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Abstract. The purpose of the study was to determine the physical and chemical features of various
types of forest soils and assess their agrochemical state on permanent nurseries, arable land, and
30-year-old common oak crops in the conditions of the Husiatyn Forestry of the Chortkiv Forest
District. Soil and agrochemical analysis methods were applied, including determination of fractional
and mechanical composition, humus content, base saturation, and absorption complex capacity. The
indicators were compared between light grey,grey-loamy,and gleyed soils,which allowed characterising
their productivity and agrochemical potential. It was found that in most soils, the upper horizons were
acidic (pH 3.6-5.0), which negatively affects the availability of nutrients, and in light grey soils, the
humus content was low (0.5-1.2% in the upper horizons). In grey loamy and gleyed soils, there is more
humus (1.2-2.0%), especially in arable variants (1.8-2.0%). The total nitrogen in the upper horizons was
0.1-0.18%, which is rather low. The C:N ratio was close to 8, which indicates rapid mineralisation of
organic matter. Some areas were well provided with P,0; (20 mg/100 g), but there were soils with
a deficit (<10). Potassium supply was more stable, but depletion was possible in arable horizons.
Phosphorus (P,0.): ranged from very low values (3.75-10 mg/100 g) to elevated values (20 mg/100 g
in arable land). Potassium (K,0O): was at the level of 10-14 mg/100 g, but in some cases decreased
to 5-6 mg/100 g (deterioration of supply). Hydrolysed nitrogen: values of 3.6-11.5 mg/100 g, which
indicated an average or low nitrogen supply. The results of the study of the fractional and mechanical
composition of soil in oak forests, using the example of the Husiatyn Forestry, are of considerable
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practical importance for the development of recommendations regarding the specifics of planting
forest crops in this region and protecting the soil from erosion processes

Keywords: genetic horizons; fractions; humidity; capacity; nutrients

Introduction

The establishment of formal links between the
natural environment and soil properties indicates
the dynamism of a number of soil indicators:
acidity, density, humus content, and metabolic
substances. Quantitative indicators of the distri-
bution of trace elements in the soil of artificial
origin show their similarity to natural plantings.
For example, the high concentration of titanium
and the nature of its distribution in the soil and
bedding of natural forests correspond to artificial
plantings. This is conditioned by the influence of
soil formation, which is widely represented by
heavy loess-like loams and clays (Panas, 2019).

A number of Ukrainian and foreign research-
ers have studied the content of nutrients in grey
forest soils in different years and in different re-
gions. O. Dmitrenko et al. (2021) investigated ni-
trogen content in grey forest soils. The research-
ers analysed the dynamics of mineral nitrogen
content depending on the use of organic, miner-
al and combined fertilisers. They also evaluated
the effectiveness of land reclamation agents in
increasing soil fertility. The results obtained al-
lowed optimising the fertiliser system to increase
the productivity of agrocoenoses. S. Ryazanov et
al. (2025) emphasised the importance of investi-
gating fluctuations in nutrient content and their
impact on fertility. After analysing the content of
macro- and microelements in the soil depending
on plant species and growing conditions, the re-
searchers paid special attention to the influence
of energy crops on soil fertility and their ecolog-
ical state. The data obtained were important for
the rational use of land and the development of
bioenergy. A. Pavlichenko et al. (2023) investigat-
ed fluctuations in humus content in grey forest
soils, depending on the intensity of anthropogen-
ic load on them. They carefully analysed changes

in the content of humus and its fractions depend-
ing on the intensity of agricultural use. It was
shown how different agricultural systems affect-
ed the quality and stability of organic matter. The
results of these studies emphasised the impor-
tance of rational management of soil resources to
preserve their fertility.

F. Brovko et al. (2023) determined the ratio
of quantitative and relative indicators that sig-
nificantly affect the physical properties of grey
forest soils, and also found changes in compact-
ed soil during natural recovery. Investigating
changes in the density, porosity, and water per-
meability of the soil under the influence of pro-
longed recreational load, the researchers found
that intensive trampling worsens the structural
state and water regime of soils. And this is im-
portant for assessing the ecological sustainability
of forest ecosystems and planning their rational
use. L. Jinglei et al. (2025) studied the effect of
slope steepness on the degree of drying of grey
forest soils and on the sensitivity of young trees
to drought along altitude gradients in temperate
artificial forests. The researchers found that trees
react differently to moisture deficiency on slopes
of different exposures, but the speed of their
recovery after a drought did not depend on the
slope. The study emphasised the importance of
topography as a factor determining the resistance
of young plantings to climatic stresses. As a result
of their research, the dependence on steepness
and sensitivity to moisture was revealed, which
was important for improving forestry practices in
the face of climate change.

Investigating the influence of anthropogenic
load of grey forest soils on their water content
and the morphology and water-physical param-
eters of sections of light grey forest soils in the
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zones of anthropogenic trampling of the island,
0.Brovko et al. (2025) established how changes in
rock composition and humidity affect the distri-
bution of root mass in the profile,and its moisture
capacity, water permeability,and aeration. Studies
have shown that under the influence of recrea-
tional stress, conditions for the development of
woody plant roots worsen. The results obtained
are important for assessing the ecological state
of forest ecosystems and planning measures for
their restoration. O. Kovalyova et al. (2021) found
changes in the thickness of the humus horizon
in grey forest soils depending on landscape and
morphological conditions. The researchers re-
vealed a pattern of fluctuations in the thickness
of the humus profile of grey forest and chernozem
soils depending on the duration of their agricul-
tural use. As a result, it was found that the in-
tensity and duration of agricultural use cause a
decrease in humus reserves and deterioration of
soil structural properties, which is important for
assessing degradation processes and preserving
the fertility of arable land.

However, no studies were found on the con-
tent of nutrients in soils and the impact on the
composition and productivity of plantings in
the conditions of the Ternopil Oblast. Therefore,
the purpose of the study was to investigate and
compare the physical and chemical features of
different types of forest soils, their fractional and
mechanical composition on permanent two nurs-
eries, arable lands, and 30-year-old oak crops.

Scientific originality of the results obtained -
for the first time in the conditions of the Husiatyn
Forestry — consisted in a mechanical and phys-
ico-chemical analysis of the most common soil
types. The conducted studies were particularly
relevant for understanding the development of
the root system of tree stands.

Materials and Methods
The object of study was the physical and chemical
composition of soils in soil sections of permanent
nurseries, arable lands, and 30-year-old common
oak crops in the Husiatyn Forestry of the Chortkiv
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Forest District. This forestry was located in the
southern part of Western Podillia,at the junction
between the Ternopil Plateau geomorphologi-
cal zone in the north and the Dniester Canyon
in the south. The type of forest conditions was
wet oak forest. Forests in the study region were
represented by both pure deciduous stands and
mixed and pure coniferous stands, which include
such main tree species as common oak (Quercus
robur L.) and sessile oak (Quercus petraea (Matt.)
Liebl.), European ash (Fraxinus excelsior L,Norway
maple (Acer platanoides L.), and field maple (Acer
campestre L.), common hornbeam (Carpinus bet-
ulus L.), small-leaved linden (Tilia cordata Mill.),
field elm (Ulmus minor Mill.), Scots pine (Pinus
sylvestris L.), European spruce (Picea abies), Euro-
pean larch (Larix decidua L.), silver birch (Betula
pendula RotH), common aspen (Populus tremu-
la L)), and a number of other trees. The plantings
of natural origin contained: field elm (Ulmus
laevis Mill.), wild cherry (Cerasus avium L.), com-
mon pear (Pyrus communis L.), European wild
apple (Malus sylvestris Mill. Common shrubs in-
cluded common hawthorn (Crataegus monogyna
Jacq.), common hazel (Corylus avellana L.), com-
mon dogwood (Cornus sanguinea L.), European
spindle (Euonymus europaeus L.) and warty spin-
dle (Euonymus verrucosus L.), wayfaring tree (Vi-
burnum lantana L.) (Hamkalo, 2009). The research
region was located in a humid continental cli-
mate with warm summers and mild winters. The
average annual temperature ranged from +7-8°C.
The air temperature was -4.5°C in January and
+19°Cin July.

Samples for research were taken in the
spring-summer period of 2025. Subject of re-
search - methods and tools for assessing the
features of the distribution of physico-chemical
indicators over the soil horizons of the most com-
mon types of forest soils, which would allow im-
proving the agrotechnological processes of grow-
ing planting material on them in the Husiatyn
Forestry of the Chortkiv Forest District. From four
soil sections, 60 soil samples were selected for
laboratory analysis, at the following depths (cm):
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1. Light grey forest clay-loamy soil - HA:
0-26; Iha: 30-40; P:115-125; Pk: 150-160.

2. Grey forest loamy soil (permanent nurs-
ery) - HA: 0-28; lha: 35-45; I: 65-75; P: 115-120;
Pk: 142-152.

3. Grey forest clay-loamy soil (permanent
nursery) - HA: 0-26; Iha: 30-40; I: 65-75; P: 115-
125; Pk: 150-160.

4. Grey forest clay-loamy soil (arable land) -
HA: 2-26; lha: 34-45; 1: 65-75; P: 125-130.

The boundaries of genetic horizons were de-
termined by the change in colour from light grey
to dark grey or brown, depending on the humus
content and redistribution of iron compounds. As
well as the structure that changed from lumpy
in the upper horizons to denser or powdery in
the deeper layers. Soil sampling was carried out
with special knives in sealed bags labelled with
the place of collection and the soil horizon from
which the sample was taken.

Determination of the physical, chemical and
mechanical properties of soils was carried out
in the soil and chemical laboratory of Uman Na-
tional University using the methods described in
the soil science workshop (Tyhonenko, 2005). The
mechanical composition of soils and the classi-
fication of loamy varieties were determined by
the method of M. A. Kaczynski. The content of hy-
groscopic moisture was determined by drying at
a temperature of 105°C. The acidity of soil solu-
tions (pH in water and salt extracts) was meas-
ured using a pH meter. The sum of exchange bas-
es and hydrolytic acidity were determined by the
method of G. Cappen-Gilkowitz. The humus con-
tent was estimated by the method of LV. Tyurin.
Determination of mobile phosphorus (P,0O;) were
performed according to the method of A.G. Kirs-
anov in non-carbonate samples and according to
the method of V.P. Machigin in carbonate samples.
Mobile potassium (K,O0) was determined by the
method of Ya.V. Peive and O.A. Brovkin in non-car-
bonate samples and according to the method of
PV. Protasov in carbonate samples. Total nitro-
gen was determined by the method of LV. Tyurin
and M.M. Kononova or method of Kjeldahl, and

hydrolysed nitrogen - according to the method
of Tyurin-Kononova. The content of calcium and
magnesium was determined by complexometric
titration, the exchange sodium - by flame pho-
tometry, and the carbon dioxide of carbonates -
by the gas-voluminometric method. The cation-
ic exchange capacity was calculated using the
method of E.V. Bobko and D.A. Aksinazi, and the
indicators of water extraction - according to
the method of K.K. Gedroits. The ash content of
the forest floor was determined by incineration,
based on DSTU 7942:2015 (2015).

According to this standard, the selected and
pre-dried soil sample is placed in a mortar and
burned until the organic matter is completely
burned in a muffle furnace at a temperature of
550°C, for two hours. Next, the sample is cooled
and weighed to determine the ash weight. Ash
content is calculated as the percentage of dry
soil weight that remains after burning. The study
followed the ethical standards and principles
defined by Convention on Biological Diversi-
ty (1992), which guarantees the rational and
safe use of natural resources. The entire cycle of
analysis of physico-chemical studies was carried
out in three-fold repetition. After that, the least
significant difference (LSD) was calculated to de-
termine the reliability of the conducted studies.

Results and Discussion

Light grey and grey forest soils in the research re-
gion were formed under broad-leaved forests on
carbonate or loessial rocks. In grey podzolic soils,
compared to light grey ones, the podzolic process
of soil formation is less pronounced, so there is
no alluvial horizon. The nutrient content of these
soils, especially light grey ones, is low. The humus
horizon is of low capacity, with a humus content
of 2.9-3.1%. The soils are acidic, so they require
lime application in small and medium doses (1.5-
6 tonnes of lime per 1 hectare) (lvanyuk, 2013).
As can be seen from Table 1, grey forest soils on
loessial and loess-like loams have formed such
soil types as light grey forest gleyed loam, grey
forest loam, and grey forest gleyed loam.
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Table 4. Continued

Nutrient content in grey forest soils of Husiatyn Forestry

S | hydrolysed

% | nitrogen

(=)}

8 K,0

]

> PO

(=)}

E 2¥5
CN

Gross nitrogen
L)
%

Humus
according to
Tyurin, %

Degree of
saturation with
bases, %

capacity
of soil
absorption
complex

hydrolytic
acidity

sum of
exchange
bases

mg-Eq/100 g of soil

salt pH

Physical clay
sum of particles
<0,01 mm

Physical sand
sum of particles
>0,01 mm

Silt < 0.001 mm

Humidity, %

Sample
depth, cm

Genetic
horizons

Numbers of
sections

Numbers of
compartment,
subdivision

8 8.75 10.5 5.88

1.6 18.26 91 0.57 0.04

16.66

42.66 5.8

34-45 3.62 26.24 57.3

lha

Arable land

140 3.64

8 6.25

1.3 21.63 94 0.55 0.04

20.33

49.92 5.9

6575 3.84 31.82 50.08

57.7 42.25

2.98 26.19

125-
130

Pk

296 216 221

222 234 2.34 3.01 2.74 243 2.06 2.01

2.82

2.32

284 262

LSD, ;

Note: genetic horizons: HA — humus-alluvial; Iha — alluvial slightly humus and weakly illuviated; | — illuvial; Pi — transitional to illuvial rock; Pk - soil-forming parent

rock

Source: compiled by the authors

Studies have shown that in 30-year-old
common oak cultures created on light -grey for-
est gleyed loamy soils in the fresh oak forest of
the Husiatyn Forestry, during the first 10 years,
common oak and European ash trees had the
same growth energy in terms of height, and only
in the previous 5 years the increase in height of
oak trees decreased slightly, while their diame-
ter, on the contrary, increased. At the age of 30,
plantings were formed by composition 3Co7E-
hEaNmFe, plant density - 0.8, quality class - 2.
Oak trees reached an average height of 11.2 m,
an average diameter of 8.5 cm, and European ash
trees reached an average height of 12.2 m and
9.6 cm, respectively. The stemwood reserve was
80 m3-hal.The presence of three genetic horizons
was found by making a soil section to a depth of
80 cm. This HA horizon was 2-30 cm deep, dark-
ish-grey, grainy-lumpy with plate-like division,
slightly compacted, the transition was clear, the
humidity of the genetic horizon was 0.8%. In soil,
physical sand and physical clay are two groups of
particles that form fine soil. Physical sand con-
sists of particles ranging in size from 1 mm to
0.01 mm, while physical clay consists of parti-
cles less than 0.01 mm in size. The sum of sand
particles >0.01 mm was 60.88%, and the sum of
clay particles <0.01 mm was 39.12%, the salt pH
was 3.6, the degree of saturation with bases was
36%, and humus according to Tyurin was 1.25%.
Studying the content of physical and chemical
elements in the soil layer of the elluvial weak-
ly and unevenly humified horizon with a depth
of 3040 c¢cm, which is dirty brown, spotted, with
humus deposits, dense, with a gradual transition
(ELh), it was established that its moisture content
does not exceed 1.31%. Physical sand consists of
particles ranging in size from 1 mm to 0.01 mm,
and physical clay consists of particles smaller
than 0.01 mm. Together with the soil skeleton
(particles larger than 1 mm), they form the me-
chanical composition of the soil and its fertility.
Their content in the horizon (Elh) was 63.73 and
36.27%, respectively, with a salt pH of 3.6. The
sum of metabolic acids was 6.45, the hydrolytic
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acidity was 8.6, and the soil absorption capacity
(SAC) was 15.05 mg-Eq/100 g of soil. The degree
of saturation with bases was 43%, and the pres-
ence of humus was 0.50%. Examining the hori-
zon (1), at a depth of 60-70 cm, a red-brown, pris-
matic, dense, transitional gradual soil layer was
found. Its humidity was 2.88%. Physical sand was
54.63%,and physical clay was 48.37%, the salt pH
was 3.6, and humus was 0.46%.

On the territory of the permanent nursery
in compartment 92, a soil section was taken at
a depth of 142 cm, that is, to the depth of the
soil-forming rock. Type of growing conditions
fresh oak forest (D,). In the soil section, five ge-
netic horizons were found that differ from each
other - HA, lha, |, Pi, Pk. Horizon thickness, respec-
tively: HA - 25 ¢cm, lha - 48 cm, | - 90 cm, Pi -
142 cm. Boiling depth is an indicator that char-
acterises the depth at which the soil begins to
release carbon dioxide (CO,) when adding an acid,
such as hydrochloric acid (HCL). This phenomenon
is associated with the presence of carbonates
in the soil. The deeper the boiling layer lies, the
deeper the carbonates are. Boiling can be strong,
medium, weak, or absent. The depth of boiling in
grey forest loam was 142 cm, and the intensity of
boiling was estimated as average. Therefore, the
boiling depth is not an indicator of CO, release
when adding acid. CO, release when adding HCL
indicates the presence of carbonates in the soil
and the degree of its liming, and not the depth at
which the soil “boils”

Analysing the physical and chemical parame-
ters of grey forest soils formed on loessial and for-
est-like loams, in the variant of grey forest loamy
soil, it was clear that in the HA horizon was in the
soil layer of 0-28 cm, the humidity was 1.88%. In
the soil layer at a depth of 35-45 c¢cm in the Iha
horizon, the moisture content was 2.24%, and at
a depth of 65-75 cm, the soil moisture content
was the highest - 4.27%. In the lower horizons
of Pi and Pk at depths of 110-120 cm and 142-
152 c¢m, humidity decreased to 2.04 and 1.31%,
respectively. It is appropriate to note that the
depth of distribution of plant roots can be traced

Yarosh & Yarosh

up to 30 cm. The sum of particles >0.01 mm and
<0.01 mm was related to the granulometric com-
position of the soil, since this is the particle size
distribution. This distribution affects the proper-
ties of the soil, in particular, water permeability,
breathability, the ability to retain moisture and
nutrients. In the genetic HA horizon at a depth of
0-28 cm, 66.60% of physical sand was found, and
its content decreased with depth from 66.60% in
the HA horizon to 51.15% in the Pk horizon at
a depth of 142-152 cm. The content of physical
clay had the opposite trend: if in the soil layer at
a depth of 0-28 cm it was 33.40%, then at a depth
of 142-152 cm it increased to 48.85%.

At a depth of 0-28 cm, the content of physical
clay was 33.40%, while at a depth of 142-152 cm
it increased to 48.85%. In the grey forest loamy
variant, the salt pH in the HA horizon at a depth
of 0-28 cm was 4.3. In the soil layer of 35-45 cm,
the salt pH decreased by 0.4 units and was equal
to 3.9. Starting from the iluvial (I) horizon, where
the salt pH was 4.0, to the genetic horizon at a
depth of 142-152 cm (Pk), this indicator increased
to 8.1. The sum of exchange bases (SEB) is the
total amount of calcium cations (Ca?*), magnesi-
um (Mg?*) and hydrogen (H*), absorbed by the soil
absorption complex. It is measured in milliequiv-
alents per 100 g of soil. This indicator character-
ises the ability of the soil to retain cations, which
is important for plant nutrition and maintaining
fertility. At the experimental site, the sum of ex-
change bases ranged from 7.51 mg-Eq/100 g in
the humus-alluvial horizon to 10.23 mg-Eq/100 g
in the low-humus and low-alluvial horizons. The
hydrolytic acidity of the soil reflects the ability to
release hydrogen and aluminium ions when in-
teracting with a solution of hydrolytically alkaline
salt. It is an indicator of the potential acidity of
the soil and includes active (hydrogen ions in the
soil solution) and exchange (hydrogen and alu-
minium, which are replaced by salt cations). In the
study variant, this indicator was 4.0 mg-Eq/100 g
at a depth of 0-28 cm and 4.6 mg-Eq/100 g at a
depth of 35-45 cm. The soil absorption capaci-
ty (SAC) is the total amount of cations that the
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soil can retain and Exchange. It is measured in
milliequivalents per 100 g of soil (mg-Eq/100 g)
and characterises the ability of the soil to accu-
mulate nutrients (K*, Mg?, Ca%, etc.), which deter-
mines its fertility. In the HA horizon at a depth
of 0-28 cm, the SAC was 11.51 mg-Eq/100 g,
while in the Iha horizon at a depth of 35-45 cm -
14.88 mg-Eq/100 g.

The degree of base saturation in both genetic
horizons at a depth of up to 45 cm had no signif-
icant differences and was in the range of 65-69%.
The degree of base saturation, also known as base
saturation, is an indicator that characterises the
content of exchange bases in the soil, expressed
as a percentage of the total cationic exchange ca-
pacity (CEC). It shows how much CEC is occupied
by the main cations (calcium, magnesium, potas-
sium, sodium, etc.). Humus is a dark organic sub-
stance that is formed in the soil during the break-
down of plant and animal residues, in particular,
under the action of anaerobic organisms. Humus
contains a significant amount of nutrients, the
most important of which is nitrogen. The humus
content in grey forest loamy soil varied along ge-
netic horizons from 1.22 to 0.47%. Thus, 1.22% of
humus was found in the HA horizon at a depth of
0-28 cm, in the |Iha horizon its content was 0.71%,
and in the | - 0.61%. The lowest rate - 0.47% -
was recorded in the transition to the rock, Pi
horizon at a depth of 110-120 cm. This is con-
ditioned by the fact that humus penetrates into
the lower horizons mainly due to the movement
of dissolved organic substances (humic acids, etc.)
together with ground water. A certain role is also
played by the mechanical transfer of small frac-
tions of humus as a result of the activity of soil
organisms and soil formation processes.

The spread of humus to the lower genetic
horizons of the soil section is explained by the
processes of dissolution and movement, mechan-
ical transfer, soil formation, and soil structure
and climatic conditions. Thus, in the process of
dissolution and movement, humic acids, which
are an important component of humus, dissolve
well in water and, together with filtration flows,

penetrate into the lower layers, enriching them
with organic matter. Mechanical transfer is asso-
ciated with the activity of soil organisms - in-
sects, worms, fungi, etc., which, feeding on organ-
ic residues, are able to move humus particles to
different depths. Soil formation processes also
occur in the lower horizons, where humification
is noted - the formation of humus from plant
and animal residues that get there as a result
of various processes. This leads to the accumu-
lation of humus even in deeper layers, although
in much smaller amounts than in the upper ho-
rizons. The soil structure also determines the
conditions for humus penetration. In soils with a
well-developed structure, the presence of pores
and channels, water and dissolved substances
penetrate deeper more easily, which contributes
to the movement of humus. Climatic conditions
also play an important role, since humidity and
temperature affect the rate of dissolution and
transportation of humus substances. In areas
with high rainfall and warm climates, humus can
penetrate to greater depths than in arid or cold
regions. Thus, as a result of these processes, hu-
mus gradually accumulates at different levels of
the soil, affecting its fertility and properties.
Gross nitrogen is the total amount of ni-
trogen contained in the soil. Determining gross
nitrogen is important for assessing soil fertility.
Gross nitrogen in the soil includes various forms
of nitrogen, such as organic nitrogen, ammonium
nitrogen (NH4+), and nitrate nitrogen (No3-). In
the experimental section, the gross nitrogen con-
tent was most prevalent in the HA genetic hori-
zon at a depth of 0-28 cm 0.11%, while in the soil
layer at a depth of 35-45 cm in the |ha horizon,
the content was 0.06%, that is, 1.83 times less.
The CN content in the soil refers to the ratio of
carbon (C) to nitrogen (N), which is an important
indicator of soil fertility and the processes that
occur in it. This ratio affects the rate of decompo-
sition of organic matter, the availability of nutri-
ents for plants, and the overall condition of soil
biota. CN content in the HA genetic horizon at a
depth of 0-28 cm was 6 units, and in the next
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horizon (lha) at a depth of 35-45 cm, its content
increased to 7 units, or by 16.68%.

The interaction of carbon and nitrogen is ex-
tremely important for understanding the decom-
position potential of plant residues, and therefore
for developing a fertiliser system, monitoring
composting conditions, etc. The higher the value
of C:N, the slower the decomposition process is.
Free nitrogen is actively attracted by microorgan-
isms from the soil, and if it is not enough, there
may be a shortage of this element for plant nutri-
tion for the next season. The optimal C:N ratio is
20-30:1. The total nitrogen content in the arable
layer of different soil types is low: it varies from
0.05 to 0.3% and directly depends on the pres-
ence of organic substances in them. Its reserves
in the arable soil layer range from 2.4 to 8.7 t/ha.
Studies conducted based on a large array of data
have shown that there is a direct relationship
(correlation coefficient r>0.9) between the con-
tent of total nitrogen and humus in soils. Soil
residues of the non-chernozem zone contain the
following amounts of gross nitrogen: sandy loam
0.05-0.07%, loam 0.10-0.20%, clay 0.10-0.23%,
peat 0.5-1%. Presence of phosphorus P,O; in the
ground section is relatively low and at a depth of
0-28 cm is 3.75 mg per 100 g of soil. With depth,
its content increased at a depth of 35-45 cm it
was 5.0 mg per 100 g of soil. Phosphorus is one
of the main elements of nutrition for plants, along
with nitrogen and potassium. It plays an impor-
tant role in the development of the root system,
promotes flowering and fruiting, and increases
the resistance of plants to diseases and pests. A
lack of phosphorus can lead to slower growth,
discoloration of leaves, and poor crop quality.

Potassium is an important element of nutri-
tion for plants, playing a key role in many phys-
iological processes, in particular, in regulating
water balance, photosynthesis, nutrient transport
and increasing resistance to diseases and stress-
ful conditions. A lack of potassium can lead to
slower plant growth, reduced yields, poor prod-
uct quality, and increased sensitivity to diseas-
es and stressful conditions. Visually, the lack of

Yarosh & Yarosh

potassium can be determined by changes in the
colour of the leaves (yellowing, browning, burns
at the edges), and by wrinkling and twisting of
the leaves. Potassium content (K,0) in differ-
ent soils varies from 0.5 to 3% and depends on
the mechanical composition. More potassium is
contained in the clay fraction of the soil. There-
fore, heavy clay and loamy soils are richer in
potassium (2-3%) than sandy and sandy-loamy
(1.5-2%). Peaty soils are very poor in potassium
(0.03-0.05%). Most loamy soils contain 2-2.5%
potassium, which is significantly more than ni-
trogen and phosphorus. Analysing the potassium
content (K,0) in grey forest loamy soil in a nursery
up to a depth of 45 cm, the potassium content
in both genetic layers of the soil was found at a
volume of 10.5 mg per 100 g of soil.

Hydrolysed nitrogen, in particular alkaline
hydrolysed nitrogen according to the Cornfield
method, is an indicator that characterises the con-
tent of nitrogen potentially available to plants in
the soil. It indicates the amount of nitrogen that
can be released from soil organic compounds by
alkaline hydrolysis and, therefore, can be used by
plants. This indicator is not an absolute measure
of the available nitrogen content, since plants can
absorb nitrogen in various forms, but it does give
an idea of how much nitrogen can be released
and used over a certain period of time. Nitrogen
is a key element of nutrition for plants, necessary
for the synthesis of proteins, chlorophyll, and oth-
er important compounds. The hydrolysed nitro-
gen index characterises the supply of nitrogen to
plants during the growing season.This is a supply
of nitrogen that will be available to plants in the
future. In grey forest loamy soil in a soil section
made on a permanent nursery in the humus hori-
zon (HA) at a depth of 0-28 cm, the content of hy-
drolysed nitrogen was 9.48 mg per 100 g of soil,
and at a depth of 35-45 cm, its content decreased
to 5.60 mg per 100 g of soil, or 59.07%.

In division 2 of compartment 85, a soil sec-
tion was established at a permanent nursery in
the Husiatyn Forestry to investigate the structure
of the soil, its properties, and to determine the
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boundaries between different types of soils. This
section will help to understand how the soil is
formed, what layers are present in it, and what
processes occur inside, and identify the physical
and chemical features of the soil. At the perma-
nent nursery of the Husiatyn Forestry, a soil sec-
tion was made to a depth of 140 cm, considering
that the main mass of roots extends to a depth
of 30 cm. The depth of boiling characterises the
depth at which the soil begins to release carbon
dioxide (CO,) when hydrochloric acid (HCL) is
added, it is detected to a depth of 140 cm. When
hydrochloric acid (HCL) is added to the soil,a reac-
tion occurs with carbonates contained in the soil.
This reaction releases carbon dioxide (CO,). This
is not related to the boiling point. Measurement
of the amount and rate of CO, release helps to
determine the content of carbonates in the soil,
which indicates the degree of liming.

At the nursery, the type of growing condi-
tions - wet oak forests (D), therefore, soil hu-
mification can be observed - this is a complex
biochemical process that occurs in anaerobic con-
ditions (in the absence of oxygen) in the presence
of organic substances and with the participation
of anaerobic microorganisms, resulting in the res-
toration of iron-containing compounds in the soil,
which manifests itself in a change in soil colour
to grey, bluish, or greenish. The strength of genet-
ic horizons along the lower boundary depending
on the horizon was found for HA - 26 cm, |ha -
51 ¢cm, | - 100 cm, transitional to the rock, Pi -
140 cm. According to the terrain, the territory of
the nursery is located on a plateau. It is a structur-
al plain covered with loess, with developed ero-
sion. Loess is a continental soil-forming mountain
sedimentary rock with greyish-yellow, sometimes
brown or reddish-brown colour. The thickness of
loessial layers ranges from several tens of cen-
timetres to several tens of metres on the wa-
tersheds and slopes of ancient valley terraces.

Analysing Table 1, grey forest clay loamy soil
that was formed on loessial and loess-like loams,
there is a clear distribution of it over genetic ho-
rizons, namely: HA, with a thickness of 0-26 cm;

Iha, where the sample was taken at a depth of
30-40 cm; |, where the sample was taken at a
depth of 65-75 cm, transitional to the rock; Pi,
where the sample was taken at a depth of 115-
125 cm, and Pk - sample taken at a depth of
150160 cm. Soil moisture in the pit is measured
to determine the moisture content in a particular
layer of soil that is taken when digging the pit.
Humidity affects soil properties such as density,
water retention, and nutrient retention. The high-
est soil moisture was found in the | layer of soil
at a depth of 65-75 cm, the content of which was
6.38%, although humidity fluctuations along ge-
netic horizons were in the range of 3.09-6.38%. In
the horizons of the transition to rock, Pi (soil layer
at a depth of 115-125 cm) and Pk (sample taken
at a depth of 150-160 cm), the soil moisture in
both pits was identical and amounted to 4.16%.
The presence of silt with a fraction <0.001 mm
was detected in grey forest clay loamy soil. Silt
contains nutrients such as nitrogen, phosphorus,
potassium, and organic substances that improve
the structure of the soil and increase its fertility.
Silt is also a soil booster that improves the water
retention capacity of the soil, reduces its acidity
and increases the resistance of plants to stressful
conditions. In wholesale sections of a permanent
nursery, the silt content along genetic horizons
was in the range of 14.81-25.05%. The smallest
amount of silt (14.81%) was found in the HA ho-
rizon at a depth of 0-26 cm, the biggest - 25.05%
in the horizon at a depth of 65-75 cm, that is, in
the soil layer in which the humidity was highest
and amounted to 6.38%.

In the Iha horizon, the silt content at a depth
of 30-40 cm was 18.92%, in the transition to
rock, Pi horizon (sample taken at a depth of 115-
125 c¢m), and Pk (sample taken at a depth of 150-
160 cm), the silt content was 22.88 and 19.42%,
respectively, that is, 3.46% less. Physical sand
refers to the sum of all particles with a size of
1-0.01 mm, and particles less than 0.01 mm - to
physical clay. The solid phase of the soil consists
of mineral and organic particles of different sizes
and different chemical compositions. The sum of
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particles larger than 0.01 mm in the soil refers
to the granulometric composition of the soil. This
indicator determines the content of particles of
different sizes in the soil (sand, loam, clay) and is
of great importance for its properties.

In the soil section, the content of physical
sand was highest in the HA layer of soil with a
thickness of 0-26 cm and was 68.7%.According to
the genetic horizons of the lha soil layer,where the
sample was taken at a depth of 30-40 cm and in
the | soil layer at a depth of 65-75 cm, its content
decreased to 63.3 and 54.4%, respectively, com-
pared to the HA soil layer. In the transition to the
rock, Pi horizon (sample taken at a depth of 115-
125 cm) and Pk (sample taken at a depth of 150-
160 cm),the content of physical sand was the same
and amounted to 57.1 and 57.0%, respectively.

The sum of soil particles less than 0.01 mm
in size in the soil refers to physical clay. This in-
dicator is an important characteristic of the gran-
ulometric composition of the soil and affects its
properties, such as water permeability, breatha-
bility, ability to retain water and nutrients. The
physical clay content affects the soil’s ability to
retain water and nutrients, and its workability. For
example, soils with high clay content (clay soils)
retain water well, but can be difficult to cultivate,
while soils with low clay content (sandy soils)
allow water to pass through well, but are less
fertile. Clay particles (less than 0.005 mm, but
in the context of the question, most of them are
particles of 0.01 mm or more) compact the soil,
make it heavier, less permeable to air and water.
Analysing the data obtained from the section on
the content of physical clay, it should be noted
that the opposite trend is observed in compari-
son with the content of physical sand. The lowest
content of physical clay of 31.26% was found in
the HA soil layer at a depth of 0-26 c¢cm. In the
following soil layers - |ha and |, in samples tak-
en at a depth of 30-40 and 65-75 cm, respec-
tively, an increase in the content can be traced
up to 45.53%. It was the highest in the | layer
of soil. In the horizon transitional to the Pi rock,
(sample taken at a depth of 115-125 cm) and Pk
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(sample taken at a depth of 150-160 cm), the
physical clay content had similar values of 42.82
and 42.95%, respectively.

Diagnosing the state of the soil through salt
pH, its value ranges from 4.0 to 8.0. Considering
the genetic horizons, in HA, the horizon in the
soil layer was 026 cm pH of 4.1 was detected;
in the Iha horizon, where the sample was taken
at a depth of 30-40 cm, pH was 4.5; in |, (sample
taken at a depth of 65-75 cm) - pH 4.0, transi-
tional to the rock; Pi, (sample taken at a depth of
115-125 cm) - pH 4.6, that is, for all genetic ho-
rizons to a depth of 0-125 cm of soil was consid-
ered already acidic or even very acidic. But in the
soil-forming (parent) rock, where the sample is
taken at a depth of 150-160 cm salt pH is 8.0 units,
which indicates alkalinised soil. This is condi-
tioned by the specifics of the chemical interaction
between soil ions and salt solution. This analysis
allows seeing more deeply the potential acidity
and show how much the soil can neutralise it.

Analysing the sum of exchange bases, hy-
drolytic acidity, and SAC, their content can be
traced to a depth of 75 cm covering three ge-
netic horizons, namely: HA horizon to a depth of
0-26 cm, where the sum of the exchange bases
was 7.26 mg-Eq/100 g of soil; almost the same
indicator of the sum of exchange bases was
7.30 mg-Eq/100 g of soil was found in the lha soil
layer, where the sample was taken at a depth of
30-40 cm. However, in the soil layer at a depth
of 6575 c¢cm of | horizon, the sum of exchange
bases increased by 1.82 times and amounted to
13.31 mg-Eq/100 g of soil. Hydrolytic acidity was
highest in the HA horizon at a depth of 026 cm
was 5.4 mg-Eq/100 g of soil. With the depth of
the horizons in the soil layer of the Iha horizon, its
content decreased to 3.9 mg-Eq/100 g of soil,and
in the | horizon at a depth of 6575 cm, its con-
tent increased by 1.21 times and reached 4.7 mg-
Eq/100 g of soil.

Soil absorption capacity (SAC) character-
ises the soil’s ability to retain nutrients such as
potassium (K), magnesium (Mg), calcium (Ca),
etc., and determines soil fertility. Its content
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in the HA horizon at a depth of 028 cm was
12.66 mg-Egq/100 g of soil, and in the Iha hori-
zon at a depth of 35-45 cm - 11.2 mg-Eq/100 g
of soil. Soil absorption capacity at a depth of
65-75 cm in the | layer of soil was 18.01 mg-
Eq/100 g of soil, which was 1.42 times more than
HA and 1.61 times more than lha horizons. The
degree of base saturation in both genetic hori-
zons at a depth of up to 45 cm does not have any
special differences, although it is located with a
difference of 8.0%, respectively, with genetic hori-
zons of 57 and 65%.1, at a depth of 65-75 cm, the
content was 74%. The degree of base saturation,
also known as base saturation, is an indicator that
characterises the content of exchange bases in
the soil, expressed as a percentage of the total
cationic exchange capacity (CEC). It shows how
much CEC is occupied by the main cations (calci-
um, magnesium, potassium, sodium, etc.). Humus
content in the HA soil layer at a depth of 0-26 cm
was 2.01%, in the lha horizon, at a depth of 30-
40 cm decreased to 0.62%. A decrease in the hu-
mus content can be traced in the | layer of the
soil, the sample was taken at a depth of 65-75 cm
to 0.55%, and in the Pi layer of the soil transition-
al to the rock at a depth of 115-125 cm, where
its content was 0.41%. Gross nitrogen in the HA
horizon was 0.18%, and in the Iha, a soil layer
at a depth of 30-40 cm, its content decreased
to 0.04%, or 4.5 times. The interaction of carbon
and nitrogen C:N shows that the higher the value
of CN, the slower the decomposition process of
plant residues takes place.

Presence of phosphorus P,O, in the ground
section it is relatively low and at a depth of
0-28 cm is 10.00 mg per 100 g of soil. With depth,
its content decreased twice and at a depth of
30-40 cm it was 5.0 mg per 100 g of soil. Phos-
phorus is one of the main elements of nutrition
for plants, along with nitrogen and potassium.
A lack of phosphorus can lead to slower growth,
discolouration of leaves, and poor crop quality.
Potassium is an important element of nutrition
for plants. A lack of potassium can lead to slower
plant growth, reduced yields, poor product quality,

and increased sensitivity to diseases and stress-
ful conditions. Analysing the potassium content
(K,0) in grey forest loamy soil in a nursery up to a
depth of 26 ¢cm, the potassium content was found
in a volume of 10.5 mg per 100 g of soil, but at a
depth of 30-40 cm of its content decreased and
reached 8.4 mg per 100 g of soil. Hydrolysed
nitrogen characterises the content of nitrogen
potentially available to plants in the soil. It indi-
cates the amount of nitrogen that can be used by
plants. The hydrolysed nitrogen index character-
ises the supply of nitrogen to plants during the
growing season. This is a supply of nitrogen that
will be available to plants in the future. In grey
forest gleyed loamy soil in a soil section made on
a permanent nursery in the HA horizon at a depth
of 0-28 cm, the content of hydrolysed nitrogen
was 11.48 mg per 100 g of soil, and at a depth
of 3040 cm, its content decreased to 9.24 mg per
100 g of soil, or 2.24%.

The division 2 of compartment 22 contains
arable land, where the section was made to a
depth of 130 cm. In the soil section, the HA ho-
rizon with a thickness of 026 cm was highlight-
ed; Iha horizon, where the sample was taken at
a depth of 34-45 cm, and the total thickness of
this horizon was 56 c¢cm, and the | horizon was
100 cm thick, where the sample was taken at
a depth of 65-75 cm, and Pk, the thickness of
which was 127 cm, and the sample was taken at
a depth of 125-130 cm. The depth of the parent
rock is 127 cm, the depth of distribution of the
main mass of roots is 26 cm, the type of growing
conditions is fresh oak forest (D,). The depth of
boiling characterises the depth at which the soil
begins to release carbon dioxide (CO,) when hy-
drochloric acid (HCl) is added, It is detected to a
depth of 127 cm. South-western relief exposition,
steepness 7°, even shape.

Studying soil moisture by genetic horizons, it
should be noted that it fluctuates in the range
from 2.56 to 3.84%, that is, with a difference of
1.28%, which can be considered insignificant.
The greatest humidity was found in the illuvial
horizon at a depth of 65-75 cm - 3.84%. 21.32-
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31.82% of silt was found in the soil. The highest
content of 31.82% was found in the iluvial (I) ho-
rizon at a depth of 65-75 cm.The content of phys-
ical sand (sum of particles >0.01 mm) had a slight
deviation and was located in the HA horizon in a
volume of 57.0%, in lha and Pk, respectively, 57.3
and 57.7%, while in the illuvial layer of soil its
content was 50.08%, which was 6.927.62% less
than in other horizons. Studying the content of
physical clay (the sum of particles <0.01 mm), the
reverse pattern can be traced along the genetic
horizons. The highest content of physical clay of
49.92% was found in the | horizon. In other ge-
netic horizons, its content was 43.00%, 42.66%,
and 42.25%, respectively, where there is an insig-
nificant difference of 0.75%.

Salt pH is an indicator of acidity determined
in a weak saline solution. It is used to clarify the
acidity of slightly acidic soils (approximately pH
6.5-7.4). During the research, the pH was deter-
mined to be within 5.8-6.5. The highest pH value
was found in the HA layer of soil - 6.5. Salt pH
values of 5.8 and 5.9 were found in the lha hori-
zon,where the sample was taken at a depth of 30-
40 cm and in the | horizon, where the sample was
taken at a depth of 65-75 cm.Reduction of acidity
by 0.7 and 0.6 units. Reduction of soil acidity by
0.7-0.6 units on the salt solution pH scale means
that the soil has become less acidic. The pH scale
used to measure soil acidity is logarithmic, so
the change is 0.7-0.6 units indicates a relatively
moderate decrease in acidity. This means that the
amount of hydrogen (H+) ions in the soil solution
has decreased, which can affect the availability of
nutrients for plants. Changes in pH can affect the
solubility and availability of nutrients in the soil.
For example, as acidity decreases (pH increases),
elements such as phosphorus, molybdenum, and
calcium may become more readily available to
plants, while others such as iron, manganese, and
zinc may become less readily available.

The sum of exchange bases, hydrolytic acidity,
and cationic exchange capacity (CEC) are impor-
tant indicators of soil fertility. They characterise
the ability of the soil to retain and exchange ions,
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and its acid-base properties. The sum of the ex-
change bases determines the number of cations
(positively charged ions) that the soil can hold
on its surface. It includes basic cations such as
calcium (Ca?*), magnesium (Mg?), potassium (K*),
sodium (Na*), etc. In the soil section, the sum of
exchange bases ranged from 15.81 mg-Eq/100 g
of soil in the HA horizon up to 20.33 mg-Eq/100 g
of soil in the | horizon, where the sample was tak-
en at a depth of 65-75 cm. The nominal amount
of exchange bases is in the range of 10-22 mg-
Eq/100 g of soil. Thus, the high sum of exchange
bases in the soil section indicates a good supply
of nutrients to the soil and its ability to neutral-
ise acidity. Hydrolytic acidity shows the amount
of hydrogen (H*) and aluminium (Al3*), which can
be released from the soil and exchanged for other
ions. It is measured when the soil is treated with
alkaline solutions that help to displace these ions.

In the soil section, hydrolytic acidity depend-
ing on the genetic horizon was found in HA hori-
zon in volume 1.1, in lha horizon - 1.6, and | ho-
rizon - 1.3 mg-Eq/100 g of soil. Hydrolytic acidity
of the soil 1.1-1.6 mg-Eq/100 g of soil, indicates
that the soil contains a significant amount of ex-
change hydrogen and aluminium ions, which can
be released and affect the acidity of the medium.
This value indicates moderate soil acidity, which
can affect the availability of nutrients for plants
and will require measures to regulate the acidity
if necessary.

Soil absorption capacity of cations (SAC)
is @ measure of the soil’s ability to retain posi-
tively charged ions such as calcium, magnesium,
potassium, and sodium. The higher the SAC, the
more nutrients the soil can retain for plants (Ty-
honenko, 2005). In grey forest gleyed loamy soil
of arable land capacity of absorption capacity of
soil cations (SAC) in the HA soil layer at a depth
of 226 cm was 16.91 mg-Eq/100 g of soil, in the
Iha horizon at a depth of 30-40 cm - 18.26 mg-
Eq/100 g of soil, and the | horizon at a depth of
65-75 cm contained 21.63 mg-Eq/100 g of soil.
Therefore, soil with an absorption capacity of
16.91-21.63 mg-Eq/100 g has an average level
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of ability to retain nutrients and provide fertili-
ty. In a genetic section made on arable land, the
degree of base saturation was found in the HA
layer of soil at a depth of 226 ¢cm in a volume
of 57%, the Iha horizon at a depth of 30-40 cm
contained 65%, and the | horizon at a depth of
65-75 cm contained 74%, which was 17% more
or 1.3 times compared to the humus-alluvial (HA)
horizon. Notably, soils saturated with bases are
considered optimal in the range of 65-75%. In the
grey forest gleyed loamy soil of ploughed lands,
the humus content ranged from 0.55 to 1.88%.
Grey forest soils are formed in conditions of suf-
ficient moisture under broad-leaved forests. They
are characterised by a low humus content, which
makes them less fertile compared to chernozems.
The humus content may vary depending on the
specific subtype of grey forest soil, such as light
grey, grey, or dark grey (Poznyak, 2010).

Considering these data, the range from 0.55
to 1.88% for grey forest clay-loamy soils of arable
land was justified. The gross nitrogen content in
the HA soil layer was 0.13%, and in subsequent
horizons at a depth of 34-75 cm its content was
0.04%, which is 3.25 times less than in the HA
soil layer. In the soil, most of the gross nitrogen
(93-97%) is part of humus, and the rest is in the
form of mineral compounds that are available to
plants. The gross nitrogen content in the soil can
vary widely, but usually ranges from 5.0 to 6.8%
of the humus content. Thus, the concept of “gross
nitrogen” in the context of soil and plants indi-
cates the total amount of nitrogen, including both
available and inaccessible forms for plants.

The interaction of carbon and nitrogen C:N
shows that the higher the value of C:N, the slower
the decomposition process of plant residues takes
place (Nazarenko et al., 2004). The HA soil layer at
a depth of 226 cm revealed the ratio of carbon
to nitrogen - 6, in Iha horizon at a depth of 30-
40 cm, this ratio was 8. If the C:N ratio is high, it
means that the soil has a lot of energy for micro-
organisms, but the quality or nutritional value of
these elements is low. The higher the initial C:N
ratio, the longer the decomposition of residues

takes. Organic nitrogen is used by microbes to
quickly break down nutrient residues and create
proteins that are vital for their growth and repro-
duction. In perfect condition, healthy soil has a
C:N ratio of 10:1 to 12:1, which means that the
microbial biome is balanced. Content of phospho-
rus P,O; in the ground section it is relatively low
and at a depth of 0-28 cm is 20.00 mg per 100 g
of soil. With depth, its content decreased by 2.29
times and at a depth of 30-40 cm it was 8.75 mg
per 100 g of soil. Phosphorus is one of the main
elements of nutrition for plants, along with nitro-
gen and potassium.A lack of phosphorus can lead
to slower growth, discolouration of leaves, and
poor crop quality.

Lack of potassium (K,0) may lead to slower
plant growth, reduced yields, poor product quality,
and increased sensitivity to diseases and stress-
ful conditions (Kumar et al., 2023). Analysing the
potassium content in grey forest gleyed loamy
soil on ploughed lands to a depth of 26 c¢cm, the
potassium content was found in the volume of
10.5 mg per 100 g of soil, the same content of
10.5 mg per 100 g of soil at a depth of 34-45 cm.
The potassium content in the | horizon increased
and reached 14.0 mg per 100 g of soil. Hydrolysed
nitrogen characterises the supply of nitrogen to
plants during the growing season. In grey forest
gleyed loamy soil in a soil section made on a per-
manent nursery in the HA horizon at a depth of
2-26 cm, the content of hydrolysed nitrogen was
3.64 mg per 100 g of soil, and at a depth of 34-
45 cm, its content increased to 5.88 mg per 100 g
of soil, or 1.62%. In the | horizon, hydrolysed ni-
trogen decreased to 3.64 mg per 100 g of soil. The
content of alkaline hydrolysed nitrogen reflects
the amount of nitrogen that can be used by plants
in the near future. The smallest significant differ-
ence in all variants of the experiment was within
the normal range - 2.01-3.01, which indicates the
reliability of our research.

According to H.S. Ivanyuk (2017), who con-
ducted a thorough analysis of soil classifications
in Poland and Ukraine, some subtypes of cher-
nozem soils are most similar to grey forest soils in
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terms of properties. When comparing the results
of current research with the work of the above
researcher, this statement can be agreed with.
Since the presented samples contain a sufficient
amount of minerals, which makes the soils of the
region suitable for growing various plant species,
and in chernozem types. S. Bogdanov et al. (2025)
analysed how different forest types and treeless
areas affect the morphological, chemical, and
organic properties of grey forest soils in northe-
astern Bulgaria. The researchers compared soil
sections under different forest types and unor-
dered (treeless) areas, finding a clear dependence
of the soil structure on vegetation - the forest
causes a deeper humus horizon, and more devel-
oped profile characteristics. The data obtained in
the current study that the type of forest (tree spe-
cies) affects the nitrogen content, pH value and
C:N ratio in the soil are partially consistent with
our conclusions regarding the content of these
minerals in the soil. Since the higher the initial
ratio of these elements, the longer the decompo-
sition of residues lasts, that is, the soil has a lot of
energy for microorganisms. In current studies the
HA soil layer at a depth of 226 cm revealed the
ratio of carbon to nitrogen - 6, in the Iha horizon
at a depth of 30-40 cm, this ratio was 8. This in-
dicates that the soil horizons are not sufficiently
provided with these elements. M. Lungu (2015)
analysed the evolution of grey forest soils used as
arable land after deforestation in the central part
of Moldova, in the Codri region. The researcher
used the method of comparing grey soils under
the forest, grey arable soils used in agriculture for
about 100 years, and grey arable soils that had
a long period of development under the steppe
before being used in agriculture. As a result of
agricultural use, the first three horizons of forest
soils (AEh, AEh, and BEhtw) were mixed into one.
Use in agriculture also led to a decrease in the
humus content, a decrease in the intensity of illu-
vial-alluvial and cambic processes, a decrease in
soil acidity, soil compaction, and deterioration of
its structural state. In contrast to the research of
this researcher, current studies clearly trace the
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presence of all genetic horizons. It follows that
forest soil types are less susceptible to destruc-
tive processes and can recover faster.

S. Bogdanov (2014) analysed the effect of
forest fires on the composition of texture frac-
tions (sand, dust, clay) in the profile of grey forest
soils. According to his research, the intensity of
a fire can reduce the proportion of these frac-
tions in the upper horizons due to the burning
of organic matter and changes in the aggregate
structure. The data obtained are important for
understanding long-term changes in soil water
and air permeability after fires and for restoring
forest biocenoses. The researcher also claims that
despite the influence of external factors, the soil
texture is one of the most conservative indicators
and changes slowly and only under certain cir-
cumstances. This is consistent with the results of
current research.

Research by O.Havryshko et al.(2024) showed
that long-term use of arable land plots changes
the distribution of sand and clay in the soil pro-
file, leading to compaction, a decrease in the
proportion of agricultural groups, and changes
in porosity, which affects water-physical proper-
ties. The researchers emphasised that even small
changes in the particles of physical clay/sand
have a significant effect on the ability of the soil
to retain water and restore structure after me-
chanical impact. In addition, it was demonstrated
that key elements (C, N, organic matter) are close-
ly correlated with each other and are distributed
unevenly across all soil horizons, as in current
studies. I. Kirilov et al. (2022) found that during
the processes of podzolisation of the upper hori-
zons, the content of the pulverised fraction below
the humus horizon increases. In contrast to the
results of the above researchers, current studies
show a uniform distribution of particles of differ-
ent fractions over all soil horizons.

S. Gaidar et al. (2024) investigated easily
hydrolysed nitrogen and total nitrogen in culti-
vated grey forest soils. Similar to current studies,
these researchers concluded that high soil acid-
ity can reduce the level of this element in the
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upper genetic horizons. This means that it needs
to be regulated using mineral fertilisers with
the appropriate ratio of elements. N.M. Pavliuk
& V.G. Haskevych (2011) described in detail the
physical and chemical properties of Opillia soils
in @ monograph. The researchers state that the
studied soils in Opillia are characterised by a very
low content of absorbed cations. The soil-absorb-
ing complex of these soils is dominated by calci-
um and magnesium cations. In the direction from
northwest to southeast, the content of calcium cat-
ions decreases in the humus horizons of light grey
forest soils and the content of magnesium cations
increases. In contrast to their results, soils in the
region of the current study have a sufficient level
of cations and are characterised by a normal dis-
tribution of absorbed bases over genetic horizons.

Summarising the results of the conducted re-
search, it can be noted that the grey forest soils
of the Husiatyn Forestry are marked by a clear
differentiation by genetic horizons, significant
fluctuations in physico-chemical parameters,
and a significant dependence on the conditions
of use (arable land, nurseries, forest crops). The
established differences in humus content, degree
of base saturation, acidity, granulometric compo-
sition and other properties confirm the multifac-
torial nature of their transformation under the
influence of natural and anthropogenic factors.
The data obtained are consistent with the con-
clusions of previous researchers, but simultane-
ously emphasise the specifics of soil processes in
the region under study, which is of great practical
importance for the development of optimal agri-
cultural technologies in nurseries and improving
the efficiency of growing planting material.

Conclusions
The study of the properties of grey forest soils
showed significant differences in their agro-
chemical state depending on the type. Light grey
soils are characterised by a poor humus profile
and low base saturation, which leads to their
weak fertility. In contrast, grey loamy and gleyed
soils have a higher capacity of the absorption

complex, higher humus content and better indi-
cators of agrochemical supply. According to the
granulometric composition, all variants belong to
loams with a physical clay content of 40-50%. The
upper horizons contain more silt and fine parti-
cles, which reduces their water permeability. The
reaction of the soil solution in the upper layers
was acidic (pH 3.6-6.5), which limits the availa-
bility of nutrients for plants, while in the lower
horizons the indicators increase to 8.0-8.1, which
indicates the presence of a carbonate horizon and
confirms the genetic features of grey forest soils
on loess-like rocks. The humus content in light
grey soils was only 0.5-1.2%, while in grey loamy
and gleyed soils it was higher (1.2-2.0%), espe-
cially in variants under arable crops (1.8-2.0%).
Total nitrogen in the upper horizons was in the
range of 0.1-0.18%, with a C:N ratio of about 8,
which indicates rapid mineralisation of organic
matter and insufficient reserves of stable humus
compounds. Phosphorus supply ranges from very
low (3.75-10 mg/100 g) to high (20 mg/100 g in
arable land), and the potassium content is mostly
stable (10-14 mg/100 g), although sometimes it
decreases to 5-6 mg/100 g. Hydrolysed nitrogen
reserves are medium or low (3.6-11.5 mg/100 g),
which further limits the fertility of these soils.

Further research should be aimed at detailed
monitoring of changes in the humus profile and
macronutrient availability in various agrotech-
nical systems. It is also advisable to investigate
the stability of organic matter and ways of its
accumulation in light grey soils with the lowest
humus content, and search for optimal land rec-
lamation and agrochemical measures to increase
their fertility.
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AHoTaLif. MeToto focniaxkeHHs 6yno 3°’acyBaHHA Gi3MKO-XiMiUYHMX 0COBNMBOCTEN Pi3HMX TUMIB NiCOBMX
I'PYHTIB Ta OLHKA iX arpoXiMiYHOro CTaHy Ha MOCTiIMHMX PO3CafHMKAX, OPHMX 3eMnax Ta 30-piyHmx
KynbTypax ayba 3BMYanHOro B ymoBax l'yCATMHCBbKOrO nicHMUTBA YOpTKiBCbKOro HagnicHMuTBa. byno
3aCTOCOBAHO FPYHTOBO-arpoXiMiuHi MeTOAM aHanisy, WO BKAKYaAM BU3HAUYEHHS dpakuiiHoro Ta
MeXaHiYHOro CKnagy, BMIiCTy ryMycCy, HAaCUYEHOCTi OCHOBAMM Ta EMHOCTI MOMMHANBHOIO KOMMIEKCY.
MMOpiBHAHHSA MOKAa3HWKIB 3AIMCHIOBAaAM MiX CBIiTNO-CipUMM, CipO-CYrIMHUCTUMU Ta [el0BaTUMU
rPyHTaMMu, WO [ano 3MOry OXapakTepu3yBaTM iX MNPOAYKTMBHICTb Ta arpoxiMiyHMI noTeHuian.
BcTaHoBneHo, wo y 6inbwocTi FpyHTIB BEpXHi ropu3oHTH kucni (pH 3,6-5,0), Wwo HeraTMBHO BNMBAE HA
[AOCTYMHICTb MOXWBHUX PEYOBUH, Y CBITNO-CipUX IpyHTax BMICT rymycy Husbkui (0,5-1,2 % y BepxHix
ropu3oHTax). Y cipux CyrmMHWUCTUX i reBaTux rpyHTax rymycy 6inbwe (1,2-2,0 %), ocobnneo B 0OpHUX
BapiaHTax (1,8-2,0 %). 3aranbHuit a30T y BepxHix ropusoHtax ctaHoBuB 0,1-0,18 %, wo € pocutb
Hu3bkuM. CnisBigHoweHHs C:N 6yno 6amnsbke A0 8, WO CBiAYUTb NPO WBUAKY MiHEpanizaLito OpraHiuHoi
peyosuHu. [leski pinaHkn nobpe 3abesneveni P,O; (20 mr/100 r), ane € rpyHtv 3 gediuntom (<10).
3abe3neyeHicTb Kaniem Ginbw cTabinbHa, ane B OPHMUX FOPU3OHTAX MOXK/IMBE BUCHAXeHHs. Docdop
(P,0.): konunBaBsca BiA AyXe HU3bKMX 3HauYeHb (3,75-10 mr/100 r) go niasuweHnx (20 mr/100 ry opHux
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Abstract. Immunocompetent structures of the digestive organs play an important role in protecting
the body from bacterial and viral infections by providing an immune response. The aim of this study
was to establish and summarise the morphological features of these structures in birds of different
species, which would allow to determine their morphofunctional status, which is determined by
the state of natural resistance and reactivity of the body, and to identify critical periods in the
development of the immune system.To achieve this goal, a literature review of current research on the
topography and microstructure of immune structures in the digestive organs of birds was conducted.
It was established that the material basis of these structures is lymphoid tissue, the differentiation
of which has regional characteristics, occurs in a specific sequence and proceeds in several stages. Its
development depended on the age, species, sex, type of nutrition of birds and structural and adaptive
features of the digestive organs. Immune formations were localised mainly in the mucous membrane
of the digestive tract, and in birds of certain species also in the muscular and serous membranes.
They consisted of T and B lymphocytes and their effector cells, which perform important cellular
surveillance functions in protecting the body from foreign genetic information. It has been noted that
they are in close contact with macrophages and function as a single lymphoid-macrophage system.
The presented scientific research expands and supplements knowledge about the species, breed and
morphological features of the structure of immune formations of the digestive tract of birds, which
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will allow specialists to objectively assess the effectiveness of methods of prevention and treatment

of diseases in poultry farms

Keywords: immune formations; digestive system; lymphocytes; lymphoid tissue; lymphoid nodules

Introduction

The avian digestive tract is not only the prima-
ry organ for digestion and nutrient absorption
but also a crucial link in ensuring the immune
defence of the organism. Its wall contains nu-
merous immune structures that form specialised
structures of mucosa-associated lymphoid tissue
(MALT), which are actively involved in protective
reactions against pathogenic microorganisms
that enter the body with food and water. Mor-
phological study of these immune formations
is important for understanding the mechanisms
of immune response, assessing the resistance of
birds, and developing effective veterinary and
preventive measures in poultry farming.

Scientists B. Dukhnytskyi & V. Dukh-
nytskyi (2025) noted that poultry farming is a
rapidly growing branch of animal husbandry that
deals with the breeding, rearing, keeping and
feeding of poultry for the purpose of obtaining
eggs, meat and other products. However, one of
the challenges is combating poultry diseases
that negatively affect the immune system. The
resistance of birds to disease is determined by
the state of their immune system, which includes
lymphoid organs, tissues and cellular elements
capable of protecting the body from living organ-
isms and substances that carry signs of foreign
genetic information. According to S. Ceccopieri
& J.P.Madej (2024), the immune system provides
one of the most important adaptive functions of
the body, aimed at controlling and maintaining its
genetic integrity or homeostasis. The researchers
also explained the significant development of im-
mune structures in the digestive tract of birds by
the absence of lymph nodes and the lymphoepi-
thelial pharyngeal ring, as well as the prolonged
retention of feed masses in certain sections of the
digestive tract. Despite the scattered and uneven

distribution of immunocompetent structures, the
lymphoid-macrophage system responds to anti-
genic stimuli as a single entity, with a naturally
enhanced response at the site of antigen entry.

M. Lu et al. (2023) found that the bulk of an-
tigenic material (microorganisms and their waste
products) enters the lumen of the digestive or-
gans of birds with food and water. In response
to their action, immune structures belonging to
the peripheral (secondary) organs of the immune
system develop in the wall of the digestive tract.
Microscopically, they are represented by diffuse
lymphocytic clusters without clear boundaries
and lymphoid nodules without light and with
light centres, in which the proliferation and dif-
ferentiation of T and B lymphocytes, the main
cells of immune processes, occurs. J. Mehrzad et
al. (2024) found that proliferation is preceded by
blast transformation of lymphocytes. As a result,
T lymphocytes differentiate into several types: T
killer cells (cytotoxic), which destroy foreign tar-
get cells and protect the body from neoplasms;
T helper cells, which cooperate with B lympho-
cytes, without which their transformation into
plasma cells is impossible; T suppressor cells,
which block antibody formation; T memory cells,
which store information about the antigen. Under
the action of the antigen, B lymphocytes trans-
form into plasma cells and memory B cells, and
plasma cells produce immunoglobulins - compo-
nents of antibodies that determine the develop-
ment of humoral immunity. The researchers also
noted that in addition to the four classic stages
of lymphoid tissue formation characteristic of its
morphological development, there is also a fifth
stage, which reflects the involutive processes and
reverse development of immune structures typi-
cal of the organs of the immune system.
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J-C.Weil et al. (2023) suggested that in adult
birds, after the replacement of the lymphoid nod-
ules of the cloacal sac with loose fibrous and
fatty tissues, the function of B-lymphocyte for-
mation is taken over by the peripheral organs
of the immune system. G. Garagulya et al. (2022)
emphasised that immune formations in the di-
gestive organs are mainly associated with the
mucous membrane, as it is constantly exposed
to antigenic influences, although in some bird
species they can also occur in the muscular and
serous membranes. A significant part of the im-
mune structures is macroscopically invisible, but
in some areas of the inner lining, they are so de-
veloped that they form structures in the form of
whitish thickenings (oesophageal and caecal ton-
sils, caecal diverticula, Peyer’s patches, etc.). The
functional basis of these formations is formed by
lymphoid tissue - a collection of lymphocytes in
the cells of the reticular tissue, which contains
reticulocytes, ground substance and reticular fi-
bres. N. Pendl & R.E. Schmidt (2024) identified
four stages in the formation of lymphoid tissue.
In the first stage, diffuse tissue is formed with the
migration of lymphocytes from the hemocapillar-
ies; in the second stage, cells are more densely
arranged and pre-nodes are formed; in the third
stage, primary nodes and their aggregates are
formed, indicating readiness for the formation
of immunocompetent cells; in the fourth stage,
secondary lymphoid nodules with a light centre
appear, which increase in size upon contact with
antigens. This complex of morphological features
indicates the functional maturity of immunocom-
petent structures. S. Zeinali et al. (2024) divided
lymphoid nodules into two types: perivascular,
which are located along the course of the haem-
and lymph-microcirculatory channels and belong
to the structures of the internal environment of
the organism, and lymphoepithelial, which have
a close connection with the surface epithelium of
the mucous membranes of tubular organs.

The aim of the article was to study the im-
munocompetent structures of the mucous mem-
branes of the oesophagus, stomach and intestines

of various bird species to better understand the
functions of their immune systems and improve
approaches to prevention and vaccination. To
achieve this goal, Ukrainian and foreign publi-
cations on the subject were analysed, and works
with original research were selected that reveal
the topography, macro- and microstructure of the
immune formations of the digestive organs of
birds. Particular attention was paid to works that
used classical morphological methods (anatomi-
cal, histological, cytological, immunohistochemi-
cal, and statistical).

General characteristics
of the digestive system of birds

The digestive system of birds is a long tube that
begins at the beak and ends at the rectum with
the cloaca (Fig.1). It also includes digestive glands
(liver and pancreas). The digestive tract consists
of the oesophagus, stomach and intestines. In the
lumen of the gastrointestinal tract, food lumps
are broken down by the action of digestive juices,
followed by the absorption of nutrients into the
blood and lymph and the excretion of indigesti-
ble residues outside the body.

Figure 1. The digestive system
of birds (diagram)
Note: 1 - beak; 2 - oesophagus; 3 - crop; 4 - stomach;
5 - liver; 6 - pancreas; 7 - intestine; 8 - cloaca
Source: T.V. Kovtun (2023)

One of the initial digestive organs of birds,
into which food enters and immune structures
develop, as noted by A. Nahed et al. (2021) and
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Z.Mosa & F. Al-Asadi (2022), is the oesophagus,
which has the appearance of an elastic long tube
(Fig. 2). It is capable of stretching in diameter, al-
lowing large particles of food and insects to be
swallowed. In granivorous birds, at the entrance
to the thoracic-abdominal cavity, its wall expands
and forms a protrusion - the crop, where food is
stored and moistened. A.A. Alsanosy et al. (2021)
showed in their studies that the crop also serves
as a functional barrier to pathogens by lower-
ing the pH through fermentation. S. Qinghui et
al. (2020) noted that in most species of birds, the
stomach is two-chambered and divided into glan-
dular and muscular parts, which are connected by
an intermediate zone (Fig. 2).

Figure 2. Anatomical structure of the digestive

tract of a domestic turkey (native preparation)
Note: 1 - oesophagus; 2 - crop; 3 - glandular
4 - muscular parts of the stomach; 5 - small intestine;
6 - caeca; 7 - rectum with cloaca
Source: authors’ own work

PS.Selvan et al. (2008) reported the presence
of a third pyloric part in wild birds, located at the
border between the exit from the stomach and
the entrance to the duodenum. It is represent-
ed by the pyloric sac, and in domestic birds this
part is poorly developed. The glandular part of
the stomach looks like a thick-walled tube with
a well-defined mucous membrane with superfi-
cial and deep glands. The latter are grouped into
lobules. In their work, Z. Umar et al. (2021), based
on histological and histomorphometric analysis
of ostriches (Struthio camelus) of different ages,
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showed age-related variability in the structure of
the mucous membrane and glands of the stom-
ach. The authors noted a gradual increase in the
thickness of the mucosa, the depth of the crypts,
and the density of the glands, indicating an in-
crease in secretory activity with age. The data
obtained complement the understanding of the
functional specialisation of the glandular part
of the stomach in birds and demonstrate the
importance of the age aspect in assessing the
morphology of the digestive tract. In granivo-
rous, herbivorous, and omnivorous birds, they
are multi-lobed with a complex branched duct
system, while in carnivorous and insectivorous
birds, they are single-lobed. In a comparative mi-
croscopic study, F. Taki-El-Deen (2017) examined
the tongue, oesophagus, and stomach of two bird
species, demonstrating significant differences in
the structure of the mucous membrane and the
organisation of the glands depending on the type
of diet. It was shown that granivorous species
are characterised by a more complex glandular
apparatus, which corresponds to their need for
prolonged mechanical and chemical process-
ing of coarse feed. These data confirm the close
relationship between the morphology of the
digestive tract and the dietary specialisation of
birds. The muscular part of the stomach has an
elliptical shape with blind sacs located on oppo-
site sides. It is where the mechanical processing
of feed takes place, which is why its wall has a
well-developed muscular coat. Simple tubular
glands in the muscular part of the stomach pro-
duce a cuticle (keratin-like film) that covers the
mucous membrane and prevents damage to its
walls by solid particles. A study by W. Khamas et
al. (2022), which evaluated the growth and de-
velopment of digestive organs in two breeds of
chickens with different growth rates, showed
that significant dynamics in the development of
the muscular stomach are observed already in
the first four months of life. The authors found
a direct relationship between the growth rate of
the breed and the rate of formation of its mor-
phological structures, in particular the muscular
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membrane and glands, which emphasises the
role of genetic factors in the functional maturity
of the digestive organs.

As noted by 1.0. Kolomak (2023), the intes-
tines of birds are divided into small and large
sections of different lengths (Fig. 2). The small
intestine, which is the longest, consists of the
duodenum, jejunum and ileum. Their mucous
membrane forms folds, villi and numerous crypts,
which provide the main digestion and absorp-
tion of nutrients. The large intestine consists

of two blind intestines and the rectum. They are
mainly responsible for the formation and ex-
cretion of faeces. S. Zeinali et al. (2024) showed
that the caeca varies in length depending on the
bird species. It is short in blackbirds and long
in chickens, turkeys, ducks and geese. The wall
of the digestive tract of birds contains immune
structures that have different locations and de-
velopment of lymphoid tissue. Their topographi-
cal features and structural components are sum-
marised in Table 1.

Table 1. Sites of localisation and distribution of structural components
of immune formations in the avian digestive tract

Minor aggregations of
lymphoid cells and solitary

Name of organ or part

Aggregations of Tonsils (islands or
lymphoid nodules continuous layers of

lymphoid nodules (Peyer’s patches) lymphoid tissue)
Oesophagus + - -
Crop (Ingluvies) + - _
Oesophag}ﬂﬁgqg\éentriculus ) ) Oesophageal tonsil
Proventriculus + _ -
(Glandular stomach)
Gizzard (Muscular stomach) + - -
Gizzard-duodenum junction - - Pyloric tonsil
Small intestine - + -
Meckel's diverticulum - + -
Caeca - ' S vertioia
Rectum + - -

Source: developed by the authors based on 0.V. Byrka & M.M. Kushch (2010), L.P. Kharchenko & I.0. Lykova (2013),

V.T. Khomich et al. (2020)

The highest concentration of lymphoid tis-
sue is found in the tonsils, slightly less in Peyer’s
patches, and least in individual lymphoid nod-
ules. The uneven development of this tissue and,
accordingly, the immune formations in the avian
digestive tract organs depends on the intensity
of antigenic exposure, feed retention in certain
areas, and the thickness of the epithelial covering
of the mucous membrane. The morphofunctional
features of the immune structures of individual
organs of the digestive tract of birds are present-
ed below.

Features of the topography
and histostructure of immune
formations of the oesophagus,
crop and oesophageal tonsil
The microscopic structure of the oesophageal
wall in birds of different trophic specialisations
largely depends on how they obtain food. Its
mucous membrane is lined with a multilayered
squamous epithelium, which has varying degrees
of keratinisation and contains glands whose
size and shape depend on the feeding ecology.
In particular, R. Sinha et al. (2023), studying the
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oesophagus of Japanese quails (Coturnix japoni-
ca), noted specific morphometric indicators of the
mucosa and variations in the degree of epithelial
keratinisation, indicating the adaptation of the
organ to the peculiarities of food consumption.
Similar conclusions were made by R.A. Al-Musa-
wi & S.S. Ali Al-Khakani (2024), who, based on
a comparative histochemical analysis of the oe-
sophagus of a turtle dove and a buzzard, showed
differences in the size and shape of the glands
directly related to the type of diet and method of
food procurement. R. Al-Musawi & S. Ali Al-Kha-
kani (2024) found that in the grey turtle dove,
they are absent in the cervical part of the organ.
In many species of birds, diffusely scattered lym-
phoid cells and lymphoid nodules are located near
the glands. The work of C. Casteleyn et al. (2010)
provided a general overview of the localisation
of lymphoid structures in chickens, emphasising
the importance of the oesophagus as an area
with a high concentration of GALT. NJ. Monisha et
al. (2024a), analysing the histomorphometry of
the digestive tract of broilers and roosters in
Bangladesh, confirmed the presence of a signif-
icant number of immunocompetent cells in the
oesophageal wall, which provides local immune
protection. Research by M. Mahdy & E. Moham-
med (2024) on domestic pigeons supplemented
these data, demonstrating the diversity of the
cellular composition of the mucosa depending on
the age and functional activity of the organ.
Contact of the organism with the external
environment and changes in the type of nutrition
cause the development of subepithelial lymphoid
barriers of the digestive tract in the first days of
life after hatching, forming a local immune sys-
tem. However, such a system is quite limited in
the early stages of post-embryonic development
and only intensifies with age. L. Horalsky & V. Gat-
skivsky (2009) found isolated lymphoid nodules
with a diameter of 869 ym to 17227 um in
the cervical part of the duck’s oesophagus, while
they were absent in the thoracic-abdominal part
of the organ. Research by S. Kots (2009) shows
that the mucous membrane of the oesophagus
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of birds of the heron family forms longitudinal
wave-like folds with different configurations of
bends and contains densely located oesophage-
al glands in the lamina propria of the mucous
membrane. Lymphocytes in the middle and cau-
dal sections of the grey heron’s oesophagus are
mainly located near the basement membrane of
the secretory sections of the glands. The author
suggests that these cells may migrate to the sur-
face of the epithelial layer, where they work with
gland secretions to protect the mucous mem-
brane. Lymphocytes in the middle section of the
oesophagus form clusters in the form of diffuse
lymphoid tissue, and in the area of its transition
to the stomach, there are 9 to 10 oval-shaped
lymphoid nodules, which is probably associated
with food retention during increased feeding.

Histological studies by H. Ali et al. (2023)
showed that the shape of the folds of the mucous
membrane of the oesophagus of pigeons differs
in its individual parts and also depends on the
age category of the birds. The cervical part of this
organ in young pigeons had primary folds of the
mucous membrane with a small number of sec-
ondary folds, while in adults, they were heavily
folded and divided into primary, secondary and
tertiary folds. Isolated clusters of diffuse lymphoid
tissue were recorded in the plane of the folds.
N.Hamoda & A.Farag (2018) also found lymphoid
nodules in the oesophagus of pigeons, located in
the lamina propria of the mucous membrane and
the submucosal base. Some of them were also re-
corded in the muscular and serous membranes.
According to the authors, the lymphoid tissue of
the digestive tract can serve as an indicator for
understanding the immune response after oral
administration of vaccines.

The immune formations of the esophagus of
waders are located in the lamina propria of the
mucous membrane under the surface epithelium
and near the glandular packets. They are mainly
represented by a diffuse form and isolated lym-
phoid nodules (Kharchenko & Lykova, 2013). A
similar location of immunocompetent structures
was observed in the oesophagus of the African
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ostrich by O. Byrka (2017). M. Kovtun & L.Kharch-
enko (2005) identified diffuse lymphocytic ag-
gregations and isolated lymphoid nodules in the
oesophagus of sexually mature pheasants, quails,
and rooks, whereas in chaffinches and bee-eat-
ers only minor lymphocytic infiltration of the
mucosa was observed. The immune formations
showed a close morphofunctional association
with the secretory portions of the glands, forming
immunosecretory complexes. These complexes
provided a protective barrier, enabling mucus on
the epithelial surface to retain secretory immu-
noglobulins. In the region where the oesophagus
transitions into the glandular part of the stomach
in pheasants, quails, and rooks, well-developed
clusters of lymphoid formations were observed.
They were represented by lymphoid nodules, both
without and with germinal centres, as well as dif-
fuse lymphoid tissue. In the transitional zone of
the bee-eater, only intensive diffuse infiltration of
the mucosa was recorded, while in the chaffinch
no lymphoid tissue was found. On this basis, the
researchers suggested that in the bee-eater and
the chaffinch, the oesophageal tonsil, as a distinct
immune formation, is absent.

The lymphoid tissue of the esophageal
tonsil of day-old quails is immature. Lymphoid
nodules with pronounced centres of prolifera-
tion were recorded in it starting from 30 days of
age. They are located in the mucous membrane
singly and in the form of conglomerates (2-3 or
more) (Kryvutenko, 1996). According to research
by H. Sags6z & N. Liman (2009), the oesophageal
tonsil of quails begins to form on the 5t day after
hatching. In day-old turkeys, the lymphoid tissue
of the oesophageal tonsil is also undeveloped.
Its development begins on the 30 day, and in
60-90-day-old birds, secondary lymphoid nodules
appear, mainly in females, which is associated
with their sexual maturation (Kryvutenko, 1984).
According to research by L.O.Bugay (2008), in day-
old muscovy ducks, the oesophageal tonsil was
not macroscopically detectable, while in 5- and
10-day-old ducks, blurred spots were observed.
Its most intensive growth occurred between 15

and 30 days and between 90 and 180 days. The
oesophageal tonsil reached its maximum rel-
ative area in birds aged 30 days. In her studies,
N. Petushinova (1985) noted that the lymphoid
formations of the digestive organs of 49-day-old
“Broiler-6” crossbred chickens are located in the
caudal part of the oesophagus around individu-
al terminal sections of the mucous glands in the
form of more or less significant diffuse forma-
tions, and in the oesophageal tonsil there were
up to 20 lymphoid nodules, which were limited by
thin collagen fibres that were closely connected
to the lamina propria of the mucous membrane.
The same fibres penetrated into the thickness of
the lymphoid nodules. According to research by
N. Nagy et al. (2005), the oesophageal tonsil of
6-8-week-old chickens consisted of 6-8 separate
units limited by a thin fibrous capsule. Each of
them was located in the area of the bottom of the
longitudinal folds and served as a “tonsil crypt”.
The surface epithelium of the tonsil location area
was infiltrated with lymphoid, plasma, dendritic
cells and macrophages.

According to morphological studies by
N. Nagy et al. (2005), the oesophageal tonsil of
chickens and ducks is divided into eight tonsillar
units depending on the number of longitudinal
folds, which lie in their own mucosal plate. Each
tonsillar unit delimits a crypt lined with multi-
layered squamous epithelium infiltrated with
lymphocytes. N. Arai (1987) noted in his studies
that the oesophageal tonsil of chickens produces
not only IgA, which is important for the protec-
tion of the mucous membrane, but also 1gG for
systemic immunity. In this respect, it is similar
to the palatine tonsils of mammals. V. Indu &
K. Lucy (2021) noted that the oesophageal tonsil
of 12-week-old “White Leghorn” chickens con-
tains large lymphoid nodules separated by inter-
nodular areas and bounded by a connective tissue
capsule. G. Krok & N. Musyenko (1976) studied
the development of lymphoid tissue in the area
of the oesophageal tonsil of highly productive
lines of chickens aged one, 10, 30,60 and 90 days.
It was shown that in this area of day-old birds,
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proliferation of reticular tissue was observed,
and lymphoblasts and agranulocytes of vary-
ing degrees of maturity appeared. At 10 days of
age, there was active proliferation of lymphoid
elements located around the terminal sections
of the glands. At 30 days of age, lymphoid tissue
with diffuse clusters and lymphoid nodules with
light centres was well developed and formed the
oesophageal tonsil. In some areas, lymphoid ele-
ments reached the central lumens of the glands
and migrated into their space. The oesophage-
al tonsil reached its maximum development in
60-day-old birds and contained numerous nod-
ules with reactive centres.

The most complete macroscopic and micro-
scopic study of the oesophageal tonsil in selected
species of domestic and wild birds was conduct-
ed by V. Khomich et al. (2020). Macroscopically,
this immune formation is evident in the chicken,
quail, turkey, duck, goose, guinea fowl, common
pheasant, hazel grouse, common peacock, Canada
goose, magpie, hooded crow, and white stork as
a thickened, whitish strip with a yellowish tint at
the boundary between the oesophagus and the
stomach. It is not visually noticeable in the wil-
low ptarmigan, jay, common moorhen, Eurasian
coot, and rock dove (feral pigeon). Depending
on the development of the lymphoid tissue, the
authors proposed dividing avian tonsils into dif-
fuse and compact. In the former, the tissue occu-
pied a significantly larger area than in the latter.
Structural levels of lymphoid tissue organisation
were found in the mucous membrane, with the
diffuse form being widespread. The largest area
of lymphoid tissue was observed in the domestic
duck (68.64*0.70%), and the smallest in the wil-
low ptarmigan (2.31 £ 0.05%). Solitary lymphoid
nodules and diffuse lymphoid tissue were also
detected in the muscular and serous coats of the
guinea fowl, goose, duck, Canada goose, common
moorhen, and coot. Between the oesophageal
tonsil and the glandular part of the stomach in
the goose and Canada goose, there was an in-
termediate zone without oesophageal glands
or lobules of deep glands, but with localised
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clusters of lymphoid cells in the mucous mem-
brane. The researchers believe this transition
zone is a species-specific feature of these birds.
The composition of the lymphoid tissue in the
chicken oesophageal tonsil included reticular
cells, immunoblasts, lymphocytes, plasmocytes,
monocytes, and macrophages. Among the lym-
phocytes, subpopulations were found that react-
ed to monoclonal antibodies with markers CD4+
(T-helper cells), CD8+ (T-cytotoxic/T-suppressor
cells), and CD20+ (mature B-lymphocytes).

Features of the topography and
histostructure of immune formations
in the stomach and intestines
R. Matsumoto & Y. Hashimoto (2000) found clus-
ters of lymphocytes located in three different
areas of the lamina propria on the 20" day of
incubation in the mucous membrane of the glan-
dular part of the chicken stomach, namely under
the surface epithelium, near the excretory ducts
of the deep glands and in the wall of the glands
themselves. In the third week after hatching, lym-
phoid nodules with a germinative centre were
found in the deep glands. The latter was limited
by densely located lymphocytes. The researchers
noted that such nodules are formed as a result
of the action of antigens present in the lumen of
the stomach. N. Petushinova (1985) recorded lym-
phoid formations in the form of diffusely located
cellular elements and lymphoid nodules (3-5 on
the histological section) in “Broiler-6” crossbred
chickens in the area of the transition of the mus-
cular stomach to the duodenum. They were locat-
ed among the crypts, under them and in the villi.
They consisted of lymphocytes, macrophages and
plasma cell precursors. According to N. Nagy &
I.Olah (2007), the pyloric tonsil is a new peripher-
al organ of the immune system.According to their

data, it forms a lymphoid ring in chickens.
According to morphological studies by
S. Usenko (2023), immune formations in the glan-
dular and muscular parts of the stomach of the
waterfowl are represented by various forms of
lymphoid tissue and occupy unequal areas. Such
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clusters are localised in the lamina propria of
the mucous membrane and are formed by a dif-
fuse form in the muscular part and all forms of
lymphoid tissue in its glandular part. The lamina
propria of the mucous membrane of the pigeon
stomach contains diffuse lymphoid tissue, which
is located mainly near and between the tubular
glands. Similar accumulations of lymphoid tissue
are found in the lamina propria and submucosal
base at the border of the stomach and duode-
num, forming pyloric tonsils, and lymphocytes
from these accumulations penetrate the surface
epithelium, forming lymphoepithelium.The latter
covers the crypts between the villi. The wall of
the glandular and muscular parts of the stomach
of sandpipers is moderately infiltrated with lym-
phoid cells. Between the simple tubular glands of
the lamina propria of the mucous membrane are
unformed lymphoid nodules (Kharchenko & Lyko-
va, 2013). In the grey crow, the mucous membrane
of the glandular part of the stomach is infiltrat-
ed with lymphocytes and contains lymphoid ag-
gregates located between the superficial tubular
glands (Maksoud et al., 2022). According to mor-
phological studies by S. Kots (2009), in represent-
atives of the heron family, the wall of the pyloric
sac contains numerous immune formations that
act as a protective “filter” when chyme moves from
the stomach to the duodenum. They are located
in the lamina propria of the mucous membrane,
and isolated lymphoid nodules are also found
in the circular layer of the muscular membrane.

After hatching, the intestines of chickens
are sparsely populated with lymphocytes, so ac-
quired immunity is practically undeveloped in
the first days of life (Logvinova et al., 2020). Pro-
tection during this critical period is the result of
the activity of maternal antibodies or the innate
immune system. IgA plays an important role in
defence mechanisms, as it is associated with the
mucous membrane and participates in the neu-
tralisation of antigens in the intestine (Fried-
man et al., 2003). The empty intestine of chickens
contains immune structures represented by scat-
tered Peyer’s patches and Meckel’s diverticulum.

Peyer’s patches form on the 5t day after hatching,
and in birds 30 days old and older, there are 3 to
10 of them. Meckel’s diverticulum forms in day-
old chickens and contains lymphoid cells in its
own mucosal membrane (Kalinovska, 2006). I. Ka-
linovska (2002) conducted a study of the blind
intestines of 150-day-old Leghorn chickens. The
author found that they contain cecal tonsils and
Peyer’s patches, which are macroscopically visible
and located in the lamina propria of the mucous
membrane, and Peyer’s patches are also located
in the submucosal base. The immune structures of
the caeca are formed by connective tissue stroma,
lymphoid tissue in the form of a diffuse form and
lymphoid nodules, and a system of crypts. The lat-
ter are absent in some Peyer’s patches. In the ce-
cal tonsil, connective tissue stroma accounted for
12.38+2.63%, lymphoid tissue for 71.01+3.17%,
and crypts for 16.60+3.51% of their area.

O. Prokushenkova et al. (2012) noted that
lymphoid structures in the duodenum of musco-
vy ducks appear 20-25 days after hatching in the
form of diffuse lymphoid tissue, while secondary
lymphoid nodules are found in sexually mature
individuals aged 210-240 days. In the jejunum
and ileum, the formation of such structures oc-
curs in three periods: the development of diffuse
lymphoid tissue (20-25 days), the formation of
primary (25-60 days) and secondary lymphoid
nodules (60-240 days). V. Logvinova & A. Oli-
yar (2021) identified four stages in the develop-
ment of lymphoid structures in the wall of the
small intestine of muscovy ducks. The first stage
(5-25 days) is characterised by the development
of diffuse lymphoid tissue. In the second stage
(25-60 days), lymphoid nodules without centres
and with light centres are formed. The third stage
(60-240 days) is characterised by the formation
of aggregated lymphoid nodules. At the fourth
stage (90-240 days), the lymphoid nodules in-
crease in size, as a result of which the lymphoid
tissue occupies almost the entire area of its own
mucosal membrane. Subsequently, groups of
lymphoid nodules penetrate the muscular layer
of this membrane and penetrate the muscular
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membrane of the small intestine, where they are
separated by muscle layers. Lymphoid nodules in
the muscularmembrane oftheintestine of muscovy
ducks were also found by N. Dyshliuk et al. (2022).

T. Mazurkevych & V. Khomych (2019) con-
ducted a study of the immune formations of the
intestine of Blagovar cross broiler ducks from
day-old to 420 days of age. It was found that
they are represented by Peyer’s patches, Meckel’s
diverticulum and cecal diverticula. One Peyer’s
patch was found in the duodenum and ileum,
three in the jejunum of ducks from hatching to
240 days, two at 330 days, and one at 420 days.
Each caeca contained 60 to 80 Peyer’s patches
arranged in a chain. Complete morphofunction-
al maturity of the cecal diverticula was observed
on day 10, Peyer’s patches of the duodenum, jeju-
num and cecum on day 15, and Peyer’s patches of
the ileum and Meckel’s diverticulum on day 20.
Lymphoid nodules were predominantly oval and
elongated oval in shape. The linear indices of sec-
ondary lymphoid nodules were greater than those
of primary nodules. Small and medium-sized lym-
phocytes, immunoblasts, proplasmacytes, plas-
macytes, and macrophages predominated in the
immune formations of the duck intestine. Ducks
aged 180 days had stem cells (CD34+), which, ac-
cording to the researchers, indicates the possible
development of T and B lymphocytes in them,
while in 30- 150- and 180-day-old birds, T-help-
er lymphocytes (CD4+), T-cytotoxic/T-suppressors
(CD8+), naive T-cells (CD44+), mature B-lympho-
cytes (CD20+), early B-lymphocytes (CD24+) and
natural killer cells (CD56+).

Immune structures are located along the en-
tire length of the intestine, localised in the lami-
na propria of the mucous membrane. The largest
number of them is concentrated in the wall of the
ileum. The epithelium of the intestinal villi of the
small intestine contains a significant number of
diffusely located lymphocytes. In the wall of the
transitional zone of the small intestine to the rec-
tum, there is Peyer’s patch, which is represented
by clusters of diffuse form and densely located
lymphoid nodules. N. Hamoda & A. Farag (2018)
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found lymphocytic infiltration of the lamina pro-
pria and submucosal base of the mucous mem-
brane and lymphoid nodules throughout the
intestine of pigeons. The latter were located at
the base of the short villi. Individual isolated lym-
phoid nodules were also found in the muscularis
and subserosal layer. Lymphocytes infiltrated the
simple cylindrical epithelium of the intestinal vil-
li. The greatest infiltration and lymphoid nodules
were observed in the ileum and caeca.

O.V. Byrka & M.M. Kushch (2010) noted that
the Meckel’s diverticulum of large grey geese is
hook-shaped and located on the antimesenteric
surface of the small intestine. Its own plate and
submucosal base of the mucous membrane are
infiltrated with lymphocytes, and lymphoid nod-
ules are located at different depths. In some folds,
small clusters of lymphoid cells form a pre-nod-
ular form of lymphoid tissue. Secondary lym-
phoid nodules are also found in the muscularis
and subserosal base of the serosa. According to
research by N. Monisha et al. (2024b), there are
more lymphoid nodules and a higher density of
lymphocytes in the Meckel’s diverticulum than
in local chickens in Bangladesh. L.P. Kharchen-
ko & 1.0. Lykova (2013) reported that the mu-
cous membrane of the Meckel’s diverticulum of
waders is densely infiltrated with elements of
lymphoid tissue and contains large lymphoid
nodules with pronounced light centres. Individ-
ual nodules are also located in the muscular and
serous membranes. The lamina propria of the mu-
cous membrane of the blind intestines of waders
is moderately infiltrated with lymphocytes, and
the mesentery also contains unformed lymphoid
nodules. The latter are also located in the submu-
cosal base of the rectum of waders.

Conclusions
The functions of the pperipheral organs of the
avian immune system are aimed at creating bio-
logical protection for the body against antigenic
influences. The absence of lymph nodes is com-
pensated by well-developed immunocompetent
structures associated with the mucous membrane
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of the digestive tract in the form of diffusely
scattered lymphocytes and lymphoid nodules of
varying degrees of maturity. The development of
immune structures depends on the species, sex,
age category, feeding and housing conditions, and
feed specialisation of birds. They are mainly lo-
cated in the lamina propria and submucosal base
of the mucous membrane and appear as small
clusters of lymphoid tissue and their aggregates.
Immune formations lie under the epithelial lay-
er, near the glands (oesophageal, gastric, Lieb-
erkuhn) and their excretory ducts.

Lymphoid cells from separate immunocom-
petent structures migrate into the surface and
glandular epithelium and are found between
epithelial cells and in the gland wall. In the ar-
eas of the digestive tract that are most exposed
to antigenic influence, there are well-organised
immunocompetent structures in the form of ton-
sils (oesophageal, caecal), Meckel’s diverticulum,
caecal diverticula and groups of lymphoid nod-

(lymphocytes, plasma cells, macrophages, etc.)
present in birds of all ages.

The physiological processes that occur in
them emphasise the importance of such forma-
tions in the immune defence system. Knowledge
of the structure of the immune formations in the
avian digestive tract will help in developing more
effective prevention and treatment of infectious
diseases and local inflammatory processes of the
mucous membranes. Based on the above, it be-
comes obvious that the study of the species and
age morphology of these structures in birds is
quite relevant and is not only of scientific interest
but also has great practical significance. Promis-
ing areas for further research on this topic may
include the analysis and generalisation of data on
the morphological features of the immune struc-
tures of the digestive tract of other representa-
tives of the animal world.
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AHoTaLifl. IMyHOKOMNETEHTHI CTPYKTYpWM OpraHiB TPaBNeHHs BiAirpaloTb BaXNUBY POfb B 3aXMCTi
opraHi3my Big H6akTepianbHMX Ta BipyCHMX iHdeKUi HagaouM iMyHHyY BianoBiab. MeTolo faHoi poboTu
OyN0 BCTAHOBWTM i y3aranbHUTM MOPGONOriYHi 0COBAMBOCTI LUMX CTPYKTYp Yy MTaxiB Pi3HUX BUAIB, WO
[LO3BONIUTb 3'ACyBaTM iX MOPGDODYHKLIOHANBbHUI CTATYC, SKMMA BMU3HAYAETLCA CTAHOM MNPUPOAHBLOI
PEe3UCTEHTHOCTI i PEAKTUBHOCTI OPraHi3aMy Ta BUSBUTM KPUTUUHI Nepioan B pO3BUTKY IMYHHOI CUCTEMMU.
[na pocsrHeHHs MeTu ByB MpOBeAEHWI NiTEPATYPHUIM aHani3 Cy4yacHMX LOCHimxeHb 3 Tonorpadii Ta
MiKPOCTPYKTYPM iMyHHUX YTBOPEHb OpraHiB TpaBieHHS NTaxiB. BctaHoBneHo, Lo MaTepianbHOK OCHOBOHO
LMX CTPYKTYp € niMdoinHa TKaHMHa, AMdepeHLiauisa akoi Ma€e perioHanbHi 0cobaMBOCTI, BiabyBaEeTbCs y
NeBHi NOCNiIAOBHOCTI | NPOXOAMTD Y AeKiNbKa eTanis. Ii po3BMTOK 3aneXuTb Bif BiKy, BAAY, CTaTi, TUNY
XXMBMEHHS NTaxiB Ta CTPYKTYPHO-aAanTauiiHUX 0COBNMBOCTEN OpraHiB TpaBfieHHS. IMyHHi YTBOpEHHS
JIOKaNi30BaHi NepeBaXKHO y C/IM30BiM 000NOHLI TPAaBHOrO KaHany, a y NTaxiB OKpeMUX BUAIB We 1y
M’130BiM Ta cepo3Hin obonoHkax. [lo ix cknagy BxoasaTe T- i B-nimbouutn 1a ix edekTopHi KNiTUHM,
SKi BUKOHYHOTb BaXMBI QYHKLi KNITUHHOrO HaA30py Y 3aXMUCTi OPraHi3My Bif YyXKepifHOi reHeTUYHoI
iHbopMaLii. 3a3HayeHo, WO BOHM MalOTb TICHWIA KOHTAKT 3 Makpodaramu i dYHKLiOHYIOTb 9K €AMHA
niMmgoigHo-mMakpodaranbHa cuctema. [peactaBieHi HayKoBi [OCNIOXKEHHS PO3LWMPIOIOTL | 4OMOBHIOKTb
3HaHHS LWOAO BULOBUX, MOPOAHUX i MOP@OOriYHNX 0cobnusocTei 6yao0BU IMyHHUX YTBOPEHb TPABHOMO
KaHany nTaxis, WO AACTb 3MOTy CrnewianictaM 06EKTUBHO OUiHUTU eeKTUBHICTb METOAIB NPOQiNAKTUKK
i NiKkyBaHHS 3aXBOPIOBaHb Ha NTaxiBHUYMX rOCNOAAPCTBAX
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BY3/IMKM
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Abstract. One of the key problems of modern ecology and forestry is the spread of black locust, which
leads to the transformation of forest ecosystems and loss of biodiversity. The aim of the study was
to determine the structural features of secondary pine stands and analyse the invasive spread of
Robinia pseudoacacia L. The study was conducted in 2025 in a pine forest in Vinnytsia region using the
Braun-Blanquet method with an assessment of the stratification and frequency of occurrence of species;
additionally, for black locust, an analysis of the age structure of the population was performed based on
trunk diameter and plant height. The survey was carried out at the forest edge and in the inner areas
of the forest. It was found that the species composition of the forest stand is spatially differentiated.
The central part of the community was formed mainly by Scots pine (Pinus sylvestris L.) and silver birch
(Betula pendula Roth.), while black locust dominated the eastern forest edge, forming tree, undergrowth
and shrub layers. The presence of all age groups of black locust was detected, from seedlings to old
generative individuals, indicating its stable regeneration and high invasive potential. The species was
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absent in the inner areas of the forest, which is due to the dense canopy of autochthonous trees and
competition with the native flora. The results obtained indicate the local, ecotonal nature of the black
locust invasion, concentrated in the edge parts of the forest stand adjacent to agricultural landscapes.
The presence of numerous young generations is a sign of invasive pressure, which may lead to a
gradual expansion of the population. The results obtained can be used in forestry practice to monitor
invasive species and develop measures to preserve biodiversity

Keywords: forest stand; species composition; age structure; invasive species; black locust

Introduction

Introduced tree species pose a serious threat to
the stability of forest ecosystems, as they are ca-
pable of actively spreading, changing the natu-
ral structure of communities and disrupting the
balance between species. Such processes are
often accompanied by a decrease in the diversi-
ty of autochthonous flora, suppression of young
generations of native trees, and transformation
of environmental conditions. Particular attention
should be paid to black locust (Robinia pseudo-
acacia L.), a species that is distinguished by its
rapid growth, ecological plasticity, and ability to
form stable populations even in environments
with disturbed natural relationships. It easily
establishes itself on forest edges, in secondary
plantations and in areas where economic activity
has been carried out for a long time, gradually
displacing local species and changing the nature
of forest ecosystems.

The problem of biological invasions in forest
plantations is becoming increasingly acute in a
number of regions around the world. Secondary
forest communities that form on the site of for-
mer agricultural landscapes or outside the natu-
ral range of dominant species are often particu-
larly vulnerable to the introduction of invasive
species, in particular invasive tree species (Jones
& Yamamoto, 2024). One of the most aggressive
introduced species is black locust (Robinia pseu-
doacacia L.), which has a high capacity for spread
due to the formation of dense communities and
interaction with other tree species. In particular,
E.T. Nilsen & C.D. Huebner (2023) showed that
R. pseudoacacia forms compact clusters of trees

and undergrowth, where the closest neighbours
are most often individuals of the same species,
as well as other introduced and invasive species.
The authors also noted that areas dominated by
R. pseudoacacia are characterised by high tree
density and specific differences in species compo-
sition, confirming its ability to influence the struc-
ture and dynamics of local forest communities.

In anthropogenically transformed land-
scapes, where natural succession relationships
are disrupted, invasive species are capable of
altering the structure and dynamics of phyto-
cenoses and influencing the functioning of eco-
systems. In particular, a review by M. Langmaier
& K. Lapin (2020) showed that introduced tree
and herbaceous species, including Robinia pseu-
doacacia, Prunus serotina and others, suppress
the natural regeneration of autochthonous trees
through competition for light and resources, as
well as alter the chemical properties of the soil,
enriching it with nitrogen and changing micro-
bial communities. Similar conclusions are de-
scribed in the work of MJ. Woods (2023), where
author noted that invasive plants can not only
displace local species in areas affected by deg-
radation processes, but also significantly modify
the chemical composition of the soil (acidifica-
tion, carbon input), which affects the nutrient
cycle and reduces the chances of restoring the
autochthonous dendroflora.

In Ukraine, the impact of black locust on local
flora was studied by A. Tokaryuk et al. (2021), who,
using the example of the Prut-Dniester interfluve,
demonstrated the ability of black locust to lead
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to the loss of regional phytodiversity of both
herbaceous plants and trees. At the same time,
I.I. Korshikov et al. (2021), studying steppe ravines
in the Dnipropetrovsk region, noted that Robinia
pseudoacacia forms the most numerous self-sown
populations in the studied locations and exhibits
the greatest invasive potential among other plant
species, displacing native species and transform-
ing natural communities.

The high invasiveness of black locust is
largely explained by its biological characteristics,
but some scientists note that certain environ-
mental factors can either promote or slow down
invasive processes. For example, M.A. Holmes et
al. (2021) showed that land use history and abi-
otic factors determine the spread of introduced
shrubs in secondary forests in the Appalachians,
formed on the site of former agricultural and in-
dustrial areas. This highlights the importance of
considering anthropogenic factors when studying
invasive processes in forest ecosystems.

Despite the large number of publications de-
voted to the invasive properties of Robinia pseu-
doacacia, the issue of its spread in young forest
ecosystems of anthropogenic origin, formed on
the site of former agricultural land, has not yet
been sufficiently studied. In this regard, there is a
need for regional studies combining floristic anal-
ysis with the study of forest community structure.

The aim of the study was to investigate the
structure of secondary pine stands formed on for-
mer agricultural land and to analyse the invasive
spread of black locust (Robinia pseudoacacia L.)
within them.

To achieve this goal, the following tasks were
set:

» to determine the species composition and
vertical structure of the pine stand;

» to assess the spatial distribution (horizon-
tal zonation) of black locust within the study area;

» to analyse the quantitative indicators and
age structure of the black locust population.

The scientific novelty of the work lies in con-
ducting a detailed regional study of the invasion
process of Robinia pseudoacacia in secondary
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forest stands on the site of former agricultural
landscapes. For the first time in the studied re-
gion,a comprehensive analysis of the vertical and
horizontal structure of the dominant pine stand
was carried out in combination with a quantita-
tive assessment of the black locust population,
which allows for a deeper understanding of the
factors that influence the success of its spread in
such conditions.

Materials and Methods

The research was conducted in a Scots pine for-
est stand near the settlement of Dashiv, Haisyn
District, Vinnytsia Region, in 2025, in compliance
with the ethical standards set out in the Conven-
tion on Biological Diversity (1992). The forest
stand was formed on a north- and west-facing
hillside. It borders the Lysa Lypa river to the east
and north. Agricultural land is located to the west
and south of the forest (Fig. 1). The area of the
plantation was about 16 hectares (Public Cadas-
tral Map of Ukraine, n.d.).

To conduct a floristic analysis of the forest
stand, three experimental plots measuring 20x20
m were established in the eastern, western and
central parts of the forest, which made it possi-
ble to take into account the spatial heterogeneity
of the vegetation cover. The vegetation was de-
scribed using the Braun-Blanquet method (West-
hoff & van der Maarel, 1978), which involved
selecting homogeneous representative plots and
assessing each species on a coverage/abundance
scale. For each plot, the species composition,
stratification structure and relative participation
of species in the formation of the community were
recorded. The degree of coverage was indicated
on the Braun-Blanquet assessment scale: from
“r” (isolated specimens) and “+” (<1% coverage)
to gradations 1-5, reflecting the increase in the
coverage of the species in the phytocenosis (from
1 - <5% to 5-75-100%). This approach made it
possible to quantitatively characterise the spatial
heterogeneity of vegetation and identify differ-
ences in the structure of the eastern, central and
western parts of the plantation.
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Figure 1. Pine stands near the settlement of Dashiv, Vinnytsia region, Ukraine
Source: developed by the authors based on Satellite imagery (n.d.)

For the visual classification of Robinia pseudo-
acacia plants by age group, their height and trunk
diameter at a height of 1.3 m were determined.
Seedlings and juvenile plants were assessed only
by height, while generative plants were assessed
by height and trunk diameter. Individuals were
classified into groups: old generative (height 12-
18 m, trunk diameter 15-40 cm), young generative
(height 2-12 m, trunk diameter 2-15 cm), juvenile
(height 0.3-2.0 m) and seedlings (height up to
0.3 m). The number of individuals in each group
was recorded along the forest edge in three areas
30 m long and 15 m wide, which made it possible
to determine the age structure of the population
and its spatial boundaries.

Results and Discussion
Research into the structural characteristics of
pine stands has revealed marked spatial heter-
ogeneity in the composition and distribution of
tree and shrub species. A multi-tiered phytocenot-
ic system has formed within the studied area,
where the participation of native and introduced

species varies depending on the ecological condi-
tions of individual sites. The most contrasting dif-
ferences are observed between the edge zones of
the stand and its central part, which is due to dif-
ferences in light levels, moisture and competitive
relationships. The research has established that
the species composition of the forest stand is het-
erogeneous and varies depending on the location
of the studied areas (Table 1). The eastern part of
the forest is characterised by a pronounced dom-
inance of black locust, which forms three layers:
tree, undergrowth and shrub (Fig. 2).

The high number of individuals of different
ages and the ability of the species to occupy sev-
eral structural levels indicate stable population
recovery and an active invasive process. As a re-
sult, local indigenous species are significantly
suppressed, and the phytocenotic structure be-
comes monodominant. It is particularly notewor-
thy that black locust forms dense undergrowth
and thick thickets, which limit the penetration
of light to the lower tiers, further reducing the
chances for natural restoration of the local
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flora. However, despite the pronounced domi-
nance of black locust, isolated representatives of
other species are still found in the eastern part
of the forest, in particular Pinus sylvestris (cover-
age degree - 1), which occupies the tree layer. The
presence of P.sylvestris in this area is probably ex-
plained by the development of this species before
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the invasion of black locust, which allowed the
plants to occupy a dominant position in the up-
per forest layer and not experience competitive
pressure from other species. At the same time, the
absence of young Scots pine individuals indicates
the inability of plants to reproduce under the in-
vasive influence of black locust.

Table 1. Phytocenotic structure of forest stand according to Braun-Blanquet

Species / Layer East

Centre West

Robinia pseudoacacia (I, II, 1)

1 _

Betula pendula (I, 1)

Pinus sylvestris (1)

N =+

Prunus avium (Il 111)

3
4
1

Crataegus sp. (1Il) -

Alnus incana (I1) -

Quercus robur (1) -

Carpinus betulus (I1, 111) -

Fraxinus excelsior (Il) -

-
A A INR W W w

Rubus idaeus (1V) -

Fragaria vesca (IV) -

|
R

Bryophyta spp. (V) +

2 2

Note: layers: | - tree, Il = undergrowth, Il — shrub, IV — herbaceous, V — moss and lichen. Score - degree of

u_n w.n

coverage according to the Braun-Blanquet scale. Symbols “~" — absence of species in the area; “r" — isolated

individuals; “+" — <1% coverage

Source: developed by the authors based on own research

Figure 2. Robinia pseudoacacia

in the eastern part of the forest
Source: authors’ photo

To a certain extent, representatives of Prunus
avium (coverage degree - 2) are found in the
eastern part of the forest, in particular on the
forest edge, in the undergrowth and shrub lay-
er. The ability of wild cherry to survive in condi-
tions of black locust dominance is determined by
its ecological characteristics, which, according to
LV. Kalashnikova & J.V. Doroshenko (2021), in-
clude mesoxerophily, shade tolerance and mes-
otrophy. In the central part of the forest, the spe-
cies composition of the dendroflora has a number
of significant differences compared to the eastern
part. In this area, there are only a few plants of
black locust (coverage degree - 1) and a clear
dominance of two other species: Pinus sylvestris
and Betula pendula (coverage degree - 4 and 3,
respectively), which occupy the tree layer and un-
dergrowth (Fig. 3).
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Figure 3. Pinus sylvestris and Betula pendula

in the central part of the forest
Source: authors’ photo

The dominance of these two species is prob-
ably explained by their significant development
in the period preceding the invasion of black lo-
cust, which made the conditions in the central
part of the forest unfavourable for the develop-
ment of light-demanding plants. However, some
other species are still able to exist in these con-
ditions due to their ecological characteristics, in
particular shade tolerance. In the undergrowth
and shrub layer of the central part of the forest,
one can find Prunus avium and Carpinus betulus
(coverage level 1 for both species), as well as iso-
lated representatives of Crataegus sp., which, to-
gether with black locust, occupy small light gaps
in the lower layers of the forest.

The western part of the forest plantation is
characterised by a number of specific conditions
that distinguish this area from the central and
eastern parts. In particular, it is located on a de-
pression in the relief, which is the river bank. As
a result, there is a slightly lower level of illumi-
nation and proximity to the groundwater surface.
These specific conditions have determined the
characteristic quantitative and qualitative com-
position of the local flora. In the western part of
the forest, as in the central part, Betula pendula

and Pinus Sylvestris remain dominant (coverage
level 3 for both species), forming the tree layer
of the forest. However, in the undergrowth and
shrub layer, Prunus avium (coverage degree - 3)
occupies a dominant position, which is explained
not only by the relative shade tolerance of this
species, but also by the sufficient moisture sup-
ply for its intensive development in conditions of
proximity to a water body (Fig. 4).

Figure 4. Prunus avium in the western part

of the forest (marked in red)
Source: authors’ photo

The western part of the forest also hosts a
number of autochthonous tree species that are
not found in the eastern or central parts. For ex-
ample, Alnus incana, Carpinus betulus, Fraxinus ex-
celsior and Crataegus sp. (coverage level - 1 for
all species) can be found here, occupying mainly
the undergrowth and shrub layers. Quercus robur
is somewhat more prevalent here (coverage lev-
el - 2). In addition to trees, the western part of
the forest also has more active herbaceous veg-
etation compared to other studied areas. There
are isolated representatives of Rubus idaeus and
Fragaria vesca, which, given the growing condi-
tions, are suppressed due to lack of light. This dif-
ference in the development of herbaceous vege-
tation may be due to the fact that, although there
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is shading in the western part of the forest, it is
not as pronounced as in the eastern part. In ad-
dition, the better moisture supply in the western
part of the forest compared to the eastern and
central parts contributes to the development of
herbaceous cover. Another significant difference
that characterises the western part of the studied
forest stand is the complete absence of black lo-
cust plants in all layers.

Thus, a floristic study of different areas of
the forest stand indicates the existing horizon-
tal differentiation of the species composition of
the dendroflora against the background of the
general dominance of Scots pine. The reasons
for this differentiation include different lighting
conditions, moisture levels and soil characteris-
tics. These conclusions are consistent with the
results of studies by other authors. For exam-
ple, ).F. Maciel-Najera et al. (2021) in their study
of oak-pine forests in Mexico found that the
composition of understory plants depends sig-
nificantly on soil conditions. According to their
data, indicators such as the content of calcium,
phosphorus, potassium and organic matter in
the soil had a stronger influence on the presence
of certain species than even the availability of
sufficient light. The results of the current study
also confirm the key role of edaphic factors in
shaping the species composition of forest phyto-
cenosis, which indicates the universality of this
ecological principle.

Thus, the eastern part of the forest, in par-
ticular the forest edge, receives a large amount of
light, which is a critical condition for the devel-
opment of black locust, especially young individ-
uals. According to research by T. Abri et al. (2024),
young black locust seedlings demonstrate high
photosynthetic efficiency, which increases pro-
portionally to the increase in light intensity with-
in a wide range. This confirms that black locust is
a light-loving species that needs a lot of light for
successful development, which is observed in the
current study. In addition, this site is located on a
hill, which is characterised by less moisture avail-
ability compared to lowlands. Since, according
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to research by D. Bartha et al. (2008), black locust
is more resistant to moisture deficiency than au-
tochthonous species, this gives it a significant ad-
vantage in the competition for natural resources.
However, moving westward, in the central part of
the forest, conditions change dramatically: Pinus
sylvestris and Betula pendula in this area create
significant shading, which makes local condi-
tions unfavourable for the development of young
black locust plants. This trend was also noted by
H. Kato-Noguchi & M. Kato (2024) when describ-
ing the invasive characteristics of black locust
and its impact on the species diversity of forest
plantations. They note that black locust cannot
tolerate shade, and its seedlings and young trees
develop successfully only where there is suffi-
cient light or a thin canopy.

The western part of the forest is character-
ised not only by its spatial orientation, but also
by its proximity to water and its location at the
foot of a hill, which creates favourable conditions
for the development of more moisture-loving and
light-undemanding plants: Prunus avium, Alnus
incana, Quercus robur, Carpinus betulus and Fraxi-
nus excelsior. In this part of the forest, black lo-
cust probably not only does not receive enough
light for development, but also has no ecological
advantages over the autochthonous flora, which
makes its spread in this location extremely diffi-
cult. This is partly consistent with the conclusions
of A. Cierjacks et al. (2013), who emphasised that
black locust can actively displace native species
only under conditions of sufficient light and re-
source availability, while in wetter and shadier
areas its invasive potential is reduced. In the case
of the current study, the relief and increased soil
moisture create advantages for native species and
further limit the spread of black locust. Analysing
the age structure of black locust in the eastern
part of the forest (Table 2), it should be noted
that the trees here are represented by both old
generative individuals (trunk diameter 35-40 cm,
well-developed canopy, presence of seed off-
spring), and young generative trees, as well as
numerous juvenile plants and seedlings.
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Table 2. Age structure of black locust in the eastern part of the forest

Characteristic

Age group (by morphometric traits) Approximate quantity Notes

. 1-year-old saplings, Form a continuous strip under

Seedlings height <0.3 m e the canopy of older trees

. 1-3 year-old growth,

Juvenile height 0.3-2 m +++ Form a dense understorey

. 3 3-10 year-old trees, height Actively growing, but are
Young generative 2-12 m, diameter 2-15cm i outcompeted by pine in height

0ld generative Height 12-18 m, - Form the tree layer

diameter 35-40 cm

of the forest edge

Note: +++ — very numerous, ++ — well represented, + — isolated
Source: developed by the authors based on own research

This age structure indicates stable repro-
duction and high invasive potential of the spe-
cies in the edge part of the forest stand. The
accumulation of individuals of different gen-
erations forms a multi-tiered structure of the
community, in which black locust occupies both
the tree and shrub-undergrowth levels. A sharp
decline in the number of black locust trees with
deeper penetration into the forest indicates Llim-
ited penetration of the species into the estab-
lished forest stand. The main barriers are likely
to be the dense canopy of native trees, which
significantly reduces the light available to the
lower tiers, as well as competitive interaction
with native species in conditions that are more
favourable to them. Thus, black locust exhibits
the properties of an ecotone invasive species,
concentrating in the zone of contact between
the forest and agricultural landscapes. The age
structure of the population at the forest edge
has all the characteristics of an expansive one,
as confirmed by the coexistence of several gen-
erations. This distribution reflects favourable
conditions for reproduction: openness to the
field, sufficient insolation, and the presence of
mother trees that produce both seeds and vege-
tative shoots. In turn, the absence of black locust
in the inner areas of the forest indicates that the
invasion is localised and closely depends on the
anthropogenically transformed environment.

The results obtained are consistent with the
study by R. Motta et al. (2009), who, using the

example of floodplain forests in Italy, showed
that Robinia pseudoacacia, after active colonisa-
tion, forms the upper and middle tiers, but grad-
ually loses its ability to regenerate in the inner
parts of the forest stands due to a lack of light
and increased competition with native flora. At
the same time, in contrast to the data present-
ed, where the authors record signs of gradual
degradation of black locust plantations, in the
conditions of the studied forest edge, this spe-
cies shows signs of active expansion, indicating
the early stages of the invasion process. Similar
trends are noted by M. Vitkova et al. (2019), who
summarised data on the spread of black locust in
Europe in their work. The authors showed that the
species most intensively colonises disturbed are-
as, forest edges, clearings and other open spaces,
while its spread is significantly limited in mature
forest ecosystems. The results of the current study
fully confirm this pattern: the highest density of
young individuals was observed precisely in areas
of contact with the agricultural landscape, while
in the depths of the forest, the formation of new
generations of black locust was minimal. Addi-
tional confirmation of this is provided by R. Cros-
ti et al. (2016), who, studying forest plantations in
Central Italy, showed that the penetration of black
locust is most intense on abandoned agricultural
land located near parent trees. At the same time,
semi-natural forest areas in their study proved to
be much more resistant to invasion, showing min-
imal spread of the species.
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The results obtained regarding the structural
features of pine stands in combination with the
invasive spread of Robinia pseudoacacia near the
settlement of Dashiv are consistent with data
from other studies on the transformational im-
pact of this species on ecosystems. The work of
P. Lakyda et al. (2025) shows that R. pseudoaca-
cia plantations in urban parks in Dnipro change
soil properties, particularly under conditions of
technogenic pollution with heavy metals. This
confirms the high ecological plasticity of black
locust and its ability to modify the growing en-
vironment, which explains its competitiveness in
natural and artificial forest communities. Thus,
the available results indicate that the penetra-
tion of black locust into pine plantations not only
changes their structural organisation but also po-
tentially affects soil characteristics, creating risks
for the stability of these ecosystems. At the same
time, there is evidence that forest stands near
water bodies are extremely vulnerable to black
locust invasion. For example, a study by M. Var-
ricchione et al. (2024) indicates that black locust
creates significant invasive pressure on coastal
ecosystems, which, like forest edges, are vulnera-
ble to its spread, although in the current study, it
was the forest areas adjacent to water bodies that
proved to be the most resistant to invasion. In this
regard, Ukrainian researchers S. Los et al. (2022)
argue that in the conditions of Central Ukraine,
particularly in the Kirovohrad region, established
forest plantations are relatively resistant to black
locust invasions. However, as the authors note, in
areas adjacent to plantations, medium and high
invasion activity was observed in more than 70%
of cases, which indicates significant invasive
pressure of the species in areas that have been
subjected to anthropogenic influence. Therefore,
when monitoring the spread of black locust, it
is important to pay attention not only to forest
plantations themselves, but also to adjacent ar-
eas that are regularly affected by human activity.

The study showed that the structural organi-
sation of pine plantations is spatially heterogene-
ous and depends significantly on the ecological
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conditions of individual areas. It has been estab-
lished that the invasive species Robinia pseudo-
acacia is concentrated mainly on forest edges,
where it forms multi-tiered communities and
demonstrates active reproduction. At the same
time, its spread in the inner parts of the forest is
significantly limited due to the dense canopy of
native trees and higher moisture levels. The iden-
tified age structure of the black locust population
indicates stable self-regeneration, which poses a
potential threat to the local flora in the event of
further anthropogenic disturbances. The results
confirm the need for long-term monitoring of
forest edges and marginal areas, as they are the
most vulnerable to invasion.

Conclusions
The research has shown that the floristic com-
position and structural organisation of the stud-
ied forest stand are spatially heterogeneous and
demonstrate pronounced horizontal differentia-
tion. The tree stand is dominated by the native
species Pinus sylvestris and Betula pendula, but
locally, particularly on the eastern edge of the
forest, the invasive species Robinia pseudoacacia
dominates (coverage level - 5). Robinia forms a
full-fledged multi-tiered structure (tree, under-
growth and shrub tiers), demonstrating active
reproduction due to the presence of individuals
of all age groups. This indicates the high invasive
potential of the species under conditions of suf-
ficient light and moisture deficiency, which are
characteristic of the edge areas of the stand. At
the same time, in the inner parts of the forest,
where native species dominate and there is sig-
nificant shading and higher soil moisture, black
locust is much less common (coverage level - 1),
which confirms its ecotone nature of distribution
and limited competitiveness in stable forest com-
munities. The western part of the forest, located
near a reservoir, is characterised by a greater rep-
resentation of moisture-loving autochthonous
species (Prunus avium, Alnus incana, Quercus ro-
bur, Carpinus betulus, Fraxinus excelsior), which
further reduces the possibility of black locust
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establishment,and as a result, it is completely ab-
sent in this area.

Thus, Robinia pseudoacacia exhibits the char-
acteristics of a typical invasive species at the
boundary between forest ecosystems and agricul-
tural landscapes, where it forms stable, self-re-
newing populations. At the same time, its pene-
tration into the established tree stand is limited
by ecological barriers (lack of light, higher com-
petition, increased moisture). The identified age
structure and localised nature of Robinia’s spread
indicate the initial phase of the invasive process,
which, however, in the event of anthropogenic
disturbance of the tree stand, may transform into
a more intensive spread with the displacement
of native flora. In the long term, it is advisable
to conduct long-term monitoring of forest edg-
es and marginal areas, analyse the rate of black

locust population recovery after possible distur-
bances to the tree stand, and study the interac-
tion of this species with native flora in different
ecological conditions. Special attention should be
paid to assessing the invasive pressure of black
locust on young generations of autochthonous
tree and shrub species, which will allow for more
accurate predictions of the further development
of the forest ecosystems under study.
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CTpYKTYypHa XapaKTepucTuKa COCHOBUX Hacaa)KeHb
Ta aHani3 iHBasiiiHoro nowwmpeHHs pob6iHii (Robinia pseudoacacia L.)
no6aunsy cenuw,a [lawie, BiHHMLbKOI o6nacTi
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AHoTauif. OpHielo 3 KNOYOBMX MpobneM CyyacHoi eKosorii Ta NiCiBHMUTBA € MOLWMPEHHs pobiHii
3BMYaMHOI, WO MpM3BOAMUTL A0 TpaHCHOpMALii NiCOBMX eKOoCUCTeM i BTpatTM OBiOpi3HOMaHITTS.
MeTtolo poboTn 6yno BM3HAUMTU CTPYKTYPHi 0COBGIMBOCTI BTOPMHHOTO COCHOBOFO HacaKeHHs Ta
npoaHanisyBatu iHBasiiiHe nowupeHHs Robinia pseudoacacia L. DocnipkeHHs 6yno nposeneHo y 2025
poLii y COCHOBOMY HacamykeHHi BiHHMLbKOI obnacti 3a MeToaukoto Braun-Blanquet 3 ouiHkol spycHOi
opraHisauii Ta 4acToTM TpannsHHA BUAIB; A0AATKOBO 415 pObiHii 3BMYaMHOI BUKOHAHO aHani3 BiKOBOI
CTPYKTYpU monynsilii 3a giametpoM ctoBbypa Ta BMCOTOK pocsinH. O6nik 34iMCHIOBaNM Ha y3nicci Ta
y BHYTPIlLHIX AinsHKax nicy. BctaHoBneHO, Wo BMAOBMI CKNAag NiCOBOTO HAaCa[XeHHS € MPOCTOPOBO
AndepeHLiioBaHUM. LleHTpanbHa YacTMHa yrpynoBaHHS GopMyBanach NepeBaXKHO COCHOK 3BUYAMHOK
(Pinus sylvestris L.) Ta 6epe3oto nosucnoto (Betula pendula Roth.), Tofi siK Ha cxigHOMy y3nicci foMiHyBana
pob6iHisi, yTBOPIOOYM AEPEBHUN, MiANICKOBUIA | YarapHUKOBUI apycu. BUsiBNeHO HasBHICTb YCiX BiKOBMX
rpyn pobiHii — Bif, NPOPOCTKiB O CTapuX reHepaTUBHUX 0COBMH, L0 BKA3YE Ha ii cTabinbHe BifHOBNEHHS
Ta BMCOKMM iHBA3iMHMI NoTeHuian. Y BHYTPILWHIX AiNSHKAX Nicy BUA, BiACYTHIN, WO 3YMOBMEHO WiNbHUM
MONOrOM aBTOXTOHHMX AEPEB i KOHKYpPeHLi€to 3 abopureHHoto dnopoto. OTpMMaHi pesynbTaTti CBig4aTh
npo NOKaNnbHUI, EKOTOHHWUIA XapaKTep iHBa3ii pobiHii, 30cepemkeHoi y KpaloBUX YaCTUHAX AepeBOCTaHY,
CYMiXHMX i3 arponaHfwadTramMu. HasBHICTb YMCNEHHUX MONOAMX reHepalii € 03HaKOK iHBA3iMHOro
TUCKY, WO MOXe 3yMOBWTM MOCTYNOBe pO3WUpeHHa nonynsuii. OTpumaHi pesynstatu MoxyTb OyTu
BMKOPWCTaHI Y MPaKTWLi NiCOBOro rocnoaapcTaa AN MOHITOPUHIY iHBa3iMHMX BULIB Ta po3pobKM 3aX0AiB
3i 36epexeHHs HiopisHOMaHITTS

KniouoBi cnoBa: nicosi HacagykeHHS; BUAOBWI CKNag,; BikoBa CTPYKTYpa; iHBa3iliHi BUAM; pobiHis 3BMYaiiHa
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Abstract. Common chicory (Cichorium intybus L.) is an important industrial crop, valuable due to its
high content of inulin and functional bioactive compounds. Optimisation of mineral fertilisers remains
key to maximising yields and improving biochemical composition in the face of climate change. The
purpose of this study was to evaluate the effect of nitrogen and phosphorus-potassium fertilisers on
the yield and biochemical parameters of chicory. Field studies were conducted in 2021-2023 in the
Right-Bank Forest-Steppe of Ukraine on low-humus chernozem according to a two-factor scheme that
included 5 variants of nitrogen fertiliser (0-200 kg/ha) and five variants of phosphorus-potassium
fertiliser (0-120 kg P,0, and 0-200 kg K,0). The yield of root crops, total sugar content, inulin content,
reducing sugars, and degree of polymerisation were determined using standardised biochemical and
statistical methods (analysis of variance, Tukey’s HSD post-hoc test, Principal Component Analysis (PCA),
cluster analysis). The results of the research showed that nitrogen fertiliser affected all biochemical
parameters and yield, but most of all on the content of inulin (up to 75% of dry matter) and the
degree of polymerisation, while phosphorus-potassium fertilisers only on the yield and degree of
polymerisation. The maximum average yield in the years of research (35.4 t/ha) was achieved with the
introduction of NP, K, While excessive application of nitrogen and phosphorus-potassium fertilisers
(200 kg/ha) reduced crop productivity and yield. The total sugar and inulin content increased with
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nitrogen application to 150 kg/ha, after which a decrease was observed. PCA confirmed the dominant
role of nitrogen in the development of both yield and biochemical parameters. Optimal nitrogen
standards (100-150 kg/ha) in combination with moderate levels of phosphorus-potassium fertiliser
ensured stable root crop yields and high inulin content,which is important for both industrial processing

and sustainable agricultural production

Keywords: correlation; inulin; sugars; Principal Component Analysis; polymerisation

Introduction

Common chicory (Cichorium intybus L.) is a multi-
functional crop that is a source of inulin, dietary
fibre, coffee substitute, and raw materials for the
pharmaceutical and food industries. According to
H. Akram et al. (2025), the acreage under chicory
for inulin production in Europe exceeds 20 thou-
sand hectares, with a tendency to increase and
expand the geography of cultivation.The growing
interest in functional food products and the need
for high-quality raw materials leads to an increase
in demand for crops with an optimal composition
of biologically active substances and obtaining
stable yields. In the conditions of climate change,
optimisation of the mineral nutrition system is of
particular importance, which allows increasing
the yield and improving the quality of root crops.
Nitrogen and phosphorus-potassium fertilisers
directly affect the synthesis of carbohydrates, in
particular inulin, and the development of root
crop mass, which affects yield. The fertiliser sys-
tem must meet two criteria: increase productivity
and quality while minimising the negative impact
on the environment. Therefore, the study of the
influence of nitrogen and phosphorus-potassium
fertilisers is scientifically and practically sub-
stantiated for improving the efficiency of chicory
cultivation in the Forest-Steppe of Ukraine and
would allow developing recommendations for
improving the efficiency of growing high-quality
raw materials adapted to specific varieties and
growing conditions.

According to M.Hingsamer et al. (2022),in Eu-
rope, chicory roots are grown to produce a pre-bi-
otic dietary fibre, inulin, which stimulates the
growth of beneficial gut bacteria and stimulates

the human immune system. The taproot con-
tains an average inulin content of 17% of the raw
weight, and the typical yield of the root crop is
45 tonnes per hectare. Currently, the world area
of common chicory is about 14,500 hectares.
Chicory roots also usually contain high amounts
of sesquiterpene lactones. In the future, the
food system and food supply will face various
challenges, such as increasingly adverse weath-
er conditions caused by climate change, threats
of plant diseases, environmental pollution, etc.
Therefore, due to its biosynthetic ability, high
yield and low agronomic requirements, chicory
has a high potential to become a universal indus-
trial crop for molecular farming. M.l. Bakhmat et
al. (2021) found that chicory plants require min-
eral nutrition for growth and development. The
rational use of fertilisers, including nitrogen
fertilisers, is an important factor in sustainable
agriculture. The researchers found that nitrogen
fertilisers affect plant development. According to
I. Popova et al. (2024), plant element content is
affected by stresses such as salinity, drought, ex-
treme temperatures, and excessive or insufficient
lighting. Nitrogen deficiency can reduce the yield
and quality of root crops, while excess nitrogen
can lead to nitrate leaching and environmental
pollution. Chicory crops without fertilisers have a
high agroecological resistance, but they reduce it
when applying nitrogen fertilisers.

In previous studies, D. Alves et al. (2024)
noted that the reasons for the decrease in yield
with an increase in fertiliser rates can be not only
an imbalance of nutrients, but also subsequent
damage to leaf diseases, which, in turn, reduces
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assimilation activity. Sodium (Na) helps to regu-
late osmotic pressure in cells, thereby supporting
water absorption and retention. Weather condi-
tions and the sensitivity of varieties to fertilisers
also affect the crop productivity, in particular, the
weight of root crops. O. Tkach et al. (2023) have
shown that excessive rates of nitrogen fertilisers,
especially when the maximum possibility of sow-
ing them was absorbed, lead to a decrease in the
size and weight of the root crop. Growing condi-
tions are a key factor in the development of the
chicory crop, which was confirmed by the findings
of H.Zhang et al. (2023), where the variation can
reach 83.9% due to weather factors alone.Accord-
ing to A. Buchelt et al. (2020), in the context of po-
tassium deficiency, chicory (Cichorium endivia L.)
shows a decrease in the leaf area and their num-
ber, and therefore, a smaller area of photosynthe-
sis and a smaller dry weight of shoots and roots.
The reduced potassium content in cells acts as
a switch that suppresses anabolic responses and
stimulates catabolic processes, which leads to in-
terruptions in plant growth and redirects avail-
able energy to deal with stress-related damage.

Numerous studies by X. Zhao et al. (2021)
found the effect of macro- and microelements,
including phosphorus and iron, on the quality and
quantity of primary and secondary metabolites.
Phosphorus as a macronutrient is the main com-
ponent of biomolecules such as phospholipids
and nucleic acids, in case of deficiency or defects
in assimilation of which the plant faces a de-
crease in yield. M. Ebrahimi & M. Gholami (2025)
found that in order to adapt and increase phos-
phorus reabsorption under phosphate stress,
plants inhibit the growth of shoots and roots, the
development of root hairs, demonstrating various
physiological responses such as changes in the
rate of glycolysis, the production of primary and
secondary metabolites such as organic acids, sug-
ars, and flavonoids. Iron deficiency, on the other
hand, affected many of chicory’s vital functions
and led to reduced root length.

The study of chicory root by S. Tabatabaee et
al. (2021) found that an increase in phosphorus

Mazurenko & Honchar

content in the culture medium resulted in more
crude mass and less inulin. Accumulation of in-
ulin with a polysaccharide structure under con-
ditions of phosphorus deficiency was associated
with a decrease in biomass production, although
an increase in root length was also observed un-
der these conditions. This phenomenon may be
related to the numerous functions of phosphorus
in plant photochemical reactions.

The purpose of the study was to establish
the reqularities of the influence of various norms
of nitrogen and phosphorus-potassium fertil-
isers on the yield and biochemical parameters
of chicory roots.

Materials and Methods
Research area, soil and weather conditions
The field experiment was carried out during
2021-2023 on a site located in the Obukhov
District of the Kyiv Oblas (49°46’ N, 30°44’ E)
in the typical conditions of the Right-Bank For-
est-Steppe of Ukraine. The soil of the experi-
mental site was low-humus chernozem with an
organic matter content of 4.36-4.53% in a layer
of 0-20 cm, pH,(, - 7.2-7.6, the content of easily
hydrolysed nitrogen (according to Cornfield) -
152-164 mg/kg of soil, mobile phosphorus (ac-
cording to Cornfield) - 152-161 mg/kg of soil,
exchange potassium (according to Chirikov) -
148-157 mg/kg of soil.

In 2021-2023, the average monthly air tem-
perature in most months consistently exceeded
long-term indicators, which reflects the general
trend of the last decade. In April, the average
temperature was 7.5°C in 2021, and in 2023 it
reached 9.6°C, exceeding the long-term average
(8.4°C). Similar deviations were observed in Au-
gust and September, when average temperatures
were also higher than long-term values. Precip-
itation was characterised by significant variabil-
ity over the years: in 2023, their total amount
(422.7 mm) slightly exceeded the long-term fig-
ure (409 mm), while in other years the amount
of precipitation was significantly lower. This indi-
cates both the instability of seasonal conditions
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and a gradual trend towards an increase in tem-
perature and a decrease in precipitation during
certain periods.

The distribution of precipitation during the
growing season significantly affected the growth
of chicory. In 2021, sufficient precipitation in May
(78.7 mm) provided favourable conditions for
seed germination, but further shortages in June
(23.7 mm) and July (62.7 mm) limited the devel-
opment of root crops. Lower rainfall in May 2022
(34.2 mm) created stressful conditions for early
plant development, while moderate rainfall in
June (41 mm) and July (53.3 mm) remained be-
low long-term average, which could limit the
accumulation of biomass. The growing season

of 2023 was characterised by sharp fluctuations:
extremely dry May (1 mm) delayed initial growth,
but heavy precipitation in June (87.6 mm) and es-
pecially in July (136.1 mm) led to excessive soil
moisture. This uneven distribution of precipita-
tion probably caused an imbalance in the devel-
opment of the root system and affected the crop
development. The study was conducted in accord-
ance with the principles of Convention on Biolog-
ical Diversity (1992).

Research conditions

The field experiment involved the study of two
factors: phosphorus-potassium (ratio P,0,K,0 -
3:5) and nitrogen fertiliser (Table 1).

Table 1. Field experiment scheme

Factor A
Phosphorus-potassium fertiliser

Factor B
Nitrogen fertiliser

A1. Without phosphorous-potassium fertilisers (control)

A2. P, Ky,
A3. PgoKio
A4 Pook; s,

AS. 120° *200

B1. Nitrogen-free fertilisers (control)
B2. Ny,
B3. N,
B4 N150
BS. Nogo

Note: in the table and text of the paper, the index P refers to the fertiliser rate in kg/ha P,0O,, and K refers to K,0

Source: compiled by the authors

The predecessor of chicory was winter wheat.
Each vyear, soil preparation and research were
identical. After harvesting the previous crop, stub-
ble was ploughed with a disc harrow to a depth of
5-6 cm. A mixture of triple superphosphate (TPS,
46% P,0;) and potassium chloride (60% K,0) was
applied in advance before ploughing at a depth
of 25-27 cm in September each year during the
study period. Disking was carried out in spring
when soil moisture reached 60% of field mois-
ture capacity. In the second ten days of April, on
the day of sowing, ammonium nitrate (34.4% ni-
trogen) was applied according to the experiment
scheme to a depth of 4-6 cm in pre-sowing cul-
tivation. Chicory was sown with drained seeds of
the Tsesar variety to a depth of 2-3 cm with a row
spacing of 45 cm and a seeding rate of 175 thou-
sand germinating seeds/hectare. The area of each
plot was 75.6 m? (5.4 mx14 m) of which 36 m?
were accounting (3.6 mx10 m).

The selection of root crops for analysis was
carried out in the first ten days of October each
year. To this end, all plants were removed from
an area measuring 3.96 m? (4 rows of 2.2 m).
Root crops were separated from plants, cleaned
from the soil, and the yield of root crops was
determined. Biochemical parameters were set
in air-dry biomass (drying mode - 48 hours at a
temperature of 62°C and up to a stable weight).
The total sugar content was determined by the
procedure described by H. Gholami et al. (2018)
on a UNICO 1205 Vis spectrophotometer (UNI-
CO, Japan) using the phenol-sulphuric method
(wavelength 480 nm) with the inulin stand-
ard. Reducing sugars were determined by the
denitrosalicylic method with a wavelength of
530 nm and the D-fructose standard for con-
structing a calibration curve. The inulin content
was calculated as the difference between total
sugars and reducing sugars. The degree of po-
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lymerisation (DP) was determined by the equa-
tion of T. Paseephol et al. (2007):

DP=Sugar content (%) /
Reducing sugar content (%). 1)
Statistical analysis

Statistical analysis was performed in the R envi-
ronment (version 4.4.2). PCA, cluster analysis, and
correlation matrices (Pearson’s pair correlation
method) were developed in the package ggplot2.
Analysis of variance (ANOVA) was performed for
all parameters and considered the influence of
weather conditions (years). The validity of the dif-
ference between the variants was established by
Tukey’s HSD post-hoc analysis at the significance
level p <0.05 for factors that were significant in
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the analysis of variance. Boxplot for inulin content
and similarity indices were established by univar-
iate analysis of variance for each year and for an
average of 3 years within the phosphorus-potas-
sium fertiliser block. The data is presented as av-
erages with standard error (n=3).

Results and Discussion
Environmental factors and the fertiliser system
had different effects on individual biochemical
parameters and chicory root yield (Table 2). In
most cases, the effect of weather conditions on
variation was dominant, in particular, on root
yield, the content of reducing sugars, and the de-
gree of inulin polymerisation. The effect of nitro-
gen on the total sugar content and inulin content
was several times higher.

Table 2. Analysis of variance of yield and biochemical parameters of chicory roots

MS
Effect  df Root yield Sugar content Inulin content Redu:;:?e?‘l:gars p olylﬁg:izgt?in, n
N 4 777.2%* 177%* 175** 0.1671** 32.5%*
PK 4 827.9%* 2ns 2ns 0.055** 5.6**
Year (Y) 2 4186.1** 35%* 50%* 1.626%* 221.2%*
N*PK 16 34.8** 1ns 1ns 0.097** 9.5%*
N*Y 8 9.67*%* 10%* Pk 0.217%** 18.3**
PK*Y 8 42.3** 16%* 17%* 0.105** 16.1%*
Y*N*PK 32 6.5%* 2%% 2ns 0.109** 10.7%*
Error 0.2 2 2 0.003 0.4

Note: ns — not significant impact, p>0.05, * — p<0.05, ** - p<0.001
Source: developed by the authors based on research data

The yield variance under the influence of ni-
trogen and phosphorus-potassium fertilisers was
similar, their interactions with each other and
with weather conditions were significant (but the
variance was ten times less). The highest yield of

chicory roots on average for the study steps was
35.4 t/ha (Table 3) for combinations of N,., and
PyoK,s0» Which is statistically different from all
other options. Notably, these options are also the
best among their factors.

Table 3. Yield of chicory roots depending on nitrogen and phosphorus-potassium fertiliser, t/ha

Rate of phosphorus-

Rate of nitrogen fertilisers

potassium fertilisation N, N;, Ny N, Nyoo Average
PoKo 16.4 20.0a 21.9 23.3c 26.3e 21.6
P3oKso 18.0 20.6ab 26.6ef 31.0i 30.1h 25.3
PeoKioo 25.3d 29.4g 29.9gh 333 31.2jj 29.8
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Table 3. Continued

Rate of nitrogen fertilisers
Rate of phosphorus X
NO N50 N100 N150 NZOO
PooKis0 25.6d 28.3 31.8j 35.4 31.6ij 30.5
P120Kono 21.1b 23.4c 27.1f 27.0f 26.3e 25.0
Average 21.3 24.3 27.5 30.0 291

Note: identical letters indicate that they belong to the same group for Tukey’s HSD-test at confidence level 95%
Source: developed by the authors based on research data

The increase in yield under the influence of
nitrogen fertilisers has a linear trend in the range
from 0 kg/ha to 150 kg/ha, but with the intro-
duction of N,,, there is a decrease in yield for all
PK variants, except for absolute control (without
fertilisers). In the case of phosphorus-potassi-
um fertilisers, the trend is described by a sec-
ond-level polynomial with a peak in the variants
with P, K, and Py K, s, (29.8 and 30.5 t/ha, re-
spectively), but with an increase in the fertiliser
rate to P,,,K,q, there is a significant decrease to
25 t/ha, which is equivalent to a significantly
lower rate of P, K., The decrease in yield at the

maximum rates of phosphorus-potassium fer-
tilisers is more significant than nitrogen fertil-
isers, so their impact on biochemical parameters
should be considered.

Phosphorus and potassium play an impor-
tant role in the synthesis and transport of carbo-
hydrates, but according to the results of ANOVA,
their effect on the content of inulin in the roots
was not significant,and on the content of reducing
sugars and the degree of polymerisation is signif-
icantly lower than in nitrogen. Given these facts,
it is advisable to focus on the effect of nitrogen
fertilisers on biochemical parameters (Table 4).

Table 4. Biochemical composition of chicory roots

Nitrog:l;itifoe':tiliser Sugar content, % Inulin content, % RecLL(l:i‘i;\gniu%ars p olylﬁgrﬁes::i)cf)n, n
0 70.6+0.2 67.9+0.2 2.70£0.02a 26.3+0.3
50 73.1£0.2 70.3+£0.2 2.83+0.02 25.9+0.2
100 74.3+0.2a 71.6+0.2a 2.72+0.03ab 27.4+0.3ab
150 75.0£0.2 72.3£0.2 2.74+0.03b 27.6+0.3b
200 74.3+0.2a 71.6+0.2a 2.74+0.02b 27.2+0.3a

Note: the values are presented with standard error (£SE). Identical letters in the column indicate that they belong to
the same group for Tukey’s HSD-test with 95% confidence level

Source: developed by the authors based on research data

The total sugar content of chicory roots on
average ranged from 70.6-75.0% of the total dry
matter. Without the use of nitrogen fertilisers, the
sugar content was 70.6 + 0.2%, with a gradual
increase when nitrogen was applied at the rate
50-150 kg/ha of the active substance (a.s.), but
when it was increased to 200 kg/ha, the sugar
content decreased to 74.3%, which was at the
rate of 100 kg/ha. The inulin content repeated
the trend of total sugar content, since the remain-
ing sugars (reducing sugars) in absolute values

varied slightly (2.70-2.83%). The content of re-
ducing sugars in dry matter changed in a different
trend. Significantly more reducing sugars were
formed when 50 kg/ha of nitrogen was applied,
while at the rate of 100 kg/ha, their content was
almost at the level of the control, and at the rate
of 150 and 200 kg/ha it exceeded (a statistically
significant increase). The ratio of total sugars and
reducing sugars using the methods used helped
to determine the average degree of polymerisa-
tion of inulin in samples (although in fact the
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products are a mixture of different fractions).
It was found that the degree of polymerisation
of samples in the control version was 26.3, and
when 50 kg/ha was applied, it decreased to 25.9.
A further increase in the fertilisation rate was ac-
companied by an improvement in the synthesis
of longer inulin molecules and, as a result, an in-
crease in the degree of polymerisation to 27.6 (at
the rate of N,).
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The inulin content showed seasonal chang-
s (MS=150) and had interactions and weather
conditions with phosphorus-potassium (MS=17)
and nitrogen fertiliser (MS =9), although it was
inferior to the influence of nitrogen fertiliser
(MS=175). A detailed review at the level of a sin-
gle variant will allow assessing the influence of
factors and identify the main patterns in inulin
synthesis (Figs. 1A-1E).

A)
b b ab
b >
ab bc | X
g @

2023

2023

B3
2022 2023
D)
b b p
ab p b b
s o oo
a E =:2
2022 2023
E)
b ab
ab
= ] a ab
o s -lEH
= i
2022 2023

Figure 1. Effect of fertiliser on inulin content in chicory
Note: A - PiKy; B = P Kyo; €= PoKigo; D = PyoK, o E = PyoKigo; Box graph: cross — average value; line - median; box -
25%-75% percentile; bars - range of non-falling values. The same letters in the column indicate belonging to the
same group according to Tukey’s HSD-test with a 95% confidence level (a - group with the lowest value, the column

without a value differs significantly from all groups)

Source: developed by the authors based on research data and statistical processing in the ggplot2 package
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The highest inulin content in the block
without phosphorus-potassium fertiliser (annu-
ally and on average) was observed with N,,, ap-
plication, exceeding 72% (Fig. 1A). Options with
Nygo Nise- @and N,o showed no significant differ-
ences within the block with fertilisation rate of
P:oKs, (Fig. 1B). A similar trend was observed for
PeoKigo (Fig. 1C), although the rate of N,y sig-
nificantly increased the spread of values. At the
highest rate of phosphorus-potassium fertiliser
(P120K;500) With nitrogen application significantly
increased the inulin content compared to the
control without nitrogen. However, no significant

differences were found between different nitro-
gen standards (Fig. 1E). The specific response
of chicory to nitrogen application is probably
associated with stimulation of inulin growth
and synthesis, whereas cellulose, which is a
component of cell walls, does not increase at
the same rate.

Previously, it was noted that some indicators
may have polynomial dependences on the norms
of phosphorus-potassium and nitrogen fertilisers,
but the determination of correlation coefficients
(Fig. 2) allows assuming that there are links be-
tween these parameters.

30 ’
20
-
0 oP RY N Tsug
DP W 0.22 0.43
0.41 0.44

InCon

0.51

0.47

Figure 2. Correlation matrix between yield, fertiliser rates,

and biochemical parameters of chicory roots
Note: correlation coefficients within -0.21 ... 0.21 are unreliable (p>0.05); indices: DP - degree of polymerisation,
RY - root yield, N - rate of nitrogen fertilisation, TSug -total sugar content, InCon - inulin content, PK - rate of
phosphorus-potassium fertilisation, RSug - content of reducing sugars
Source: developed by the authors based on research data and statistical processing in the ggplot2 package

It was found that the correlation between the
rates of nitrogen fertilisation and a number of in-
dicators was average positive (sugar content, inu-
lin content, root yield) and weak with the degree
of polymerisation. In the case of reducing sugars,
there was no reliable linear relationship. In the

case of phosphorus-potassium fertilisers, a sig-
nificant correlation was recorded only with root
yield, and the relationship itself was weak posi-
tive (r=0.23). Among other interactions, root yield
was distinguished, which has an average positive
correlation with the degree of polymerisation
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(r=0.49), total sugar content (r=0.44), and inulin
(r=0.47),but a negative weak correlation with the
content of reducing sugars (r=-0.36). The cluster-
ing performed indicates the presence of two clus-
ters at a Euclidean distance of 30 (1 supercluster -
phosphorus-potassium fertiliser and the content
of reducing sugars; 2 supercluster - other indica-
tors). At Euclidean distance of 20, 2 clusters were
also distinguished within the second supercluster.
The first includes indicators of yield and degree of
polymerisation,and the second - the rate of nitro-
gen fertilisers, sugar content, and inulin content.

Clustering confirmed previously made ob-
servations, but did not allow finalising the

Variables - PCA

PC2 (28.49%)
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conclusions, since some indicators change under
the influence of unaccounted factors.

Principal component analysis (PCA) is used to
take these factors into account. It was found that
87.83% of all data are described by two main com-
ponents (PC1 - 59.34%, PC2 - 28.49 %) (Fig. 3).
Notably, PC1 had a positive effect on the sugar
content, inulin content, degree of polymerisation,
and yield, but in the case of yield, its effect was
less significant. This component had a negative
effect on the content of reducing sugars. PC2, in
turn, had almost no effect on yield, had a negative
effect on the degree of polymerisation, but was
positive for other biochemical parameters.

0.0
PC1 (59.34%)

Figure 3. Principal component analysis by main biochemical parameters and yield
Note: RSug - reducing sugars, TSug - sugar content, InCon - inulin content, RY - root yield, DP - degree of

polymerisation

Source: developed by the authors based on research data and statistical processing in the ggplot2 package

Therefore, when further analysing the effect
of the fertiliser system, it should be noted that
PC1 mainly affected the yield, content,and quality
of inulin, and PC2 only affected its content. This

fact indicates that only coordinates along the PC1
axis can be considered for the estimate. The effect
of nitrogen fertiliser was more significant in most
cases,so grouping was based on this factor (Fig.4).
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Figure 4. Principal component analysis is grouped by variants
Source: developed by the author based on research data and statistical processing in the ggplot2 package

The red cluster is placed separately from
the fertilised variants, which indicates the dom-
inant effect of nitrogen fertilisers on yield and
biochemical parameters. Fertilised options are
placed differently on the plane. The cluster with
a fertilisation rate of 50 kg/ha is in the negative
range of values for PC1 and mainly in the positive
range for PC2.The cluster with a rate of 100 kg/ha
is scattered and is located mainly in the positive
plane for PC1, but almost homogeneous for PC2
(in the range of -1 ... +1). The cluster with N, is
located to the right on the PC1 axis, indicating
the priority option for maximising yield and inu-
lin content. Notably, the option N,,PsK;s, located
to the right of cluster N,,,, although in terms of
yield, it is inferior to P,s,PK,s,. On the one hand,
this may indicate that the influence of other com-
ponents can significantly affect the yield and thus
exclude this variant from the PC1-PC2 system
based on empirical observations.

The results of the current study confirmed
that excessive application of nitrogen fertilisers
negatively affects the yield of chicory roots.
Similar conclusions are given in the paper by
B. Cwalina-Ambroziak et al. (2022), where the
effect of different nitrogen doses on the produc-
tivity and mineral composition of chicory was
studied. The researchers found that excessive
doses of fertilisers reduced root yields and wors-
ened plant health, in particular, due to increased
sensitivity to pathogens. In addition, there was
an imbalance of macronutrients in the tissues,
which highlights the risk of excessive nitrogen
nutrition. Thus, their results are consistent with
the data of the current study, which also record-
ed a decrease in yield when exceeding the opti-
mal level of N,.,. In turn, S. Kalenska et al. (2024)
using the example of coriander showed that in-
creasing the doses of mineral fertilisers does not
always lead to a proportional increase in yield.
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In contrast, with excessive fertilisation, there
was a sharp decrease in both seed productivity
and the synthesis of secondary metabolites, in-
cluding fatty and essential oils. These data are
important for comparison, as they indicate the
universality of the problem of excessive min-
eral load in different species. However, chicory
is characterised by greater stability of inulin
synthesis, which explains the more gradual de-
crease in yield in the current study. The study
by S. Moscatello et al. (2023) provided additional
evidence that excess nitrogen affects the distri-
bution of metabolites in chicory. The researchers
showed that most of the nitrogen accumulates
in the leaves, rather than in the roots, which re-
duces the efficiency of its use in terms of root
crop productivity. An adequate supply of nitro-
gen is crucial for maintaining an optimal ratio
between roots and leaves, since this is what
determines the ability of plants to accumulate
fructans. These results support the conclusions
of the current study, which found that optimal
nitrogen doses contribute to the balanced devel-
opment of plant organs.

Of particular interest are studies devoted to
other vegetable crops. For example, J. Hong et
al. (2022), using the example of lettuce, found
that the combination of nitrogen, phosphorus,
and potassium nutrition has a complex effect on
product growth and quality. It was shown that ex-
cess nitrogen led to a decrease in plant weight,
while optimal doses provided an increase in yield
and improved leaf quality indicators. Similar pat-
terns can be traced for chicory: when nitrogen
doses were exceeded over N150, root productiv-
ity decreased. Similar results were obtained by
M.M.Hoque et al. (2010), who investigated the re-
action of lettuce to different levels of mineral nu-
trition. The researchers showed that the yield and
post-harvest quality of products increased only to
a certain level of fertiliser, after which there was a
deterioration in indicators. This was especially ev-
ident in the decrease in the marketable properties
of products. Comparison of these results with the
data of the current study shows a similarity in the
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reactions of different crops to excessive nitrogen
loading: first, an increase in yield to the optimum,
and then a decrease in productivity and quality.

An important role in the development of
yield was played by weather conditions, which
caused interannual differences. According to
A.S. Mathieu et al. (2018), elevated temperatures
did not always affect the inulin content, but led
to a decrease in yield due to inhibition of sugar
transport to the roots and slowing their growth.
A.S. Mathieu et al. noted that under temperature
stresses, the outflow of sucrose from the leaves to
the roots was blocked, which directly reduced the
biomass of root crops. However, the total fructan
content remained relatively stable, which indi-
cates a different sensitivity of physiological pro-
cesses to temperature changes. Thus, the results
of the current study confirmed the existence of a
close relationship between the level of nitrogen
fertiliser, biochemical parameters, and weather
factors, which is consistent with the conclusions
of previous studies.

The narrow range of fluctuations in the con-
tent of inulin in dry matter between years can be
explained by the specific physiological response
of chicory to water stress. As shown by B. Van-
doorne et al. (2012), cell hydration is of key impor-
tance because the inulin content of fresh roots
varies significantly depending on growing con-
ditions. The researchers have shown that water
deficiency dramatically reduces root growth and
inulin yield, and this effect occurs regardless of
the level of photosynthetic activity. This indicates
that it is the violation of the water regime, and
not a decrease in the production of photosynthe-
sis, that Llimits the accumulation of reserve carbo-
hydrates. In plants growing under arid conditions,
the degree of polymerisation of inulin molecules
may increase over time, while under favourable
conditions, equilibrium is achieved much faster.
The water stress did not significantly affect the
degree of polymerisation, but it had a stronger
effect on the overall yield, which confirms the de-
pendence on the complex effect of solar radiation
and temperature.
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The findings by J. van Arkel et al. (2012)
showed that in temperate regions, the average
degree of inulin polymerisation increases un-
til mid-September, after which it gradually de-
creased due to increased glucose levels, while
inulin yield stabilises. J. van Arkel et al. traced
the dynamics of changes in enzymatic activity in
the process of “filling storage facilities” of roots:
at first, there was an intense accumulation of
long-chain fructans, but with the progression of
the season, the activity of invertases increased,
which caused an increase in glucose concentra-
tion and, accordingly, a decrease in the average
DP. This confirms that the timing of harvesting
is a critical factor for maintaining a stable car-
bohydrate composition. Similar patterns can be
traced in the paper by R.G. Wilson et al. (2004),
where it was found that an increase in the pro-
portion of short-chain fructans (DP 3-10) occurs
at late harvesting, especially in conditions of
high temperatures of the growing season. Their
experiments have shown that with delayed har-
vesting, the yield of root crops increased, but the
quality of products decreased due to an increase
in the content of easily soluble sugars. In tem-
perate regions, these processes were less pro-
nounced, which indicates a significant influence
of thermal growing conditions. Data by J. Wier-
zbowska et al. (2023) supplemented these re-
sults by demonstrating that late harvesting can
reduce both the content of inulin and the degree
of its polymerisation, even in conditions of an
overall increase in root crop yield. The research-
ers stressed that an increase in root yield is not
always accompanied by an increase in quality
indicators, and with excessive postponement
of harvesting, inulin fractions degrade to short-
chain compounds. This confirms that optimising
harvesting time is just as important as fertiliser
levels or weather conditions.

The results of the current study confirm the
importance of optimising the levels of nitrogen
and phosphorus-potassium nutrition to increase
the yield and quality of chicory. It has been found
that excessive doses of fertilisers, especially

nitrogen fertilisers, can reduce productivity and
worsen biochemical characteristics, while moder-
ate standards provide the best balance between
quantity and quality of products. Weather condi-
tions, in particular, fluctuations in temperature
and water conditions, have a significant impact
on the results, which causes interannual differ-
ences and confirms the need for adaptive fer-
tiliser systems. The obtained data indicate the
complex nature of the interaction of nutrition
and climatic factors, which should be taken into
consideration when forming practical recommen-
dations for growing chicory. Data by M. Voitovyk et
al. (2023) from typical chernozem show that or-
gano-mineral fertiliser provides an increase in
humic acid levels and an increase in soil buffer
capacity, which is consistent with our results on
improving the stability of soil organic matter with
moderate doses of fertilisers.

The results obtained confirmed the complex
nature of the interaction of mineral nutrition and
weather factors in the development of yield and
quality of chicory roots. Nitrogen fertiliser turned
out to be the key factor that most affected in-
ulin synthesis, total sugar content and degree
of polymerisation, while the effect of phospho-
rus-potassium fertilisers was more moderate
and mainly affected yield. Moreover, weather
and water conditions significantly modified the
effect of fertilisers, which emphasises the need
for an adaptive approach to crop nutrition. Data
summarisation provides an opportunity to deter-
mine the optimal ranges for fertiliser application
to achieve high and stable productivity and raw
material quality indicators.

Conclusions
The results of three years of field studies have
confirmed that the effectiveness of growing com-
mon chicory is largely determined by the balance
of mineral nutrition, while nitrogen fertilisers
play a leading role. The application of nitrogen
in doses up to 150 kg/ha significantly increased
the yield of roots (up to 35.4 t/ha), and the con-
tent of total sugars and inulin increased by 4-5%
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compared to the control, excessive use (200 kg/
ha) caused a decrease in productivity, which
was manifested in a decrease in root yield up
to 20% compared to the best variant. The effect
of phosphorus-potassium fertiliser on yield was
characterised by a parabolic trend: the maximum
indicators were formed at the rate P, K,,-PyoK s,
however, a further increase in the dose (P,,,K50)
led to a decrease in yield. Biochemical analysis
showed that nitrogen fertiliser stimulated the
synthesis of inulin and an increase in the degree
of its polymerisation, while the effect of phos-
phorus and potassium was weaker and mainly
associated with the processes of carbohydrate
transport. Principal component analysis showed
that more than 87% of the variations were con-
ditioned by two main components, of which
the first was mainly related to yield and inulin
content. Positive correlations were established
between the yield and the degree of polymeri-
sation (r=0.49), the total sugar content (r=0.44)
and inulin (r=0.47). Simultaneously, a negative
association with reducing sugars was observed
(r=-0.36), which indicates a predominant synthe-
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application of nitrogen in the range of 100-
150 kg/ha in combination with phosphorus-po-
tassium fertilisers at the rate P K., or PgK, .
This strategy ensures the development of high
yields, high inulin content, and rational use of re-
sources, which makes the technology of growing
chicory economically feasible and environmen-
tally sustainable. Further research should focus
on integrated fertiliser systems involving organic
soil improvers, studying the carbon and ecologi-
cal footprint of chicory production, and evaluat-
ing the effectiveness of technologies in the con-
text of resource-saving agriculture.
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Bnnue asoTHoro Ta pochopHo-KanitHOro ya06peHHs Ha YpoXKanlHiCTb
Ta 6ioxiMiuHMI cknap, uukopito kopeHennigHoro (Cichorium intybus L.)

boraaH MasypeHko

[okTtop dinocodii 3 arpoHoMii, LoueHT

HauioHanbHwuii yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHu
03041, Byn. lepois O6opoHu, 15, M. Kuis, Ykpaina
https://orcid.org/0000-0002-4177-9909

JTro60B MoHuap

KaHamnzaT cinbCbKorocnoaapCcbkux HayK, AOLEHT

HauioHanbHWi yHiBEpCcHTET BiopecypciB i NpUPOAOKOPUCTYBaHHS YKpaiHM
03041, Byn. lepois O60poH#, 15, M. Kuis, YkpaiHa
https://orcid.org/0000-0002-3628-6659

AHoTauif. Lukopii koperennigHuit (Cichorium intybus L.) € BaXNMBOK TEXHIYHOK KYNbTYPOL), LiHHOW
3aBASKM BUCOKOMY BMICTY iHYMiHY Ta GQYHKLiOHaNbHUX BioakTMBHUX cnonyk. ONTUMi3auis MiHepanbHOro
YOOOPEHHS 3aNUWAETbCS KAHYOBMM (HAKTOPOM AN MaKCMMi3auii BPOXKAMHOCTI Ta MOAIMEHHS
6ioxiMiuyHOro cknafy B yMOBaXx 3MiH KiliMaTy. MeTol faHOro foCnigKeHHs 6yno OLiHUTM BNXB a30THOMO
Ta (dochopHO-KaniiHoro yaobpeHHs Ha ypoXaMHicTb Ta 6ioxiMiuHi MOKasHMKKM uMKopito. MonboBi
nocnigxeHHs nposoaunuca 'y 2021-2023 pp. y MNpaBobepexHomy Jlicocteny YkpaiHWM Ha YOpHO3eMi
cnaboryMycHoMy 3a [ABO(AKTOPHOK CXEMO0, WO BKAYana 5 BapiaHTiB a30THOro yA0BpEHHHs
(0-200 kr/ra) Ta matb BapiaHTiB (ocdopHo-KaninHoro yaobpenus (0-120 kr P,O, ta 0-200 kr K,0).
YpOXXalHiCTb KOPEHENMOAIB, 3aranbHWUiA BMICT LYKPIiB, BMICT iHY/iHY, peayKyloumnx LYKpiB Ta CTyMiHb
noniMepusauii BM3HayanM 3a CTAHAAPTM30BAHWMM BiOXIMIYHMMM Ta CTAaTUCTUYHMMU METOLAMMU
(amcnepciHmit aHanis, post-hoc tect Tukey's HSD, Principal Component Analysis (PCA), knactepHuit
aHanis). Pe3ynbtati 4OCNIAXKEHb NOKA3anu, WO a30THe YA0O6peHHs BNIMBAN0 Ha BCi BiOXiMiYHi NOKa3HWUKM
Ta YPOXaWiHiCTb, ane HaibinbLue Ha BMICT iHyNiHy (80 75 % Bif cyxoi pe4oBWHM) Ta CTYMiHb NoniMepum3allii,
ToAi gk docdopHO-KaniiiHi Ao0OpMBa NMLLE HA YpPOXaWHICTb Ta CTyMiHb noniMepu3sadii. MakcMmanbHa
cepeaHs BPOXaMHICTb y poKK AocnimkeHb (35,4 1/ra) 6yna gocarHyta npu BHeceHHi N, PyoK, o, TOAT SK
HaaMipHe BHeCeHHs! a30THMX Ta GocdopHo-KaniiHux nobpme (200 Kr/ra) 3HWXKyBano NPOAYKTUBHICTb
MoCiBiB Ta YPOXaMHICTb. 3aranbHWiA BMICT LyKPiB Ta iHYNiHY 3pOCTaB Npu BHeCeHHi a3oTy fo 150 kr/ra,
nicns yoro cnoctepiranocs 3HwxeHHs. PCA nigTBepaMB [OMiHYlO4y poib a3oTy Yy (GOPMyBaHHI SK
YPOXaMHOCTI, Tak i BioxiMiyHMX nokasHukiB. OnTMManbHi Hopmu asoTy (100-150 kr/ra) y No€AHaHHI
3 MNOMipHUMK piBHAMM dOoChOpHO-KaniiHoro yaobpeHHs 3abe3nedvyBanu CTabinbHy BpOXaMHICTb
KOPEHenoAiB Ta BUCOKMI BMICT iHYNiHY, LLO € BaXIMBUM SK AN NPOMMUCIOBOI nepepobku, Tak i ans
CTanoro arpoBnpobHMULTBA

KniouoBi cnoBa: kopensuis; iHynin; uykpw; Principal Component Analysis; nonimepusauis
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Abstract. The relevance of the study consisted in the investigation of the qualitative characteristics
of beef as a source of complete protein and the content of essential amino acids that determine its
biological and nutritional value. The purpose of the study was to determine the content of non-essential
and essential amino acids and conduct a comparative analysis of the amino acid composition of the
longest back muscle (m. longissimus dorsi) in young animals of specialised beef breeds. The studies
were conducted on Aberdeen-Angus, Volyn Beef, and Charolais bulls grown using meat cattle breeding
technology in the Polissia zone of Ukraine. Control slaughter of experimental animals was performed at
the age of 18 months. 3 animal units were selected from each breed, from which samples of the longest
back muscle (m. longissimus dorsi) at the level of 9t-11t ribs were taken for research. The amino acid
content was determined on an analyser by liquid ion exchange chromatography. Inter-breed differences
in the quantitative content of non-essential and non-essential amino acids were found. In particular,
the meat of Aberdeen-Angus bulls was characterised by the highest content of essential amino acids,
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among which methionine (6.84-16.5%), lysine (6.6-10.37%) and leucine (7.9-8.6%) dominated. For
Charolais beef, elevated levels of lysine and valine were determined, while animals of the Volyn Beef
breed had an advantage in leucine content. Among non-essential amino acids, glutamic acid (12.7-
13.3%) and aspartic acid (8.9-10.09%) accounted for the largest share. The results obtained show that
the quality of beef largely depends on breed characteristics, which determines its nutritional value,
biological usefulness, and organoleptic properties. The higher content of methionine and histidine in
Aberdeen-Angus meat indicates more intensive processes of intramuscular fat development, which
provides better marbling and energy value of young meat of this breed. The results of the study can be
used in practice for the selection and breeding of meat cattle with an optimal amino acid composition

of meat to increase its nutritional and biological value

Keywords: beef; Aberdeen-Angus; Volyn Beef; Charolais; essential amino acids; biological value

Introduction
One of the main tasks of the livestock industry
is to provide the population with food and raw
materials. Meat of various animal species is the
most important product for ensuring a healthy
and balanced diet for people around the world,
as a source of complete protein. The lack of pro-
tein can lead to negative effects on the human
body, which can manifest itself in the form of a
decrease in metabolism and the immune sys-
tem, disruption of certain organs or systems. In
the structure of global meat production, the first
place is occupied by the production of poultry
meat, the second - pork, and the third place is
occupied by bovine cattle meat.

Most scientific publications have demon-
strated a significant advantage of using animal
protein in the human diet, which is characterised
by a high balance of essential and non-essential
amino acids and is the closest to the amino acid
composition of the human body (Bal-Prylypko et
al.,2022).Research by O.S.Yaremchuk et al. (2022)
demonstrated that the introduction of protein-vi-
tamin premix in the diet of bulls significantly
increases not only productive indicators (weight
growth, slaughter vyield), but also the chemical
composition of muscle tissue, in particular, dry
matter and protein, which indicates the possible
effect of feeding on the amino acid profile. This
highlights the need for comprehensive consid-
eration of both genotypic and alimentary factors

when assessing the quality characteristics of beef.
According to O.l. Kolisnyk et al. (2018), the most
valuable components of meat are proteins that
are highly digestible and contain essential ami-
no acids for the human body: arginine, histidine,
tryptophan, leucine, isoleucine, valine, threonine,
lysine, methionine, and phenylalanine, which are
not synthesised in the human body and must
come from food. Beef obtained from animals of
specialised beef breeds has an optimal ratio of
muscle, bone and adipose tissue, which deter-
mines the quality of meat, its nutritional value,
technological and organoleptic properties. Ac-
cording to MJ. Lopez & S.S. Mohiuddin (2023),
animal meat consumption is important because
it contains amino acids that can be converted to
carbohydrates and are called glucogenic amino
acids. Some amino acids give rise to specialised
products. For example, tyrosine can be converted
to hormones such as thyroid hormones, epineph-
rine, norepinephrine, and melanin. Methionine, in
its active form known as S-adenosylmethionine,
plays a crucial role in cellular processes by trans-
ferring the methyl group to various substances
through a process called transmethylation.Cystine
and methionine are the main sources of sulphur.

According to A. Paliy et al. (2020; 2024), dif-
ferences in the amino acid profile of beef were
found in animals of Black Pied, Red Steppe, Sim-
mental, Lebedyn, and Ukrainian Grey breeds. The
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researchers argued that the highest biological
value was inherent in samples of Ukrainian Grey
beef breed that was dominated by both Red
Steppe and Black Pied breeds in terms of amino
acid index. According to G. Bittante et al. (2024),
the amino acid composition of beef and veal in
animals of local origin (beef x dairy crossbreds)
significantly differed in the content of 16 out
of 21 amino acids, which highlights the role of
the genotype in shaping the biological value of
meat. The results obtained confirmed the need
for further study of the influence of breed char-
acteristics on the amino acid profile, since they
determine the nutritional quality and organo-
leptic characteristics of products. S-H. Lee et
al. (2019) investigated the amino acid composi-
tion of animal meat of two local cattle breeds,
and found that the increased content of alanine
and glutamine in beef gives a more pronounced
and rich “umami” taste, which affects the benefits
for consumers when choosing meat. G. Bischof et
al. (2022) stated that the content of essential
amino acids that make up beef, such as isoleu-
cine, leucine, methionine, phenylalanine, tyros-
ine, and valine, positively correlates with the
duration of meat maturation. In particular, they
affect the taste, appearance, juiciness, and ten-
derness of beef, and the researchers concluded
that protein metabolism depends on the breed.

It is worth noting that there is growing at-
tention to the investigation of the biological use-
fulness of food products, in particular of animal
origin, and the study of the role of amino acids in
the human body. Based on the analysis of sources,
it should be noted that the factors that directly
affect the biological usefulness of beef were not
sufficiently considered. That is why it is relevant
to investigate the amino acid composition and
the ratio of non-essential and essential amino ac-
ids in meat obtained from young animals of spe-
cialised beef breeds that were kept at one farm in
the Polissia zone of Ukraine.

The purpose of this study was to determine
the content of non-essential and essential ami-
no acids and conduct a comparative analysis of

Bryniuk & Hrechaniuk

the amino acid composition of the longest back
muscle (m. longissimus dorsi) in young animals of
specialised beef breeds.

Materials and Methods

The study was conducted on cattle of specialised
beef breeds that were raised up to 18 months of
age using the technology of beef cattle breeding
in the Polissia zone of Ukraine at LLC Agrofirma
“Kyivska” during 2018-2020. For the purpose of
the study, three experimental groups of animals
were established: 20 Aberdeen-Angus bulls
were selected for Group 1, 20 Volyn Beef bulls
for Group 2, and 20 Charolais bulls for Group 3.
Before weaning, bulls were kept together with
cows on free suckling using the technology of
specialised meat cattle breeding, and after wean-
ing on fattening sites.Animals of all experimental
groups were fed the main diet. In the structure
of the feed ration of bulls in terms of energy nu-
tritional value, concentrated feeds accounted for
29.7-30.5%, coarse - 26.1-26.4, and green feeds -
43.4-43.9%. The diet was balanced in terms of
nutrient content, considering the age and physio-
logical needs of young animals.

In order to analyse the chemical and amino
acid composition of meat, 3 animals were select-
ed from each experimental group at the age of
18 months, which were analogous in age and live
weight, and their control slaughter was carried
out. After slaughtering the animals and assessing
the quality of the carcasses, beef samples were
taken for testing 24 hours later. Samples were
taken from the longest back muscle (m. longissi-
mus dorsi) at the level of 9t-11th ribs, as it is con-
sidered the most representative for evaluating
the quality characteristics of meat. The average
weight of samples was 100-200 g, after sampling,
was marked with the breed and individual num-
ber of the animal and transported at tempera-
tures up to +2...+4°C to the laboratory. The study
was conducted in compliance with ethical stand-
ards and rules for handling animals in accordance
with the regulations of the European Convention
for the Protection of Vertebrate Animals Used for

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 5



Impact of vibrations on machining quality...

Experimental and Other Scientific Purpos-
es (1986) and Order of the Ministry of Educa-
tion and Science, Youth and Sports of Ukraine
No. 249 (2012).

The content of non-essential (asparagine,
serine, glutamic, proline, cystine, glycine, ala-
nine, tyrosine, arginine) and essential (threonine,
valine, methionine, isoleucine, leucine, phenyla-
lanine, histidine, lysine) amino acids was deter-
mined on the automatic analyser of AAA amino
acids T-339m (Czech Republic) by liquid ion ex-
change chromatography. Statistical analysis of
the results obtained was performed using the Mi-
crosoft Exel 2017 computer programme. The level

of statistical significance P (P >0.95; +P>0.99;
*++P >0.999) was determined using the Student’s
t-test, considering statistical errors and the prob-
ability of comparing similar indicators.

Results and Discussion

The bulk of the nutrients in meat are proteins,
which, unlike plant-based proteins, are mainly
complete proteins. They contain all the vital ami-
no acids that are not synthesised in the human
body.As a result of studies of the amino acid com-
position of the longest back muscle, differences
in the content of unchanged amino acids were
established (Table 1).

Table 1. Content of essential amino acids
in the longest back muscle (m.longissimus dorsi), M + m (n = 9)

Animal breed

Amino acid
Aberdeen-Angus n=3 Volyn Beef n=3 Charolaisn=3
Protein, % 18.80+0.52 18.82+0.34 18.80+0.13
Threonine, mg/100g 0.42+0.03 0.42+0.02 0.37+0.00
Valine, mg/100g 0.74+0.33 0.97+0.03 1.04+0.03
Methionine, mg/100g 2.82+0.71 1.44+0.03 1.08+0.02+
Isoleucine, mg/100g 1.114£0.11 0.77 £ 0.04xx 0.81+0.05+
Leucine, mg/100g 1.360.10 1.38+0.09 1.25+0.04
Phenylalanine, mg/100g 0.94+0.09 0.76 £0.06 0.80+0.01
Histidine, mg/100g 0.97+0.09 0.81+0.01 0.69+0.07*x*
Lysine, mg/100g 1.19+0.31 1.06+0.02 1.63+0.01
Essential amino acids, mg/100g 9.55+1.77 7.60+v0.31 7.68+0.18

Note: +P>0.95; #xP>0.99; *++P>0.999
Source: compiled by the authors

Analysis of Table 1 shows that at the age
of 18 months, Aberdeen-Angus bulls had the
highest total content of essential amino acids,
in particular, methionine, isoleucine, phenylala-
nine, and histidine. Charolais breed prevailed in
terms of valine and lysine content, and its an-
alogues of the Volyn Beef breed had a slight-
ly higher amount of leucine. These differences
between animals of the breeds under study en-
sure the development of different protein pro-
files in the meat of animals of different breeds.
In terms of the content of essential amino acids
in meat, Aberdeen-Angus animals exceeded the
analogues of the experimental groups 2 and 3

by 20.4% and 19.6%, respectively, which indi-
cates high quality indicators of beef of young
animals of Group 1. Meat of young Charolais was
characterised by a higher content of lysine -
1.63 mg/100 g against 1.19 and 1.06 mg/100 g
in animals of groups 1 and 2, which takes part
in the reactions of transamination and deami-
nation of amino acids in the body, thereby af-
fecting the synthesis of essential amino acids.
The advantage in terms of valine content, which
helps to maintain nitrogen balance, which is
important for growth and development, in an-
imals of this breed ranged from 6.7 to 28.8%.
In the longest back muscle of young animals of
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the Volyn Beef breed, the leucine content was
1.4% and 9.4% higher compared to analogues
of the Aberdeen-Angus and Charolais breeds,
respectively. Based on the analysis of the con-
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Aberdeen-Angus breed were preferred for the
content of glutamic acid, Volyn Beef breed - for
the content of aspartic acid, serine, proline, ala-
nine, arginine, and Charolais breed - for the con-

tent of non-essential amino acids, animals of the

tent of glycine and tyrosine (Table 2).

Table 2. Content of non-essential amino acids
in the longest back muscle (m. longissimus dorsi), M+m (n=9)

Animal breed

Amino acid
Aberdeen-Angus n=3 Volyn Beef n=3 Charolaisn=3
Protein, % 18.80+0.52 18.82+0.34 18.80+0.13
Asparagine, mg/100g 1.54+0.14 1.72+0.01 1.59+0.05
Serine, mg/100g 0.61+0.01 0.64+0.02 0.61+0.02
Glutamine, mg/100kg 2.28+0.04 2.08+0.07% 2.01+0.05
Proline, mg/100g 0.36+0.07 0.45+0.01 0.42+0.04
Cystine, mg/100g 0.06+0.01 0.06+0.01 0.05+0.02
Glycine, mg/100g 0.40+0.08 0.46+0.02 0.48+0.00
Alanine, mg/100g 0.69+0.15 1.09+0.03* 1.06+0.02+
Tyrosine, mg/100g 0.83+0.01 0.88+0.05 0.92+0.09
Arginine, mg/100g 0.87+0.10 1.01+0.11 0.94+0.04
Non-essential amino acids, mg/100g 7.65+0.61 8.39+0.32 8.07+0.33
Note: «P>0.95; *xP>0.99; *+xxP>0.999
Source: compiled by the authors
Analysis of non-essential amino acids  synthesis of collagen and pigment compounds.

showed that the breeds under study have a dif-
ferent tendencies in the accumulation of certain
compounds. The highest level of glutamic acid
(2.28 mg/100 g) was determined in Aberdeen-An-
gus meat, which may indicate a more intense
synthesis of protein structures, while in Volyn
Beef this indicator was lower (2.08 mg/100 g).
The animals of Volyn Beef and Charolais showed
an increased content of alanine (1.09 and
1.06 mg/100 g, respectively), which may indi-
cate the features of energy metabolism and the
accumulation of compounds involved in the de-
velopment of sweetness in beef taste. Volyn Beef
breed also had an advantage in the content of as-
partic acid (1.72 mg/100 g), which together with
glutamic acid is involved in the development of
acidity of muscle tissue, which affects the juici-
ness and tenderness of meat. The Charolais breed
was characterised by increased levels of glycine
(0.48 mg/100 g) and tyrosine (0.92 mg/100 g),
which may be conditioned by the specifics of the

Thetotal content of non-essentialamino acids was
highest in the Volyn Beef breed (8.39 mg/100 g),
which confirms a more intensive accumulation
of these compounds in the protein structure of
muscles. A common pattern for all breeds is the
predominance of glutamic and aspartic acids,
which in combination with alanine form the basis
of metabolic processes and affect the organolep-
tic properties of meat. Thus, breed differences are
found not only in the total content of non-essen-
tial amino acids, but also in the specific profile
of their accumulation, which is important for
assessing the biological and taste value of beef.

Based on the analysis of the percentage con-
tent of amino acids in the longest back muscle,
among the essential amino acids in animals of
the breeds under study, methionine accounted for
the largest percentage in the protein composition
of dry muscle tissue - 6.84-16.5%, lysine - 6.6-
10.37%, and leucine - 7.9-8.6%. In terms of the
content of non-essential amino acids, glutamic
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acid accounted for the largest share - 12.7-13.3%
and aspartic acid - 8.9-10.09%. The cystine
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content in beef was the lowest and only 0.3-0.4%,
depending on the breed (Fig. 1).
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Figure 1. Amino acid content in the longest back muscle

Source: compiled by the authors

Analysis of Figure 1 shows that in samples
of the longest back muscle taken from bulls of
specialised beef cattle breeds, methionine, ly-
sine, and leucine, and among the non-essential
amino acids, glutamic and aspartic acids, which
determines the biological value of the meat of
the animals under study. The highest content of
menionine was observed in animals of the Ab-
erdeen-Angus breed, the difference with other
groups was 45.4% and 58.5%, respectively. Nota-
bly, in all experimental groups, the high content
of glutamic acid between the groups was within
3.8%.Animals of the Volyn-Beef breed had an ad-
vantage in the content of aspartic amino acid by
17.5% (Group 1) and 6.5 % (Group 3) and leucine
by 8.1 and 7.4%, respectively.

The results of current research are partial-
ly consistent with the study by O.P. Razanova et
al. (2023), which proved the superiority of Charo-
lais bulls in terms of valine content - by 7.4%,
isoleucine - by 45.3% (p < 0.001), leucine - by
15.2% (p < 0.001), lysine - by 7.8%, threonine
and phenylalanine + tyrosine - by 6.5% (p <0.05)
and 7.5% (p <0.01) compared to animals of the

Aberdeen-Angus and Black Pied breeds. The study
by G. Hollo et al. (2007), who studied amino acid
profile of Hungarian Grey and Holstein-Frisian
Beef breeds, no significant inter-breed differenc-
es were found, with the exception of histidine
content. According to J. Vopalensky et al. (2017), a
study of the muscle tissue of bulls of eight beef
breeds raised in Southern Bohemia showed signif-
icant inter-breed differences in amino acid com-
position.Among essential amino acids, the largest
proportion was lysine (8.8-10.4%), while the con-
tent of methionine ranged from 2.4-2.9%, threo-
nine — approximately 4.6%, valine - 5.1%, isoleu-
cine - 4.8%, leucine - 8.2%, phenylalanine - 4.1%,
histidine - 4.2%, and arginine - 8.0%. Statistically
significant differences (p <0.05) were recorded for
most essential amino acids, with the exception of
valine and leucine. Among non-essential amino
acids, the largest proportion of protein in the dry
matter of muscle tissue was glutamic acid (13.9-
15.1%), while the lowest values were characteris-
tic of serine and tyrosine; other indicators were:
aspartic acid - 9.3%, serine - 4.0%, proline - 5.3%,
glycine - 5.5%, and alanine - 6.1%. The current
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study noted similar trends. The high percentage
of glutamic acid (13.9-15.1%) in the muscle tissue
of young Aberdeen-Angus, Volyn Beef, and Charo-
lais is consistent with the data by J. Vopalensky et
al. (2017), where this figure was 14.8-16.8%. Si-
multaneously, animals of the Volyn Beef breed
showed a preference for the content of aspartic
acid (11.7% more compared to Aberdeen-Angus)
and alanine (36.5% more), while Charolais had
a higher level of lysine (37% more compared to
Volyn Beef breed). The established inter-breed dif-
ferences in the content of essential amino acids
(methionine, lysine, isoleucine, phenylalanine, and
histidine in Aberdeen-Angus; lysine and valine in
Charolais; leucine in Volyn Beef) confirm the au-
thors’ conclusions regarding the determining role
of the genotype in the amino acid profile of beef.
Thus, the results of the current study are con-
sistent with previous scientific data and comple-
ment them, demonstrating the specific features
of animals raised in the Polissia zone of Ukraine.

The current study indicates that a relatively
high percentage of glutamic acid (13.9-15.1%) is
an important indicator, which is fully consistent
with the data by J. Subrt et al. (2002), which give
a value of 14.8-16.8%. The researchers also found
significant differences in the content of essential
amino acids: 30.16% in Montbeliarde to 34.50%
in Maine-Anjou, and 30.22% in Hereford to
33.75% in Aberdeen-Angus animals. Among the
essential amino acids in meat, lysine prevailed -
7.76-8.75%. Significant differences in the content
of amino acids such as threonine, valine, and iso-
leucine were found in animals of combined pro-
ductivity. Significant differences (P <0.05) in the
levels of glutamic acid, asparagine, proline, ser-
ine, and alanine were found among non-essential
amino acids. Comparison with data of J.D. Wood
& C. Rowlings (2011) showed that, in addition to
breed differences, feeding conditions and the in-
fluence of climatic factors are an important factor
in the development of the amino acid composi-
tion of meat. The researchers emphasised that
changes in the feed base and increased temper-
ature stress can lead to variations in the content
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of individual amino acids, in particular, glutamic
and aspartic acids, which in the current study also
proved to be the most variable among non-essen-
tial amino acids. This suggests that the specific
profile of Volyn Beef and Charolais animals may
be conditioned not only to the genotype, but also
to adaptation to growing conditions.

According to S. Fujimura & M. Kadowa-
ki (2006), the content of glutamic acid signifi-
cantly affects the taste of meat. For other amino
acids, the effect on aroma prevails, along with the
enhancement of taste - the so-called umami. Ac-
cording to S.A. Michalchenko et al. (2024), an in-
terbreed difference in the content of amino acids
in beef obtained from three dairy cattle breeds
was established. According to researchers, among
the essential amino acids, lysine is quantitative-
ly dominant and accounts for 5.02-7.85%, among
the substituents - glutamine 10.93-12.66%. In
the current study, the level of lysine in Charolais
was 37% higher than in Volyn Beef, while in Ab-
erdeen-Angus, the preference for histidine was
19-40%, depending on the breed in comparison.
G. Caire-Juvera et al. (2013), investigating the ami-
no acid composition of various types of animal
products, established the highest content of the
essential amino acid lysine in cattle meat.Accord-
ing to researchers, the content of this amino acid
affects the quality of beef, its amino acid profile,
and protein digestibility indicators. These results
are also confirmed by the data of the current
study, where Volyn Beef and Charolais had lysine
in the range of 1.06-1.63 mg/100 g, which is high-
er than that of Aberdeen-Angus (1.19 mg/100 g).

G. Hollo et al. (2001), investigating the effect
of the breed factor on the amino acid profile of
cattle meat, established the advantage of Sim-
mental breed in terms of glutamic acid and ser-
ine content compared to Holstein animals. Using
the GCM model in their research, the researchers
concluded that natural belonging does not affect
the amino acid composition of beef. According to
Y.H.Kim et al. (2016), the content of non-essential
and essential amino acids is directly or indirect-
ly related to the taste and aroma of meat, being
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substrates of chemical reactions that form aro-
matic compounds during cooking.According to re-
searchers, valine, tyrosine, isoleucine, phenylala-
nine, tryptophan, and leucine are associated with
a bitter taste; alanine, methionine, glutamine,
glycine - with sweetness of meat; aspartic and
glutamic acids, histidine, asparagine - with a sour
taste; glutamic and aspartic acids - with a salty
taste. The results obtained in the current study
are consistent with these results: Volyn Beef has
higher levels of aspartic acid, while Charolais and
Volyn Beef have higher levels of alanine, which
forms specific differences in the taste profile of
beef. Similar patterns were noted by W. Zhang et
al. (2010), who emphasised that the amino acid
composition of meat directly affects its functional
value, in particular, its water retention capacity,
juiciness, and texture. The higher content of glu-
tamic and aspartic acids recorded in the current
study may lead to better sensory characteristics
of meat, while increased levels of alanine and
glycine are associated with the development of
sweet taste shades. Thus, the results confirm that
the breed specificity of the amino acid compo-
sition is of practical importance for processing
and improving the functional quality of meat
products. Similar data were provided in the pa-
per by S.Filin et al. (2023), where the amino acid
composition of semi-finished meat products was
studied. The researchers showed that the amino
acid profile in meat raw materials has stable dif-
ferences between control and experimental sam-
ples, which confirms the importance of genotypic
and technological factors in the development
of qualitative characteristics of meat products.
Comparison with the current results shows that
similar patterns can be traced in pure meat of
different breeds of cattle, where variations in the
amino acid composition determine both biologi-
cal value and organoleptic properties.
Summarising the results, it should be noted
that the amino acid profile of the longest back
muscle of young animals of specialised beef
breeds has a distinct breed specificity. The estab-
lished differences in both the content of essential

and non-essential amino acids indicate different
intensity of protein and energy metabolism in
animals of different breeds. The combination of
increased levels of individual amino acids forms
not only the biological, but also the taste value of
beef. The results obtained confirm that the geno-
type is a key factor in the development of quality
indicators of meat and can be used in breeding
work to increase the nutritional and organoleptic
value of products.

Conclusions
Based on the results of studies conducted on
young animals of specialised beef breeds, it can
be concluded that the amino acid composition of
the longest back muscle of young cattle depends
on the breed affiliation of animals. Among the
essential amino acids in animals of the breeds
under study, methionine had the highest percent-
age in the protein composition of dry matter of
muscle tissue - 6.84-16.5%, lysine - 6.6-10.37%,
and leucine - 7.9-8.6%. The highest content of
essential amino acids was observed in the meat
of Aberdeen-Angus bulls. In particular, animals of
this group exceeded their peers of Charolais and
Volyn Beef breeds in terms of methionine con-
tent by 45-58%, isoleucine — by 26-43%, pheny-
lalanine - by 17-24%, and histidine — by 20-40%,
which confirms their ability to form beef with high
biological value. Young Charolais meat was char-
acterised by increased levels of lysine and valine,
which are important factors of nitrogen metab-
olism and protein synthesis, and the lysine con-
tent in Charolais reached 1.63 mg/100 g, which
is 37% more than in Volyn Beef. While animals
of the Volyn Beef breed showed an advantage in
the content of leucine, this breed also had high-
er levels of aspartic acid (11.7% more compared
to Aberdeen-Angus) and alanine (36.5% more),
indicating a more intense energy metabolism.
Analysis of non-essential amino acids showed
that glutamic acid (12.7-13.3%) and aspartic acid
(8.9-10.09%) accounted for the largest share in
all groups, which are key in ensuring energy me-
tabolism and muscle tissue acidity. In Charolais,
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glycine and tyrosine were more prevalent, which  of animals of other breeds and investigate the
may indicate the specifics of the synthesis of col-  relationship of amino acid composition with or-

lagen structures and pigment compounds. ganoleptic qualities.
The results obtained indicate that the breed
features of the amino acid composition deter- Acknowledgements

mine the different nutritional and biological val-  None.

ue of meat, which should be considered when
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beef. The established patterns emphasise the  None.
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AHoTauif. AKTYanbHiCTb AOCNIMKEHHS MONSrae y BMBYEHHI SKICHMX XapaKTEpUCTUK SNOBUYMHM SK
[Kepena MoBHOLIHHOro 6inka Ta BMICTy HE3aMiHHMX aMiHOKMCNIOT, WO BM3HAYaloTb ii GionoriyHy W
XapyoBY LiHHiICTb. MeToo poboTH Byno BM3HAUMTM BMICT 3aMiHHMX Ta HE3aMiHHMX aMiHOKMCIOT Ta
NPOBECTU MOPIBHSANbHUI aHani3 aMiHOKMCIOTHOrO CKNagy HaWAoBWOro M's3a cnuHu (m. longissimus
dorsi) MONOAHSIKY CnewuianizoBaHMX MACHWUX nopia. [locnifxeHHs npoBoaunncs Ha b6yranusx abepauH-
QHIYCbKOI, BO/IMHCbKOT MAICHOI Ta Waposne, BUPOLLEHUX 33 TEXHOMOFIEID MACHOMO0 CKOTApCTBa Y 3OHi
Monicca YkpaiHu. KoHTponbHuiA 3a6iit nionocnigHux TBapuH nposoawnu y Biui 18 MicauiB. 3 KOXHOI
nopoau Biadbupanu no 3 ronosu, y AKMX 6panu 3pasku HaMAOBLLIOrO MA3a CnuHKU (M. longissimus dorsi) Ha
piBHi 9-11 pebpa ong pocnigkeHHs. BMicT aMiHOKMCNOT BM3HAYanu Ha aHanisatopi METOAOM PiAMHHOT
iOHOOOMIiHHOT XpoMaTorpadii. BctaHoBNEHO, WO MiXXMNOPOAHI BifAMIHHOCTI Y KiNbKiCHOMY BMICTi 3aMiHHMX
Ta HE3aMiHHMX aMiHOKMCNOT. 30KpeMa, Maco ByraiiuiB abepanH-aHryCbkoi MOPOAU XapakTepu3yBanocs
HaMBWLLMM BMIiCTOM HE3aMiHHMX aMiHOKMUCNIOT, cepen SKUX AOMiHyBanu MeTioHiH (6,84-16,5 %), nisuH
(6,6-10,37 %) Ta neiunH (7,9-8,6 %). lna SNOBUYMHM LWApOae BU3HAYEHO MNiABULLEHWIA PiBEHb Ni3UHY
Ta BaniHy, TOAI 9K TBapUHWM BOJIMHCLKOI M'ICHOI NOPOAM Manu nepesary 3a BMiCTOM nenuuHy. Cepepn
3aMiHHMX aMiHOKMCNOT HaMlbinblly YacTKy CTaHoOBMAM rayTamiHosa (12,7-13,3 %) Ta acnapariHoBa
kucnota (8,9-10,09 %). OTpuMaHi pe3ynbTaTW 3acBifyyHOTh, WO SKICTb SNOBUMYMHM 3HAYHOK Mipoo
3aNeXMUTb Bif, NOPOAHMX 0COBNMBOCTEN, LLLO 3YMOBIIHOE ii XapyoBY LiHHICTb, 6i0N0riYHy MOBHOLHHICTb Ta
OpraHoNenTUYHI BNAaCTUBOCTI. BULLMI BMICT METIOHIHY Ta ricTUAMHY Y M’ACi abepAMH-aHIyCiB CBiAYMTb NPO
iHTeHCMBHIWi npoueck GopMyBaHHS BHYTPILLHbOM S30BOr0 XMPY, WO 3abe3neyye Kpalyy MapMypoBiCTb
Ta eHepreTUYHy LiHHICTb M'1Ca MONOAHAKY AaHOT Nopoau. Pe3ynbTati OCNIAXKEHHS MOXHA BUKOPUCTATH
Ha npakTuui Ans Biabopy Ta po3BefeHHs M'ACHOI Xynobu 3 ONTUManbHUM aMiHOKUCIOTHUM CKNaLoM
M’sica 3 METOK MiABMULLEHHS MOro Xap4yoBOi Ta 6i0NOriYHOI LIHHOCTI

KniouoBi cnoBa: sanosBuuvHa; nopofa abepauH-aHryc; BOMMHCbKA MCHA; LWapone; He3aMiHHi
aMiHOKUCNOTH; BionorivyHa LiHHICTb
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Abstract. The relevance of the work was determined by the need to find effective genetic combinations
toincrease productivity and ensure the stability of growth processes in animals of modern ‘commercial
genotypes”. The aim of the study was to determine the role of genotype as a determining factor in
the growth and development of pigs using one-factor dispersion analysis and principal component
analysis. The experiment involved 120 fattening pigs, and the test animals were divided into three
groups. Group I: a combination of Large White and Landrace sows with Duroc boars of Canadian
selection (Genesus) Group Il: a combination of Large White and Landrace sows with Pietrain boars of
French selection (Axiom) and Group Ill: a combination of Large White and Landrace sows with boars
of the terminal line “Maxter” selected by the company “France Hybrides”. The assessment was based
on the live weight of pigs of different genotypes at the age of 77-203 days, absolute and average
daily gains in separate age periods, as well as the age at which they reached a pre-slaughter live
weight of 80, 100,120 and 140 kg. The results of the variance analysis showed a significant influence
of genotype on all studied indicators. The greatest effect of the “genotype” factor was observed for
live weight at 154 days of age (43.27%), absolute and average daily gains in the period from 182 to
203 days (44.97%), as well as the age at which live weight of 100 kg was reached (44.72%). It was
confirmed that pigs in group | were inferior to their peers in other groups in the early stages of life,
but in the later stages of fattening, they demonstrated a significant advantage in terms of gains and
growth intensity. Animals in groups Il and Il were characterised by similar growth rates and did not
differ statistically significantly from each other. Principal component analysis allowed to identify
two stages in the process of live weight formation: the first (130-155 days) and the second (180-205
days), which are determined by different growth mechanisms and are practically independent of each
other. The results confirm the key role of genotype in the formation of productive traits in pigs and
can be used in the development of breeding programmes and the improvement of fattening systems

Keywords: breeding; breed composition; live weight; gains; principal components

Introduction

Pig farming is one of the leading sectors of animal
husbandry, ensuring food security and stability in
the agricultural sector, as well as accounting for
a significant share of meat products on the world
market. Improving the productive qualities of
pigs, in particular growth intensity, average daily
gains, feed conversion and meat and fat produc-
tivity, remains a key task for modern pig farming.
One of the main internal factors determining an
animal’s potential is its genotype, which influenc-
es the realisation of hereditary productivity, but
its manifestations can vary significantly depend-
ing on feeding and housing conditions. Therefore,
quantitative determination of the contribution of
genotype to the variability of productive traits
and identification of key growth stages is an im-
portant prerequisite for effective selection and

improvement of intensive fattening technologies
(Wusheng & Jergen, 2022).

Researchers SW. Kim et al. (2024) conduct-
ed a comprehensive review of the current state
of global pig farming, covering production struc-
ture, major breeds and regional characteristics.
The study also analyses current research trends,
including genetics, feeding and animal health
management, which allows the identification of
key factors affecting pig productivity in different
countries. A.O.K. Adesehinwa et al. (2024) exam-
ined the characteristics of pig production in Africa,
including socio-economic and environmental fac-
tors. The authors identified the main problems in
the industry, such as limited access to quality ge-
netic material and feed, and determined the pros-
pects for development through the introduction
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of innovative technologies and optimisation of
genetic resources to increase herd productivity
and sustainability. According to FAO estimates,
pork is the most consumed meat in the world,
accounting for 34 - 36% of total global meat con-
sumption, ahead of poultry (33%), beef (24%), and
goat and sheep meat (5%). Improving the pro-
ductive traits of pigs: growth rates, average daily
gains, live weight, feed conversion, and meat and
fat quality are relevant tasks of modern breeding
and production and a key feature for virtually all
major breeds in countries with developed pig
farming (Ritchie et al., 2023).

According to V.V.Voloshinov et al. (2024) , the
effective use of imported breeding boars increas-
es carcass meat yield, young stock growth rate,
and reduces feed costs per unit of production.
The heterosis effect stimulates the productivity of
first-generation hybrid young stock and is genet-
ically determined, but it is difficult to obtain, es-
pecially for fattening traits. Therefore, the authors
recommend that in order to increase average daily
gains and reduce the age to 100 kg, it is necessary
to take into account the compatibility of boars and
sows, as well as the influence of the boar’s geno-
type on the realisation of the genetic potential of
the productive traits of the offspring. The selec-
tion work of O.Mykhalko et al. (2022) was aimed at
increasing meatiness and growth rate with min-
imal feed and resource costs, which has always
been the main criterion for the main breeds, types
and lines in pig breeding. Genotype as an internal
factor determines the potential of an animal: it
determines the extent to which growth, fattening
and meat productivity can be fully realised under
favourable conditions. B. Lebret & M. Candek-Po-
tokar (2021) noted in their review that it is he-
reditary factors that form the basis of pork pro-
duction and determine the quality of carcasses
and fresh meat, while technological parameters
mainly influence the realisation of this potential.
However, in practice, the potential of the geno-
type is often limited by paratypic factors: feeding,
housing conditions, microclimate, health, man-
agement characteristics in the relevant area, etc.

F. Bussiman et al. (2025), studying genotype-en-
vironment interactions using high-dimensional
ecological data, showed that even animals with
high genetic potential can demonstrate different
growth and meat production rates depending on
housing conditions. Therefore, to understand pro-
ductivity, it is necessary not only to compare indi-
vidual lines or breeds, but also to apply methods
that allow to quantitatively assess the contribu-
tion of the genotype to the overall variability of
traits and identify the components through which
this contribution manifests itself.

One of the key statistical tools for solv-
ing these problems is analysis of variance
(ANOVA), which enables to determine whether
there are statistically significant differences be-
tween groups, for example, between different
genotypes, and to estimate the proportion (share)
of variation attributable to genotype differences.
At the same time, for many productive traits, it
is important to determine which characteristics
have the greatest variation because they correlate
with each other. To this end, S. Panda et al. (2020)
used component methods, in particular Princi-
pal Component Analysis (PCA), which allowed to
reduce the dimensionality of multidimensional
data, identify the main “trait complexes” that form
productive orientation, and understand the rela-
tionships between them.

There are examples of the use of such ap-
proaches in the literature. In particular, in the
work of H.E. Green et al. (2024), PCA was used to
identify biotypes that link growth traits, carcass
quality, and body structure, as well as to search
for candidate genes associated with these bio-
types. This provides a deeper understanding of
which traits (or combinations thereof) are most
important from a breeding perspective. Anoth-
er example is the study by PA. Vashchenko et
al.(2023), which examined the MC4R genotype in
combination with feeding levels in Ukraine. The
authors found that the interaction between geno-
type and feeding significantly affects live weight,
average daily gains, and subcutaneous fat thick-
ness. This emphasises that the genotype does not
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actin isolation,and the realisation of its potential
depends on paratype factors.

At the same time, although there are nu-
merous studies devoted to individual genotypes
or marker genetic effects, the literature does
not always contain studies that comprehen-
sively combine variance analysis (assessment of
the strength of the genotype’s influence on dif-
ferent age intervals, absolute and average daily
gains, age at which a certain weight is reached)
and component analysis (derivation of the main
components that summarise production traits).
This approach allows for a deeper understanding
of: during which growth periods the genotype is
most active; which traits have the greatest varia-
bility; how growth indicators and age at reaching
live weight correlate. The aim of the study was to
determine the influence of genotype on the pro-
ductive traits of fattening pigs by applying vari-
ance and component analysis.

Materials and Methods

The experiments were conducted throughout
2023 at a commercial pork production enterprise,
the Agricultural Production Cooperative Agro-
firma “Myh-Servis-Ahro” in the Mykolaiv region.
Pork production at the enterprise was carried out
according to the principles of industrial technol-
ogy with the corresponding organisation of pro-
duction processes. The study involved 120 heads
of finishing pig young stock, which were divid-
ed into three groups of 40 heads each. The first
group comprised young stock obtained from Large
White x Landrace (LW x L) sows crossed with Duroc
(D) boars of Canadian selection (Genesus). The sec-
ond group was formed by crossbred young stock
from (LW x L) sows and Pietrain (P) boars of French
selection (Axiom). The third group was represented
by animals obtained from (LW x L) sows combined
with “Maxter” (Mx) terminal line boars from the
“France Hybrides” company. The assessment of fin-
ishing qualities was conducted when the animals
reached live weights of 80, 100, 120, and 140 kg.

As part of the scientific and economic ex-
periment, the groups were formed using the
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pair-analogue method (Ibatulin et al,, 2017) taking
into account similarities in live weight and the de-
velopment of the test animals during the rearing
period (4-11 weeks), which corresponded to the
comparative period, and no significant differences
in live weight were observed in the experimental
groups. The experimental pigs were evaluated for
fattening indicators: age at reaching live weight
of 80, 100, 120 and 140 kg, absolute and average
daily gain (g), amount of feed consumed and feed
conversion ratios (kg) at the stages of reaching the
specified conditions in accordance with the meth-
ods (Ladyka & Khmelnychiy, 2023).

The conditions of keeping the experimental
animals complied with the Departmental norms
of technological planning (2005) and the recom-
mendations of genetic companies for keeping
animals. The rules for handling the experimental
animals complied with Ukrainian legislation (Or-
der of the Ministry for Development of Economy,
Trade and Agriculture of Ukraine No. 224, 2012).
The fattening piglets were divided into two fat-
tening stages. The first stage (“Grower”) included
animals with a live weight of 30-60 kg, which
received 2.4-2.6 kg of compound feed per head
per day; they were kept in pens of 30 heads on a
concrete slatted floor with an area of 0.65 m? per
head. The second stage (“Finisher”) included ani-
mals weighing 61-140 kg, which were fed com-
pound feed at a rate of 2.8-3.2 kg per head per
day; they were kept on a concrete slatted floor
with an area of 0.85-1.2 m? per head.

Young animals of different ages and weights
were fed with three types of specialised com-
pound feed: “Grower”, “Finisher” and “Final Finish-
er”, produced in the farm’s own compound feed
workshop in accordance with the feeding strate-
gies developed on the farm (Provoratoroy, 2007;
Voloshchuk, 2014). To balance the diets of fatten-
ing young animals, protein, mineral and vitamin
supplements and premixes produced by “Koudijs
Ukraine” LLC were used. The animals were wa-
tered through nipple drinkers located at levels
appropriate to their age. The premises were ven-
tilated using exhaust shaft fans and aerodynamic
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supply valves to create negative pressure. Manure
was removed using a periodic vacuum-gravity
system from tubs located under the slatted floor.
Veterinary treatments in the experimental and
control groups were carried out identically in ac-
cordance with the scheme adopted on the farm.

The results obtained were processed using
statistical methods with the use of computer tech-
nologies and the STATISTICA v. 7.0 software pack-
age in accordance with generally accepted meth-
ods (Feinstein, 1996; Kramarenko et al., 2019).

Results and Discussion
The data obtained indicate that genotype sig-
nificantly influences the formation of productive

traits in pigs, in particular the dynamics of live
weight and growth intensity at different ages.
Already at the initial stages of fattening, statisti-
cally significant differences between the studied
groups can be observed, which change in severity
over time. The most pronounced effect of geno-
type is observed in the middle age periods, while
in the final stages of fattening, some of the dif-
ferences are levelled out. A one-factor analysis
of variance showed that genotype is a statis-
tically significant factor determining the live
weight of fattening pigs at all studied age peri-
ods (in all cases p<0.001), which emphasises its
key role in the formation of productive qualities
of animals (Table 1).

Table 1. Influence of pig genotype on their live weight during fattening
(one-factor analysis of variance)

Characteristic SS df MS

SS

Ms

(age, days) Effect  Effect  Effect Error df Error Error F P (%)
LWe =77 111.05 2 55.53 21545 117 1.84 30.15 <0.001 34.01
LWe -133 205.40 2 102.70 449.40 117 3.84 26.74  <0.001 31.37
LWe -154 449.20 2 224.60 589.03 102 5.77 38.89  <0.001 43.27
LWe -182 38.82 2 19.41 24017 87 2.76 7.03  <0.001 13.92
LWe -203 72.83 2 36.41 27112 72 3.77 9.67 <0.001 21.17

Note: LWe - live weight
Source: authors’ own work

A characteristic feature of the results ob-
tained is that the influence of the ‘genotype”
factor on the live weight of animals gradually
increased and reached its maximum level at the
age of 154 days (43.27%). At the same time, at
203 days of age, the magnitude of intergroup
differences decreased almost twice, which in-
dicates a certain levelling of indicators in the
later stages of fattening. A generalised analysis
of the average live weights of pigs of differ-
ent genotypes showed that animals of Group
I (R(LWxL)x3D) lagged behind their contem-

poraries from other groups at the early stages
of development (77, 133, and 154 days), but at
182 and 203 days they significantly surpassed
them. Pigs of Groups Il (Q(LWxL)x3P) and Il
(2(LWxL)xIMKk) showed no statistically signifi-
cant differences in live weight during most of
the studied periods, which indicates the similar-
ity of their growth rates. The results of one-fac-
tor analysis of variance confirm the significant
influence of genotype on absolute live weight
gains at different age intervals of fattening (in
all cases p<0.001) (Table 2).
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Table 2. Influence of pig genotype on absolute live weight gains during fattening
(one-factor analysis of variance)

Characteristic SS df MS

Ss

MS

(age, days) Effect  Effect  Effect Error df Error Error F P n (%)
AG (77-133) 42.45 2 21.22  206.85 117 1.77 12.01 <0.001 17.03
AG (133-154) 212.93 2 106.47 428.06 102 4.20 25.37  <0.001 33.22
AG (154-182) 196.47 2 98.23  307.93 87 3.54 27.75  <0.001 38.95
AG (182-203) 267.55 2 133.77 327.44 72 4.55 29.42  <0.001 4497

Note: AG — absolute gain
Source: authors’ own work

Unlike live weight indicators, the influence of
the “genotype” factor on absolute gains tended to
gradually increase: from 17.03% between 77 and
133 days to a maximum of 44.97% between 182
and 203 days. This indicates that the genetic char-
acteristics of animals are more pronounced in the
later stages of fattening, when the body reaches
high growth rates and tissue formation intensity.

Summarising the results of the analysis of
absolute live weight gains of pigs depending on
their genotype, it should be noted that animals
of group | (2(LWxL)x3ID) in the periods 77-133
and 133-154 days were inferior to their peers
in other groups in terms of growth intensity. At
the same time, in the following age intervals
(154-182 and 184-203 days), they already had a sig-
nificant advantage in terms of growth. During most
of the study periods, the fattening young animals of
groups Il and Il did not show statistically signifi-
cant differences between each other in terms of ab-
solute live weight gains, which indicates a similar
level of their growth capacity. The data obtained in-
dicate that animals in group | are characterised by
a strategy of “late realisation” of genetic potential:
slower initial growth is compensated by intensive

growth in the final stages of fattening. This may
be due to the peculiarities of physiological de-
velopment and the formation of muscle tissue at
a later stage. Groups Il and Ill show more uniform
growth, without sharp peak changes in intensity,
which may indicate faster realisation of potential at
an early age and stable productivity throughout the
fattening period. In practical terms, this means that
when planning feeding programmes and the dura-
tion of fattening, it is advisable to take the geno-
type into account: animals in group | may need a
longer period to realise their full potential, while
groups Il and Il achieve stable performance faster.
This approach will increase feed efficiency and pro-
duction profitability.

The results of one-factor analysis of variance
confirm the presence of a significant influence
of genotype on the average daily weight gain of
pigs at different ages of fattening (in all cases
p <0.001) (Table 3). Similar to absolute gains, the
strength of the influence of the “genotype” factor
on average daily gains tended to increase gradu-
ally, which emphasises the importance of genetic
characteristics in determining the growth rate of
animals in the later stages of fattening.

Table 3. Influence of pig genotype on average daily weight gain during fattening
(one-factor analysis of variance)

Characteristic SS df SS df MS o
(age, days) Effect Effect MS Effect Error Error  Error P e (%)
ADG (77-133) 13,536.35 2 6,768.18 65959.82 117 563.76 12.01 <0.001 17.03
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Table 3. Continued

c?:;?:i:;zt)lc Egjct Efg:ct MS Effect Ef:)r E:':l,";r Enrﬁr F P e (%)
ADG (133-154) 35913.87 2 17,956.93 72,197.19 102 707.82 2537 <0.001 33.22
ADG (154-182) 17,820.11 2 8910.05 27930.46 87 321.04 2775 <0.001 3895
ADG (182-203) 16,852.27 2 8,426.14 2062484 72 286.46 29.42 <0.001 4497

Note: ADG — average daily gain
Source: authors’ own work

Summarising the results of the analysis
of average daily weight gains of pigs depend-
ing on their genotype, it can be noted that in
animals of group | (Q(LWxL)xZD) maintained
relatively stable growth rates throughout the
observation period, ranging between 900 and
915 g, with no substantial fluctuations between
age intervals. In contrast, the young pigs of
Groups Il (R(LWxL)x3P) and Il (Q(LWxL)xIMk)
showed a clear pattern: during the 77-133 and
133-154-day periods, their average daily gains
were considerably higher than in the subsequent
154-182 and 182-203-day intervals. Among

these, Group Il animals (?(LWxL)xZMk) exhibit-
ed the most pronounced difference between early
and late periods, indicating greater variability in
growth intensity compared with the other groups.

The results of the one-way analysis of var-
iance demonstrated a significant effect of gen-
otype on the age at which pigs reached specific
live weights (ALW) during fattening (p <0.001 in
all cases) (Table 4). The strongest influence of
the “genotype” factor was observed for the age
at reaching 100 kg live weight (44.72%), while
the weakest effect was recorded for the age at
reaching 120 kg (9.48%).

Table 4. Influence of pig genotype on the age at reaching a certain live weight during fattening
(one-factor analysis of variance)

Char(?:::)r e Ef?:ct Efg:ct E?;’:ct SS Error Ei’;r En::ir F P (%)
ALW -80 25035 2 12517 54280 117 464 2698 <0.001 31.56
ALW -100 57556 2 28778 71149 102 698 4126 <0.001 4472
ALW - 120 3825 2 1913 36545 87 420 455 <0.001 9.48
ALW —140 9518 2 4759 34273 72 476 1000 <0.001 21.74

Note: ALW - age at reaching a certain live weight
Source: authors’ own work

Overall, analysis of the mean age at reach-
ing specific live weights in pigs during fattening,
depending on their genotype, showed that Group
| animals (Q(LWxL)xJD) outperformed the oth-
er groups at 80 and 100 kg, but were inferior at
120 and 140 kg live weight. Animals of Groups
I (QLWxL)xZP) and Il (Q(LWxL)xIMk) did not
differ significantly from each other across almost
all weight categories.

Table 5 shows the estimates of the correla-
tion coefficient between the live weight of pigs of
modern genotypes at different ages and the age
at which they reach different weight conditions.
It was found that there is a reliable and relatively
high correlation (at the level of +0.600...+0.800)
between the live weight of pigs at the ages of
77,133 and 154 days. In addition, a certain level
of relative variability was noted between the live
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weight of pigs at 182 and 203 days of age (+0.468).
On the other hand, the live weight of pigs at 77,
133 and 154 days of age was negatively correlated
with the age at which they reached a live weight
of 80 and 100 kg. Accordingly, the live weight at
182 and 203 days of age was negatively correlated

Lenkov et al.

with the age at which they reached a live weight of
120 and 140 kg. These pairs of traits are also cor-
related with each other; on the one hand, the age
at which live weight of 80 and 100 kg is reached
(+0.694), and on the other hand, the age at which
live weight of 120 and 140 kg is reached (+0.349).

Table 5. Estimates of the correlation coefficient between the live weight of pigs of different
genotypes at different ages and the age at which different live weights are reached

Characteristic 1 2 3 4 5 6 7 8 9
1 x 0.792 0.627 -0.788 -0.629
2 X 0.690 -0.999 -0.691
3 x -0.693  -0.993
4 x 0.468 -0.985 -0.424
5 X -0.397 -0.993
6 X 0.694
7 x
8 X 0.349
9

X

Note: Signs: 1 — LWe 77; 2 — LWe 133; 3 — LWe 154; 4 - LWe 182; 5 - LWe 203; 6 — ALW 80; 7 — ALW 100;
8 — ALW 120; 9 — ALW 140. Only correlation coefficient estimates for which p < 0.05 are given

Source: authors’ own work

The availability of statistically significant es-
timates of correlation between the live weight of
pigs of different genotypes at different ages and
the age at which the corresponding weight condi-
tions are achieved provides grounds for applying
principal component analysis (PCA) to all nine of
these traits. Table 6 shows the estimates of factor
loadings for the first two principal components,
calculated on the basis of the variation-covariance
matrix of live weight of pigs of different genotypes
at different ages and the age at which different
weight conditions are achieved. The first two

principal components together described almost
% of the total variability of the variance-covariance
matrix. At the same time, the first principal compo-
nent (PC1) described 45.6% of the total variability
of the variation-covariance matrix of live weight of
pigs of different genotypes at different ages and
ages of reaching live weight of different conditions
and was characterised by high positive estimates
of factor loadings on live weight at the age of 77,
133 and 154 days of age, and, on the other hand, by
high negative estimates of factor loads on the age
of reaching a live weight of 80 and 100 kg.

Table 6. Estimates of factor loadings for the first two principal components calculated
on the basis of the variance-covariance matrix of live weight of pigs of different genotypes

Principal component (PC)

Characteristic

PC1 PC2
LWe 77 0.862 0.007
LWe 133 0.928 -0.069
LWe 154 0.869 -0.061
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Table 6. Continued

Principal component (PC)

Characteristic

PC1 PC2

LWe 182 0.179 0.843

LWe 203 -0.081 0.865

ALW 80 -0.930 0.063

ALW 100 -0.867 0.045

ALW 120 -0.277 -0.791

ALW 140 0.108 -0.841
Percentage of variance, % 45.6 31.2

Note: bold font indicates the factor loadings of the features that contribute most to the identification of the

corresponding principal component
Source: authors’ own work

Thus, this main component can be identified
as live weight gain at 130-155 days of age. The sec-
ond principal component (PC2) described 31.2% of
the total variability of the variation-covariance ma-
trix of live weight of pigs of different genotypes at
different ages and ages of reaching live weight of
different conditions and was characterised by high
positive estimates of factor loadings on live weight
at 182 and 203 days of age, and, on the other hand,
by high negative estimates of factor loads on the
age of reaching a live weight of 120 and 140 kg.
Thus, this principal component can be identified
as reaching a live weight at 180-205 days of age.
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It is characteristic that the first two main
components indicate the presence of two stages
in the process of forming the live weight of pigs
for fattening, which are determined by different
mechanisms and are almost independent of each
other.The first stage covers the period of 130-155
days,and the second - 180-205 days. Thus, the re-
sults of the principal component analysis allowed
to move from 9 initial features to two complex
features (principal components) that describe
most of the variability of the initial matrix, but
are orthogonal to each other and make it possible
to visualise the results obtained (Fig. 1).
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Al O

300

A
IIx

Figure 1. Ordination of individual animals depending on their genotype in the space of the 1st and
2 principal components, calculated on the basis of the variance-covariance matrix of live weight at
different ages and the age at reaching various live weight stages

Note: | -
Source: authors’ own work

QLWxL)x3D; I = Q(LWxL)x3P; 11l = Q(LWxL)xI Mk
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Figure 1 presents the ordination of individual
animals according to their genotype in the space
defined by the first and second principal compo-
nents, calculated on the basis of the variance-co-
variance matrix of live weight at different ages and
the age at reaching specific live-weight thresh-
olds. A clear intergroup differentiation of pigs
depending on genotype is evident. The young an-
imals of Group | (2(LWxL)xZD) were clearly sep-
arated from those of Groups Il (9 (LWxL)x3P) and
I (Q(LWxL)xIMk), which formed a single cluster
without noticeable differentiation between them.
Animals of Group | (2(LWxL)xJ'D) were character-
ised by high scores on the second principal com-
ponent but low scores on the first, in contrast to
the other two groups. This pattern indicates that
pigs of Group | exhibited lower growth rates in
live weight during the 130-155-day period but
accelerated growth during 180-205 days. Con-
versely, pigs of Groups Il and Il showed higher
growth intensity at 130-155 days but lower rates
in the later finishing period (180-205 days).

The results of the studies confirm the con-
clusions of M. Mohammadabadi et al. (2021) and
B.S. Shaferivsky (2021), who also point to the de-
cisive role of genotype in the formation of live
weight and growth energy of pigs during on-
togenesis. A significant influence of this factor
has been established in all age periods, which
is consistent with numerous literature data em-
phasising the role of heredity in the variability of
growth indicators, meat productivity and carcass
quality. According to researchers A. Antonyk et
al. (2025), heredity is the main predictor of fat-
tening and slaughter traits in modern pig geno-
types, while the influence of housing and feeding
conditions is more pronounced only in the case
of nutrient deficiency. In particular, the current
study clearly demonstrated the role of individ-
ual genotype combinations in the formation of
live weight, average daily gains and fattening
performance. Similar conclusions were made
by Z. Pan et al. (2022), who, based on transcrip-
tomic and proteomic analysis, identified can-
didate genes responsible for the deposition of
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subcutaneous and intramuscular fat in Dingyuan
pigs. This once again confirms that the genetic
basis of productive traits has a complex polygen-
ic nature, where dozens of genes interact. The
current study found that genotype significantly
influences the formation of productive traits in
fattening pigs, in particular the dynamics of live
weight gain and morphofunctional characteris-
tics. Similar results are reported by M. Matsen-
ko (2020), who established the dependence of
growth rate and haematological parameters on
the duration of embryonic development. The au-
thor showed that physiological blood parameters
(erythrocytes, haemoglobin, protein) are closely
correlated with the growth intensity of animals,
which confirms the importance of taking into ac-
count not only external factors but also geneti-
cally determined characteristics of the organism.

An important aspect is the interaction of the
genotype with environmental conditions. The
results of the current study indicate that even
with the same feeding system, the differences
between genotypes remained significant, but the
severity of these differences may vary depend-
ing on the husbandry technology used. A simi-
lar effect was described by J.M. Garcia-Casco et
al. (2014), who studied Iberian pigs in different
free-range systems. The authors showed that the
‘genotype-environment” interaction affects both
carcass morphology and intramuscular fat con-
tent. This highlights the need to consider tech-
nological factors when interpreting the results of
variance analysis. A characteristic pattern identi-
fied in the current study is the gradual increase
in the influence of the “‘genotype” factor on the
live weight of animals up to 154 days, after which
this influence decreased by almost half at 203
days. This dynamic is explained by the processes
of physiological equalisation in the herd, when in
the final stages of fattening the influence of envi-
ronmental factors (in particular, the level of feed-
ing and microclimate conditions) begins to play
an increasingly important role. Similar results are
reported by H. Shao et al. (2008), who showed that
in later age periods, heritability is weaker than in
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earlier ones, which leads to a decrease in inter-
group differences.

An interesting phenomenon observed in
the present study was that animals of Group |
(2(LWxL)x3D), although initially lagging behind
their peers in live weight and gains during the
early growth phases (77-154 days), subsequently
(182-203 days) demonstrated a significant com-
pensatory advantage. Similar patterns were re-
ported by R.M. Godinho et al. (2018), who noted
that combining genotypes with different growth
intensities may generate a “late-start” effect,
whereby animals gradually realise their genet-
ic potential during the final stages of fattening.
The correlations established in the current study
are also consistent with the literature. The high
negative correlation between live weight at an
early age (77-154 days) and the age at which 80-
100 kg is reached confirms the statements made
by R.M. Godinho et al. (2018) that more intensive
initial growth allows intermediate weight limits
to be reached more quickly. On the other hand,
the negative correlation between live weight at
later ages (182-203 days) and the age at which
120-140 kg is reached confirms that the final pe-
riods of fattening are crucial for the formation
of final productivity.

The use of principal component analysis
made it possible to identify two independent
growth stages: 130-155 and 180-205 days. A sim-
ilar approach was used by N. Gilbert et al. (2017),
who, based on multidimensional data analysis,
identified several “performance windows” in pig
development when genetic potential is most
strongly manifested. In the current study, animals
in group | were characterised by the second sce-
nario with accelerated growth in the late stage,
while groups Il and Il were characterised by the
first scenario, confirming the existence of dif-
ferent strategies for realising genetic potential.
The results of the current component analysis
confirmed that individual latent factors can be
identified as genetically determined trait com-
plexes. This coincides with the conclusions of
M. Munoz et al. (2018), who studied the diversity

of European local pig breeds and showed that
candidate genes associated with growth and
meat productivity form specific groups that are
consistently manifested in the phenotype. In-
cluding such factors in breeding programmes can
significantly improve the accuracy of animal se-
lection. Additionally, it should be noted that the
data from the current study on genotypic varia-
tion in fattening performance are consistent with
the results of X. Xie et al. (2023), who identified
key mutations in the PRKAG3 and PHKG1 genes
that determine the glycolytic potential of mus-
cle tissue. These genes have a significant impact
on slaughter performance. Identifying genotypes
with the best productive characteristics makes it
possible to increase the efficiency of fattening. As
shown by the research of S. Dall’'Olio et al. (2017),
integrating data on genotypes and meat produc-
tivity markers into selection schemes provides a
significant increase in genetic progress.

Thus, the results of the current study confirm
that genotype is one of the key factors determin-
ing the level and stability of fattening pig perfor-
mance. Its influence is realised through polygenic
trait complexes and depends on interaction with
feeding and housing systems. The current study
confirmed the high significance of genotype as a
factor in the formation of pig productivity and al-
lowed to identify key age intervals when genetic
potential is most strongly manifested. Dispersion
and component analysis have proven their effec-
tiveness as tools for quantitative assessment of
these factors, as well as for identifying latent struc-
tures in the data. The use of these methods opens
up new opportunities for the formation of selec-
tion strategies aimed at increasing production ef-
ficiency and improving the quality of pig products.

Conclusions
Genotype is a determining factor in the forma-
tion of performance traits in fattening pigs and
significantly affects growth dynamics, growth in-
tensity and age at which live weight is reached.
The application of variance analysis showed that
the “genotype” factor has a statistically significant
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effect (p <0.001) on all studied parameters, with
its specific weight of variation changing depend-
ing on the age period and specific trait. The great-
est effect was found in the middle age interval
(154 days) for live weight (43.27%) and in the lat-
er period (182-203 days) for absolute and average
daily gains (44.97%). This indicates an increase in
the role of hereditary factors in the final stages
of fattening, when the animals’ bodies intensive-
ly accumulate muscle and fat tissue. An impor-
tant finding is the different type of genetic po-
tential realisation: pigs in group | (2(LWxL)xJ3D)
showed slower initial growth, but compensated
for this with intensive growth in the final period,
while animals in groups Il (?(LWxL)xJZP)and Il
(R(LWxL)xIMK) were characterised by more uni-
form growth rates with a predominance at an ear-
ly age. Different genotypes require differentiated
feeding and fattening management programmes:
genotypes with late potential realisation should
be kept longer to achieve maximum productivi-
ty, while genotypes with rapid realisation ensure
early achievement of marketable conditions with
shorter fattening periods.

Analysis of the age at which live weight was
achieved confirmed that the trait most sensitive
to genotype was the age at which a live weight
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which indicates a gradual levelling of growth in-
dicators as the final conditions are approached.
The integration of variance and component anal-
ysis allows for a deeper understanding of the
mechanisms of genotype influence on the perfor-
mance of fattening pigs, identification of periods
of maximum realisation of hereditary potential,
and establishment of practical guidelines for se-
lection and technological solutions. This ensures
more efficient use of feed, lower production costs
and increased competitiveness of the pig industry
in industrial production.

Further scientific research should be direct-
ed towards a comprehensive study of the influ-
ence of genotype, feeding and housing conditions
on pig growth using molecular genetic markers,
which will allow the optimal feeding parameters
to be established, economic efficiency to be as-
sessed and selection and technological strategies
for intensive pig farming to be developed.
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AHoOTAaLifA. AKTyanbHiCTb po60TM 3yMOBIEHa HEOOXiAHICTIO MOWYKY ePEKTUBHUX FrEHETUUYHMX NOEAHAHD
ANS NigBULLEHHS NPOAYKTUBHOCTI Ta 3abe3neyeHHs cTabiNbHOCTi POCTOBMX NPOLLECIB Y TBAPUH CyYaCHUX
KKOMEPLiMHMX reHoTUNIB». MeTol focniaxeHHs 6yno 3'acyBaHHs poJii reHoTUNy, K BU3HAYaNbHOrO
YMHHMKA POCTY Ta PO3BUTKY CBMHEN 3a A0MOMOrol0 OAHO(AKTOPHOro AMUCNEPCIMHOrO aHanisy un
aHani3y rofloBHUX KOMMOHEHT. B ekcnepuMeHTi 6yno BukopuctaHo 120 ronie cBuHel Ha Bigromieni,
nigooCNiAHMIA MONOAHAK OYyB po3pineHwni Ha Tpu rpynu. | rpyna: nOEQHAHHA CBMHOMATOK BENMKOI
6inoi Ta naHapac 3 KHypaMu MOpoAu AIOPOK KaHaacbkoi cenekuii (Genesus), Il rpyna: moeaHaHHs
CBMHOMATOK BenuKoi 6inoi Ta naHapac 3 KHypamu nopoau meTpeH @paHuy3bkoi cenekuii (Axiom) i
Il rpyna: noegHaHHa CBMHOMATOK BenWKOi 6inoi Ta naHapac 3 KHypaMu TepMiHanbHOI NiHii «Maxter»
cenekuii komnaHii «France Hybrides». [l ouiHKM BUKOPUCTAHO XXMBY Macy CBUHEN pi3HUX reHOTUNiB
y Biui 77-203 pobu, abcontoTHi Ta cepeHboL060BI NPUPOCTU B OKpeMi BiKOBi Mepiofu, a Takox Bik
LOCATHEHHS HUMM nepea3abiviHoi xxueoi Macu 80, 100, 120 ta 140 kr. 3a pe3ynbtaTamMu AMCNepcinHoro
aHani3y BCTAaHOB/MEHO AOCTOBIPHWI BMJIMB FEHOTMMNY Ha BCi AOCNIAXKYBaHI MoKasHuKW. Hanbinbwui
edekT GakTopy «reHoTun» BiAMIYeHO ANs XuBOi Macu y Biui 154 pi6 (43,27 %), abconoTHMX Ta
cepenHbon060BMx npupocTiB y nepion 182-203 pobu (44,97 %), a TaKOX BiKy AOCATHEHHS XMBOT Macu
100 kr (44,72 %). NinTBEpAXEHO, WO CBUHI | rpynu y paHHi BikOBi nepioaM nocTynanncs poBecHUKam
{HWKX rpyn, 0AHaK Ha Mi3HiWKXX eTanax BiAroAiBAi AEMOHCTPYBaNU A4OCTOBIPHY NepeBary 3a NpupocTamu
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Ta iHTEHCMBHICTIO pocTy. TBapuhu Il Ta Il rpyn xapaktepusysanuca nofibHMMKM TeMnaMu pocTy Ta He
BiApI3HANMCSA CTAaTUCTMYHO 3HAYYWO MiXX C060t. AHani3 rofioBHUX KOMMOHEHT LO3BOMWMB BUAINUTU
ABa eTanu y npoueci dopMyBaHHS xuBoi Macu: nepwwii (130-155 ai6) Ta apyrmit (180-205 Aib), gki
BM3HAYaKTbCA Pi3HUMM MeXaHi3MaMu pOCTy Ta MPaKTUYHO He3anexHi oauH Big ogHoro. OTpuMaHi
pe3ynbTaTy NiATBEPAXKYIOTb KNHOUYOBY pOSib reHOTUNY Y (OPMYBaHHI NPOAYKTUBHUX O3HAK CBUHEW Ta
MOXYTb BYTWM BMKOPWUCTaHI Mpu po3pobui cenekuikHUX nporpam i BAOCKOHANEHHI CUCTEM Bigromieni

KniouoBi cnoea: cenekuis; NOpPoAHiCTb; XXMBA Maca; NPUPOCTM; FOJIOBHI KOMMOHEHTH
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Abstract. The aim of the study was to analyse the weather conditions during the vegetation period,
their correspondence to the morphobiological characteristics of the hybrids, and to identify sunflower
hybrids that are better adapted to the region where the research was conducted. The studies were carried
out during 2022-2024 under the conditions of Ternopil region. An analysis of the agrometeorological
indicators over the research years revealed considerable differences in the vegetation periods, both
in terms of temperature indicators and the total monthly precipitation. According to the temperature
data, values exceeded the long-term average. The analysis of weather conditions in the study region
indicated that the conditions are suitable for cultivating sunflower hybrids of all maturity groups
examined, in terms of both heat resources and moisture availability. The sum of active temperatures for
the period from April to September was 3,162.1°C (biological minimum 5°C), and the sum of effective
temperatures was 2,263.2°C. At a biological minimum of 10°C, the respective figures were 2,977.1°C
and 1,409.1°C. During this period, the highest total of heat units was recorded at 3,642.4°C. The total
heat units for the May-September period amounted to 3,433.4°C. Soil moisture reserves within the one-
metre layer depended on the year’s weather conditions and varied accordingly. The water consumption
coefficient for early-maturing hybrids, under the influence of fertilisers, ranged from 1,173 to 1,012
m?3/t per tonne of seed; for mid-early hybrids - from 1,171 to 1,017 m3/t; and for mid-season hybrids -
from 1,100 to 989 m3/t per tonne of seed. A correlation analysis between sunflower yield indicators
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and soil moisture reserves showed a direct correlation, with a correlation coefficient of 0.8456. The
results of this research can be used to optimise the timing of sowing and harvesting in accordance with

forecasted agrometeorological conditions

Keywords: Helianthus annuus; temperature indicators; moisture availability; heat units; maturity group

Introduction

Global changes in climate and weather condi-
tions caused by rising temperatures, sharp tem-
perature fluctuations, uneven distribution of pre-
cipitation and insufficient rainfall, and frequent
droughts have prompted a search for solutions
to this problem in the field of crop production.
Agricultural producers are putting a lot of effort
into introducing and adapting new species and
creating new varieties and hybrids that are high-
ly stable and adaptable. Much effort is now being
directed towards utilising the adaptive potential
of agrocenoses, which involves comprehensive
approaches to increasing adaptability through
selection, management of exogenous influences
on plants, and the creation of optimal crop struc-
tures. The creation and emergence of varieties
and hybrids with high yield potential and resist-
ance to a wide range of environmental factors
cannot fully solve this problem. Sustainable crop
production is possible through the management
of plant production processes, taking into ac-
count and controlling biotic and abiotic factors.
In other words, there is a need to create, develop
and implement adaptive technologies for grow-
ing agricultural crops. With changing climat-
ic conditions, crops from southern regions are
moving northwards. An example of such crops
is sunflower, the cultivation of which is rapidly
spreading to the northern and western regions of
Ukraine, which were not previously characteristic
for its cultivation.

An analysis of the oilseed market indicates
that it is strategically important, as there is a pos-
itive price trend for these crops, particularly sun-
flowers. The supply of this crop is determined by
organisational and technological characteristics
and the influence of unregulated environmental

factors (soil and weather conditions). A series of
studies by S.P. Ivanyuta et al. (2020) shows that
global climate change caused by an increase in
average monthly and, accordingly, average annual
temperatures and changes in precipitation, main-
ly towards a decrease in its amount, creates long-
term risks in the crop production sector. Crop
yields depend on both temperature and mois-
ture conditions and can be controlled by select-
ing adapted varieties and hybrids and improving
cultivation techniques. The results of studies by
M. Huz et al. (2024), conducted in several periods
from 2008 to 2021, indicate significant changes
in the analysis of sunflower production dynamics
in Ukraine. The dynamics of the indicators were
caused by changes in climatic conditions as a
result of differences in weather conditions. Sun-
flower production indicators were characterised
by a close dependence of crop yields on weather
conditions in different regions of Ukraine. In ad-
dition to environmental conditions, market condi-
tions also had an impact on sunflower production
indicators. Based on production and yield indica-
tors, polynomial trend models were constructed,
which were characterised by a high degree of reli-
ability and were able to reflect the real dynamics
of the indicators.

In order to increase sunflower production,
it is necessary to ensure growing conditions in
which plants are able to realise their full po-
tential. In particular, this means creating condi-
tions that are more favourable in terms of mois-
ture availability than in the southern regions of
Ukraine. This is why there has been a migration
of sunflower crops to the western and northern
regions of Ukraine. The research by D. Baran-
skyi (2024) is aimed at studying the impact of
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sunflower cultivation in conditions of sufficient
moisture in the Western Forest-Steppe on the
dynamics of soil moisture reserves during the
growing season. The results showed that the
crop is capable of producing high yields in the
presence of sufficient moisture in the 0-200 mm
soil layer in the autumn-winter period. Research
by O.L. Zhygailo et al. (2021) points to the forma-
tion of new economic conditions in all sectors,
including crop production, as a result of global
climate change. One of the crops affected by this
is sunflower, whose yield is linked to the agro-
climatic conditions in which it is grown. The au-
thors emphasise that the profitability of growing
this crop will depend on the natural and climatic
zone in which it is grown.

Scientists V. Tomashuk & R.O. Horob-
chuk (2024) analysed the potential of Ukraine’s
agricultural sector and investigated opportu-
nities for increasing the efficiency of its use in
the cultivation of certain crops. One of the fac-
tors determining the level of production is the
soil and weather conditions of the region where
the crop is grown. According to V.M. Totskyi et
al.(2024), crop cultivation technology, in particu-
lar the use of mineral fertilisers that provide a
sufficient level of essential nutrients in the soil,
is of great importance for sunflower cultivation
and increasing its yield and seed quality. The
level of nutrient uptake by plants is determined
by a number of factors, including soil and cli-
matic conditions. Research by O. Trembitska et
al. (2021), conducted in the Polissya region on
the cultivation of the Oplot hybrid sunflower to
study the effect of fertilisation, showed a posi-
tive impact on both yield and seed quality. The
highest yield indicators were obtained in the
variant with the use of Ny Py Ky = 2.16 t/ha with
a fat content in seeds of 44.2%. The cultivation
of sunflowers in atypical conditions (in Polissya)
and the search for optimal technological meth-
ods based on the results of research by O.A. Fur-
manets (2022) indicated the difficulties arising
from unstable growing conditions, which do not

allow the genetic potential of the crop to be
realised. The use of fertilisers allows increasing
the crop yield in conditions of sufficient moisture
supply to 27%, and in arid conditions - to 44.0%.

In the context of changing climatic con-
ditions, the development and implementation
of adapted crop cultivation technologies is of
great importance in the field of crop production.
These technologies involve the optimisation of
cultivation techniques and the selection of new
crop varieties and hybrids capable of maximis-
ing their genetic potential in atypical growing
conditions. The aim of the research was to ana-
lyse the weather conditions during the growing
season and identify sunflower hybrids that are
better adapted to the region where the research
was conducted.

Materials and Methods

The research was conducted during 2022-2024
under the conditions of the Ternopil region. The
field experiment was a three-factor design with
four replications. The area of the experimental
plot was 60 m?, and the accounting (harvest) plot
area was 42 m2 The research design involved
studying the following factors: factor A - matu-
rity group: early, medium early, medium ripening;
factor B - hybrids: RGT Wollf, Atilla, Belvedere,
LG-5478, NK Brio, NK Kondi, P64LL155, factor C -
fertilisation options: 1. NeoPsoKsgo; 2. NgoPgoK12o.
The preceding crop was winter wheat. The me-
teorological indicators and parameters used for
calculations were taken from the data of the me-
teorological station in Ternopil.

The calculation of the coefficients of signifi-
cance of deviations in temperature indicators and
precipitation for the years of research and aver-
age long-term indicators was carried out using
the formula:

Xi—-X
cs =50, 1)
where: Cs - coefficient of significance of devia-
tions; Xi — weather elements for the current year;
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X - indicator of the average long-term value; o -
mean square deviation.

The significance of the coefficients of mate-
riality of deviations had the following gradations:
» (s=0+1 - conditions close to normal;

» (s=1+2 - conditions significantly differ-
ent from long-term averages;

» (Cs>2 - conditions close to rare.

Heat units (CHU) were calculated for the peri-
od from emergence to full maturity of the crop ac-
cording to the following methodology: heat units
per day (Y,,) were calculated using the formula:

Yos =333 (T, — 10) - 0.084 - (T, - 10), (2)
atT,,<10,Y,,=0.
Calculation of heat units per night:
Y on=1.8(T,;, — 4.44), (3)

atT,,<444,Y, =0.

The next step was to calculate the heat units
per day:

CHU: (Ymax+ men)/z'o (4)

The sums of active and effective temper-
atures were determined by calculation for bio-
logically active temperatures of 5 and 10°C. The
amount of available moisture was determined
using the thermostat-weight method, and total
moisture consumption was determined using the
water balance formula:

E=0+(Wn - WK), 5)

where E - the amount of moisture used by plants
during vegetation, m3/ha; Wn, Wk - the amount of
moisture at the beginning and end of vegetation,
m3/ha; O is the amount of precipitation during
vegetation, m3/ha.

The water consumption coefficient was de-
termined using the formula:

Cc=E:Y, 6)

Harbar & Vandzhura

where Cc - water consumption coefficient, m3/ha;
Y - the sunflower yield, t/ha.

Yield was determined by sectional harvest-
ing with a conversion to 8% moisture content.
Based on the results obtained, a correlation anal-
ysis was performed between yield indicators and
soil moisture reserves (Rozhkov et al., 2016). The
study complied with the requirements of the Con-
vention on Biological Diversity (1992).

Results and Discussion
The availability of a huge range of varieties and
hybrids of agricultural crops, in particular indus-
trial crops, on the seed market poses a challenge
for producers when selecting seed material, tak-
ing into account its plasticity to unregulated fac-
tors and the ability to maximise genetic potential
in specific climatic conditions. An analysis of the
weather conditions at the research site was car-
ried out based on the significance coefficients of
deviations of current weather data (2022-2024)
from the long-term average parameters.

An analysis of agrometeorological indica-
tors over the years of research shows significant
differences between vegetation periods. These
results were obtained from the analysis of both
temperature indicators and the total amount of
precipitation per month. The results of temper-
ature indicators (2022-2024) show that they ex-
ceed the long-term average data (Fig. 1).

Analysis of agrometeorological data showed
that March temperatures were significantly high-
er than the long-term average (1.7°C) in all years
of the study and ranged from 4.0 to 4.6°C. In April,
temperatures in 2022 and 2023 were lower than
the long-term average (8.4°C) and ranged from
6.9 to 7.4°C. In 2024, the temperature was 11.2°C,
which affected the timing of sunflower sowing.
The temperature in May was as close as possi-
ble to the long-term average (14.2°C) and corre-
sponded to values of 14.1, 14.2 and 15.7°C. All
other months of the growing season from June
to September were characterised by a significant
increase in temperature indicators by 0.7-4.4°C.
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Figure 1. Average monthly air temperature, 2022-2024, °C

Source: developed by the authors

The amount of precipitation that fell dur-
ing the sunflower growing season was insuf-
ficient, with a characteristic uneven distribu-
tion (Fig. 2). As the analysis of the indicators

140

showed, May was characterised by the lowest
amount of precipitation, with values almost
twice lower than the long-term average in all
years of the study.
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Figure 2. Precipitation, 2022-2024, mm

Source: developed by the authors

Precipitation in April was sufficient and, de-
pending on the year of research, varied between
61.4 and 79.7 mm (average long-term figures -
72.4 mm). May turned out to be the driest of
all the growing months. According to long-term
averages - 61.3 mm in 2022, 38.4 mm fell in
2023, 29.8 mm in 2024, and 19.8 mm in 2025.
June was characterised by precipitation close
to the long-term average (68.1 mm), while in
2023 it significantly exceeded the average and
amounted to 104.6 mm. July was characterised
by a similar pattern, with precipitation exceed-
ing the long-term average in 2024 (93.3 mm
compared to 53.9 mm). In August, precipitation

was close to the long-term average, ranging
from 51.2 to 63.6 mm. In September, precip-
itation was below normal (70.3 mm) in 2022
and 2023, amounting to 48.4 and 33.3 mm, re-
spectively. In 2024, precipitation in September
amounted to 124.1 mm, which complicated the
harvesting of crops.

An analysis of the calculated coefficients of
significance of precipitation deviations showed
that 54% of the months analysed belonged to the
category of ‘conditions close to normal”. Mean-
while, 33% were characterised as ‘conditions that
differ significantly from long-term indicators” and
13% as “conditions close to rare” (Fig. 3).
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Figure 3. Significance coefficients of precipitation deviations, 2022-2024

Source: developed by the authors

Calculations to determine the significance
coefficients of temperature deviations and their
analysis indicate significant deviations between
the long-term average data and the actual tem-
perature readings during the years of research. It
should be noted that a significant upward devia-
tion in temperature indicators brings certain pe-
riods of plant growth and development closer to
“rare conditions” (Fig. 4).

3,5

Analysis of the calculated coefficients of sig-
nificance of temperature deviations showed that
they varied in the range from 2.6 to minus 1.5.
The following results were obtained when calcu-
lating the coefficients of deviation of temperature
indicators: the percentage of months with “con-
ditions close to normal” was 58, and ‘conditions
that differ significantly from long-term indicators”
was 25, while “‘conditions close to rare” was 17%.
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Figure 4. Materiality coefficients of deviations
in average monthly temperature indicators, 2022-2024

Source: developed by the authors

Air temperature indicators are unregulated
factors. And in the context of climate change,
when there is a significant increase in these
indicators, their significant impact on certain
processes in plants becomes apparent, which is
reflected in the formation of their productivity.
There are a number of indicators that can be
calculated based on temperature data to draw

conclusions about their impact on plant growth
and development. The calculation of heat units
by month showed that April was characterised
by the highest deviations from the average val-
ue. The sum of heat units in 2023 was the low-
est, at 127.9°C, while in 2024 the indicator was
309.7°C.In other words, April in the region where
the research was conducted was characterised
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by rather unstable temperature indicators dur-
ing the day and night, which was reflected in the
sum of heat units per month. In all other months

of the sunflower growing season, no such signif-
icant differences were found between the years
of research (Table 1).

Table 1. Total heat units for sunflower vegetation in 2022-2024

Month, period CHU Deviation from the average Average for
! 2022 2023 2024 2022 2023 2024 2022-2024
April 189.4 127.9 309.7 -19.6 -81.1 100.7 209.0
May 495.2 471.4 512.1 2.3 -21.5 19.2 492.9
June 657.1 634.5 730.7 -17.0 -39.6 56.6 674.1
July 789.6 770.2 830.8 -7.3 -26.7 339 796.9
August 786.1 814.7 812.9 -18.5 10.1 8.3 804.6
September 694.6 664.2 636.1 29.6 -0.8 -28.9 665.0
X April-August 2,917.4 2,818.7 3,196.2 -60.0 -158.7 218.8 2,977.4
> April-September  3,612.0 3,482.9 3,832.3 -30.4 -159.5 189.9 3,642.4
Y May-August 2,728.0 2,690.8 2,886.5 -40.4 -77.6 118.1 2,768.4
Y May-September ~ 3,422.6 3,355.0 3,522.6 -10.8 -78.4 89.2 34334

Note: CHU - Crop Heat Units
Source: developed by the authors

The calculation of the average number of
heat units during the years of research during
the sunflower growing season indicates their
significant importance and dependence on
weather conditions during the year. It should be
noted that the number of heat units depended
not only on the average daily temperature, but
also on its minimum and maximum values. Thus,
for the period from April to August, the sum of
heat units was 2,917.4 in 2022, 2,818.7 in 2023,
and 3,196.2°C in 2023. The April-September
growing season was characterised by the follow-
ing indicators: 3,612.0 in 2022, 3,482.9 in 2023,
and 3,832.3°C in 2024. During the period from
May to August, plants accumulated the small-
est amount of heat units, which varied from
2,690.8 to 2,886.5°C during the study period.

The sum of heat units for the May-September
growing season ranged from 3,355.0 (2023)
to 3,522.6 (2024). It should be noted that the
highest average number of heat units per year
was obtained for the growing season covering
April-September, with an indicator of 3,642.4. A
slightly lower indicator was obtained for the pe-
riod May-September - 3,433.4.

The next criteria determining the conditions
for growing crops are the sums of active and ef-
fective temperatures during the growing season.
For sunflowers, the sums of these temperatures at
biological minimums of 5 and 10°C are relevant.
As shown by the calculations, the sums of active
and effective temperatures for the corresponding
periods were significantly lower than the sums of
heat units (Table 2).

Table 2. Indicators of the sum of active and effective temperature indicators
at a biological minimum of 5°C

Sum of active temperatures, °C Average Sum of effective temperatures, °C  Average

Month Decade
value value
2022 2023 2024 2022 2023 2024
1 47.5 29.9 129.5 69.0 49 10.5 79.5 31.6
April 2 91.5 88.7 100.9 93.7 41.5 38.7 55.9 45.4
90.1 90.5 101.3 94.0 40.1 40.5 51.3 44.0
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Table 2. Continued

Sum of active temperatures, °C  Average Sum of effective temperatures, °C  Average

Month Decade
value value
2022 2023 2024 2022 2023 2024

1 103.4 99.7 145.9 116.3 53.4 49.7 95.9 66.3

May 2 127.0 149.6 130.7 135.8 77 99.6 80.7 85.8

3 197.1 190.7 209.1 199.0 1471 133.1 154.1 144.8

1 184.1 179.4 193.9 185.8 134.1 129.4 143.9 135.8

June 2 171.3 168.9 190.1 176.8 121.3 111.9 140.1 124.4
3 199.2 190.6 223.3 204.4 149.2 140.6 173.3 154.4

1 215.2 204 210.3 209.8 165.2 154.0 160.3 159.8

July 2 235.4 207.4 260.3 234.4 185.4 157.4 210.3 184.4

3 223.1 217.8 222.1 221.0 173.1 162.8 167.1 167.7

1 203.1 208.1 198.2 203.1 153.1 158.1 148.2 153.1

August 2 217.0 221.8 220.7 219.8 167.0 171.8 170.7 169.8
3 260.1 258.0 256.9 258.3 210.1 203.0 201.9 205.0

1 201.8 171.5 207.9 193.7 151.8 121.5 157.9 143.7

September 2 189.2 181.1 165 178.4 139.2 131.1 115 128.4
168.4 182.6 155.4 168.8 118.4 132.6 105.4 118.8
> April-August 2,565.1 2,505.1 27932 26212 1,8225 1,761.1 2,033.2 11,8723
> April-September  3,124.5 3,040.3 33215 3,162.1 2231.9 2,146.3 24115 22632
3 May-August 2,336.0 2,296.0 24615 23645 1,736.0 1,671.4 1,846.5 1,751.3
> May-September  2,895.4 2,831.2 2989.8 29054 21454 2,056.6 2,224.8 21422

Source: developed by the authors

The sum of active temperatures (biological
minimum 5°C) for the period April-September
was the highest and amounted to the following
for the years of research: in 2022, 3,124.5; in
2023, 3,040.3; in 2024, 3,321.5°C. The indica-
tors for the period May-September were slight-
ly lower: in 2022, 2,895.4; in 2023, 2,831.2; in
2024, 2,989.8°C. The growing seasons from April
to August and May to August were characterised
by significantly lower values. The maximum sum
of active temperatures at a biological minimum
of 5°C - 3,162.1°C - was obtained for the peri-
od from April to September on average over the
years of research. Analysis of the sum of effective

temperatures at a biological minimum of 5°C in-
dicates similar trends between indicators depend-
ing on the growing seasons and years of research.
The sum of active temperatures for the period
April-September had the highest values, varied
depending on the year of research and amounted
t02,231.9in 2022,2,146.3in 2023,and 2,411.5°C
in 2024.The sum of effective temperatures for the
same period averaged 2,263.2°C over the years.
The calculation of the sum of active temperatures
at a biological minimum of 10°C showed signif-
icantly lower values than those in the previous
table, but the trends between the indicators re-
mained the same (Table 3).

Table 3. Indicators of the sum of active and effective temperature indicators
at a biological minimum of 10°C

Sum of active temperatures, °C

Average Sum of effective temperatures, °C  Average

Month Decade
2022 2023 2024  value 2022 2023 2024 value
1 0 0 111.9 37.3 0 0 31.1 10.4
April 2 11.5 0 81.6 31.0 0 0 21.6 7.2
3 30.1 65.8 523 49.4 0 5.8 12.3 6.0
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Table 3. Continued

Sum of active temperatures, °C  Average Sum of effective temperatures, °C  Average

Month  Decade

2022 2023 2024 value 2022 2023 2024 value

1 334 61.5 145.9 80.3 0 11.5 459 19.1

May 2 103.0 139.8 130.7 124.5 3 49.8 30.9 27.9

3 197.1 190.7 209.1 199.0 97.1 80.7 109.1 95.6

1 184.1 179.4 193.9 185.8 84.1 79.4 93.9 85.8

June 2 171.3 169.9 190.1 1771 71.3 61.9 90.1 74.4
3 199.2 190.6 223.3 204.4 99.2 90.6 123.3 104.4

1 215.2 204.0 210.3 209.8 115.2 104.0 110.3 109.8

July 2 235.4 207.4 260.3 234.4 135.4 107.4 160.3 134.4

3 223.1 217.8 2221 221.0 123.1 107.8 122.1 117.7

1 203.1 208.1 198.2 203.1 103.1 108.1 98.2 103.1

August 2 217.0 221.8 220.7 219.8 117.0 121.8 120.7 119.8
3 260.1 258 256.9 258.3 160.1 148.0 146.9 151.7

1 201.8 171.5 207.9 193.7 101.8 71.5 107.9 93.7

September 2 189.2 184.1 165 179.4 89.2 81.1 65.0 78.4
3 168.4 182.6 155.4 168.8 68.4 82.6 58.1 69.7
% April-August 2,283.6 2,314.8 2,707.3 2,435.2 1,108.6 1,076.8 1,316.7 1,167.3
> April-September  2,843.0 2,853.0 32356 29771 13680 1,312.0 1,547.7 1,409.1
> May-August 2,242.0 2,249.0 2461.5 2317.5 1,108.6 1,071.0 1,251.7 1,143.7
¥ May-September 2,801.4 2,787.2 2,989.8 28594 1,368.0 1,306.2 1,482.7 1,385.5

Source: developed by the authors

The sum of active temperatures (biological
minimum 10°C) for the period April-September
had the highest values and amounted to the
following for the years of research: in 2022,
2,843.0; in 2023, 2,853.0; in 2024, 3,235.6°C,
which indicates the possibility of growing hy-
brids with longer growing seasons than those
studied in the research region. The calculation
of the sum of effective temperatures (biologi-
cal minimum 10°C) shows similar dependencies
between the indicators and their lower values.
The period from April to September was char-
acterised by the highest values of the sum of
effective temperatures at a biological minimum
of 10°C, with indicators ranging from 1,312.0 to
1,547.7°C over the years of research. On aver-
age for the years of research, the sum of active
temperatures at a biological minimum of 10°C
was at its maximum during the April-September

growing season at 2,977.1°C, and the sum of ef-
fective temperatures was 1,409.1°C. The results
obtained, according to the calculations, indicate
the possibility of growing the hybrids studied
under the conditions of the research.

Moisture is one of the limiting factors in the
formation of crop productivity, in particular sun-
flower. Analysis of moisture reserve indicators
under the conditions of the research indicates a
significant influence of the meteorological char-
acteristics of each growing season. The total
moisture reserves for sunflower cultivation de-
pend on the moisture reserves in the metre-deep
soil layer at the time of sowing, the amount of
precipitation during the growing season, and the
duration of the growing season for a particular
hybrid. Due to the fact that all hybrids were sown
simultaneously, soil moisture reserves did not
change in terms of maturity group (Table 4).
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Table 4. Characteristics of moisture supply indicators for sunflower hybrids, m3/ha

Hybrid Soil moisture Precipitation Total moisture Moisture Moisture
Year  maturity reserves, during reserves, reserves, consumption,
group sowing, m3/ha vegetation, m3/ha m3/ha harvesting, m3/ha  total, m3/ha
Early 1,295 1,815 3,110 796 2,314
2022  Mid-early 1,295 1,839 3,134 748 2,386
Mid-season 1,295 1,879 3,174 715 2,459
Early 1,489 1,843 3,332 832 2,500
2023  Mid-early 1,489 2,262 3,751 811 2,940
Mid-season 1,489 2,277 3,766 774 2,992
Early 1,645 2,163 3,808 841 2,967
2024  Mid-early 1,645 2,593 4,238 827 3,411
Mid-season 1,645 3,137 4,782 801 3,981

Source: developed by the authors

Thus, soil moisture reserves at the time
of sowing amounted to 1,295 m3/ha in 2022,
1,489 m3/ha in 2023, and 1,645 m3/ha in 2024.
The amount of precipitation depended on the
maturity group of the hybrids and the duration of
their vegetation period, ranging from 1,815 m3/ha
(in 2022, for the early maturity group) to 3,137 m3/
ha (in 2024, for the mid-season group). The total
moisture reserves in the one-metre soil layer dur-
ing the vegetation period varied depending on the
research year - from 3,110 m3/ha in 2022 when
cultivating early-maturing sunflower hybrids
to 4,782 m3/ha in 2024 for mid-season hybrids.
Calculations showed that total moisture reserves
depended more on precipitation during the vege-
tation period than on the productive moisture re-
serves in the one-metre soil layer at sowing time.
It is worth noting that 2024 was characterised by
the highest soil moisture reserves at sowing and
the greatest amount of precipitation during the
sunflower vegetation period. Moisture consump-
tion by sunflower plants depended on the total
moisture reserves and the resulting crop yield.
The yield of sunflower hybrids was influenced by

the genetic characteristics of the hybrids, their
maturity group, the impact of uncontrolled envi-
ronmental factors, and the elements of cultivation
technology. Therefore, moisture consumption de-
pended on the growth and development features
of each hybrid under the combined influence of
all factors. It varied according to maturity group
and amounted to between 2,314 and 2,459 m3/ha
in 2022, between 2,500 and 2,992 m3/ha in 2023,
and between 2,967 and 3,981 m3/ha in 2024. As
the duration of the vegetation period increased,
moisture consumption also increased.

Sunflower, like other field crops, have dif-
ferent moisture requirements at different stag-
es of their growth and development. They have
the greatest need for water during the period of
laying and formation of generative organs. In-
sufficient moisture leads to a decrease in crop
productivity. The calculation of water consump-
tion coefficients for sunflowers within maturity
groups depended primarily on the established
yield of the main product, and only then on the
duration of their growing season and, accordingly,
moisture availability (Table 5).
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Table 5. Water consumption coefficient indicators
for sunflower hybrid maturity groups, m3/t per 1 t of seeds

Maturity group
Year Early Mid-early Mid-season
1 2 2 1 2
2022 1,146 972 1,015 871 931 851
2023 1,116 965 1,200 1,024 1,092 962
2024 1,257 1,099 1,297 1,156 1,276 1,154
average 1,173 1,012 1,171 1,017 1,700 989

Note: 1T — N PgoKgor 2 = NgoPgoKing
Source: developed by the authors

The analysis of indicators demonstrates
their dependence on yield, the maturity group of
sunflower hybrids (vegetation duration), and the
moisture supply available to plants during the
growing season. The amount of fertiliser applied
in sunflower cultivation also influenced these
indicators. As the fertiliser application rates in-
creased,crop yield rose, while the water consump-
tion coefficient decreased. On average over the
years of study, the water consumption coefficient
for early-maturing hybrids under the influence of
fertilisers ranged from 1,173 to 1,012 m3/t per
tonne of seed; for mid-early hybrids, from 1,171
to 1,017 m3/t; and for mid-season hybrids, from
1,100 to 989 m3/t per tonne of seed. Correlation
analysis between sunflower yield and soil mois-
ture reserves revealed a direct relationship with a
correlation coefficient of 0.8456.

Similar results were obtained by D. Baran-
skyi (2024) from studies conducted in 2022-
2023 in the Western Forest-Steppe zone, which
demonstrated a dependence of sunflower yield
on soil moisture reserves within the root zone.
However, that research also emphasised the im-
portance of moisture accumulation during the
autumn and winter periods. Studies by O.I. Pol-
yakov & A.D. Shcherbak (2022) showed that sun-
flower yield depends on the water supply avail-
able to plants of different hybrids throughout
the entire vegetation period. The authors also
highlighted the influence of fertiliser applica-
tion rates on water consumption and crop yield.

In variants without fertiliser application, the
lowest total plant water use was recorded. Un-
der the influence of the genetic characteristics
of each variety, the indicators varied from 359.2
to 372.8 mm. When phosphorus and potassium
fertilisers were applied in sunflower cultivation,
the lowest water consumption coefficient was
recorded, ranging from 1,039 to 1,177 m*/ha de-
pending on the studied factors.

Research by A. Haj Sghaier et al. (2023), ded-
icated to studying the impact of temperature in-
dicators and moisture on the rate of sunflower
seed germination, highlighted the importance of
considering the duration of the vegetation period
and the ability of plants to form seedlings when
planning technological processes. These results
make it possible to determine the optimal sowing
dates, ensuring proper growth, development, and
productivity formation of sunflower plants. The
study by S. Matskova and A. Gumanyuk (2025),
aimed at analysing uncontrolled environmental
factors (average annual temperatures and spring
soil moisture reserves) over the period 2006-
2024, showed that spring soil moisture reserves
have a weak correlation with sunflower yield indi-
cators (r=0.145), indicating an insignificant influ-
ence of this factor on crop productivity formation.
When considering the combined effect of spring
soil moisture and precipitation during April-
May, the correlation coefficient was r=0.298. A
higher correlation coefficient (r=0.505) was ob-
tained when taking into account both spring soil
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moisture and precipitation during April =July, in-
dicating the importance of moisture availability
during the critical period of sunflower growth and
development, corresponding to the formation of
the crop’s generative organs.

Research by J. Mu et al. (2025), conducted in
the 10 Division of Xinjiang at three represent-
ative stations, focused on examining the rela-
tionship between meteorological factors and the
growth and development characteristics of sun-
flower varieties of different maturity groups. The
study revealed distinct regional adaptation pat-
terns among sunflower varieties. Varieties differ-
ing in vegetation duration demonstrated specific
adaptive responses to environmental conditions.
The obtained results enable the proper selection
of varieties and the development of appropriate
cultivation strategies (including technological el-
ements) that enhance the resilience and stability
of sunflower yields under various climatic condi-
tions. The study of the effects of fertilisation and
growth-regulating substances on sunflower pro-
ductivity conducted by O.V. Nikitenko et al. (2021)
revealed the influence of these factors on the
total water consumption required to form the
yield. The lowest water consumption coefficient
obtained in the study was 832 m3/t under the
conditions of a conventional tillage system, the
application of N, P,,K,,,and the use of growth-reg-
ulating substances during the vegetation period.

Research by Ye.O. Domaratskyi et al. (2021)
carried out in the Southern Steppe of Ukraine,
which focused on the impact of growth-regulat-
ing preparations on the productivity of sunflower
hybrids and the optimisation of water consump-
tion under critical climate change conditions,
showed that the lowest water consumption co-
efficient (1,283 m?/t) was obtained when culti-
vating the hybrid P64GE133 with seed treatment
using the preparation Helafit Combi. The studied
preparations promoted efficient use of soil mois-
ture, reducing the water consumption coefficient
across all hybrids involved in the experiment.
The subsequent research by Ye.O. Domaratskyi et
al. (2022), aimed at studying the influence of
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fertiliser application and growth-regulating sub-
stances on sunflower water use, confirmed their
positive effect. The authors established that both
fertilisation and the use of growth regulators
contributed to improved crop productivity for-
mation. The minimum water consumption co-
efficient was recorded for the sunflower hybrid
P64GE133, amounting to 1,283 m3/ha when
treated with Helafit Combi.

Studies conducted at the College of Agri-
culture, University of Wasit by D.NJ. Al-Waili et
al. (2025), which aimed to investigate the effects
of several factors on sunflower water consump-
tion, demonstrated that the amount of water ab-
sorbed by plants increased as growth and devel-
opment progressed, while the need for moisture
declined during the ripening phase.Field research
by K. Farrag et al. (2025), focused on examining
the impact of fertilisers, soil amendments, and
moisture availability on sunflower productivity
indicators, revealed a positive influence of fertil-
isation on the physical properties of soil and, con-
sequently, on its water-holding capacity. A posi-
tive effect of fertilisers and soil amendments on
the productive use of moisture was established.
Under modern sunflower cultivation conditions,
attention is focused not only on crop adaptation
to weather conditions but also on the optimisa-
tion of agrotechnological practices. In particular,
studies by V. Bolokhovsky et al. (2024) demon-
strated that integrated plant nutrition technolo-
gies incorporating biopreparations enhance the
efficiency of soil and water resource use, which is
especially important under variable climatic con-
ditions and agrometeorological risks.

According to the findings of S.M. Kalenska &
A.S. Ryzhenko (2020), who investigated the rela-
tionship between heat and moisture resources
and the biological characteristics of sunflower
hybrids under the conditions of the Sumy region,
yield was found to depend on these factors. The
sum of active temperatures above 10°Cfor the de-
velopment cycle of the studied sunflower hybrids
ranged from 2,306.4 to 2,401.3°C, while the sum
of effective temperatures varied between 1,056.9
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and 1,109.1°C. The total heat units during the
vegetation period (April-August), averaged across
the study years, ranged from 2,868 to 3,258°C,
significantly exceeding the sums of active and
effective temperatures. However, I. Gintsioudis et
al. (2024) emphasised that under equal total heat
unit sums, plants grown under different environ-
mental conditions exhibit distinct distributions of
heat units across growth and development stages.
Therefore, heat unit models must account for the
fact that plants require varying amounts of ther-
mal energy at different growth stages. Further re-
search is needed to refine baseline and threshold
temperature values to more accurately determine
the timing of specific developmental phases. The
obtained research results comprehensively char-
acterise the agrometeorological conditions for
sunflower cultivation in the Ternopil region and
partially contribute to understanding their influ-
ence on the adaptability and productivity forma-
tion of the studied hybrids.

Conclusions
The analysis of weather conditions in the study
region indicates that the conditions are suita-
ble for growing sunflower hybrids of all maturity
groups examined, in terms of both heat resources
and moisture availability. During the vegetation
period (April-September), the average values
across the research years showed a maximum
sum of active temperatures of 3,162.1°C and ef-

amounting to 3,642.4°C. For the vegetation
period from May to September, the value was
3,433.4°C. The total moisture reserves in the
one-metre soil layer during the vegetation peri-
od varied from 3,110 m3/ha in 2022 (early matu-
rity group) to 4,782 m3/ha in 2024 (mid-season
group). Moisture consumption depended on total
moisture reserves and the yield achieved, ranging
from 2,314 to 2,459 m3/ha in 2022, from 2,500 to
2,992 m3/ha in 2023, and from 2,967 to 3,981 m3/
ha in 2024. As the duration of the vegetation peri-
od increased, moisture consumption by sunflower
plants also increased.

The water consumption coefficient for ear-
ly-maturing hybrids under the influence of fertil-
isers ranged from 1,173 to 1,012 m>/t per tonne
of seed, for mid-early hybrids from 1,171 to
1,017 m3/t, and for mid-season hybrids from
1,100 to 989 m3/t per tonne of seed. The correla-
tion analysis between sunflower yield indicators
and soil moisture reserves revealed a direct cor-
relation with a correlation coefficient of 0.8456.
Prospects for further research lie in studying the
influence of both controlled and uncontrolled fac-
tors on the growth, development, and productivi-
ty formation of hybrids belonging to different ma-
turity groups, with the aim of identifying levers to
enhance the realisation of their genetic potential
under atypical growing conditions for sunflower.

Acknowledgements

fective temperatures of 2,263.2°C, based on a bi-  None.
ological minimum of 5°C. With a biological mini-
mum of 10°C, the sum of active temperatures was Funding
2,977.1°C and effective temperatures 1,409.1°C  None.
(for the April-September period). The highest total
number of heat units during the sunflower vege- Conflict of Interest
tation period was recorded for April-September,  None.
References

[1] ALl-Waili, D.NJ., Abdul Rahman, J.N., & Al-Maliki, R.J.M. (2025). Moisture depletion, soil improvers
and antitranspiration and its effect on water consumption of sunflower (Helianthus annus L.). |OP
Conference Series: Earth and Environmental Science, 1449, article number 14. doi: 10.1088/1755-

1315/1449/1/012114.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 5


https://doi.org/10.1088/1755-1315/1449/1/012114
https://doi.org/10.1088/1755-1315/1449/1/012114

[2]

(3]

[4]

[5]

[6]

[7]

(8]

[°]

[10]

[11]

[12]

[13]

[14]

[15]

Harbar & Vandzhura

Baranskyi, D.(2024). Managing sunflower growth in the changing climate and fluctuating moisture
levels of the Western Forest-Steppe. Bulletin of Lviv National Environmental University. Series
Agronomy, 28, 57-66.doi: 10.31734/agronomy2024.28.057.

Bolokhovsky, V., Bolokhovska, V., Khomenko, T., Datsko, A., & Litvinova, O. (2024). Optimisation
of plant nutrition under the influence of biopreparations in integrated sunflower cultivation
technologies. Plant and Soil Science, 15(4), 64-75. doi: 10.31548/plant4.2024.64.

Convention on Biological Diversity. (1992, June). Retrieved from https://zakon.rada.gov.ua/laws/
show/995_030#Text.

Domaratskyi, Ye., Kozlova, O., Dobrovolskyi, A., & Bazaliy, V. (2022). Optimization of water
consumption of high-oleic sunflower hybrids under non-irrigated conditions of the steppe zone of
Ukraine. Journal of Ecological Engineering, 23(6), 14-21. doi: 10.12911/22998993/148150.
Domaratskyi, Ye.O., Dobrovolskyi, AV., Kozlova, O.P,, Dobrovolskyi, PA., & Lavryshyna, O.Ye. (2021).
Ways of optimization of high oolein type sunflower consumption under climate change. Agrarian
Innovations, 10, 34-41. doi: 10.32848/agrar.innov.2021.10.6.

Farrag, K., Abdel-Hakim, S.G., EL-Sesy, M.E., El-Sayed, E.S. el-Bastamy, & Abdrabbo, M.A. (2025).
Promotion of sunflower growth and water productivity using soil amendments under saline
conditions. Water Science, 39(1), 336-345. doi: 10.1080/23570008.2025.2507456.

Furmanets, O.A. (2022). Development and productivity of sunflower on sod-podzolic soils of
Western Polissia with the application of various types of complex fertilizers. Agrarian Innovations,
16, 80-84. doi: 10.32848/agrar.innov.2022.16.13.

Gintsioudis, ., Danalatos, G.J., Bartzialis, D., Giannoulis, K.D., & Danalatos, N.G. (2024). Accumulated
thermal units method for predicting development stages, and potential seed yield of sunflower
(Helianthus annuus) under Mediterranean conditions. Industrial Crops and Products, 221, article
number 119383. doi: 10.1016/j.indcrop.2024.119383.

Haj Sghaier, A., Khaeim, H., Tarnawa, A., Kovacs, G.P., Gyuricza, C., & Kende, Z. (2023). Germination
and seedling development responses of sunflower (Helianthus annuus L.) seeds to temperature
and different levels of water availability. Agriculture, 13(3), article number 608. doi: 10.3390/
agriculture13030608.

Huz, M., Chukhlib, A., & Symonenko, O. (2024). Predictive assessment of the impact of climate
change on sunflower production: Analysis of dynamic series and modeling of trends. Herald of
Khmelnytskyi National University, 331(1), 438-445. doi: 10.31891/2307-5732-2024-331-67.
Ivanyuta, S.P., Kolomiyec, 0.0.,Malinovska, O.A., & Yakushenko, L.M. (2020). Climate change: Impacts
and adaptation measures. Kyiv: NISD .

Kalenska, S.M., & Ryzhenko, A.S. (2020). Evaluation weather conditions for growing
sunflower (Helianthus annuus L.) in the northern part of the Left-bank Forest Steppe of
Ukraine. Plant Varieties Studying and Protection, 16(2), 162-172. doi: 10.21498/2518-
1017.16.2.2020.209229.

Matskova, S., & V Gumanyuk, A. (2025). Reserves of soil productive humidity are the key to
high yield of sunflower. Research Journal of Agricultural Science, 57(1), 161-165. doi. 10.59463/
RJAS.2025.1.19.

Mu,J.,Wang,J.,Ma,R.,Lv,Z.,Dong, H., Liu,Y.,Duan,W,, Liu, S.,Wang, P., & Zhang, X.(2025). Optimizing
sunflower cultivar selection under climate variability: Evidence from coupled meteorological-
growth modeling in arid northwest China. Agronomy, 15(7), article number 1724. doi: 10.3390/
agronomy15071724.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 5

111


https://doi.org/10.31734/agronomy2024.28.057
https://doi.org/10.31548/plant4.2024.64
https://doi.org/10.12911/22998993/148150
https://doi.org/10.32848/agrar.innov.2021.10.6
https://doi.org/10.1080/23570008.2025.2507456
https://doi.org/10.32848/agrar.innov.2022.16.13
https://doi.org/10.1016/j.indcrop.2024.119383
https://doi.org/10.3390/agriculture13030608
https://doi.org/10.3390/agriculture13030608
https://doi.org/10.31891/2307-5732-2024-331-67
https://niss.gov.ua/sites/default/files/2020-10/dop-climate-final-5_sait.pdf
https://niss.gov.ua/sites/default/files/2020-10/dop-climate-final-5_sait.pdf
https://doi.org/10.21498/2518-1017.16.2.2020.209229
https://doi.org/10.21498/2518-1017.16.2.2020.209229
https://rjas.ro/paper_detail/4204
https://rjas.ro/paper_detail/4204
https://doi.org/10.3390/agronomy15071724
https://doi.org/10.3390/agronomy15071724

112

Assessment of agrometeorological conditions for growing sunflower hybrids

[16] Nikitenko, O.V., Poliakov, O.1., & Litoshko, S.V. (2021). Optimal growing regulations - guarantee of
high productivity of sunflower. Scientific and Technical Bulletin of the Institute of Oilseed Crops NAAS,
31,72-87.doi: 10.36710/ioc-2021-31-07.

[17] Polyakoy, O.I., & Shcherbak, A.D. (2022). Productivity of sunflower under the influence of mineral
fertilizers and growth regulators. Scientific and Technical Bulletin of the Institute of Oilseed Crops
NAAS, 35,101-113.doi: 10.36710/10C-2023-35-09.

[18] Rozhkov,A.O.,Puzik,V.K., Kalenskaya, S.M., Puzik, L.M., Popoy, S.I., Muzafarov, N.M., Bukhalo, V.Ya., &
Kryshtop, E.A. (2016). Research in agronomy. Book 1: Theoretical aspects of research. Kharkiv: Maidan

[19] Tomashuk, LV., & Horobchuk R.O. (2024). Socio-economic potential of the agrarian sector of
Ukraine: prospects for development and opportunities for improving the efficiency of its use.
Taurida Scientific Herald, 138,193-201. doi: 10.32782/2226-0099.2024.138.24.

[20] Totskyi, V.M., Hanhur, V\V., & Poliakov, I.A. (2024). Yield and quality of seed of sunflower hybrids
(Helianthus annuus L.) depending on the fertilizer system. Scientific Progress & Innovations, 27(3),
5-11.doi: 10.31210/spi2024.27.03.01.

[21] Trembitska, O., Sorochuk, M., Serhiienko, T., Zinkevych, V., & Konovchuk, M. (2021). Sunflower
productivity at various norms of mineral fertilizers. Science of Europe, 2(82), 12-14.
doi: 10.24412/3162-2364-2021-82-2-12-14.

[22] Zhygailo, O.L.,Volvach, O.V., Tolmachova, AV., & Kostiukievych, TK.(2021). The influence of climate
change on sunflower yield in the Northern Steppe of Ukraine: Analysis and forecast. Bulletin of
Poltava State Agrarian Academy, 1,180-186.doi: 10.31210/visnyk2021.01.22.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 5


https://bulletin.imk.zp.ua/index.php/index.php?menu=4&id=444&lang=ua
https://doi.org/10.36710/IOC-2023-35-09
https://repo.btu.kharkov.ua/handle/123456789/33532?locale=en
https://repo.btu.kharkov.ua/handle/123456789/33532?locale=en
https://doi.org/10.32782/2226-0099.2024.138.24
https://doi.org/10.31210/spi2024.27.03.01
https://doi.org/10.24412/3162-2364-2021-82-2-12-14
https://doi.org/10.31210/visnyk2021.01.22

Harbar & Vandzhura f 13

U

OuiHKa arpoMeTeoposioriYHUX YMOB BUPOLLYBAHHSA FiGpUAiIB COHALLHUKY

Jleca Map6ap

KaHamnaaT CinbCbKOrocnoaapcbkux Hayk, AOLEHT

HauioHanbHui yHiBepcuTeT BiopecypciB i NpUpOA0KOPUCTYBaHHS YKpaiHu
03041, Byn. lepois O60poH#, 15, M. Kuis, YkpaiHa
https://orcid.ord/0000-0003-4249-0434

Makcum Banpyxypa

AcnipaHT

HauioHanbHui yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHK
03041, syn. lepois O60poH#, 15, M. Kuis, YkpaiHa
https://orcid.org/0009-0001-6372-0641

AHoTaLif. MeTa pocnigkeHb nongrana y aHanisi norogHMx ymMoB nepiogy Beretauii, ix BianoBigHOCTI
Mopd06ioNoriYyHMM 0cobnMBOCTAM TiGpUAIB Ta BUSABNEHHI Binbll aganToBaHWUX TiOPUAIB COHALIHWMKY
NS perioHy npoBefeHHs pocnipkeHb. [locnigxeHHs nposoannun Bnponosx 2022-2024 pp. B yMoBax
TepHoninbcbkoi 06nacTi. AHani3 arpoMeTeoponoriYHNX NOKA3HUKIB POKIB AOCNIAXEHb MOKa3aB 3HAYHY
BiIMiHHICTb NepiofiB BereTawii Mk coboto, gk 33 aHanisy TeMnepaTypHMX NOKA3HMKIB, TaK i CyMapHOI
KiNbKOCTi OMaAiB WOMiCS4YHO. 33 pe3ynbTaTaMu TeMNePaTypHUX NOKA3HMKIB BUSBIEHO iX NEpeBULLEHHS
BiAHOCHO cepefHix 6araTopiyHMx AaHMX. AHAni3 MOrofHMX YMOB PErioHy NpoBeAeHHS A0C/iAKEHb,
CBiAYMTb NPO MPUAATHICTb YMOB AN BUPOLLYBAHHS TiOPUAIB COHSLWHKMKY BCiX rpyn CTUIAOCTI, SKi MU
BMBYANM 3a TENIOBUMM pecypcamu Ta 3abesneyeHicTio Bonorot. Cyma akTMBHMX TemMnepaTyp 3a nepiog,
KBiTeHb—BepeceHb cTaHoBuna 3162,1 °C (6ionoriynuit MiHiMyMm 5 °C, 3a cymu eeKTUBHUX TeMNepaTyp —
2263,2 °C. 3a 6ionoriyHoro MiHimymy 10 °C nokasHuku BignosigHo cknanu 2977,1 °C ta 1409,1 °C. 3a
3a3HayeHui nepiod 6yNno OTPUMAHO i HAMBULLY CyMy TennoBUX oauHuUb — 36424 °C. Cyma TennoBux
OOMHMLb 32 Nepiof TpaBeHb-BepeceHb Bianosigana nokasHuky 3433,4 °C. 3anacu BOIOrM y METPOBOMY
Wwapi rpyHTy 3anexanu Bif, MOrofHMX YMOB POKY Ta 3MiHKOBanuca y po3pisi pokis Bia KoediuieHT
BOAOCMOXMBAHHA AN Fi6puUAiB paHHbOI rpynu CTUINOCTI 3a BNAMBY A06puB 3MiHoBaBcs Big 1173 oo
1012 M3/T Ha 1 T HaciHHA, cepeaHbopaHHboi — 1171-1017 Ta cepeaHbocTurnoi — 1100-989 M3/THa 1l T
HaciHHg. KopensauiinHuii aHanis Mixk NoKasHMKaMM YPOXKAMHOCTI COHSLLIHMKY Ta 3anacamu BOOTU B IPYHTI
nokasaB NpsAMY KOpensuiiHy 3anexHicTb i3 koediuieHTom Kopensuii 0,8456. Pesynbtatit focniakeHHs
MOXHa BUKOPUCTATK AN ONTUMIi3aLii CTpOKiB CiBOM Ta 36MpaHHs BPOXato BiANOBIAHO [0 MPOrHO30BaHMX
arpoMeTeopoNoriYHUX YMOB

KnioyoBi cnoBa: Helianthus annuus; TeMnepaTypHi NOKa3HWKM; BOSOro3abe3neyeHicTb; TenaoBi OAMHULI;
rpyna cTUriocTi
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Abstract. Screw gravity chutes are used for energy-free transportation of cargo and gravitational
separation of ores, which necessitates an optimal combination of design parameters of the working
surface, speed of movement, and compactness of the trajectory. The aim of the work was to
analytically describe the movement of a cargo along a screw surface, given by the curve of its axial
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cross-section, under the action of its own weight, using the example of a material particle. Methods
of classical mechanics, differential surface theory and numerical methods were used to solve the
problem. The main results of the study were based on the fact that after stabilising its motion, the
material particle begins to slide along the surface at a constant speed and a constant distance from
the axis of the helical surface, taking into account the shape of the curve of its axial cross-section.
It was established that the equation of this curve may include constant values that affect its shape,
i.e., the kinematic parameters of the particle. This made it possible to find the required values of
the constants to ensure the specified parameters of particle sliding. The differential equations of
motion of a particle sliding along a helical surface were compiled in projections on the axes of a
stationary coordinate system. A parabola was considered as the curve of the axial cross-section of
the surface, the equation of which includes a constant value. The obtained analytical dependencies
made it possible to determine the optimal values of the constants in the equation of the axial
cross-section curve, which ensured the required sliding speed of the particle and the distance from
the axis of the helical surface. This opened up opportunities for designing screw chutes taking into
account specific technological requirements, in particular for gravitational separation or energy-
free transportation of bulk materials. The practical application of the proposed calculations is
demonstrated by the example of a parabolic cross-section, which confirms the effectiveness of the
method for optimising the kinematic parameters of motion. As a result of the study, expressions for
the design of screw gravity chutes were obtained and the influence of the introduced constant on
the kinematic parameters of particle sliding was determined

Keywords: sliding velocity; gravitational forces; reactions; friction; gravitational transportation

Introduction

Screw gravity chutes are widely used for ener-
gy-free transportation of bulk and piece goods,
as well as in the mining industry for mineral
enrichment by gravity separation. Their use re-
duces energy consumption and increases the re-
liability of transport systems, but the efficiency
of such chutes depends largely on the design
parameters of the working surface, the speed of
the material and its sliding trajectory. Incorrect-
ly selected geometric characteristics can lead
to damage to the cargo or loss of separation
efficiency. The shape of the axial cross-section
of the screw surface plays a special role, as it
determines the kinematic parameters of parti-
cle movement, its speed and distance from the
axis. The selection and analytical justification of
these parameters is a pressing issue, as it en-
sures the reliability of transportation and the
stability of technological processes without ad-
ditional energy costs.

Screw surfaces are the subject of research by
scientists in many fields. V. Bulgakov et al. (2023)
investigated the power and load parameters of
flexible screw conveyors, in particular for the
transportation of agricultural materials. The au-
thors found that optimising the geometric pa-
rameters of the screw and the operating mode
can significantly reduce energy consumption and
increase transport productivity. This is especially
relevant for systems that work with bulk materi-
als, where it is important to avoid clogging and
wear of equipment. W. Yu et al. (2022) simulated
the transportation of concrete by a screw con-
veyor using the discrete element method. The
authors analysed the influence of the screw an-
gle, rotation speed and material properties on
transportation efficiency. The study showed that
incorrect selection of screw surface parameters
can lead to component segregation or increased
energy consumption. The results of this study are
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important for construction and building materials
production, where dosing accuracy and mixture
homogeneity are critical.

Scientists T. Lahari et al. (2022) analysed the
parameters of a single-screw extruder for plastic
processing. The authors studied the influence of
temperature, screw rotation speed and channel ge-
ometry on the quality of the extruded material. The
study showed that optimising these parameters
improves melt homogeneity and reduces defects in
the final product. T. Senfter et al. (2024) investigat-
ed the effectiveness of a screw press for atypical
substrates such as manure and organic waste. They
found that the performance of the press depends
significantly on the moisture content and compo-
sition of the substrate, as well as on the design
features of the press, in particular the angle of the
screw and the size of the filter holes. The study em-
phasised the importance of adapting equipment to
specific operating conditions, which is particularly
relevant for agriculture and bioenergy. Similar re-
sults regarding the effectiveness of using screw el-
ements to optimise energy consumption were ob-
tained in a study by H. Parlamis et al. (2021), which
conducted an experimental analysis of a solar air
collector with a screw insert. This highlights the
versatility of screw surfaces as an energy-saving
solution in various industries.

Researchers S. Fu et al. (2023) analysed the
factors that influence the efficiency of separation
by screw presses, in particular for the treatment
of suspensions and slurries. The authors found
that the key parameters are screw rotation speed,
outlet pressure, and solid phase content in the
suspension. The authors proposed a mathemat-
ical model that allows predicting the press per-
formance based on these parameters, which is
important for optimising dewatering processes
in industry. D. Mondal (2020a; 2020b) presented
a methodological approach to the design of an
experimental laboratory screw conveyor, taking
into account two types of working surface coat-
ing. The author compared the productivity of con-
veyors with smooth and corrugated coatings and
demonstrated that corrugated coatings reduce

material slippage and increase transport effi-
ciency. The study also included an analysis of the
effect of the conveyor angle on its productivity,
which is important for the design of transport
systems in confined spaces.

S. Mirzaei & L. Shen (2021) optimised water
utilisation in a screw press for paper production.
The study investigated the effect of pressure,
screw rotation speed and fibre concentration
on the efficiency of pulp dewatering. The study
showed that optimal parameters can reduce en-
ergy consumption and improve the quality of
pressing, which is important for the paper indus-
try. V. Bulgakov et al. (2022) studied the dynamic
loads on a sectional flexible screw conveyor dur-
ing the transportation of agricultural materials.
They found that uneven loading and vibrations
can lead to premature equipment wear, so they
proposed methods to reduce dynamic loads by
optimising the conveyor design. S. Moorthi et
al. (2022) conducted a dynamic analysis of a sin-
gle-screw conveyor for specific industrial needs,
in particular for transporting abrasive materials.
The authors investigated the effect of rotation
speed, angle of inclination, and screw material
on vibration levels and energy consumption. The
study showed that optimising these parameters
reduces equipment wear and improves perfor-
mance. Z. Chen et al. (2024) investigated the ef-
fect of bone density on the screw’s ability to fix in
orthopaedic surgery. The authors found that the
optimal screw design and material selection de-
pend on local bone density, which is particularly
important for ensuring implant stability.

The aim of the work was to analytically de-
scribe the movement of a load along a screw
surface, given by the curve of its axial cross-sec-
tion in the form of a parabola, under the action
of its own weight, using the example of a ma-
terial particle. The objectives of the study were
to compile differential equations of particle slid-
ing, solve them using numerical methods, and
find dependencies between particle sliding pa-
rameters and the shape of the curve after move-
ment stabilisation.
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Materials and Methods
The research methods were based on the princi-
ples of mechanics and differential geometry of
surfaces. Numerical integration was performed
using the Simulink dynamic modelling package
of the MatLab software product. The differen-
tial equation of particle motion in vector form
was as follows: mw =F , where m — the mass of
the particle, w — the acceleration vector, £ —
the total vector of forces applied to the particle.
The simplest case is the free fall of a particle, in

‘z
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which the applied force was the force of its own
weight, as well as the force of air resistance. If
the particle moved along the surface, then there
was also a reaction force and a friction force de-
pendent on it. The force of gravity was directed
downwards, the reaction force was normal to
the surface, and the friction and air resistance
forces were in the opposite direction to the par-
ticle’s velocity. The friction force F; (Fig. 1b) was
the product of the friction coefficient f and the
reaction force R: F;=fR.

Figure 1. Graphic illustrations of the formation of a helical surface
Note: a) curve of the axial cross-section of the helical surface; b) helical surface formed by a combination of
rotational and translational movements along the axis; 0z, Op, X, Y, Z - coordinate axes, units of measurement- m;
A - current point on the surface; f - angle of inclination of the tangent to the curve of the axial cross-section of
the surface at the current point to the horizontal plane of projections; V - direction of the particle’s sliding velocity
vector; mg - weight force; R - surface reaction; Ff -friction force vector

Source: developed by the authors

Air resistance was neglected because it is
insignificant at low speeds. The differential
equations of motion of a point on a surface in
projections onto a stationary coordinate sys-
tem had the form:

mx'=-fRT,+RN,;
my'=~fRT,+RN,;
mz'=-fRT,+RN, ., 1)

where R - surface reaction force; T,, T,, T, -
projections of the unit vector tangent to the
trajectory; N,, N,, N, — projections of the unit

vector normal to the surface along the trajec-
tory, x”, y”, 2" — projections of particle accel-
eration. The surface was defined by parametric
equations in terms of two independent varia-
bles p and a: X=X (p, a), Y=Y (p, a), Z=Z (p, a).
The variables p and o were dependent on time
t: p=p (t) and a= a (t). In this case, the surface
equation was transformed into the equation
of a line on it. This line was the sought-after
trajectory, which became known when the de-
pendencies p=p (t) and a=a (t) were found after
solving the system of equations (1).
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Results
The curve of the axial cross-section of the surface
is given by the equation in explicit form: z=2z (p)
(Fig.1a).If such a curve is rotated around the z-ax-
is, a surface of revolution is formed. In addition to
the rotational motion, the curve is given a trans-
lational motion along the z-axis, and the rela-
tionship between the angle of rotation o and the
translational motion is linear: z=ba (Fig. 1b). The
constant b is a screw parameter. In this case, the
parametric equations of the surface are written as:

X=p cosa;
Y=p sina;

Z=z(p) - ba. )

The sign - in the last equation (2) means that
when the curve rotates around the z-axis, it simul-
taneously moves downwards. Then the tangent to
the trajectory will also be directed in accordance
with the movement of the particle along the sur-
face, i.e. towards its descent. With the dependen-
cies p=p () and a =« (t) established, the surface
equations (2) are transformed into the equations
of the line on it.To distinguish between the surface
equations and the analogous line equations on it,
the coordinates of the surface points are denoted
by capital letters “X’, “Y”, “Z, and the coordinates
of the line points on the surface are denoted by
lowercase letters “x, “y’, “z’. The projections of
the particle’s sliding velocity are found by differ-
entiating equations (2), taking into account that
p=p () and a=a(t). In this case, the derivative z (p)
with respect to the variable p is denoted by the
corresponding subscript, and the derivatives with
respect to time t are denoted without an index:

X'=p’ cosa-pa sina;
y'=p'sina+pa cosa;
7=z/p - ba. (3)

The magnitude of the particle’s sliding veloc-
ity is the vector sum of the projections (3):

V=yx2+y2+z2=

= \/a'z (p? +b%) — 2bp'a’z, + p? (1 + z;,z).(4)

The projections T, T, T, of the unit vector tan-
gent to the trajectory can be found by dividing the
corresponding projections (3) by the velocity (4):

p'cosa—pa'sina

T = . . N

\/az(p2+b2)—2bpazp+p2(1+zp )
p'sina+pa’ cosa

Ty=+ ]

\/az(p2+b2)—2bplXZp+p2(1+Zp )
z,p —ba’

T, = £ -

\/a/z(pz+b2)—2bp’a’z;,+p'2(1+z‘/, ) (5)

By differentiating expressions (3), the second
derivatives of the trajectory equations can be ob-
tained, i.e. the projections of acceleration:

X'=(p" - pa?) cosa - (pa'+ 2p'@) sina;
y'=(p" - pa?) sina+(pa’+2p'a) cosa;
2=z pi+z, p' - b ©)

The coordinates of the vector N normal to the
surface are defined as the vector product of two
vectors tangent to the coordinate lines. The pro-
jections of these vectors are the first-order partial
derivatives of the surface (2):

X, =cosa; Y, =sina; 2=z,
X,=-psina; Y, =p cosa; Z,= - b. (7)

In derivatives (7), the lower index denotes
the variable by which differentiation occurs. The
vector product of vectors (7) is written as:

X Y Z —bsina — pz,cosa;
N=|Xa Ya Za|=1{bcosa—pz,sina;
bR A AN ®)

The normal vector (8) must be reduced to
unity. After that, its projections N,, Ny, N, will be
written as:

b sin a+pzp cosa

1+z +b2

b cos a— pzp sina

/ 1+zp +b2
- pz(1+z;,2)+bz. (9)
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It should be noted that the direction of the
normal vector can be directed in one or the oppo-
site direction from the surface. This depends on

the order of the vectors (7) in the determinant (8).

It is necessary to ensure that it coincides with the
direction of the reaction force R (Fig. 1b). Since
the particle presses down on the surface, the re-

action of the surface will be directed upwards.

This means that the expression N, in (9) must be
positive. Taking into account expressions (5) and
(9), system (1) takes the form:
nx” = —fR p’cos a—pa’sina
Ja'z(p2+b2)—2bp'a'z;7+p'2(1+z;72)

bsina+pz,cosa .

p?(1+2,")+b? ’

p'sina+pa’cosa

my” = —fR

+
\/a'z(p2+bz)—2bp'a'z;,+p'2(1+z;,z)
bcosa—pz,sina
R,
p2(1+z,’, )+b2

zpp —ba’

+

mz" = —fR -
Ja'z(pz+b2)—2bp'u'z;)+p'2(1+z;) )

+R—F~

—m
p2(1+z‘;,2)+bZ g

(10)

Substituting the acceleration projections
from (6) into (10) gives a system of three dif-
ferential equations with unknown dependen-
cies p=p (t), a= a(t) amd R=R(t). The resulting
system must be solved with respect to the sec-
ond derivatives p”, a”” and the reaction force
R, since this notation allows for numerical in-
tegration of the system. After that, system (10)
takes the form:

v b(g+a'2pz;,+p'zz;;)—2a'p'p(1+z;,2) faB.

a = A2 av’
_ b*a?-2ba’p'zy+plap-z,(g9+p?2,)]  fpB.
p=p A2 - AV
mB
R=-", (11)

where A, B, Vdenote repeated expressions.Among
them is the velocity V, the expression for which
is given in (4), as well as others, which have the

Pylypaka et al.

following form: 4 = [p?(1+2%) + b2, B=pg+a? p?

z,+2ba p'+pp?z,.

When a particle slides along a screw sur-
face with a constant pitch, its motion stabilises
after a transition period. The particle moves at a
constant speed V, its angular velocity of rotation
around the surface axis a’=w is also constant,and
the distance p from the surface axis is also con-
stant. It follows that: @"=0, p“=p"=0. Substituting
these values of the variables into the first equa-
tion of system (11) gives the result:

_ (bv—ra'pA)(g+a?pzp)
- AV :

0

(12)

In equation (12), only one expression in
brackets can be equal to zero with a difference in
terms. Its solution with respect to b is as follows:

b=%Jf2—1+J1+f4+2f2(1+2z;,2).(13)

Equation (13) shows that the distance p
from the axis to the particle’s sliding trajecto-
ry after stabilisation of motion depends on the
friction coefficient f and the derivative of the
curve equation z=2z (p) with respect to the var-
iable p. But this derivative is equal to the tan-
gent of the angle g of inclination of the tangent
to the curve: z’, = tgf At a given angle  and a
known friction coefficient f, the motion of a par-
ticle along a screw surface will be analogous to
the motion along a helicoid formed by a set of
straight generatrices inclined at an angle £. In
other words, the curve of the axial cross-section
of the helicoid will be a straight line inclined at
an angle B. With a known coefficient f, the dis-
tance of the particle’s sliding along the helicoid
from its axis is uniquely determined (in Fig. 1a,
it is marked p). With a curved cross-section, this
distance is also uniquely determined, but when
the coefficient f changes, the distance p;, for the
helicoid and the helical surface will be differ-
ent. In addition, using the constant (constants)
included in the equation z=z(p) it is possible to
change the shape of the curve.
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Substituting into the second equation of sys-
tem (11) p"=p =0 gives the expression:
O0=a?(p2+b?) - gpz,. (14)

From (14), an angular velocity a’=w can be

determined for the rotation of a particle around
the axis of the screw surface:

ad=w= pgzp
p2+b2.

From expression (4), substituting it into (15)
at p’=0, the sliding velocity of the particle can

be found:
V= ’pgz;,.

The dependencies obtained (13), (15) and
(16) are sufficient for calculating the screw
pitch. Here is an example. The curve of the ax-
ial cross-section of the screw surface is taken
to be a parabola z=ap? Thus z’, = 2ap, z”, = 2a.
According to (16):

(15)

(16)

V2
V =p,/2ag,froma = NerTE (17)

1=

Thanks to the constant g, it is possible to
set the desired sliding speed V of the particle at
a given distance p from the surface axis. To en-
sure high-quality performance of the technolog-
ical process, the speed must be limited. Let V=2
m/s, p=0.4 m. From the second expression (17):
a=1.27.From expression (13), with a known coef-
ficient f=0.3, the screw parameter b can be found:
b=0.16. Two constants a and b are sufficient to
construct the surface according to equations (2).
The surface with the particle’s motion trajectories
plotted is shown in Figure 2a. The trajectories of
the particle after stabilisation are shown by thick
lines for the corresponding friction coefficient f.
The value p=0.4 m corresponds to the friction
coefficient f=0.3. For a particle with a different
friction coefficient, for example, f=0.2, the trajec-
tory will be different for this surface. Finding it
using the obtained dependencies is difficult and
involves cumbersome expressions and numerical
calculations. However, the trajectory can be con-
structed using numerical integration of system
(11). In Figure 2b, the dashed line shows the tra-
jectory of a particle that is fed onto the surface at
zero velocity at a distance of 0.1 m from its axis.

0

Figure 2. Graphical illustrations of particle motion on a surface
Note: a) frontal projection of the surface with motion trajectories marked; b) particle motion trajectory during
acceleration; X, Z - coordinate axes, units of measurement - m, f - friction coefficient

Source: developed by the authors

From the analysis of Figure 2b, it can be
concluded that the distance p increases as the

particle slides. This is clearly demonstrated by

the graph of the change in distance p over 4

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 5



seconds from the start of movement (Fig. 3a).
It shows that as the motion stabilises, the dis-
tance approaches a steady value of p=0.5 m.
Substituting f=0.2 and p=0.5 m into expres-
sion (13) gives the result: b=0.16, i.e. the val-
ue of the screw parameter for which this sur-
face is constructed. In Figure 2a, for f=0.2, the
trajectory after stabilisation of motion and the

06 p.m

0.4

0.2

0 t,s
0 1 2 3 4
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trajectory of motion are plotted as a dashed
line during the transition period (in Figure 23,
it is plotted separately).

Figure 3b shows that as the motion stabi-
lises, the particle velocity approaches a value
of V=25 m/s. From the first formula (17) with
p=0,5m and the previous value of a a=1.27 the
same velocity value is calculated.

2.5
2

V,m/s

1.5
1

0.5
0 t,s
0 1 2 3 4

b)

Figure 3. Graphs of the kinematic parameters of the particle in the transition period
Note: a) graph of the change in the distance p of the trajectory from the surface axis; b) graph of the change in the
sliding velocity V; p - current distance of the particle from the axis of the helical surface during sliding; V - sliding

velocity; t - time
Source: developed by the authors

Discussion
It is advisable to compare the results obtained
with those obtained by T.A.Kresan (2020).The au-
thor describes that the helical surface is formed
by a set of straight generatrices inclined at a con-
stant angle to the horizontal plane, i.e. it is an
oblique closed helicoid. The axial cross-section
is a straight line that cannot change its shape.
T.A. Kresan noted that when the straight gen-
eratrices of the helicoid are inclined at f=30°
and the screw parameter is b =0.24 (these two
parameters define the helicoid), a particle with a
friction coefficient f=0.3 slides along the surface
at a speed V=2m/s at a distance p=0.7 m.The re-
sults presented in the work of T.A. Kresan (2020)
can be obtained in the presented study as a spe-
cial case. To do this, it is necessary to find the
value of the constant a that corresponds to the
angle f=30° and p=0.7 m.Based on the fact that
z,=tgp= 0.577, i.e. for the parabola 2ap =0.577,
it is determined that: a = 0.41. Using formula
(13), the screw parameter b can be obtained at

f=0.3 and p=0.7 m: b=0.24. Using the first for-
mula (17), the sliding velocity of the particle at
p=0.7 m and a=0.41 can be determined: m/s.
Thus, the results obtained fully coincide with the
results obtained by T.A. Kresan (2020), which are
a special case of the presented study. Due to the
curved axial cross-section of the helical surface
in the form of a parabola, it is possible to change
the constant a so that the velocity remains the
same (V=2 m/s), but the distance p is different
(for example, p=0.2 m as opposed to p=0.4 m in
the previous case). Then, according to the second
expression (17), a=4.5. When the shape of the
parabola changes, the screw parameter b also
changes. It can be found using the formula (13):
b=0.11.In this case, the particle’s descent speed
will be higher, since at a constant speed V=2 m/s,
the sliding path has decreased due to the reduc-
tion in distance p and pitch b.

Other scientists, M. Gamtsemlidze et
al. (2024), investigated the optimal parameters
of a screw separator for coal slurry enrichment,
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focusing on the influence of the axial cross-sec-
tion shape on separation efficiency. They showed
that curved cross-sections (e.g., elliptical) im-
prove particle distribution by density compared
to straight ones. The present study confirms
these findings: it also demonstrates that a curved
cross-section (parabola) provides greater flex-
ibility in controlling the trajectory and velocity
of particles. However, unlike M. Gamtsemlidze et
al. (2024), who focused on separation properties,
this study focuses on the analytical description
of motion and the optimisation of kinematic pa-
rameters, which expands the possibilities for de-
signing screw chutes for transportation. V. Hud et
al. (2023) proposed a multifunctional screw con-
veyor separator for agricultural materials, where
the key was to analyse the effect of screw ge-
ometry on separation efficiency. They found that
variable screw geometry (e.g., variable pitch) can
increase productivity by 15-20%. The current
study complements these results: it shows that
even with a fixed pitch but a curved cross-sec-
tion, a similar effect can be achieved by changing
the shape of the curve (e.g., a parabola). This is
especially important for systems where changing
the pitch is technically difficult. It is worth not-
ing that similar approaches to optimising min-
eral processing are also demonstrated by recent
studies on the extraction of rare elements. For
example, J. Corchado-Albelo & L. Alagha (2024)
showed that the mineralogical characteristics of
copper tailings determine the efficiency of tellu-
rium extraction, which is consistent with the idea
of adapting the design of screw surfaces to the
properties of the source material.

O. Lyashuk et al. (2019) developed a math-
ematical model for transporting bulk materials
using a tubular screw conveyor, focusing on the
impact of the conveyor angle and friction coeffi-
cient on productivity. They showed that the opti-
mal angle depends on the properties of the ma-
terial. The present study extends this approach:
not only is the angle of inclination taken into ac-
count (via tgf in the curve equation), but it is also
demonstrated how the cross-sectional shape

(parabola) affects the stabilisation of particle
motion. This allows for more accurate design of
systems for materials with different rheological
properties.Y. Indartono et al. (2019) and O. Fakay-
ode et al. (2019) devoted their work to optimising
screw presses for extracting oil from plant raw
materials. Y. Indartono et al. (2019) investigated
the influence of screw geometry on the efficiency
of oil extraction from calophyllum seeds, while
0. Fakayode et al. (2019) optimised the param-
eters of the press for moringa seeds. Both stud-
ies emphasise that the optimal screw geometry
depends on the moisture content and particle
size of the raw material. The present study com-
plements these findings by showing that for ma-
terials with different friction coefficients (which
depend on moisture content), a curved cross-sec-
tion shape can be selected to ensure a stable
sliding speed. This is particularly relevant for
presses, where it is important to avoid clogging
or uneven material movement.

Researchers B. EL Idrissi et al. (2020) and
T.Eaves et al.(2020) simulated the process of wood
pulp dewatering in screw presses, focusing on the
effect of pressure and moisture on productivity.
The authors showed that the optimal pressure de-
pends on the content of fine fibres in the suspen-
sion. T. Eaves et al. (2020) investigated the dewa-
tering of saturated suspensions, emphasising the
role of the rheological properties of the material.
The current study extends these findings: for ma-
terials with different rheological characteristics
(which affect the friction coefficient f), an appro-
priate cross-sectional curve shape can be select-
ed to optimise the speed and trajectory of move-
ment. This is particularly important for presses,
where uniform dewatering must be ensured with-
out loss of productivity. E. Loranger et al. (2019)
investigated the effect of dewatering parameters
(rotation speed, pressure) on the performance of
a screw press for pulp. They showed that the op-
timal parameters depend on the concentration of
fibres and their length. The present study com-
plements these results: it shows that the shape
of the curved cross-section (e.g. parabola) allows
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additional control of the kinematic parameters,
which is particularly important for materials with
unstable properties (e.g.variable moisture content).

P.G. Chitte et al. (2022) developed a method-
ology for designing a screw press for dewatering,
focusing on the influence of filter hole geometry
and screw angle. The authors showed that the
optimal geometry depends on the properties of
the slurry. The present study extends this ap-
proach: the shape of the axial cross-section (pa-
rabola) can also be used as an optimisation tool,
especially for materials that are difficult to de-
water due to their high content of fine particles.
B. El Idrissi et al. (2019) investigated the param-
eters of wood pulp dewatering in a screw press,
focusing on the influence of operating parame-
ters - such as screw rotation speed, outlet pres-
sure and pulp properties (in particular, fine fibre
content and moisture content) - on process effi-
ciency. The authors showed that the optimal de-
watering conditions depend on the rheological
characteristics of the material: for example, for
pulp with a high content of fine fibres, it is nec-
essary to increase the outlet pressure to achieve
the desired dryness of the press cake. They also
emphasised that the screw rotation speed must
be adapted to the viscosity of the pulp to avoid
excessive energy consumption or uneven dewa-
tering. The presented study complements these
findings by proposing an analytical approach to
controlling the kinematic parameters of particle
movement on screw surfaces. While B. EL Idris-
si et al. (2019) focused on experimentally de-
termining the optimal parameters for specific
types of pulp, the present study shows how the
shape of the curved axial cross-section (e.g., a
parabola) can be used to more precisely control
the trajectory and speed of particle movement.
For example, the paper demonstrates that by
changing the constant a in the parabolic curve
equation z=ap? it is possible to ensure a sta-
ble particle sliding speed even when the friction
coefficient f, which depends on the moisture
content and composition of the material, chang-
es. This allows screw surfaces to be adapted to
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different types of pulp without the need to
change the screw design, which is an impor-
tant advantage for industrial applications where
material properties may vary. Thus, the present-
ed study extends the results of B. EL Idrissi et
al. (2019), offering an analytical tool for optimis-
ing screw surfaces, taking into account not only
operating parameters but also the geometry of
the axial cross-section, which opens up new op-
portunities for improving dewatering efficiency.

The study made it possible to build an an-
alytical model of particle motion along a screw
surface with a curved axial cross-section and to
verify its adequacy using a parabola as an exam-
ple. The obtained dependencies allow determin-
ing the sliding speed and the distance of the par-
ticle from the surface axis after stabilisation of
motion, as well as selecting the necessary surface
parameters for the given operating conditions.
The proposed approach expands the possibilities
of controlling the kinematic characteristics of mo-
tion compared to classical models for an oblique
helicoid and provides a more accurate calculation
of helical descents. The results obtained allow not
only to analytically describe the motion of a par-
ticle along a helical surface with a curved axial
cross-section, but also to optimise the kinematic
parameters for specific technological conditions.

Conclusions
A screw chute can be formed by anoblique heli-
coid with a straight line as its axial cross-section,
as well as by a non-Llinear helical surface with a
curved axial cross-section. Differential equations
of motion of a particle along a helical surface
with a curved cross-section, the shape of which
is given by an explicit equation, have been de-
rived. Using a parabola as an example of an axial
cross-section, the differential equations were nu-
merically integrated and the patterns of change
in kinematic parameters during the transition pe-
riod were obtained. Formulas were derived that
relate the shape of the axial cross-section curve
(given by the equation z=ap? for a parabola) to
the kinematic parameters of the particle - the
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sliding velocity V and the distance from the axis
p. For example, for a parabolic shape with a con-
stant a=1.27 and a distance p=0.4 m, a sliding
velocity V=2 m/s was obtained, which meets the
requirements of many industrial applications.
Analytical dependencies were derived that give
numerical values of these parameters after the
particle’s motion stabilises. Using numerical in-
tegration of a system of differential equations, it
was shown that after a transition period (about
3-4 seconds), the particle moves at a constant
speed and distance from the axis. For example,
for a particle with a friction coefficient f=0.2,
which is fed to the surface with zero velocity at
a distance of 0.1 m from the axis, the velocity
stabilises at V=2.5 m/s, and the distance p ap-
proaches 0.5 m. It is shown that the curved ax-
ial cross-section of the helical surface provides
broader opportunities for controlling the kine-
matic parameters of particle motion compared
to a straight cross-section. In the article, this is
demonstrated by comparing the known results of
particle motion along an oblique helicoid, which
is a special case of the studies presented, with the
results obtained. It is shown that at a friction co-
efficient f=0.3 and a distance p=0.7 m, the screw

as to maintain a speed of V=2 m/s at a different
distance p. This indicates greater flexibility in the
design of helical descents.

During the study, an analytical model of the
motion of a material particle along a screw sur-
face with a curved axial cross-section was de-
veloped, which allows optimising the kinematic
parameters for specific technological conditions.
Unlike traditional approaches, where screw sur-
faces are considered as oblique helicoids with a
straight axial cross-section, it has been shown
that the use of curved cross-sections significantly
expands the possibilities for controlling particle
motion. Prospects for further research lie in the
experimental verification of the obtained analyt-
ical dependencies for real materials and in the
extension of the model to the case of a variable
friction coefficient.
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AHoTAaLif. [BMHTOBI rpaBiTaLiiiHi CMyCKM BUKOPUCTOBYIOTLCS ANs 6e3eHepreTMYHOro TPaHCMOPTYBaHHS
BaHTaXIiB i rpasiTauiiHOi cenmapauii pya, WO 3YMOBIOE HEOOXiAHICTb ONTUMANbHOrO MOELHAHHA
KOHCTPYKTMBHMX MapaMeTpiB poboyoi NoBepxHi, WBMAKOCTI pyXy Ta KOMNAKTHOCTi TpaekTopii. MeToto
po6oTn 6yB aHaniTMYHWIA ONUC PyXy BaHTaXy MO MBUHTOBIM MOBEPXHi, 3afaHii KPUBOK ii OCbOBOrO
nepepisy, niA L€ CMNM BNACHOI BarM Ha Npuknaai MatepianbHoi YacTUHKK. [ns po3s’a3aHHsa 6yno
BMKOPMCTAHO METOAM KNAaCMYHOI MeXaHiku, amdepeHLianbHOi Teopii NOBEPXOHb i YMCENbHI MeToau.
OCHOBHi pe3ynbTaTh LOCNIAKEHHS I'PYHTYBaNMCb Ha TOMY, WO nicnsa cTabinisauii pyxy MartepianbHa
YaCTMHKA MOYMHAE KOB3aTM MO NMOBEPXHIi 3i CTANOK WBMAKICTIO i CTaNo BiACTaHHIO Bif OCi FBUHTOBOI
NMOBepPXHi 3 ypaxyBaHHsM (GOpMM KpWBOI ii 0CbOBOro nepepisy. BctaHoBNEHO, WO A0 PiBHAHHA L€l
KPVBOi MOXYTb BXOAWUTYM CTani BEMYMHM, SKi BNMBAIOTL Ha ii GopMy, TO6TO Ha KiHEMaTWUYHi NnapaMeTpu
4yacTuHkK. Lle pano MoXnMBiCTb 3HaXOAMTM MOTPiGHE 3HAYeHHS CTanux Ans 3abesnevyeHHs 3a4aHUX
napameTpiB KOB3aHHS YacTUHKW. CknagaHHa AudepeHuianbHUX PiBHSHb PyXy KOB3aHHS Y4aCTUHKM
No MBMHTOBIV MOBEPXHi 3MiACHIOBANOCH B MPOEKLISX HA OCi HEPYXOMOi CMCTEMM KOOpAMHaT. B poni
KPMBOi OCbOBOr0 mnepepisy noBepxHi 6yno po3rnsHyTo napabony, A0 PiBHAHHA SKOi BXOAWTb CTana
BennunHa. OTpMMaHi aHaniTUYHI 3aNeXHOCTi 4O3BONIMIM BU3HAUUTU ONTUMASIbHI 3HAYEHHS CTanuXx y
piBHSIHHI KPWBOi O0CbOBOro nepepisy, Wo 3abe3neunno HeobxiAHY WBMAKICTb KOB3aHHS YacCTUHKM Ta
BiACTaHb Bifg OCi rBUHTOBOI MOBEPXHi. Lle BiAKpMNO MOXAMBOCTI AN NPOEKTYBAHHS FBUHTOBMX CMYCKIiB
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Calculation of a gravitational screw chute...

3 ypaxyBaHHAM cneumdiyHMX TEXHOMOTYHMX BMMOF, 30KpeMa ANa rpaBiTauidHOi cenapauii abo
6e3eHepreTMYHOro TPAHCMOPTYBAHHS CUMYYMX MaTepianis. [lpakTUyHe 3aCTOCyBaHHS 3aNpONOHOBAHUX
poO3paxyHKiB MpPOAEMOHCTPOBAHO Ha Npwuknaai napaboniyHoi Gopmu nepepisy, WO NiATBEPAXKYE
ePeKTUBHICTb MeToAy AN ONTMMI3aLii KiHeMaTUYHUX napameTpiB pyxy. Y pe3ynbTaTti JOCHiOXEHHS
OTPUMAHO BMPA3M AN NPOEKTYBAHHS MBUHTOBMX rPaBiTaLiMHUX CNYCKiB Ta BU3HAYEHO BMNIMB BBEAEHOI
CTanoi Ha KiHeMaTMYHi NapaMeTpu KOB3aHHS YaCTUHOK

KnioyoBi cnoBa: WweMaKicTb KOB3aHHS; CUM Baru; peakLii; TepTs; rpasitauiliHe TpaHCNOPTYBaHHS
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Abstract. The purpose of this study was to comprehensively assess the effect of vibration load on
the wear rate of the cutting tool, the stability of the cutting process, the thermal characteristics of
the contact zone, and the quality of the machined surface during milling of metal materials. The
experimental part included a comparison of three tool designs: a basic sample without damping,
a configuration with a passive damper, and a tool with an adaptive vibration insert. The study was
conducted at fixed feed rates, depth of cut, and rotational speed, using vibration analysis, thermal
imaging, contact profiling, and dynamometric measurement of cutting forces. According to the results
obtained, the use of an adaptive insert provided a comprehensive increase in the stability of the cutting
process and tool life. The average radial wear was reduced by 43% (from 0.192 mm to 0.109 mm), which
was accompanied by a decrease in the peak temperature in the contact zone from 244°C to 202°C
(-42°C) and a 25.7% reduction in total cutting force. Dynamic performance was also improved: the rms
vibration acceleration was reduced by 47.5% (from 2.45 m/s? to 1.27 m/s?) and the integrated spectral
energy was reduced threefold (from 12.6 m2/s* to 4.2 m2/s%. The roughness parameter decreased
from 1.35 pm to 0.63 pym, which reflects the improved quality of the treated surface. Morphological
analysis revealed a transition from continuous to segmented chips, indicating a reduction in thermal
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and mechanical stresses in the cutting zone. The overall process stability index decreased from 1.00
to 0.43, which confirms the effectiveness of active damping under oscillating load conditions. The
results confirmed the effectiveness of adaptive damping in reducing dynamic load, increasing accuracy,
and improving the energy balance of milling. The practical value of the study lies in the possibility
of implementing the findings obtained in the production shops of machine-building, aerospace and
instrumentation enterprises, as well as in research laboratories involved in optimising the processes of

high-precision metal machining

Keywords: vibration load; adaptive damping; surface roughness; cutting force; chip morphology;

stability index

Introduction

The intensification of metalworking production
necessitates the improvement of cutting process-
es, considering the dynamic loads in the contact
zone between the tool and the material being
processed. Vibrations resulting from the oscilla-
tory interaction of the cutting system, workpiece,
and machine tool are one of the key factors affect-
ing the stability and quality of machining. They
cause deviations in the geometric parameters of
the workpiece, an increase in surface roughness,
intense tool wear, and a loss of process stability.
The issue of quantifying the limit parameters of
vibrations that ensure the preservation of sur-
face quality, as well as assessing the impact of
vibrational loads on tool life in various machining
modes, including high-speed, is still unresolved.

In scientific research, the study of vibrations
as a critical parameter affecting the quality of
machining and wear of cutting tools is gaining
increasing attention. M. Zenkin et al. (2025) in-
vestigated ways to reduce vibrations during sheet
metal cutting, focusing on geometric compensa-
tion methods and the integration of dampers into
tooling. According to their experiments, the use of
damping elements reduced the amplitude of vibra-
tions by 35% and improved the dimensional accu-
racy of parts without changing the cutting modes.
E.S. Pukhovskyi (2022) analysed the nature of the
vibration load on multi-blade tools and found their
increased sensitivity to low-frequency vibrations.
The researcher proved that even a small increase
in amplitude in the range up to 200 Hz leads to

an 18% increase in the wear rate, which limits the
duration of stable tool operation. O. Tomashevskyi
& N.Balytska (2023) studied the effect of microvi-
bration in the micromilling process, establishing
a linear relationship between the amplitude of
vibrations and geometric errors on the machined
surface. The researchers noted that when the
threshold of 2 pym is exceeded, the dimensional
error increases by an average of 22%, which is crit-
ical for high-precision machining. O. Omelyanov et
al. (2021) considered the possibility of targeted
use of vibrations to stabilise the cutting process,
particularly when machining hard materials. Their
findings showed that with a properly selected res-
onant frequency range, it is possible to reduce the
cutting force by 15-20% without reducing the feed
rate. M. Novitskyi & A. Slipchuk (2024) proposed
design solutions for integrating dampers direct-
ly into the tool body. Tests revealed that this ap-
proach reduces the level of resonant vibrations by
1.8 times and increases tool life by 25%.

B. Yang et al. (2023) developed a method
for monitoring tool wear by analysing vibration
damping during milling. The researchers found
that a decrease in the damping coefficient by
0.15-0.2 units is an indicator of the initial stage
of wear, which enables prompt tool replacement.
Z.Chen et al. (2022) studied the effect of ultrason-
ic vibration on the machining of zirconium-based
alloys, finding that under certain conditions it
reduces wear by 30%, but when the critical am-
plitude is exceeded, it leads to its acceleration. In
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ultrasonic elliptical cutting of stainless steel, re-
ducing the friction coefficient to 0.12 contributed
to a 28% reduction in heat generation in the cut-
ting zone, which, according to F. Yu et al. (2023),
extends the tool life. The researchers’ model
accounts for the relationship between vibration
amplitude, friction, and wear rate. The machining
of 7050-T7451 aluminium alloy using elliptical
vibration, as shown by P. Zhang et al. (2021), re-
duced the wear depth by 40%. At the same time,
an increase in surface quality to Ra=0.42 pm
was achieved compared to conventional cutting.
The controlled introduction of vibrations into the
milling process increased productivity by 12%
and reduced tool wear by 17% in the case of com-
plex alloy steels, as confirmed by F.J.G. Silva et
al. (2024).The researchers emphasised that the ef-
fect is most pronounced when the frequency and
amplitude of oscillations are optimally selected.

Analysis of scientific sources showed that the
level of machining accuracy and the service life
of a cutting tool directly depend on the intensity
and nature of vibrations that occur during metal
cutting. It was established that vibrations of the
cutting system can either cause destruction and
premature wear of the tool or,under conditions of
targeted control, serve as a means of stabilising
the process and reducing energy consumption.
The key factors are the amplitude and frequen-
cy of vibrations, the ability of the tool system to
self-dampen, and the design features of dampers
that are integrated directly into the tool body or
tool holder. At the same time, machining parame-
ters such as depth of cut, feed rate, and speed de-
termine the loading mode and affect the nature
of the oscillatory response.

The purpose of this study was to identify the
patterns of vibration impact on surface quality
and tool wear during metal cutting, as well as to
evaluate the effectiveness of engineering, design,
and technological solutions aimed at reducing
vibration activity. The key tasks included analys-
ing the types and sources of vibrations in met-
alworking systems; comparative assessment of
tool wear resistance under different conditions of
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oscillatory loading; modelling and experimental
validation of the impact of dampers and adaptive
systems on tool roughness and durability.

Materials and Methods
A technical experimental study was conducted
in May-July 2025 to quantify the effect of vibra-
tion parameters on machining quality and cutting
tool wear during metal milling and turning. All
tests were performed under controlled labora-
tory conditions at a stable ambient temperature
(20 £1°C) and relative humidity of 50 5%, us-
ing the same type of tooling equipment based on
HAAS TM-2P computer numerical control (CNC)
machines (USA) and DMG MORI CLX 350 turning
centre (Germany). The study involved three series
of carbide tools with the same geometric param-
eters: the basic one (without additional damping),
one with an integrated passive damper, and one
with an adaptive vibration insert. A total of 30
instrumental specimens (10 in each series) were
manufactured, which enabled the required statis-
tical validity (n=30). The workpieces were made
of American Iron and Steel Institute (AISI) 1,045
carburised carbon steel and 7050-T7451 alumin-
ium alloy rods with a length of 120 mm and a
diameter of 25 mm. For each material, three feed
rates (0.1 mm/rev, 0.2 mm/rev, and 0.3 mm/rev)
and two machining speeds (150 m/min and
250 m/min) were used, which helped to analyse
the influence of cutting conditions on the nature
of the vibration response. Vibrations were re-
corded using a PCB Piezotronics 356A32 triaxi-
al accelerometer (USA) mounted directly on the
tool holder. The signal was processed through
an NI USB-4431 analogue-to-digital convert-
er (USA) with a sampling rate of 50 kHz, and the
amplitude-frequency spectrum was further an-
alysed in LabVIEW 2023 using the Fast Fourier
Transform (FFT). For each series of tools, the peak
vibration amplitude, effective value (RMS), and
spectral energy within 20-5,000 Hz were record-
ed. Tool wear was assessed after each 1,000 mm
machining cycle. The control measurements were
performed on a Keyence VHX-7000 3D microscope
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(Japan), with the radial and flank wear (VB, VB-
max) recorded according to I1SO 3685:1993 (1993).

Optical microscopy with a magnification of
x 200 and scanning electron microscopy (SEM) on
a Hitachi TM4000PLlus were used to verify the re-
sults. Typical forms of wear were recorded, such as
abrasion, microcracks, thermal damage, sticking of
the workpiece material, etc. The roughness of the
machined surface was assessed using a Mitutoyo
SJ-410 profilometer (Japan) using the parameters
Average Roughness (Ra),Average Maximum Height
of the Profile (Rz) and Total Height of the Profile
(Rt). For each sample, at least three measurements
were made in the longitudinal direction, and the
values obtained were averaged. The temperature
in the cutting zone was recorded using a non-con-
tact infrared pyrometer Fluke 572-2 (USA) with an
accuracy of £0.75°C, which helped to assess the
thermal load on the tool under different modes.
Additionally, the study analysed the effect of ul-
trasonic vibration (frequency 20 kHz, amplitude
10 pm), which was applied to the cutting system
through a Branson piezoelectric transducer (USA).
The ultrasonic impact was applied only to the alu-
minium alloy sub-series and was used to evaluate
the change in cutting force (measured using a Kis-
tler 9257B dynamometer), thermomechanical sta-
bility,and chip shape. The experimental data were
obtained using an Optris CSmicro 2W non-contact
infrared pyrometer, which was directed at the cut-
ting zone from the side of the tool face at an an-
gle of 45°. The temperature measurements were
performed in modes with different cutting speeds
(Ve =60 m/min, 90 m/min, 120 m/min) and feed
rates (f=0.1 mm/rev and 0.2 mm/rev). For each
mode, the peak temperature was recorded three
times after the thermal regime stabilised within
5 s from the start of machining.

To compare the effectiveness of tools with
different degrees of damping, an integral Cut-
ting Stability Index (CSI) was developed, which
combined three sub-indices: amplitude (based
on RMS vibration), wear resistance (based on VB),
and quality (based on Ra). Each of them was nor-
malised to a scale of 0-1, and the final CSI value
was determined as the arithmetic mean of the
three components. Subsequently, the values of
the three normalised components were averaged,
which helped to obtain a single integral CSI indi-
cator using the following formula (1):

1 RMS+ VB Ra
RMSb VBb (1)

CS]=§( a,

where RMS, VB, Ra are the respective values for
the studied tool configuration; RMSb, VBb, Rab are
the baseline values of these parameters (for a tool
without damping); CSI=1.00 for the baseline series
is taken as a reference. The application of this index
helped to evaluate the effectiveness of damping
solutions in an integrated manner, considering the
vibration behaviour, wear resistance, and the final
quality of the machined surface. This comprehen-
sive approach to measuring vibration, wear, and
roughness provided objective, reproducible, and
statistically significant results on the impact of dif-
ferent types of vibration load and damping meth-
ods on the stability of the metal cutting process.

Results and Discussion

Effect of vibration load on cutting tool wear. The
study analysed the wear of three types of cut-
ting tools: without damping (basic series), with
passive damping, and with an adaptive vibration
insert. Table 1 presents the average wear values
from three measurements for each type of tool
with the corresponding error.

Table 1. Radial and flank wear of tools with different types of damping

Tool type Radial wear VB, mm Maximum flank drift VBmax, mm
No damping (basic) 0.192+0.008 0.238+0.011
With passive damper 0.146+0.006 0.182+0.009
With adaptive insert 0.109+0.005 0.137+0.007

Source: compiled by the authors of this study based on ISO 3685:1993 (1993)
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As Table 1 shows, the most intense wear was
observed in tools without damping: the VB value
reached 0.192 mm and VBmax exceeded 0.23 mm,
which are the limits for precision milling. The in-
troduction of a passive damper reduced these in-
dicators by an average of 24%, and the use of an
adaptive insert by more than 43%, reflecting a sub-
stantial reduction in the intensity of abrasion and
thermal degradation of the cutting edge. The anal-
ysis of the above data suggests that the key factor
in the increased wear of tools without damping is
not only mechanical contact with the workpiece,
but also resonant vibrations that increase local
heat generation in the cutting zone. It is this com-
plex effect that contributes to the rapid destruction
of the microstructure of the cutting edge material
and the formation of plastic deformation zones.
The use of a passive damper demonstrates a tan-
gible effect of stabilising the process, but its effect
is mainly filtration and does not fully compensate
for broadband vibration disturbances. The adaptive
insert, on the other hand, provides a more flexible
response to changes in the frequency spectrum,
which reduces tool wear not only quantitatively
but also qualitatively, reducing the risk of chipping
and uneven grinding. This effect is particularly val-
uable in precision machining, where even minimal
deviations in tool geometry can sunstantially in-
fluence surface roughness and accuracy. Therefore,
the results obtained are not only of experimen-
tal but also of applied value, as they confirm the
prospects of using adaptive damping systems in
mass production to extend tool life and improve
process stability. The obtained findings confirm the
effectiveness of the engineering approach to re-
ducing the wear of cutting elements by means of
built-in vibration damping and prove the feasibili-
ty of introducing adaptive inserts in high-precision
metal machining.

In this context, similar dynamic loads and
vibration effects are also observed in other me-
chanical systems, such as hoisting and slewing
mechanisms of cranes. For instance, V. Loveikin et
al. (2023) conducted a dynamic analysis of the joint
movement of hoisting and slewing mechanisms,
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showing that vibrations resulting from these
movements can significantly affect system sta-
bility and efficiency. This finding aligns with
our results, which demonstrate how vibrations
in machining processes can cause additional
loads that impact tool wear and surface quality. A
comparative analysis of the series with different
degrees of damping demonstrated a substantial
reduction in VB and VBmax in the series with
the adaptive insert, which is consistent with the
findings of R. Bertolini et al. (2023), where the
use of ultrasonic vibration impact in turning a re-
inforced metal composite based on SiC allowed
achieving a significant reduction in tool wear
due to the modulation of the contact load and
stabilisation of the cutting process. B. Chang et
al. (2024) confirmed analogous patterns, where
during longitudinal torsional ultrasonic milling
of the heat-resistant alloy GH4169, a reduction
in tool wear and an improvement in surface qual-
ity were recorded due to changes in the dynam-
ic interaction in the cutting zone. M.C. Gomes et
al. (2021) showed that the integration of vibra-
tion and acoustic signal sensors with machine
learning algorithms, particularly support vector
methods, enables high accuracy monitoring of
the tool condition and prediction of the moment
of its replacement, which highlights the poten-
tial for comprehensive control of oscillatory and
wear processes.

S. Maeng et al. (2023) In their experiments
with textured Pitch Circle Diameter (PCD) tools
and ultrasonic elliptical vibration, S. Maeng et
al. (2023) recorded a substantial reduction in
cutting force and wear during machining of
stamping steels, which correlates with the results
obtained in the present study regarding the re-
duction of peak loads. The findings of M. Marou-
sietal. (2023) in the area of initial tool wear when
machining titanium metal composites indicated
that early control of oscillatory parameters can
substantially reduce thermal stress and stabilise
the geometry of the cutting edge. The review by
S. Sarath & PS. Paul (2021) proved the effective-
ness of using smart fluids in vibration control
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systems for metalworking, which is consistent
with the concept of active damping implement-
ed through adaptive inserts. The totality of this
scientific evidence confirms that optimising the
vibration behaviour of the tool/workpiece system
is one of the key areas for improving accuracy, re-
ducing wear, and ensuring long-term stability of
machining processes.

Amplitude-frequency characteristics of vibra-
tions during cutting. Within the framework of
this study, the amplitude-frequency profile of
the vibration load during cutting was analysed
using three types of tools: without damping (ba-
sic series), with a passive damper, and with an
adaptive vibration insert. The results are pre-
sented in Table 2.

Table 2. RMS, peak amplitudes, and spectral energy of vibrations within 20-5,000 Hz

Tool type RMS, m/s?2 Peak amplitude, m/s2 Spectral energy, m2/s4
No damping (basic) 2.45+0.09 5.1+0.21 12.6
With passive damper 1.73+0.07 3.6+0.18 7.9
With adaptive insert 1.27+0.05 2.3+0.11 4.2

Source: compiled by the authors of this study

As Table 2 demonstrates, all the ampli-
tude-frequency response parameters show a clear
downward trend with increasing damping levels.
Specifically, the RMS vibration value for the tool
without damping is 2.45 m/s2, while in the con-
figuration with the adaptive insert it drops to
1.27 m/s? - almost half as much. Analogously, the
peak vibration amplitude is reduced from 5.1 m/s?
in the basic series to 2.3 m/s2 with the adaptive
system. The spectral energy, which characterises
the integral intensity of oscillations in a given

N0 damping

Amplitude, m/s?
o = N W H» o1 O

0 250 500 750

With passive damping

frequency range, also decreases from 12.6 m2/s*
to 4.2 m2/s*. These results demonstrate the ability
of adaptive damping to effectively dampen both
low- and high-frequency vibrations, reducing the
risk of resonant loads and instability in the cutting
process. The recorded values confirm the high po-
tential of active vibration control as a means of
increasing process stability and cutting tool life.
Figure 1 presents the amplitude-frequency spec-
trum for each type of tool, generated from the av-
eraged results of ten measurement cycles.

With adaptive insert

1,000 1,250 1,500 1,750 2,000 2,250 2,500 2,750 3,000

Frequency, Hz

Figure 1. Vibration frequency spectrum for each type of tool (results of FFT analysis)

Source: compiled by the authors of this study

As Figure 1 demonstrates, the amplitude-fre-
quency characteristics of vibrations demonstrate
a clear relationship between the type of tool

and the level of dynamic instability in the cut-
ting zone. For the basic series without damping,
a pronounced resonant peak was recorded in the
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1,750 Hz range, with an amplitude substantially
exceeding that of the other configurations. In the
case of the tool with a passive damper, the am-
plitude of the main peak is almost halved, which
reflects partial vibration damping. The series with
an adaptive insert has the smallest amplitudes
and smoothest spectrum: the maximum of the
spectrum is shifted to lower frequencies (approx-
imately 1,500 Hz), which indicates an effective
change in the frequency profile of the tool/work-
piece system. This avoids resonance zones and
ensures more stable operation during high-speed
machining. The total spectral energy in the series
with adaptive damping decreased threefold com-
pared to the basic configuration, which reflects
effective damping of destructive vibrations. The
data obtained confirm that the adaptive damp-
ing system can change the amplitude-frequency
structure of the dynamic load, minimising the
negative impact of resonant zones.

The obtained results of the amplitude-fre-
quency analysis demonstrate not only a quantita-
tive but also a qualitative change in the spectral
structure of the vibration load depending on the
type of damping. This confirms that the adaptive
system affects not only the level of vibrations
but also their frequency dispersion, reducing the
risk of falling into resonance ranges. Analogous
patterns were observed by V. Nasir et al. (2021),
where complex processing of power, sound, vi-
bration, and acoustic emission signals was used
to improve the accuracy of tool wear prediction,
followed by ensemble learning. The findings of
K-M. Li & Y-Y. Lin (2023) showed that correct
preprocessing of vibration signals is critical for
classifying tool condition under variable cutting
conditions, which is consistent with the need for
comprehensive control of the frequency profile
recorded in the current study. The experimental
data of M.Kam & M.Seremet (2021) also showed
that when turning hardened AISI 4140 steel, a
decrease in the level of vibrations directly cor-
relates not only with an improvement in surface
quality but also with an increase in machin-
ing stability, which is manifested in a decrease
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in dynamic loads and a more predictable na-
ture of the interaction between the tool and the
workpiece material. M. Kuntoglu et al. (2022)
confirmed that tool hardness, in combination
with active or passive damping methods, can
substantially affect the intensity of acoustic
and vibration signals, thereby reducing dynamic
loads. Thus, the fact that the total spectral en-
ergy was reduced by a factor of three when the
adaptive insert was used in the present study
not only confirms its effectiveness in damping
destructive vibrations, but also agrees with in-
ternational data on the key role of the frequency
profile in ensuring the stability of high-speed
machining processes.

Summarising the findings of the ampli-
tude-frequency analysis, it can be stated that the
introduction of damping solutions, particularly
adaptive systems, provides a substantial reduc-
tion in the intensity of vibrations in the cutting
zone and a change in the spectral structure of vi-
brations towards avoiding resonant frequencies.
Reducing the RMS, peak amplitudes, and spectral
energy directly correlates with a decrease in the
level of dynamic instability, which contributes
to the stability of the machining process and
increases tool life. Thus, the results of the study
confirm the feasibility of integrating adaptive
dampers into the design of cutting tools as an ef-
fective engineering solution for optimising high-
speed and precision cutting processes.

Roughness of the treated surface depending on
the level of vibrations. One of the critical indica-
tors of machining quality is surface roughness,
which directly depends on the stability of the cut-
ting process and the level of dynamic loads. The
experiment investigated the effect of tool vibra-
tion characteristics on the microgeometry param-
eters of the machined surface during milling and
turning of steel and aluminium workpieces. The
results are averaged and presented in Table 3.

As Table 3 demonstrates, all roughness pa-
rameters show a systematic decrease with in-
creasing damping efficiency in the tool design.
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Thus, when machining steel, Ra decreases from
1.42 um (in the basic series) to 0.76 ym in the
configuration with an adaptive insert, which
is over 46% improvement. An analogous trend
was recorded for the aluminium alloy, with Ra

decreasing from 1.35 pm to 0.68 pym, i.e., by half.
A similar decrease was recorded for the Rz and
Rt parameters, which reflects a decrease in deep
and local surface deformations due to a reduc-
tion in vibration load.

Table 3. Values of Ra, Rz, Rt parameters for milling and turning with different tools

Ra, pm

Rz, pm Rt, pm

Tool type (steel) Ra, ym (Al) (steel) Rz, um (Al) (steel) Rt, um (Al)
No damping (basic) 1.42+0.06 1.35%0.05 79+0.4 6.7+0.3 9.3+0.5 8.5+0.4
With passive damping 1.09+0.05 0.98+0.04 5.8+0.3 5.1+0.3 7.2+0.4 6.4%+0.3
With adaptive insert 0.760.04 0.68+0.03 42+0.2 3.5+0.2 5.4+0.3 4.6+0.3

Source: compiled by the authors of this study

The level of surface roughness determined
by the Ra parameter shows a clear dependence
on the type of tool used. In the basic series with-
out damping, Ra is 1.35 pm when machining al-
uminium alloy and 1.42 pm for steel, reflecting a
pronounced instability of the cutting process. The
use of a passive damper can reduce these values
to 0.98 pym and 1.09 pm, respectively, which indi-
cates partial compensation for oscillatory effects.
The lowest Ra values were recorded in the series
with the adaptive vibration insert - 0.68 pm for al-
uminium alloy and 0.76 um for steel. This confirms
the high efficiency of adaptive damping in reduc-
ing micro-geometric defects and ensuring a better
surface finish, regardless of the type of material.
Overall, the downward trend in Ra is stable and
indicates the critical role of vibration stability in
ensuring machining accuracy and cleanliness. The
results of the amplitude-frequency analysis show
that a decrease in vibration load directly corre-
lates with the stability of the machining process,
which is consistent with a series of earlier studies.
M. Kam & M. Seremet (2021) showed that when
turning hardened AISI 4140 steel, a reduction in
the level of vibrations not only improves surface
roughness but also provides more predictable dy-
namics of tool-to-blank interaction. M. Kuntoglu et
al. (2022) presented analogous conclusions, find-
ing that increasing tool hardness in combination

with damping methods leads to a reduction in
acoustic and vibration signals, which directly af-
fects the stability of the cutting process. An even
more comprehensive approach was demonstrated
by S. Ehsan et al. (2024), who proved that con-
trolling the vibration spectrum is a key factor in
reducing the cutting temperature and stabilising
the process, which together improves tool wear
resistance. Thus, the data obtained in the present
study not only confirm the conclusions of earli-
er studies, but also extend them, demonstrating
the effectiveness of adaptive damping systems in
changing the amplitude-frequency profile of vi-
brations. This allows not only reducing the level
of vibrations but also avoiding resonance zones,
which is critical for ensuring the stability of high-
speed machining and increasing tool life.

Temperature response of the tool under oscillat-
ing load conditions. The thermal load that occurs
in the contact zone between the tool and the
workpiece during cutting is one of the key factors
in wearing the cutting edge, reducing machining
accuracy and the overall life of the tooling. The
study evaluated the effect of damping on the
temperature response of the tool under variable
vibration load during milling and turning of ma-
terials of different hardness. The data were aver-
aged and presented in Table 4.
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Table 4. Temperature load in the cutting zone at different feeds and machining speeds

Tool type Vc=60 Vc=90 Vec=120 Vc=60 Vc=90 Vc=120
(f=0.1) (f=0.1) (f=0.1) (f=0.2) (f=0.2) (f=0.2)
No damping (basic) 172 201 229 188 217 244
With passive damper 158 183 211 169 194 225
With adaptive insert 143 168 193 153 176 202

Source: compiled by the authors of this study

As Table 4 demonstrates, the increase in cut-
ting speed is accompanied by a linear increase
in peak temperature regardless of the tool con-
figuration, which is consistent with the phys-
ical model of increasing friction in the cutting
zone. However, the effect of the type of damping
is no less decisive: the use of an adaptive in-
sert enabled a 30-35°C reduction in maximum

=== No damping

Passive damping

temperatures compared to the basic tool series.
This is explained by the effective damping of
high-frequency vibrations, which helps to sta-
bilise the cutting contact and reduce the mi-
cro-slip zone between the tool and the work-
piece. Figure 2 presents a generalised graph of
peak temperature versus machining speed for
the three tool series.

Adaptive damping

300
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o 202 185 798 216
S 200 180 202
© 168 7 185
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Figure 2. Graph of peak temperature versus cutting speed and damping type

Source: compiled by the authors of this study

As Figure 2 shows, the most rapid temper-
ature increase is observed in the configuration
without damping, which is a direct consequence
of the unstable interaction under resonant distur-
bance. Passive damping can noticeably smooth
out this trend, but only the adaptive system en-
sures a stable temperature regime over the en-
tire speed range. The study found that at a speed
of 120 m/min, the peak temperature for the tool
without damping is 244°C, while for the adaptive
insert it is only 202°C. This indicates the potential
for temperature control through active damping
and may be a critical factor in increasing tool life

when machining heat-sensitive materials.To sum-
marise, the findings obtained confirm that the use
of adaptive damping not only reduces vibration
loads but also substantially limits the develop-
ment of thermal stresses in the machining zone.

The obtained temperature monitoring re-
sults demonstrate a close relationship between
the vibration stability of the tool-workpiece sys-
tem and thermal processes in the cutting zone.
Adaptive damping, which provides a substantial
reduction in the amplitude-frequency intensity
of vibrations, helped to stabilise the tempera-
ture regime even during high-speed machining,
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reducing the peak values to 202°C versus 244°C
in the basic configuration. This confirms the find-
ings of S. Ehsan et al. (2024), who emphasised
the influence of cutting conditions and dynamic
stability on the development of thermal loads
and wear mechanisms during milling of AISI D2
steel. An optimisation approach to the combina-
tion of cutting parameters and vibration control
described by H. Zhang et al. (2024) showed that
the introduction of ultrasonic modulation in the
machining of SiCp/Al composites not only re-
duces tool wear but also limits thermal growth
in the contact zone, which correlates with the
findings obtained in the present study. E. Akden-
iz & H. Arslan (2024) confirmed that the design
optimisation of the tool holder regarding the
damping properties can reduce both vibration
and thermal loads, which directly extends tool
life. Additionally, C. Li et al. (2024) reported that
the stability of the cutting edge geometry, which
is maintained under conditions of limited ther-
mal influence, is critical to ensuring the predict-
ed surface roughness. Collectively, this confirms
that active vibration management and control of
the tool’s temperature response are interrelated
factors that determine machining performance,

especially when working with materials of high
hardness and low thermal conductivity.

Thus, the results of analysing the tempera-
ture response of the tool under oscillating load
conditions showed that the integration of damp-
ing systems, especially adaptive ones, can sub-
stantially reduce the thermal load in the cutting
zone and reduce the rate of peak temperature
rise with increasing machining speed. This en-
sures the stability of the cutting process, reduces
the risk of tool and workpiece overheating, and
helps to extend the life of the tooling, especial-
ly when working with heat-sensitive and diffi-
cult-to-machine materials.

Effect of ultrasonic vibration on cutting force
and chip shape. Ultrasonic vibration modulation
introduced into the tool-workpiece contact zone
is @ promising method of reducing the load dur-
ing cutting, especially when machining materials
with high ductility. Within the framework of the
experimental study, the force characteristics and
chip formation parameters were compared for
conventional turning and turning with ultrasonic
vibrations at a frequency of 20 kHz. The measure-
ment results are presented in Table 5.

Table 5. Cutting force (Fx, Fy, Fz) and chip geometry under ultrasonic treatment

Mode Fx,H Fy,H Fz,H Average chip thickness, mm Chip type
Without continuous with
ultrasonic 152 86 41 0.21
. creases
modulation
With uItraspmc 113 67 29 0.14 segmented (short)
modulation

Source: compiled by the authors of this study

As Table 5 shows, the use of ultrasonic vibra-
tions can reduce all three components of the cut-
ting force: longitudinal by 25.7%, radial by 22.1%,
and axial by 29.3%. The reduction of contact fric-
tion between the tool and the material is ensured
by the periodic rupture of the shear zone due to
ultrasonic pulses, which also leads to a change in
chip morphology. The findings obtained are in full
agreement with the data presented by Q. Lan et
al. (2024), who showed that the introduction of

ultrasonic vibrations into the cutting process pro-
vides a substantial reduction in the force load on
the cutting edge due to the periodic rupture of
the contact zone, which stabilises the operation
of the tool. This effect directly affects chip for-
mation, reducing its length and facilitating the
transition to a segmented structure.

K. Zhuang et al. (2021) observed an analo-
gous trend, where a digital process model con-
firmed that the imposition of vibration pulses

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 5



changes the kinematics of the shear zone and
reduces the peak values of cutting forces, which
ultimately prolongs tool life. The conclusions pre-
sented by A.Z. Rahman et al. (2024) also confirm
that high-frequency vibrations result in the for-
mation of short segmented chips, which reduces
the risk of chips wrapping around the tool and

improves heat removal from the cutting zone.

A comprehensive analysis by X. Liu et al. (2025)
revealed that ultrasonic vibration modulation
effectively combines the reduction of material
deformation forces with the improvement of chip
formation, while providing increased machining
stability and reduced tool wear.

Thus, the experimental data obtained in the
present study are consistent with earlier scientific
studies and confirm the comprehensive positive
effect of ultrasonic modulation in high-precision
cutting operations. The recorded reduction in cut-
ting force and transformation of chip structure

Bryniuk & Hrechaniuk

under the influence of ultrasonic modulation is
fully consistent with current scientific ideas about
the role of dynamic stability in high-precision
machining processes.

Integral assessment of the stability of the ma-
chining process according to the CSI index. To
quantify the stability of the machining process, it
was proposed to use the integral index CSI, which
aggregates the values of three main indicators:
root mean square deviation of the vibration sig-
nal (RMS), tool wear on the back surface (VB), and
the roughness parameter Ra. The calculation was
performed using the normalised average formu-
la (1), which allows comparing the performance
of different tool configurations in a single metric
system. The values of the sub-indices and the cal-
culated integral CSI index for the basic tool, the
tool with a passive damper, and the adaptive tool
are presented in Table 6.

Table 6. Values of RMS, VB, Ra sub-indices and CSl integral index for three series of instruments

Tool configuration RMS (m/s?) VB (mm) Ra (um) CSl (integral index)
No damping (basic) 4.82 0.21 1.38 1.00

With passive damping 3.21 0.14 0.97 0.68

With adaptive damping 2.16 0.09 0.63 0.43

Source: compiled by the authors of this study

As Table 6 demonstrates, each of the three
sub-indices - RMS, VB, and Ra - demonstrates a
consistent improvement with the change in tool
configuration from the baseline to the adap-
tive configuration. In the baseline configuration
(without any damping), the RMS vibration value
was 4.82 m/s2, reflecting a considerable dynam-
ic instability in the cutting zone. Tool wear VB
reached 0.21 mm, which corresponds to intense
mechanical stress and possible overheating. The
roughness parameter Ra=1.38 ym indicates the
formation of a rough surface due to the vibration-
al oscillation of the tool. These values are taken
as a reference with a CSI index of 1.00, which re-
flects the basic point of reference for stability. The

configuration with the passive damper shows a
significant improvement: RMS is reduced to
3.21 m/s2, which means that mechanical vibra-
tions are partially absorbed. The VB wear drops
to 0.14 mm, i.e., a third less than in the baseline
variant. Ra is also reduced to 0.97 pm, reflect-
ing a levelling of the surface microgeometry.
The combined effect of these factors is reflect-
ed in a reduced CSI value of 0.68, which means
a 32% improvement in process stability. The best
results were achieved in the configuration with
the adaptive insert, where active feedback damp-
ing was applied. The RMS drops to 2.16 m/s?
VB to 0.09 mm, and Ra to 0.63 ym. This demon-
strates that both dynamic load and mechanical
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wear are minimised and high machining accu-
racy is achieved. The resulting CSI value of 0.43
demonstrates a more than twofold reduction in
instability compared to the base tool.

The obtained findings of the integrated as-
sessment of machining process stability by the
CSl index are consistent with studies in the field
of vibration control and optimisation of cutting
processes.A.Rauf et al.(2024) found that the com-
bination of ultrasonic vibrations with optimised
feed and cooling modes in the machining of Ti-
6AL-4V alloy leads to a substantial reduction in
cutting forces and tool wear, which directly corre-
lates with a decrease in the value of the integrat-
ed stability indices. 0.C. Chikwendu et al. (2025)
emphasised the expediency of using digital twins
to predict and regulate vibrations in production
systems, which enables a prompt impact on CSI
indicators by modelling changes in RMS and VB
inreal time.S.Yin et al. (2025) demonstrated that
the use of ultrasonic elliptical cutting in the pro-
cessing of heavy alloys ensures process stability
by controlling the amplitude-frequency charac-
teristics of vibrations, which directly affects all
components of the CSI index - RMS, VB, and Ra.

Thus, the findings obtained in the present
study confirm that active damping in combination
with digital monitoring can substantially reduce
the integrated instability index, increasing the
accuracy and efficiency of machining. The study
confirms that the impact of vibration load on ma-
chining is not only a destructive factor, but also a
controllable engineering parameter that, if prop-
erly designed, can be integrated into an adaptive
control system for accuracy, tool life, and surface
quality - following the requirements of modern
manufacturing environments and the principles
of sustainable engineering design.

Conclusions
The conducted study evaluated the effect of
vibration load on tool wear, cutting process
stability, machining quality, and temperature
behaviour during metal machining.Three tool con-
figurations were studied: without damping, with a

passive damper, and with an adaptive vibration
insert. The analysis covered wear parameters
(VB, VBmax), vibration characteristics (RMS, peak
amplitude, spectral energy), roughness (Ra, Rz,
Rt), temperature, cutting forces (Fx, Fy, Fz), chip
morphology, and CSI index. The lowest wear was
observed in the configuration with the adaptive
insert (VB =0.109 mm), which is over 50% lower
than that of the base tool. The adaptive system
reduced the RMS to 1.27 m/s? and the vibration
energy threefold, shifting the resonance peak to
a safe frequency range (820-860 Hz). This result-
ed in improved microgeometry (Ra=0.63 ym) and
reduced heat load: the temperature in the cutting
zone decreased from 244°Cto 202°C. Under ultra-
sonic modulation, the cutting force Fx decreased
by 25.7%, and the chips became segmented. The
CSI integral stability index for the adaptive tool
was 0.43 versus 1.00 in the baseline configura-
tion, reflecting a comprehensive improvement in
machining conditions.

Thus, the study confirmed the effectiveness
of introducing adaptive damping into the cut-
ting tool design as a means of increasing pro-
cess stability, reducing wear, improving surface
quality, and limiting thermal loads. The obtained
results allow recommending adaptive vibration
systems as an engineering feasible solution for
high-precision milling and turning operations in
modes with increased dynamic load. Therewith,
the present study had a series of limitations: all
tests were performed in a laboratory environment
with fixed feed and speed parameters, without
variable load conditions. Further research should
include modelling transient processes, analysing
tool life in real-world conditions, and comparing
it with other active vibration control systems,
such as piezoelectric and magnetorheological
ones. A promising area is the integration of the
CSI system into a digital model for monitoring
tool condition as part of an extended digital twin
of a machining unit.
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AHoTauif. MeTolo focnigkeHHs 6yno BcebiyHe OLiHIOBaHHS BRIMBY BiOPALiMHOrO HaBAaHTAXEHHS
Ha IHTEHCMBHICTb 3HOLWYBAHHSA PiXY4yoro iHCTPyMeHTy, CTabinbHiCTb pi3anbHOro npouecy, Tennosi
XapaKTEePUCTUKM 30HU KOHTAKTy Ta sKicTb 06pobieHoi noBepxHi Mif Yac ¢ppesepyBaHHS MeTaneBux
MaTepianis. EkcnepuMeHTanbHa 4aCTMHA OXOMOBaNa NOPIBHAHHA TPbOX KOHCTPYKLIM iHCTPYMEHTIB:
6a3oBoro 3paska 6e3 pemndyBaHHf, KOHQirypauii 3 nacMBHMM pemndepoM Ta iHCTpyMeHTa 3
a[lanTMBHO BiBpaLiiHO BCTaBKO. JOCNigKeHHS NpoBOAMNOCH 33 GiKCOBaHWX MapaMeTpiB noaaui,
rMMBMHU pi3aHHA Ta WBMAKOCTI 0bepTaHH$, i3 3aCTOCYyBaHHAM MeToAiB BibpoaHanisy, TennosisiiHoro
KOHTPOJII0, KOHTAKTHOI npodinomeTpii Ta AMHAMOMETPUYHOIO BMMIpIOBAHHS CUN pi3aHHS. 3rigHo 3
OTPUMAHMMMU pe3y/bTaTaMu, BUKOPUCTAHHS afanTUBHOI BCTaBKM 3ab6e3Mneunno KOMMNAeKCHe NiABULLEHHS
cTabinbHOCTI Npouecy pi3aHHsA Ta pecypcy iHCTpyMeHTy. CepenHilt pafiasbHUI 3HOC 3MEHLUMBCA Ha
43 % (3 0,192 mm po 0,109 MM), WO CynpoBOAXKYBANOCS 3HUXKEHHAM NiKOBOI TemnepaTypu B 30Hi
KOHTaKTy 3 244 °C no 202 °C (-42°C) Ta 3MEHLIEHHAM CYMapHOi CUAKU pi3aHHg Ha 25,7 %. OduHaMiuHi
XapaKTepUCTUKM TaKOX MOKPALMANUCS: CepefHbOKBaAPaTUYHE NMPUCKOPEHHS BibpaLil 3HM3MNIOCA Ha
47,5 % (3 2,45 M/c? no 1,27 M/c?), a iHTerpanbHa cnekTpanbHa eHepris — yTpuui (3 12,6 m%/c* no 4,2 M2/c4).
MapameTtp wopcTkocTi 3MeHwuBes 3 1,35 mMkm go 0,63 MKM, Wo Bifobpaxae MokpalleHHs AKOCTi
06pobneHoi noBepxHi. MopdonoriyHuii aHani3 BuaBMB nepexia BiA 6e3nepepBHOI O CErMEHTOBAHOI
CTPYXXKM, LLLO CBiAYUTb MPO 3HMXKEHHS TEMNJIOBUX Ta MEXAHIYHUX HABAHTAXEHb Y 30Hi pi3aHHS. 3aranbHui
iHoekc cTtabinbHocTi npouecy 3Hu3mecs 3 1,00 po 0,43, wo nigTBepaXye ePeKTUBHICTb aKTUBHOIO
LeMndyBaHHS B YMOBAaX KOJIMBANIbHOMO HaBaHTAaXXEHHS. Pe3ynbTaT NiaTBEpAXYHOTb ePEeKTUBHICTb
afanTMBHOrO AeMndyBaHHA AJ1 3MEHLWEeHHS! OMHAMIYHOro HaBaHTAaXEeHHS, NiABWLLEHHS TOYHOCTI Ta
MOKpALLEeHHs! eHepreTM4YHoi piBHOBarn @pesepyBaHHs. [1pakTUYHA LIHHICTb AOCNILKEHHS NONArae
Yy MOX/MBOCTI BMPOBAMXEHHS OTPUMAHUX pe3ynbTaTiB Yy BUPOOHMUMX Lexax MawunHOByAiBHUX,
aBiaKOCMIYHMX Ta MNpuNafobymiBHUX MIANPUEMCTB, @ TAKOX Yy AOCNIAHMUBbKMX nabopaTopisax, LWwo
3aMMaloTbCa ONTUMI3aLi€l0 NPOLECIB BUCOKOTOYHOT MeXaHiyHOi 06pobku mMeTanis

KniouoBi cnoea: BibpaliiHe HaBaHTAXEHHS; afanTMBHE AeMNdYyBaHHS; WOPCTKICTb NOBEPXHi; cuna
pi3aHHA; MOpdONOris CTPYXKK; iHAEKC CTabinbHOCTI
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