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Abstract. The need to control the spread of introduced species with high adaptive potential in new
ecological conditions necessitates the study of their biological properties. The aim of the study was to
establish the biological characteristics of Campsis radicans (L.) Seem. ex Bureau plants in the Northern
Black Sea region with the possibility of determining their potential ability to naturalise. The research
material consisted of collections of C. radicans fruits and seeds, as well as observations of 40 C. radicans
individuals of different ages, carried out during 2023-2025.The research found that C. radicans individuals
go through three ontogenetic periods and seven age stages in their development. The vegetation period of
C.radicans in the studied area lasts 240 days. C.radicans is characterised by a late start and end of vegetation
and belongs to spring-summer-autumn green plants. It has been established that the carpological
characteristics of C. radicans are consistent with the species norm. The fruits of C. radicans were 8-20 cm
long (14.3 cm on average) and 2.0-3.3 cm wide (2.5 cm on average). The linear parameters of the seeds
were 0.4-0.8 cm in length (0.5 cm on average) and 0.6-0.9 cm in width (0.8 cm on average). The weight
of 1,000 seeds was 3.4 g. It was determined that the studied plants produced high-quality seed material.
The germination and germination energy indicators of seeds in laboratory conditions were higher than in
field conditions (94 and 90%, 86% and 77 %, respectively). The acclimatisation index calculated according
to four criteria was 90 points, which corresponds to the full degree of acclimatisation of C. radicans in the
Northern Black Sea region. The identified features of growth and generative development of C. radicans
indicate the significant adaptive capabilities of the species

Keywords: Campsis radicans; ontogenesis; seed sowing qualities; degree of acclimatisation; seed renewal

Suggested Citation:

Korolyova, O.(2025). Features of growth and generative development of Campsis radicans (L.) Seem. ex Bureau
in the conditions of the Northern Black Sea region. Scientific Reports of the National University of Life and
Environmental Sciences of Ukraine, 21(4), 9-18. doi: 10.31548/dopovidi/4.2025.09.

‘Corresponding author

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

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


https://orcid.org/0000-0003-0429-1135
https://scireports.com.ua/en

Features of growth and generative development of Campsis radicans (L.)...

Introduction

Campsis radicans (L.) Seem. ex Bureau, (C. radicans) -
a woody deciduous vine of the Bignoniaceae family,
which has high decorative qualities and is widely
used for vertical gardening. Climbing up vertical
supports, the plant forms decorative additions to
the architecture in places where it is impossible to
plant trees and shrubs. The species is characterised
by very rapid, even aggressive growth in its natural
habitat, so it was important to study its biological
characteristics in the area of introduction. Accord-
ing to the POWO (Plants Of the Word Online) da-
tabase (2025), the natural range of C. radicans is
eastern and central North America. According to
R.E.Mokni & D.lamonico (2024), the vine is grown
as an ornamental introduction in South America
(Argentina and Ecuador), Europe (Belgium, Croatia,
Germany, Italy), North Africa (Algeria, Libya, Tuni-
sia), etc. In Europe, C. radicans was introduced in
the 17% century, and since the 19" century it has
been successfully cultivated in Ukraine, as noted
by L.I. Boiko et al. (2024). In addition to its land-
scaping function, C. radicans is known as a good
honey plant and, as G. Graves (2022) points out,
plays a significant ecological role as a food source
for rare and endangered bird species. The author of
the work noted that the biological and geograph-
ical characteristics of C. radicans make the plant a
promising model object for studying the influence
of pollinating birds on pollination mechanisms
and the evolution of floral traits. The biology of
C. radicans pollination, namely the causes and con-
sequences of the effect of heterospecific pollen on
stigma behaviour, is also discussed in the work of
T.-T.Zou et al. (2022).

C. radicans plants have attracted the attention
of researchers as a source of biologically active
substances. In the work of M. Islam et al. (2020),
the biochemical composition of the green mass of
C.radicans was studied in terms of its pharmacolog-
ical potential. The authors isolated five triterpene
compounds, pharmacologically valuable secondary
metabolites. M. Ramtin et al. (2022) investigated
the active ingredient of C. radicans bark essential
oils and evaluated its antimicrobial activity against

resistant strains of some pathogenic bacteria and
fungi. Studies by S. Tufail et al. (2022) and K. Bha-
radwaj et al. (2022) showed that the flowers and
leaves of C. radicans have significant potential for
the synthesis of silver nanoparticles with pro-
nounced antibacterial and antioxidant activity,
which has promising applications in biomedicine
and biotechnology. T. Karaduman Yesildal & C. Soy-
lukan (2024), while studying the potential thera-
peutic properties of C. radicans extracts, found that
the plant has cytotoxic properties against human
colon adenocarcinoma cells, as well as high anti-
oxidant capacity. In a review study by K.U. Killi et
al. (2024), dedicated to revealing the biomedical
potential of C. radicans, an overview of the thera-
peutic use of this plant in inflammatory processes,
in the treatment of cancer and prospects for use
in neurology and cardiology is presented. It was
also noted that similar approaches to the study of
chlorophyll synthesis processes and the influence
of agrotechnical factors on their dynamics are pre-
sented in the work of L.M. Burko (2020). Thus, given
the antimicrobial, antiproliferative and antioxidant
effects established by a number of authors, herbal
medicines based on C. radicans can be considered
as an alternative to chemical preparations, and
the plant itself can be cultivated for use in official
medicine in the future.

Information on the biological characteristics
of C.radicans under introduction conditions is lim-
ited. In the monograph by L.I. Boiko et al. (2024),
the successful introduction of C. radicans and its
widespread use in vertical greening of Ukrainian
cities among other species of woody vines was
reported. The authors indicated that C. radicans
belongs to thermophilic, fairly drought-resistant
vines with highly decorative leaves and flowers
that cling to supports with their roots, and is ful-
ly acclimatised to the conditions of the Kryvyi
Rih Botanical Garden. As shown by the Lady Bird
Johnson Wildflower Centre (2024), C. radicans
demonstrates vigorous and rapid, even aggressive
growth in its natural habitat, destroying stones,
wood and bricks. According to the Global Invasive
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Species Database (n.d.), the plant does not have
invasive status, but given the above, the species
has pronounced invasive properties. The aim of
the study was to investigate the biological char-
acteristics of C. radicans plants, in particular their
growth, development, and seed sowing qualities
in laboratory and field conditions in terms of their
acclimatisation in the Northern Black Sea region.

Materials and Methods

The materials used in the study were plants of var-
ious ages, ripe fruits and seeds of C. radicans. Field
studies were conducted during 2023-2025 at the
experimental site of the Department of Plant
Growing and Landscape Gardening of Mykolaiv
National Agrarian University (observation of
1-2-year-old plants), as well as in 12 localities in
the city of Mykolaiv (observation of virginal and
generative age plants). The surveyed collection
sites included residential areas and park zones in
the Zavodskyi, Tsentralnyi, Ingulskyi and Korabel-
nyi districts of Mykolaiv; the degree of anthropo-
genic impact on the studied habitats was mod-
erate. The fruits were collected from generative
individuals of C. radicans in the specified locations
in October-November 2023 and 2024, after their
natural ripening. Laboratory studies were carried
out at the Educational and Scientific Laboratory of
Microbiology, Virology and Immunology of Petro
Mohyla Black Sea National University.

To determine the developmental characteris-
tics of C.radicans, plants were studied in the latent
(seeds), pre-generative (30 plants; criterion for
classification into the period - from the moment
of seed germination) and generative (10 plants;
criterion for classification into the period - from
the moment of the beginning of the formation of
generative shoots) ontogenetic periods. In the la-
tent period of ontogenesis, C. radicans seeds were
studied; in the pregenerative period, C. radicans
plants were studied in the seedling, juvenile, im-
mature, and virginal age states; in the generative
period, they were studied in the young genera-
tive, middle generative, and old generative stag-
es. Anatomical and morphological studies were

Korolyova

conducted using light microscopy with the prepa-
ration of temporary micro-preparations. A total of
40 C. radicans individuals of different ages at var-
ious stages of ontogenesis were examined. The
following biological parameters of plants char-
acterising the generative development of C. rad-
icans were analysed: morphometric parameters of
fruits and seeds, weight of 1,000 seeds, germina-
tion and seed germination energy.

The fruits of C. radicans were collected at the
stage of their natural ripeness, by random sam-
pling of 20 fruits per plant, for a total of 200 fruits.
The length and width of the fruits were measured
using a ruler, and the weight of the fruits was
measured using electronic scales with an accura-
cy of 0.01 g. To study the morphobiological char-
acteristics of the seeds, 2,500 seeds were pro-
cessed. The seeds were manually removed from
the fruits and air-dried; a ruler was used to meas-
ure the linear dimensions of the seeds, and elec-
tronic scales with an accuracy of 0.01 g were used
to measure the weight of 1,000 seeds. Mathemat-
ical calculations were performed using Statistics
17 software. The work uses generally accepted
methods for determining seed quality, in par-
ticular the weight of 1,000 seeds is determined
in accordance with DSTU 5036:2008 (2008), and
the sowing quality of seeds was determined in
accordance with V.M. Maurer & A.l. Kushnir (2008)
and DSTU 8558:2015 (2015).

The weight of 1,000 seeds was used as an
indicator characterising the viability, size and
uniformity of the seeds. The sowing qualities of
the seeds - germination and germination ener-
gy - were studied in laboratory conditions and
in open ground; the number of seeds selected
for each procedure was 100. Germination and
germination energy were determined in accord-
ance with the technical conditions of standard
DSTU 8558:2015 (2015). In laboratory conditions,
the seeds were germinated in a thermostat at a
temperature of 25°C with a 12-hour photoperi-
od. To study the growth characteristics and sowing
qualities of C. radicans seeds in field conditions,
the seeds were planted in open ground in the
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third decade of April using the tape method; the
distance between rows was 45 cm, the length of
rows was 100 cm, the number of seeds per row
was 20, and the number of rows was 5. The de-
gree of acclimatisation of C. radicans in the study
area was evaluated based on growth and gener-
ative development indicators using the acclima-
tisation number method according to the scale
of MA. Kochna and O.M. Kurdyuk (Shlapak et
al., 2019). The study was conducted in accordance
with the Convention on Biological Diversity (1992).

Results and Discussion

This study found that reproductive individuals
of C. radicans successfully pass through all stag-
es of development and age in the conditions of
introduction in the Northern Black Sea region.
During the latent period of ontogenesis of C. rad-
icans, morphometric indicators and sowing qual-
ities of seeds were studied. C. radicans seeds are
round-triangular, flat, with a thin seed coat and
two winged wings. The morphometric parameters
of the seed are 0.4-0.8 cm in length (average val-
ue 0.5%#0.04 cm) and 0.6-0.9 cm in width (average
value 0.8%0.03 cm). The weight of 1,000 seeds is
3.4%0.04 g. The established carpopological char-
acteristics of C. radicans correspond to the species
norm. Laboratory germination and seed germina-
tion energy are high, amounting to 94% and 90%,
respectively, while field germination and seed
germination energy are 86% and 77%. The ger-
mination phase begins immediately after sowing
and lasts for 4-7 days until the cotyledon leaves
appear. Germination is characterised by the ap-
pearance of cotyledon leaves on the soil surface,
followed by juvenile leaves after the cotyledon
leaves die off. Cotyledon leaves appear on aver-
age 6 days after sowing the seeds.

Juvenile leaves appear on average 11 days
after the cotyledon leaves open. Juvenile leaves
are simple, with an average length of 2.0-2.5 cm
and a width of 2.0 cm. During this period, the
plant has leaves with a shadow anatomical struc-
ture, weak mesophyll development, no differen-
tiation into columnar and palisade parenchyma,

weak venation development, and a small number
of stomata per unit area. The transition of C. rad-
icans plants to the immature state is evidenced
by the formation of 8 or more true leaves, the
presence of opposite leaf arrangement, and in-
tensive growth of the main shoot. The formation
and growth of the root system is intensified (the
length of the main root averaged 20 cm), lateral
roots are formed (on average, there were 20 of
them). The average length of the leaves of virgin
plants is 4-5 cm, and the width is 2.7 cm.

The virginal state in the ontogenesis of C.rad-
icans lasts until the onset of the budding phase.
Virginal plants are characterised by typical leaves
in shape and size and the absence of generative
shoots. The root system of C. radicans is of the al-
lorizic type, taproot with well-developed main and
lateral roots. Under the conditions studied, the root
system of young plants is of the superficial-anchor
type with roots concentrated in the soil horizon up
to 42 cm. In the absence of support, the plant ac-
tively takes root. Certain features were found in the
anatomical structure of the stem. The non-lignified
shoots of C. radicans have a primary structure. The
epidermis of C. radicans consists of a single layer
of cells that are slightly elongated, with relative-
ly thick straight walls. There are juvenile hairs on
the surface of the stem. Under the epidermis, the
primary cortex is differentiated, consisting of thin-
walled parenchyma chlorophyll-bearing cells in
which photosynthesis occurs. The peripheral layers
of cells of this tissue are represented by collenchy-
ma, which is located in a uniform layer or separate
zones. The endoderm of C. radicans is represented
by a starch-bearing sheath - it consists of a single
layer of cells containing starch grains. Behind the
endoderm, towards the centre of the stem, is the
central cylinder, the main structural elements of
which are the pericycle, the vascular tissue zone
and the pitha.

The pericycle is the outer boundary of the
axial cylinder and is located directly beneath the
endoderm. Behind the pericycle is the conductive
tissue of the central cylinder, which in C. radicans
is represented by open collateral vascular-fibrous
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bundles. In their primary structure, they consist of
primary xylem (closer to the centre) and primary
and secondary phloem (closer to the periphery).
The pith in the primary structure of the C. radicans
stem is well developed and occupies its central
part. It consists of large parenchyma cells with
intercellular spaces. The cells of the pith are cy-
lindrical with very thin cellulose walls. The central
cylinder also includes primary pith rays, which are
located between the vascular-fibrous bundles and
separate them. In addition, the pith rays connect
the pith with the primary cortex. The formation of
the secondary structure of the stem in C radicans
begins in early summer with the laying of the cam-
bium and the formation of secondary conductive
tissues in the central cylinder of 1-year-old shoots.
The formation of the periderm in Mykolaiv occurs
later, in October-November, so the green shoots of
the first year have primary covering tissue, a typ-
ical structure of the primary cortex, but already
formed cambium from the procambium and sec-
ondary xylem and phloem. Parenchymatic rays in
C. radicans are well developed in both phloem and
xylem and heartwood. As indicated by J.C. Raulston
& G. Grant (1994) and K.S. Rajput et al. (2018), in
further development in perennial stems, the heart-
wood is completely replaced by secondary xylem
and intrasaxillary secondary phloem.

Anatomical and morphological studies of the
leaf blade of virginal plants C. radicans showed
that the studied plants have a dorsoventral leaf
structure with a single-layer upper and lower ep-
idermis. The epidermal cells are relatively large,
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with thin walls. The central vein is more or less
rounded, with a developed keel on the abaxial
side and a groove on the adaxial side. The ep-
idermis is single-layered, with collenchyma un-
derneath. The mesophyll consists of parenchyma
cells, weakly differentiated into multilayered co-
lumnar and spongy parenchyma. The leaf’s con-
ducting bundles are collateral, with well-devel-
oped xylem and phloem. The leaf of C. radicans
is flat, and the veins on the abaxial side protrude
strongly above the surface of the leaf blade. In
large veins, the cells of the main parenchyma are
large, with thin walls and intercellular spaces;
the conducting bundles of the leaf are collateral;
the collenchyma is well developed on the side of
the veins. There is weak pubescence on the leaf:
trichomes are few, simple, hook-shaped with a
broad base, located singly along the edges of the
leaf and on the veins on the underside of the leaf.
Thus, the leaf of C. radicans has xerophytic struc-
tural features. According to S. Wennerberg (2004),
the transition to the generative period in C. radi-
cans occurs 4-6 years after sowing the seeds, or
2-3 years in the case of rooting cuttings. Plants
in the generative period were studied in natural
conditions at the research site. The generative pe-
riod is characterised by the formation of flowers,
the formation and ripening of seeds and fruits,
and in the phenological spectrum includes the
phases of budding, flowering, and fruiting (Ta-
ble 1). The duration of the period from the end of
flowering to fruit ripening averaged 51 days over
2 years of observation.

Table 1. Phenological range of C. radicans in the Northern Black Sea region in 2023-2025

Phenological phase  April

May June July August September October

November December

Shoot growth

Budding

Flowering

Fruiting

Relative dormancy

Source: compiled by the author
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The flowering phase in generative individu-
als of C. radicans begins when the effective tem-
perature exceeds +25°C and the average daily
temperature is +21°C-+26°C, which in Mykolaiv
occurs in the second ten days of June and lasts
until the autumn frosts and a decrease in the av-
erage daily temperature. Flowering in C. radicans
is gradual and abundant, which gives the plants
high decorative value and expands the possibil-
ities of its use in green construction. The fruit-
ing phase in generative individuals of C. radicans
begins in the third decade of July and lasts un-
til the end of November. The fruit of C. radicans
is solitary, dehiscent, pod-like with a partition,
leathery walls, and greyish-brown in colour when
ripe. By measuring the morphometric parameters
of the fruits, it was established that in the stud-
ied area, C. radicans forms fruits ranging in size
from 8 to 20 cm in length (average value 14.3+0.1
cm), from 2.0 to 3.3 cm in width (average value
2.5%0.1 cm),and up to 5 cm in diameter. The aver-
age fruit weight is 9.0%0.2 g. The smallest number
of seeds in a fruit is 39, and the largest is 388.
Ripe fruits open along the side seams, and seeds
are dispersed by anemochory.

Observation of the natural seed renewal of
C. radicans in the studied localities showed that
the plant forms self-seeding, which germinates
in the spring of the year following fruiting. The
spread of self-seeding has certain peculiarities -
seedlings were found both directly near the parent
plants and beyond their boundaries. Studying the
peculiarities of the seasonal rhythm of develop-
ment and the duration of the phenological phases
of the plant under conditions of introduction is of
great importance for assessing the success of its
acclimatisation. The studied species belongs to
the group of spring-summer-autumn green plants
with a late start and late end of vegetation. The
beginning of plant vegetation is observed in the
second decade of April at an average daily tem-
perature of over +13°C. The end of vegetation is
observed at the end of November. The duration
of the growing season of C. radicans in the condi-
tions of the Northern Black Sea region is 240 days.

The acclimatisation index, calculated on the basis
of four indicators, is 90 points, which indicates
the complete acclimatisation of C. radicans in the
conditions of the Northern Black Sea region. The
plant goes through all ontogenetic periods and
age stages (growth indicator - 5 points), produces
completely similar seeds (generative development
indicator — 5 points), has good winter hardiness
with possible partial freezing of annual shoots
(winter hardiness index - 4 points), and has excel-
lent drought resistance (5 points).

Given the established ontogenetic char-
acteristics, plant development throughout the
year, and degree of acclimatisation, C. radicans
can be considered successfully introduced in
the Northern Black Sea region. The high poten-
tial for naturalisation in the Northern Black Sea
region is primarily indicated by the fact that the
plants are capable of successfully reproducing
independently, both by seed and vegetatively.
The quantitative parameters of seed quality ob-
tained differ slightly from the indicators given in
the available information sources. Thus, the fruit
length established in this study varies significant-
ly from 8 to 20 cm, while according to S. Wenner-
berg (2004) in the natural range it is 8-13 cm.The
weight of 1,000 seeds in the studied plants was
slightly lower than according to D. Chachalis &
K.N. Reddy (2000) - 3.4 g and 4 g, respectively;
the same applies to the average number of seeds
in the fruit - 388 and 696, respectively. However,
despite the formation of relatively smaller seeds,
high field germination and germination energy
rates were observed - both in comparison with
our own laboratory data and in comparison with
data from other researchers. Thus, D. Chachalis &
K.N.Reddy indicate a maximum laboratory germi-
nation rate of 74%. Therefore, it can be assumed
that C. radicans plants in the studied climatic and
geographical conditions produce reproducible,
high-quality and germinable seeds.

As S. Wennerberg (2004) points out, in its
natural region, C. radicans is found in thickets,
dry forests, wastelands, railway tracks, disturbed
areas, clearings, and along roadsides and fences,
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i.e.in a wide range of habitats, preferring well-lit
areas on sandy, loamy or clayey soils with vary-
ing moisture levels and pH ranging from 3.7 to
6.8. A study by X. Jiang-bao et al. (2011) on the
photosynthetic efficiency of three-year-old leaves
in relation to soil moisture and light intensity
showed that C. radicans is also highly adaptable to
light conditions. According to the results of obser-
vations, if C. radicans plants do not have vertical
support, they switch to horizontal growth, spread
across the soil surface and take root. The growth
characteristics described above illustrate the spe-
cies’ significant ecological plasticity in terms of
many growth conditions, which in turn indicates
the significant adaptive potential of C. radicans in
new areas of its distribution.

Under introduction conditions, C. radicans
has been observed to spread beyond the bound-
aries of the crop. Thus, according to S. Wenner-
berg (2004) and J.A. Hurrell et al. (2012), through-
out the United States, Canada and Argentina, the
species grows as a weed, which is why S. Wenner-
berg (2004) recommends controlling its growth
when using the vine in landscaping. In Europe, J.
Blanco Salas (2014) reported the first discovery
of a wild population of C. radicans in the natural
environment in the west of the Iberian Peninsula
in Spain. E. Raab-Straube & Th. Raus (2019) re-
port on the spontaneous local naturalisation of
the species in urban areas of Algeria. In this study,
seedlings were observed at a distance from the
parent plant, where they are able to withstand
competition and develop successfully. Given the
anemochorous mode of seed dispersal and the
active wind regime in the study area, it is quite
possible that seeds are carried beyond the parent
plant over significant areas. In urban ecotopes,
additional factors may contribute to the spread of
C. radicans seeds, such as dispersal by motor vehi-
cles, human transport during the cleaning of park
areas and streets, etc. Thus, in the conditions of
the Northern Black Sea region, C. radicans plants
of generative age bloom, form viable seeds, pro-
duce self-sown seedlings, and are capable of
spreading naturally without human intervention.
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Overall, the established biological characteristics
of C.radicans indicate the plant’s high potential for
naturalisation in the Northern Black Sea region.

Conclusions
C. radicans successfully passes through the latent,
pregenerative and generative periods and the
age stages of seedling, juvenile, immature, vir-
ginal, young generative, middle generative and
old generative in ontogenesis. In the conditions
of the Northern Black Sea region, the length of
the growing season of generative individuals of
C. radicans is 240 days. In terms of phenological
development, C. radicans has a late start and late
end of vegetation and belongs to spring-sum-
mer-autumn green plants. In the conditions of the
Northern Black Sea region, C. radicans forms fruits
ranging from 8 cm to 20 cm in length (average
14.3 cm) and from 2 cm to 3.3 cm in width (aver-
age 2.5 cm). The linear dimensions of the seeds
vary from 0.4-0.8 cm in length (average 0.5 cm) to
0.6-0.9 cm in width (average 0.8 cm). The average
weight of 1,000 seeds was 3.4 g.

Under the introduction conditions of the
Northern Black Sea region, C. radicans showed ef-
fective natural seed reproduction, characterised by
abundant and prolonged flowering and the forma-
tion of viable and similar seeds. The germination
rate and germination energy of C. radicans seeds in
laboratory conditions were 94% and 90%, respec-
tively, while in field conditions these indicators
were 86% and 77%, respectively. The seeds remain
viable under natural conditions, thus, when intro-
duced into the Northern Black Sea region, seed
reproduction and maintenance of the stability of
C. radicans populations is possible without vege-
tative reproduction. The obtained characteristics
of growth and generative development of C. radi-
cans illustrate the high adaptive capabilities of the
species. The acclimatisation index (90 points) in-
dicates the complete degree of acclimatisation of
C. radicans in the conditions of the Northern Black
Sea region. As the results show, C. radicans is not
only successfully introduced but also has a high
potential for naturalisation in the conditions of the
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Features of growth and generative development of Campsis radicans (L.)...

0Oco6nMBOCTi poCTy Ta reHepaTMBHOIo po3BUTKY Campsis radicans (L.)
Seem. ex Bureau B ymoBax liBHiyHOro NpuyopHomMop's

Onbra KoponboBa

KaHamaaT 6ionoriyHmx Hayk, AOLEHT

YOopHOMOPCbKUI HaLiOHaNbHMI YHiBEpCUTET iMeHi MNeTpa Morunu
54000, Byn. 68 [lecaHTHukiB, 10, M. Mukonais, YkpaiHa
MuKONAIBCbKMIA HALLIOHAIbHUI arpapHWi YHiBepCuTET

54008, syn. [eoprisa loHraase, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0003-0429-1135

AHoTauif. HeobXigHiCTb KOHTPOMD MOWMPEHHS HTPOAYKOBAHMX BUWAIB i3 BUCOKMM afanTUBHUM
NOTEHLLIANIOM Y HOBMX €KONOTiYHMX YMOBAX 3YMOBIIOE NOTpeby y BUBYEHHI iX 6ionoriyHMX BNaCTMBOCTEMN.
MeTa pocnigkeHHs nongrana y BCTaHOBAEHHi bionoriyHnx ocobnusocteit pocnnn Campsis radicans (L.)
Seem. ex Bureau B ymoBax [liBHiYHOro [pMYOpHOMOPM 3 MOXIMBICTHO BM3HAYEHHS MOTEHLIMHOI
30aTHOCTI HaTypanisyBatuca. MatepianoM gocnigxeHHs ctanu 36opu nnogis i HaciHHg C. radicans, a
TaKoX cnocTtepexeHHs 3a 40 pisHosikoBMMKM ocobuHamu C. radicans, BukoHaHi npotarom 2023-2025 pp.
Y pesynbrati gocnigpkeHb 6yno BCTAaHOBNEHO, WO Y CBOEMY po3BUTKY 0cobunu C. radicans npoxoasTb
3 oHTOreHeTMYHi nepioau Ta 7 BiKOBMX CTaHiB. BereTauiiinuii nepiop C. radicans Ha pocCnioxeHin
Teputopii Tpmueae 240 pi6. C. radicans xapakTepu3yeTbCa Mi3HIM NMOYATKOM Ta 3akiHYeHHAM BereTauii i
BiAHOCUTbCS 10 BECHAHO-MITHbO-0CiHHBbO3EEHUX POC/IUH. 3'1COBAHO, WO KapnonoriyvHi o3Haku C. radicans
Y3roxytoTbes i3 BupoBoto Hopmoto. [noawm C. radicans manu poexuHy 8-20 cm (14,3 cM B cepenHboMy) Ta
wupuHy 2,0-3,3 cm (2,5 cM B cepeaHbomy). JTiHiviHI napameTpu HaciHuHu cknanu 0,4-0,8 cM 3aBOOBXKM
(0,5 c™m B cepenHbomy) Ta 0,6-0,9 cm 3aBwmpwku (0,8 cM B cepeaHboMmy). MokasHuk Macu 1000 HaciHKH
DOpiBHIOE 3,4 . Bu3HaueHo, Lo foCnigKeHi pOCIMHM YTBOPIOBAM AKiCHWUI NOCiBHMI MaTepian. MokasHuKK
CXOXOCTi Ta eHeprii NPOPOCTaHHSA HaCiHHA B NabopaTOpHMX yMOBax OGynu BULLMMM, HiX Y MOMbOBUX
ymoBax (94 1a 90 %, 86 % 1a 77 % BianosiaHo). Po3paxoBaHe 3a 4 kputepiaMu aknimaTmsauinHe yucno
nopisHioe 90 H6anam, Lo BiANOBIAAE MOBHOMY CTyNeH aknimMatusauii C. radicans Ha TepuTopii MNiBHiYHOrO
MpuyopHoMopa. BuasneHi ocobanBocTi pocTy Ta reHepatMBHOro po3euTKy C. radicans BKa3ytoTb HA 3HAYHI
NPUCTOCYBaIbHI MOX/IMBOCTI BUAY

KntoyvoBi cnoBa: Campsis radicans; oHToreHes; NociBHi SKOCTi HACiHHA; CTYMiHb akNiMaTU3aLlii; HaciHHEBe
MOHOB/IEHHS

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 4


https://orcid.org/0000-0003-0429-1135

Received 25.03.2025 Revised 09.07.2025 Accepted 27.08.2025

Scientific Reports of the National University
of Life and Environmental Sciences of Ukraine

<
)
Zw
=8
NN
=)
>

Journal homepage: https://scireports.com.ua/en

UDC 630%2(477-411) DOI: 10.31548/dopovidi/4.2025.19

Dynamics of the sanitary condition
of Scots pine stands in the green zone of Kyiv
(based on the example of the Sviatoshyn Communal Forest-Park Enterprise)

Nataliia Puzrina”

PhD in Agricultural Sciences, Associate Professor

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0003-1645-7489

Roman Vasylyshyn

Doctor of Agricultural Sciences, Professor

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0002-7268-8911

Oleksandr Melnyk

PhD in Agricultural Sciences, Senior

Separate Subdivision of the National University of Life and Environmental Sciences of Ukraine
“Boyarka Forestry Research Station”

08150, 12 Lisodoslydna Str., Boyarka, Ukraine
https://orcid.org/0000-0002-3967-4710

Orest Obukhyvskiy

Postgraduate Student

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0009-0003-3242-5716

Bohdan Palianychuk

Postgraduate Student

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0009-0003-0248-1848

Suggested Citation:

Puzrina, N., Vasylyshyn, R., Melnyk, O., Obukhyvskiy, O., & Palianychuk, B. (2025). Dynamics of the sanitary
condition of Scots pine stands in the green zone of Kyiv (based on the example of the Sviatoshyn Communal
Forest-Park Enterprise). Scientific Reports of the National University of Life and Environmental Sciences of Ukraine,
21(4), 19-36. doi: 10.31548/dopovidi/4.2025.19.

‘Corresponding author

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


https://orcid.org/0000-0003-1645-7489
https://orcid.org/0000-0002-7268-8911
https://orcid.org/0000-0002-3967-4710
https://orcid.org/0009-0003-3242-5716
https://orcid.org/0009-0003-0248-1848
https://scireports.com.ua/en

Dynamics of the sanitary condition of Scots pine stands in the green zone of Kyiv...

Abstract. The relevance of the study is conditioned by the specifics of forest ecosystems in the green
zone of Kyiv, which are located in a zone of intense anthropogenic stress and play a critical role in
the urban environment. The purpose of the study was to analyse changes in the sanitary condition of
green zone forests, identify key factors leading to their degradation, and develop recommendations for
their improvement. The study used the analysis and generalisation of forest management materials,
literature data, well-known methods of forestry and forest valuation (reconnaissance and detailed
survey of plantings), and forest pathological methods for identifying and analysing the sanitary
condition of pine plantations. During 2020-2024, a decrease in the overall stability of pine stands
was found, since about 25% of them were mature and over-mature, which lose their environmental
and aesthetic functions. The increase in dead wood volumes is the result of the colonisation of
weakened plantings by stem pests, such as common pine shoot beetle (Tomicus piniperda L.), lesser
pine shoot beetle (T. minor Hartig.), sharp-toothed bark beetle (Ips acuminatus Gyllenhal), six-toothed
bark beetle (Ips sexdentatus Boerner), steelblue jewel beetle (Phaenops cyanea Fabricius), pine sawyer
beetle (Monochamus galloprovincialis OL.),and timberman beetle (Acanthocinus aedilis L.). The identified
populations of xylophagous insects were characterised by a low to medium degree of infestation and
were observed only on severely weakened trees. The largest area of pine stands (690.0 ha) covered by
selective sanitary logging occurred in 2020, which indicates the impact of negative factors. Analysis of
the typological structure showed that light pine forests were the most common (54.8% of the area),
and fresh conditions predominate among hygrotopes (94.72% by area). High-performance stands of
quality classes 1c? (99.1% of the area) and medium-aged stands (56.5% of the area) predominated. The
total volume of accumulated dead wood was 285.4 thousand tonnes, of which 86.2% was concentrated
in pine forests, with the largest carbon reservoir being the forest floor (65.1%). The average density
of deadwood in pine stands was 2.61 kg-m-2. The results obtained can be used to develop effective
measures to improve the sanitary condition of pine stands in the forests of green areas, increase their
resistance to pests and diseases, and to optimise the recreational load

Keywords: recreational load; xylophagous insects; selective sanitary logging; deadwood; forest
ecosystems

Introduction

The relevance of the study was conditioned by the
need for a scientifically based assessment of the
state of forests within the city of Kyiv, which were
under the influence of intensive anthropogenic
activity. Investigation of the productivity, com-
position, structure, and changes of forest stands
will help to determine ways to optimise economic
measures, ensure the stability of plantings, and
increase their environmental efficiency. Research
of the sanitary condition of forests in green areas
of Kyiv is important for preserving valuable eco-
systems, maximising their performance of ecosys-
tem functions, and ensuring sustainable develop-
ment of the city.

0. Tokarieva (2023) noted that the forests of
urban green areas are functional natural objects
that include the area outside the city, occupied
by forests and other green spaces, the character-
istic feature of which is manifested in the stabi-
lising effect on the urban environment. They are
important factors in the development and regu-
lation of the urban and suburban environment,
which is carried out by influencing the tempera-
ture, ionising regime of air, and its humidity and
chemical composition, including the absorption
of carbon dioxide with the subsequent release
of oxygen, etc. The functions that the forests of
green zones of cities perform can be grouped
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into the following groups: ecological (environ-
ment-forming or climate-regulating, sanitary and
hygienic), social (recreational, health-improving,
aesthetic), ecological (development of recreation,
satisfaction of the population’s needs for wood).
Thus, urban forests are multifunctional elements
of urban infrastructure that require special atten-
tion to their sanitary condition.

V. Levchenko & V. Gumeniuk (2024) found
that intensive human economic activity leads to
the violation of the mechanisms of self-healing
and self-regulation of the ecosystem, which, ac-
cordingly, facilitates its degradation. The study
showed that excessive stress on forest ecosys-
tems disrupts their natural balance, causing
them to be vulnerable to biotic and abiotic fac-
tors. The sanitary condition of forests, in partic-
ular pine stands, is deteriorating, and this may
be conditioned by the occurrence of outbreaks
of mass reproduction of harmful insects. N. Puz-
rina et al. (2022) found that under favourable
conditions, insects can multiply rapidly and
reach numbers of up to several tens of thou-
sands of individuals per tree, which, if untimely
detection and lack of effective control measures,
causes massive damage to stands and disrupts
the ecological balance in forest biocoenoses,
significantly affecting the general biological
stability of plantings.

M. O. Lakyda et al. (2022) noted that the
determination of the sanitary condition of for-
est stands also allows assessing the patterns of
buildup of deadwood reserves, which is of ecolog-
ical importance as a habitat for biological species,
and also performs the function of carbon depo-
sition. A significant accumulation of deadwood,
in particular, at the objects of the nature reserve
fund and urban forests, creates prerequisites for
the rapid spread of forest fires, which requires the
development of an appropriate strategy for the
management of dead wood in these forests. In
the course of the study, O. Soshenskyi et al. (2021)
found that such zones pose an increased risk of
uncontrolled ignition, which was confirmed by
examples of large-scale fires in protected areas.

Puzrina et al.

The revealed relationship between the amount of
deadwood and the intensity of fire propagation
justifies the need for regulated management of
dead biomass. S. Zhang et al. (2025) noted that
global warming increases the risk of forest fires
and insect outbreaks, potentially reducing the
carbon storage function of coarse wood debris.
The researchers focused on the interaction of
forest fires and insect damage on carbon deposi-
tion, but the effect of xylophagous insects on the
flammability of dead wood remains unexplored.
Excessive reserves of wood detritus can create
conditions for the reproduction of pests, however,
the direct impact on the spread of diseases and
pests of the forest was not described in detail in
scientific sources.

Thus, scientific assessment of the sanitary
condition of urban forests becomes particularly
important in the context of increasing anthropo-
genic stress, climate change, and disruption of
natural regulation mechanisms. The purpose of
the study was to identify spatial and temporal
changes in the sanitary state of forest ecosys-
tems, identify the main factors of their degra-
dation, and develop practical recommendations
for stabilising and improving the ecological effi-
ciency of urban forests.

Materials and Methods

In the course of research, materials of basic for-
est management were analysed (Kyiv City State
Administration, 2023) Sviatoshyn Communal
Forest-Park Enterprise, the volume of selective
sanitary logging for the period 2020-2024 was
analysed with subsequent surveys in the foci of
drying of pine stands. During the reconnaissance
survey, a general inspection of the sites was car-
ried out (Goychuk et al., 2012), in the examined
plantings, visual inspection revealed a signifi-
cant weakening of them (yellowing of needles,
falling bark, dryness).

Detailed surveys of plots on an area of 91.9
hectares were accompanied by the determina-
tion of the species composition of xylophagous
insects. The species composition of xylophagous
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insects on dry and drying trees was determined
by counting the population density: the average
number of families of harmful insects per square
decimetre of the trunk was calculated (Meshko-
va et al., 2020). When studying the species com-
position, each model tree was cleaned of knots.
On the trunk, a 10 cm wide ribbon of bark was

removed from the base to the top. Within the ac-
tual settlement areas of each species, accounting
palettes were laid, on which the density of the
infestation and real fertility were determined. The
number of stem borer tunnels per 1 dm? on the
barkless side of the stem was used to determine
the areas and density of their settlement (Table 1).

Table 1. Criteria for assessing the number of young generation or the production of stem pests

Number of the younger generation (p) per 1 dm?

Species

low average high
Monochamus galloprovincialis 0.2 or less 0.3-0.7 0.8 or more
Phaenops cyanea 0.2 or less 0.3-0.5 0.6 or more
Tomicus minor 4.9 orless 6.0-10.0 10.1 or more
Tomicus piniperda 2.9 orless 3.0-5.0 5.1 or more
Ips acuminatus 2.0 orless 2.1-5.0 5.1 or more
Acanthocinus aedilis 5.1 or less 6.0-10.0 10.1 or more

Source: developed by the authors based on V.L. Meshkova et al. (2020)

The relative density, i.e., the number of in-
dividuals of a certain pest species per unit of ac-
counting (the number of trees examined (samples
taken), was determined by the equation:

k
Vi=p, 1)

where Vr - relative density; k = sum of all individu-
als of the species in all samples, units; n - number
of samples taken (trees examined), units. Assess-
ment of the volume of deadwood (or detritus) was
carried out based on the materials of the specific
taxation characteristics of forest fund plots (Kyiv
City State Administration, 2023) using mathe-
matical models of conversion coefficients (Bil-
ous, 2018). Statistical processing of the obtained
data was performed using the Microsoft Excel soft-
ware suite. The study was conducted according to
the Convention on Biological Diversity (1992).

Results and Discussion
In accordance with the systematic approach to
forest management within the metropolitan
area proposed by V.Yu. Yukhnovskyi et al. (2021),

efficiency of forests in Kyiv should be evaluat-
ed primarily in terms of their ability to perform
environmental functions. The state of green for-
ests in the capital, in particular, on the territory
of Sviatoshyn Communal Forest-Park Enterprise,
should be considered through the prism of func-
tional zoning and its impact on the environ-
mental stability of plantings. According to the
Ukrainian State Design Forestry Production Asso-
ciation (2022) and Resolution of the Cabinet of
Ministers of Ukraine No. 733 (2007), the structure
of green forests within this territory covers nature
protection, scientific, historical and cultural, and
recreational areas. Each of these categories has
a specific functional load and usage mode, which
is shown in Figure 1. The division of forests into
functional categories allows for a more accurate
assessment of the factors that affect their sani-
tary condition.

The largest share of the enterprise’s territo-
ry is formed by national nature parks, the regu-
lated recreation area is 38.1%, and green zone
forests are 33.2%, respectively. The existing
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structure, where more than 70% of forests have
conservation and recreational purposes, is
aimed at preserving ecosystem functions and
ensuring sustainable development of the city.
The main task of these forests is to regulate and
stabilise soil, climatic and hydrological condi-
tions, and to perform environmental functions.
However, intensive anthropogenic impact and
climate changes lead to a deterioration in the
sanitary condition of pine stands and an in-
crease in the volume of dead wood.

Forests of Sviatoshyn Communal Forest-Park
Enterprise by 52.7% in area and by 57.0% in trunk

8.9

Puzrina et al.

stock are represented by artificial stands of seed
origin. Natural stands of seed origin account for
36.9% of the area of forest areas covered with for-
est vegetation, which is 35.8% of the stem stock.
The rest, 10.4% by area and 7.1% by stock, respec-
tively, falls on stands of vegetative origin. During
the analysis of the data bank of specific taxation
characteristics of forests, it was found that the
most common forest-forming tree species on
the territory of the enterprise was Scots pine, the
share of plantings in the area of which was 86.3%
(9,759.2 ha). Plantings with a predominance of
common oak make up 9.8% (1,112.9 ha) (Fig. 2).

Nature reserves
National parks (protected areas)

National natural parks (regulated recreation areas)

National natural parks (economic zones)

Forests within populated areas

38.1 48

m Forest park areas of green zones

Figure 1. Division of the forest area of Sviatoshyn Communal Forest-Park Enterprise into categories, %

Source: developed by the authors based on materials of Kyiv City State Administration (2023)

171211
9.8 Scots pine
Common oak
m White birch
Black alder
86.3

Other tree species

Figure 2.Division of the area
of forest areas covered with forest vegetation
by dominant tree species, %
Source: developed by the authors based on forest
management materials (Kyiv City State Administra-
tion, 2023)

The data in Figure 2 indicate the dominance
of Scots pine (86.3%) in the species composition of
forests, which creates susceptibility to phytopha-
gous insects, pathogens, and anthropogenic stress.
Monospecific dominance of Scots pine reduces bio-
diversity and ecosystem sustainability, especially in
the face of urban pollution and recreational stress,
which exacerbate the weakening of trees and con-
tribute to the spread of drying out. This creates a
high need for continuous monitoring and adaptive
forest management measures to maintain the vi-
ability of green area forests. Given that the bonus
indicator reflects the influence of soil and climat-
ic factors on the growth and development of tree
species, Table 2 clearly shows the patterns of pro-
ductivity of Scots pine plantings depending on the
richness and humidity of the soil.
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Table 2. Distribution of the area and stock
of Scots pine stands by type of forest-growing conditions and bonus

. i Area Stem stock
FST index Quality class ha % thous. m? %
A
2 1.1 0.01 0.26 0.008
A 3 8.3 0.09 1.35 0.041
! 4 4.6 0.05 0.58 0.018
5 1.6 0.02 0.12 0.004
2 47.4 0.49 11.92 0.362
A, 3 39.1 0.40 8.33 0.253
4 0.4 0.00 0.04 0.001
Total - 102.5 1.05 22.6 0.686
B
B 2 23.7 0.24 1.41 0.043
! 3 6.7 0.07 1.51 0.046
1° 0.3 0.00 0.09 0.003
12 1,641.7 16.82 630.59 19.148
B, 1 2,575.4 26.39 822.23 24.967
2 788.2 8.08 232.68 7.065
3 24.6 0.25 5.35 0.162
12 31.1 0.32 8.31 0.252
B, 1 204.4 2.09 70.56 2.143
2 50.4 0.52 12.46 0.378
Total - 5,346.5 54.78 1,785.19 54.208
C
1e 1.3 0.01 0.33 0.010
1° 136.3 1.40 46.03 1.398
12 1,797.6 18.42 696.80 21.158
C. 1 1,897.7 19.45 609.34 18.503
2 292.3 3.00 80.04 2.430
3 2.1 0.02 0.42 0.013
1b 9.2 0.09 2.57 0.078
12 82.4 0.84 23.23 0.705
C, 1 44.3 0.45 16.01 0.486
2 46.6 0.48 10.64 0.323
3 0.4 0.00 0.05 0.002
Total - 4,310.2 4417 1,485.46 45.106
Total - 9,759.2 100.00 3,293.25 100.000

Note: A, B, C, D - soil fertility (from poor to fertile) and 0,1,2,3,4,5 — soil moisture (from very dry to very wet)
Source: developed by the authors based on forest management materials (Kyiv City State Administration, 2023)

In the course of the analysis of the typologi-
cal structure of pine forests, it was found that the
most common forest site type on the territory of
Sviatoshyn Communal Forest-Park Enterprise are
light pine forests, which occupy 54.8% of the area
of forest areas covered with forest vegetation.
There are no oak forest stands on the enterprise’s

territory. Among the hygrotopes, fresh conditions
predominate - 94.72% by area and 95.47% by
stock. There are no xerophilic, hygrophilic, or ul-
tra-hygrophilic hygrotopes. Analysis of the distri-
bution of areas of Scots pine stands by quality of
locality shows that the enterprise is dominated
by high-performance stands 1¢- 2 quality classes,
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which cover 99.1% of the area. Light pine forests,
which occupy 54.78% of the area, are the most fa-
vourable for pine plantations, which is confirmed
by high quality classes, however, it is in these con-
ditions that intensive growth is observed, which
can lead to the development of overgrown stands.

Pine plantations in spruce-fir forest condi-
tions (44.17% of the area) are less adapted to
heavier loamy soils, which can lead to stagnation
of water after heavy precipitation, or, conversely,

Puzrina et al.

to excessive compaction during dry periods and
makes plantings in spruce-fir forests vulnerable
to root decay. After analysing the age structure of
pine stands of Sviatoshyn Communal Forest-Park
Enterprise, it can be concluded that the age distri-
bution is dominated by middle-aged stands with
a share of 56.5% of the area of forest areas cov-
ered with forest vegetation and 62.2% of the total
stem stock of tree stands. The area of young stock
is only 5.8% (Table 3).

Table 3. Distribution of the area and stock of Scots pine stands by age groups

Area Stem stock

Age group ha thous. m? %

Young stock 568.9 10.5 0.3
Middle-aged 5,515.6 56.5 2,048.16 62.2
Maturing 1,305.3 13.4 516.52 15.7
Fully mature 1,164.7 11.9 378.64 11.5
Overmature 1,204.7 12.3 339.43 10.3
Total 9,759.2 100.0 3,293.25 100.0

Source: developed by the authors based on Kyiv City State Administration (2023)

The distribution by age group indicates a
suboptimal forest structure of Sviatoshyn Com-
munal Forest-Park Enterprise from the stand-
point of environmental sustainability. The pre-
dominance of middle-aged and the presence of
a significant proportion of overmature plantings
in combination with a low proportion of young
animals creates prerequisites for mass drying
out and deterioration of the sanitary condition.
The largest share of the area (56.5%) and stem
stock (62.2%) is occupied by middle-aged stands.
This age period is often critical for pine stands
from the standpoint of sanitary condition, be-
cause there is an intense crown closure, com-
petition for light, water, and nutrients increases.
Trees that lag behind in growth or are weakened
begin to die intensively, creating prerequisites
for the development of pathological processes.
In the urban environment under the influence of
additional stress (air pollution, soil compaction,
recreational load), middle-aged plantings are
particularly vulnerable to colonisation by stem

pests (bark beetles, barbels) and the develop-
ment of wood-destroying fungi. Figure 3 shows
the distribution of pine forests of the enterprise
by relative density, which reflects the efficiency
of using the occupied space by tree stands.

45 421

Relative stocking

o

21.7

N N W
o o

Share, %

14.1
15 10.9

10

5 2.1 4.3

4.2
0.6

03 04 05 06 07 08 09 10

Figure 3.Distribution of the area
of Scots pine stands by relative density
Source: developed by the authors based on Kyiv City
State Administration (2023)
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In general, Sviatoshyn Communal Forest-Park
Enterprise is dominated by medium-sized stands
with a relative density of 0.7 — more than 40%
both in area and in stock. High-quality stands
with a fullness index of more than 0.8-26.5% are
also common. The high density of pine stands on
26.5% of the area can create favourable condi-
tions for the development of fungal diseases and
weakening of trees by reducing the intensity of
sunlight and increasing humidity. For pine stands
of green zone forests in conditions of intensive
recreation, the optimal density is 0.6-0.7. Given
the significant recreational load on the forest
park economy and to assess the sanitary condi-
tion, the dynamics of carrying out a set of mea-
sures to improve the sanitary condition of forests
for pine plantations to perform protective, wa-
ter-regulating, aesthetic, and sanitary-hygienic
functions, namely, sanitary selective logging for
the period 2020-2024 (Fig. 4).

800
700
600
500
400
300

200 172.8
100

I 195.7
2020 2021 2022 2023 2024
Years

690

383.2

Area, ha

290.4

Figure 4. Volumes of selective sanitary logging
for the period 2020-2024
Source: compiled by the authors

Analysis of logging volumes by year allows
tracing the dynamics of the sanitary state of for-
ests. For carrying out selective sanitary logging by
removing dead trees and their groups, cleaning up
clutter in those plantings where it is several times
higher than the natural level, soil trophicity in-
creases, conditions for root nutrition of plants and
the general sanitary condition improve, the stabil-
ity of the ecosystem’s biological diversity and its

balance are restored. It should be noted that the
largest area of pine stands passed through selec-
tive sanitary logging (690.0 ha) was in 2020, which
can be explained by the influence of negative fac-
tors of a reversible and irreversible nature (Fig. 5).

Figure 5. Typical signs
of colonisation by xylophagous insects
Source: compiled by the authors

As a result, these processes have led to an
increase in STEM pest populations, in particu-
lar, sharp-toothed bark beetle Ips acuminatus,
six-toothed bark beetle Ips sexdentatus, common
pine shoot beetle Tomicus piniperda and lesser
pine shoot beetle T. minor, steelblue jewel bee-
tle Phaenops cyanea, pine sawyer beetle Mono-
chamus galloprovincialis, and timberman beetle
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Acanthocinus aedilis. The damage of pine trees and
an increase in the volume of dead wood is a conse-
quence of the infestation of weakened plantings by
stem pests with their subsequent spread to nearby
stands. All trees inhabited by xylophagous insects
belong to the 4-6 quality class. The involvement of
the pests listed above in the drying and death of
individual trees was confirmed by the bores found
in nature under the bark, insect frass, shoots on the

Puzrina et al.

soil under the crown projections after passing ad-
ditional nutrition to adults and their entrance and
exit flight holes on tree trunks. Due to the inten-
sive feeding of xylophages on weakened trees and
the dynamic distribution of populations, the forest
pathology situation in plantings has significantly
worsened (Fig. 6). The surveyed areas with the es-
tablished reasons for the deterioration of the sani-
tary condition are shown in Table 4.

Figure 6. Foci of drying of Scots pine stands

Note: a - 2022,b - 2024
Source: compiled by the authors

Table 4. Summary of the surveyed stands (2024 survey)

o

E| E | £ I

§ ;; g Stand composition of wel;?(t:‘:il:g I::(: leg'?:g out

£ 2 <

8

Sviatoshyn Forestry

89 3 11.6 100% Scots pine (95)+ Scots pine (165) Dead wood from previous years, clutter
89 4 2.9 100% Scots pine Drying of plantings (stem pest complex)
89 5 0.4 W?tocﬁ gﬁgtfspclg?s(;?r?; %’5) Drying of plantings (stem pest complex)
101 1 0.5 100% Scots pine + Littleleaf Linden Dead wood from previous years, clutter
101 2 0.3 100% Scots pine Drying of plantings (stem pest complex)
101 3 0.4 100% Scots pine Drying of plantings (stem pest complex)
101 5 3.3 100% Scots pine Dead wood from previous years, clutter
101 6 1.0 100% Scots pine +Northern Red Oak Drying of plantings (stem pest complex)
101 7 | 04 | 100%Scotspines cmgz ‘i,'g‘;lgomm” Oak+ | prying of plantings (stem pest complex)
101 8 1.7 100% Scots pine Drying of plantings (stem pest complex)
101 10 0.5 Witct?gl/;nsi-cﬁgsrt’ﬂgfnzé)e/‘cji Oak Drying of plantings (stem pest complex)
101 12 0.2 100% Scots pine Dead wood from previous years, clutter
101 14 438 100% Scots pine+Norway Maple Drying of plantings (stem pest complex)
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Table 4. Continued

c
[
£ E | 2
£ 2 - - Pathological signs
8 g ﬁ Stand composition of weakening and drying out
£ 7] <
o
o
101 15 0.7 60% Scots pine 40% Witch elm Dead wood from previous years, clutter
101 16 1.5 100% Scots pine + Scots pine +Norway Maple Dead wood from previous years, clutter
60% Scots pine 20% Witch elm 20%
115 2 0.9 Silver Maple + Norway Maple; Dead wood from previous years, clutter
100% Scots pine — single trees
115 3 3.0 100% Scots pine Dead wood from previous years, clutter
100% Scots pine . .
125 1 8.8 100% Norway Maple — of natural origin Drying of plantings (stem pest complex)
125 2 2.7 100% Scots pine +Black Locust Dead wood from previous years, clutter
30% Scots pine30% Witchelm30%Black Locust 10%
125 3 1.0 | Silver Maple +Sycamore Maple + + Common pear Dead wood from previous years, clutter
Black Locust — of natural origin
125 4 0.2 100% Scots pine + European Aspen Drying of plantings (stem pest complex)
Total 46.8
Kyiv Forestry
114 9 24 90% Scots pine 10% Common Oak +Silver Birch Dead wood from previous years, clutter
’ Common Oak - of natural origin (planned selective sanitary cutting-2025)
114 10 90% Scots pine 10% Common Oak Dead wood from previous years, clutter
4 ' Common Oak - of natural origin (planned selective sanitary cutting -2025)
o . o Dead wood from previous years, clutter
7 2 1.0 60% Scots pine 40% Common Oak (planned selective sanitary cutting -2025)
o . o Dead wo od from previous years, clutter
7 5 26 90% Scots pine 10% Common Oak (planned selective sanitary cutting -2025)
o . o Dead wood from previous years, clutter
7 6 36 80% Scots pine20% Common Oak (planned selective sanitary cutting -2025)
o . o Dead wood from previous years, clutter
17|15 | 37 60% Scots pine 40% Common Oak (planned selective sanitary cutting-2025)
117 | 17 0.5 100% Scots pine Drying of plantings (stem pest complex)
o . o Dead wood from previous years, clutter
17118 | 45 70% Scots pine 30% Common Oak (planned selective sanitary cutting-2025)
120 1 3.1 100% Scots pine Drying of plantings (stem pest complex)
120 2 4.0 50% Scots pine 50% Common Oak Drying of plantings (stem pest complex)
60% Scots pine 40% Common Oak 100% Scots . .
120 3 2.3 pine — single trees Drying of plantings (stem pest complex)
120 4 7.8 60% Scots pine 40% Common Oak Drying of plantings (stem pest complex)
122 1 04 70% Scots pine 30% Common Oak +Black alder Drying of plantings (stem pest complex)
122 | 2 1.2 60% Scots pine 40% Common Oak Drying of plantings (stem pest complex)
122 4 0.8 100% Scots pine Drying of plantings (stem pest complex)
122 8 2.4 100% Scots pine Drying of plantings (stem pest complex)
122 9 1.0 100% Scots pine Drying of plantings (stem pest complex)
o . Dead wood from previous years, clutter
122 | 14 112 100% Scots pine (planned selective sanitary cutting-2025)
o . Dead wood from previous years, clutter
122115 | 1.2 100% Scots pine (planned selective sanitary cutting-2025)
o . Dead wood from previous years, clutter
122 | 16 0.4 100% Scots pine (planned selective sanitary cutting-2025)
Total 45.1
Total, ha 91.9

Source: compiled by the authors
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Sites for conducting a detailed survey were
selected based on reconnaissance survey and
forest pathology surveys of previous years. To de-
termine the species composition of xylophagous
insects on dry and drying trees, the completeness
of the settlement was recorded, that is, average
number of families of different types of harmful
insects per square decimetre of trunk surface was
determined (Table 5). The identified populations
of xylophagous insects were characterised by a
low and medium degree of infestation, and they
were also observed only on very weakened trees.
Density of Phaenops cyanea indicates isolated cas-
es or early stages of infestation. Average degree of
infestation of Monochamus galloprovincialis and

Puzrina et al.

Ips acuminatus indicates an increase in numbers,
which can cause significant damage to weakened
trees. Despite the mostly low and average infes-
tation rates, the presence of xylophagous pop-
ulations on weakened trees confirms their role
in the deterioration of the sanitary condition of
forest stands, especially in conditions of intense
anthropogenic pressure and climate changes that
contribute to the weakening of trees. During the
monitoring studies for the period 2020-2024, it
was revealed, that pine stands have a reduced
level of overall stability, since about 25% of plant-
ings are mature and over-mature, which have
practically lost or are losing their environmental
and aesthetic functions (Table 6).

Table 5. Degrees of tree infestation by xylophagous insects (2024 survey)

Settlement density, Degree
Species units - dm?/ average number of infestation/number of beetles
of shoots per 1 m? of the younger generation
Phaenops cyanea 0.1+0.5 low
Monochamus galloprovincialis 0.5+0.3 average
Tomicus minor
Tomicus piniperda S average
Ips acuminatus 0.7+0.4 average
Acanthocinus aedilis 4.5x0.2 low

Source: compiled by the authors

Table 6. Existing distribution of Scots pine forest stands by age group, %

Species groups ‘ Young stock ‘ Middle-aged ‘ Maturing ‘ Fully mature
Regulated recreation area
Coniferous | 113 \ 54.6 \ 116 \ 22.5
Economic zone
Coniferous | 3.2 | 61.2 | 1.4 | 24.2

Source: developed by the authors based on Kyiv City State Administration (2023)

The existing division of stands by age groups
differs significantly from the optimal one. Over-
all, there are significantly fewer young trees
than the optimal number, while the middle-aged
trees are the most numerous and there is a cer-
tain shortage of maturing plantations. There is a
significant shortage of young trees, especially in
the economic zone of 3.2%, which indicates in-
sufficient natural or artificial renewal of forests.
A low proportion of young plantings may indicate

a shortage of mature and over-mature stands
in the future, which will lead to a suboptimal
age structure of the forest fund. Forest ecosys-
tems are degraded due to regular recreational
loads, so intensive recreation leads to negative
changes in biocoenoses. Despite the fact that
tree stands are the most resistant component of
forests to recreational loads, under certain con-
ditions physiological processes become irrevers-
ible (Ukrainian State Design Forestry Production
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Association, 2022). The volume of selective san-
itary logging in various functional areas of the
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municipal enterprise Sviatoshyn Communal For-
est-Park Enterprise is shown in Figure 7.

382

1.2 195.7 132 408

2023 2024 Years
- Regulated recreation zone

Figure 7.Volumes of selective sanitary logging in various functional areas

Source: compiled by the authors

Measures to improve the sanitary condi-
tion of forests were also carried out in areas
that were damaged due to adverse anthropo-
genic factors, natural phenomena (snowstorms,
windbreaks) of previous years, leading to dry-
ing of trees. Notably, middle-aged stands with
high density are also significantly damaged. For
the purpose of further research is to establish
a pattern between the volumes of accumulated
dead wood and the drying of Scots pine stands

in Sviatoshyn Communal Forest-Park Enterprise,
the volume of deadwood (or detritus) was esti-
mated using mathematical models of conversion
coefficients (Bilous, 2018) and specific taxation
characteristics of forest fund plots. The total
volume of dead organic wood accumulated in
the forests of Sviatoshyn Communal Forest-Park
Enterprise is 285.4 thousand tonnes, of which
86.2% of deadwood is concentrated in pine for-
ests (Table 7).

Table 7. Distribution of deadwood of forests
of Sviatoshyn Communal Forest-Park Enterprise by components and groups of rocks

Deadwood, thous. tonnes

Species group, tree type

drywood clutter br a?‘::yh es forest floor total

Coniferous 24.5 7.4 55.1 159.4 246.4

including Scots pine 24.5 7.4 55.1 159.1 246.1
Hardwood 2.8 1.3 49 23.4 32.3
including common oak 2.6 1.2 4.6 22.0 30.6
Softwood 1.5 1.2 0.8 3.1 6.7
including silver birch 0.4 0.4 0.2 1.2 2.2
black alder 0.9 0.7 0.5 1.3 3.5

Total 28.8 9.9 60.8 185.9 285.4

Source: compiled by the authors

Analysing the data in Table 5, it was found
that the largest reservoir of carbon storage in all
tree groups is the forest floor. The participation of
this component in the distribution of deadwood
is 65.1%. The vast majority of deadwood (86.2%

of the total volume) is concentrated in coniferous
plantations dominated by Scots pine (246.1 thou-
sand tonnes), which is consistent with data on the
deterioration of the sanitary condition caused by
anthropogenic load and exposure to stem pests.
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Figure 8.Distribution of deadwood
of pine forests by Sviatoshyn Communal
Forest-Park Enterprise by quality classes
Source: developed by the authors based on forest
management materials

The largest volumes of deadwood in the
forest stands of Scots pine were characteristic of
both 1 and 12 site index, the total share of which
was 86%. This distribution is explained by a sim-
ilar distribution of areas covered with forest veg-
etation of forest areas by site index. Regarding
the quality indicators of deadwood, it is worth
noting that the average density per unit area in
Scots pine stands was 2.61 kg(m?)*. M.M. Kutia &
0.A. Hirs (2012) noted the constant growth of the
population of Kyiv, and therefore, the volume of
recreation, which significantly affects the state of
urban forests. The influence of the anthropogen-
ic factor on woody phytocenoses is implemented
through direct (mechanical damage, insect pests
and phytopathogens) and indirect (soil degra-
dation and depletion, atmospheric air pollution)
mechanisms.Recreational load, in particular, caus-
es significant changes in the forest floor and soil,
which are expressed in compaction of the upper
layer, changes in mechanical composition, and a
decrease in humidity and aeration, which, in turn,
negatively affects the root nutrition and overall
sanitary condition of plantings. When studying
pine stands,N.Puzrina et al. (2022) established the
dependence of the increase in the index of sani-
tary condition of pine plantations and the deteri-
oration of forests due to changes in weather con-
ditions and climate aridity,and mass reproduction
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of stem pests after dry periods, which indicates
the complex nature of the problem in the forests
of green areas, where recreational load can in-
crease the negative effects of climate change and
pests. According to N. Puzrina et al,, the death of
trees occurs in the stand as a result of natural
selection mainly by the grassroots type, but in
the case of adverse biotic, abiotic, or antrogenic
factors, not only trees from the lower part of the
canopy are lost, but also trees of the dominant
(Kraft classes I-Il) type. Low-top pine stands of
artificial origin, clean in composition and simple
in shape in all types of forest, dry up mainly in
middle-aged and older age groups, which was
confirmed by research. After logging and limit-
ing the food supply, bark beetles can populate
young stands. Initially, single and group foci of
drying occur near the edges, in forest walls, nar-
row strips and low-density pine forest stands, and
then expand and penetrate deep into woodlands.

F. Brovko et al. (2023) noted that intensive
recreational loads lead to compaction of the soil,
changes in its mechanical composition, a de-
crease in moisture and air, which negatively af-
fects the root nutrition and general condition of
trees, which was confirmed by studies in the area
of intensive recreation. The reasons for the deteri-
oration of the sanitary condition of the examined
plantings are the weakening and drying of trees,
a significant recreational load and unfavourable
environmental factors, accompanied by the col-
onisation and damage of wood by xylophagous
insects, which are carriers of other pathogenic mi-
croorganisms. According to the V.L. Meshkova &
0.l.Borysenko (2018), the proportion of pine trees
in the forest and the age of pine trees are the
most important factors in predicting the threat
of drying caused by bark beetles, which was con-
firmed by research, i.e., the relative density of the
stand is less important as a risk factor than its
sudden decline. Selective sanitary logging allows
the extraction of freshly populated xylophages of
dead trees and their groups. This was confirmed
by a number of researchers, in particular, V. Mel-
nyk (2019) noted that pine plantations where
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forest management measures were carried out
in a timely and appropriate manner were more
structurally sustainable. Faulty and wind-dam-
aged trees, which are primarily removed during
selective sanitary logging, are a substrate for the
development of many microorganisms and fungi
and a reservoir for forest pests.

The forests of the green zone of Kyiv, espe-
cially pine stands, play a key ecological role, but
their sanitary condition is unsatisfactory. This is
due to the predominance of artificial pine stands,
suboptimal age structure (many middle-aged and
over-mature trees, few young ones), high density,
which makes them vulnerable to pests and dis-
eases. A significant increase in deadwood and
the presence of stem pests, such as the large and
small pine bark beetle, the top bark beetle, and
the impact of anthropogenic and recreational
pressure, have been identified. The accumula-
tion of deadwood (or detritus), which includes
dead wood, wood breakage, rough branches, and
forest floor, can change the living conditions of
pests by affecting their numbers and distribution
in plantings. It consists of organic matter from
dead woody plants or isolated dead parts of living
trees. The accumulation of deadwood (detritus) in
forest stands is an important process that affects
the ecosystem functions of forests, including their
resistance to pests and diseases. The sanitary
condition of plantings also determines the fea-
tures of the development of stocks of deadwood,
which serves as a habitat for numerous biological
species (Pelyukh et al., 2019). This confirms the
importance of preserving different types of dead
wood in forest ecosystems, as it creates microbi-
otopes for many rare and common species, which
increases overall biodiversity. J. Sandstrom et
al. (2019) noted that proper management of dead-
wood can help to maintain the stability of trophic
connections in the forest, which is especially im-
portant for protected areas. It was considered as a
reservoir of carbon, while P. Yavorovsky & S. Sen-
donin (2019) and M.0O. Lakyda (2022) also empha-
sised that deadwood plays a role in nutrient ac-
cumulation and the development of a sustainable

soil environment. Wood detritus is a long-term
carbon storage and nitrogen source due to its
long biodestruction period, which ensures a sta-
ble cycle of elements in forest biocoenoses and
slows down their degradation. In the study by V.Y.
Yarotskiy et al., 2019), the spatial distribution of
dead wood in the oak forests of the Left-Bank
Forest-Steppe of Ukraine was estimated, which
established the characteristic volumes of wood
detritus accumulation depending on the type of
plantings, age, and management regime. The re-
searchers emphasised that dead wood is a critical
component for maintaining ecosystem balance.
Similar conclusions were obtained by L. Bujo-
czek et al. (2021), which shows that the amount
of deadwood in non-exploited forests is six times
higher than in forest ecosystems where active
farming is carried out, indicating the need for a
careful balance between forest management and
natural recovery processes. In the Polish context,
L. Bujoczek et al. systematised the types of dead
wood according to morphological and stage signs
of decomposition, and also revealed the spatial
unevenness of its distribution, which was asso-
ciated with forestry practices and the protected
status of territories.

Thus, the presence of deadwood not only
contributes to carbon accumulation, but also
forms foci of biodiversity, especially for xylo-
phages, fungi, and mosses, which was confirmed
by many European studies. However, excessive
detritus accumulation without a monitoring and
regulatory system can create fire risks in climate
change, which requires adaptive approaches to
managing dead wood in forests of various func-
tional categories.

Conclusions
In the forest fund, the predominance of high-qual-
ity (1c = 2 classes -= 99.1%) and high-density
(more than 0.8-26.5%) plantings in fresh forest
conditions (94.72% of the area) with a monospe-
cific dominance of Scots pine (86.3% of the area)
in combination with a suboptimal age structure
(the predominance of medium-aged plantings of
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56.5% and a low proportion of young stands of
5.8%) creates prerequisites for deterioration of
the sanitary condition. There was a deterioration
in the sanitary condition and a decrease in the
overall stability of pine stands during 2020-2024.
About 25% of forests are mature and over-mature,
which lose their conservation and aesthetic func-
tions. The distribution of deadwood in pine for-
est stands showed that its largest volumes (86%
of the total amount) fall on the 1 and 1a quality
classes. This distribution directly correlates with
a similar proportion of forest areas covered with
forest vegetation for these quality classes.

The total volume of dead organic wood accu-
mulated in the forests of Sviatoshyn Communal
Forest-Park Enterprise is 285.4 thousand tonnes,

Puzrina et al.

Ips sexdentatus, Phaenops cyanea, monochamus
galloprovincialis and Acanthocinus Aedilis. Howev-
er, the identified populations of xylophagous in-
sects were characterised mainly by a low and me-
dium degree of infestation, they were observed
on very weakened trees, which, in this case, indi-
cates their role as secondary pests that comple-
ment the weakening caused by other factors. The
results obtained confirmed the need to develop
and implement effective measures to improve the
sanitary condition of pine stands in the forests of
green areas, increase their resistance to pests and
diseases, and to optimise the recreational load by
conducting systematic monitoring.
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AHoTauifl. AKTyanbHiCTb AOCIAXEHHS 3ymMOBNeHa crneumndikol NiCOBUX EKOCUCTEM 3eneHOi 30HM
M. KuniB, ki nepebyBatoTb y 30Hi iHTEHCMBHOIO aHTPOMOreHHOrO HABAHTAXEHHS Ta BiAirpatoTb KPUTUUHY
ponb y MiCbKOMY cepefoBuLLi. MeTa [OCNILKEHHS Nonsarana B aHanisi 3MiH CaHITapHOro CTaHy Jicis
3€e/1eHOi  30HM, BM3HAYEHHI KYOBMX (DAKTOPIB, WO NPM3BOAATL A0 iX Aerpapauii, Ta po3pobui
peKkoMeHAaLIN Woao ix NokpaleHHs. Y foCioKEeHHI 3aCTOCOBAHO aHani3 Ta y3aranbHEeHHS MaTtepianis
NiCOBNOPSIAKYBAHHS, NiTEpaTypHUX [AaHWX, 3araibHOBIAOMI METOAM NiCiBHMUTBA Ta NiCOBOI Takcauii
(pekorHocumpyBanbHe Ta AeTa/lbHe OOCTEXEHHS Hacal)keHb), @ TakOX NiCONaToNOriYHi MeToau Ans
BMSIBNIEHHS Ta aHanisy CaHiTapHOro CTaHy COCHOBMX HacamxeHb. [potarom 2020-2024 pp. BusBNEHO
3HMXKEHUI piBeHb 3arasibHOi CTiIMKOCTi COCHOBMX HaCaaKeHb, OCKiNbKM 613bKO 25 % 3 HUX BiLHOCATLCS [0
CTUIMX Ta NEPECTIMHMX, AKi BTPAYatoTb CBOT MPUPOAOOXOPOHHI Ta eCTeTUYHI ByHKLii. 36inblueHHs obcariB
CyXOCTOI € pEe3ynbTaToOM 3aCeneHHs 0CnabneHnx HacagkeHb CTOBOYPOBMMM LUKIAHWMKAMU, TAaKUMKU K
BE/MKUI COCHOBMI ny6oig, (Tomicus piniperda L.), manuit cocHoBumi ny6oig (T. minor Hartig.), BepxiBkoBuit
Kopoin (/ps acuminatus Gyllenhal), wectnsybuactuii kopoin (/ps sexdentatus Boerner), cMHS cOcHOBa
3natka (Phaenops cyanea Fabricius), yopHuii cocHoBui Bycay (Monochamus galloprovincialis OL) Ta cipuii
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LOBroBycuit Bycau (Acanthocinus aedilis L.). BussneHi nonynauii kKomax-kcunodaris xapakrepusyBanucs
HU3bKMM Ta CepefHiM CTyrneHeMm 3aceneHHs i Bynu BioMiyYeHi nuwe Ha gyxe ocnabneHux nepesax.
Hanbinblwa nnowa cocHoBux HacamkeHb (690,0 ra), oxonneHa BMOGIPKOBMMM CaHiTapHUMKU pybkamu,
npunana Ha 2020 pik, Wo cBiAYMUTb NPO BMAMB HEFAaTUBHUX YMHHUKIB. AHANI3 TMNONOrIYHOI CTPYKTYpU
nokasas, Wo Hanbinbw nowuperHnummn € cybopwm (54,8 % nnouwi), a cepep, rirpoToniB NepeBaxatTb CBiXi
ymoBu (94,72 % 3a nnouieto). MNepeBaxatoTb BUCOKOMPOAYKTUBHI AepeBocTaHu IB-1l knacis 6oHiTeTy
(99,1 % nnowwi) Ta cepenHbOBIKOBI AepeBocTaHu (56,5 % nnowwi). 3aranbHuin 06Car HaKONMYEHOT MepTBOi
LlepeBMHU CTaHOBUTb 285,4 TUC. T, 3 aKkmnx 86,2 % 30cepenkeHo y COCHOBMX icax, NpUYOMy Hanbinbwmnm
pe3epByapoM BYIeL0 € icoBa NiacTuika (65,1 %). CepenHit NOKa3HMK WiNbHOCTI MOPTMACK Y COCHOBUX
[EepEeBOCTaHax CTaHoBUTb 2,61 kr-M~2. OTpuMaHi pesynstatv MOXyTb GYTW BMKOPUCTaHi ANs pO3po6KM
e®eKTUBHMUX 3axO0fiB i3 MOKPALLEHHS CAHITApHOro CTaHy COCHOBMX HAaCaXeHb Yy NicaxX 3eNeHUX 30H,
NiABULLEHHS iX CTIMKOCTI A0 LWKiAHWUKIB Ta XBOP0O,a TaKOX AN ONTUMI3aLii pekpeaLiiHOro HaBaHTAXXEHHS

KniouoBi cnoBa: pekpeauiiiHe HaBaHTAXKEHHSN; KOMaxu-kcunodaru; BUOIPKOBI CaHiTapHi  pyoku;
MOpTMaca; NicoBi eKoCcnucTeMm
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Abstract. The rational use of mineral fertilisers, given their uneven distribution, is an important
factor in improving plant nutrition and achieving high yields of winter cereals. The aim of the
study was to determine the effect of uneven distribution of mineral fertiliser granules during pre-
sowing application on the productivity of winter wheat. The research was conducted in a four-fold
field experiment on dark grey podzolised soil using nine fertiliser distribution options, including
a control (100%) and deviations of £10-25%. It was found that the rate of phosphorus and potassium
fertilisers, which exceeded by 10-15% on dark grey podzolised soil, did not have a positive effect on
the growth of the aboveground part and root system of winter wheat. It was found that increasing
the uniformity of fertiliser distribution had a positive effect on the biometric indicators of plants, in
particular height, mass of the aboveground and root parts, which contributed to higher yields and
higher grain quality indicators. The maximum growth rates of the aboveground mass of plants were
characteristic of the tillering phase. A deviation of 10-25% from the optimal fertiliser rate resulted
in deviations in the indicators compared to the control by 10-72% in the tillering phase, 6.4-25% in
the stem elongation phase, and 38-46% in the heading phase, respectively. The productivity analysis
showed that only a 15% and 25% reduction in the fertiliser rate resulted in a significant decrease in
winter wheat yield. The highest yield (10.4 t/ha) was obtained with the use of N,,P. K, in pre-sowing
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Winter wheat productivity under conditions...

application. Increasing the fertiliser rate to 110-120% resulted in an increase in protein content to
13.6-14.0%, which is 0.3-0.5% higher than the control. The results of the effect of fertiliser unevenness
on crop yield formation can be used in precision farming

Keywords: yield; experimental plots; above-ground mass; root system; precision farming

Introduction

Winter wheat is one of the most important grain
crops in global and national agricultural produc-
tion, ensuring food security and accounting for
a significant share of cultivated land. The high
productivity of this crop is closely linked to the
efficiency of the nutrition system, in particular the
application of mineral fertilisers. In modern pre-
cision farming, increasing attention is being paid
to the problem of spatial heterogeneity of soil
agrophysical properties, which, in turn, causes un-
even absorption of nutrients by plants and affects
yield levels. The distribution of fertilisers across
the field is a critical factor in ensuring uniform
crop development, but in practice, there is often
significant variability in their application due to
both technical limitations and the characteristics
of the terrain, granulometric composition and soil
moisture. This requires a scientific analysis of the
impact of such differences on crop productivity,
taking into account modern approaches to nutri-
ent management in the field.

As a leader among agricultural exporters,
Ukraine has proven itself to be a country that is re-
silient to difficult circumstances and harsh condi-
tions. The growth in the production of high-quality
agricultural products, and for wheat in particular
the harvesting of strong and valuable varieties,
is in line with the main directions of state poli-
cy on food security and the country’s export po-
tential (Pustovit et al., 2024). The productivity of
winter wheat largely depends on effective plant
nutrition management, which includes the ra-
tional use of mineral fertilisers. Effective fertiliser
management is an important aspect that affects
the range of wheat productivity. Applying fertil-
isers to the soil for subsequent uptake by plants
is a method of increasing crop yields. The uniform

distribution of fertiliser particles and the amount
of fertiliser depend on the parameters of the pin
and the speed of the operation. The uniformity of
application (coefficient of variation) in both the
transverse and longitudinal directions was in the
range of 11.2-13.1% and 2.9-15.3%, respectively.
The accuracy of the prototype was quantitatively
determined as the percentile ratio of the collect-
ed amount of fertiliser to the desired amount per
unit area. The application accuracy ranged from
81.9% to 97.4% in the working speed range (Sug-
irbay et al., 2020).

According to the results of studies by
Y. Wang et al. (2023), uneven distribution of fer-
tilisers causes significant variations in wheat
yields in different parts of the field. It has been
proven that differential fertiliser application re-
duced the use of nitrogen (N), phosphorus (P) and
potassium (K) fertilisers by 22.90-43.95%, 59.11-
100% and 8.21-100%, respectively, and increased
the efficiency of N, P and K use by 12.27-28.71,
89.64-176.85 and 5.48-266.89 kg/kg, respectively,
without loss of yield. The results of the study indi-
cate that fertiliser management has great poten-
tial for saving fertilisers, significantly increasing
farmers’ net income, reducing environmental pol-
lution, and promoting sustainable resource use.

Studies by Z. Jiang et al. (2024) show that,
in addition to the heterogeneity of fertiliser ap-
plication, crop productivity is influenced by the
combination of nutrient distribution in the study
area and nutrient distribution in the meridion-
al, mesmeridional and septentrional segments.
A clear latitudinal dichotomy was also observed,
delineating areas with excess and deficiency of
nutrients in the soil. A. Aleminew et al. (2020)
proved that the sensitivity of winter wheat to

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 4



fertilisers varied depending on different areas of
the map with stable intra-field heterogeneity. In
the low fertility zone, increasing fertiliser applica-
tion from 50 kg/ha* to 350 kg/ha* of ammonium
nitrate (from 17.2 to 120.4 kg/ha*N) resulted in
a 26% increase in wheat yield, compared to 50%
in the optimal zone and 74% in the high fertili-
ty zone. A stable map of intra-field heterogeneity
based on large satellite data can be used to in-
tensify precision farming.

Uneven distribution of fertilisers at the time
of application can have a significant impact on
nutrient use efficiency, yield and economic ben-
efits. The work of X. Wang et al. (2024) studied
the biosynthesis of lignin in stems, which de-
termines the level of resistance to lodging. Op-
timising fertiliser distribution improves the me-
chanical properties of stems by increasing the
light exposure of the plant cover. This promotes
the synthesis and accumulation of lignin in the
stems and reduces wheat lodging. The use of
precision farming and GPS positioning technol-
ogies significantly improves the uniformity of
fertiliser distribution, which reduces fertilszer
costs and increases their efficiency. Optimising

Tonkha & Bykin

fertiliser rates and application times significantly
improves nutrient use efficiency.

The aim of the study was to assess the effect
of artificially created heterogeneity in fertiliser
application at #10-25% of the standard DAFK rate
(300 kg/ha), which occurs due to different granule
sizes when spread by spreaders, on the intensity
of above-ground mass and root system growth,
the yield and quality of winter wheat.

Materials and Methods
The research was conducted in a field experiment
by the Department of Agrochemistry and Plant
Product Quality named after O.l. Dushechkin of
the National University of Life and Environmen-
tal Sciences of Ukraine on the land of Biotech LTD
(Boryspil district, Kyiv region) during 2023-2024.
according to the developed experimental design
with four replicates (Table 1; Fig. 1). The control
was set at a rate of 300 kg/ha of diammonium
phosphate (DAFK 10-26-26), which is widely used
by agricultural producers. The heterogeneity of fer-
tiliser distribution was created artificially using a
10*10 cm grid, and the fertiliser was applied man-
ually to each cell according to the research variant.

Table 1. Experimental design for determining
the effect of uneven fertiliser application on winter wheat productivity

No. Fertilisation option Percentage of uniformity of fertiliser distribution, %
1 N3oP76K7 100 % - control
2 N,;P6K70 90
3 N34PecKss 110
4 N,PosKss 85
S N3sPgoKsg 115
6 N,iPoKs, 80
Y N36PgsKos 120
8 N;:PsoKso 75
9 NyePosKos 125

Source: compiled by the authors

The area of the experimental plot was 250 m?,
and the area of the control plot was 180 m2 The
experiment was repeated four times, and the
plots were arranged systematically. The experi-
ments were set up and conducted in accordance

with generally accepted methods (Ehrmantraut et
al., 2018). The study was conducted in accordance
with the Convention on Biological Diversity (1992).
The experimental field soil is dark grey podzolised
light loam, formed on loess-like loam. The humus
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content is low - 2.12+0.08%, the soil solution reac-
tion is slightly acidic - pH 6.1+0.15, the level of mo-
bile phosphorus compounds is average (167 mg/kg),
and potassium (224 mg/kg) high, increased mobile

magnesium (2.64 mg-eq/100 g), calcium (7.93 mg-
eq/100 g) average, mobile sulphur (3.64 mg/kg)
and mineral nitrogen (14.5 mg/kg) low. The Yulia
winter wheat variety was selected for the study.

Figure 1. Photos of the experimental plots

Source: compiled by the authors

Soil preparation in the pre-sowing period
was aimed at maximising moisture retention and
accumulation in the soil and destroying weeds.
The cultivation technology was generally accept-
ed for the Kyiv region and included the following
operations: application of mineral fertilisers in
accordance with the research scheme, manually
placing granules in cells; primary soil cultivation
was performed with a HORSCH Tiger MT (Germa-
ny) deep loosener to a depth of 25-30 cm; sow-
ing with the Amazone D9 6000 (USA) - TC sowing
complex to a depth of 5 cm; nitrogen fertilisation
during the tillering phase (CAS 150 kg/ha) and
heading phase (CAS 100 kg/ha); to combat fungal
diseases of the leaves during the tillering phase,
the systemic fungicide Tebuconazole (250 g/l) was
applied using a Tecnoma Lazar sprayer (France).

According to data from the Boryspil mete-
orological station, the average annual air tem-
perature in 2023 was 0.9°C higher than the
long-term average and amounted to 10.8°C. The
temperature increase was 2.7°C in January, 2.1°C
in February, 2.2°C in March, 4.9°C in September,
2.9°C in October, 1.5°C in November, and 2.7°C
in December. Precipitation in 2023 was 15 mm
higher than the long-term average and amounted
to 636 mm. Precipitation distribution was uneven,
with a maximum in June. The average annual air

temperature in 2024 was 2.5°C higher than the
long-term average and amounted to 11.4°C. The
largest increase in temperature was observed in
February (5.2°C) and September (6.4°C). In 2024,
precipitation in Kyiv amounted to 642 mm, which
is 4% higher than the climatic norm. The distri-
bution of precipitation was uneven: in April and
June, almost two months’ worth of precipitation
fell, while in May and September, precipitation
amounted to only 23% and 36% of the long-term
average, respectively.

Soil samples were selected and prepared in
accordance with standard requirements for sam-
ple preparation and storage in laboratory condi-
tions, in accordance with DSTU 4287:2004 (2004).
Soil samples were examined in four replicates.
The biometric indicators of winter wheat were
determined by the weight method during the
tillering, stem elongation and heading phases.
The ratio of the root and above-ground parts
was calculated as the ratio of the dry weight of
the root system to the dry weight of the above-
ground part of the plant at each stage of devel-
opment. This indicator was determined to assess
the balance of plant development under differ-
ent nutritional conditions. The weight of wheat
plant roots was determined by weighing after
washing in tap water and drying at 100°C in a
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drying oven. Grain samples for quality analysis
were pre-ground to a particle size of 1 mm using
a laboratory mill. The quality indicators of win-
ter wheat grain were determined in accordance
with DSTU 4117:2007 (2007). Yield was deter-
mined for each research variant using the 1 m?
test plot method, and threshing was carried out
manually. Grain yield results were adjusted to
standard moisture content in accordance with
DSTU 3768:2019 (2019). Quality indicators were
determined by infrared spectroscopy using an In-
fratec 1241 FOSS express analyser (Labimpex Ltd.,
Ukraine). Statistical processing of the results was
carried out using standard methods with com-
puter data processing via MS Excel and Statistica
8.0. To assess the reliability of the experimental
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data presented in the work, parametric criteria
of normal distribution were used, calculating
the arithmetic mean (Xavg.) and standard devi-
ation (SXavg.) at a significance level of < 0.05.

Results and Discussion

The main indicator affecting the yield of vegeta-
tive mass is the height of the plant stem, which
is a genetic trait of the variety and depends on
the fertiliser rate (Gangur et al., 2020). This was
confirmed by the results of this study (Fig. 2). Un-
der the conditions of the experiment, fairly high
growth rates of winter wheat plants were es-
tablished, and in the spring tillering phase, their
height reached 34.1-38.0 cm, stem elongation
62.0-65.8 cm, and heading 99.1-109.0 cm.

1200 q00 101 197 99 101 101 100 o5  '°°

100
g_ 801 62.5f 628 664 630 6260 6468 621 62 67 tillering
£ 601355 37 348 36 34.1 38 353 359 351 stem elongation
o 404 m heading

20-

0 . . . . . . . .
1 2 3 4 5 6 7 8 9

Experiment variant plants growth and development phase

Figure 2.Dependence of winter wheat plant height on the uniformity
of fertiliser distribution in pre-sowing application, average for 2023-2024
Note: 1. NzoPme (DAFK 10-26-26) (100% uniformity of fertiliser distribution) — control; 2.N,,P,.K,, (DAFK 10-26-26)
(90% uniformity of fertiliser distribution); 3. N5,Pg K, (DAFK 10-26-26) (110% uniformity of fertiliser distribution);
4. N, P K, (DAFK 10-26-26) (85% uniformity of fertiliser distribution); 5. N;;Pg,Kg, (DAFK 10-26-26) (115% uniform-
ity of fertiliser distribution); 6.N,,P,,K, (DAFK 10-26-26) (80% uniformity of fertiliser distribution); 7. N,,P,,K, (DAFK
10-26-26) (120% uniformity of fertiliser distribution); 8. N,;P,Ks, (DAFK 10-26-26) (75% uniformity of fertiliser

distribution); 9. N5;P,.Kss (DAFK 10-26-26) (125% uniformity of fertiliser distribution)

Source: compiled by the authors

Analysis of the data obtained shows that
growth processes in plants reflect the influence
of external and internal conditions, including
nutrition, with plant height being one of the key
indicators characterising the intensity of these
processes. An increase in the uniformity of fer-
tiliser distribution (by 25%) led to an increase in
this indicator during the stem elongation phase
(by 6.6%) and heading phase (by 8.7%). Also, in
the heading phase, a positive effect on plant

height of 7% was noted from a 10% increase in
the fertiliser rate due to its uneven distribution.
Research by VV. Gamayunova (2015) showed that
winter wheat varieties differed in plant height,
which is determined by their genetic basis, high
heritability and sowing dates. The highest height
was achieved by plants of the Kolchuga and Na-
talka varieties - 83.2 cm and 76.7 cm, respective-
ly. Plants of the “Podolyanka” and “Blagodarka
Odeska” varieties were slightly shorter - 74.5

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 4



Winter wheat productivity under conditions...

and 71.4 cm, respectively, and the shortest were
plants of the Kosovitsa variety - 66.6 cm. The
height and growth of the above-ground part of
plants are interrelated.

The above-ground mass of plants is one of
the main components of the crop, on which the
productivity of the crop largely depends. It re-
flects the impact of weather conditions, the level
of agricultural technology, etc. on plants. It has
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been established that the doses of mineral fer-
tilisers and winter wheat varieties significantly
affected plant height and above-ground mass
growth in all phases of plant development. Fer-
tilisers increased plant height depending on the
application rate and variety. This study found that
different uniformity of mineral fertiliser distribu-
tion significantly affected the growth of above-
ground plant biomass (Fig. 3).
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Figure 3.Dependence of the mass of the above-ground part of winter wheat plants on the uniformity
of fertiliser distribution in pre-sowing application, average for 2023-2024, g/plant
Note: NumK78 (DAFK 10-26-26) (100% uniformity of fertiliser distribution) - control; 2. N,,P,,K,, (DAFK 10-26-26)
(90% uniformity of fertiliser distribution); 3. N4,PgKg, (DAFK 10-26-26) (110% uniformity of fertiliser distribution);
4.N, P K., (DAFK 10-26-26) (85% uniformity of fertiliser distribution); 5. N;;Pg,Ky, (DAFK 10-26-26) (115% uniform-
ity of fertiliser distribution); 6. N,,P,,K, (DAFK 10-26-26) (80% uniformity of fertiliser distribution); 7. N,,P,,K, (DAFK
10-26-26) (120% uniformity of fertiliser distribution); 8. N,;P,Ks, (DAFK 10-26-26) (75% uniformity of fertiliser
distribution); 9. N;gPyKoe (DAFK 10-26-26) (125% uniformity of fertiliser distribution). LSD 0.95 in the tillering phase

0.21 g/plant; stem elongation 0.29; heading 0.89 g/plant
Source: compiled by the authors

Thus, during the spring tillering phase, the
plant mass was 2.7-6.9 g/plant, the stem elonga-
tion phase was 9.3-11.3 g/plant, and the head-
ing phase was 22.8-38.5 g/plant. The highest
rates of above-ground biomass growth with var-
ying fertiliser distribution were obtained during
the spring tillering phase. Thus, a 10-25% reduc-
tion in fertiliser rates resulted in a 10-46% de-
crease in plant growth rates, while a 25% in-
crease resulted in more intensive biomass growth
(72% compared to the control). In the booting
phase, a significant difference between the var-
iants was obtained with a reduction in the rate
by 15-25%. The above-mentioned intensity was

also characteristic of the heading phase. Increas-
ing the fertiliser rate by 10-25% increased the
growth rate of the above-ground part of plants
by 38-46%.The most intensive growth of the raw
above-ground mass of winter wheat plants occurs
from the tillering phase to the heading phase.
In the tillering phase, the increase occurred in
variants 5,7 and 9 with 115-125% heterogene-
ity. In the heading phase, the highest biomass
growth was obtained using N;,P,K,, with 110%
heterogeneity and amounted to 38.5 g/plant.
Studies by VV. Gamayunova et al. (2021) show
that there is a close positive correlation be-
tween the amount of above-ground mass and
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wheat grain yield: the higher the yield of veg-
etative mass, the higher the grain yield should
be, as a rule.

Starting from the first stages of develop-
ment, the accumulation of significant vegetative
mass of plants is an important condition for the
formation of a high yield. The above-ground mass
of plants plays a particularly important role in
southern Ukraine, where a significant part of the
leaf apparatus dies off before the wheat grain
filling period. Over the years of research, in the
control of raw biomass, plants of the Zamozhnist
variety accumulated 1,595 g/m? in the stem elon-
gation phase, 2,083 g/m? in the heading phase,
and 2,276 g/m? during the milk ripeness phase,
which is 84-107 g/m? or 3.8-5.3% more than the
raw mass formed by plants of the Kolchuga variety.
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The same trend was observed in other variants of
the experiment. In the work of M. Kazlauskas et
al. (2022), results similar to this study were ob-
tained and it was shown that the use of precision
farming technologies on more productive land
plots led to an increase in wheat biomass growth
(up to 6.74%), grain yield (up to 14.5%), number
of grains per ear (up to 6.2%) and protein content
in grain (up to 12.56%), as well as a lower (up to
8.61%) average weight of 1,000 grains than with
conventional fixed fertilisation. There was a di-
rect relationship between the intensity of above-
ground mass formation, the development of the
root system of field crops and their productivity.
Therefore, this should be given sufficient atten-
tion, as an increase in the proportion of the root
system has the potential to increase yield (Fig. 4).
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Figure 4.Dependence of the root system mass of winter wheat plants
on the uniformity of fertiliser distribution in pre-sowing application (average for 2023-2024)

Note: 1.N,,P,.K,; (DAFK 10-26-26) (100% uniformity of fertiliser distribution) - control; 2. N,,P,,K,, (DAFK 10-26-26)
(90% uniformity of fertiliser distribution); 3. N4,PgKg, (DAFK 10-26-26) (110% uniformity of fertiliser distribution);
4.N,,PK,, (DAFK 10-26-26) (85% uniformity of fertiliser distribution); 5. N;;Pg,Ky, (DAFK 10-26-26) (115% uniform-
ity of fertiliser distribution); 6. N,,P,,K, (DAFK 10-26-26) (80% uniformity of fertiliser distribution); 7. N;,P,,K,, (DAFK
10-26-26) (120% uniformity of fertiliser distribution); 8. N,;P,K., (DAFK 10-26-26) (75% uniformity of fertiliser
distribution); 9. N,Pg.Kss (DAFK 10-26-26) (125% uniformity of fertiliser distribution)

Source: compiled by the authors

It was established that during the tillering
phase, the root system weight was 0.9-1.2 g/plant,
and the stem weight was 0.59-1.12 g/plant (Fig. 4).
Deviations from the norm of fertilisers in the di-
rection of an increase of 20 and 28 kg/ha of phos-
phorus and potassium caused an intensification
of the growth of the root system of plants in the

tillering phase by 33%, and, accordingly, a decrease
of 28 kg/ha inhibited it (by 60%). In the stem elon-
gation phase, the dependence on fertiliser une-
venness was less pronounced (growth of the root
system and central root). Only in variant 9 (125%
uniformity of fertiliser distribution) did the root
system weight increase by 45% compared to the
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control. Thus, uneven fertiliser distribution, with in-
creases and decreases of 20 and 28 kg/ha of phos-
phorus and potassium, significantly affected the
development of the root system of winter wheat.

An important condition for obtaining high
yields of winter wheat is the good development
of embryonic and nodal roots in plants. Studies
by Yu. Tkalich (2015) show that the root system of
wheat develops most intensively from the autumn
vegetation period (2.4 cm/day) and in spring until
the heading phase (1.1-1.4 cm). The central root,

or taproot, plays an important role in the develop-
ment of wheat, especially in the early stages. It is
the first root to sprout from the seed and provides
the initial anchoring of the plant in the soil and
the absorption of water and nutrients. Although
wheat has a fibrous root system (without a clearly
defined main root), the central root still plays an
important role in the formation of young plants
(Kalenska, 2020). According to the data of this
study, the length of the central root increased with
an increase in the fertiliser rate (Fig. 5).
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Figure 5.Dependence of the length of the central root
of winter wheat plants on the uniformity of fertiliser distribution, average for 2023-2024

Note: 1. NSOPNK78 (DAFK 10-26-26) (100% uniformity of fertiliser distribution) - control; 2. N,,P,,K,; (DAFK 10-26-26)
(90% uniformity of fertiliser distribution); 3. N4,PgKg, (DAFK 10-26-26) (110% uniformity of fertiliser distribution);
4. N, P K. (DAFK 10-26-26) (85% uniformity of fertiliser distribution); 5. N;;Pg,Ky, (DAFK 10-26-26) (115% uniform-
ity of fertiliser distribution); 6. N,,P,,K, (DAFK 10-26-26) (80% uniformity of fertiliser distribution); 7. N;,P,,K,, (DAFK
10-26-26) (120% uniformity of fertiliser distribution); 8. N,;P,Ks, (DAFK 10-26-26) (75% uniformity of fertiliser
distribution); 9. N5,Pg.Kss (DAFK 10-26-26) (125% uniformity of fertiliser distribution)

Source: compiled by the authors

A 10% reduction in fertiliser rates compared
to the control did not result in a significant differ-
ence compared to the control, while an increase in
these rates during the tillering phase reduced the
central root by 14% and increased it by 9.6% dur-
ing the stem elongation phase. Accordingly, *15%
unevenness increased the indicator in the tillering
phase by 9.6-12%, in the stem elongation phase
by 7%,+20% unevenness decreased in the tillering
phase by 13.6-14%, increased in the stem elonga-
tion phase by 19%. The longest central root was
obtained in variant 9 using N;;Py,Kse, which was
8.3 cm in the tillering phase and 7.6% longer than
the control, and 13.2 cm in the stem elongation

phase and 44% longer. The work of M. Hashimo-
to et al. (2024) shows that the growth of wheat
shoots depends on the phosphorus content and its
distribution in the soil. Among the root types, only
the intensity of lateral roots increased significant-
ly in areas with high phosphorus content and was
lower in phosphorus-deficient soils, despite the
absence of differences in the total root intensity
per plant. The reaction of lateral roots after emer-
gence was strongly dependent on the available
phosphorus content in the soil.

The biometric indicators of winter wheat
plants in the spring period until the onset of
heading determine the rate of formation of the

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 4



structural elements of its yield. However, according
to G.M. Gospodarenko et al. (2020), only in the stem
elongation and heading phases was there a strong
(R=0.77) and very strong (R =0.97) correlation be-
tween phytomass and winter wheat yield. The une-
venness of processes and different timing of plants

Tonkha & Bykin

entering individual phases cause a decrease in
crop productivity as a whole. Under the conditions
of the experiment, it was found that a significant
increase in yield was characteristic only for vari-
ants with a 25% increase in dose. Its value reached
10.4 t/ha with an increase of 0.62 t/ha (Table 2).

Table 2. Winter wheat productivity with varying unevenness of fertiliser distribution
in pre-sowing application on dark grey podzolised soil, average for 2023-2024

Experiment variant Yield, Yield increase Grain content, % .
t/ha t/ha % raw gluten protein

oo MaoPaelGe 956 - - 24.1 133

(100 % uniformity of fertiliser distribution) - control
N,,P;,K;0 (90 % uniformity of fertiliser distribution) ~ 9.19 - - 224 12.3
N,PeKes (85 % uniformity of fertiliser distribution) 8.98 -0.58 -6.1 254 12.4
N,,P¢,Ks, (80 % uniformity of fertiliser distribution) 9.60 +0.04 +0.4 22.3 12.8
N,3PsKso (75 % uniformity of fertiliser distribution) 8.92 -0.64 -6.7 22.3 12.5
N,,PgKss (110 % uniformity of fertiliser distribution)  9.31 - - 254 13.7
N,.PoKyo (115 % uniformity of fertiliser distribution)  9.69  +0.13  +1.4 229 14.0
N.Po,Ks, (120 % uniformity of fertiliser distribution)  9.39 - - 24.5 13.6
N3sPgsKog (125 % uniformity of fertiliser distribution)  10.4  +0.84  +8.8 247 13.2
LSD 0.95 0.41 - - 0.48 0.26

Source: compiled by the authors

It should be noted that, thanks to the high
level of technological support for both winter
wheat and its predecessor (table potatoes), high
yields (8.92-10.4 t/ha) were achieved in the ex-
periment. The uniformity of fertiliser distribution
at 90%, 110% and 120% did not lead to a sig-
nificant decrease or increase in wheat yield. Ac-
cordingly, 85 and 75% of fertilisers from the norm
of 300 kg/ha of diammonium phosphate reduced
the yield of winter wheat by 6.1-6.7%, while an
increase of 15 and 25% increased the yield by
0.13-0.84 t/ha and 1.4-8.8%.

Similar results regarding the positive effect
of fertilisers on winter wheat yield were obtained
in studies by D. Litvinov et al. (2024). The work
of Y. Chen et al. (2020) showed that nitrogen ap-
plication significantly increased grain yield and
protein concentration in grain due to an increase
in residual nitrates in the soil during both grow-
ing seasons, at three phosphorus application
rates. Phosphorus application alone did not affect
these parameters. Significant interaction between

nitrogen and phosphorus fertilisers was found for
most of the parameters tested. The highest grain
yield, nitrogen content and nitrate content in the
soil,aswellasthe lowestresidual nitrate contentin
the soil, were observed with N1P1 treatment. The
recommended fertiliser rate was N 240 kg/ha*
and P 150 kg/ha! as the optimal nitrogen-phos-
phorus regime in the North China Plain.

Uneven fertiliser application can lead to ex-
cess or deficiency of nutrients and reduce their
efficiency. For example, under dry conditions dur-
ing the growing season, the application of 70 and
90 kg/ha of nitrogen had the same effect on yield,
which varied depending on the amount and dis-
tribution of precipitation (Basso et al., 2013). Re-
search by Z. Li et al. (2022) has shown that irriga-
tion and nitrogen use increased the average yield
of winter wheat by 40% and 15%, respectively,
compared to control variants without irrigation
or fertiliser application. The state of nutrients in
the soil and the organic carbon content in the soil
had a more significant impact on wheat yield than
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climatic factors (average annual temperature) or
water and nitrogen management methods.

This could be the basis for offsetting the neg-
ative impact of uneven fertiliser distribution on
this indicator. Regardless of the yield obtained (9-
10 t/ha) and the probable possibility of a decrease
in grain quality under the conditions of the exper-
iment, regardless of the degree of uneven distri-
bution of fertilisers, grain of class 2 was obtained
in accordance with DSTU 3768:2019 (2019), with
the exception of the variant where DAFK was ap-
plied at a reduced dose of 10-15% (protein con-
tent 12.3-12.4%). In all other variants, the protein
content ranged from 12.5 to 14.0%. In terms of
“raw” gluten content, all variants provided grain
of at least grade 2. It should be noted that with an
increase in the DAFK dose, the grain quality im-
proved.A number of authors show that with an in-
crease in the rate of fertiliser, the protein content
increases and its content was higher when wheat
was grown after a nitrogen-fixing crop (Ali et
al.,2019; Novak et al., 2019). Research by A. Shu-
var et al. (2024) has shown that the use of dif-
ferentiated nitrogen fertiliser application when
feeding winter wheat not only increases yield but
also has a positive effect on the quality indicators
of the grown crop. In the control variant of the ex-
periment, a fourth (feed) class wheat grain yield
was obtained, while in the experimental variant
with differentiated nitrogen application using the
Yara N-Sensor device, a third (food) class yield was
obtained. Thus, the results of numerous studies
indicate the importance of optimising the rates
and methods of nitrogen fertiliser application,
taking into account soil and climatic conditions
and technological solutions, in order to achieve
stable yields and high grain quality.

Conclusions
Critical limits of uneven fertiliser distribution for
winter wheat on dark grey podzolised soil have
been established, at which significant changes in
crop productivity occur. The possibility of compen-
sating for the negative impact of uneven fertiliser
application has been proven, provided that high

technological support for cultivation is available.
Artificially created heterogeneity of fertiliser ap-
plication at £10-25% of the standard DAFK rate
(300 kg/ha) for winter wheat cultivation on dark
grey podzolised soil showed a significant effect
on plant height, above-ground mass and root sys-
tem growth, yield and quality of the crop under
study. The difference in plant height during the
tillering and stem elongation phases of wheat did
not exceed 5%. In the heading phase, the high-
est indicators were obtained with the application
of N4,Pg Ky and NPy Ko, (variants 3 and 9) and
amounted to 107 and 109 cm, which is 7 and 9%
more than the control variant. Also, in these var-
iants, with an increase in the fertiliser rate by 10
and 25%, the highest mass of the aboveground
part of winter wheat plants was obtained in the
ear emergence phase. The indicators were 46%
(110% fertiliser unevenness) and 38% (125% fer-
tiliser unevenness) higher than the control var-
iant. Moreover, the difference in the last variant
(9) is evident from the tillering phase, when the
excess of the indicators compared to the control
was 73%. A 10-25% higher fertiliser rate contrib-
uted to the intensification of wheat root system
growth in the tillering phase by 30-33% and till-
ering by 29-32%.

When the dose was reduced (by 10-25%),
the ratio between the root system of plants and
their aboveground part was not significantly af-
fected (during the tillering phase, it ranged from
0.016 to 0.029, and during the stem elongation
phase, from 0.009 to 0.018) . When the dose was
increased (by 10-25%), this indicator was signif-
icantly optimised (during the tillering phase, it
ranged from 0.028 to 0.036, and during the stem
elongation phase, from 0.014 to 0.017). With high
technological support for the cultivation of win-
ter wheat and its predecessor (table potatoes), it
is possible to offset the negative impact of une-
ven fertiliser distribution on yield, which reached
8.92-10.4 t/ha, and grain quality, which was clas-
sified as grade 2 (protein content within 12.5-
14.0%,and “raw” gluten - 22.3-24.7%). Further re-
search prospects include studying the artificially
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created heterogeneity of fertiliser application on
the yield and quality of winter wheat after oth-
er predecessors (peas, silage corn, etc.), studying
heterogeneity that is *20-35% greater than the
standard DAFK rate (300 kg/ha).
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AHoTauif. PauioHanbHe BMKOPUCTAHHS MiHepanbHWX A06PMB 33 YMOBM iX HEPIBHOMIPHOIO po3noainy
€ BaXX/IMBUM YMHHWMKOM MiABULLEHHS €DEKTUBHOCTI XKMBMEHHS POC/IMH | GOPMYBAHHS BUCOKOrO BPOXKato
03MMUX 3epHOBMX. MeTow pocnigxeHHs 6Oyno BCTaHOBMEHHS BMAWBY HEOAHOPIAHOrO pO3MoAiny
rpaHyn MiHepanbHMx A[06pMB 33 NepeanoCiBHOTO BHECEHHS Ha (OPMYBaHHS MPOAYKTUBHOCTI
nweHuui o3umoi. JocnigxeHHs NpOBOAMAMCA Y MOMAbOBOMY 4YOTMPUKPATHOMY AOCHIAI HAa TEMHO-
cipoMy onia3oneHoMy [IpyHTi 3 BMKOPWUCTAHHAM 9 BapiaHTiB po3noainy Ao6pwvB, WO BKAKYanu
koHTponb (100 %) Ta BiaxuneHHa £10-25 %. BctaHoBneHO, WwWo HopMa ¢hochopHUX i KaniiMHux 0obpus,
gKa nepesuuysana Ha 10-15 % Ha TeMHO-CipoMy 0NiA301€HOMY FPYHTI HE MA€E NO3UTUBHOIO BMJIMBY Ha
HapOCTaHHS HAA3eMHOi YaCTUHM i KOPEHEBOI CMCTEMM MLUEHULi 03MMOi. BcTaHOBNEHO, WO 36inblIeHHS
piBHOMIipHOCTi po3noainy Ao6puB MO3UTUBHO BM/MBAN0O Ha 6iOMETPUUHI MOKA3HMKM POCIMH, 30KpeMa
BMCOTY, Macy HaA3eMHOi Ta KOpPEHeBOi YaCTWHM, WO crnpusno GopMyBaHHIO BiNblwoi BpoXarMHOCTI Ta
BULUMX SIKICHMX MOKa3HMKIB 3epHa. MakcMManbHi TeMNU HApOCTaHHS HAA3eMHOiI Macu poC/iMH Bynu
XapakTepHi Ans @asu kyweHHs. BiaxunenHs Hopmu pobpus Ha 10-25 % Bia onTumanbHoi 0bymoBuno y
(asy KyLeHHS BiAXUIEHHS Y NOKa3HWKaX NOPiBHSAHO 3 KOHTponieM Ha 10-72 %,y ¢a3y suxoay B TpybKy —
6,4-25 %, KONOCiHHS, BiLNOBIAHO, HA 38-46 %. AHani3 NPOAYKTMBHOCTI NOKa3aB, O Ti/IbKM 33 3HUXKEHHS
HopMM po6puB Ha 15 % i 25 % BCTaHOBNEHO AOCTOBIpHE 3MEHLUEHHS YPOXAMHOCTI MLWEHML 03UMOi.
Hanbinbwy ypoxanHictb (10,4 1/ra) 0TpMMaHO 33 BMKOPUCTaHHA Y nepeanociBHe BHeCeHHS Ny Py K.
36inbweHHs Hopmu fobpue ao 110-120 % obymoBuno niaBuLeHHs BMicTy 6inky go pisHs 13,6-14,0 %,
wo Ha 0,3-0,5 % 6inblie nopiBHAHO 3 KOHTponeM. Pe3ynbTaTi 3 BM/MBY HEPIBHOMIPHOCTI A06pUB Ha
(hOpMYBaHHS BPOXALD KY/bTYp MOXYTb OYTU BUKOPUCTAHI B TOYHOMY 3eMNepo6CTBi

KnioyoBi cnoBa: ypoxaiHicTb; MOCiBHi 4iNsIHKK; HaA3eMHa Maca; KOpEHEBA CMCTEMA; TOUHE 3eMNIepOBCTBO
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Abstract. Barley possesses unique dietary properties and is among the richest sources of phenolic
compounds among cereal crops, which explains the growing interest in barley grain as a raw material
for functional food production. The purpose of the study was to identify valuable starting material for
the breeding of naked spring barley with pigmented grains. To achieve this, the level of productivity and
its relationship with structural elements (spike length, number of grains per spike) and plant height
were determined. The study involved seven accessions of naked barley with pigmented grains and the
standard, hulled barley cultivar Avhur. The naked barley accessions included yellow-grained cultivars
‘CDC(Crop Development Centre) Hilose, ‘CDC Alamo), and ‘Mebere’ (var. nudum); collection accession
UA 0800645 (var. nudimelanocrithum, black grain), UA 0800663 (var. viride, green grain),and UA 0805462
(var. daghestanicum, gray-green grain); and the breeding line Violet 18-1207 (var. nudidubium, purple
grain) developed at the Plant Breeding and Genetics Institute, NAAS. Statistical analysis was performed
using ANOVA with post-hoc Fisher’s LSD test and correlation analysis. A wide variability of productivity
was demonstrated (V=26-47%), and a strong correlation was established between the productivity of
the main spike and its structural elements (r=0.65-0.96).As a result, a correlation cluster was identified:
productivity = number of grains per spike — spike length. Considering the low variability of the trait
“number of grains per spike” and its strong correlation with spike length, these traits were determined
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to be key indicators for selection aimed at high productivity. A source of long spikes was identified
(‘CDC Alamo;, 10.6 ¢cm), including sources of a large number of grains per spike (‘CDC Alamo’ and the
breeding line Violet 18-1207, 26-28 grains). The identification of sources of valuable traits is essential
for breeding aimed at increasing the yield of naked barley and ensuring food security, particularly under

conditions of climate change

Keywords: naked barley; variability; primary spike; number of grains; plant height; weight of grains

per spike; correlation cluster

Introduction

Resolution of the Cabinet of Ministers of Ukraine
No. 684-r (2024) states that the main problems in
nutrition that need to be solved have been iden-
tified at the global level, in particular: the availa-
bility of foods in sufficient quantities, their acces-
sibility for all segments of the population, safety
of foods for health, and rational nutrition. Barleys
with pigmented caryopses are little spread in
Ukraine, but it has long been a traditional food
crop in countries of North Africa, the Middle
East, China, and Tibet. Research by S. Iwatani &
N.Yamamoto (2019) indicates that the concept of
functional foods (FOSHU, Food of Specific Health
Use), referring to foods with specific therapeutic
effects on the human body, was introduced in
Japan in 1991. Subsequent programmes in other
countries have expanded barley diversity through
breeding, resulting in new accessions and culti-
vars better suited for food production. For exam-
ple, the study by M. Yirgu et al. (2022) concluded
that in Ethiopia, there are many landraces with
coloured grains and their dispersal depends on
environmental conditions. Barleys with white
caryopses are most widespread followed by ac-
cessions with purple, black, and grey grains. In
terms of altitude, the dispersal of white-grained
barleys tends to increase from low to high alti-
tudes, while the dispersal of brown-grained ac-
cessions, vice versa, tends to increase from high
to low altitudes.

Global food demand is predicted to grow, so
it is necessary to increase agricultural produc-
tion to ensure food security while minimising
environmental impacts, especially in the context

of possible climate change. Understanding ag-
ronomic and biological characteristics of crops
under water deficit is crucial to increase perfor-
mance and yield potentials. K. Sato (2025) deter-
mined that agronomically important traits are
often controlled by several interacting genes, re-
quiring in-depth knowledge of genetics. To better
understand contributions of genomic sequence
variations to different traits, standardised pheno-
typing and systematic gene modification through
genome editing have become widely used. This
provides new strategies for improving traits
through gene sequence-based barley breeding.
M. Jayakodi et al. (2021) stated that Haplotype
(haploid genotype)-based characterisation of Sin-
gle Nucleotide Polymorphism copies from gene
banks and breeding germplasm is a state-of-
the-art approach to plant breeding. High-quality
genome sequences are essential for haplotype
analysis and association of barley sequence var-
iations with phenotypic variations. The haploid
genotype, as a region of DNA that is inherited
as a single unit from parent to offspring, cannot
always be determined by genotype. Haplotype
determination is only possible through sequenc-
ing. Combined information gained from genomic
sequences and systematic functional gene analy-
sis provides new strategies for trait improvement
through sequence-based barley breeding.

J.H. Czembor (2023) investigated that agro-
morphological characteristics of collection naked
barley accessions as starting materials are crucial
for the development of targeted breeding strat-
egies that respond to changing environmental

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 4



Correlation between spring barley performance...

conditions and demand for agricultural products,
and are thus valuable resources for breeding pro-
grammes. This is all the more important given
that the use of elite materials in breeding has led
to cultivars becoming genetically homogeneous
and more vulnerable to stresses such as droughts
and elevated temperatures. In particular, narrow-
ing and homogeneity of the barley gene pool are
a challenge for breeders of stress-tolerant culti-
vars. It has been shown by S. Sakuma & T. Schnur-
busch (2020) that over the past decades, breeders
have raised the yield of barley grain mainly by
increasing the number of grains per spike, a trait
determined by the number of spikelets per spike
and the number of fertile flowers, which empha-
sises the significance of spike architecture in im-
proving yield potential.

The purpose of this study was to create
starting materials for the breeding of naked bar-
leys with pigmented caryopses and other valu-
able traits.

Materials and Methods
The experiments with barley plants were car-
ried out in compliance with the requirements
of the International Plant Protection Conven-
tion (2006) and in accordance with the Law of
Ukraine No 4147-1X (2024). Based on the findings
of other researchers, the Yuriev Plant produc-
tion Institute of the National Academy of Agrar-
ian Sciences of Ukraine (YPPI NAAS) determined
the performance of the naked spring barley ac-
cessions and relationship between performance
and its constituents (spike length, number of
grains per spike) and plant height. Since naked
barley yields little in breeding nurseries under
arid conditions, assessment of genotypes by this
trait would be incorrect; therefore the accessions
were characterised by primary spike performance.
Seven naked barley accessions with pigmented
caryopses and the check cultivar (chaffy barley
Avhur’ (var. nutans) bred at the YPPI NAAS) were
studied. The naked cultivars with yellow caryops-
es were ‘CDC Hilose’,'CDC Alamo’ and ‘Mebere’ (var.
nudum); collection accession UA 0800645 (var.

nudimelanocrithum) has black caryopses; collec-
tion accession UA 0800663 (var. viride) has green
caryopses; collection accession UA 0805462 (var.
daghestanicum) has grey-green caryopses; and
YPPI-bred line Violet 18-1207 (var. nudidubium)
has purple caryopses.

The cultivars and collection accessions were
grown in the YPPI NAAS scientific crop rotation
fields in 2022-2024. The sowing was carried out
with a cassette seeder SKS-6A (USSR) within
optimal timeframes in 2023 and 2024; in 2022,
the sowing was two weeks later than the opti-
mal time because the Institute’s fields were in the
combat zone. The barley accessions were sown
according to the breeding nursery scheme; each
plot was 2 m?, without replications; the check cul-
tivar was placed after every 10 accessions. Plants
with roots were harvested manually. To analyse
performance constituents, 15-20 typical plants
of each accession were selected. Data were sta-
tistically processed in STATISTICA-6: one-way
analysis of variance (ANOVA) for pairwise compar-
ison and post-hoc comparison of homogeneous
groups using Fisher’s LSD test. Different letters (a,
b, ¢, d) indicate statistically significant differenc-
es among years and barley accessions. Boxplots
(box-and-whisker plots) were used to visualise
the original data. Such diagrams are convenient
to show the median, mean, lower and upper quar-
tiles, minimum and maximum, and outliers. Dis-
tances between different parts of the box allowed
evaluating of dispersion degrees and data asym-
metry and identifying outliers. The weather in the
study years varied, enabling the comprehensive
evaluation of the naked barley accessions (Fig. 1).

Data for April and 20 days of May 2022 are
missing, since meteorological observations were
impossible because the Russian invasion. Bar-
ley was sown later than usual, so the available
meteorological data for 2022 fully correspond to
the growing period of spring barley in this study.
The April air temperature in the study years was
1.3-3.7°C higher than the long-term mean val-
ue; the May temperature was 0.5-0.3°C lower in
2022 and 2023 and 0.4 °C higher in 2024 than
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the long-term mean value. In May, barley went
through one of the critical phases - tillering;
therefore it was especially demanding on grow-
ing conditions. In June, when barley went through
the next critical phases, earing and filling, the air
temperature was similar to the long-term mean
value in 2023, but it exceeded the long-term
mean value by 1.4-2.1°C in the other years. The
July temperature was 1.5-4.6°C higher than the
long-term mean value. Elevated air temperatures
during this period are dangerous because they
cause grain scorching, thereby significantly re-
ducing yield. The amount of productive precipita-
tion also had a negative impact on the naked bar-
ley performance at elevated temperatures (Fig. 2).
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Source: constructed by the authors based on data from
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Thus, in May (in all years of the study), the
precipitation amount was smaller than the long-
term mean value by 21.7-10.7 mm, which did not
help productive tillering of barley. The June pre-
cipitation amount was bigger than the long-term
mean value only in 2022, while it was 14.3-2.3
mm smaller in the other years. The July precip-
itation in 2022 and 2023 was more abundant
than the long-term mean value, but the rains
were torrential and unproductive, that is, a large
amount of precipitation fell within several days
and the moisture quickly evaporated at elevated
temperatures. 2024 had particularly harsh condi-
tions: high temperatures and continuous drought
throughout the entire growing period of barley.
This had a severely negative impact on the per-
formance and yield, but simultaneously allowed
assessing the accessions for drought tolerance.

Results and Discussion

It was found that the primary spike performance
was significantly lower in 2024° (1.42 g) than in
2022 and 2023 (1.81-1.86 g, group ?), which was
explained by an abnormally harsh weather (a
prolonged drought combined with high tempera-
tures: the mean daily temperature in June-August
reached 32°C). These observations are consistent
with data by S.G. Thabet et al. (2020) where 121 ac-
cessions of the world collection were tested under
arid conditions, the outcome was a significant de-
cline in levels of agronomic traits related to barley
yield, i.e., spike length, awn length, the numbers of
spikelets and grains per spike, and thousand-grain
weight. MAA.E-H. Attia et al. (2022) noted that the
negative impact of water deficit during the earing
and filling phases of naked ‘Giza 129, ‘Giza 130,
and ‘Giza 131’ on the barley yield and performance
and the numbers of spikelets and grains per spike
and thousand-grain weight made the greatest con-
tributions to yield. In this study, ANOVA revealed
significant differences in all elements of the plant
structure depending on growing conditions. The
post-hoc comparison showed that the plant height
in 2023° (63 c¢m) was significantly different from
that in 20222 (55 cm) and 20242 (54 cm) (Fig. 3).
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Source: constructed by the authors

The spike length in 20222 (7.5 cm) was signif-
icantly different from that in 2024° (9.3 cm), while
the 2023% value was intermediate (8.7 cm). The
number of grains was fewer in 2022° (21 grains)
compared to 2023% and 2024° (25 grains). Thus,
2022 was the worst year for the expression of the
“spike length” and “number of grains” traits in na-
ked spring barley, which is attributed to the late
sowing because of hostilities at the scientific crop
rotation site in the 2022 spring. However, this al-
lowed assessing the responses of different naked
barley accessions to late sowing. The coefficient
of variation of the weight of grains from the
primary ear (CV) was 26% in Avhur, 29% in line

Violet 18-1207, 30% in accession UA 0805462,
34% in accession UA 0800663 and ‘Mebere’, 36%
in ‘CDC Hilose’, 44% in ‘CDC Alamo’, and 47% in ac-
cession UA 0800645. That is, the variability of the
primary spike performance was high, as the coef-
ficients of variation exceeded 20% in all acces-
sions. This is consistent with the data by C. Mass-
man et al. (2022) that genotype made a greater
contribution to thousand-grain weight and plant
height than ‘genotype x environment” interac-
tion, but the “genotype x environment” factor had
a five-fold stronger effect on performance vari-
ance than genotype. The naked cultivars turned
out to be less adaptable to changes of growing

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 4



conditions than the chaffy check cultivar (Avhur’);
they responded with greater trait variability to
such changes. A trait variability range can be esti-
mated by “whiskers” length on a “box”, where the

Vasko & Mykhailenko

“whiskers” ends are the limits of a statistically
representative sample (without outliers). There
were also significant inter-genotype differences
in all elements of the plant structure (Fig. 4).
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The post-hoc comparison showed that the
plant height in UA 0800645¢ (47 cm) was sig-
nificantly different for from that in all other
accessions, this is explained by the fact that ac-
cession UA 0800645 is erectoid and belongs to
var. nudimelanocrithum. Line Violet 18-1207° (63
cm) was also taller than accession ‘UA 0800663
and ‘CDC Alamo™ (55 cm). Other accessions were

classified as group 2 with a plant height of 58-62
c¢m. The spikes in accessions UA 0800645¢ and UA
0800663¢ (6.5-6.6 cm) were significantly shorter
than those in the other accessions, and ‘CDC Ala-
mo® (10.6 cm) also had longer spikes than Avhur’
and ‘Mebere* (8.5-8.7 cm). The other accessions
were classified as group * with a spike length of
8.9-9.2 cm.
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The number of grains per spike was the
maximum in ‘CDC Alamo® (28 grains); Avhur,
‘Mebere™ (23-24 grains), and ‘CDC Hilose®, ac-
cession UA 08054622, and line Violet 18-12072
(25-26 grains) had similar numbers of grains in
their primary spikes. Accession UA 08006639 (16
grains) was significantly different from all acces-
sions; accessions UA 0800645 was at the lev-
el of Avhur, ‘Mebere™™. As to weight of grains
from the primary spike, there were only signifi-
cant differences between line Violet 18-1207°
(2.08 g) and accessions UA 0800663¢ (1.28 g) and
UA 08006452 (1.45 g). The other accessions were
classified as groups 2 and ?** (1.45-1.89 g).

Thus, in terms of the primary spike per-
formance, ‘CDC Alamo’ (var. nudum) and line Vi-
olet 18-1207 (var. nudidubium) were the best
accessions, while accessions UA 0800645 (var.

Plant height

Spike length

Number of grains
in an spike

Spike density

Weight of grain
from the plant

Pearson correlation coefficient

nudimelanocrithum) and UA 0800663 (var. viride)
showed the lowest performance. Based on the
results of ANOVA and boxplot comparison, it was
concluded that spike length and the number of
grains per spike are the determinants of the per-
formance of naked barley plants. Spike density is
a trait that little depends on the weather during
cultivation. In this study, this parameter did not
significantly change over the years. Among the
studied accessions, erectoid accession UA 080064
with a dense spike (14 segments per 4 cm) stood
out conspicuously, while the other accessions
were classified as loose (10-12 segments per 4
cm). There was a strong correlation between the
primary spike performance and the number of
grains per spike in all years of the study: the co-
efficient of correlation was from 0.71 in 2024 to
0.96 in 2022 (Fig. 5).

Plant height Spike length Number of grains Spike density Weight of grain

in an spike from the plant

Correlation coefficients for different years and mean values

2022
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Figure 5. Correlations between the performance constituents in the naked barley accessions

Source: constructed by the authors

The primary spike performance also depend-
ed on spike length (r=0.65-0.83) and plant height
(r=0.69-0.77). The number of grains per spike was
significantly correlated with spike length and the
latter was closely correlated with plant height. Of
all the studied traits, only spike density was nega-
tively correlated with other traits, including weight
of grains per plant. It is worth noting that there

was a strong negative correlation between spike
density and spike length (r=0.69-0.77). This is ex-
plained by the fact that there was accession UA
0800645 (var. nudimelanocrithum), which is erec-
toid, i.e., has shortened internodes and very dense
short spikes, in the sample analysed in this study.
A similar conclusion regarding negative cor-
relation between performance and spike density
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was drawn by C. Fan et al. (2024), who reported
about a significant positive correlation between
the number of nodes per rachis and spike length
and a significant negative correlation between
spike density and spike length. A genome-wide
association study of agronomic traits in 431
spring barley accessions, including landraces and
old cultivars from the Polish Gene Bank, failed to
find a positive correlation between spike density
and other agronomic traits (Karabach & Berezh-
niak, 2021; Czembor & Czembor, 2022). The fol-
lowing correlation cluster was established: per-
formance — number of grains per spike — spike
length. However, spike length was closely corre-
lated with plant height; therefore, plant height
also significantly, though indirectly, affects per-
formance through spike length (Fig. 6).

of grain from
the plant

of grains
per spike

=== Significant positive correlation

Non-significant positive correlation

== Significant negative correlation

Non-significant negative correlation

Figure 6. Correlation clusters of the performance

constituents in the naked barley accessions
Source: constructed by the authors

Since such a correlation was unchanged
for several years, one can affirm that perfor-
mance-oriented selection can be driven by the

Vasko & Mykhailenko

“spike length” and “the number of grains per
spike” traits. This enables pre-harvest culling, fa-
cilitating and accelerating breeding algorithms.
However, it should be noted that these conclu-
sions are correct for the naked barley sample
under study and specific growing conditions. In
studies on other cultivars/accessions or/and in
other environments, differing results can be ob-
tained due to various compensatory effects of
plants of different barley cultivars.

This data on the significant contribution of
the number of grains in the primary spike to bar-
ley performance are consistent with R.A. Serra-
go et al. (2025).Thus, in order to create a database
of barley yield and its constituents, in particu-
lar, the number of grains per spike and thou-
sand-grain weight, scientific studies on barley
in four journals (Field Crop Research, European
Journal of Agronomy, Crop and Pasture Science)
over 25 years were reviewed. It was found that
the number of grains was more closely correlated
with yield (86% of yield variability) than thou-
sand-grain weight (13%).

According to V. Thirulogachandar & T. Schn-
urbusch (2021), determination of yield potential
by the number of grains is a step towards increas-
ing yields of cereals, including barley. To achieve
this goal, it is extremely important to establish
the maximum vyield potential, which is deter-
mined by the number of spikelet buds per spike
in. The number of and weight grains of per spike
was also defined as the major constituents of bar-
ley performance. The researchers found that the
inter-environmental factor and inter-genotype
variability of performance were usually attributed
to variations in the number of grains. Therefore,
the performance potential fulfilment depends
on how optimal environmental conditions are in
the critical phase, when the number of grains per
spike is determined.

Aarushi et al. (2023) investigated the im-
pact of drought on barley and found that plant
height and spike length varied greatly (40-60%)
under stress, while the number of grains per spike
changed little (about 11%). They also reported a
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negative effect of drought on chlorophyll con-
tent, flag leaf area, plant height,and grain weight
from the primary spike, whereas the trait “spike
length” remained comparatively stable. T. He et
al. (2023) noted that plant height and perfor-
mance are complex traits and are influenced by
numerous genes; therefore, the pleiotropic ef-
fects of these genes contribute to the positive
correlation between these two traits. It was re-
ported about correlations between spike length
and the number of grains per spike, between
spike length and weight of grains per spike, and
between the number of grains per spike and
weight grains per spike. Based on a positive re-
gression, it was concluded that the number of
grains per spike meant a larger weight of grains
per spike. According to a study by N. Vasko et
al. (2023), performance was strongly correlat-
ed with productive tillering capacity, weight of
grains per spike, and spike length and moder-
ately correlated with the number of grains per
spike. Weight of grains per spike was significant-
ly strongly correlated with spike length and the
number of grains per spike; spike length was
correlated with plant height.

Similar findings were obtained by G. Akdo-
gan et al. (2025), who claimed that the number of
grains per spike was one of the three major com-
ponents that determine barley yield, along with
the number of spikes per 1 m? and thousand-grain
weight. According to their data, there was a strong
positive correlation between the number of grains
and weight of grains per spike (r=0.85). Plant
height was significantly positively correlated with
all yield indicators, and as a result of predicting
the effectiveness of breeding for increased harvest
index, the number and weight of grains per spike
turned out to be the most promising traits.

According to V.Kaur et al. (2022), plant height
is an important trait for barley yield because
shorter plants with stronger stems are less prone
to lodging, while taller plants contribute to great-
er photosynthetic capacity. Their study showed a
strong positive correlation of plant height with
spike length, number of grains per spike, and

number of spikelet triplets per spike. Together
with spike traits, plant height explained up to
78% of the total yield variance, highlighting its
central role in determining performance. Data
of K.T. Desta et al. (2024) are somewhat differ-
ent, stating positive correlations between plant
height and the number of grains per spike, be-
tween spike length and plant height and between
spike length and awn length but a negative cor-
relation between spike length and the number
of grains per spike. Given the stability of spike
length and number of stems per plant (bushi-
ness) in environments with different degrees of
drought, one can assume their potential as re-
liable selection criteria in breeding for drought
tolerance. The analysis confirmed clear variability
in plant structure elements among the studied
naked barley accessions. Grain number and spike
traits proved to be the main factors influencing
differences in their performance.

Conclusions
The study of naked spring barley variability and
performance correlations under arid conditions
revealed significant relationships between perfor-
mance and spike length (r=0.65-0.83), between
performance and grain number (r=0.71-0.96), and
between performance and grain weight per spike
(r=10.73). Performance was also indirectly related
to plant height. The correlation pattern “perfor-
mance — number of grains per spike — spike length”
was established, with plant height and other per-
formance constituents being closely positively cor-
related regardless of environmental conditions. The
exception was spike density, which showed nega-
tive correlations with all other parameters under
study. Considering the low variability of grain num-
ber per spike and the strong relationship between
grain number and spike length (r= 0.93), these
traits were determined as essential for high perfor-
mance selection in naked spring barley. Sources of
long spikes were identified: ‘CDC Alamo’ (10.6 cm);
sources of high grain numbers were detected: ‘CDC
Alamo’ (28 grains) and ‘CDC Hilose’, accession UA
0805462, and line Violet 18-1207 (25-26 grains).
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Line Violet 18-1207 was also distinguished by
grain weight per spike (2.08 g).

The revealed patterns provide a foundation
for further research and breeding programmes.
Statistical analysis identified valuable accessions
suitable for use as starting materials in hybridisa-
tion. The stability of correlations across different
environmental conditions confirmed the reliabil-
ity of these traits as selection criteria. Identifying
sources of valuable traits was found to be crucial
for enhancing naked barley yield and addressing
food security needs, particularly under climate
change conditions. The introduction of naked bar-

Vasko & Mykhailenko

to be promising for sustainable agricultural de-
velopment in medium and small enterprises.
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AHoOTAaLLif. JYMiHb M€ YHiKaNbHI AIETUYHI BNACTMBOCTI T € OAHMM 3 HaWbaraTwmux axepen GeHONoBUX
CMONYK Cepen 3epHOBUX Ky/bTyp, TOMY 3pOCTaE 3aLlikaBNEHICTb 3EPHOM SYMEHIO SIK CMPOBMHOK ANA
npoaykuii QyHKLIOHANbHOMO XapyyBaHHS. MeTow pocnigpkeHHs 6yno BUAINEHHS LIHHOrO BWMXiQHOroO
MaTepiany 4ns cenekuii rofo3epHoOro Sporo SYMEH0 3 KONbOpOBMM 3epHOM. [1ns Lboro 6yno BU3HAYeHO
piBeHb MPOAYKTMBHOCTI Ta ii 3B'A30K i3 CTPYKTYPHMMM eneMeHTaMu (LOBXMHOK KONOCa, KiNnbKicTio
3epeH Yy KO/0Ci) i BUCOTOK pOC/MHU. BuxinHuM matepianom Gynu ciM 3paskiB rono3epHoro siUMeHto 3
KO/IbOPOBMM 3€PHOM Ta CTaHAAPT - NAIBYACTUI AuMiHb copTy Avhur’. Cepea ronosepHux CopTu 3 KOBTUM
3epHoM ‘CDC(Crop Development Centre) Hilose, ‘CDC Alamo’ Ta ‘Mebere’ (var. nudum), KonekuiiHi
3paskn UA 0800645 var. nudimelanocrithum (4opHe 3epHo), UA 0800663 var. viride (3eneHe 3epHo),
UA 0805462 var. daghestanicum (cipo-3eneHe 3epHo), niHia cenekuii IP HAAH Violet 18-1207 var.
nudidubium (dionetoBe 3epHo). CraTcTMUHy 06pobKyY 34iCHEHO 3a aucnepciiHuM aHanisom ANOVA 3
anocTepiopHUM MoOpiBHSAHHAM 3a Fisher LSD Ta kopensiuiiHuM aHanizoMm. [Noka3aHo LWMPOKY MiHAUBICTb
npoayktueHocTi (V = 26-47 %), BCTAaHOBNEHO TiCHY CUbHY KOPENsLit0 MiX NPOAYKTUBHICTIO FONOBHOIO
Konoca Ta enemeHtamu ii ctpyktypu (r = 0,65-0,96). Y pesynbtati BUAINEHO KOpensuiiHWin Knactep
NPOAYKTUBHICTb — KiNlbKiCTb 3€peH Y KONOCi = JOBXMHA KONOCa. BpaxoByoUn HU3bKY MiHAMBICTb O3HAKK
KiIbKiCTb 3epeH y KONOCi Ta CUJIbHY KOpENALLi0 MiX KiNbKiCTIO 3epeH Ta LOBXMHOK KO/10Ca, BCTAHOBJIEHO,
LLLO Lii O3HAKM € KNHOHOBUMM AN LO0OOPY Ha BUCOKY NPOAYKTUMBHICTb. BU3HaUYeHO axepeno f0BrokonococTi
copt ‘CDCAlamo’ (10,6 cM) Ta BENUKOI KifbKOCTi 3epeH y konoci — copT ‘CDC Alamo)) i niHis Violet 18-1207
(28-26 3epeH). BuaineHHs pxepen LiHHUX 03HaK € BaX/IMBUM ANS Cenekuii Ha NiaBULLEHHS BPOXANHOCTI
rofI03epHOro I4MEHI0 Ta 3340BOJIEHHS NOTPed y NPOA0BONLCTBI, 0CO6AMBO B yMOBAX 3MiHM KiMaTy

KnioyoBi cnoBa: rono3sepHuit S4UMiHb; MiHIMBICTb; FONIOBHMI KOOC; KiNbKiCTb 3€PEH; BUCOTA POC/IUHU;
Maca 3epHa 3 KONoca; KopensauiiHui knactep
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Abstract. The relevance of the study was determined by the need to improve the efficiency of grain
material purification in the conditions of energy-limited agro-processing enterprises of Ukraine. The
purpose of the study was to determine the optimal kinematic parameters of the oscillatory mode of
operation of the machine, considering the specifics of cleaning wheat, barley, and millet seeds. To
achieve this goal, a series of experimental studies was conducted using high-speed video recording,
digital image processing, variance analysis, and energy audit. As a result, it was found that the optimal
parameters of the oscillatory mode - a frequency of 11 Hz, an amplitude of 4.5-6.0 millimetres and an
angle of inclination of 10-13 degrees - provided the highest cleaning efficiency indicators for three
crops. Under these conditions, an average level of purification efficiency was achieved at the level of
98.2% for wheat, 97.3% for barley,and 98.4% for millet, while reducing specific seed losses to 1.2%, 1.3%,
and 0.9%, respectively. A decrease in residual impurities to 0.6-1.7%, stabilisation of the technological
process (the coefficient of variation did not exceed 3.3%), and an increase in the efficiency to 87-89%
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were recorded. Specific electricity costs decreased to 0.88-1.05 W-h/kg, which led to savings of
UAH 12.4-15.8 per tonne of purified material. The overall economic effect due to the combined impact
on energy consumption, seed loss, and increase in the commodity fraction amounted to UAH 66.8-81.2
per tonne, which confirmed the practical effectiveness of applying new parameters in the conditions
of serial grain cleaning. The results obtained can be used by engineers, technologists, and designers to
optimise the operating modes of vibration cleaning systems in the grain processing industry

Keywords: energy consumption; efficiency; load uniformity; oscillatory mode; economic effect;

oscillation amplitude

Introduction

The growing requirements for energy efficiency
and quality of grain cleaning processes have led
to the need for scientific substantiation of the
operating modes of vibrating equipment for seed
cleaning. In production conditions, cases of oper-
ation of machines with fixed parameters without
considering the specifics of grain material remain
common, which leads to overspending of electric-
ity, increased seed losses, and a decrease in the
share of the commodity fraction. The optimisa-
tion problem is to ensure high quality of cleaning
with minimal energy consumption, considering
the physical and mechanical properties of wheat,
barley, and millet seeds.

P. Palamarchuk et al. (2021) substantiated
the amplitude-frequency characteristics and
design parameters of a vibrational exciter for
a volume oscillation separator. The researchers
established optimal conditions for the transfer
of vibrational energy to the working chamber by
varying the mass of the eccentrics and the shaft
geometry, which ensured the stability of the par-
ticle trajectory over a wide range of loads. The
proposed design of the vibrator helped to reduce
resonant loads and coordinate the kinematics of
grain mass movement with separation modes,
increasing the overall efficiency of the process.
F. Dai et al. (2023) determined the efficiency of
optimised parameters of the cleaning device as
part of a flax harvester, where a decrease in the
frequency of vibrations caused a reduction in
losses by up to 1.7%. The study also established
the dependence of the separation efficiency on a

combination of oscillation parameters and feed
rate, which justified the need to adapt the modes
to a specific crop. S. Chen et al. (2024) proved
that the combination of air flow with a vibrating
mechanism improves the quality of cleaning by
15% compared to standard solutions. Additional-
ly, it was shown that the stability of the aerody-
namic mode under the influence of vibrations re-
duces background dust and increases the service
life of filtration systems.

Researchers L.B. Jaques et al. (2022) focused
on the relationship between seed moisture and
post-harvest processing efficiency, which helped
to substantiate the need to adapt cleaning pa-
rameters depending on the technological state
of raw materials. It was found that even a slight
excess of critical humidity leads to an increase
in specific losses and uneven distribution along
the sieve plane. X. Gao et al. (2021) based on the
application of the discrete element method, seed
movement was modelled in a high-speed meter-
ing device, which helped to identify the zones of
the greatest energy load. The study also proposed
ways to compensate for peak loads by chang-
ing the shape of guide elements. O. Bazaluk et
al. (2022) found that increasing the efficiency of
grain cleaning is achieved through the introduc-
tion of systems with synchronised vibrators, which
ensure an even distribution of material over the
sieve and reduce unit costs by 0.28 kW-h/t. The
study also highlighted the importance of syn-
chronising vibrational elements to minimise ma-
terial backflow. Z. Xu et al. (2023) found that the
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use of symmetrical designs of sieve elements in
combination with the discrete element method
provided an improvement in the sorting capacity
of machines by up to 92%, which was confirmed
experimentally. In addition, a reduction in the
load on the edge zones of the sieve was found,
which reduced its wear and increased the service
life of the system.

Scientists W. Liu et al. (2021) established the
dependence of the uniformity of seeding of mi-
ni-potato tubers on the amplitude of vibrations
in the seed drill, confirming the effectiveness of
using controlled vibrations to reduce the varia-
bility of seeding. It was also found that oscilla-
tory modes help to improve the stability of the
material feed even under conditions of uneven
preload.C.Jin et al. (2021) described an automat-
ed seed cleaning system using pneumatic and
vibrating mechanisms, which helped to achieve
high dosing accuracy and increase the efficien-
cy of sowing equipment. The study focused on
the importance of integrating sensor systems
to stabilise sorting processes with variable seed
mass composition.

The effectiveness of multiparametric online
monitoring in stabilising cleaning modes under
variable load conditions was substantiated in the
study by T.Jiang et al. (2025), where the collabora-
tive optimisation method for combine harvesters
was implemented. Development of a combined
unit for harvesting Astragalus sinicus L. seeds,
carried out by Z. You et al. (2022), showed the ef-
fectiveness of integrating the vibration compo-
nent with pneumatic separation, which helped to
achieve high efficiency indicators with minimal
losses. Both models worked with a complex in-
teraction of technological parameters, which em-
phasised the importance of digital modelling in
determining optimal operating conditions. This
approach demonstrated an example of effective
synergy between engineering design and dynam-
ic adaptation to environmental properties.

Despite significant progress in the study of
vibration cleaning processes, the analysed sourc-
es did not provide a comprehensive assessment

of the interdependencies between the frequency,
amplitude, and angle of inclination of the work-
ing surface plane in relation to energy efficiency,
effectiveness, and technological losses. Most of
the research focused on the analysis of individ-
ual components of the technological process or
was limited to highly specific cultures. In addition,
there is an insufficient level of testing of results
in industrial conditions, which reduces the possi-
bility of their practical application in agricultural
production. The purpose of the study was to sub-
stantiate the rational parameters of the oscilla-
tory mode of a vibration cleaning machine, con-
sidering their impact on the quality of cleaning
and the efficiency of the technological process.
To achieve this goal, the following tasks were
defined: to characterise the influence of the fre-
quency, amplitude of vibrations, and the angle of
inclination of the sieve plane on the kinematics
of grain mass movement; to establish relation-
ships between the parameters of the oscillatory
mode and technological indicators of purification,
including purity, specific losses and energy con-
sumption; to determine the optimal operating
modes that ensure technological stability, ener-
gy efficiency and economic feasibility of cleaning
wheat, barley, and millet seeds.

Materials and Methods

The study belonged to the experimental type
with elements of empirical verification of re-
sults in production conditions. The timing of the
research procedures covered one full agricul-
tural season - from March 2024 to March 2025.
Within this period, the stages of experimental
determination of the parameters of the oscilla-
tory regime, statistical generalisation of techno-
logical results of purification, and testing of the
established parameters in production conditions
at three agro-industrial enterprises of Ukraine
were consistently implemented. The experiments
were carried out considering the seasonal avail-
ability of agricultural crops, which ensured full
representativeness of empirical observations for
wheat, barley, and millet.
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The empirical base of the study was formed
using the actual production data of the three
largest agricultural companies in Ukraine -
Kernel joint-stock company, Nibulon Llimited
liability company, and MHP joint-stock compa-
ny. The information basis of the analysis was
the report on the sustainable development of
MHP (n.d.), Integrated Report on the activities
of the Kernel (2025) for the 2024/2025 market-
ing year, and analytical material in the section
“Sustainable development” on the official web-
site of the Nibulon limited Lliability company
(2025). Additionally, the statistical collection
“Agriculture of Ukraine” by State Statistics Ser-
vice of Ukraine (n.d.) was used. The expediency
of including these structures and sources was
substantiated by the possibility of scaling
the results to the vast majority of enterprises
with medium and large production volumes in
the agro-processing sector of Ukraine. These
enterprises were characterised by automated
production processes, a stable volume of
seed processing and openness of production
documentation, which ensured the reliability
and comparability of experimental data.

To substantiate the choice of optimal fre-
quency-amplitude modes, the method of full
factor experimental planning was used, which
provided for variations in frequency (9,11, 13 Hz),
amplitude (from 3 to 7 mm) and tilt angle (5°,10°,
15°, 20°) with fixing the effect on cleaning effi-
ciency, specific seed losses, energy consumption,
and kinematic movement parameters. Recording
of grain mass movement was carried out using
a high-speed Photron FASTCAM Mini Ux100 vid-
eo camera (Japan) and Tracker Video Analysis
Software (USA), which provided spatiotemporal
accuracy of analysis. Measurements of cleaning
efficiency and seed losses were carried out using
the Pfeuffer HE 60 electronic analyser (Germany)
and Kern PCB scales (Germany), and energy con-
sumption parameters were recorded through the
Testo 435-4 device (Germany) with recording of
instantaneous and total power values. Statistical
analysis of the collected data was implemented
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using variational analysis and correlation-re-
gression estimation, which helped to quantify
the effect of variable mode parameters on the
effective cleaning indicators. The mean values
(x) were defined as the arithmetic mean of the
results of three repeated measurements for each
combination of modes. Standard deviations (o)
were calculated using the formula of the root of
the mean square deviation, and the coefficients
of variation (V, %) were calculated as the ratio
o to X multiplied by 100. Technological stabili-
ty was evaluated by deviations in the cleaning
efficiency within homogeneous series of exper-
iments, and the ranking of modes was carried
out by a cumulative summary score, which con-
sidered the weight sum of normalised values of
specific energy consumption, seed losses, and the
level of purification.

The technical and economic assessment was
based on the method of comparing before and af-
ter the implementation of the recommended re-
gimes, considering specific energy consumption,
the volume of loss reduction, and the growth of
the commaodity fraction. The conditional econom-
ic effect was calculated using a direct estimate
of the difference in the cost of losses and the
increase in commercial mass. Data in monetary
terms were expressed in UAH per tonne of refined
grain. Additionally, concomitant effects were tak-
en into consideration, in particular, reducing the
load on the ventilation system and reducing the
wear of working bodies.

Interpretation of the results was based on
comparing indicators in different experimen-
tal combinations of parameters, followed by
determining the optimal modes for each crop
separately. When evaluating the effectiveness,
not only the absolute efficiency of the regime
was considered, but also its stability in seri-
al implementation, adaptability to industrial
conditions, energy feasibility, and scaling po-
tential. Generalisation was carried out by con-
structing generalising tables and graphs that
helped to identify trends, patterns, and optimal
parameter intervals.
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Results
Influence of the frequency and amplitude of vi-
brations on the efficiency of cleaning wheat, bar-
ley, and millet seeds. As a result of the study, it
was found that the combination of frequency
and amplitude of the oscillatory mode is crucial
for achieving high quality of grain mass purifica-
tion. For each of the three crops - wheat, barley,
and millet - characteristic ranges of parameters

were determined that ensure effective separa-
tion of impurities with minimal losses of the
main seed. These parameters proved to be
sensitive to the morphophysical properties of
grain, which necessitates their individual selec-
tion in the technological process. The nature of
changes in technological indicators depending
on the parameters of fluctuations is summarised
in Table 1.

Table 1. Influence of the frequency and amplitude
of the oscillatory mode on the efficiency of grain cleaning

Crop Freq::ncy, Amplitude, mm szmg;gg?';ng Main seed losses, % i m?)?xﬂg::,l %

9 4 95.2 1.8 3
Wheat 11 5 98.1 1.3 1.9

13 6 96.4 1.5 2.1

9 4 94.6 2 3.8
Barley 11 6 97.5 1.2 2.5

13 7 95.3 1.7 3.2

9 3 90.3 3.4 6.1
Millet 11 4.5 98.3 0.9 1.7

13 6 92.1 2.6 3.8

Note: average cleaning efficiency — percentage of seeds that meet the standards of marketability; losses of the

main seed — mass fraction of the target material lost during cleaning due to knocking out or attribution to impurities
Source: developed by the authors based on data from Kernel (2025), Nibulon (2025), State Statistics Service of

Ukraine (n.d.), MHP (n.d.)

Analysis of the presented Table 1 indicates
the presence of a pronounced dependence of
the cleaning efficiency on the oscillatory mode
settings. For wheat, the maximum efficiency was
achieved at a frequency of 11 Hz and an am-
plitude of 5 mm, which helped to keep losses
at 1.3% and reduce the proportion of residual
impurities to 1.9%, while a further increase in
frequency led to a decrease in the stability of
the grain movement trajectory and an increase
in impurities to 2.1%. In the case of barley, the
best result was observed at a slightly higher
amplitude (6 mm), which is due to a more mas-
sive grain structure capable of active separation
from small inclusions; residual impurities in this
mode were 2.5%, which was lower compared to
other modes (3.2-3.8%). For millet, the highest
sensitivity to parameter changes was observed:
only at precisely set values (11 Hz and 4.5 mm),

a high level of purification (98.3%) was achieved
with minimal losses (0.9%) and the lowest impu-
rity content (1.7%). Under other regimes, millet
was characterised by an increased level of im-
purity — up to 6.1% - and losses, which is asso-
ciated with its low density and microfractional
nature. Thus, the results of Table 1 confirm the
feasibility of an individual approach to setting
the operating modes of the vibration cleaning
machine depending on the morphophysical
characteristics of the crop.

To assess the stability of the technological
process of grain mass purification, the coefficient
of variation was used, which reflects the relative
variability of cleaning quality indicators when
kinematic parameters change. This helped to
determine how stable the vibration cleaning ma-
chine works in different modes for each individu-
al crop. The results obtained are shown in Table 2.
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Table 2. Coefficients of variation in the efficiency of seed cleaning by a set of tested modes

Crop  Average cleaning efficiency (x), %  Standard deviation (6), %  Coefficient of variation (V), %
Wheat 96.6 1.2 1.2
Barley 95.8 1.5 1.6
Millet 93.6 3.1 3.3

Note: coefficient of variation is calculated as the ratio of the standard deviation to the average value of cleaning
efficiency, expressed as a percentage; standard deviation — absolute measure of dispersion around the average
value; cleaning efficiency — proportion of seeds that meet the conditions of commercial condition

Source: developed by the authors based on data from MHP (n.d.), Kernel (2025), Nibulon (2025), State Statistics

Service of Ukraine (n.d.)

Analysis of Table 2 shows that wheat is
characterised by the lowest coefficient of vari-
ation (1.2%), which indicates a high stability of
purification indicators regardless of changes in
the parameters of the oscillatory regime. Barley
showed a slightly higher sensitivity to changes
in amplitude, as evidenced by a change of 1.6%,
although it still remains within acceptable tech-
nological stability. The lowest stability was re-
corded for millet, where the coefficient of var-
iation was 3.3%, which was explained by both
the low grain weight and an increased response
to minor changes in the dynamics of the pro-
cess. This indicates the need for fine-tuning of
the equipment when working with millet, and
the feasibility of automated monitoring of pa-
rameter stability. In general, the coefficient of
variation can be used as an auxiliary indicator of
the technological reliability of modes for various
grain crops.

The results obtained confirm that the effi-
ciency and stability of vibration cleaning direct-
ly depend on carefully selected frequency-am-
plitude parameters adapted to the physical and
mechanical properties of grain crops. Generalised
indicators and indicators of variation allow not
only to assess the quality of cleaning, but also to
develop a methodological basis for optimising
operating modes in production conditions. This
approach creates prerequisites for improving
technological reliability and minimising losses of
agricultural raw materials.

Determination of the optimal angle of inclination
of the oscillatory plane to improve the dynamics
of grain mass separation. One of the key factors in
the efficiency of the vibration cleaning machine is
the nature of the movement of grain mass along
the sieve plane, depending on the angle of its
inclination. The main criteria for evaluating this
process are the average speed of movement of
particles and the duration of their contact with
the sieve, because these indicators determine
the intensity of stratification and the efficiency
of separation of impurities. Changing the angle
of inclination affects both the dynamics of seed
movement and the duration of its interaction
with the separation surface, which together forms
the basis for optimising the technological regime.

To quantify these parameters, a series of
measurements was performed at different values
of the plane tilt angle: 5°,10°,15° and 20°. Indica-
tors were recorded for three crops - wheat, barley,
and millet - using high-speed video recording and
subsequent processing of grain trajectories. Based
on the obtained data, Table 3 is formed, which al-
lows comparing the effect of angle changes on the
kinematic characteristics of the cleaning process
and highlight the features of each crop. The anal-
ysis of Table 3 shows a clear trend towards an in-
crease in the seed movement rate with an increase
in the angle of inclination of the oscillation plane.
The lowest velocities were recorded at 5° for all
crops, which was accompanied by the longest du-
ration of contact with the sieve - up to 4.1 seconds
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for millet. At angles of 10-15°, an optimal ratio be-
tween the speed and duration of contact was ob-
served,which ensured effective separation without
the appearance of stagnation zones or excessive
acceleration of the flow.An increase in the angle to
20° led to a decrease in the interaction time with
the sieve to critical values (1.1-1.4 s), which could
complicate the complete separation of impurities,
especially in cultures with a fine fraction. Millet
showed the greatest sensitivity to angle changes,
which confirms the need for strict control of pa-
rameters to ensure stable cleaning quality. One of
the important areas of evaluating the parameters
of the oscillatory regime is to determine their in-
fluence on the integral indicators of cleaning effi-
ciency, in particular, the purity of the final product,

specific seed losses, and the mass fraction of re-
sidual impurities. Based on the results of observa-
tions, it was found that the nature of changes in
these indicators depends on the angle of inclina-
tion of the oscillation plane. The change in this pa-
rameter significantly affected the duration of grain
contact with the sieve surface and the intensity of
its stratification. Comparison of the obtained data
for wheat, barley and millet allowed summarising
the average values and presenting them in Table 4.

Table 4 shows the features of cleaning three
grain crops at tilt angles of 5°,10°, 15° and 20°,
which allowed identifying the ranges of param-
eters with the highest efficiency indicators. All
values are given as the average results of several
homogeneous experiments.

Table 3. Average seed movement speed and duration
of contact with the sieve plane at different angles of inclination

Crop Angle of inclination, ° Average travel speed, cm/s Duration of contact with the sieve, s
5 6.1 34
10 9.4 2.6
Wheat 15 12.7 19
20 15.2 1.4
5 5.8 3.6
Barley 10 10.1 2.3
15 13.5 1.7
20 16 1.2
5 4.3 41
) 10 7.9 2.8
Millet 15 1.4 16
20 14.8 1.1

Note: contact with the sieve means the time during which the seed remained on the surface of the sieve within

one cleaning cycle

Source: developed by the authors based on data from Kernel (2025), Nibulon (2025), State Statistics Service of

Ukraine (n.d.), MHP (n.d.)

Table 4. Efficiency of cleaning grain crops at different angles of inclination of the oscillation plane

Crop Angle of inclination, ° Cleaning efficiency, % Seed loss, % Residual impurities, %
5 94.7 2.3 3
10 98.2 1.2 0.6
Wheat
15 96.5 1.4 2.1
20 93.1 2.5 4.4
5 93.5 2.7 3.8
10 97.3 1.3 1.4
Barley
15 95.2 1.6 3.2
20 91.7 2.8 5.5
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Table 4. Continued

Crop Angle of inclination, ° Cleaning efficiency, % Seed loss, % Residual impurities, %
5 90.1 3.8 6.1
. 10 98.4 0.9 0.7
Millet 15 94.3 19 3.8
20 89.5 3.5 7

Note: cleaning efficiency — mass fraction of seeds that meet commaodity standards; seed losses — proportion

of suitable grain that was removed together with impurities; residual impurities — mass fraction of undivided

impurities after the cleaning cycle is completed

Source: developed by the authors based on data from Kernel (2025), Nibulon (2025), State Statistics Service of

Ukraine (n.d.), MHP (n.d.)

Analysis of Table 4 shows a clear dependence
of the cleaning efficiency on the angle of inclina-
tion of the oscillation plane. In all crops, the max-
imum values of cleaning efficiency were recorded
at an angle of 10°, which was accompanied by the
lowest seed losses and the minimum proportion of
residual impurities. For wheat, the efficiency was
98.2%, for barley - 97.3%, and for millet — 98.4%,
which indicates a high stability of the process in
this range. When the angle was increased to 15°
and 20°, the cleaning quality decreased due to a
reduction in the duration of grain contact with the
sieve, which worsened the stratification efficiency.
A particularly pronounced deterioration was ob-
served in millet, where at 20° the residual impu-
rity reached 7%, and the losses increased to 3.5%,
which confirms the high sensitivity of this culture
to kinematic equilibrium disorders. The results ob-
tained confirm the possibility of limiting the range
of the slope angle to ensure stable cleaning.

Energy expediency of choosing the operating
modes of a vibration cleaning machine when
cleaning seeds of various crops. To substantiate
energy-efficient modes of operation of a vibrating

cleaning machine in the conditions of agro-pro-
cessing production, it is advisable to analyse the
specific costs of electricity and energy efficiency
at various kinematic parameters. The relationship
between frequency, amplitude, tilt angle, and in-
dicators of specific costs and efficiency allows
identifying critical points where the ratio between
qualitative cleaning indicators and energy con-
sumption is the most optimal. The studies were
conducted considering the constant productivity of
the machine and a fixed processing time for each
of the experimental modes, which makes it possi-
ble to ensure correct comparison between crops.

The experimental data presented below
are based on a series of studies with a gradual
change in frequency (10-12 Hz), amplitude (4-7
mm) and tilt angle (8-15°) in accordance with the
technological specifics of wheat, barley, and mil-
let purification. Table 5 shows exactly how ener-
gy consumption changes and the efficiency of its
conversion into a useful action depending on the
culture. Identification of optimal combinations
of parameters makes it possible to establish not
only technically, but also economically justified
modes of operation of the machine.

Table 5. Specific power consumption and efficiency in different cleaning modes

Crop Frequency, Amplitude, . Ar.|gle‘of Unit consumption, Efficiency Clganing Seed
Hz mm inclination, ° W-h/kg factor, % efficiency, % loss, %
10 4 8 1.12 82 96.4 1.7

Wheat 11 5 10 0.92 87 98.2 1.2
12 6 12 1.27 78 96 1.6
10 5 10 1.18 80 95.1 1.8

Barley 11 6 13 1.05 84 97.3 1.3
12 7 15 1.3 76 94.7 2

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 4



Optimisation of the operating parameters...

Table 4. Continued

Crop Frequency, Amplitude, ) Ar.lgle‘ of . Unit consumption, Efficiency CIe:aning Seed
Hz mm inclination, W-h/kg factor, % efficiency, % loss, %
10 4 8 1.06 81 92 29

Millet 11 4.5 10 0.88 89 98.4 0.9
12 5 12 1.22 77 93.1 2.3

Note: the efficiency factor reflects the percentage ratio between usefully used and total energy consumed; W-H/
kg — specific energy consumption per 1 kg of purified seeds
Source: developed by the authors based on data from Kernel (2025), Nibulon (2025), State Statistics Service of

Ukraine (n.d.), MHP (n.d.)

Analysis of Table 5 shows that there is a clear
relationship between the mode parameters and
the level of power consumption. In the case of
wheat, the most effective mode was with a fre-
quency of 11 Hz,an amplitude of 5 mm and an an-
gle of inclination of 10°, at which the specific con-
sumption was 0.92 W-h/kg, the efficiency was 87%,
the cleaning efficiency was 98.2%, and seed losses
did not exceed 1.2%. For barley and millet, a simi-
lar mode also provided minimal flow, but required
an amplitude and angle adjustment of 6 mm/13°
for barley and 4.5 mm/10° for millet. The optimal
result for barley was achieved at an amplitude of
6 mm and an angle of 13°, which provided an ef-
ficiency of 84%, a cleaning efficiency of 97.3%, and
a loss of 1.3%. In the case of millet, the highest
energy efficiency (efficiency - 89%) and the lowest
specific consumption (0.88 W-h/kg) were recorded
at an amplitude of 4.5 mm and an angle of 10°,
at which the cleaning efficiency reached 98.4%,
and the losses were only 0.9%. Exceeding these
parameters led to a rapid decrease in energy ef-
ficiency, in particular, a decrease in efficiency by
5-10%. In addition, there was an increase in unit
costs and a deterioration in the quality of clean-
ing, which was reflected in an increase in seed
losses. Thus, these values should be considered as
an indicative basis for establishing regulations for
the operation of vibration cleaning equipment in
a particular production environment.

Optimisation of energy consumption in the
process of vibration cleaning of seeds allowed
quantifying the feasibility of adapting the op-
erating modes of equipment to the morpho-
physical properties of the crop. The analysis of

specific costs and efficiency factors revealed the
most energy-efficient parameters of frequency,
amplitude, and tilt angle for wheat, barley, and
millet. The generalised values provided not only
minimal electricity consumption, but also a high
level of purification with permissible seed loss-
es, which confirms their practical suitability. The
obtained dependencies form a reasonable basis
for regulating the operational modes of vibration
cleaning equipment in industrial conditions of
agro-processing.

Testing of optimised cleaning modes in the con-
ditions of Ukrainian enterprises and technical
and economic assessment of the results. In the
process of implementing optimised oscillatory
mode parameters at the production facilities of
Kernel (2025), Nibulon (2025), and MHP (n.d.) a
quantitative assessment of the effectiveness of
changes in key qualitative indicators of grain
mass purification was carried out. In particular,
the effect of new settings on the specific losses
of the main seed and the level of residual im-
purities in the finished product was investigated.
The comparison was based on aggregated aver-
age daily data recorded in production logs and
technical reports of enterprises, which ensures
the objectivity of the presented results. Com-
parative values of losses and efficiency of grain
mass purification before and after the introduc-
tion of optimised modes are shown in Table 6.
The data cover three crops - wheat, barley, and
millet - and reflect changes in quality indicators
as a result of adaptation of vibration effects to
the morphophysical properties of seeds.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 4



Reva et al.

Table 6. Comparison of cleaning losses and efficiency before
and after implementing optimised modes

Crop Pre-irrpleme?tation Post-implemezntation _Efﬁciency bgforeo . Efficiency a.f'tero
osses, % losses, % implementation, % implementation, %

Wheat 1.9 1.2 96.1 98.2

Barley 2.1 1.3 95.4 97.3

Millet 1.8 0.9 96.7 98.4

Note: losses — proportion of the main seed lost during the cleaning process, as a percentage of the mass of the
initial material; cleaning efficiency — mass fraction of the main fraction after the extraction of impurities, as a
percentage. All values are presented as average indicators based on the results of testing for 30 days

Source: developed by the authors based on data from Kernel (2025), Nibulon (2025), State Statistics Service of

Ukraine (n.d.), MHP (n.d.)

Analysis of Table 6 shows a significant im-
provement in both key indicators in all three
cultures. The reduction in specific losses ranged
from 0.7% for wheat to 0.9% for millet, which is
critical for ensuring the preservation of commer-
cial mass during mass processing. There was an
increase in the cleaning efficiency, in particular
for millet — by 1.7%, which indicates the effective
selection of light impurities under the new vibra-
tion regime. Indicators for barley were also con-
sistently improved, despite its increased brittle-
ness and uneven flowability. The overall dynamics
of the results confirms both the technological ef-
ficiency of the implemented parameters and their
adaptability to the conditions of different regions
and cultures.

In order to substantiate the economic feasi-
bility of introducing optimised oscillatory mode
parameters, the integral technical and economic
effect was calculated for each of the crops un-
der study. The assessment was based on specific
indicators of energy consumption, losses of ba-
sic seeds, and growth of the commodity fraction,
converted into monetary equivalent in accord-
ance with the average purchase prices on the
Ukrainian market. The calculations considered
typical electricity tariffs for agro-industrial en-
terprises, and the average cost of seeds by type.
This approach helped to form a practical basis for
assessing the profitability of the process of imple-
menting optimised operating modes of vibration
cleaning equipment (Table 7).

Table 7. Cost-effectiveness of implementing optimised modes

Energy savings, Reduction of losses,

Crop

Increase in the commodity Overall economic effect,

UAH/t UAH/t fraction, UAH/t UAH/t
Wheat 12.4 21.6 32.8 66.8
Barley 15.8 23.3 35.2 74.3
Millet 13.6 25.1 42.5 81.2

Note: reduction of losses — savings resulting from the preservation of the main fraction; increase in the commaodity
fraction — additional income from increasing the share of grain suitable for sale. The data is calculated based on

average production and market indicators

Source: developed by the authors based on data from Kernel (2025), Nibulon (2025), State Statistics Service of

Ukraine (n.d.), MHP (n.d.)

The analysis of the data shown in Table 7
shows a significant economic effect achieved as
a result of the introduction of optimised oper-
ating modes of the vibration cleaning machine.

The greatest overall effect was recorded for
millet - 81.2 UAH/tonne, which is explained
not only by a significant reduction in losses, but
also by a significant increase in the commodity
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fraction, which traditionally has a higher market
value. Indicators for barley and wheat also indi-
cate the profitability of technical changes, pro-
viding overall savings of 74.3 UAH/tonne and
66.8 UAH/tonne, respectively. It is worth empha-
sising that specific electricity costs decreased in
the range of 12.4-15.8 UAH/tonne, which is a sig-
nificant factor in the structure of the cost of pro-
cessing. Thus, Table 7 confirmed the relationship
between technical optimisation parameters and
direct financial benefits for agricultural entities.
Optimisation of the operation parameters of the
vibration cleaning machine helped to establish
a clear relationship between the kinematic char-
acteristics of the equipment and the efficiency of
cleaning grain material. It was established that
wheat, barley, and millet are characterised by dif-
ferent sensitivity to changes in the frequency and
amplitude of vibrations, and to the angle of incli-
nation of the working plane. The highest clean-
ing rates were observed at a frequency of 11 Hz
and an amplitude of 4.5-6 mm with an angle of
inclination of 10-13°, which provided an opti-
mal balance between the speed of mass move-
ment and the separation of fractions according
to aerodynamic properties. Especially significant
changes were recorded for millet, where im-
proved movement dynamics led to a decrease in
re-mixing and an increase in product efficiency.
An additional analytical unit devoted to the ener-
gy feasibility of implementing optimised modes
demonstrated a reduction in specific electricity
costs while maintaining or increasing the level
of purification. The calculation results showed an
increase in the efficiency in the range of 5-7%
depending on the crop, and a reduction in energy
consumption to 1.9 W-h/kg in the case of millet.
A direct relationship was recorded between the
stability of the purification mode (determined
by the coefficient of variation) and economic
efficiency, which was manifested in an increase
in the share of the commodity fraction. This de-
pendence confirmed the validity of the techno-
logical model based on a combination of several
motion parameters.

Testing of new modes in production condi-
tions confirmed the possibility of their imple-
mentation in serial production lines without re-
ducing overall productivity. Comparative analysis
showed a decrease in seed loss to 0.8% and an
increase in efficiency to 98.2% on average for all
crops. Under the conditions of standard tariffs
and processing volumes, the overall economic ef-
fect was obtained in the range of 66.8-81.2 UAH/
tonne, which indicates the feasibility of large-
scale implementation. Based on the results of the
study, it is recommended: to use the frequency of
11 Hz as the base for vibration cleaning, to adapt
the amplitude within 4.5-6 mm depending on the
crop, to set the angle of inclination of the screen
in the range of 10-13°, and to introduce modu-
lar adjustment of parameters depending on the
morphophysical characteristics of the grain mate-
rial. Consideration of the specifics of the regional
agricultural infrastructure regarded these recom-
mendations as adapted to practical implementa-
tion in the conditions of medium-sized enterpris-
es in Ukraine.

Discussion

Optimisation of the frequency-amplitude charac-
teristics of the vibration effect helped to quantify
stable relationships between the parameters of
the oscillatory mode and the efficiency of cleaning
seed material, which turned out to be critical for
improving the quality of agricultural products. The
implementation of optimal modes contributed not
only to reducing losses and increasing the selec-
tivity of separation, but also to reducing specific
energy costs, which corresponds to the principles
of energy efficiency. The formalised relationships
between the frequency, amplitude and quality in-
dicators of purification allowed forming reasona-
ble technological recommendations for adapting
vibration modes to the morphophysical properties
of grain,and to determine the potential for scaling
parameters in high-performance systems.

The significance of the established depend-
encies was consistent with the provisions present-
ed in the study by Z. Zhao et al. (2022), where the
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feasibility of optimising the vibration effect on
seed material in corn purification processes was
proved. The results of this study confirmed the
importance of achieving stable particle excitation
to ensure efficient separation of flow components,
which is consistent with the recorded dynamic
differentiation effect in this study. The established
resonant correspondence of the parameters had a
similar interpretation in their experimental model,
which confirmed the consistency of the observed
phenomena. Similar conclusions were obtained in
the paper by D. Xiong et al. (2021), where the effi-
ciency of a combined pneumatic-mechanical dis-
penser capable of compensating for seed supply
instability using controlled vibration pulses was
analysed. The results of this study focused on the
importance of the parameters of the oscillatory
effect for stabilising grain mass flows, which cor-
related with the identified features of the trans-
portation mode in the machine under study. In ad-
dition, the expediency of regulating the oscillation
parameters considering the granulometric compo-
sition of the mixture confirmed the relevance of
the proposed multi-factor approach to optimising
the cleaning process.

The study analysed the efficiency of imple-
menting vibration excitation in purification pro-
cesses, which helped to establish a close relation-
ship between the stability of the vibration mode
and the effectiveness of separation. Matching the
vibration parameters with the physical and me-
chanical properties of the material provided a
resonant correspondence, according to which the
intensification of impurity separation occurred.
Similar conclusions were presented in the study
by J. Zhou et al. (2022), where effective excitation
during the ginkgo harvesting process was provid-
ed by adjusting the frequency and strength of the
vibration according to the characteristics of the
object. The dynamic consistency of the parameters
revealed in the framework of the performed study
confirmed the relevance of the chosen approach,
in particular, when achieving stable purification
under resonant influence conditions. During the
implementation of the study, the influence of the

Reva et al.

dynamic balance of the drive on the efficiency of
seed transportation and the effectiveness of its
separation was also confirmed. Determining the
optimal eccentricity and stable vibration mode
ensured the uniformity of the load on the screen
surface and reduced material losses. According to
the conclusions given by C. Popa et al. (2021), even
minor deviations in the configuration of the drive
mechanism led to a decrease inthe quality of clean-
ing, which is fully consistent with the relationships
found in the study between dynamic unbalance
and a decrease in the uniformity of separation.

During experimental tests, instability of the
movement of seed material was recorded when
the direction of vibrations changes, which re-
quired clarification of the conditions for spatial
movement of particles. Analysis of the dynamics
of mini-tuber transport performed by Q. Niu et
al. (2025), demonstrated the presence of ampli-
tude-frequency fluctuations affecting the stabil-
ity of the material feed in the vibrating feeder.
These conclusions were directly confirmed in the
results of the study, where similar violations were
recorded in the case of deviations from the opti-
mal oscillation mode, which led to a complication
of the purification process. An important aspect
of empirical verification of the efficiency of the
system was the assessment of the process of fill-
ing bounded cells under variable conditions of
spatial interaction of particles. Y. Cai et al. (2022)
presented a multi-factor model that considered
the limitation of the working volume of metering
elements and the dynamic interaction of particles
during seeding. The generalised conclusions co-
incided with the results obtained in the course
of the study, which established a relationship be-
tween the cleaning efficiency, the degree of fill-
ing, and the characteristics of the vibration mode,
which determined the feasibility of considering
the volume-spatial parameters in the design of
vibration cleaning systems.

As part of the study, it was found that the
lack of coordination between the frequency of
vibrations and the inertial characteristics of the
system leads to an increase in specific energy
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consumption. This aspect was confirmed by the
analytical conclusions of K. Tang et al. (2022),
which summarised approaches to adaptive reg-
ulation of energy consumption in systems with
vibrational components on the example of biore-
actor processes. The presented recommendations
for multiparametric optimisation of vibration
effects aimed at reducing power consumption
were consistent with the recorded results, where
dynamic inconsistency led to overspending and
reduced technological efficiency. Analysis of en-
ergy consumption dynamics confirmed that the
use of adaptive mechanisms for controlling os-
cillation parameters allows achieving a balance
between technological efficiency and energy
saving. F. Matsunaga et al. (2022) substantiated
the use of cyberphysical systems to optimise en-
ergy consumption in intelligent manufacturing.
The approaches to adaptive control of technical
modes proposed by the authors helped to reduce
energy consumption without reducing produc-
tivity, which was consistent with the conclusions
of the study, where the adjustment of vibration
parameters in accordance with the properties of
seed material provided rational energy consump-
tion with stable cleaning quality.

As an experimental part of the study, the ex-
pediency of adjusting the oscillation frequency
and geometric characteristics of working units to
reduce specific energy costs was established. Con-
firmation of the effectiveness of such approaches
was contained in the paper by S. Sivakumar et al.
(2024), which present a model for energy optimi-
sation in Industry 4.0 sensor node systems, based
on the principle of balancing functional perfor-
mance and minimising power consumption. The
relationship between the technical parameters
of the vibration mode and energy efficiency re-
vealed in the study corresponded to the model-
ling logic implemented in the mentioned source.
The results of the study confirmed that the lack
of regulation of the oscillatory mode leads to ir-
rational energy use and a decrease in the stability
of operation under prolonged load. Similar pat-
terns were described in the paper by D.J. Sun et

al. (2021), where modelling of energy consump-
tion by electric vehicles under variable urban
load conditions was carried out. It was proved
that only optimisation of technical parameters al-
lows ensuring economic efficiency without Loss of
operational reliability, which was consistent with
the conclusions of the study on the importance of
regulating the vibration effect against the back-
ground of variable mass and density of seed flow.

One of the significant factors affecting the
level of separation was the contact relationship
between the grain material and the elements of
the vibration cleaning unit. The study by M. Sohail
et al. (2022) analysed the prospects for introduc-
ing seed coating technologies as a means of im-
proving their interaction with technical systems.
It was found that surface modification helps to re-
duce the friction resistance and reduce the proba-
bility of sticking together, which corresponded to
the results of the study, in which the stabilisation
of the movement of fine seeds was noted when
using the adapted geometry of working elements.
The analysis of the aerodynamic support of the
cleaning process showed the need for a com-
prehensive approach to regulating air and oscil-
latory effects. The study by J. Wang et al. (2021)
demonstrated the effectiveness of an internal
filling pneumatic mechanism for precise seeding,
in which the consistency of air flow with design
parameters determined the effectiveness of op-
eration. Similar patterns were established in the
study: a change in the force of the air flow in the
vibration-aspiration unit caused variability in the
quality of cleaning, which required simultaneous
adjustment of the fan power and vibration pa-
rameters to achieve a stable mode. As part of the
study, special attention was paid to the influence
of the biophysical characteristics of seed mate-
rial on the constancy and uniformity of its trans-
portation in the working chamber. As evidenced
by K. Zhang et al. (2022), the use of a BioCarbon
coating has contributed to improving the dynamic
properties of grain, reducing energy losses during
movement, and improving processing efficiency.
A similar trend was recorded in the implemented
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experiment, where grain particles with a uniform
surface structure showed a more stable trajectory
of movement. This ensured a uniform load on the
screen surface and reduced the risk of undivid-
ed fractions forming. Similar patterns correlated
with the findings of H. Tang et al. (2022), which
presented an optimised design of a precision
metering device with a long belt gripper, which
guarantees uniform feeding of corn seeds and
stable operation under various conditions. The
researchers also emphasised the effectiveness of
the built-in monitoring system, which helped to
adjust the seed supply in real time, improving the
accuracy and uniformity of dosing.

Improving the functional properties of the
vibration system through digital technologies
was analysed in the context of improving the sta-
bility of cleaning processes. As demonstrated by
R. Reddy (2022), the use of innovative solutions
in the field of precision farming provides a signif-
icant reduction in the impact of the human factor
on the accuracy of equipment tuning. The results
obtained as part of the study confirmed that the
integration of sensor systems and frequency regu-
lators helps to stabilise the separation parameters
under conditions of variable impurity composition.
Combined with this, W.Ma et al. (2023) proved that
the use of adaptive technology in agricultural
production allows achieving increased environ-
mental efficiency due to optimal adjustment of
technical parameters. Thus, the results of the ex-
periment confirmed that the reduction of energy
consumption and emissions is possible if the cor-
respondence between the oscillatory regime and
the characteristics of the grain mass is ensured.
The problem of losses in the post-harvest period
has become particularly relevant in the context of
improving primary cleaning. A critical review by
BJ. Olorunfemi & S.E. Kayode (2022) found that
a significant proportion of losses are caused by
high levels of residual humidity and insufficient
efficiency of primary cleaning mechanisms. The
empirical data obtained as part of the study indi-
cated a decrease in the volume of fine impurities
after the first separation cycle, which potentially
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minimises the need for re-cleaning and reduces
storage losses. An additional perspective in this
context is opened up by works on the relationship
between the parameters of purification and the
quality of grain preservation, which requires fur-
ther research based on the results obtained.

In the study, modelling of the dynamics of
seed movement was implemented on the basis
of a discrete element method, which made it pos-
sible to track the trajectories of particle move-
ment and form an adaptive oscillation profile.
The feasibility of this approach was consistent
with the conclusions of D. Yan et al. (2022), who
demonstrated the effectiveness of using the dis-
crete element method to predict the behaviour of
soybean particles in agricultural systems. Similar
provisions are reflected in the study by L. Wang et
al. (2021), which described the introduction of
a bioinspired oscillation principle based on the
movement of earthworms. Both approaches con-
firmed that the adaptation of structural elements
of vibration cleaning equipment to the physical
characteristics of grain is a key prerequisite for en-
suring uniform feed and reducing stagnant zones
in the working chamber. The study also confirmed
the possibility of reducing post-harvest losses
by improving the efficiency of primary cleaning.
In particular, E.E. Tiguh et al. (2024) proved that
insufficient purification at the initial stages of
teff processing is one of the main reasons for the
loss of quality and volume of finished products.
This logic was confirmed by the results of the
experiment, where improving the screen geome-
try and adjusting the oscillatory mode helped to
minimise the amount of impurities without the
need for a second cleaning cycle. Thus, the re-
sults obtained not only confirmed the relevance
of modern approaches to engineering modelling,
but also allowed proposing optimisation solu-
tions adapted to different types of seed material.

Generalisation of the results showed that the
research corresponds to current scientific and ap-
plied areas in agricultural engineering. The ratio
between the frequency-amplitude parameters of
vibration exposure, the characteristics of grain
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mass and the dynamics of its transportation al-
lowed formulating basic technical and technolog-
ical provisions for the design of new-generation
cleaning systems. The synergistic combination of
digital, biophysical and engineering components
provided a comprehensive effect of stabilising
the workflow while reducing energy consump-
tion. Thus, the results of the study can be used
for further modernisation of vibration technolo-
gies in the agro-industrial sector, considering the
principles of energy efficiency, technological ad-
aptability, and functional reliability.

Conclusions
As part of the study, a differentiated method for
optimising the kinematic parameters of the oscil-
latory mode for cleaning wheat, barley, and millet
seeds was developed and tested. Based on multi-
variate analysis, it was found that the frequency
of 11 Hz, the amplitude of 4.5-6 millimetres and
the angle of inclination of 10-13 degrees are op-
timal for ensuring high quality of cleaning with-
out exceeding the permissible grain losses. For
each crop, clear parameters were set that allowed
achieving a cleaning efficiency of 98.2% for wheat,
97.3% for barley, and 98.4% for millet with a loss
of the main seed not exceeding 1.3%. The results
of the energy analysis confirmed the effective-
ness of the optimised modes. Specific electricity
consumption for wheat was reduced to 0.92 W-h/
kg, for barley - to 1.05 W-h/kg, for millet - to 0.88
W-h/kg, which was accompanied by an increase
in efficiency to 87-89%. According to the results

recommendations. Additionally, it was found that
the coefficients of variation of the cleaning quality
did not exceed 3.3%, which showed the stability of
the process with repeated modes.

The key advantage of the developed meth-
odology was the combination of analytical as-
sessment of grain mass movement with valida-
tion through field tests. It was established that
a crop-specific approach to tuning the frequen-
cy-amplitude mode allows adapting equipment
to specific characteristics of raw materials with-
out changing the design of machines. The ob-
tained data allow formalising the approach to the
rules for setting up vibration cleaning equipment,
considering the target indicators of cleaning effi-
ciency of more than 97%, losses of less than 1.5%,
unit costs of no more than 1.1 W-h/kg. It is recom-
mended to introduce optimised frequency-ampli-
tude modes in production with preliminary adap-
tation to the physical properties of a particular
batch of seeds. Promising areas of further research
are the development of an automated system for
regulating the vibration mode with sensory diag-
nostics of grain mass movement, and the analysis
of the influence of sieve structures and guide ele-
ments on the efficiency of breeding small organic
impurities. It is also advisable to investigate the
long-term effects of optimised modes, consider-
ing the wear of machine elements, and develop
an integral criterion for energy-quality efficiency
for comparing cross-cultural settings.
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AHoTauif. AKTyanbHiCTb [OOCNIIKEHHS 3YMOBIOBANACA HeOOXiAHICTIO NiaBULLEHHS edeKTUBHOCTI
OYMLLEHHS 3ePHOBOIO MaTepiany B yMOBax eHeproobMexeHux arponepepobHux nianpuemMcts YKpaiHu.
MeToo [OCNifKeHHS Oyno BM3HAYEHHS OMTUMANbHMX KiHEMATUYHWMX napameTpiB BibpauiiHoro
pexMMy poboTM MaWMHKU 3 ypaxyBaHHAM CMeUMPiKM OUYMLLEHHS HACIHHS MLWEHMLi, SYMEHI0 Ta npoca.
[na pocarHeHHs nocTtaBneHoi MeTu Oyno npoBeAeHO Cepilo eKCnepuMEeHTaNbHUX AOCHiAXKeHb i3
BMKOPUCTaHHSAM BMCOKOLUBMAKICHOrO Bigeo3anucy, umdpoBoi 06pobku 306paxeHb, AucnepciiHoro
aHanisy Ta eHeproayauTy. Y pe3ynbTaTi BCTaHOBNEHO, WO ONTMManbHi napametpu BibpauiiHoro
pexumy — yactoTa 11 repu, amnnityaa 4,5-6,0 minimeTpis Ta kyT Haxuny 10-13 rpaaycis - 3abe3nevysanu
HaMBULLI MNOKA3HUKM ePEKTUBHOCTI OUULLEHHS AN TPbOX KyNbTyp. 33 UMX YMOB AOCATHYTO CepeaHboro
piBHA e(deKTUBHOCTI OYULEHHS Ha piBHI 98,2 % ans nweHuui, 97,3 % ana aumeHo 1a 98,4 % nns
npoca, Npu 3HWXEHHI MUMTOMMX BTpAT HaciHHg fo 1,2 %, 1,3 % ta 0,9 % sianosigHo. OfHO4YacHO
3aikCOBaHO 3MeHLLEHHS 3anuwKoBux aomiwok ao 0,6-1,7 %, ctabinisauito TexHonorivHoro npowecy
(koediuieHT Bapiauii He nepeBuwLlyBaB 3,3%) Ta MigBuULLEeHHS KoediuieHTa kopucHoi aii o 87-89 %.
MutoMi BuUTpaTM enektpoeHeprii 3meHwwnnncs o 0,88-1,05 BaT-roguHM Ha Kinorpam, WO 3yMOBWNO
€KOHOMit0 Ha piBHi 12,4-15,8 rpMBeHb Ha TOHHY OUYULLLEHOrO MaTepiany. 3aranbHUiM eKOHOMIYHUI edekT
33 PaxyHOK CYKYMHOro BM/MBY Ha €HEeproBMTPaTH, BTPATM HACIHHA Ta NPUPICT TOBapHOi dpakuii cknas
66,8-81,2 rpMBeHb Ha TOHHY, LLO NiATBEPANIIO NPAKTUYHY ePEKTUBHICTb 3aCTOCYBaHHS HOBUX NapaMeTpiB
B YMOBAX CEPIMHOro oumLleHHs 3epHa. OTpMMaHi pe3ynbTaTM MOXYTb OYTU BUMKOPUCTAHI iHXeHepamu,
TEXHONIOraMm Ta NPOEKTYBaNbHUKAMU AN ONTUMI3aLii peXUMiB QYHKLIOHYBAHHS BiOPOOUMCTHUX CUCTEM
y 3epHonepepo6Hil ranysi

KnioyoBi cnoBa: eHeproBuTpaT; KoedilieHT KOPUCHOI Aii; piIBHOMIPHICTb HABAaHTAXEHHS; KONMBANbHUM
PEXMM; EKOHOMIYHMI edeKT; aMnniTyaa KOMBaHb
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Abstract. Biometric indicators of maize are an important indicator of the effectiveness of agricultural
technologies and reflect the adaptive response of crops to spatial heterogeneity of growing
conditions. The aim of the study was to determine the effect of zonal productivity and sowing rates
on the height and dry matter formation of maize in the early stages of organogenesis. Field studies
were conducted in 2023-2024 within three field productivity zones: high, medium and low. Five
sowing rates were varied, ranging from 65 to 85 thousand seeds/ha. The results of the studies show
that the productivity zone had the main influence on the biometric parameters of plants, while the
sowing rate had an additional but less significant effect. At the V2-V3 stage of corn development, the
maximum dry matter content (up to 23.5%) was observed in the high-yield zone at a sowing rate of
70 thousand seeds/ha. In low-productivity zones, the indicators decreased to 15.5%. Plant height in
this phase ranged from 22.5 cm in the high zone to 16.6 cm in the low productivity zone. In the early
flowering phase (R1), a decrease in dry matter content was observed towards less productive zones:
from 31.7% (high zone, 70 thousand/ha) to 25.3% (low zone, 85 thousand/ha) in 2023. Plant height
varied from 252 c¢cm in high-yielding areas to 143 cm in low-yielding areas. The biometric parameters
of maize can be used as a reliable criterion for assessing the response of crops to differentiated
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technological techniques, which is a promising direction in precision farming systems. The use of
zonally differentiated sowing rates allows for more efficient use of resources and optimisation of
agricultural technologies for growing maize in fields with varying productivity

Keywords: Zea mays L.; plant height; differentiated sowing; plant density; dry matter

Introduction

In the current conditions of climate change and
increasing spatial variability in the productivity
of agrocenoses, it is particularly important to im-
prove the technologies used to grow maize, a crop
that plays a key role in the global grain and feed
system. The use of intensive hybrids with high ge-
netic potential requires precise selection of sow-
ing rates and a differentiated approach to fertilis-
ation depending on growing conditions, which is
the basic principle of precision farming technolo-
gies. Taking into account field productivity zones
allows for the optimisation of resource use and
increased efficiency of agrotechnical measures.

Recent studies emphasise that spatial man-
agement of sowing rates allows for the optimi-
sation of corn photosynthetic activity by adapting
the sowing structure to environmental conditions.
In particular, according to research by N. Sal-
eem et al. (2025), the use of differentiated sow-
ing rates in combination with consideration of
leaf orientation (phyllotaxis) improves light use
efficiency in dense crops. Similarly, the results of
studies by K. Djaman et al. (2022) in North Amer-
ica showed that optimal densities (approximate-
ly 80-90 thousand/ha) contribute to increased
moisture efficiency and yield under conditions of
limited moisture supply, which is relevant in the
context of adapting corn crops to climate change.
Research by G. Lacolla et al. (2023) in Mediterra-
nean conditions indicates that optimising corn
planting density has a positive effect not only on
yield, but also on root system formation and soil
water balance, which is critically important for re-
gions with seasonal droughts. In addition, recent
developments by K. Bldi et al. (2025) in the field
of precision farming demonstrate that the use of
Variable Rate Seeding technology in combination

with adaptive hybrid selection reduces seedling
heterogeneity and ensures more uniform biomet-
ric indicators within a heterogeneous field.

The work of E. Sarauskis et al. (2022) analy-
ses modern approaches to variable seeding rates
based on the use of yield maps, remote sensing
data and sensor systems. The results show that
combining different sources of information for
field zoning makes it possible to increase the ac-
curacy of determining the optimal plant density
and reduce spatial variability in yield. According
to the results of Z.Du et al. (2022), the use of spa-
tial gradient analysis for decision-making on VRS
allows for a 5-10% increase in maize yield while
reducing seed costs. The researchers emphasise
that this approach is effective in fields with het-
erogeneous soil and climatic conditions, where
traditional fixed sowing rates do not ensure op-
timal productivity.

The study by K. Bakd et al. (2025) summa-
rises current approaches to modelling the leaf
area index (LAl) of maize using remote sensing
and models such as CERES-Maize, AquaCrop, WO-
FOST, APSIM and RZWQM2. The authors point
out that a decrease in LAl under conditions of
insufficient moisture directly correlates with a
decrease in CO, absorption and plant productiv-
ity, while accurate LAl prediction allows for the
optimisation of seeding rates to improve adap-
tation to stressful conditions. The work of D. Li et
al. (2022) demonstrates the potential of integrat-
ing machine learning and active sensor monitor-
ing to predict the nitrogen status of maize crops.
This allows the optimisation of plant density to
be combined with nitrogen nutrition regulation,
which together contributes to increased grain
yield and quality.
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Field experiments by M.Videgain et al. (2024),
conducted under commercial farming conditions,
showed that optimising plant density in the range
of 350-450 grains/m? while taking into account
microzone productivity resulted in improved yield
and agrophysiological characteristics of the crop
without additional resource costs. In addition, the
use of VRS improved the uniformity of emergence
and reduced intraspecific competition between
plants. Thus, a modern corn cultivation strategy
must take into account the interaction of planting
density, zonal productivity, and nutritional condi-
tions to achieve the maximum genetic potential of
the crop. In this context, studying changes in maize
biometric indicators depending on field spatial
conditions and sowing rates is extremely relevant.

The aim of the study was to analyse the ef-
fect of seed sowing rates and zonal field produc-
tivity on changes in morphometric indicators and
dry matter accumulation in maize during different
phases of its growth and development.

Materials and Methods

Field studies were conducted in 2023-2024 on
the territory of “Chernihiv Industrial Dairy Com-
pany” LLC, located within the Chernihiv district of
the Chernihiv region, in the transition zone be-
tween Polissia and Forest-Steppe. The agricultur-
al landscape of this territory is characterised by
high spatial heterogeneity in terms of relief, gran-
ulometric composition and agrochemical condi-
tion of soils, which creates optimal conditions for
studying changes in the biometric parameters of
maize depending on field productivity zones.

The field experiment was two-factor. Factor
A - field productivity zones (high, medium, low),
determined on the basis of long-term yield, relief,
agrochemical maps and cluster analysis in the
QGIS environment (Havlin et al., 2013). Factor B
was the corn sowing rate (65, 70, 75, 80, and 85
thousand seeds/ha). The object of the study was
the DKS 3939 maize hybrid of the medium-early
maturity group. The experiment was set up in four
replicates on three experimental plots with an
area of 6.6 ha. The predecessor crop was winter
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wheat. Plant density at the time of harvesting was
ensured by controlling sowing rates and the qual-
ity of seedling formation. The boundaries of the
zones were determined using digital yield maps
and spatial analysis modules, and the agrochem-
ical status of the zones was detailed using the
analysis of soil samples taken from a depth of
0-30 cm with a density of 10-20 points per zone.
The samples were mixed, processed and analysed
in accordance with the requirements of DSTU ISO
11260:2001 (2001). Biometric indicators of maize
were determined at the initial stages of maize
development (V2-V3) and flowering (R1). The fol-
lowing were measured: plant height (from the soil
surface to the growing point), dry matter content
(drying at 105°C to constant weight). Data collec-
tion was based on a sample of 10 typical plants
in each variant. Mathematical statistics methods
were used to analyse the impact of factors on
biometric parameters. In particular, mean values
and standard deviations were calculated. Corre-
lations between sowing rates, productivity zones
and dry matter accumulation were also identified.
The study was conducted in accordance with the
Convention on Biological Diversity (1992).

Meteorological conditions during the experi-
ment were monitored using an automatic weath-
er station installed directly on the experimental
site, recording air temperature, precipitation,
relative air humidity and wind speed at 1-hour
intervals. To assess the statistical significance of
the differences between the variants, a two-factor
analysis of variance (ANOVA) was used, followed
by a comparison of the means using the least
significant difference (LSDgs) criterion in the R
software environment, version 4.3.0. Correlation
analysis was performed to establish relationships
between agrochemical soil indicators (humus
content, mobile forms of phosphorus and potas-
sium, pH) and biometric parameters of plants at
different sowing rates. Plant samples for deter-
mining biometric indicators were selected in the
morning (7:00-9:00) to minimise the impact of
daily fluctuations in turgor and photosynthetic
activity on the measurement results.
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Results
Despite differences in weather conditions be-
tween years, similar patterns in changes in bi-
ometric indicators were observed. The highest
plant height and dry matter indicators were
observed in high-yield areas with sowing rates
of 70-75 thousand/ha, while in medium and
low areas, the effectiveness of factors increased
with increasing sowing rates. The results of the
studies show that the level of biometric param-
eters of maize in the early stages of vegetation
was determined by the influence of the zonal

productivity of the field. The sowing rate in the
early stages of development (V2-V3 emergence
phase) had a negligible effect on plant growth
intensity, which is explained by insufficient com-
petition among plants for resources in dense
crops. The dry matter content and plant height
showed a clear gradation in accordance with
the productive potential of the zones. The actu-
al plant density reflected a high level of maize
field emergence, but at the same time indicated
the presence of plant losses at certain stages of
seedling establishment (Table 1).

Table 1. Actual plant density of maize and its deviation from planned values at the seedling stage

z Sowing rate, Actual plant density, thousand/ha Deviation from planned sowing rate, %
one thousand/ha 1 2 Avg. 1 2 Avg.
65 63.8 62.7 63.3 1.8 35 2.7
70 68.4 67.6 68.0 2.2 34 29
High 75 73.4 72.4 72.9 2.1 34 2.8
80 78.1 77.2 77.7 2.3 3.5 2.9
85 83.2 82.1 82.7 2.1 34 2.8
Average deviation for high-productivity zone, %: 2.1 34 2.8
65 63.1 62.1 62.6 2.9 4.4 3.7
70 68.2 66.7 67.5 2.5 4.7 3.6
Medium 75 73.1 71.7 72.4 2.5 4.4 35
80 78 76.7 77.4 2.5 4.1 3.3
85 82.9 81.6 82.3 24 4.0 3.2
Average deviation for medium-productivity zone, %: 2.6 4.3 3.5
65 61.8 61.3 60.7 4.9 6.6 5.8
70 66.5 66.0 65.4 5.0 6.5 5.8
Low 75 71.3 70.7 70.1 4.9 6.5 5.7
80 76 75.4 74.8 5.0 6.5 5.7
85 80.8 80.2 79.5 4.9 6.4 5.7
Average deviation for low-productivity zone, %: 49 6.5 57

Note: 1 —2023;2 - 2024
Source: developed by the authors

In the high-yield zone, with a sowing rate
of 65-85 thousand plants per hectare, the actual
densityin 2023 was 63.8-83.2 thousand plants per
hectare,and in 2024 - 62.7-82.1 thousand pcs/ha,
which indicates a deviation from the planned
indicators at the level of 1.8-2.4% in 2023 and
3.4-3.5% in 2024. The average deviation for this
zone over two years was 2.8%, indicating relative-
ly stable conditions for crop growth and effective
seedling formation. In the medium productivity

zone, there was a slightly greater deviation from
the planned density: 2.5-2.9% in 2023 and 4.0-
4.7% in 2024. This is explained by less favoura-
ble conditions. The average deviation in this zone
was 3.5%, which is acceptable for field conditions
but indicates the need to adjust agronomic meas-
ures in less favourable microzones. The largest
deviations were observed in the low-productivi-
ty zone: 4.9-5.0% in 2023 and 6.4-6.6% in 2024.
The average deviation from the planned density
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was 5.7%, which indicates a significant impact of
unfavourable environmental conditions on seed
germination processes.

In general, the results show a steady trend
towards a decrease in actual density as we move
from high-yield to low-yield zones, indicating
spatial heterogeneity in the conditions for the
formation of initial plant cover density. The data
obtained are important for optimising maize
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cultivation technology, in particular for the ap-
plication of precision farming and differentiated
seed sowing technologies. Studies of the influ-
ence of spatial variability and variable sowing
rates on plant height and dry matter content at
the V2-V3 stage of maize development showed
that these parameters varied significantly de-
pending on the productivity zone of the field and,
to a lesser extent, on the sowing rate (Table 2).

Table 2. Effect of spatial variability and variable sowing rates
on dry matter content and plant height of maize at the V2-V3 stage of development

Zone Sowing rate, Dry matter content in plants, %, Plant height, cm

thousand/ha 1 2 Avg,% 1 2 Avg,%

65 223 17.6 20.0 21.7 19.9 20.8

70 23.5 19.4 21.5 22.5 19.2 20.9

High 75 22.6 18.3 20.5 21.2 18.3 19.8
80 20.5 19.7 20.1 21 19.7 20.4

85 21.4 18.6 20.0 222 19.4 20.8

Average for high zone: 22.1 18.7 20.4 21.7 19.3 20.5
65 19.8 16.2 18.0 19 17.8 18.4

70 18.8 16.6 17.7 20.7 16.5 18.6

Medium 75 17.2 15.1 16.2 19.4 16.5 18.0
80 19.4 15.1 17.3 19.6 17 18.3

85 17.5 16.3 16.9 19.9 16.6 18.3

Average for medium zone: 18.5 15.9 17.2 19.7 16.9 18.3
65 15.7 10.9 13.3 17.2 13.5 15.4

70 15.5 12 13.8 16.6 13.8 15.2

Low 75 14.6 10.7 12.7 16.9 144 15.7
80 14.6 10.6 12.6 16.5 14 15.3

85 15.6 11.8 13.7 17.2 134 15.3

Average for low zone: 15.2 11.2 13.2 16.9 13.8 15.4

Note: 1 - 2023;2 — 2024
Source: developed by the authors

The highest dry matter content values were
observed in the high-yield zone, where the aver-
age values for two years were 20.1-21.5%, and
the average value for the zone was 20.4%. In the
middle zone, this indicator ranged from 16.2 to
18.0%, with an average value of 17.2%, and in the

low-productivity zone, it was only 12.6-13.8%,
with an average level of 13.2%. This confirms the
close relationship between the level of environ-
mental productivity and the intensity of biomass
accumulation in the early stages of organogenesis.
Plant height in the early stages of development
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(at the V2-V3 stage), as one of the key morpho-
metric indicators, differed significantly between
productivity zones. In the highly productive zone,
the average height was 20.5 ¢cm, in the medium
zone - 18.3 cm, and in the low-productive zone -
15.4 cm. Within each zone, the sowing rate had a
less significant effect on plant height, although a
slight decrease in height was observed with an
increase in sowing density. This pattern can be
explained by the initial competition for moisture.

Thus, the results show that in the early stages of
maize vegetation, the main determining factor of
biometric indicators was the productivity of the
zone, while the differentiation of sowing rates
had only a slight effect. At the beginning of maize
flowering (R1), biometric indicators showed sig-
nificant variability depending on spatial produc-
tivity zones and sowing rates, reflecting the in-
teraction of the genetic potential of plants with
environmental conditions (Table 3).

Table 3. Effect of spatial variability and variable sowing rates
on dry matter content and plant height at the beginning of maize flowering (R1)

7 Sowing rate, Dry matter content in plants, %, Plant height, cm
one

thousand/ha 1 2 Avg,% 1 2 Avg,%
65 322 30.6 31.4 225 178 201.5
70 31.7 30.1 30.9 235 185 210.0
High 75 31.2 29.5 30.4 245 192 218.5
80 30.7 29.1 29.9 252 196 224.0
85 30.1 28.5 29.3 250 194 222.0
Average for high zone: 31.2 29.6 30.4 241.4 189.0 215.2
65 30.1 28.4 29.3 200 164 182.0
70 29.6 27.9 28.8 210 171 190.5
Medium 75 29.1 27.3 28.2 220 178 199.0
80 28.6 26.8 27.7 218 176 197.0
85 28.1 26.2 27.2 215 175 195.0
Average for medium zone: 29.1 27.3 28.2 213 173 192.7
65 27.2 25.6 26.4 160 147 153.5
70 26.8 25.1 26.0 170 154 162.0
Low 75 26.3 24.5 25.4 168 153 160.5
80 25.8 24.0 24.9 165 150 157.5
85 25.3 23.4 24.4 155 143 149.0
Average for low zone: 26.3 24.5 254 163.6 149.4 156.5

Note: 1 —2023;2 - 2024
Source: developed by the authors

The general trend showed an increase in
dry matter content and plant height in more pro-
ductive areas under optimal density conditions.
The highly productive zone provided the highest
dry matter accumulation rates, averaging 30.4%,
with a variation from 29.3 to 31.4% depending
on sowing rates and weather conditions during
the year. In the medium zone, dry matter content
decreased to 28.2%, and in the low-yield zone to
25.4%, indicating the limiting effect of less fa-
vourable soil and microclimatic conditions. The

decrease in dry matter content from high-yielding
to low-potential zones confirms the dependence
of maize growth and development intensity on
resource availability.

Plant height in the R1 phase proved to be the
most sensitive indicator to growing conditions.
In the high-yield zone, the average height was
215.2 cm,ranging from 201.5 to 224 cm depend-
ing on the sowing rate and year. In the medium
zone, the average plant height was 192.7 cm, and
in the low zone, it was 156.5 cm. The decrease in
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plant height from high to low productivity zones
is due to a reduction in the amount of availa-
ble nutrients and moisture and less favourable
conditions for photosynthetic activity. Optimal
height indicators were observed at a density of
80 thousand/ha in highly productive zones, in-
dicating a balance between resource availability
and the intensity of competition between plants.
In less productive areas, increasing density did
not result in further height growth, indicating
limited environmental resources. Thus, at the
flowering stage, the main factors influencing the
biometric indicators of maize were the produc-
tivity zone and weather conditions of the year,
while the sowing rate had an additional but less
pronounced effect. The results indicate the fea-
sibility of a spatially differentiated approach to
managing sowing rates and fertiliser application
to optimise maize growth and development in
heterogeneous field conditions.

Discussion

The results of the study indicate a significant in-
fluence of sowing rates and productivity zones on
the formation of biometric indicators of maize and
dry matter accumulation during vegetation. Simi-
lar patterns are described in the work of W. Liu et
al. (2023), where it was found that spatial differ-
ences in soil fertility and moisture supply deter-
mine the rate of dry matter accumulation in dif-
ferent phases of maize growth. A. Shatkovskyi et
al. (2020) note that under favourable conditions,
dry matter accumulation is linearly increasing un-
til the beginning of the milk ripeness phase, while
under moisture deficit, there is an early decrease in
photosynthesis intensity and premature leaf senes-
cence, which reduces potential yield. Compared to
the results of this study, in highly productive areas,
the rate of dry matter accumulation correspond-
ed to global trends, indicating the effectiveness of
adapting plant density to spatial conditions.

A study by Z. Zhu et al. (2022), which used the
Richards model to describe the growth dynamics
of maize, showed that optimising agronomic pa-
rameters, in particular plant density, affects not
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only the final amount of dry matter accumulated,
but also the duration of the active growth phase.
The authors emphasise that prolonging the pe-
riod of maximum absorption of photosyntheti-
cally active radiation directly correlates with an
increase in yield and energy use efficiency. In the
same study, increasing the duration of active veg-
etation in high-yield areas also resulted in higher
yields, confirming the importance of regulating
sowing density to optimise plant photosynthetic
activity. A.A. Anselmi et al. (2021) note that un-
der conditions of high productivity, thickening is
advisable, while in low-productivity areas, mod-
erate density is more effective. The results of
this study confirm this pattern: in a high-yielding
area, a density of 70-75 thousand/ha proved to
be optimal, while in medium and low-yielding
areas, increasing the sowing rate did not result
in an increase in biometric indicators. A.F. Silva et
al. (2021) showed that spatially differentiated
sowing rates increase resource efficiency and re-
duce stress risks for plants. This is consistent with
the data from this study: the actual density and
dry matter content differed significantly between
productivity zones, confirming the need to adapt
density to local field conditions.

A study by M. Zhang et al. (2025) showed that
optimising corn seeding density significantly af-
fects both yield and resource use efficiency. Based
on a meta-analysis of 1951 data sets, it was found
that increasing seeding density increases leaf area
by 23.4%, plant height by 1.8%, dry biomass accu-
mulation by 15.9%, water use efficiency by 3.8%,
nitrogen use efficiency by 34.2% and yield by 10-
11%. At the same time, a decrease in the weight
of 1,000 grains by 7.2% and the collection coeffi-
cient by 2.4% was found, indicating a compromise
between the structural components of yield. The
authors emphasise that the optimal plant densi-
ty should take into account hybrid characteristics
and moisture levels in order to avoid the negative
effects of excessive crop compaction.

Field trials by J. Cui et al. (2022) of modern
maize hybrids at three density levels, where stem
strength indicators were measured: stem breaking
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strength (SBS), dry weight per unit length, stem
cross-section, lignin and cellulose content
showed that at high densities, modern hybrids
exhibited lower SBS, lower stem weight and re-
duced structural biomass content, which correlat-
ed with an increased likelihood of lodging. These
findings are consistent with the observations in
this study: the highest resistance to lodging was
achieved at a density adapted to the resource po-
tential of the productivity zone. The interaction
between sowing rate and nitrogen nutrition level,
according to the results of a study by P. Tian et
al. (2022), indicates a significant increase in pho-
tosynthetically active radiation (PAR) absorption,
yield and nitrogen use efficiency in maize. Thus,
an increase in density, together with optimal N
application, stimulated better light absorption
due to a change in the structure of the crop.

The results of the study showed that the cor-
rect allocation of productivity zones significantly
enhances the effect of sowing rate differentia-
tion: in highly productive zones, the potential
of density is better realised, while in low-pro-
ductive zones, the risk of seed overspending and
increased intraspecific competition is reduced.
A similar pattern is demonstrated by the study
by M.A. Munnaf et al. (2022). The authors formed
productivity zones by merging data from proximal
soil probing and plant indicators and showed that
map-based site-specific seeding (SSS) allows the
seeding rate to be aligned with the spatial fertili-
ty of the field; at the same time, excessive rates in
areas with lower potential worsen economic re-
sults, indicating the need for initially high-quality
zoning and then VRS.

In the context of the accuracy of productiv-
ity zones and the predictability of management
effects, it is important to combine field, proximal
and satellite data. B.B. Bantchina et al. (2024)
showed that the combination of visible/near-in-
frared soil spectra (Vis-NIRS), satellite plant in-
dices and ML algorithms not only allows for the
correct identification of productivity zones, but
also enables the prediction of yield at the zone
level, which directly reinforces the rationale for

VRS and VR fertilisation in production conditions.
Observations of persistent differences in dry mat-
ter accumulation curves between zones are con-
sistent with their conclusion.

The role of classification/clustering algo-
rithms and geostatistics in the practical forma-
tion of MZ maps should be noted separately.
DJ. Gallardo-Romero et al. (2023) demonstrated a
multi-layer scheme: cleaning and interpolation of
yield data, followed by classification and morpho-
logical post-processing to obtain machine-read-
able field productivity maps suitable for loading
into equipment. This approach explains why, in
this work, the use of yield stability maps and veg-
etation indices resulted in better alignment with
the actual boundaries of productive microzones,
and the VRS parameters were acceptable for agri-
cultural machinery.

Conclusions
Studies revealed that a spatially heterogeneous
productive environment significantly affects the
biometric indicators of maize in the early stages
of development and at the beginning of flowering.
It has been determined that the productivity zone
is the main factor in the formation of dry matter
content and plant height, while the influence of
sowing rates is additional and less pronounced.
The highest dry matter content (20.4% in the
early stages and 30.4% in the flowering phase)
and plant height (up to 215 cm) were recorded in
highly productive areas with sowing rates of 70-
75 thousand seeds per hectare. In less productive
areas, these indicators decreased, indicating the
limiting effect of soil and microclimatic condi-
tions. Increasing sowing rates in the early stages
of development did not have a significant effect
on biometric indicators, but during the flower-
ing phase, a moderate decrease in plant height
was observed in variants with increased sowing
density. This indicates the emergence of com-
petition for resources (nitrogen, light, moisture)
during the active growth phase. Spatial variability
in field productivity necessitates a differentiated
approach to managing sowing rates. The highest
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sowing density efficiency was observed in high-
ly productive areas with moderately high rates
(70-75 thousand/ha), where an optimal balance
between density and resource potential of the en-
vironment is ensured.
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fertilisation and irrigation rates, as well as in
developing yield prediction models based on a
combination of remote sensing data, sensor mon-
itoring and machine learning. This will allow the
creation of comprehensive recommendations for

The results indicate the stable nature of the
influence of productivity zones: regardless of the

managing crop productivity in space and time.
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AHoTAaLifA. BioMeTpUYHi NOKa3HMKM KYKYPYL3U € BaX/IMBMM iHAMKATOPOM e(heKTUBHOCTI arpoTEXHOSOTiH
Ta BiLOOPaxatoTb aAanTMBHY pPeakLito KynbTypu Ha MPOCTOPOBY HEOAHOPIAHICTb YMOB BUMPOLLYBAHHS.
MeTol [oCNifXeHHS 6yno BCTAHOBMTM BMAMB 30HANbHOI NPOAYKTMBHOCTI Ta HOPM BMCIBY Ha BUCOTY
Ta (GOpPMYBaHHS CyX0i peYOBMHM KYKYPYA3M Ha paHHiX eTanax opraHoreHesy. [onboBi AoCHigKEHHS
npoeeaeHo y 2023-2024 pp. y Mexax TpbOX 30H NPOAYKTUBHOCTI MONS: BUCOKOI, CEpefHbOi Ta HU3bKOI.
BapitoBanu n’saTb HOpM BuCiBY — Bia 65 no 85 Tuc. HaciHMH/ra. Pe3ynbTati gocnifxeHb CBifYaTh, WO
30Ha NPOAYKTUBHOCTI YMHWUNA OCHOBHWIA BNIMB Ha GiOMETPUYHI NapaMeTpu POCNMH, TOAi SK HopMa
BMCiBY Mafia LOLATKOBMI, ane MeHLW CyTTeBMI edekT. Ha cTaaii po3BuTKY KyKypyasu V2-V3 makcMManbHi
MOKA3HWKM CYXOi peyoBMHU (B0 23,5 %) cnocTepiranncs y BUCOKONPOAYKTUBHIM 30Hi 33 HOPMU BUCiBY
70 TvC. HaciHuMH/ra. Y HWM3bKOMPOOYKTMBHMUX 30HAX MOKAa3HMKM 3HWXKyBanucb Ao 15,5 %. Bucota
pocnuH y Ui dasi BapitoBana Bif 22,5 cM y BMCOKil 30Hi B0 16,6 CM Y HU3bKilA 30Hi NPOAYKTUBHOCTI.
Y dasi noyatky UBIiTIHHA (R1) Bia3HAa4YEHO 3MeHLLEHHS BMICTy CyXOi PEYOBMHM y HANpsAMKY A0 MeHL
NPOAYKTUBHUX 30H: Big 31,7 % (Bucoka 30Ha, 70 Tuc./ra) no 25,3 % (Hu3bKa 30Ha, 85 Tnc./ra)y 2023 p.
Bucota pocnvH BapitoBana Bia 252 cM y BUCOKONPOAYKTUBHMX 30HAX A0 143 cM y HU3bKMX. BioMeTpuyHi
napaMeTpu KyKypyasu MOXHa BUKOPUCTOBYBATU K HAAIMHWUIA KPUTEPin ANS OLIHKM peakLuii KynbTypu
Ha AudepeHLii0oBaHI TEXHOMOTIYHI NMPUIAOMMU, WO € NEPCMEKTUBHMM HAMNPSIMOM Yy CUCTEMAX TOYHOro
3eMnepobcTBa. 3acTOCYBaHHS 30HaNbHO AudepeHLiioBaHMX HOPM BWCIBY [03BONSE NiABULLUATU
ePeKTUBHICTb BUKOPUCTAHHS pPecypCiB Ta ONTUMI3yBaTWM arpoOTEXHOMOrT BUPOLLYBAHHS KYKYpPYA3M Ha
HEOLHOPIAHWUX 33 MPOAYKTUBHICTIO NONSX

Kntouosi cnoBa: Zea mays L.; BucoTta pocnvH; pudepeHuinoBaHa cisba; rycrorta CTOSHHS; Cyxa pe4oBMHa
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Abstract. The study aimed to identify effective methods for optimising and reducing vibration
processes in the tool-workpiece-machine system to improve the stability and quality of machining. The
study analysed the main types of vibrations in the tool-workpiece-machine system and determined
their impact on machining quality, establishing that self-excited vibrations are the main cause of
process instability. Classical approaches to cutting and a mathematical model for optimising machining
parameters to reduce vibrations and increase the accuracy and efficiency of the technological process
were considered. Analysis of classical methods has shown that fixed-angle and constant-feed methods
provide stability and predictability of the process, while variable-feed and automatic control methods
increase adaptability and reduce vibration amplitude. The simulations confirmed the effectiveness of
parameter optimisation to stabilise vibrations and improve machining quality. According to the results
of machining on the 1K62 machine with a T15K6 carbide tool, the roughness parameter was reduced
from 6.3 to 1.6 microns due to optimisation of cutting modes and increased system rigidity. The study
also showed a 40% increase in tool life when self-excited vibrations were eliminated. The generalisation
of the data obtained formulated practical recommendations for the selection of machining parameters,
considering the dynamic properties of the technological system, to ensure a stable cutting process and
improve the quality of machining. The results obtained can be used by specialists of machine-building
enterprises and scientists to improve the efficiency of production processes and product quality
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Introduction

The process of machining materials on metal
cutting machines is accompanied by complex
dynamic phenomena, including vibrations in the
tool - workpiece - bench system. These vibra-
tions affect cutting stability, reduce machining
accuracy, degrade surface finish and accelerate
tool wear. Self-excited vibrations that occur with-
out external disturbances can lead to unstable
operation of the entire technological system. The
research relevance is determined by the need to
study the dynamic characteristics of these pro-
cesses to improve the performance and reliabil-
ity of metalworking equipment. Identification
of regularities in the development of vibration
phenomena and the development of effective
methods for their reduction make it possible to
ensure stable operation of bench tools, improve
the quality of the machined surface and extend
the service life of the tool.

The problem of the dynamics of vibration
processes in the system “tool - workpiece -
bench” is relevant for improving the quality of
machining and tool life. Z. Peng et al. (2020)
identified critical machining conditions in which
the vibration amplitude increases sharply due
to the combination of high rotational speed and
depth of cut. This highlighted the importance
of optimal parameters to avoid process insta-
bility. I. Akande et al. (2020) demonstrated that
increasing the stiffness of the machine structure
significantly reduces resonant vibrations, while
the introduction of damping elements increases
the overall stability of the system. These mea-
sures contributed to improved machining qual-
ity and reduced tool wear. C. Kuo et al. (2023)
determined that the shape and dimensions of
the cutting edge have a direct impact on vibra-
tion, especially when machining materials with
an uneven structure. This indicates the need to
incorporate the geometric characteristics of the
tool when developing cutting modes. Z. Li et
al. (2021) developed nonlinear mathematical
models that reproduce the dynamic processes of
tool/workpiece interaction, including feedback

Varodov & Bryniuk

effects, which explain the phenomenon of self-
excitation of vibrations. These models fur-
ther demonstrated the instability mechanisms.
X. Vasanth et al. (2019) applied active vibration
control systems using feedback, which ensured
rapid damping of unwanted vibrations and in-
creased machining accuracy. The introduction of
such technologies has shown promise in indus-
trial applications.

C. Zhao et al. (2022) analysed the effective-
ness of various damping materials in reducing
the amplitude of vibrations, identifying the best
options for installation in a cutter holder. The use
of such materials reduced dynamic loads on the
tool. Y. Cheng et al. (2023) experimentally proved
that increasing the rigidity of the technological
system significantly improves the quality of the
machined surface by reducing vibrations. Chang-
ing the cutting modes in combination with in-
creased rigidity made it possible to reduce surface
roughness. G. Weicheng et al. (2021) showed that
proper tool clamping adjustment is a key factor in
preventing vibrations that negatively affect pro-
cess stability. Insufficient fixation contributed to
additional vibrations. Y. Danylchenko et al. (2021)
determined that irregularities on the workpiece
surface increase the intensity of vibrations and
lead to a deterioration in machining quality. Ac-
cordingly, pretreatment or workpiece preparation
is essential to stabilise the process. Q. Wang et
al. (2025b) proved that the dynamic properties
of the system in the selection of cutting modes
can significantly increase tool life and reduce the
probability of accidents. The optimisation of pa-
rameters ensured more stable and efficient oper-
ation of the equipment.

These studies established the dependence
of the vibration amplitude on cutting modes, ma-
chine design characteristics and tool geometry,
developed mathematical models of the dynamic
interaction between tool and workpiece, and pro-
posed methods of active vibration control and the
use of damping materials to reduce vibrations. In
addition, experimental studies have confirmed
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the impact of system stiffness and tool clamping
parameters on process stability and have shown
the role of workpiece surface irregularities in
amplifying vibrations. However, despite the sig-
nificant achievements, there are gaps in the com-
prehensive consideration of the simultaneous
influence of design, technological and material
factors on the formation of vibration processes.
Integrated approaches to vibration modelling and
control, which incorporate the nonlinearity of the
system and the variability of cutting conditions in
real time, require additional study.

The study aimed to identify methods to opti-
mise and reduce vibration processes in the “tool -
workpiece - bench” system.

Tasks of the study:

1.To investigate the classification of types of
vibrations in the tool-workpiece-machine system.

2. Consider classical approaches to the analy-
sis of dynamic processes and vibration modelling.

3. Evaluate the effectiveness of various
methods of vibration reduction and develop rec-
ommendations for their implementation.

Materials and Methods
The study conducted a comprehensive analysis of
the dynamic processes in the tool — workpiece -
bench system during machining with an empha-
sis on the physical characteristics of the elements
that form the system’s response to load. The study
analysed various types of vibrations in the tool -
workpiece - bench system to determine their
characteristics and mechanisms of occurrence.
The vibrations were classified into forced, free and
self-excited, which determined their characteris-
tics and impact on the technological process. This
approach formulated the basis for diagnosing,
monitoring and developing effective measures to
reduce vibrations and improve machining stabil-
ity. Also, the study analysed classical approaches
to material processing in the tool — workpiece -
bench system, including the following methods:
free cutting method, fixed angle method, constant
feed cutting method, variable feed cutting meth-
od, adjustable angle method, computer numerical

control (CNC) machining method, special tool
method, vibration control method, automatic
adjustment method and tool pre-setting meth-
od. Each approach was addressed in terms of its
technological features and potential application
in production processes.

The study addressed the cutting modes in
which self-excitation of vibrations was manifest-
ed, as well as changes in the dynamic stability of
the system after the introduction of a damping
element and a decrease in spindle speed. A poly-
urethane element with a stiffness of 500 N/m
was used for damping, mounted directly in the
toolholder with bolt and glue connection, which
ensured reliable fixation and efficient absorption
of the vibrational energy of the tool. The damping
element was designed to absorb up to 70% of the
vibration energy in the frequency range of 100-
500 Hz, which corresponds to the characteristic
spectrum of self-excited vibrations during the
cutting process. To eliminate the negative effects,
the cutting speed was reduced to 800 revolutions
per minute. In addition, a damping element was
added to the design of the toolholder to absorb
the vibration energy and reduce the amplitude of
vibration processes. This approach modelled the
influence of design and process parameters on
the nature of vibration processes and substanti-
ated the effectiveness of the selected technical
solutions to improve machining stability.

A simplified mass-elastic model with damp-
ing is used to describe the dynamics of the tool -
workpiece - bench system (Wang et al., 2025a).
The model parameters are set as follows: system
mass m=5 kg, damping coefficient c=10 N-s/m,
spring stiffness k=2,000 N/m. The external force
acting on the system is described by the har-
monic law (1):

F(t) = Fsin(wt), (1)

where F,=100 N, and the disturbance frequency
w is related to the spindle speed N (rpm) by for-
mula (2):

2N
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Initial conditions: x(0) =0, X(0) =0. The system
was analysed in the time interval t=0...1 s. Then
the equation of motion of the system is (3):

mX+cx+k(x)=Fysin(wt), (3)

where: where m — mass, ¢ - damping coefficient,
k - system stiffness, F, - amplitude of the exter-
nal force, w - frequency of the disturbance tied to
the spindle speed.

Varodov & Bryniuk

As part of the study, an experimental obser-
vation of the dynamic behaviour of the tool -
workpiece - bench system during turning of a
steel shaft on a 1K62 machine was conducted
(Fig. 1). The workpiece was made of St3sp/5 steel
with a hardness of =200 HB, a diameter of 40 mm
and a length of 200 mm. The workpiece was rig-
idly clamped in the machine chuck, with the free
end centrally supported to ensure stability and
reduce vibrations.

Figure 1. Machine 1K62

Source: Stalmira (n.d.)

The cutting was performed with a T15K6
carbide tool (Fig. 2) with the following geometric
parameters: front surface angle y =6°, rear sur-
face angle a=12°,and apex radius p=0.8 mm.The
depth of cut was 1 mm, and the length of the pass
was 150 mm for a single pass.

Figure 2. Carbide brazing plate T15K6
Source: Metal cutting (n.d.)

To record the dynamic parameters of the
system, IEPE vibration sensors with a sampling

rate of 10 kHz were used, installed at three
points: on the tool, on the machine spindle and
on the workpiece body. The 1K62 machine and
T15K6 carbide tool were selected due to their
widespread use in metalworking and their abil-
ity to provide the required accuracy and stabili-
ty when turning steel workpieces. The obtained
experimental data were compared with classical
analysis methods and modelling results to com-
prehensively assess the dynamic processes in
the system and increase the accuracy of the con-
clusions. The study highlighted the main areas
of vibration reduction, including increasing the
stiffness of structures, using damping materials,
optimising machining modes, choosing the right
cutting tool geometry and using active control
systems. The generalisation of the obtained re-
sults formulated practical recommendations for
reducing vibrations and ensuring the stability of
the technological process.
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Results

The tool - workpiece - bench system is the back-
bone of any machining process and is a complex
dynamic structure in which three key elements in-
teract closely: the cutting tool, the workpiece and
the machine components. This interaction takes
place within a closed mechanical system, where
each element not only performs its function but
also influences the overall behaviour of the entire
structure under load. The physical characteristics
of each link, such as mass, stiffness and damp-
ing, determine how the system will respond to
the loads, vibrations or disturbances that occur
during the cutting of the material.

Different types of vibrations can occur in the
system, each of which has characteristics and
mechanisms of formation. Forced vibrations are
caused by periodic external disturbances. Such
disturbances include, for example, irregularities
in the operation of a cutting tool, such as mill-
ing cutter teeth that pass through the workpiece
at a certain frequency, or an uneven machine
drive that creates vibrations in the machinery.
These vibrations have a well-defined frequency
that coincides with the frequency of the exter-
nal disturbance and can usually be predicted and
accounted for when setting up machining modes
(Ghazali & Rahiman, 2021). Free or natural vibra-
tions occur after a short-term perturbation of the
system and are characterised by a gradual decay
in time. They reflect the natural oscillatory prop-
erties of the system due to its mass, stiffness, and
damping. Such vibrations can appear, for exam-
ple, after a sharp push or impact, but in the ab-
sence of further disturbances, they gradually dis-
appear without harm to the process (Ebbehoj et
al., 2024). Self-excited vibrations are the most
dangerous type, as they are formed as a result of
positive feedback between the tool and the work-
piece. This type of vibration persists and even in-
creases over time if the conditions do not change
and often manifests itself as regenerative vibra-
tions during turning. They lead to instability of
the cutting mode, deterioration of the machined
surface quality and rapid tool wear (Insperger &

Stépan, 2022). Determining the type of vibration
is part of the analysis of dynamic processes in
the tool - workpiece - bench system and can be
used to select the most effective methods of their
control. At the same time, knowledge of the char-
acteristics of each type contributes to the devel-
opment of measures to increase process stability
and improve the quality of the final product.

In the context of studying the dynamics of
the tool - workpiece - bench tool system, classi-
cal machining methods are of great importance,
as they are widely used in industry to ensure effi-
ciency, accuracy and stability of cutting processes.
Each of these methods is characterised by certain
technological features that determine its suitabil-
ity for specific operating conditions. The free cut-
ting method is effective in the mass production of
parts with low accuracy requirements, when the
main criterion is low cost and speed. In the ab-
sence of complex control systems, equipment, and
operating costs are minimal. In such conditions,
small deviations in surface quality are acceptable,
and process stability is ensured by a high rate of
output. However, in cases where high precision
or geometry stability is required, the efficiency of
this method decreases rapidly due to vibrations
with an amplitude of up to 0.03-0.05 mm, which
leads to rapid tool wear and deterioration of the
machined surface parameters (Liu et al, 2021a).
The fixed angle method is effective where pro-
cess predictability and repeatability are substan-
tial. Reduction of fluctuations by 15-20% ensures
stable results in the mass production of parts
from materials with homogeneous properties.
In such cases, a good balance is struck between
surface quality and productivity. However, when
machining materials with a variable structure
(e.g., cast or composite workpieces), the meth-
od becomes ineffective because it cannot adapt
to local differences in properties, which again
leads to vibrations and load fluctuations (Aydin et
al., 2021). The constant feed cutting method en-
sures uniform tool wear and consistent machin-
ing quality in the mass production of parts made
of homogeneous materials. The effectiveness of
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this method is especially high in cases where the
predictability of tool life and the repeatability
of surface parameters are substantial. However,
when machining complex materials, as well as
at different levels of system stiffness, it loses its
effectiveness: vibration loads can increase by 10-
15%, which degrades quality and increases tool
costs (Soori & Arezoo, 2022).

The Variable Feed Cutting Method is par-
ticularly effective in high-precision machining
of parts where it is necessary to minimise vi-
brations (20-25% reduction). This improves sur-
face finish and reduces tool wear, even in cases
of heterogeneous materials. It is most effective
in the production of high-precision or critical
parts where quality control takes precedence
over cost. At the same time, the method is less
effective for mass or low-cost production, as it
requires complex control systems and expensive
equipment (Muqgeet et al.,, 2023). The adjustable
angle method is effective in the production of
parts with variable material characteristics or
complex surface profiles. Due to the ability to
change the cutting angle during the process, it
reduces vibrations and optimises the load on the
tool, which significantly increases its service life.
It is especially relevant for load-sensitive materi-
als. However, the overall efficiency in industry is
limited by the high complexity of control systems
and additional equipment costs (Abolghasem &
Mancilla-Cubides, 2021). CNC machining has the
highest efficiency in high-precision and flexible
manufacturing. It provides accuracy of up to #0.01
mm, repeatability and the ability to perform com-
plex cutting paths. Its effectiveness is particularly
high when machining parts with complex geome-
tries or in conditions of rapid product mix chang-
es. However, in small-scale production or with a
limited budget, its effectiveness is reduced due
to significant capital investment and the need for
highly qualified personnel (Wang et al.,, 2025b).
The special tool method is effective in serial and
mass production, when the use of tools with spe-
cial geometry or wear-resistant materials can sig-
nificantly reduce replacement costs and improve
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surface quality (wear is reduced by up to 30%).
The greatest effect is achieved when producing
identical parts in large batches. However, efficien-
cy is significantly reduced in small-scale produc-
tion due to the high cost of manufacturing and
maintaining specialised tools (Geng et al., 2021).

The vibration control method is effective in
applications where the main objective is to en-
sure process stability and extend tool life. With
the use of dampers or active systems, the vibra-
tion amplitude can be reduced to 0.02 mm, mak-
ing this method valuable in high-precision ma-
chining. However, its effectiveness in widespread
industrial applications is limited by the high cost
of the systems and the complexity of integration
(Akdeniz & Arslan, 2024). The automatic adjust-
ment method is most effective in cases where
the process needs to be adapted in real time. It
is efficient in processing materials with variable
properties, complex shapes and structures, where
parameter stability is relevant. This increases the
accuracy and reliability of production. However,
due to the complexity of the hardware and soft-
ware, as well as the high price, the effectiveness
of this method in conventional mass production
is reduced (Liu et al., 2021b). The tool pre-setting
method is effective in batch and mass produc-
tion, where it is necessary to reduce changeover
time. Precise tool calibration can improve stabil-
ity and accuracy up to *0.02 mm. The method is
most effective in production with repeated ma-
chining cycles. However, in small-scale or pilot
production, its effectiveness decreases, as the
time spent on setup is not offset by the benefits
(Mohamed et al., 2022). Thus, the considered clas-
sical methods of machining in the tool - work-
piece - bench system have specific technological
features that determine their feasibility depend-
ing on production conditions, material charac-
teristics, and product quality requirements. Each
of them demonstrates efficiency in certain pro-
duction situations, but none of them provides a
universal solution to the problem of vibrations
and process instability. Therefore, current trends
in mechanical engineering are aimed to integrate
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automated and adaptive approaches with classi-
cal technologies. In this context, the study of the
dynamic behaviour of the system during cutting
is of particular importance, since oscillatory pro-
cesses largely determine the surface quality, ma-
chining accuracy and tool life.

A dynamic model with damping of the tool -
workpiece - bench system is key for analysing
and predicting the behaviour of the complex
mechanical system during the cutting process.
The model is based on the representation of the
system as an oscillating one with mechanical
parameters of mass, stiffness and damping inter-
acting under the influence of external forces. The
motion of the system is described by differential
equations that consider the physical character-
istics of the elements (Wang et al.,, 2025c). The
main approach that describes the dynamic be-
haviour of the system is the classical modelling
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of the motion of an oscillating system with an
external cutting force (4). The external force in
the model is described by a harmonic law, where
the amplitude of the force is set experimentally,
and the frequency of the perturbation is direct-
ly related to the spindle speed. Two modes were
calculated for the study:

N= 120me:w = 22 = 12566 rad/s, (4)
N =800-":w = 222 = 83.78 7ad/s. (5)

Therefore, it is possible to correctly incorpo-
rate the effect of rotational speed on the dynamic
behaviour of the system in different machining
modes (3). The simulation (Fig. 3) addresses the
phenomenon of self-excitation of vibrations,
when the cutting force depends on the current
and previous states of the system.

Velocity (v)t (m/s)

Figure 3. Oscillations of the tool — workpiece — bench system

Source: compiled by the authors

The calculated data obtained indicate that the
maximum amplitude of oscillations x(t) is about
0.031 m, the maximum oscillation velocity reaches
approximately 0.83 m/s,and the maximum acceler-
ation is approximately 31.78 m/s2 Such a dynamic
model can simulate the behaviour of the system
in various processing modes, assess the impact of
design and process parameters on process stabil-
ity, and develop methods for vibration control and
damping. The model serves as the basis for further
process optimisation aimed to improve machining

quality and reducing tool wear. The dynamic model
with damping of the tool-workpiece-machine sys-
tem is used for theoretical and practical study of
vibration processes and serves as a basis for the
analysis of machining materials.

The obtained theoretical regularities can
predict possible manifestations of instability in
real machining conditions, which is confirmed by
experimental studies on specific machine tools
and under specific cutting conditions. In a lathe,
the phenomenon of self-excitation of vibrations
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was recorded at a rotational speed of 1,200 rev-
olutions per minute and a feed rate of 0.3 mil-
limetres per revolution. The quantitative indica-
tors were maximum vibration amplitude of about
0.031 m, maximum acceleration of about 31.78
m/s2. Additionally, vibration was observed in the
form of a characteristic noise in the working area
and a wave structure of the workpiece surface.
The surface roughness parameter Ra before the
adjustments was 6.3; after the adjustments, it was
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1.6. These vibrations were manifested in the form
of a characteristic noise felt in the work area, as
well as in the form of a wave surface on the ma-
chined part. In addition, accelerated wear of the
cutting insert was observed, indicating instability
of the cutting modes and increased dynamic load
on the tool. The implementation of these mea-
sures led to the stabilisation of the dynamic op-
eration of the machine tool and the tool - work-
piece - bench system (Table 1).

Table 1. Comparison of turning parameters before and after implementation
of vibration reduction measures

Parameter Before adjustments After adjustments
Spindle rotation speed (rpm) 1,200 800
Feed rate (mm/rpm) 0.3 0.3
Vibration amplitude High Significantly reduced
Surface roughness Ra 6.3 1.6
Wear and tear of the cutting insert Accelerated Reduced
Stable cutting conditions Unstable Stable
Source: compiled by the authors
After the adjustments were made, vibrations Practical recommendations for optimis-

were significantly reduced and virtually disap-
peared, which ensured more stable operation of
the process. The improved surface quality was
confirmed by a reduction in roughness from Ra
6.3 to Ra 1.6, which indicates a more uniform
and smoother surface of the part. In addition, the
reduction of vibrations contributed to the exten-
sion of the cutting tool life, which increased by
approximately 40%, reducing operating costs and
increasing the efficiency of the production pro-
cess. This example demonstrates that controlling
the dynamic processes in the tool-workpiece-ma-
chine system is critical to achieving high machin-
ing quality and long tool life. The use of damping
elements in combination with optimised cutting
conditions is an effective way to reduce vibrations
and improve overall process stability. This ap-
proach also reduces the probability of defects on
machined surfaces and reduces the risk of acci-
dents during machine operation. Therefore, these
measures contribute to increased productivity,
quality and cost-effectiveness of metalworking
production.

ing processes and reducing vibrations in the
tool-workpiece-machine system are based on
reducing the amplitude of vibrations that affect
the quality of the machined surface, the accuracy
of parts and tool life. This is achieved through
both design changes and adjustments to pro-
cess parameters. Increasing the rigidity of the
machine’s structure reduces mechanical defor-
mations during machining and, consequently,
the amplitude of oscillations, which improves
the stability of operation. It also reduces the
impact of external factors such as workpiece ir-
regularities or impacts. Damping elements made
of elastic materials, lubricants, or anti-vibration
supports absorb vibration energy, reducing the
amplitude of vibrations. This reduces tool wear
and stress on the machine’s mechanisms and re-
duces noise during machining.

Optimisation of the machining conditions, in-
cluding the selection of cutting speed, feed rate
and depth of cut, helps to avoid resonant frequen-
cies and ensures a more even distribution of cut-
ting forces. This improves surface finish, process
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stability and tool life. Selection of a tool with
the right geometry, including cutting angles and
cutting edge shapes, helps reduce dynamic loads
during operation, which increases machining ac-
curacy and wear resistance of the cutting part.
Active vibration-damping systems with feedback,
which monitor vibration parameters in real time
and promptly correct them, help maintain process
stability. The introduction of such systems in-
creases production efficiency, reduces rejects and
extends the life of equipment. Thus, an integrat-
ed approach, including stiffening, damping, mode
optimisation, tool selection and the use of active
damping systems, helps to improve the dynamic
stability of the tool-workpiece-machine system,
which has a positive impact on the quality and
reliability of machining.

Discussion

The study confirmed that the tool - workpiece -
bench system is a complex mechanical structure
where the interaction between the elements
largely determines the dynamic behaviour during
machining. The analysis showed that the mass,
stiffness, and damping properties of each compo-
nent affect the overall stability and susceptibility
to vibration. This confirmed the need for detailed
modelling of the system as an oscillating struc-
ture to predict its response to external and inter-
nal disturbances. This problem was also studied
by C. Li et al. (2021), where the results confirmed
that the dynamics of the tool - workpiece - bench
system, incorporating mass stiffness and damp-
ing, is a key factor in ensuring the stability of the
machining process. Each element of the system
has its mass stiffness characteristics that deter-
mine its ability to withstand vibrations. Consid-
eration of damping can improve the accuracy of
modelling of the system’s behaviour under load
and predict instabilities.

N.E.O. Ogunnowo et al. (2021) also demon-
strated that the influence of mechanical pa-
rameters on machining stability is manifested
through changes in the dynamic stiffness of reso-
nant frequencies and the ability of the system to

dampen vibrations. Insufficient stiffness or mass
misalignment can lead to self-excited vibrations
that degrade machining quality. Precise match-
ing of mechanical parameters minimises the risk
of vibrations and increases the efficiency of the
process. Notably, the interaction of stiffness and
damping in a system is not always linear and can
make it difficult to predict its behaviour. This is
especially relevant when the characteristics of
individual components change during operation
due to wear or thermal deformation. Therefore, for
an accurate analysis, it is necessary to use com-
plex models that incorporate nonlinear effects
and the variability of parameters over time. The
results of the study showed that the main caus-
es of vibrations in the tool - workpiece - bench
system are related not only to external factors,
such as fluctuations in cutting force or material
unevenness, but also to the internal characteris-
tics of the system itself. Insufficient stiffness of
the elements, geometric instability of the tool or
workpiece, and oscillations in the machine drive
created conditions for the development of both
forced and self-excited vibrations. The interaction
of these factors made it difficult to control the
process dynamics.

Researchers D. Doan et al. (2021) concluded
that the causes of vibrations in the system are
mostly related to insufficient structural rigidity,
fluctuations in cutting forces, and geometric in-
stability of the elements. Low stiffness contrib-
utes to the emergence of resonance phenomena
that amplify vibrations. Fluctuations in cutting
forces, in turn, can occur due to uneven machin-
ing or changes in the contact conditions between
the tool and the workpiece. J.V. Abellan-Nebot et
al. (2024) determined that the factors that cause
dynamic processes in cutting include both the in-
ternal mechanical properties of the system and
external operating conditions. The interaction
between the tool and the workpiece material,
as well as the effects of temperature changes
and wear, influences the machining process. To-
gether, these factors form complex dynamic pro-
cesses that affect the quality and stability of the
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machining process. These results confirm the
above study, as they demonstrate a direct cor-
relation between system stiffness and vibration
intensity. A decrease in stiffness leads to an in-
crease in vibrations, which is consistent with the-
oretical models of dynamic instability. In addition,
the influence of fluctuations in cutting forces and
geometric irregularities further complicates the
system’s behaviour, which is also reflected in the
experimental results.

The identified types of vibrations - forced,
free, and self-excited - had different effects on
the system operation. Forced vibrations caused
by external periodic disturbances proved to be
quite predictable and could be controlled by
adjusting the processing modes. Free vibrations
quickly damped and did not cause any serious
problems. The most difficult were self-excited
vibrations, which, due to positive feedback, could
increase and lead to significant deterioration in
the technological process. It is worth noting the
study by S. Sarath & P. Paul (2021), demonstrat-
ing that there are several types of vibrations in
a machining system: forced, free (natural), and
self-excited. Each type has characteristics of oc-
currence and propagation, which are determined
by the characteristics of the system and oper-
ating conditions. Forced vibrations arise due to
external influences, free vibrations are due to in-
ternal properties, and self-excited vibrations are
associated with nonlinear interactions between
the tool and the workpiece. J. Du et al. (2022)
concluded that vibrations negatively affect the
quality and stability of machining, causing sur-
face defects, reduced accuracy, and increased
tool wear. Instability caused by vibrations can
lead to uneven material removal and noise
during operation. Controlling and minimising
vibrations is essential to ensure process reliabil-
ity and improve the final machining results. This
data is consistent with the results of the current
study, as it confirms the different nature of vibra-
tions and their impact on the dynamic behaviour
of the system. In particuar, the distincltion be-
tween types of vibrations further demonstrates
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the mechanisms of their occurrence and direct
measures to control them. This confirms that
effective vibration control improves the sta-
bility and quality of machining. In the study by
A. Rud (2025), it was shown that under dynamic
loads, the spring elements of tillage tools under-
go critical deformations, which reduce the stiff-
ness of the structure and may lead to unstable
vibrodynamic modes.

The mathematical modelling of the system
tool - workpiece - bench tool as an oscillating
system, incorporating mass, stiffness, damp-
ing and variable cutting force, demonstrated
the mechanisms of vibration development and
predicted the conditions of their occurrence.
The dependence of the cutting force on previ-
ous oscillatory movements (memory effect) was
considered, which explained the mechanism
of self-excitation. This model created opportu-
nities for further development of methods for
controlling the system dynamics. M. Zahaf &
M. Benghersallah (2020) also conducted a study
that confirmed that the self-excitation mod-
el with the memory effect in cutting addresses
the dependence of the cutting force on previous
system states, which is relevant for an accurate
description of the process dynamics. This ap-
proach helps explain the occurrence of periodic
and chaotic oscillations that cannot be predict-
ed by simple linear models. By considering the
memory effect, it becomes possible to analyse
in more detail the conditions for the appearance
of self-excited vibrations and develop methods
for their control. Z. Peng et al. (2023) also deter-
mined that oscillations with damping and non-
linear interaction are characterised by complex
dynamics, where damping reduces the ampli-
tude of oscillations, and nonlinearity leads to the
emergence of new modes of system behaviour.
This approach can be used to model real-world
processing conditions where the interaction of
system elements is not simple and linear. Anal-
ysis of these processes is necessary for optimis-
ing process conditions and improving process-
ing stability. Comparing the data obtained in the
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course of research, it is possible to conclude that
the memory effect is significant in the formation
of self-excited oscillations. This factor compli-
cates the system’s behaviour and requires the
use of complex nonlinear models for accurate
forecasting. At the same time, consideration of
damping can be used to develop effective meth-
ods for reducing the amplitude of vibrations and
increasing the stability of the process.

T. Mohanraj et al. (2024) concluded that vi-
brations have a significant impact on machining
quality, causing surface irregularities and dimen-
sional accuracy of parts. In addition, they acceler-
ate the wear of tools and equipment components,
which reduces their service life. Constant dynamic
loads can also lead to damage and malfunctions
in machine tools, increasing the risk of acci-
dents. S. Han et al. (2021) found that the effects
of dynamic processes in the machining system
are reflected in the final product in the form of
defects and inconsistent quality. Vibrations can
cause loosening of fasteners and deformation of
machine components, which requires frequent
repairs and maintenance. For this reason, con-
trolling and minimising vibrations is key to ensur-
ing equipment reliability and high product quality.

Analysis of the study results determined that
vibration processes have a complex effect on
both machining quality and equipment service
life. They cause a decrease in accuracy, surface
defects and accelerated wear of cutting tools and
mechanical components. Therefore, ensuring ef-
fective control of the dynamic characteristics of
the system is a key condition for increasing pro-
ductivity and ensuring the safety of production
equipment. The study also found that effective
methods of reducing vibrations are based on in-
creasing structural rigidity, using damping ma-
terials and specialised tools, optimising cutting
modes, and implementing active vibration damp-
ing systems. The application of these measures
ensures increased process stability, improved
product quality and reduced operating costs,
which is a substantial area of development in
modern engineering.

Conclusions

In the course of the study, three main types of vi-
brations characteristic of the tool - workpiece -
bench system were identified: forced vibrations
arising under the influence of periodic external
forces; natural (resonant) vibrations associated
with the natural frequencies of the oscillating
system and regenerative (self-excited) vibrations
that appear as a result of the memory effect of
the cutting process and are the most danger-
ous for machining stability. The analysis of ten
classical approaches determined their techno-
logical features, advantages and limitations.
The study determined that traditional methods
ensure stability only under certain conditions,
while adaptive and automated approaches are
better suited to changes in the dynamic charac-
teristics of the system, but require more complex
and expensive equipment.

The study addressed a dynamic model of the
system based on the equation of motion with
consideration of mass, stiffness, damping and
cutting force with memory effect. This approach
can predict the complex nonlinear behaviour of
a technological system and determine the con-
ditions for the occurrence of self-excited oscilla-
tions. The simulation showed that the maximum
amplitude of oscillations x(t) is about 0.031 m,
the maximum velocity is 0.83 m/s, and the max-
imum acceleration is 31.78 m/s2. Comparison of
the simulation results with experimental data
confirmed the negative impact of vibrations on
surface roughness, dimensional accuracy, tool
life, and machine tool safety. In addition, experi-
ments on a 1K62 lathe with a T15K6 carbide tool
showed a decrease in the roughness parameter
from 6.3 um to 1.6 ym due to optimisation of
cutting modes and increased system rigidity. The
study also determined that the elimination of
self-excited vibrations increases tool life by 40%.

The study results show the effectiveness of
combining classical methods with adaptive ap-
proaches and engineering solutions to reduce
vibrations. The study recommended using math-
ematical modelling at the stage of selecting
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AHoTaLifl. MeTa foCNigKEHHS nongrana y BU3HayeHHi eeKTUBHMX METOLIB ONTMMI3aLii Ta 3HUKEHHS
BiBpaLiiHMX NPOLECIB Y CUCTEMI “IHCTPYMEHT — 3aroToBKa — BepcTaT” Ans NiaBULLEHHS CTabiNbHOCTI Ta
AKoCTi 06pobKu. Y foCNimKeHHI NpOBeAEHO aHani3 OCHOBHMX BMAIB Bibpauii y cucteMi “iHCTpyMeHT —
3aroToBKa — BepCTaT” Ta BU3HAYEHO iXHili BNAMB Ha SKiCTb 06pPO6KM, BCTAHOBMBLLM, LLLO CAMO30YaXKYBaHi
BiOpaLii € OCHOBHOK NPUUYMHOK HecTabinbHOCTI npouecy. PO3rnsaHyTO KNacuuHi NigxXxoAauM [0 pisaHHs
Ta MaTemMaTW4Hy Mofenb ONTUMisauii napameTpiB 06pobku, CNpsSMOBaHy Ha 3MeHLEeHHs Bibpauiit i
NiABULLEHHS TOYHOCTI Ta ePeKTUBHOCTI TEXHONOrIYHOro npouecy. AHani3 KNnacM4YHMX MeTofiB Nokasas,
L0 MeTOAM 3 PIKCOBAHUM KYTOM i NOCTiMHOK nogayeto 3abe3nevyroTb CTabiNbHICTb | NnepesdavyBaHicTb
npouecy, TOAi 9K MeTOAM 3 MepeMiHHOK MoAaYerd Ta aBTOMATMUHWMM pEryaloBaHHAM MiABULLYHOTb
a[anTUBHICTb | 3MEHLLYOTb aMnNiTyay Bibpauin. MonentoBaHHS NiaTBEpAMN0 ePeKTUBHICTb ONTUMI3aLlii
napameTpiB ans crabinisauii konuBaHb i NiABULLEHHS SKOCTI 06pobku. 3a pesynbTatamu 06pobku Ha
BepcTaTi 1K62 TBepaocnnaBHMM iHCTpyMeHTOM Tuny T15K6 BCTaHOBNEHO 3MeHLWeHHs napameTpa
wopcTtkocTi 3 6,3 0o 1,6 MKM 33 paxyHOK ONTUMi3aLii PeXuMiB pi3aHHS Ta MiABULLEHHS XOPCTKOCTI
cuctemu. [locnifKeHHs TakoX MOKa3ano 3pOCTaHHS pecypcy iHCTpyMeHTy Ha 40 % npu yCyHeHHi
CaMO36yKEHUX KOMMBAHb. Y3arasbHEHHS OTPUMaHWUX AaHWX A03BONMMNO CHOPMYNIOBATM MPAKTUYHI
pekoMeHpauii wono Bubopy napameTpiB 06pobKM 3 ypaxyBaHHAM [OMHAMiYHMUX BNACTUBOCTEN
TEXHOJMONYHOT CUCTEMM 3 MeTOo 3abe3neyeHHs CTabiNbHOro npouecy pisaHHs Ta MiABULLEHHS SKOCTI
06po6ku. OTpUMaHi pe3ynbTaTu MOXyYTb BYTH BUKOpPUCTaHi GaxiBUIMKU MALIMHOOYAIBHUX MiANPUEMCTB i
HayKOBLSMM AN NiABULLEHHS ePeKTUBHOCTI BUPOOHUYMX NPOLIECIB i SKOCTi NpOAYKLIT
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Abstract. Optimising piglet metabolism in the early postnatal period is an important task in modern
animal husbandry. The use of functional additives such as SCFA-M can have a positive effect on protein
and energy metabolism, reduce stress, and improve the productivity and health of piglets. The aim of
the study was to determine the effect of SCFA-M on protein and energy metabolism and the general
physiological condition of animals in the early rearing stage. The study was conducted on 42-day-old
piglets divided into control and experimental groups; the animals in the experimental group received
SCFA-M as part of their diet. The evaluation was carried out using biochemical methods of blood analysis
to determine the levels of major metabolites and the activity of key enzymes; statistical processing was
performed with a check of the normality of distribution and the corresponding parametric/non-parametric
criteria. The use of SCFA-M significantly modulated protein metabolism: total protein increased by 9.1%
(P>0.05), globulins by 31.8% (P >0.001), while the protein coefficient decreased by 16.5% (P >0.001) .
Aminotransferase activity was lower, indicating less stress on the liver.Blood urea and urea nitrogen levels
decreased by 16.5% and 20%, respectively, indicating more efficient nitrogen utilisation. Carbohydrate
and mineral metabolism also improved: glucose increased to 6.48 mmol/L (+47.9%; P >0.001), calcium
absorption increased by 10%, and phosphorus absorption increased by 28.9% (P > 0.001). The results
obtained expand understanding of the mechanisms of action of monoglycerides and confirm the
feasibility of their use in pig farming; at the same time, they require further research with longer
monitoring, performance evaluation and intestinal homeostasis indicators. The practical significance lies
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in the possibility of using SCFA-M as part of support programmes for piglets in the post-weaning period,
with a possible reduction in the need for antibacterial agents and an improvement in animal welfare

Keywords: SCFA-M; protein metabolism; enzymes; energy metabolism; mineral metabolism

Introduction

The post-weaning period in pig farming was ac-
companied by a high risk of metabolic destabili-
sation, diarrhoea and growth suppression caused
by stress, diet changes and intestinal microbi-
ome restructuring. The need for antibiotic-free
strategies to support barrier function and me-
tabolism is driving demand for functional lipid
supplements. During this period, it is particularly
important to maintain the stability of the intes-
tinal environment and control opportunistic mi-
croflora, as these factors determine the animal’s
ability to effectively absorb nutrients. In addition,
the increased susceptibility of young animals to
infectious agents, combined with restrictions on
the use of antibiotics, stimulates the search for
new approaches to feeding.

C.S. White et al. (2024) noted that short- and
medium-chain fatty acid monoglycerides (SCFA/
MCFA) combine antimicrobial and metabol-
ic-modulating properties. They emphasised that,
unlike free acids, monoglycerides are more stable
in the intestinal lumen, are better tolerated and
act over a wider pH range; they are capable of dis-
rupting the lipid membranes of pathogens while
serving as an energy substrate for enterocytes and
commensal bacteria. The authors also empha-
sised that these properties create the conditions
for strengthening the barrier function of the in-
testine and improving the absorption of nutrients.
Z.Cui et al.(2020) found that under standard hous-
ing conditions, SCFA/MCFA monoglycerides had
no significant effect on the average performance
of weaned piglets, but there were positive signals
regarding intestinal health and metabolic mark-
ers. The researchers also emphasised that the ef-
fects may be more pronounced under conditions
of stress or infection, indicating the potential of
such supplements in specific scenarios.

Researchers L. Li et al. (2022) showed that
in multifactorial feeding schemes, the effects of
monoglycerides on growth and feed conversion
were variable but were accompanied by improve-
ments in selected indicators of intestinal homeo-
stasis and inflammatory response. They added that
monoglycerides can modulate metabolic process-
es and immune responses even in the absence of
a significant impact on overall production perfor-
mance. L.L. Thomas et al. (2020) determined that
adding a mixture of monoglycerides to piglets
reduced the gain/feed ratio in ETEC-infected pigs
and reduced the severity of intestinal disorders
while maintaining the local immune response. The
authors noted that these properties make mono-
glycerides a promising tool for reducing antibiotic
use in intensive farming programmes.

A.Kumar et al. (2022) showed that in a mod-
el of necrotic enteritis in poultry, monoglyceride
mixtures demonstrated barrier-strengthening ef-
fects but did not always translate into improved
performance. They further emphasised that the ef-
fectiveness of such additives is highly dependent
on the composition of the mixture and the spe-
cific conditions of the disease, which is important
for the adaptation of feeding programmes. L. Li et
al. (2023) investigated the effect of a-GML in sows
during late gestation and lactation and found an
increase in piglet weight at weaning and a change
in nutrient digestibility, indicating an indirect ef-
fect on the early postnatal period of piglets. The
authors emphasised that maintaining the health
of sows can have long-term consequences for the
productivity and sustainability of offspring.

Researchers M. Yang et al. (2024) concluded
that the effectiveness of monoglycerides is largely
determined by the dose, diet matrix, age and phys-
iological condition of the animals, as well as the
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epizootic situation. They added that combining
monoglycerides with other functional ingredients
can significantly enhance their positive effects
on gut health and immune response. S. Park et
al. (2024) emphasised that the results of mono-
glyceride use depend on the dose, diet composition
and housing conditions, adding that combinations
with other functional components can significantly
enhance the positive effects on performance and
gut health. The authors also noted that such strat-
egies may be useful for optimising antibiotic-free
programmes in pig and poultry farming.

The aim of the study was to determine the
corrective effect of adding SCFA-M to the diet
of 42-day-old piglets on nitrogen metabolism,
markers of hepatocellular load, and indicators of
carbohydrate and mineral homeostasis.

Material and Methods

The study was conducted in 2022-2023 at a com-
mercial pig farm located in the Dnipropetrovsk
district, Dnipropetrovsk region. For the experi-
ment, 100 three-breed hybrid piglets of DanBred
genetics aged 42 days were selected; animals
“analogous” in age and live weight after strati-
fication by weight were randomly divided into
two groups: control and experimental (50 heads
in each). The piglets were kept in group pens in
accordance with the stocking density standards
established in the EU: 0.20 m?/head for a weight
range of 10-20 kg and 0.30 m?/head for 20-30 kg;
actually provided with 0.22-0.24 and 0.33-
0.36 m?/head, respectively. The piglets had free
access to water and were fed a complete feed ra-
tion without restrictions according to the same
schemes in both groups, with the exception of
the addition of an experimental supplement in
the experimental group.

The microclimate was maintained within
stable limits: temperature 22-26 °C, relative hu-
midity 55-65 %, ventilation - mechanical; a fixed
photoperiod of 16L:8D was maintained. Before
the start of the experiment, the animals were
clinically examined; only clinically healthy piglets
were allowed to participate. Weaning from sows
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was carried out on the 26th day of life; the exper-
iment began at 42 days of age. The experimental
group aged 42-77 days received a diet containing
a composition of short- and medium-chain fatty
acid monoglycerides (SCFA-M, C3-C12), manu-
factured to order by PARTNERAGRO 2016 LLC
at the production facilities of NETAG B.V. (The
Netherlands), at a dose of 1.0 kg/t of compound
feed. According to the quality certificate, the ra-
tio of glyceride fractions (mass %) was as follows:
monoglycerides - 31%, diglycerides - 18%, tri-
glycerides - 1%, free glycerol - 14%.

The glycerol-esterified acids included: propi-
onic (C3), butyric (C4), caprylic (C8), capric (C10)
and lauric (C12) acids. The addition was carried
out in a production mixer with technological
control of batch homogeneity. The control group
received an identical basic diet without SCFA-M.
To assess the metabolic status of piglets in both
groups, biochemical studies were conducted, for
which whole blood without anticoagulant was
collected from 10 piglets from the experimen-
tal and control groups at 42, 56 and 77 days of
age for further serum extraction. In blood serum
samples, the Miura-200 automatic biochemical
analyser (Italy) was used with ready-made rea-
gent kits manufactured by Spinreakt (Spain), Dial-
ab (Austria), Cormay (Poland) and HTI (USA) to de-
termine the content of total protein (with biuret
reagent), albumin (with bromocresol green), urea
(enzymatically by Berthelot’s reaction), creatinine
(by the rate of formation of the creatinine-picrate
complex in the Jaffe reaction), glucose (by the
glucose oxidase method), total calcium (with ar-
senazo |ll) and inorganic phosphorus (with am-
monium molybdate).

The activity of transaminase enzymes (ALT
and AST) was determined kinetically using a
set of Spinreakt reagents (Spain), and alkaline
phosphatase (ALP) activity was determined by
the rate of 4-nitrophenol formation (Cormay, Po-
land). Laboratory studies were conducted at the
Biosafety-Center Research Centre for Biosafety
and Environmental Control of Agricultural Re-
sources at Dnipro State Agrarian and Economic
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University. Data processing was performed in
GraphPad Prism 9. The normality of distribution
was evaluated using the Shapiro-Wilk test sep-
arately for each group and time point; the ho-
mogeneity of variances was evaluated using the
Brown-Forsyth/Levene test. The main approach
for intergroup comparisons was two-factor
ANOVA (factors: “group” and “age”) with post-hoc
Tukey. For violations of the assumptions of nor-
mality/homogeneity, non-parametric analogues
were used: Kruskal-Wallis with post-hoc Dunn
or paired Mann-Whitney comparisons within in-
dividual time points. Multiple comparisons were
corrected using the Benjamini-Hochberg proce-
dure (FDR 5%). Data are presented as X+ SD; sta-
tistical significance was accepted at P<0.05. The
study was conducted in accordance with Directive
2010/63/EU of the European Parliament and of
the Council (2010) and ARRIVE 2.0 guidelines
(Percie du Sert et al., 2020).

Results and Discussion
The study analysed the effect of SCFA-M on pro-
tein metabolism indicators in piglets at different
stages of growth. The levels of total protein, albu-
min, globulin, protein coefficient, as well as urea
and creatinine concentrations in blood serum
were evaluated (Fig. 1). It was found that on the
42nd day of the study, the total protein level in the
blood serum of pigs in the control group, which
were not fed SCFA-M, was 53.5 g/L (SD =6.57),
while in pigs in the experimental group, which
received SCFA-M, it was 51.4 g/L (SD=3.53). The
albumin content in the blood serum of piglets in
the control group was 27.9 g/L (SD=1.9), while in
the experimental group it was 26.7 g/L (SD=2.1).
The globulin level in the blood serum of the con-
trol group piglets was 25.6 g/L (SD=6.7), while in
the experimental group it was 24.7 g/L (SD=4.6).
The protein coefficient was almost the same in
both groups (1.12-1.16 conventional units), and
the urea level was 2.17 mmol/l in the control
group versus 2.08 mmol/l in the experimental
group. Thus, at the initial stage of the study, the
difference between the groups was insignificant.

On day 56, the total protein level in the blood
serum of the control group piglets decreased to
50.4 g/L (SD =4.17), while in the experimental
group receiving SCFA-M, it increased to 55.0 g/L
(SD =4.52), which was 9.1% higher (P <0.05). The
albumin content in the blood serum of piglets in
the control group increased to 28.7 g/L (SD=3.5),
while in the experimental group it remained low-
er-26.4g/L (SD=3.8),i.e.,8% lower. The most pro-
nounced changes were observed in the globulin
content: in the control group, its amount decreased
to 21.7 g/L (SD =1.95), while in the experimental
group, it increased to 28.6 g/L (SD=2.59), a differ-
ence of 31.8% (P <0.001). The protein coefficient
in the blood serum of piglets in the control group
rose to 1.33 conventional units (SD=0.67), while in
the experimental group it decreased to 1.11 con-
ventional units (SD =0.34), reflecting the predomi-
nance of globulin fractions under the action of SC-
FA-M (P<0.001).The urea level in the control group
was 2.3 mmol/L, while in the experimental group
it decreased to 1.92 mmol/L (-16.5%; P < 0.05).

By day 77, the total protein level in the blood
serum of the control group piglets decreased to
49.0 g/L (SD =1.63), while in the experimental
group it remained high at 52.6 g/L (SD = 2.84),
which was 7.3% higher (P < 0.01). The albu-
min content in the control group was 28.6 g/L
(SD =2.5), and in the experimental group it was
26.5 g/L (SD=2.1), which is 7.3% lower (P <0.05).
In contrast, the globulin content in the control
group decreased to 20.4 g/L (SD = 2.31), while in
the experimental group it remained significantly
higher - 26.1 g/L (SD = 2.56), with a difference of
27.9% (P < 0.001). The protein coefficient in the
blood serum of piglets in the control group rose
to 1.40 conventional units (SD = 0.31), while in
the experimental group it remained low - 1.06
conventional units (SD = 0.15), a difference of
24.3% (P<0.001). At the same time, the urea lev-
el in the control group increased to 3.33 mmol/L
(SD = 0.96), while in the experimental group it
increased only to 2.21 mmol/L (SD =0.45), which
is 33.6% lower (P < 0.01). Creatinine levels in-
creased in both groups, but remained lower in
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the experimental group (87.5 mg/100 ml vs.
92.7 mg/100 ml). The data obtained indicate that
feeding SCFA-M contributed to maintaining higher
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levels of total protein and globulins, reducing the
protein coefficient, and limiting the growth of ni-
trogenous metabolites in the blood of piglets.
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Figure 1.Indices of protein metabolism in piglet blood serum under the influence of SCFA-M

Note: a - total protein content, g/L; b - albumins, g/L; c - glo

bulins, g/L; d - protein coefficient, arb. units; e - urea, mmol/L;

f - creatinine, mmol/L; M+SD; n=10; *- P<0.05; ** - P<0.01; *** - P<0.001 - compared with the control group

Source: developed by the authors
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The changes in the protein coefficient record-
ed in the study are consistent with the data of
L.E.Duvall et al.(2023), who noted that such chang-
es may indicate a shift in the balance between pro-
tein synthesis and immune response. The decrease
in urea and urea nitrogen levels in the blood of
piglets in the current study under the influence of
short- and medium-chain fatty acid monoglycer-
ides (by 16.5% and 20%, respectively, P<0.05) indi-
cates an improvement in protein metabolism and a
decrease in protein catabolism.These observations
partly contrast with the results of other scientific
studies. In particular, K.A. Barbosa et al. (2023) ob-
served an increase in urea levels with monoglyc-
erides/tributyrin (P < 0.05). Similarly, researchers
J.A.Santos-Marcos et al. (2019) noted an increase in
urea concentration (P<0.05) in the plasma of start-
er piglets fed monoglycerides. The discrepancies in
the results can be explained by various factors. The
study by K.A. Barbosa et al. (2023) included tribu-
tyrin, which is a source of butyrate and is actively
metabolized in intestinal cells, which may affect
overall protein metabolism. At the same time, dif-
ferences in the growth phase of piglets, diet ma-
trix, and epizootic background could modify the
metabolic response of animals to the supplement.

The second direction of the study was to in-
vestigate changes in enzymatic activity and min-
eral metabolism in piglets under the influence of
SCFA-M.The study examined the dynamics of ALT,
AST, alkaline phosphatase, as well as serum glu-
cose, calcium, and phosphorus levels (Fig. 2). On
day 42, ALT activity in the blood serum of pigs in
the control group was 87.2 U/L (SD=17.65), while
in animals receiving SCFA-M it was 81.7 U/L
(SD=13.84).A similar trend was observed for AST:
87.2 U/L (SD=15.72) in the control group versus
81.6 U/L (SD=16.55) in the experimental group.At
the same time, alkaline phosphatase activity was
significantly higher in the experimental group of
piglets - 358.68 U/L (SD =53.41) versus 254.19
U/L (SD =61.15) in the control group (+41.1%;
P <0.001). Glucose levels also tended to increase
with SCFA-M - 5.38 mmol/L (SD = 0.63) versus
4.72 mmol/L (SD =0.94) in the control group,

while calcium concentration was slightly low-
er - 2.36 mmol/L (SD =0.39) versus 2.54 mmol/L
(SD = 0.51). At the same time, the phosphorus
level in the experimental group exceeded the
control by 32.9% - 4.2 mmol/L (SD =0.67) versus
3.16 mmol/L (SD=0.20; P<0.001).

By day 56, enzyme activity in the blood serum
of piglets in both groups had decreased, but with
varying intensity. Thus, ALT in the control group
was 78.0 U/L (SD=14.17),while in the experimen-
talgroupitwas 71.4U/L(SD=15.33),whichis 8.5%
lower.AST decreased to 78.3 U/L(SD=20.20) in the
control group and to 63.8 U/L (SD=42.16) in the
experimental group, a difference of 18.5%. Alka-
line phosphatase activity decreased to 213.23 U/L
(SD=31.19) in the control group and to 251.76 U/L
(SD = 33.71) in the experimental group, i.e. by
18.1% higher (the difference is not significant).
A decrease in the activity of these enzymes in the
blood serum of piglets under the action of SC-
FA-M until the 55th day of life may indicate a re-
duction in the load on the liver and a decrease in
the level of hepatocellular damage. The glucose
concentration in the control group decreased to
4.38 mmol/L (SD=0.96), while in the experimen-
tal group it increased sharply to 6.48 mmol/L
(SD =0.57), which was 47.9% higher (P < 0.001).
Calcium levels in the control group decreased to
2.00 mmol/L (SD=0.36), while in the experimental
group they increased to 2.20 mmol/L (SD =0.35),
exceeding the control by 10%. Phosphorus levels
were 3.05 mmol/L (SD=0.29) in the control group
and 3.93 mmol/L (SD=0.29) in the experimental
group, which was 28.9% higher (P<0.001).

On day 77, stabilisation or even opposite dy-
namics of individual indicators were noted. In the
blood serum of piglets in the control group,ALT de-
creased to 69.5 U/L (SD =7.40), while in the exper-
imental group it increased to 76.9 U/L (SD=14.63),
which was 10.6% higher. A similar trend was ob-
served for AST: 68.8 U/L (SD=15.89) in the control
group versus 84.3 U/L (SD =12.65) in the exper-
imental group (+22.5%; P < 0.05). Alkaline phos-
phatase activity remained virtually unchanged -
222.69 U/L (SD =28.11) in the control group and
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225.64 U/L (SD=31.32) in the experimental group.  calcium level in the control group decreased to
The glucose concentration in the control group  1.89 mmol/L (SD =0.12), and in the experimental
was low - 4.31 mmol/L (SD =0.81), while in the  group to 1.82 mmol/L (SD = 0.08). The most pro-
experimental group it was 5.62 mmol/L (SD=0.60), nounced change was in phosphorus: 2.98 mmol/L
which is 30.4% higher (P < 0.05), indicating ac-  (SD=0.17) in the control group versus 4.21 mmol/L
tivation of gluconeogenesis and improved en-  (SD =0.38) in the experimental group, which is
ergy metabolism. This may provide animals with ~ 41.3% higher (P < 0.001), indicating a prolonged
the additional energy needed for growth. The effect of SCFA-M on mineral metabolism in piglets.
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Figure 2. Biochemical parameters of piglet blood serum under the influence of SCFA-M
Note: a - ALT activity, U/L; b — AST activity, U/L; c = ALP activity, U/L; d - glucose content, mmol/L; e - calcium content,
mmol/L; f - phosphorus content, mmol/L; * - P<0.05; ** - P<0.01; *** - P<0.001 - compared to the control group
Source: developed by the authors
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Researchers J.L. Genova et al. (2020) used al-
kaline phosphatase (ALP) to study intestinal dis-
orders such as intestinal dysbiosis. In the current
study, no effect of SCFA-M supplementation on ALP
activity in the blood serum of piglets was found,
which indirectly indicates a normal balance of the
microbiome in the digestive tract. This fact is par-
ticularly important because ALP is often used as a
sensitive biomarker of intestinal mucosal damage;
its stable values confirm the absence of pathologi-
cal changes and allow to conclude that the barrier
function of the intestine is preserved even during
the stressful post-weaning period. Thus, it can be
assumed that SCFA-M creates favourable condi-
tions for maintaining the homeostasis of the intes-
tinal ecosystem. Evaluating the effect of combined
monoglyceride supplements on blood metabolites,
a promising effect on health, metabolism, and nu-
trient absorption has been reported. Such effects
were observed by P. Nowak et al. (2019) through
blood analysis, which revealed an increase in the
concentration of total protein, albumin, glucose
and triglycerides in combination with a low con-
centration of urea. The results of the current study
partially correspond with these data: in the ex-
perimental group of piglets receiving SCFA-M, an
increase in total protein and glucose in the blood
was also observed, indicating an improvement in
nitrogen balance and activation of energy metabo-
lism. At the same time, lower albumin levels com-
bined with higher globulin fractions may indicate

a shift in metabolism towards strengthening the
immune response, which is an adaptive reaction of
the body during weaning. Thus, SCFA-M provides
a more comprehensive immunometabolic effect
than individual classic supplements.

Improvement of intestinal trophic status in
pigs, antibacterial activity against various bacteria
when monoglycerides are administered Monoglyc-
erides are accompanied by modulation of blood
metabolites (e.g., glucose and urea) in weaned
piglets. SCFA-M can improve the absorption of
minerals such as calcium and phosphorus, which is
reflected in an increase in their blood levels. This is
important for bone growth and meeting the struc-
tural needs of the body. Higher blood phosphorus
levels were observed in the experimental group of
piglets throughout the experiment (P <0.001).

To assess the relationships between protein,
nitrogen, enzyme, and mineral-carbohydrate me-
tabolism circuits, a correlation analysis of blood
biochemical parameters was performed in 56-day-
old piglets in the control group and under the
influence of SCFA-M (Table 1). It was found that
in 56-day-old piglets of the control group, there
was a close positive correlation between total pro-
tein content and albumin content in blood serum
(r=0.89; P<0.001) and between the protein co-
efficient and albumin content (r=0.77; P <0.01),
while urea content directly correlated with calcium
content (r=0.76; P<0.05) and inversely correlated
with the protein coefficient (r=-0.65; P<0.05).

Table 1. Correlation matrix of biochemical blood parameters in 56-day-old piglets exposed to SCFA-M

_c £ £ 2 @
Indicators g‘g E :: g '-g 5 E ; é S
Q < o S o
Control group
Albumin 0.89 - - - - - - - - -
Globulin 055 0.10 - - - - - - - -
Urea 015 -0.43 045 - - - - - - -
Creatinine 0.23 0.16 0.21 0.53 - - - - - -
AST 021 037 022 027 026 - - - - -
ALT 024 016 022 048 020 -022 - - - -
ALP 004 002 005 | 058 -055 003 056 - - -
Glucose 049 060 -004 053 005 [ 067 025 045 - -
Ca 030 -040 008 076 048 048 -042 -041 -045 -
P 01  -001 021 -058 -022 000 060 023 -0.13 | 0.59
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Table 1. Continued

—£ £ £ g %
Indicators g -g E E g % <Z> E % g S
2 < o 5 )
Experimental group
Albumin 0.82 - - - - - - - - -
Globulin 0.55 -0.03 - - - - - - - -
Urea 0.47 0.59 -0.04 - - - - - - -
Creatinine 0.27 054 -0.33 0.46 - - - - - -
AST 0.17 0.03 0.26 0.29 0.33 - - - - -
ALT 0.05 -0.10 0.23 0.14 0.00 0.66 - - - -
ALP -0.06 032 | -0.57 0.35 0.53 0.52 085 - - -
Glucose 009 016 040 007 001 [ 070 01 017 - -
Ca 0.24 0.14 022  -042 -0.28 -0.4 -0.21  -035 0.11 -
P 0.38 0.61 -0.23 0.53 0.52 0.33 -0.19 0.45 -0.26 0.01

Note: values are reliable: P < 0.05 - r=0.63-0.76; P < 0.01 —r=0.77-0.86; P < 0.001 - r=20.87;n=10

Source: compiled by the authors

A negative correlation between glucose con-
tent and AST activity was established (r=-0.67;
P <0.05). Under the action of SCFA-M, a strong
correlation between total protein content and
albumin was maintained (r=0.82; P<0.01), and
the negative correlation between glucose and
AST remained (r=-0.70; P <0.05), while the re-
lationships between urea and Ca content and
between urea and the protein coefficient, which
were characteristic of the control group, became
reversed and unreliable (P>0.05). In addition, the
contribution of albumin to the protein coefficient
value increased (r =0.86; P <0.01), and a posi-
tive association of creatinine with this protein
coefficient appeared (r=0.63; P<0.05). Taken to-
gether, this indicates a strengthening of “albumin
determinism” of the protein coefficient indicator
and a weakening/decoupling of nitrogen-miner-
al associations, which is consistent with a pos-
sible redistribution of nitrogen from catabolism
to deposition in tissues and a less pronounced
enzymatic load on the liver.

Correlation analysis of blood biochemical
parameters in 77-day-old piglets in the control
group showed the preservation of “structural”
protein bonds (Table 2): the protein coefficient
indicator closely correlated with albumin content
(r=0.90, P <0.001) and inversely with globulin

content (r=-0.96, P <0.001), while albumin and
globulin were negatively correlated (r = -0.78,
P < 0.01); there was also a positive correlation
between the liver enzymes ALT and AST (r=0.63,
P<0.05) and positive associations between phos-
phorus content and albumin (r=0.81, P <0.01)
and protein coefficient (r=0.71, P <0.05). At the
same time, in the experimental group (SCFA-M),
the protein profile shifted towards the globulin
fraction: total protein directly correlated with
globulin content (r=0.71, P < 0.05), while main-
taining the “structural” links between the protein
coefficient and albumins (r=0.69, P < 0.05) and
globulins (r=-0.88, P <0.001). Additionally, there
were significant relationships between alkaline
phosphatase activity and total protein (r=0.67,
P <0.05) and globulin content (r=0.71, P <0.05),
which may reflect enhanced tissue remodelling/
intestinal growth component. The negative corre-
lation between glucose content and AST activity
remained (r=-0.68, P <0.05), while the ALT and
AST correlation characteristic of the control dis-
appeared in the experiment (r=0.09; P >0.05), as
did the relationship between phosphorus and al-
bumin and the protein coefficient. Taken together,
this indicates that on day 77, SCFA-M is associat-
ed with a predominance of globulin-dependent
contribution to total protein and the appearance
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of ALP associations, while decoupling the phos-
phate circuit from the protein ratio and weaken-
ing the relationship between transaminases; This

can be interpreted as signs of a redistribution of
protein/mineral metabolism without increasing
the hepatocellular load.

|Table 2. Correlation matrix of biochemical blood parameters in 77-day-old piglets exposed to SCFA-M

= £ £ = 2
Indicators g g E é g ‘% 5 E ; g S
o < o 5 o
Control group

Albumin 0.45 - - - - - - - - -
Globulin 0.21 -0.78 - - - - - - - -
Urea 0.08 -0.14 0.21 - - - - - - -
Creatinine -0:25 -0.07 -0.10 0.43 - - - - - -
AST 0.09 0.2 -0.15  -0.22 -0.45 - - - - -
ALT 0.46 0.33 -0.04 0.35 -0.03 0.63 - - - -
ALP 0.00 0.15 -0.17  -0.25 0.12 -0.32 -0.21 - - -
Glucose 0.04 0.3 -0.30 -0.51 0.09 0.16 -0.14  -0.07 - -
Ca 0.00 -0.45 0.50 0.03 -0.53 -0.32 -048 -0.14 -0.51 -

P 0.40 0.81 -0.60 0.25 0.07 -0.09 0.28 0.29 0.03 -0.34

Experimental group

Albumin 0.49 - - - - - - - - -
Globulin 0.71 -0.26 - - - - - - - -
Urea 0.31 0.02 0.33 - - - - - - -
Creatinine 0.61 0.15 0.55 0.05 - - - - - -
AST -0.14 -0.09 -0.09 0.28 0.43 - - - - -
ALT -0.33 -0.21 -0.19  -0.02 0.00 0.09 - - - -
ALP 0.67 0.04 0.71 0.44 0.37 0.06 0.00 - - -
Glucose -0.03 0.27 -0.25 -034 -0.54 -0.68 -0.4 -0.28 - -
Ca -0.01 0.14 -0.12 0.40 -0.57 -0.18 -0.27 0.15 0.57 -

P 0.04 -0.29 0.28 -0.04 0.26 0.17 -0.17 0.09 0.25 0.26

Note: values are reliable: P<0.05 - r=0.63-0.76; P<0.01 - r=0.77-0.86; P<0.001 - r=>0.87;n=10

Source: compiled by the authors

Thus, the introduction of SCFA-M into the
diet of piglets was accompanied by controlled
modulation of protein, nitrogen and energy me-
tabolism. In 56-day-old piglets, an increase in the
protein fraction due to globulins and a decrease
in the protein coefficient were noted against the
background of a less pronounced enzymatic load
on the liver and signs of lower protein catabolism.
Enzyme markers of intestinal pathology did not
change, which is consistent with the absence of
enteropathies. At the same time, an improvement
in energy status and higher mineral supply were
observed. Until the end of the study, the trend
persisted with a more pronounced ‘globulin”

profile. An increase in AST activity without a
synchronous increase in ALT is considered to be
extrahepatic adaptation associated with muscle
tissue growth rather than liver damage. These ef-
fects are consistent with the literature data on the
barrier,immunomodulatory and metabolic effects
of SCFA/MCFA monoglycerides. A comparison of
the results obtained with the data of C. Neath et
al. (2022) allows to trace both common features
and differences. In their in vitro study, the authors
found that pig pathogens were highly sensitive
to certain active ingredients in feed additives,
particularly monoglycerides, which determines
their potential as an alternative to antibiotics in
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the fight against pathogens such as Escherichia
coli and Clostridium perfringens. The current in vivo
study demonstrated a broader spectrum of action
of SCFA-M: in addition to the possible antibacteri-
al effect confirmed by stable ALP values, there was
an improvement in protein metabolism (increase
in total protein and globulins), a decrease in urea
levels, activation of the energy circuit (increase
in glucose) and optimisation of mineral supply
(higher phosphorus levels). This indicates that un-
der physiological conditions, monoglycerides are
capable of exerting not only the direct antimicro-
bial effect noted by C. Neath et al. (2022), but also
indirect immunomodulatory and metabolic ef-
fects. Thus, the results of the current study extend
the conclusions of in vitro studies, emphasising
the practical significance of SCFA-M as a func-
tional feed additive in the post-weaning period.

Additionally, the results of J. Lan et al. (2021),
obtained on broilers, confirm the immunomodu-
latory potential of a-glycerol monolaurate, which
manifested itself in increased immune function
and positive changes in the intestinal microbio-
ta. Despite the difference in the object of study,
the similarity of the effects indicates a universal
mechanism of action of monoglycerides associat-
ed with the modulation of the immune response
and maintenance of intestinal homeostasis. In the
current experiment, similar effects were observed
through an increase in the globulin fraction in the
protein profile of piglets and a stable association
between protein metabolism and enzyme mark-
ers. This suggests that SCFA-M may combine the
properties described in both pig and bird studies,
providing a multi-component effect on metabolic
and immune status.

Analysing the results in the context of the
review by D.H. Nguyen et al. (2020), it should be
noted that these authors emphasised the multi-
faceted effect of organic acids and monoglycer-
ides, which simultaneously act as antimicrobial
agents, regulators of the intestinal environment
and modifiers of metabolism. Such additives have
been shown to maintain the stability of the mi-
crobiota, improve the digestibility of nutrients,
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and increase energy efficiency. In the current
study, these conclusions are confirmed by prac-
tical results: the stability of enzyme markers,
increased glucose, and improved mineral ab-
sorption are consistent with the concept of the
systemic action of SCFA/MCFA. Thus, the data
from D.H. Nguyen et al. (2020) provide a theo-
retical basis for explaining the mechanisms that
have been confirmed experimentally.

There are no publicly available studies on the
effect of SCFA-M supplementation on protein pro-
file, nitrogenous metabolites, enzymes, and min-
eral-carbohydrate balance in piglets. Most similar
studies focus on productivity, intestinal morphol-
ogy, immunomarkers, and selective serum indi-
cators, which allows to reasonably position this
study as unique in terms of the range of indica-
tors.A summary of the data obtained shows that a
significant increase in total protein and globulins
in the blood serum of piglets receiving SCFA-M
was accompanied by a decrease in the protein
coefficient and urea concentration. This dynamic
indicates a reorientation of protein metabolism
towards activation of the immune response and
a decrease in the intensity of protein catabolism,
which is consistent with the ideas of Y. Saco &
A. Bassols (2023) about the role of protein frac-
tions in the formation of immune reactivity. Thus,
the results confirm the immunomodulatory effect
of SCFA-M and emphasise its difference from
mixtures with tributyrin, for which an increase in
urea levels has been described in the literature,
which may indicate other mechanisms of action
and a different direction of nitrogen metabolism.

At the midpoint of the study, a decrease in
ALT and AST activity was observed in the SCFA-M
group, corresponding to a decrease in hepato-
cellular load (Egeli et al., 1998). Similar effects
with normalisation of liver biochemical markers
and restoration of intestinal barrier function are
described by Q. Zhang et al. (2022) when using
monolaurin in PEDV-infected piglets. At the fi-
nal stage of the experiment, an increase in AST
was recorded without a parallel increase in ALT,
which is interpreted as extrahepatic adaptation
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associated with muscle mass growth, similar to
the reports in the works of C.S. White et al. (2024)
on the maintenance of intestinal integrity and
immune responses. At the same time, glucose
concentration in the SCFA-M group increased
significantly, indicating activation of energy me-
tabolism; this is consistent with reviews of the
functional properties of medium-chain fatty acid
monoglycerides. The absence of significant differ-
ences in ALP levels indicates the absence of en-
teropathies, which is consistent with the findings
of J.L. Genova et al. (2020), where ALP is used as
an indicator of intestinal disorders.

Throughout the experiment, significantly
higher levels of inorganic phosphorus were found
in the blood of piglets receiving SCFA-M, while
calcium levels changed less markedly. Given the
impact of water quality on homeostasis (Ahma-
di et al.,2024),it is advisable to interpret changes
in glucose and mineral profile indicators taking
this potential confounder into account. This dy-
namic is consistent with the mechanistic models
of bone tissue growth and mineral requirements
in pigs proposed by M. Lautrou et al. (2020), which
emphasise the key role of the optimal phospho-
rus-calcium ratio for mineralisation processes. An
increase in phosphorus levels against the back-
ground of SCFA-M feeding may indicate its more
efficient absorption and a potentially positive ef-
fect on bone tissue formation.

Thus, the results of the experiment show that
SCFA-M is an effective tool for supporting meta-
bolic processes, including mineral metabolism,and
is of direct importance for the growth and structur-
al development of young animals. The identified
changes in the protein profile, decreased protein
catabolism, and improved energy and phosphorus
supply reflect the multifactorial effect of the sup-
plement on the physiological state of animals. The
data obtained are consistent with literature re-
ports on the role of monoglycerides in maintaining
homeostasis, but at the same time expand on them
through comprehensive biochemical analysis, cre-
ating a scientific basis for the introduction of SC-
FA-M into antibiotic-free pig farming technologies.

Conclusions

The use of SCFA-M in piglet diets has a positive
effect on protein metabolism, as evidenced by
an increase in total protein and globulin levels
in the blood, as well as a decrease in the protein
coefficient, indicating an improvement in the
balance between protein synthesis and immune
response. In particular, the administration of SC-
FA-M in the 42-77-day period was accompanied
by an increase in total protein content by 9.1%
(P <0.05) and globulins by 31.8% (P <0.001) on
day 56 with a decrease in the protein coefficient
by 16.5% (P <0.001), a decrease in urea content
by 16.5% (P <0.05) and urea nitrogen by 20%, an
increase in glucose by 47.9% (P <0.001), an in-
crease in calcium content by 10% and phospho-
rus by 28.9% (P <0.001), as well as a decrease
in ALT activity by 8.5% and AST by 18.5% in the
blood serum of animals. On day 77, the effects
persisted with a “globulin” profile: total protein
was 7.3% higher (P <0.01), globulin content was
27.9% higher (P <0.001), albumin was 7.3% low-
er (P <0.05), urea was 33.6% lower (P <0.01),
glucose was 30.4% higher (P <0.05), while AST
activity increased by 22.5% (P < 0.05) without a
parallel increase in ALT.

Correlation analysis confirmed the strength-
ening of “albumin determinism” of the protein
coefficient indicator on day 56 (r=0.86; P<0.01)
and the predominance of globulin contribution to
total protein on day 77 of the piglet’s life (r=0.71;
P < 0.05) with a stable negative association of
glucose with AST activity at both points (P <0.05),
which in general indicates a redistribution of pro-
tein and nitrogen metabolism towards a decrease
in catabolism and maintenance of energy and
mineral status without signs of increased hepa-
tocellular load. The activation of energy metabo-
lism is manifested by an increase in glucose lev-
els, which provides animals with the additional
energy necessary for growth. SCFA-M contributes
to the improvement of mineral absorption, in par-
ticular calcium and phosphorus, which has a pos-
itive effect on bone tissue growth and the overall
development of piglets. The established effect of
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Oco6nuBocTi MeTaboniamy NopocAT 3a YMOB 3aCTOCYBaHHSl MOHOrfiLepuaiB

AHppiit FTaBpuneHko

AcnipaHT

[HINpOBCbKUI flep)KaBHUIM arpapHO-eKOHOMIYHWUI YHiBepcUTeT
490009, Byn. Cepris EdpemoBa, 25, M. [IHiNpo, YkpaiHa
https://orcid.org/0009-0004-7363-2575

Amutpo Maciok

NlokTop BeTepuMHAapHMX HaykK, Npodecop

[HINpOBCbKMI AepXXaBHMI arpapHO-eKOHOMIYHMIA YHIBEpCUTET
49009, Byn. Cepris Edpemosa, 25, M. [IHinpo, YkpaiHa
https://orcid.org/0000-0002-2800-2580

AHoTauif. OnTuMmizauisa mMeTaboniaMy nopocaT y paHHbOMY MOCTHATaNbHOMY Mepioai € BaXIUMBUM
3aBaHHSAM Cy4aCHOro TBAPMHHULTBA. BUkopuCcTaHHA QyHKLiOHaNbHMX 0,06aBOK, Takmx ik SCFA-M, 3paTHe
NMO3UTUBHO BNAMBATU Ha BiNKOBMI Ta eHepreTMuHuii 0BMiH, CMPUSTU 3HWXKEHHIO CTPecy, NOMiMWeHHI0
NpOAYKTUBHOCTI Ta 340pOB’A nopocaT. MeTa focnimxeHHs nonsrana y BusHaveHHi Bnamey SCFA-M Ha
6inKoBMIA | eHepreTUuHMit MeTaboniaM Ta 3aranbHuii i3ioNoriYHMiA CTaH TBApUH Ha eTani paHHbOro
BMpOLLYBaHHS. [locnigkeHHs NpoBOAMAM HA NOpOCATaxX BiKOM 42 AHi, PO3MNOAINEHUX HA KOHTPO/bHY
Ta AOCNIQHY rpynu; TBAapuHM pocnifHoi rpynu otpumysBann SCFA-M y cknaai pauioHy. OuiHOBaHHS
34iMCHIOBaNU BiOXiMIYHMMUM METOAAMM aHani3y KPOBi 3 BM3HAYEHHAM PiBHIB OCHOBHMX MeTaboniTis
i aKTMBHOCTI KJ/IOYOBMX EH3MMIB; CTAaTUCTUYHY 0OPOGKY BMKOHYBaNM 3 NEpPEBiPKOK HOPMANIbHOCTI
po3noainy Ta BianoBiAHMMU NapaMeTpUYHUMK/HenapameTpuyHUMu Kputepismu. 3actocyBanHs SCFA-M
[LOCTOBipHO MOoAyNtoBano 6inkoBui 06MiH:3aranbHui 6inok 3pic Ha 9,1 % (P>0,05), rnobyniHm — Ha 31,8 %
(P>0,001), Toai 9k 6inkoBuit koediLieHT 3HM3MBCA Ha 16,5 % (P >0,001). AKkTMBHiCTb amiHOTpaHchepas
6yna HUXKYOH, LLO CBIAYMUTD MPO MEHLLEe HABAaHTAXEHHS Ha NeviHky. PiBHI Ce4OBMHM Ta a30Ty CEYOBUHMU
Yy KpoBi 3MeHwWwunmcs Ha 16,5 % i 20 % BianosiaHo, BKasyrun Ha edeKTUBHILLE BUKOPUCTAHHS a3oTy.
ByrnesoaHuii i MiHepanbHUM OOMiHM TakoX MOKPALLMAWCS: FOKO3a nigsuwunaca go 6,48 mmonb/n
(+47,9 %; P >0,001), 3acBoeHHsa Kanbuito — Ha 10 %, docdopy - Ha 28,9 % (P > 0,001). OtpumaHi
pe3ynbTaTi pO3LUMPIOIOTb YSIBIEHHS NPO MEXaHi3MU Aii MOHOrNiLepuaiB i NiATBepAXYHTb AOLINbHICTb iX
BMKOPUCTaHHS Yy NPaKTULLi CBMHAPCTBA; BOAHOYAC NOTPebyoTb NOAANbLIMX AOCNIAXKEHb i3 TPUBANiWUM
MOHITOPUHIOM, OLIHKOK MPOAYKTUBHOCTI Ta MOKA3HWUKIB iHTECTMHANbHOrO romeocrtasy. [lpakTuyHa
3HaYYLWiCTb Nongra€e y MoxnuneocTti BukopuctanHs SCFA-M sk enemeHTa nporpaM nigTPUMKM NOPOCST
y NOCTBIA/ly4YHMI Nepiod, 3 NOTEHLIMHUM 3MEHLWEHHAM NoTpebu B aHTMOaKTepianbHMX Mpenapartax Ta
nokpaLeHHaM bnarononyyus

Kniouoei cnoBa: SCFA-M; 6inkoBuit 06MiH; hepMeHTU; eHepreTUYHuit 06MiH; MiHepanbHMIM 0OMiH
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