leaves. The wound
was covered with Parafilm film (USA) to prevent
drying of the bacterial suspension. The inoculat-
ed plants were incubated for 14-28 days at +25°C.
Uninfected plants inoculated with sterile dis-
tilled water were used as a negative control. The
positive control included plants inoculated with
the reference A. tumefaciens pathogenic strain
Fa-2 (isolated from grape roots; kindly provided
by Dr T.J. Burr, USA).

Infection of plants by pathogenic bacte-
ria A. tumefaciens occurs in the soil through
damaged roots. To investigate the antagonis-
tic effect of non-pathogenic isolates of A. tu-
mefaciens ILVM1 and ILVM2, the cut roots of
grape seedlings were soaked for one hour in a
cell suspension (10° CFU/ml). After soaking, the
treated grape seedlings were planted in pots
with soil inoculated with a mixture of three
strains of A. tumefaciens: Fa-2, 271, and IDI with
a final concentration of 108 CFU/g soil and were
grown in greenhouses. The development of tu-
mours formed on the roots and stems of plants
was studied.

RESULTS AND DISCUSSION

During the inspection of plantations in the in-
dustrial viticulture zone in the Odesa region, tu-
mours typical of crown gall were found on grape
bushes (Fig. 1). The tumours were identified by
PCR analysis. The latent infection with the crown
gall of grape pathogen on individual grape va-
rieties ranged within 0-30%, depending on the
susceptibility of the variety and the origin of the

planting material.
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Cabernet Sauvignon - up to 35%, Merlot — 25%,
Chardonnay - 15%, which suggests the need to
develop and improve crown gall control meas-
ures. Y. Wang et al. (2018) found that all grape va-
rieties may be at risk of infection with the crown
gall pathogen to some extent, and there are no
varieties entirely resistant to this pathogen.

The use of antagonist microorganisms as
part of a biological method of disease control is
promising. Specifically, in the studies of H. Pan et
al. (2022), the Bacillus megaterium L2 strain ex-
hibited antibacterial activity against A. tumefa-
ciens T-37, as its biologically active substances
can destroy the integrity of the cell membrane,

Figure 1. Symptoms of crown gall damage cellular structures, affect cellular me-

on the grape plant tabolism, and inhibit protein synthesis. In the

Source: photograph taken by the authors of this study study by G.E. Qing et al. (2024), Bacillus amylolig-
uefaciens strain KN-527 had an inhibitory ef-

In studies, symptoms of the disease were ob-  fect on Agrobacterium vitis in the early stages of
served on seedlings with latent infection as ear-  crown gall development. At the same time, it is
ly as 1-2 years after planting. With the affected also interesting to use other isolates of agrobac-
planting material, the crown gall pathogen en-  teria against grape crown gall.
ters the soil, and the infected area can continue To search for antagonist bacteria, 50 bacte-
tobe areservoir of A. tumefaciens foralong time.  rial isolates were isolated from soil in vineyards.

A visual inspection of the vineyards in the  The grown bacteria had a characteristic pink-
study area revealed the presence of varying red colour with a white border when cultivated
degrees of crown gall on young and fruiting on Roy and Sasser medium. The pathogenicity
plantations. The degree of development of the of the agrobacterium isolates was tested by re-
disease on technical varieties was as follows:  al-time PCR (Fig. 2).
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Figure 2. Results of testing isolates of agrobacteria for pathogenic properties
Note: a - bacterial isolates recovered from the soil in the vineyard aisles; b - bacterial isolates from the rhizosphere
of grape bushes: 1 - positive control sample (PCS), reference strain Fa-2; 2 - negative control sample (NCS), PCR
buffer, curves - pathogenic isolates
Source: developed by the authors of this study

It was found that most of the agrobacteria ~ which indicates their high virulence. To deter-
isolated from samples of grape plants collected mine the antagonistic properties, non-patho-
in the vineyards of Odesa region contained frag-  genic agrobacteria were used, which showed a
ments of virD2 and virF genes simultaneously, zone of growth retardation of the test object at
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the level of 17-22 mm on the nutrient medium 25
(Fig. 3). The screening for antagonistic prop- g 22
erties revealed two isolates of A. tumefaciens g E 132
ILVM1 and A. tumefaciens ILVM2, which had an o g ’
elevated level of in vitro activity. 8.8 1
. a9 125

Screening tests for the presence of antag- g qg 0
onistic properties of agrobacterial isolates on =g
test plants (S. lycopersicum, H. annuus) con- E g 7’?
firmed the results of determining these prop- 8 < 9
erties obtained in vitro. It was found that most 0
of the isolates tested for tumour inhibition had AB3 Fa-2 AT
minor antagonistic properties and suppressed A. tumefaciens strains
the disease by 20-30% compared to the positive
control, but isolates of agrobacteria ILVM1 and Figure 3. Antagonistic activity of a non-
ILVM2 considerably inhibited tumour growth on pathogenic isolate of ILVM 1against reference
the stems of test plants (96%) compared to the plant pathogenic strains of A. tumefaciens
pathogenic strain Fa-2 (Fig. 4; 5). Source: developed by the authors of this study

g

| |
%

Figure 4. Influence of A. tumefaciens bacterial isolates

on the manifestation of crown gall on S. lycopersicum
Note: a — disease symptoms after inoculation of the test plant with a suspension of bacteria of the A. tumefaciens
pathogenic strain Fa-2 (10° CFU/ml); b - no disease symptoms after joint inoculation of the S. lycopersicum stem with
a suspension of a mixture of non-pathogenic isolate ILVM1 and A. tumefaciens pathogenic strain Fa-2 (10° CFU/ml)
Source: photograph taken by the authors of this study

Figure 5. Effect of A. tumefaciens bacterial isolates on the manifestation of crown gall of H. annuus

Note: a - disease symptoms after inoculation of the test plant with a suspension of the A. tumefaciens pathogenic
strain Fa-2 (10° CFU/ml): b - no disease symptoms after inoculation of the H. annuus stem with a suspension of a

mixture of non-pathogenic isolate ILVM2 and A. tumefaciens pathogenic strain Fa-2 (10° CFU/ml)
Source: photograph taken by the authors of this study
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The results of the experiment were recorded
30 days afterinoculation. It was found that in the
places of inoculation of the stems of test plants
S. lycopersicum and H. annuus with the A. tume-
faciens pathogenic strain Fa-2, characteristic tu-
mours appeared (Fig. 4a and 5a), which were not
observed on test plants inoculated with a sus-
pension of a mixture of non-pathogenic bacte-
rial isolate ILVM?2 and A. tumefaciens pathogenic
strain Fa-2 (Fig. 4b and 5b).

The authors of the present study believe that
the absence of symptoms of crown gall in test
plants treated with a mixture of pathogenic and
antagonist bacterial isolates is caused by the in-
hibition of pehA gene expression, which ensures
the virulence of A. tumefaciens. It is probable

Cabernet Sauvignon

that this process inhibits the transformation of
host cells, thereby preventing tumour forma-
tion. At the same time, this hypothesis requires
more detailed molecular biological research.

Treatment of the roots of different grape
seedling varieties with ILVM1 isolate resulted in
a 53-86% reduction in the percentage of plants
with disease symptoms. The greatest effect was
observed on Chardonnay plants (Fig. 6).

The efficacy of ILVM2 isolate was slightly
higher and amounted to 66-87% in the varieties
under study (Fig. 7). Thus, it was confirmed that
preliminary inoculation of grape seedling roots
with isolates of ILVM1 and ILVM2 was effective in
reducing the damage to the root system by the
crown gall pathogen.
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Figure 6. The effect of treatment of grape roots
of different varieties with ILVM isolate on the susceptibility of seedlings to crown gall
Note: a - number of plants, %, affected by A. tumefaciens after treatment with ILVM1; b — control, number of plants,
%, affected by A. tumefaciens without treatment with non-pathogenic isolate

Source: developed by the authors of this study
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Figure 7. The effect of treatment of grape roots
of different varieties with ILVM 2 isolate on the susceptibility of seedlings to crown gall
Note: a - number of plants, %, affected by A. tumefaciens after treatment with ILVM1; b — control, number of plants,
%, affected by A. tumefaciens without treatment with non-pathogenic isolate

Source: developed by the authors of this study
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The positive results obtained in the labora-
tory prompted field trials of the antagonistic ef-
fect of ILVM1 and ILVM?2 isolates. These studies
are a vital part of recent developments, espe-
cially in the search for biological defence prod-
ucts. Although positive results may be obtained
in laboratory experiments, field trials often fail
to produce the expected results, which necessi-
tates such experiments.

To protect grape seedlings from secondary
infection by pathogenic agrobacteria that are

30
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soilborne, the roots were treated with a mash of
clay and a mixture of ILVM1 and ILVM?2 isolates at
a concentration of 10° CFU/ml. The effectiveness
was evaluated in a year. It was found that in the
variants with a mixture of non-pathogenic iso-
lates of agrobacteria, the number of plants affect-
ed by A. tumefaciens ranged within 10-27%, which
suggests a decrease in the spread of crown gall by
73-90%, depending on the grape variety (Fig. 8).
The analysis showed the absence of pathogenic
isolates of agrobacteria in the rhizosphere soil.

am b

L

Chardonnay

Figure 8. Influence of combined use of agrobacterium antagonist isolates on the presence
of crown gall pathogen in grape plants of different varieties and in rhizosphere soil
Note: a - number of plants, %, affected by A. tumefaciens after treatment of seedlings with ILVM1 + ILVM 2 mixture;
b - presence, %, of A. tumefaciens in the rhizosphere after treatment of seedlings with ILVM1 + ILVM2 mixture

Source: developed by the authors of this study

The unique action of A. tumefaciens lies in
the possibility of its use as a tool during plant
reproduction (Ben Abdallah et al, 2015). The
use of an agrobacterium not only shortens the
conventional process of plant propagation, but
also allows the introduction of completely new
genes into the plant, which are not typical for
the plant, through genetic engineering (Lacroix
§ Citovsky, 2019; Guo et al.,, 2019).

According to T. Tzfira et al. (2017), A. tumefa-
ciens is one of the most interesting and impor-
tant bacteria for the detailed investigation of its
antagonistic properties. It can be used to control
crown gall. This is the first and most successful
example of biological protection of grapes from
a disease (Frikha-Gargouri et al., 2017).

Other scientists conducted comparable
studies on biological control of the disease.
V. Stockwell et al. (1996) found that Agrobacte-
rium radiobacter strain K84 controls the dis-
ease caused by A. tumefaciens by producing the
plasmid agrocin 84, an antibiotic with specific
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activity against certain strains of the pathogen.
In S. Chopra et al. (2016), several non-pathogenic
strains also helped to reduce infection, but es-
pecially A. radiobacter K84, which completely
prevented the disease when added to the wound
sites at a 1:1 ratio with A. tumefaciens cells.
According to R. Pefialver et al. (2000), Agro-
bacterium radiobacter strain K84 has been a
biological control agent for crown gall for many
decades worldwide. Despite its demonstrat-
ed efficacy, the greatest risk of failure with the
K84 strain is the possibility of transferring the
PAgK84 plasmid to pathogenic Agrobacteri-
um strains. Later, the second generation of the
K84 strain was obtained and the genetically
modified strain was named K1026. It contains a
deletion in the pAgK84 transfer region. A con-
siderable amount of research has also been
conducted to compare the two strains in terms
of their ability to control disease, plasmid trans-
fer, antibiotic production, root colonisation, and

rhizosphere survival.
q
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Q. Wei et al. (2009) indicated that Agrobacte-
rium vitis E26 is a promising potential biocontrol
agent for crown gall of grapevine. However, its
safety and environmental risks should be un-
derstood. According to the findings of the study,
the researchers found that the A. vitis E26 strain
does not contain the virA and virG determinants.
This suggests that this strain is unlikely to cause
symptoms in both host and non-host plants.

Y. Hao et al. (2011) found that the avirulent
strain of A. tumefaciens D3 contains a putative
structural gene for ACC deaminase (acdS) and
a regulatory gene (acdR =IrpL). Studies revealed
that under gnotobiotic conditions, wild-type
A. tumefaciens D3 can promote root elongation,
while the acdS and IrpL double mutant A. tume-
faciens strain D3-1 lost this ability. When co-in-
oculated with the virulent A. tumefaciens strain
C58, both A. tumefaciens D3 wild type and A. tu-
mefaciens D3-1 mutant were found in damaged
castor oilseed rape plants, which can substan-
tially suppress the development of crown gall
caused by A. tumefaciens C58.

A. Kawaguchi et al (2017) identified a
non-pathogenic Agrobacterium vitis strain ARK-
1 and found it to be effective in suppressing tu-
mour formation on grapevines. Further studies
of the Rhizobium vitis ARK-1 strain in the field
showed its therapeutic effect and a decrease
in the number of grape plants with symptoms
of crown gall. According to A. Kawaguchi et
al. (2019), co-inoculation of R. vitis ARK-1 with
the pathogenic strain Ti VAT03-9 in a 111 cell ra-
tio in grapevine shoots resulted in a significant-
ly lower expression of the virulence genes virA,
virD3, and virG of VAT03-9.

A. Wong et al. (2021) tested the non-path-
ogenic R. vitis strain ARK-1 (isolated in Japan)
against four pathogenic R. vitis isolates from
grapevines in Virginia (USA). Specifically, co-in-
oculation with ARK-1 significantly reduced the
occurrence of disease symptoms and the average
size of growths, except for the ACMEI15 isolate.

Scientists are also investigating other areas
of biological protection of grapes against crown
gall. D. Ferrigo et al. (2017) conducted experimen-
tal trials to assess the effectiveness of treatments
based on non-pathogenic endophytes. Two-year
in planta trials conducted on rootstocks treated
with endophytic isolates showed the effectiveness

«)

of two bacterial endophytes from the genus Cur-
tobacterium and a fungal isolate from the genus
Acremonium. They led to a reduction in the de-
velopment of disease symptoms. The research-
ers also noted the effectiveness of commercial
biological control agents based on B. subtilis
SR63 and T asperellum T1 strains against A. vitis.

In Ukraine, N. Lemanova § M. Magher (2019)
investigated the biological preparation “Paurin’
based on the bacteria Pseudomonas fluorescens
CNMN-PsB-04. For this, the biological prepara-
tion was used by treating apple MM-106 root-
stock cuttings and fruit seeds before planting
theminthesoil. Thismethod helpedtoreducethe
damage to plants by crown gall by 2.0-2.5 times.

N.V. Limanska et al. (2019) investigated the
effect of Lactobacillus plantarum bacteria on tu-
mour formation and survival of A. tumefaciens
pJZonplantsurfacesandtissues. The experimen-
tal results showed that the number of test plants
(of different species) with disease symptoms in
the presence of L. plantarum in the inoculum
decreased by 85-100%. The average weight of tu-
mourswasreducedby?2-12timescomparedtothe
control. On grapes, inoculation with a mixture of
A. tumefaciens and Lactobacillus caused stimula-
tion of plant growth, which was manifested in an
increase in the number of buds that opened, an
increase in the average length of shoots and an
increase in the average area of the leaf apparatus.

The findings of the experiments presented
in this study demonstrated a wide range of an-
tagonistic activity of the studied isolates ILVM1
and ILVM2 against the reference agrobacteri-
um A. tumefaciens. This points to the possibility
of expanding the scope of practical use of these
strains to create a potential effective biological
product as a means of controlling the patho-
gen of crown gall in the south of Ukraine. In the
future, the development and use of a product
based on these bacteria will help reduce the
percentage of plants affected by soil infection
and prevent the spread of the disease, which
will considerably increase the economic level of
seedling production, increase the quantity, and
improve the quality of the crop.

CONCLUSIONS

The study investigated the spread of crown
gall in Odesa region, screened the antagonistic
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activity of non-pathogenic isolates of A. tumefa-
ciens in vitro and in vivo, and determined their
ability to control the disease in the field.

According to the findings of the phytosan-
itary inspection of grape plantations in Odesa
region, the disease prevalence ranged within
15-35% (on Chardonnay, Merlot, and Cabernet
Sauvignon varieties). Using the real-time PCR
method, pathogenic isolates of agrobacteria
were identified, and non-pathogenic isolates
were also recovered. The latter were tested for
antagonistic properties against the crown gall
pathogen. Thus, in vitro on nutrient medium, the
growth inhibition zone of the test object was 17-
22 mm. As a result of the antagonistic properties
study, two isolates of A. tumefaciens ILVM1 and
A. tumefaciens ILVM2 were identified, which had
a pronounced activity level. It was proved that
non-pathogenic isolates of agrobacteria ILVM1
and ILVM2 inhibited the development of crown
gall in vitro and in vivo on test plants S. lycopersi-
cum and H. annuus.

The obtained findings on plants of differ-
ent grape varieties allowed establishing the ef-
fectiveness of treatment of seedling roots with

isolates of non-pathogenic agrobacteria ILVM1
and ILVM2. Specifically, the ILVM1 isolate led to
a 53-86% reduction in the percentage of plants
with disease symptoms. The effectiveness of
ILVM2 isolate was 66-87%. The lowest number
of diseased plants was observed on plants of the
Chardonnay variety.

With the combined use of non-pathogenic
isolates of agrobacteria, the number of plants
affected by A. tumefaciens ranged within 10-
27%, which indicates a decrease in the spread
of crown gall by 73-90%, depending on the
grape variety.

Thus, isolates of agrobacteria ILVM1 and
ILVM2 showed antagonistic properties to the
pathogen of grape crown gall, which in the future
allows using them to develop biological means
of protection against this dangerous disease.
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BakTepiaslbHU paK BUHOrpagHoi /1o3mn
Ta NepcneKTUBU Noro 6ionoriyHoro KOHTponio

AHoOTaUifl. AKTYaJIbHICTh [HOCTIIKeHHS O06yMOBJIEHa IIOIIMPEHHAM 6aKTepiaJbHUX XBOPO6
BUHOTpaZy Ha MiBOHI YKpaiHM Ta HEOOXigHICTIO YIOOCKOHAJIEHHS MeTOHiB imeHTudirallii
TaToreHy ¥ 3acob6iB 3axucTy. MeToto 6y/10 po6oTu 6y10 BCTAHOBUTU apeasl 6aKTepiaJbHOro paky
BUHOTpazy B OZechbKill 067acTi Ta po3pobuTH MpodillakKTUYHI 3aX04y HAa OCHOBI 6i0JIOTiYHOTO
MeTozy. YV poboTi MpoBOAMIN 06CTEREHHS TTPOMUCIIOBUX HACaIyKeHb Ha HaABHICTb CMMITTOMIB
XBOpo6U Ta il MOUIMPEeHHS Y IMOJIbOBUX YMOBaX. BUKOPUCTOBYBAIU MOJIEKYIAPHO-6i10IOTIUHMIMA
METO[I, MoJIiMepasHoi JIAaHLIOroBoi peaxktiii (IJIP) y peanbHOoMy Yaci mis imeHTrdiKalis 36yaHUKa
HaKTepiasbHOrO paky. JOCIiIKeHHs IPOBOAWINMCH BIfTIOBIIHO [0 aTeCTOBAHOI METOAUKU. s
inenTudirauii ¢iromaroreHiB BUKOpPUCTOByBanu objmamHaHHs I[1JIP-nmaboparopii. V pesymeraTi
diTocaHiTapHOTr0 06CTEREHHS BUHOTPAHUX HACAIKeHb Pi3HUX rOCIIoAapcTB B OIeChKil 0671acTi
6yJIM BUSIBJIEH] KYILi BUHOTPaJHUX POCJIVH 3 XapaKTepPHUMU CUMITTOMaMU 6aKTepiaIbHOTO PaKy, 3
MyXJIMHHUMUY HapOCTaMH TKAHUHH B Pi3HUX MiCIIIX POCIVH: Ha pyKaBaX, ITaMbi, MicLIaX [IeTIeHHS.
3arajioM y paiioHi IIpoBeIeHHs NOCIiIKeHb 6aKTepiaIbHUM pak BUHOIPAAy XapaKTePU3YEThCS
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IIMPOKUM apeajioM. 3a pesyasraTaMu $iTocaHiTapHOTO 06CTEXREHHS ITOUIUPEHHS 6aKTEPiaNbHOTO
PaKy BUHOTpaZy Ha pi3HMX cOpTax CTaHOBUJIO Bif, 0,3 10 35 %. YV pekuUMi peasbHOTO Yacy MeTOHOM
I1JIP 6yro imeHTHdiKOBaHO 36yIHUKA XBOpObU — A. tumefaciens. XBopoba posABsIacs y BUMIALI
XapaKTepHUX CUMIITOMIB, 8 TAKOK PO3BUBAJIACS V JIATEHTHiY dopMi. Po3pobiieHa My/IbTUIIEKCHA
[IJIP [o3BOJIsIE OFpasy aHasli3yBaTH pi3Hi INTAMU ITaTOTeHHUX i3074TiB arpobakrrepiil. Ceper
617BIIOCT] BUAIIEHUX i30IATIB, SIKi B TOAaJIBIIOMY 6TV ITPOTECTOBAHI Ha IPUTHIYEHHS ITyXJINH, 6y710
BUSBJIEHO [IBa i30/1ATH arpobakrTepiti: LIBM1i IJIBM2, Ki MaJiv BUCOKI TOKA3HUKY aHTATOHICTUYHUX
BJIACTUBOCTEM wWIOAO 36yOHMKA 6aKTepiaJbHOTO paky. IlepeBipKa IIATOreHHOCTI BUIyYEHUX
arpob6akTepili Ha TeCT-POCIMHAX TOMATIiB i COHANIHUKY IATBEPAVIN Pe3ylIbTaTy BU3HAYEHHS
I[MX BJIACTUBOCTEMN, OTPUMAaHUX in Vitro. [30/1aTH arpobaxrepivt JIBM1 i JIBM2 3Ha4HO iHTi6yBaniu
picT myxJIMH Ha cTebiax TeCT-pPOCINUH MTOPIBHAHO 3 TATOTeHHUM LITAMOM, TOMY iX B ITOJaJIBIIOMY
MOJKHA BUKOPUCTOBYBATU IIPOTU 36yIHUKA 6aKTEPiaIbBHOTO PaKy i 3aXMCTy BUHOTPALHUX POCIIVH
BiI BTODUHHOIO Ypa’KeHHs I1aTOT€HOM i3 IPYHTY. Pe3ynpraTé MOXYTb OYTH BUKOPHUCTaHI AJIf
BIOCKOHAaJIEHHS MeTOZiB 6i0JI0TTYHOT0 3aXMCTy POCIWH Bifi 6aKTepiabHUX iHPEKIIit

KniouoBi cnoea: xBopobu BHHOTpaAy; IMOJiMepa3Ha JIaHIIOTOBAa peakis; Agrobacterium
tumefaciens; 6arTepii-aHTaroHicTy; 6i0N0riYHII 3aXUCT
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The effectiveness of intercropping
in the Forest-Steppe zone of Ukraine

Abstract. Intercropping of agricultural crops offers a valuable technological solution for resource
conservation and improved crop yield, essential to global food security. This study aimed to assess
the effectiveness of intercropping maize and soybeans. Scientific methods were employed for
conducting field and laboratory research, with experimental findings analysed statistically and
interpreted. The study established that intercropping maize variety RAGT Zanetikks with soybean
varieties Sirelia and Sakuza provides several advantages over monoculture cropping, especially in
terms of yield formation. Maize demonstrated efficient utilisation of additional soil nitrogen fixed
by soybeans in mixed plantings, resulting in significant maize yield gains across all fertiliser levels
and even without fertilisation. The increase in maize yield in intercropped systems, compared
with monoculture, ranged from 10.3% to 19.3%, depending on the fertiliser rate. The highest maize
yield was achieved with N, P, K, fertilisation: 10.26 t/ha in monoculture and 12.19-12.24 t/ha in
intercropped systems. Although soybean yield declined in intercropped plantings, the combined
yield of both crops in intercropping systems showed a substantial increase, reaching 14.51-14.70 t/ha
under N, P_ K_ conditions. The yield was strongly correlated with the leaf area index (r=0.93-0.99).
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Soil nitrate nitrogen content was higher under soybean but decreased under intercropping systems.
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Soil biological activity increased with N, P, K, fertilisation in maize and soybean monocultures (39.4
and 47.2 mg CO,/kg soil/day, respectively) and reached 52.6-551 mg CO,/kg soil/day in intercropped
plantings. These findings have significant practical implications for production, promoting resource
conservation and increasing gross grain production

Keywords: leaf area index; photosynthetic potential; soil biological activity; soil nitrate nitrogen

content; yield

INTRODUCTION

The efficient use and conservation of natural
resources, coupled with the optimisation of
technological inputs in crop production within
the Forest-Steppe zone of Ukraine, has become
increasingly pressing given the need to bolster
food production. Intercropping, a method that
combines different crops within the same plant-
ing space, has the potential to significantly en-
hance the efficiency of land use and reduce the
need for additional inputs aimed at boosting
yields. This approach contributes to a decrease
in the use of fertilisers and pesticides, mitigat-
ing negative impacts on soil and water, and also
helps to reduce greenhouse gas emissions asso-
ciated with conventional agricultural practices.
P.Manasa et al. (2020), through a comprehensive
analysis of yield structure, productivity, compet-
itiveness, and economic efficiency of intercrop-
ping maize with legumes, demonstrated the high
effectiveness of such plantings. E.S. Jensen et
al. (2020) indicated that the share of intercrop-
ping in European agriculture is increasing to de-
velop more sustainable agriculture and create
efficient food production systems.

E. Gillbard (2022) demonstrated that, for
intercropping systems, the mechanism for in-
creasing yield is primarily focused on nutri-
ent optimisation. A. Wysokinski & B. Kuziems-
ka (2019) dedicated their research to the shared
use of resources and the increased proportion
of fixed nitrogen through transport from the
legume crop to the partner crop. W. Wang et
al. (2022) proved that intercropping soybean
with cereals demonstrates a positive interac-
tion, significantly increasing the productivity
of maize and wheat by 181-20.9%. The authors
showed that biomass accumulation increased
in intercrops: in monoculture systems, the
average above-ground biomass of corn was
22.9t/ha, soybean - 81t/ha, and wheat - 11.8 t/ha;
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in intercrops, biomass increased by 14.5 and
179%, and the maximum instantaneous growth
rate of corn and wheat increased by 294 and
34.0%, respectively. As indicated by S. Maitra et
al. (2020), the system of intercropping was wide-
ly used in semi-arid regions due to its high and
stable productivity, and efficient resource use.

In Ukraine, research on intercropping sys-
tems for forage production has been ongoing
for an extended period. The results obtained by
VI. Dudchenko (2017) confirmed the effective-
ness of optimal species selection, which con-
tributes to increased vegetative mass formation
and dry matter accumulation. In connection
with the growing demand for biofuels, research
has emerged on the intercropping of energy
crops with partner crops to effectively utilise
wide row spacing and produce additional plant
products. Such studies have been conducted on
the selection of combinations of energy crops
with other species. V.O. Dekovets & M.I. Ku-
lyk (2023) showed that the highest biomass yield
of miscanthus is formed when intercropped
with lupin and using the mycorrhizal prepara-
tion Mycofriend to feed energy crops - 20.7 t/ha.
At the same time, research on intercropping ce-
real and legume crops grown for grain produc-
tion in Ukraine is only beginning and requires
unconditional expansion. A. Shuvar et al. (2019)
studied the formation of productivity of agro-
cenoses of spring cereals and legumes when
grown on the sloping lands of the Carpathian
region. It was established that when sowing
mixtures of cereals and legumes, yield indica-
tors increased compared to monocultures and
depended on the fertiliser background.

The study aimed to establish the effective-
ness of intercropping maize and soybeans in
terms of increasing total crop production, en-
hancing nitrogen utilisation, improving soil
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biological activity, and optimising the function-
ality of the crops’ photosynthetic surface.

The research objectives were to: assess the
impact of intercropping maize and soybeans on
gross agricultural production; investigate ni-
trogen utilisation efficiency and soil biological
activity under intercropped maize and soybean
conditions; and substantiate the specific fea-
tures of photosynthetic surface functionininter-
cropped systems, aiming to develop agrocenoses
with greater resilience to stress conditions.

MATERIALS AND METHODS

Theresearch was conducted in the educational
and scientific laboratory of the Department of
Crop Growing at a separate subdivision of the
National University of Life and Environmen-
tal Sciences of Ukraine (NULES) “Agronomic
Research Station” (Pshenychne village, Kyiv
Region) on typical low-humus chernozems in
2022-2024. Laboratory analyses were carried

out in the “Analytical Studies in Crop Produc-
tion” laboratory, also part of the Department
of Crop Growing at NULES. The experiments
were set up following standard methodologies
for field research (Rozhkov, 2016). The field
experiment employed a split-plot design with
two factors. First-order blocks were allocat-
ed to field crops, including both monoculture
and intercropped plantings, while second-or-
der blocks focused on fertilisation treatments.
Each plot measured 100 m? with a net har-
vested area of 80 m? The experiment included
four replications.

The planting scheme and seeding rate for
each crop were aligned with the experimental
design (Table 1). In monoculture, the seeding
rate for soybeans and maize corresponded to
the zonal recommendations of the originator.
In intercrops, the seeding rate for soybeans was
reduced by 50%. The sowing depth for maize
was 4-5 cm, and for soybeans, 2-3 cm.

Table 1. Experimental design: Factor A - monocultures and intercrops

No. | Crop/Intercrop, Factor A Variety/Hybrid FAO/CHU ( thoms:::::;gorfa::e ds)
1 Maize RAGT Zanetikks FAO 340 70
2 Soybean Sirelia CHU 2300 450
3 Soybean Sakuza CHU 2600 450
4 RAGT Zanetikks + Sirelia 70 thousand/ha+225
5 RAGT Zanetikks + Sakuza 70 thousand/ha+225

Source: compiled by the authors

Factor B - fertilisation, kg/ha of active sub-
stance (a.s.):

1. No fertilisation - control (C)

2. N60P45K45'

Sowing methods: monocultures - maize
with a row spacing of 70 cm, soybeans - 19 cm;
intercrops - maize 70 cm, with one row of soy-
beans sown between the rows. All crops were
sown at the same time. Sowing was carried out
using seed drills with press wheels - specifically,
Kinze and Great Plains.

During the experimental research, the fol-
lowing observations and measurements were
conducted, following the methodologies out-
lined by A.O. Rozhkov (2016):

»)

n Phenological observations recorded dates
for emergence, duration from emergence to
flowering, and from flowering to full grain ma-
turity. Plant counts were conducted on two-me-
tre sections of rows at 2 to 4 evenly spaced points
along the diagonal lines of each plot. The initial
seedling phase was recorded when 15% of plants
had emerged in the plot, and full emergence
when 75% of plants had emerged, with rows
clearly visible across the plot.

n Linear measurements - during the tassel-
ling phase of maize, the leaf area of the plants’
assimilation apparatus was measured in both
monoculture and intercropped plantings.

Leaf area was determined using the “cut-
ting” method:

Plant and Soil Science (15)3
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S=(M*n*k)/m, (1)

where M is the mass of leaves in the sample, g;
nis the area of one cutting, cm?; k is the number
of cuttings, pcs; m is the mass of cuttings, g.

n Photosynthetic activity of maize crops
measured as the photosynthetic potential (PP).
The photosynthetic potential of the crop (PP) is
calculated as the product of the average leaf as-
similation area (S,) and the duration of the active
growing period (tGRW):

PP=S *tGRW, m?-days/ha. (2)

In maize, 1000 units of PP provide for the
formation of 3-5 kg of grain, and in soybeans,
0.81.5 kg of seeds.

n Nitrate nitrogen content in the soil
was determined using a photometric meth-
od with disulphophenolic acid according to
DSTU 4729:2007 (2007). This method is based
on the ability of nitrates to react with this acid to
form trinitrophenol, which in an alkaline medi-
um forms yellow ammonium trinitrophenolate.
The intensity of the colour is proportional to the
nitrogen content. Photometric analysis of the
solution was performed to determine the nitrate
content.

n CO, emission intensity per 1 m? per hour
was determined using the method developed by
VI Shtatnov.

n Biological grain yield of maize — as maize
has a high pre-harvest grain moisture content,
the yield was recalculated to dry grain using the
formula (3):

Y=Ym-(100 -m)/(100 - Sm), centner/ha, (3)

where Y is the grain yield at standard moisture,
centner/ha; Ym is the grain yield at actual mois-
ture, centner/ha; m is the actual moisture con-
tent of the grain (at harvest), %; Sm is the stand-
ard moisture content, %.

n Biological seed yield of soybeans - the
number of plants per 1 m? was determined in
several locations within the field. Plants were
counted in 4-8 adjacent rows, ensuring that the
total area, including row spacing, measured 1
m?. The biological yield was calculated using the
formula (4):

Y=N-P-S-W/105, (4)
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where N is the number of plants per 1 m? P is the
average number of developed pods per plant,
pcs; S is the average number of seeds per pod,
pcs; W is the 1,000-grain weight, g.

n Agricultural techniques for field research -
maize seed was treated with a fungicideinsecti-
cide complex, specifically Maxim XL (1.0 L/ton)
+ Poncho (2.7 L/ton). Soybean seed was treated
with the fungicide Standak Top (10 L/ton) and
the inoculant HiCoat (1.4 L/ton) - an inoculant in
liquid formulation with an extender (Bradyrhizo-
bium japonicum bacteria, strain 532C).

The research was conducted following the
Convention on the Trade in Endangered Species
of Wild Fauna and Flora (1973) and the Conven-
tion on Biological Diversity (1992). Winter wheat
was the preceding crop in the experiment. The
wheat grain yield was 6.2 t/ha, and accordingly,
7.8 t/ha of by-products were returned to the soil.
Soil cultivation involved stubble harrowing at a
depth 0f10-12 cm and ploughing at a depth of 25-
27 cm. According to the experimental design and
the mineralisation of plant residues, FERTIS NPK
(10-20-20+S+ME) fertiliser was applied before
primary tillage, and the remaining nitrogen fer-
tilisers in the form of ammonium nitrate (34.4%)
were applied during pre-sowing cultivation.

At the stage of physical maturity of the soil,
early spring moisture conservation was car-
ried out. Two weeks later, cultivation was per-
formed, and pre-sowing cultivation was carried
out when the soil was consistently warmed to a
depth of 10 cm to +10°C.

Before pre-sowing cultivation, the soil her-
bicide Primextra TZ Gold (4.5 L/ha) was applied.
At the 3-5 leaf stage of maize, which coincided
with the 1-3 trifoliate leaf stage of soybeans, the
rescue herbicide Bazagran (3.0 L/ha) + surfactant
Metolat (1.0 L/ha) was applied. The spray volume
was 200 L/ha.

Harvesting and determination of biologi-
cal yield were carried out at full maturity of the
crops using modern methods - based on yield
components recalculated to a basic moisture
content of maize 14% and soybeans 12%.

RESULTS

Maize and soybeans are leading crops in
Ukraine in terms of production. Innovative ap-
proaches to growing maize and soybeans are
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taking their production to a new level of eco-
nomic, agricultural, and environmental effi-
ciency. Intercropping of legumes and cereals
has several advantages for partner crops, but
at the same time, several questions require
further research. Intercropping alters the ce-
noctic relationships in agrocenoses compared
to monocultures of similar hybrids and vari-

eties, which is reflected in various biological
and morphological development traits of the
crops and the formation of their productivity
(Feng et al., 2020).

The phenology of growth and development
in plants within intercropped and monoculture
agrocenoses differs significantly and is also
heavily influenced by fertiliser rates (Table 2).

Table 2. Duration of the growing season for monoculture
and intercropped maize and soybeans, in days, average for 2022-2024

Fertilisation, kg/ha a.s
Hybrid + Variety No fertiliser (control) ‘ : NGOP“.SK“5 ‘ N, P.Ke
Duration of growing season, days

M S M S M S

RAGT Zanetikks, control 115 — 118 122 -
Sirelia - 95 - 98 - 106
Sakuza - 105 - 110 - 118
RAGT Zanetikks + Sirelia 117 98 121 103 125 114
RAGT Zanetikks + Sakuza 117 110 122 114 127 124

Note: M — maize, S - soybean, a.s. — active substance
Source: compiled by the authors

The duration of the growing season in both
monoculture and intercropped plantings in-
creases with higher rates of mineral fertilisers.
In monoculture maize crops, an increase in fer-
tiliser rates leads to a 3-7-day extension of the
growing period, while in intercropped systems,
the duration is extended by 4-8 days. However,
the extension of the maize growing period in in-
tercropped systems under similar fertilisation
regimes is only 2-3 days. The extension of the
growing season for soybean varieties in mono-
culture, with increased fertiliser rates, ranged
from 3 to 13 days depending on the fertiliser rate
and soybean variety, while in intercropped sys-
tems, the extension was 3-8 days, again depend-
ing on the fertilisation background and variety.

Intercropping maize with legumes, in con-
trast to monoculture planting, makes more effi-
cient use of natural resources, particularly light.
Thisisbecause the stems and leaves of the cereal
and legume plants are arranged in different lay-
ers, allowing for more effective utilisation of so-
lar energy. The intensification of photosynthesis
presents new opportunities for increasing yield.

The productivity of photosynthesis in a crop
is determined by two main factors: the total leaf
surface area and the intensity of photosynthetic
processes per unit of leaf area. The stratification
of maize and soybean plants in mixed plantings
led to differences in the formation of the assim-
ilatory surface area, compared to monoculture
plantings (Table 3).

Table 3. Leaf surface area of monoculture
and intercropped plantings, in the tasselling phase, thousand m2/ha, 2022-2024

Leaf surface area’, thousand m?/ha
. . M [ s [ mMis | M [ s [ mMss | M [ s [ M
L IAERARII Fertilisation, kg/ha a.s
No fertiliser (c) N P.K. NP K.,

RAGT Zanetikks, (c) 37.2 - 37.2 42.1 - 42.1 44.4 44.4
Sirelia - 32.1 32.1 - 34.2 34.2 - 36.7 36.7

Sakuza - 329 329 - 354 35.4 - 37.2 37.2

RAGT Zanetikks + Sirelia 35.4 19.5 54.9 38.6 20.8 59.6 41.2 22.2 63.4
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Table 3, Continued

Leaf surface area’, thousand m?/ha

_ _ M s [ mss | M [ s [ mMss | M | s | M
) S Fertilisation, kg/ha a.s
No fertiliser (c) N, P..K, Ny P.Keo
RAGT Zanetikks + Sakuza 35.2 21.3 56.5 41.1 22.0 63.1 42.7 23.1 65.8
Correlation coefficient™ (r) | 0.99 0.97 0.93 0.99 0.97 0.96 0.99 0.94 0.95

Note: * - M - maize; S - soybean; M+S - maize and soybean together; ** - correlation coefficient for “leaf surface

area’ and “yield”, a.s. - active substance, c — control
Source: compiled by the authors

In monoculture plantings, the leaf sur-
face area of individual crops was greater than
in intercropped systems, specifically 37.2-44.4
thousand m?/ha for maize and 32.1-37.2 thou-
sand m?/ha for soybean, increasing with higher
fertiliser rates. At the same time, intercropping
maize and soybean together resulted in a larg-
er total leaf surface area - in the combination of

Zanetikks + Sirelia - 54.9634 thousand m%ha;
Zanetikks + Sakuza - 56.5-65.8 thousand m?/ha.

The photosynthetic potential of the crop (PP)
more fully characterises the photosynthetic ac-
tivity of field crop plantings, reflecting the effi-
ciency of the leaf apparatus over the period dur-
ing which the assimilatory apparatus remains
physiologically active (Table 4).

Table 4. The photosynthetic potential of monoculture and intercropped maize
and soybean, million m?*days/ha, 2022-2024

Leaf surface area, thousand m?/ha
) ) M | s [ ms | M [ s [ ms ][ M | s M+S
P s R Fertilisation, kg/ha a.s
No fertiliser (c) N, P..K, N, P..Keo

RAGT Zanetikks, (c) 2.34 - 2.34 2.71 - 2.71 2.96 - 2.96
Sirelia - 1.67 1.67 - 1.83 1.83 - 2.13 2.13

Sakuza - 1.89 1.89 - 2.13 2.13 2.40 2.40

RAGT Zanetikks + Sirelia 2.26 1.05 3.31 2.55 1.17 3.72 2.81 1.38 4.19
RAGT Zanetikks + Sakuza 2.25 1.28 3.53 2.75 1.37 4.12 2.96 1.56 4.52

Note: M — maize; S - soybean; M+S - maize and soybean together, a.s. — active substance, ¢ - control

Source: compiled by the authors

Providing plants with essential nutrientsis a
crucial component in the formation of yield and
grain quality. Adequate nitrogen levels in the
soil ensure proper growth and development of
plants, making it one of the key indicators of soil

fertility. Nitrogen in its nitrate form is easily ab-
sorbed by plants, and thus this indicator reflects
the soil's mineral nitrogen content. In mixed
crops, with a specific ratio of components, maize
is the primary consumer of nitrogen (Table 5).

Table 5. Nitrate nitrogen (NO,) content in the 0-30 cm soil layer,
at the 9-10 leaf stage of maize, mg/kg of soil, 2022-2024

Hybrid + Variety _ Fertilisation, kg/ha a.s
No fertiliser N_P.K. NP K.,
RAGT Zanetikks, control 12.1 13.5 13.7
Sirelia 14.5 15.1 15.6
Sakuza 14.2 15.3 15.8
RAGT Zanetikks + Sirelia 13.5 14.7 15.0
RAGT Zanetikks + Sakuza 13.6 14.5 14.8

Note: a.s. - active substance
Source: compiled by the authors

Plant and Soil Science (15)3
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Thenitrate nitrogen contentinthe soilvaried
depending on whether monoculture or mixed
crop cultivation was used, as well as the fertilisa-
tion practices. The highest nitrate nitrogen con-
tentin the soil at the 9-10 leaf stage of maize was
observed in monoculture soybean cultivation,
ranging from 14.2 to 15.8 mg/kg of soil. According
to the grading system, this level is considered
high. Maize has two critical periods concerning

the uptake of mineral nutrients. The first, which
coincides with the phase between seedling
emergence and the 5-7 leaf stage, is critical for
phosphorus nutrition. The second critical peri-
od is during the period of intensive growth and
development (9-10 leaf stage to tasselling), dur-
ing which maize plants consume approximate-
ly 70% of their total nitrogen, thus influencing
the soil's nitrate nitrogen reserves (Table 6).

Table 6. Nitrate nitrogen (NO,) content in the 0-30 cm soil layer
at the tasselling stage of maize, mg/kg of soil, 2022-2024

Fertilisation, kg/ha a.s
Hybrid + Variety "
No fertiliser (c) N .P..K, N, P Koo
RAGT Zanetikks, control 10.4 12.9 13.2
Sirelia 14.2 14.8 15.3
Sakuza 14.4 14.9 15.5
RAGT Zanetikks + Sirelia 121 13.4 141
RAGT Zanetikks + Sakuza 12.1 13.2 14.2

Note: a.s. - active substance
Source: compiled by the authors

At the tasselling stage of maize, the highest
levels of nitrate nitrogen reserves were recorded
in monoculture soybean crops. In mixed crops,
the nitrate nitrogen content was lower, which
is attributed to the significant nitrogen absorp-
tion by the maize plants. With the application

mixed crop of RAGT Zanetikks + Sakuza was
14.2 mg/kg of soil, indicating a high level of nitro-
genavailability. Researchintosoilbiological activ-
ity provides a broader understanding and reveals
patternsinthe processes of organic mattertrans-
formation, taking into account the anthropogen-

of N, P K, the nitrate nitrogen content in the  ic impact on the soil and its properties (Table 7).
Table 7. Total biological activity of the soil, mg CO,/kg soil/day, 2022-2024
. . Fertilisation, kg/ha a.s
Hybrid + Variety —
No fertiliser (c) N, P..K. N, P.Keo

RAGT Zanetikks, control 33.1 39.4 37.4
Sirelia 44.6 47.2 43.2
Sakuza 44.6 47.5 42.8

RAGT Zanetikks + Sirelia 40.6 52.6 50.5

RAGT Zanetikks + Sakuza 42.5 55.1 51.3

Note: a.s. - active substance
Source: compiled by the authors

Observations of soil respiration intensity
over time revealed that the highest values of
this indicator occurred in the middle and latter
stages of the growing season, while the lowest
values were observed at the beginning. A pos-
itive effect of the interaction between maize
and soybean in intercropping was established.

)

In intercropping, maize hybrid RAGT Zanetik-
ks with soybean varieties Sirelia and Sakuza
resulted in significant increases in maize yield
across all fertiliser treatments and the control
variant, indicating additional nitrogen supply
to the maize through nitrogen fixation by soy-
beans (Table 8).
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Table 8. Yield of monoculture and intercropped maize and soybean, t/ha, 2022-2024

Yield, t/ha
- _ M | s [ ms | M [ s [ mss | M | s | mss
Hybrid + Variety —
Fertilisation, kg/ha a.s
No fertiliser (c) N, P..K, N, P K,
RAGT Zanetikks, (c) 7.21 - 7.21 9.32 - 9.32 10.26 - 10.26
Sirelia - 2.24 2.24 - 3.32 3.32 - 2.78 2.78
Sakuza - 2.55 2.55 - 3.47 3.47 - 2.64 2.64
RAGT Zanetikks + Sirelia 7.95 1.81 9.76 10.74 2.59 13.33 12.19 2.32 14.51
RAGT Zanetikks + Sakuza 8.02 1.95 9.97 10.92 2.73 13.65 12.24 2.46 14.70
LSD, t/ha 0.38 0.12 0.42 0.43 0.14 0.43 0.44 0.14 0.46
LSD for any means, t/ha 0.88

Note: M — maize; S - soybean; M+S - maize and soybean together, a.s. — active substance, ¢ - control

Source: compiled by the authors

The yield increase of maize in intercropped
systems, compared to monoculture, was 0.74-
0.81 t/ha (10.3-11.2%) in the variant without fer-
tiliser application; 142-1.60 t/ha (15.2-17.2%)
with the application of N P, K, ; 1.93-1.98 t/ha
(18.8-19.3) with the application of N, P, K,.. At
the same time, the yield of soybean varieties in
intercropped systems decreased compared to

monoculture.

DISCUSSION

Innovative approaches to maize and soybean
cultivation technologies are taking their pro-
duction to a new level of economic, agricultur-
al, and environmental efficiency. Intercropping
of legumes and cereals has several advantages
for partner crops, but at the same time, several
questions require further research. In modern
intensive production, intercropping is of great
importance for many agricultural production
systems, which is based on self-sufficiency of
crops in nutrients under resource-limited con-
ditions. The agroecological practice of intercrop-
ping, which involves growing two or more crop
species or genotypes together, while they coex-
ist for a certain period of time, is now becoming
widespread (Mthembu et al., 2018; Allison, 2022).

In Ukraine, research on intercropping of
cereals and legumes is insufficient and many
questions remain unanswered. In thisregard, an
ongoing study was conducted in 2022-2024 in
the Right-Bank Forest-Steppe region of Ukraine
on typical chernozems with intercrops of maize
and soybean.
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According to the research of L. Feng et
al. (2020), intercropping changes the coenot-
ic relationships in the agrocenosis compared
to monoculture agrocenoses of similar hybrids
and varieties, which is manifested in several
biological and morphological features of crop
development and the formation of their pro-
ductivity. In the current study, a change in the
duration of the growing period of crops was also
established depending on mono- or two-com-
ponent sowing, combinations of soybean vari-
eties with a maize hybrid, and the influence of
nutrition on the rate of passage of the growing
period. An increase in the duration of the grow-
ing period of soybean varieties was established
when sown in intercrops. Increasing fertiliser
rates further prolongs the growing period. The
range of variation in the duration of the growing
period in the soybean variety Sirelia was 95114
days and in the variety Sakuza - 105-124 days; for
the maize hybrid RAGT Zanetikks - 115-127 days.
It should be taken into account that maize with
FAO 320-350 in intercrops is advisable to grow
with mid-season soybean varieties that require
2,300-2,400°C of active temperatures for crop
ripening, which will ensure the correspondence
of the development stages of partner crops and
reduce interspecific competition.

Intensifying photosynthesis is one of the
primary goals in agriculture, offering qualita-
tively new opportunities to increase crop yields.
According to M. Baslam (2020), this issue must
be addressed considering the trends of cli-
mate change on the planet, and the increasing
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concentration of CO, in the atmosphere, which
can positively impact the productivity of C3-
plant species, especially in arid regions and
drought-prone areas. The current study revealed
competition between crops in intercropping for
vital factors in the first and second tiers of maize
and the entire soybean plant. The hybrid RAGT
Zanetikks has a clearly expressed erectophile
leaf type, which contributes to reducing compe-
tition for vital factors and can be recommended
for growing this hybrid in intercrops. The leaf
surface area increased with increasing fertiliser
rates: by 19.4% when growing the maize hybrid
RAGT Zanetikks; 14.3% for the soybean varie-
ty Sirelia; 131% for the soybean variety Sakuza;
15.5% for intercropping RAGT Zanetikks + Sire-
lia; 16.5% for intercropping RAGT Zanetikks +
Sakuza. W Wang et al. (2022) also demonstrat-
ed that intercropping improves photosynthetic
rate, instantaneous growth rate, water use effi-
ciency for each species, and increases the land
equivalent ratio. Photosynthetic potential char-
acterises the intensity of photosynthesis and the
accumulation of dry matter. The results of cur-
rent research showed that the photosynthetic
potential of crops for an individual culture was
higher in monocultures, however, in total, it was
higher in intercrops. With the application of fer-
tilisers, photosynthetic potential increases and
for the combination of RAGT Zanetikks + Saku-
za it amounts to a total of 412 and 4.52 million
m?*days/ha and, in particular, for maize, the
indicator corresponds to the potential in mono-
cultures. Intercropping maize with legumes, un-
like monocultures, uses natural resources more
efficiently, especially light, since the stems and
leaves of cereals and legumes located at differ-
ent tiers ensure fuller utilisation of solar ener-
gy. Light intake by legumes can be improved by
choosing the appropriate plant type and its ar-
chitecture, in connection with which research on
creating a crop with a certain selection of crops
and their placement is extremely important.
Studies by W. Wang et al. (2022) have shown that
intercropping cereals with legumes contributes
to a greater accumulation of dry matter and an
increase in grain yield compared to monocul-
ture, including due to photosynthetic activity.

Sufficient soil nitrogen content is essen-
tial for optimal plant growth and development,

)

making it a key indicator of soil fertility. One of
the primary benefits of intercropping maize
with legumes is the additional nitrogen supply
to maize plants through nitrogen fixation by
legumes. One of the earliest studies by R.W. Wil-
ley (1979) revealed that legumes grown between
crops can provide an additional 40 kg/ha of ni-
trogen for maize yield formation. Thus, legumes
are a stable source of nitrogen in cereal-legume
cropping systems. K. Fujita et al. (1992) demon-
strated the mechanism of biological nitrogen
fixation in intercrops of cereals and legumes.
The transfer of nitrogen from legumes to cere-
als increases system yield and its use efficiency.
The introduction of nitrate-tolerant legumes,
whose biological nitrogen fixation is believed to
be minimally affected by the application of com-
bined N, can increase the amount of N available
to the cereal component (Moshira et al.,, 2014;
Zhang et al., 2014).

In this study, the content of nitrate nitrogen
in the soil varied depending on the cultivation
of mono- and intercrops of maize and soybeans,
and fertilisation. At the maize tasselling stage,
the highest reserves of nitrate nitrogen were
observed in monocultures of soybeans. In in-
tercrops, its content was lower, which is associ-
ated with significant nitrogen uptake by maize
plants. When growing intercrops of maize with
soybeans, the content of nitrate nitrogen in
the soil of the control variant was lower - 14.5-
147 mg/kg of soil. The content of nitrate nitro-
gen in the soil when growing maize in a mono-
culture was 12.1 mg/kg of soil.

Under conditions of limited nitrogen avail-
ability, biological nitrogen fixation is the prima-
ry source of nitrogen in mixed legume-cereal
systems (Adeleke & Haruna, 2012). Patterns of
soil nitrogen use by intercrops depend on the
nitrogen source and legume species. The effi-
ciency of nitrogen use by crops in intercropping
depends on their correct selection. Thus, in the
studies of A. Wysokiniski & B. Kuziemska (2019),
it was shown that under conditions of inter-
cropping at a low background of nitrogen fer-
tilisers (30 kg/ha), regardless of the proportion
in the sown seed mixture, the main source of
nitrogen for lupin was the atmosphere and soil
reserves — 65.2% in total nitrogen uptake, and
for triticale - 68.8%.
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The intercropping of legumes and maize,
as explored by M. Dahmardeh et al. (2010) and
J. Nasar et al. (2020), results in higher overall
yields compared to growing either crop individ-
ually. With an ideal population ratio, intercrop-
ping canyield greater gross returns. The current
study confirms that maize responds positively
to increasing fertiliser rates. With the applica-
tion of N, P, K., higher maize yields were ob-
tained, both in monocultures and intercrops. In
monoculture, maize yield was 10.26 t/ha, while
in intercropping maize RAGT Zanetikks and
soybean Sakuza - 12.24 t/ha. The surplus yield
of maize in intercrops was 1.98 t/ha (16%). Cal-
culations of nitrogen removal by the maize yield
increase indicate the use of additional nitro-
gen by maize at a level of about 537 kg/ha. The
gross yield in intercropping for this combination
was 14.7 t/ha. With the application of N P, K,
maize yield was 9.32 t/ha in monoculture and
10.92 t/ha when intercropping the maize hybrid
RAGT Zanetikks and soybean variety Sakuza. The
gross yield in intercropping when sowing this
combination of hybrid and variety was 13.65 t/ha.

There is a positive correlation between crop
diversity and productivity. Numerous studies
have been conducted on intercropping in irri-
gated areas and regions with abundant rain-
fall (Tsubo et al., 2005; Hassan, 2014). However,
as highlighted by W. Wang et al. (2024), there is
a significant lack of research in semi-arid re-
gions, despite the urgent need for ecological ap-
proaches to enhance crop yields and water use
efficiency in such conditions.

For soybeans, it was established that the in-
crease inyield in monoculture occurred with the
application of N, P,.K,., compared to the control
variant and with the application of N, P, K.
The yield increased by 351% and 48.2% for the
Sirelia and Sakuza varieties, respectively. With
the application of N, P, K, the yield decreased.
However, in intercrops, while the soybean yield
decreased in the control variant compared to
monoculture, the yield increased with an in-
crease in the fertiliser application rate, which
may indicate the joint use and redistribution of
nutrients between crops. The current study also
established a positive effect of the interaction of
intercropping maize and soybeans. Calculations
of nitrogen removal by the increase in maize
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yield indicate the use of additional nitrogen by
maize at a level of about 53.7 kg/ha.

During 2022-2024, the current study estab-
lished that the highest efficiency of microbio-
logical processes occurred with the application
of N P,.K,.. Thus, in monocultures of maize and
soybeans, the biological activity of the soil was
394 and 472 mg CO,/kg soil/day, respectively,
indicating more intensive respiration under
soybean crops. In mixed crops, an increase in
this indicator was observed, which is associated,
in addition to the symbiotic ability of soybeans,
also with a welldeveloped root system of maize,
and as a result, an increase in the coefficients
of the utilisation of mineral nutrients. It should
be noted that the higher biological activity of
the soil in mixed crops is due to its temperature
regime. The maize hybrid has an erect leaf ar-
rangement, which at high air temperatures con-
tributes to an increase in soil temperature, lead-
ing to unproductive water losses and impaired
nitrogen uptake. Studies have established that
the availability of nitrogen from the soil depends
on its temperature. If the soil temperature is 20-
25°C, then the sequence of nutrient consump-
tion by plants is as follows: nitrogen-phospho-
rus-potassium. With an increase in temperature
to 28°C and above, the sequence changes as fol-
lows: phosphorus-potassium-nitrogen. Current
studies have established that the difference be-
tween the soil temperature in the rows of mon-
ocultures and mixed crops was 8-10°C in favour
of the former. Therefore, due to the decrease in
soil temperature in mixed crops, soil-forming
microbiological processes proceeded more in-
tensively, nitrogen consumption by plants was
better, and, accordingly, a higher overall biologi-
cal activity of the soil was recorded.

CONCLUSIONS

Intercropping of maize and soybeans has signif-
icant potential for expansion due to the efficient
use of environmental factors. Photosynthetic
activity of crops and yield are closely correlated
(r=0.93-0.99). The leaf area of maize and soybean
crops individually is formed larger in monocul-
tures; in intercrops of maize and soybeans, a de-
crease in the leaf area of individual components
was noted, but the total leaf area of the intercrop
increased compared to monocultures. With the
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application of increasing fertiliser rates, the leaf
area increased in monocultures and intercrops
by 13.1-19.4%.

The photosynthetic potential of crops char-
acterises the intensity of photosynthesis and the
effective accumulation of dry matter. The pho-
tosynthetic potential of intercrops RAGT Zane-
tikks + Sakuza is 2.96 million m?*days/ha, indi-
cating a high positive interaction of crops in the
accumulation of dry matter per unit of leaf area.

The content of nitrate nitrogen in the soil
was higher in soybean monocultures - 14.9-
151 mg/kg of soil; maize - 10.4-13.2 mg/kg; in
intercrops of maize and soybeans, a decrease
in its content was recorded, which is due to
the additional use of nitrogen by maize - 12.1-
14.1 mg/kg. The effectiveness of microbiologi-
cal processes varies depending on the rates of
fertiliser application and the composition of
crops. Soil biological activity was higher with
the application of N P, K, in maize and soy-
bean monocultures - 394 and 47.2 mg CO,/kg
soil/day, respectively. In intercrops, an increase
in soil biological activity was observed up to
52.6-55.1 mg CO,/kg, which confirms the posi-

yield were obtained on all fertiliser backgrounds
and without fertilisers, indicating additional
nutrition for maize due to nitrogen fixation by
soybeans. The increase in maize yield in inter-
crops, compared to monoculture, was 10.3-19.3%
depending on the fertiliser rate. The highest
maize yield was formed with the application of
N,,P. K., in monoculture - 10.26 t/ha; in inter-
cropping - 12.19-12.24 t/ha. Soybean yield in-
creased by 35.1% and 48.2% for the Sirelia and
Sakuza varieties, respectively, with the appli-
cation of a lower fertiliser rate - N, P, K,.. The
gross yield in intercrops reached 14.5114.70 t/ha
against the background of N, P, K, .

The perspective for further research lies in
the need for interdisciplinary studies to estab-
lish the mechanisms of interaction of all struc-
tural components of the agroecosystem formed
by intercropping and the management of pro-
cesses of agroecosystem productivity formation,
microbiological studies of the soil, which can ex-
plain the mechanisms of interaction of the root
system of two species in the plane of symbiotic
fixation and the use of nutrients.
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EdeKTUBHICTb MDKBMAOBUX NociBiB B JlicocTteny YKpaiHu

AHoTauiqa. CyMicHI MiKBUIOBI ITOCIBY CiJTBCBKOTOCITOAAPCHKUX KYJIBTYP € BasKJIMBYM TEXHOJIOTTUHUM
pimeHHM, ke 3a6e31euye 36epeskKeHHS PECYPCiB, MiABUIIEHHS BaJIOBOI YPOIKAMHOCTI KYJIBTYD, IO
€ aKTyaJIbHUM Iyid 3a6e3l1edeHHs IIPOLOBOJIbUOL He3reKu JII0ACTBA. MeTo0 HOCIiIKeHHS 6yI10
BCTaHOBJIEHHA eeKTUBHOCTI CyMiCHUX, MDKBUIOBHUX I1OCIBiB KyKypyZ3u Ta col. IIpu IIpoBeleHi
IOCTiIKeHb 6y BUKOPUCTAHI HAYKOBI METOAM IPOBEINEHHS IIOJNBOBUX Ta JIabOpaTOPHUX
IOCTTiZReHb. Pe3ynbsraTé eKCIepPUMEHTATbHNUX NOCTIIPKeHb Oyl CTATHCTUYHO 0bpaxoBaHi Ta
iHTepnpeToBaHi. BcTaHOBIEHO, 1110 MIKBUIOBI ITOCIBU KyRypyZ3u <PIKT 3aHeTiKKC' 3 cOpTaMU COi
‘Cipesnist’ i ‘Cary3a’ MaloTh HU3KY IlepeBar IIOpPiBHAHO 3 OMHOBUIOBUMU II0CIBaMU i B ITepLIy YEPry
moAo $opMyBaHHA YpOKaWHOCTIL. KyKypyZi3a AOCUTh epeKTUBHO BUKOPHUCTOBYBaja AOAATKOBUMI
a30T I'PYHTY GIKCOBAHUM CO€I0 B CYMiCHMX IOCiBaX — OTPUMAaHO CYTTEBi IIPUPOCTU YPOJKANHOCTI
KYKYPYZ3¥1 Ha BCiX oHax Jo6puBibe3 mo6pus. [IpupicT yposKaMHOCTI KYKYPY 34 B CYMiCHUX ITIOCIBax,
TIOPIBHAHO 3 OJHOBUZOBUM II0CiBOM, CcKiaB 10,3-19,3 % 3a1eskHO BiJli HOpMU ,LIO6pI/IB. Hambineima
BPOYKalHICTD KyKypy/31 opMyBasacs py BHeceHHI N, P, K. : B OTHOBUIOBOMY II0CiBi - 10,26 T/Ta;
cyMicHOMy IiociBi - 12,19-12,24 T/ra. YposKaMHICTh COI B CYMiCHUX IIOCiBaX 3HKIKYETHCS, OFHAK
BaJIOBa YPOXKAMHICTh [IBOX KyJBTYP B CyMiCHMX ITOCiBax CyTTEBO 3pocTae i carae 14,51-14,70 T/
ra Ha ¢oni N, P K . YpOKaMHICTb TiCHO KODEJIOE€ 3 IUIOIIEI JIMCTKOBOI ITOBEPXHI IIOCIBIB
(r=0,93-0,99). BMiCT HITpaTHOrO a30Ty B IPYHTi 6yB BUIIUM IIi[ CO€I0, OOHAK 3HUKYBaBCA IIi[
MDKBUJIOBMMM IIOCiBaMHU. BionoriyHa akTMBHICTb I'DyHTY 3pocTasa 3a BHeceHHd N P, K, B
OTHOBUIOBMX TIOCiBax KyKypyaA3Hu i coi — 39,4 i 47,2 mr CO, /KT IpyHTY/moby; cyMicHMX mociBax —
52,6-551 mr CO,/KT IPyHTY/H06Y. Pe3yibTaTy fOCTiIKeHb MaloTh 3HAaYHe [TPAaKTHUYHe 3HAaYeHHA I
BHUPOOHUIITBA 3 OIIALY Ha pecypco3beperkeHH Ta 3pOCTAHHA BaJIOBOTO BUPOGHUIITBA 3epHA

KniouoBi cnoBa: 1Umomia JIMCTKOBOI TIOBepXHi; (GOTOCUHTETUYHWIN ITOTeHLias; 6ioyoriyHa
aKTUBHICTb I'PYHTY; BMICT HiTPaTHOT'O a30TY B I'PYHTI; yPO’KaHICTh
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