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Abstract. The implementation of a full-cycle tomato processing operation is a complex technological task that
requires precise control of various parameters to ensure the high quality of the final product. The main stages
of the process include raw material preparation, mechanical crushing of tomatoes, separation of juice from pulp
and skin, as well as additional treatment to enhance the organoleptic and nutritional properties of the juice.
The objective of this study was to investigate the relationship between processing performance and the optimal
parameters of improved tomato processing equipment, specifically: the clearance between beaters and sieve, the
rotational speed of the perforated drum, and the feed rate of the crushed mass. The article presented an improved
structural solution for tomato processing equipment, characterised by the integration of crushing and pulping
operations, which reduces both the metal intensity of the design and the energy consumption of the process.
The study involved determining the percentage content of components in the crushed tomato mass by weighing
each fraction. Based on the collected data, an a priori ranking of influencing factors was performed using expert
evaluation. The most significant factors affecting the technological process were identified. Through mathematical
modelling and experimental studies, the optimal operating modes of the equipment were established to achieve
maximum juice yield with minimal energy consumption. Special attention was given to the consideration of
design and operational parameters such as angular drum speed, productivity, and equipment power. The analysis
of constructive and technological factors influencing the process showed that the optimal configuration includes a
beater-sieve clearance of 2 mm, a pulp feed rate of up to 80%, and a drum rotational speed of up to 25 m/s, which
ensures a pulping efficiency of approximately 90%. The obtained results can be used for upgrading existing tomato
processing lines and developing new production facilities in accordance with current market demands

Keywords: tomato crusher; raw material pulping; pulp; agro-industrial sector; mechanical processing
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INTRODUCTION

To develop and improve tomato processing equipment,
several key factors need to be considered: the type of
product to be processed, technological requirements,
productivity and economic aspects. Tomato sorting and
washing lines must ensure that tomatoes are thor-
oughly cleaned and sorted by quality and size. Capac-
ity depends on the needs of the enterprise and can
vary from several hundred kilograms to several tonnes
of tomatoes per hour. The technological processes of
processing companies require high accuracy of techno-
logical operations, but the design of food production
lines faces the problem of excessive energy and metal
consumption and the need to adapt equipment to the
mechanical and technological properties of a particu-
lar product. A classic variant of the tomato processing
scheme is to perform the crushing and mashing stag-
es separately. Insufficient attention is paid to the study
of the design and technological parameters of tomato
processing equipment that affect the productivity of
the production line. Therefore, determining the optimal
parameters of the equipment for wiping tomato pulp
is a key issue in the implementation of the technolog-
ical process of tomato juice production. Improvement
of tomato processing equipment should be aimed at
increasing efficiency, quality of the final product and
reducing operating costs.

According to K. Mukhopadhyay et al. (2021), it is im-
portant to consider materials, performance, automation,
and environmental aspects when designing, which will
allow creating equipment that meets the modern re-
quirements of the food industry and meets the needs
of both small and large businesses. To justify the design
parameters of advanced tomato processing equipment,
several key aspects should be taken into account: pro-
duction requirements, raw material properties, tech-
nological processes, and final product quality require-
ments. In the study by V. Shebanin et al. (2019) noted
that production requirements are determined by the
required volume of tomato processing per unit of time.
It depends on the scale of production and the planned
volume of output. Tomatoes contain a large amount of
water, which must be taken into account when choosing
methods of processing them. The design parameters of
cutting and chopping machines should ensure product
homogeneity and minimal loss of raw materials.

The analysis of tomato processing machines focus-
es on machines for wiping and crushing raw materials.
These include: crushers with toothed rollers, disc grind-
ers equipped with a centrifuge for grinding and further
separation, and wiping machines for separating juice
from pulp. In the work of Z. Kaliniewicz et al. (2021) not-
ed that the size of the crushed particles and the ratio
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of the average size before and after deformation is key
to the process. However, despite the variety of crusher
designs, it should be noted that the main design re-
quirement is the easy replacement of working bodies
and parts. Researchers B. Kotov et al. (2019) noted that
the crushed product requires pieces of the same size
in each fraction. When designing a structure, it is also
important to take into account the lowest permissible
metal consumption of the structure and the presence
of elements that prevent clogging of the working bod-
ies, which can lead to an accident. Shredding machines
can be divided into impact, crushing, splitting, and
abrasion based on the nature of the applied force. In
the context of practical use of machines, it is advisable
to combine different types of deformation. The choice
of deformation type directly depends on the type and
characteristics of the material to be processed (DSTU
8439:2015, 2015; DSTU 7160:2020, 2020).

Z. Despotovic et al. (2019) argued that determin-
ing the amount of work to break the mutual adhesion
of particles is one of the key aspects in the theory of
grinding. G. Kaletnik et al. (2020) noted that volumetric
deformation and heat generation are the main compo-
nents of the deformation work of grinding machines.
Researchers E. Eslami et al. (2025) studied the effect of
tomato packaging on different types of processed to-
mato products in terms of the requirements for sustain-
able production of different categories of processed
tomatoes. C. Sena et al. (2025) presented algorithms for
efficient sowing of tomatoes for industrial processing
in arid regions. E. Eslami et al. (2024) identified resource
conservation strategies in tomato processing that led to
significant savings in water (23.4%), electricity (14.7%)
and methane (28.7%) and, as a result,to 16 and 19% re-
duction in global warming potential in peeled tomato
and tomato puree production lines, respectively.

Research in the field of tomato processing has pre-
sented such key aspects of the issue as the study of
the mechanical and technological properties of raw
materials, production requirements for tomato pro-
cessing, and general requirements for the technologi-
cal process. However, the analysis of scientific sources
did not reveal numerous studies on the improvement
of tomato processing equipment, so the justification of
the design parameters of improved tomato processing
equipment is an important subject of research. The aim
of the study was to substantiate the methodology for
determining the angular velocity, determining the pro-
ductivity and determining the power consumption of
the proposed design solution for tomato processing, to
determine the optimal parameters, and to study their
impact on the technological process performance.



MATERIALS AND METHODS

Studies involving experimental work with plants, in-
cluding the collection of plant material, were carried
out in accordance with the established norms and
requirements of the institutional, national or interna-
tional level. The authors followed the standards of the
Convention on Biological Diversity (1992). The mass
obtained after grinding, consisting of juice, pulp and
crushed peel, was of the greatest interest for the study.
Therefore, in the course of laboratory research, two
types of objects were investigated: the mass after the
grinding device and the tomato fruit. The study was
conducted at a temperature of 20-22 °C and relative
humidity of 60-70%. For weighing the samples, we
used laboratory scales with an accuracy of 0.01 g
Ohaus Pioneer PX 3202 (Minebea Intec, Germany),
measuring cylinders SBP-1, a set of sieves LS-20
with holes of different diameters. The methodology
is based on well-known recommendations (Bortz &
Schuster, 2010), as well as the specific conditions of
experiments with the development and manufacture
(Bezusov & Totsenko, 2017). The average value of the
set of obtained values X was determined by the formu-
la for the statistical mean:

N
Xa = ZI(:l)(av-k : Pk’ (1)

where P, is relative frequency or weight of the k-th
group/variant in the total amount of data; X , - is the
average value for the k-th group.

The formula for the mean square of the deviation
S was used to estimate the divergence of the values of
the random variable X around the average value X :

S:ZI:’cl(Xav-k-Xa)z ’ Pk' (2)

The standard deviation o demonstrates a compari-
son of the spread of values near the centre of the distri-
bution and a random variable:

a=\/S, 3)

where S is the variance.
The coefficient of variation was also found v:

= (Xi) 100%. )

av

The error rate (error) of the experiment p, should
not exceed 4.0%:

o
Xa-\/n

where n is the number of experiments.

p=1=

100%, (5)
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Determination of the percentage of components of
the crushed mass of fruit C, was carried out by weigh-
ing each fraction according to the formula:

m;
Cps = | w—m; | 100%, (6)
Ci=1

where Cim, is percentage of both the mass and the i-th
fraction.

The relationship for determining the ratio between
the components is as follows:

m;
Cps = | s m; | 100%, 7)
Cj=1

where Cj m, is respectively, the percentage ratio of both
the mass and the i-th component.

Determine the dynamic and kinematic parameters,
it is necessary to investigate the dependence of fetal
deformation on the applied static and dynamic load.
For this purpose, the least squares method was used,
followed by an adequacy test using Fisher’s criterion.
The determination of the functional dependence y=f(x)
of the trait under study was carried out at j fixed argu-
ment values, with j>4. The repetition of the experiment
at each point of the fixed argument value was n=>5.
Also, to check the uniformity of the results obtained,
the average value of the function at each point was

calculated, i.e:
1

Y= 30, Yy, (8)
where Y, is the average value of the function at the
J-th point.

It was also assumed that the obtained dependence
could be described by a 1% degree function:

Y=ax+b, 9

where x is influence factor; a is an indicator that indi-
cates the change in Y when X changes; b is a free term
or the ordinate of the origin.

After that, the adequacy was checked by Fisher’s
criterion F,. If the condition F,, >F, is met, with a giv-
en number of degrees of freedom, the hypothesis is
confirmed. To characterise the general population by
discrete variational features, sample statistical obser-
vation is used. The extreme values are denoted as X
and X  .The total number of samples n for each of the
attributes was taken to be at least 50. At the same time:

n=y"_I(1), (10)
where [ is a number of elements in the i-subgroup.

The statistical series of the feature X was divided
into a number of classes N,. N, =10 with n>50. The
class step t is determined from the expression:
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Xmax = Xmin
¢ = T o, (11)

where X ,X —maximum and minimum sample values.
max’* " min

The bounds for any k-th class were defined as:
lower bound:
X, =X (12)
upper bound:
X=X+t (13)

Relative frequency of observations for any k-th class:

(14)

Nk
Pk:;’

where n, is the number of variants falling into the k-th
class; n is the total number of observations. Check for-
mula for verifying the calculations performed:

N P=1 (15)
Arithmetic mean value of the trait by classes:
Xp—1+X
Nigp = (k;—"k) (16)

The adequacy of the description of the dependence
is accepted with a significance level of 0.95, which is
recommended for research in agriculture.If F, >F,  the
hypothesis about the linear nature of the dependence
under study was rejected and the description of the de-
pendence by the expression:

Y=a-X +b-X+C;Y=a-X +b-X +c-X+d. (17)

With repeated checking of the adequacy. The per-
centage of each component of the crushed mass was
determined by the formula:

Coj = (Z22) - 100%: Cps = (22) - 100%

m

Cp = 100% — (C,; + Cys), (18)
where C,CoC, is the percentage of pure juice, peel
with seeds and pulp in the crushed mass; m,m. is the
mass of pure juice, peel with seeds in the crushed mass;
m is the total mass of crushed tomatoes.

The percentage of peel with seeds in each group
was determined by the following relationship:

C, = (Z—;) - 100%; (19)
Cs = (:—i) - 100%; (20)
C, = (2—;) -100%, (21)

where m,, m_, m, - is the weight of the peel with seeds
of each size group contained in the pulp; m, is the total
weight of the crushed peel with seeds.
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The principle of operation of the advanced tomato
processing equipment is that by placing wiping beats in
the inner perforated drum, the tomato pulp is separat-
ed, and its final wiping and separation into fractions is
carried out in the gap between the inner and additional
perforated drum (Fig. 1). The fraction of peel and pulp
that has not been crushed is discharged by screw turns.

6 2

oy

N

Figure 1. Diagram of the laboratory installation
of the improved design solution
Note: 1 - intake neck; 2 - rollers; 3 - coils for moving
raw materials; 4 - wiping beats; 5 - internal perforated
drum; 6 - additional perforated drum; 7 - auger; 8 - juice
collection tray; 9 - drive
Source: developed by the authors

As criteria for optimising the technological pro-
cess of tomato processing, the juice yield Q (%) spent
on the technological process was chosen. The factors
influencing the course of the technological process in-
cluded the rotor rotation speed V (m/min); the gap of
the scourge-sieve | (mm) and the level of supply of the
crushed mass for wiping M (%). The study of the design
(gap between the scourge and sieve) and technological
(rotation speed of the perforated drum, level of inflow
of the crushed mass) factors of the improved tomato
processing equipment was carried out. In order to avoid
overloading the equipment for wiping tomatoes and to
avoid clogging of the sieve, an acceptable level of in-
flow of the crushed mass for wiping was selected.

RESULTS AND DISCUSSION
Taking into account the analysis of design solutions
for tomato processing machines, the improved design
meets the following parameters: increased juice yield,
increased productivity, preservation of the physical and
chemicalpropertiesofthe crushed material,reduceden-
ergy consumptionand increased productivity,increased
reliability by preventing screw clogging. The assembly
drawing of the improved design is shown in Figure 2.
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Figure 2. Improved design solution
Note: 1 - frame; 2 - receiving chamber; 3 - perforated drum; 4 - outer drum; 5 - grinding device; 6 - auger; 7 - shaft
Source: developed by the author on the basis of Patent No. 154661 (2023)

The proposed design solution allows to signifi-
cantly reduce the stages of the technological process
of tomato processing by combining the processes of
grinding and rubbing (Fig. 3). To determine the design
parameters of the proposed solution, we determined
the angular velocity of movement of raw materials, de-
termined the productivity and power.

Inspection

Removing the stalks

‘ Washing ‘

‘ Shredding ‘

Wiping

‘ Collection of pulp ‘

‘ Compression ‘

‘ Coarse filtration ‘

—»‘ Collecting juice ‘

Figure 3. Stages of the technological process
of tomato processing with the participation
of an improved design solution
Source: developed on the basis of Patent No. 58968 (2011)

Determining angular velocity

The essence of the process of separating juice from pulp
using advanced tomato processing equipment is the pas-
sage of the crushed mass along a rotating inner surface.
This surface can be either an angled cylinder or a conical
surface with a horizontal axis. Separation processes on
these two surfaces do not differ from each other, since the
angle of inclination of a conical surface in practice does
not exceed 5-6°.Thus, the theoretical basis for separating
material from a cylindrical, inclined surface is fully appli-
cable to a conical surface. When a conical surface is used,
a correction factor is introduced to account for the reduc-
tion in area compared to an inclined cylinder. In the case
of a machine with a horizontal cylindrical drum, if the cy-
lindrical rotor is stationary, the material is retained on its
inner surface no higher than point A (Fig.4a), for which the
angle AODwith the vertical is equal (Lerner & Trigg,1991):

a=q, (22)

where ¢ is friction angle of the crushed mass.
Then the friction coefficient can be expressed as:

f=tane. (23)

This is based on the equilibrium condition of a body
of mass G on an inclined plane with an angle of incli-
nation « (Fig. 4b):

G-sina-F=0, (24)
where the friction force:
F=f-G-cosa, (25)
when the drum is rotating at a circular speed:
v =222 TR (26)

where n - is the number of its revolutions per minute.
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Figure 4a. Condition of equilibrium and movement

of raw materials before determining angular velocity
Source: compiled by the author on the basis of A. Maas
(2017)

Figure 4b. Equilibrium condition
for raw materials on an inclined plane
Source: compiled by the author on the basis of A. Maas
(2017)

A centrifugal force of inertia occurs:

=%

C=m-j=%.% 27)

Q|

pressing the material of mass G against the inner sur-
face of the rotor and causing an additional friction force
equal to: -
v
f-c=f§-7. (28)
Therefore, when a cylindrical drum rotates, the ma-
terial can rise above point 4, for example to point B, for
which the angle of rise BOD =8> a. The lifting angle
increases as the angular speed of rotation n increases.
You need to derive the relationship between the angle
of elevation 8 and the angular velocity of rotation of
the cylinder n. The equilibrium of the material at the
desired point B is possible only if the following condi-
tions are met:
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G-sinf-f(c+cosp)=0, (29)
or: )

sinf = f(;Ta + cosB), (30)
therefore:

sin(B-¢) _ singv?
cos¢  gRcosg’ (31)

and finally: o

sin(f — ¢) = =" (32)

The angle AOB=a- ¢ at any circumferential velocity
v can be determined when the material friction angle ¢
and the drum radius R are known. The lifting angle
increases with the increase in the circumferential
speed v. The higher the material rises above point 4,
the greater the angle 8 - a, the faster the material will
move down, the less efficient the wiping of the raw ma-
terial will be, which is generally possible only up to the
relative material speed mm/min, which is determined
by the formula:

v=73.5/d, (33)

where d is diameter of holes; sieves, mm.

At a sufficiently high-speed v, the centrifugal force
C keeps the material pressed against the inner surface
of the cylinder at all times; in this case, in the absence
of relative movement of the material along the sieve,
any possibility of grinding and passage of raw materi-
als can be excluded. Optimal operating conditions of a
rotary shredder can be achieved at a rotational speed
sufficient to lift the material to some point B, which
is higher than point 4, so the angle of lift should be
slightly greater than the angle a - ¢. Based on the data
from the practice of using rotary shredders, the lifting

angle S is equal to:
B=a+(5°-10°)=¢+(5°-10°), (34)

therefore:

B-=5°-10°, (35)

Solving the equation with respect to v, the expres-
sion is transformed as follows:

_ /g-R-sin(ﬁ—tp)
V - . ’
sin @

then the number of rotation n:

n'R n'R sing R'sing

(36)

where R measured in meters, and the acceleration of
gravity ¢=9.81 measured in m/min?.

Since the material has to start moving not only
on the shredder’s screen surface, the upper pieces of
material can slide on the layers of material below, the



angle of friction of material on material at rest can be
assumed to be on average: ¢ =35°, this gives for the
lifting angle f=40° - 45°.

Now it is obtained under - ¢@=5°.

_ sin(f-¢@) _ sin 45° ~ 12
n= 30\’ Rsing 30\’R-sin35° ~ VR’ (38)

where R measured in meter.
The angular velocity of the rotary shredder ranges
from:

8 . 14
n=—+-—.

VR VR (39)

The angular velocity of a rotary shredder is inverse-
ly proportional to the square root of its diameter, which
is fully confirmed by the practice of their operation. In
general, the linear (circumferential) speed v of a rotary
shredder is in the range of:

m
v=06—125 (ﬁ) (40)

At the lower limit of the circumferential velocity, the
material layer on the sieve increases and the efficiency
of the grinding passage deteriorates; at speeds above
the upper limit, the drum sieve openings stick under the
centrifugal force and the passage also deteriorates.

Defining productivity

The shape of the individual pieces of material, the val-
ue of the friction coefficient and the rotational speed
have a direct impact on the angle of rise. That is, the
material can either actually rise with the points on the
inner surface of the rotor and then slide rapidly down
the line of greatest slope. The projection of the average
material velocity onto the slow, continuous sliding of
the material downwards and out of the plane of rota-
tion itself must be equal to the circumferential veloc-
ity v of the rotor and correspond to the continuity and
uniformity of the process. In the case where the move-
ment of the material up and down occurs with pauses,
as evidenced by how much material rises up in a unit
of time, the same amount must fall down in the same
time, since the material cannot leave the constant zone
at a constant rotational speed. This pattern of material
movement is only valid for machines with conical or
cylindrical perforated surfaces that have a low angular
speed. Consequently, the material moves internally in a
regular helical line with a lifting angle W=2a.

Thus, the relative trajectory of the material on the
cylindrical surface of the rotor deployed in the plane
will be depicted as a straight-line AF (Fig. 5),going at an
angle, and to the deployed circle by the formula:

AB=2k-m-R, (41)

Babenko et al.

where k is the number of revolutions that a rotor with a
diameter of 2R must make so that a particle of material,
moving along the line AF, passes the entire length L; M
is the direction of material supply.

C F

R2nR B

Figure 5. Relative trajectory of material movement
on a surface deployed in a plane
Source: developed by the authors on the basis of A. Maas
(2017)

Based on the above, it can be noted that the ma-
terial moves along the helical spiral, represented in
the unfolded form by the line AF, with such an average
speed that its projection onto the plane of rotation is
equal to the v-circular speed of the latter. It follows that
the length of the path V metres per second along the
circumference of the rotor corresponds to the path L
along the rotor axis, equal to:

L=v-tg®W=v-tg2aq, (42)

but since this path is travelled by the material in one sec-
ond, as is the path v, L and is the average feed rate along
the axis:

v,=L=v-tgla, (43)
hence the feed rate is equal:
v,=v-tg2a=tg2a=0.105R-n-tg2a. (44)

The feed rate is therefore directly proportional to the
rotor diameter, its angular velocity and the tangent of the
double angle of inclination; this shows that the feed rate
increases very rapidly with increasing rotor angle. The
feed rate at a steady state is completely independent of
its length. The performance is expressed by the formula:

Q= y-v0-F, (43)

where 1 is the loosening coefficient of the moving ma-
terial; y is the specific gravity, kg/m?; v is the average
feed speed, m/s; F is the cross-sectional area of the
moving material layer, m2,

The productivity is equal to:

60-60

Qi = Q—— =3.6yY-yv0-F (m/h).

1,000

(46)
It is necessary to express the cross-sectional area F

of the moving layer of material depending on the rotor
radius R and the layer thickness h:
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SVRZ-(R—h)*=V2Rh—h*>.  (47)

Since the height of the material layer must be neg-

ligible for successful juice separation, its value h? can

be neglected in practice compared to the value 2R - h.
Then, for the chordal value AB=d:

d = 2YR-h = 2.83V2Rh. (48)

Taking the formula for the area of a small segment

F as the area of a parabolic segment, the expression is:

F=2
3

d-h = §h~2.83\/2R-h = 1.9VRh3. (49)

Now the performance can be expressed as follows:

Q; = 3.6yy-0.105Rn-tan 2a -1.9VR-h3, (50)
or after simplification:
Qt=0.721/)-y-n‘tanZa\/R3-h3. (51)

If we assume that the coefficient of loosening of a
material moving in a quiet thin layer is equal to:

=028, (51)
then the sedimentary expression for performance:
Q,=0.6-y-ntan2aVR*- ’, (52)

where linear dimensions R and h are measured in meters.

The productivity is directly proportional to the
rotational speed, the tangent of the double angle of
inclination, the drum radius and the material layer
thickness — both of which are in the power of 3/2, so it
increases dynamically with increasing angle of inclina-
tion, drum radius and material layer thickness; chang-
es in the rotor speed have a smaller effect on the ma-
chine’s productivity. The thickness of the material layer
h to some extent depends on the rotor radius R. The
larger R, the smaller h for the same amount of mate-
rial entering the rotor at the same time. Typically, the
thickness of the material layer is in the range of 1.5+5
cm. That is, h cannot be less than the transverse pieces
entering the separation. The length of the path S of the
material passing through the sieve, represented by the
line AF, is equal to:

L L

sinW  sin2a’

(53)

The value of S characterises the degree of sepa-
ration perfection: the higher the S, the more efficient
the separation. Therefore, it is better at small angles

Ukrainian Black Sea Region Agrarian Science, 29(3), 9-22

a; however, at small angles of inclination a, the perfor-

mance drops rapidly. If a is changed from 2° to 14°, the

path length will be determined by
S=———L —143L-213L.

sin4° sin 28°

(54)

Therefore, it is necessary to determine how many
revolutions the rotor must make so that the material
has time to pass the entire length of its L:

L=k-2m-R-tanWW, (55)
from where the desired number of rotor turnovers is
determined as:

L

k=—b (56)

" 2mR-tan2a’

so, the longer the rotor, the more is k.

Determining power consumption

According to practical observations, the most appro-
priate design is the one with a central drive shaft, as
opposed to the option with support rollers. This is
due to the fact that the total length does not exceed
3,500 mm. The design with a central drive shaft is much
less bulky and more compact than the one with support
rollers (Lee et al., 2010).

In this case, the following static moments around
the shaft are applied during operation:

1) Torque from the friction of the shaft trunnions in
the bearings:

M =f -r(G+G,), (57)
where f, is a rolling friction coefficient, f=0.03; ris shaft
journal radius, m.

2) Friction torque of the crushed mass on the inner
surface of the rotor sieve:

M,=f,-G, R, (58)
where f,is mass a friction coefficient on the perforated
surface, naturally f,=0.15-0.25; G, is a weight of the
material in the rotor, kg; R is rotor radius, m. When
calculating a conical machine, the largest cone radius
is used.

3) The moment from lifting the material to a
certain height H, determined by the angle of lifting
B=45° ¢ is 35°, (Fig. 6). The height of the material is
determined by the segment bb’, where b is the cen-
tre of gravity of the material layer ABC in the lowest
position. The distance x of the centre of gravity b in
segments ABC from the centre of the circle O is deter-
mined by the formula
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Figure 6. Location of the material
on the inner sieving surface
Source: compiled by the authors on the basis of L.N. Hand
& J.D. Finch (2008)

d3

X =m. (59)

For the chord b, we have: d=2.83VR-h, and for the
square F segment: F=1.9VR- k3. Hence, it is used for
small h:

d®  (2.83VRh)*

YT 12F T 1219VR K (60)

Therefore, instead of the exact value of bb, the fol-
lowing interval is taken as the magnitude of the rise
cc=H (Fig. 6).

R-H=R-cos45°, (61)

hence:
H=0.3R. (62)
Thus, the material in the rotor with mass G, rises to
a height H during the time the rotor rotates by an angle
B=45°,i.e. 1/8 of a complete revolution. If we denote
the time of one complete revolution of the rotor by T (in
seconds), then at n revolutions per minute, it is obvious:

60

T=%, (63)

then the rotor turnover time per angle , the material is
lifted to a height of H, is equal to:

45°
t =

1 .
= T:—T:——:—’
360 8 n

(64)
hence the power consumed to lift the material to a
height H is equal to:

Go'H _ 03RnGy _ RnGog kgm

W= = 2000 (X0,
T 7.5 25 m

(65)

Power consumption for lifting the material is equal to:

w Rn-G, Rn-G,
N3 — _ 0 __ 0

102~ 10225  2.550

(kKWh).  (66)
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As for the power consumption in the first two stag-
es, it can be determined, knowing the static moments,
by the formula:

M =716.2 % (67)
whence:
_ Mn _ fr(G+Go)n (68)
716.2 716.2
Then the expression takes the form:
= Min — fr(G+Gy)n (69)
716.2 716.2
where ris radius of the shaft journal, m.
_ Myn _ RnGof
N, = 7162 716.2 (kWh). (70)
Thus, the total static moment is equal:
M=M +M,+M.=2f-G -R+f -r(G+G). (71)

The friction coefficient of the crushed mass on the
wet sieve should be assumed to be f=0.25, and the roll-
ing friction coefficient of the rotor shaft bearing sup-
ports (f=0.03). The ratio of the rotor radius R to the
shaft radius varies within the limits:

R=12-17.

Z= (72)

This ratio decreases as the rotor diameter decreases.
Assume an average of R/r=15 and, increasing the total
torque by 10% due to the centrifugal force of the mate-
rial, the expression will be:

_ 1(G+251Gp)

M = 1.1[2:0.256,157 + 0.03r(G + Go)] = "2, (73)

and for greater clarity and practicality, the expres-
sion will look Like:
R=15r,

then the total static moment:

M = RG+25160) (74)
450
The power required for the drive will be:
_ Mn_ Rn(G+251Gy) _ Rn(G+251Gy) (75)
T 7162136  7162:1.36450 44104

Determination of optimal design and technological
factors of advanced tomato processing equipment
Rotary juicer machines are manufactured with a diame-
ter of 700 to 1,300 mm, with a length of up to 4,000 mm.
As arule,the central shaft is tubular, 75 mm in diameter,
with additional stiffeners. Only stamped sieves made of
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galvanised steel sheet with a thickness of 1 mm are
used. When installing stamped sieves, the most serious
attention must be paid to the correct location of the
punch holes on the drum surface. The rough side of
the sheet (from the side of the stamp exit) should be a
non-working surface. The working side is smooth. The
correct installation of the sieves ensures that the ma-
terial slides easily on the inner working surface — 0.540
and 0.438, and on the steel surface - 0.532,0.428 and
0.495. The laboratory setup had the following main pa-
rameters: the length of the wiping drum was 650 mm,
4 wiping beats and the diameter of the drum holes was
5 mm (Dotsenko, 2019).

During the selection of the optimal technological
parameters of the tomato processing equipment, the
drum rotation speed varied from 5 to 30 m/s. When
analysing the results of the laboratory study, it can be
concluded that the maximum juice passage through
the holes of the grinding drum occurs at a rotor speed
of 20 m/min. This is due to the fact that at the lower
value of the rotor rotation speed, the value of centrif-
ugal force is insufficient, and, consequently, the juice

yield does not meet the technological requirements,
and in the case of the maximum value of the drum
rotation speed, the drum holes stick and the juice yield
decreases. The level of supply of shredded mass to the
wiping, which varied from 65 to 85%. The research de-
termined that in order to achieve a juice yield of 90-
95%, the level of supply to the grinding mass should be
in the range of 75-80%. Also, during the research, the
gap between the scourge and the sieve was adjusted
within the range of 1 to 3 mm. When the gap was set
at 3 mm, the juice yield was minimal, while when the
gap was set at 1 mm, the peel and seeds were dam-
aged, which partially fell into the juice fraction instead
of the waste fraction. Therefore, the optimal gap for
the scourge sieve was 2 mm. Analysing the data in Ta-
ble 1, it can be concluded that the optimal design and
technological parameters of tomato processing equip-
ment are a drum rotation speed of 25 m/min, a level
of supply of crushed mass for wiping up to 80% and a
sieve gap of 2 mm.These parameters will help to avoid
overloading the equipment, clogging the sieves and
maximise the juice yield at 90-95%.

Table 1. Study of design and technological factors of improved equipment for tomato processing

0,% V, m/min
75 5
80 10
85 15
90 20
95 25
100 30

M, % [ (mm)
65 3
75 3
75 3
75 2
80 2
85 1

Note: Q - juice output,V - drum rotation speed, M - level of chopped mass entering the wiping, [ - gap of the scourge-sieve

Source: developed by the authors

While theoretical models can provide a general
understanding of the process, experimental studies are
needed to fine-tune equipment and parameters. These
studies will help to determine the optimal conditions
for different tomato varieties and types of equipment,
as well as identify possible problems and solutions.
The technological process of tomato processing in-
cludes preparatory stages: inspection, sorting, washing
and stem removal, and the actual processing stages:
chopping, wiping, juicing and filtration. Tomatoes have
high demands on the market as they are used for ev-
eryday food needs and the colour of a tomato deter-
mines its level of maturity. Using computer analysis, it
is possible to sort tomatoes by colour. For the study by
S.Widiyanto et al. (2021), a computer was trained using
Faster R-CNN models to recognise the maturity of to-
matoes, as Faster R-CNN supports image classification
and object detection. Technologies based on automated
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machine learning are becoming increasingly important
in agriculture and the food industry. J.R. Pangilinan et
al.(2022) evaluated the performance of neural network
algorithms in terms of the accuracy of tomato ripeness
determination. C.N. Vanitha et al. (2023) noted that the
ripeness of tomatoes is one of the main conditions for
high-quality processing, so automated colour identifi-
cation facilitates the processes of sorting and preparing
for processing tomatoes in the context of agricultural
production. Using the proposed design solution, the to-
mato processing equipment is integrated into modern
processing lines of processing enterprises, which in-
clude not only equipment for mechanical processing of
raw materials, but also electronic machines for sorting.

0. Vitriak et al. (2025) noted that the processing of
tomato products and the introduction of canned food
production technologies based on the use of fruit and
vegetable raw materials in small farms contribute



to the development of processing enterprises and
strengthening of the Ukrainian canned fruit and veg-
etable market. The researcher M.A. Cherier (2020) as-
sessed the efficiency of the operation of equipment for
processing tomato raw materials and concluded that it
is necessary to develop technologies and improve the
equipment of processing enterprises based on the as-
sessment and selection of the best enterprises for the
supply of raw materials. The developed methodology
is used to rank alternatives in order to select the best
tomato farms. The use of the constructive solution
proposed by the authors will provide both additional
processing of tomato raw materials in private farms
growing tomatoes and for improving the production
lines of canneries. J.T. Teleken et al. (2022) noted that
theoretical research on the processes of processing en-
terprises is an important condition for the design and
modernisation of equipment. H. Ghaffari et al. (2024) in-
vestigated the degree of crushing of tomato fruits after
single and multiple dynamic loads and their ability to
withstand successive impacts, which play a crucial role
in the processing process, which is an important aspect
in the development of food processing equipment. This
correlates with the authors’ study that when designing
tomato processing equipment, it is important to take
into account the conditions of balance and movement
of raw materials, the relative trajectory of the material
on the surface that is deployed in a plane and the loca-
tion of the material on the internal screening surface.
S. Haniva & S.F.A. Iskandarini (2023) outlined al-
ternative strategies for increasing the income of to-
mato farmers, namely optimising existing potential by
increasing equipment productivity and reducing pro-
duction costs. D. Mengistu & T. Sharew (2024) analysed
the level of product losses that occur during harvest-
ing, packaging, transport, storage, and processing. The
reasons for these losses include outdated processing
equipment and lack of technological advances in pro-
duction processes. Solving these problems is important
for increasing the efficiency and sustainability of toma-
to production and minimising production losses. The
use of the proposed constructive solution contributes
to solving these problems, namely, it will reduce ener-
gy consumption for the production of tomato products
by combining the technological processes of crushing
and rubbing and increase the productivity of tomato
processing lines. Despite the potential, the tomato pro-
cessing industry faces challenges such as inadequate
processing capacity. M. Kaundal et al. (2024) noted that
the demand for tomato processing products has been
growing in recent years, with an increasing range of
products being offered. The introduction of advanced
processing methods can reduce losses and increase
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product value. M. Dalvi-Isfahan & M. Mahmoodi-Esh-
kaftaki (2024) emphasised the need to optimise tomato
processing methods, thereby improving the quality of
canned tomato products and saving resources for can-
neries. A team of authors (Kedir et al., 2025) carried out
a comparative study of the physicochemical properties
of the product obtained using different types of tomato
crushers. The study correlates with the authors’ point
of view that the choice of the optimal design solution
for processing tomato raw materials contributes to in-
creasing the productivity of equipment and the overall
efficiency of processing enterprises.

S.G.Ye & AK.H. Lingani (2022) outline the practical
aspects of the use and maintenance of technological
equipment at a tomato puree processing enterprise.
The authors outline the technical and operational
characteristics of the equipment of a tomato process-
ing plant, the processed products and the design and
kinematic parameters of the equipment, as well as the
methods of care or maintenance of the equipment be-
fore and after use. The authors noted that the process
of crushing and mashing tomatoes to produce juice is
a complex and multi-stage technological process that
requires careful analysis and optimisation of various
parameters. At the grinding stage, it is necessary to take
into account the size of the particles obtained as a re-
sult of grinding, the uniformity of grinding and minimi-
sation of juice losses. The main parameters for mashing
tomatoes after crushing to separate the juice from the
skin, seeds and other particles include the size of the
mesh, the mashing speed and the pressure applied to
the tomato mass. Optimising these parameters maxi-
mises juice yield and quality while minimising solids
content. The authors confirm the thesis stated in the
paper that the main technological parameters affect-
ing the process of crushing and mashing tomatoes are:
the speed of rotation of the chopper blades: high speed
produces smaller particles, but can lead to overheating
and oxidation of the juice; the size of the sieve opening:
smaller openings provide cleaner juice, but can reduce
productivity and straining pressure: high pressure can
increase juice yield, but requires more powerful equip-
ment. Therefore, the use of the proposed design solu-
tion and compliance with the design and technological
parameters outlined in this paper will allow obtaining
optimal process parameters, reducing energy consump-
tion and increasing productivity.

CONCLUSION
Tomato processing is a complex and multi-stage pro-
cess that requires careful optimisation at each stage.
Based on the analysis of the known designs of toma-
to processing lines, the article selects the complete
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equipment for the technological line for tomato pro-
cessing, which is proposed for implementation in pro-
duction conditions. The stages of the technological pro-
cess of tomato processing with the participation of an
improved design solution are considered. A construc-
tive solution for tomato processing equipment that
combines two technological operations - grinding and
rubbing - is presented, as well as a laboratory setup.
The design of the equipment for processing tomato raw
materials was based on the study of the conditions of
equilibrium and movement of raw materials, the rela-
tive trajectory of the material on the surface deployed
in a plane and the location of the material on the inter-
nal sieving surface. The design parameters of the im-
proved equipment for tomato processing, namely, per-

level of supply of crushed mass for wiping should be up
to 80%, which ensures pulp wiping at the level of 90%.
The selection of optimal design and technological pa-
rameters of tomato processing equipment will increase
the overall productivity and have a positive impact on
the technological process. The use of the proposed con-
structive solution of equipment for wiping tomatoes is
promising in the conditions of farms of various forms
of ownership and canning shops. Prospects for further
research are the calculation of the energy intensity of
the process and ways to optimise it to reduce costs and
increase efficiency. Further research and innovation in
this area can significantly improve product quality, re-
duce costs, and increase production sustainability.
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OCHOBHMMM CTapiaMu NpoLecy € MNiAroTOBKa CMPOBUHW, MEXaHiYyHe NoapibHEeHHs TOMaTiB, BiALINEHHS COKY Bif
MAKOTI i LWKipKK, @ TaKoX [0AATKOBA 06pobKa AN NOAINWEHHS OpraHoNeNnTUYHUX | MOXMBHUX MOKA3HUKIB COKY.
Po6oTa cTaBmMna Ha MeTi AOCNIAKEHHS 3aN€XHOCTI MPOAYKTUBHOCTI Big, ONTUMaNbHUX NapaMeTpiB BAOCKOHANEHOMO
obnagHaHHa ong nepepobku TomMarTiB, a came: 3a30p bmy-peLueTo, WBMAKICTb 06epTaHHa nepdopoBaHoro HapabaHy
Ta piBeHb HaAXOMKEHHs noapibHeHoi Macu. B cTaTTi npeacrtaBneHe BAOCKOHANEHE KOHCTPYKTMBHE PpillEHHS
061afHaHHA ons nepepobku TOMaTiB, 0COBMMBICTIO SKOr0 € MOEAHAHHA TEXHONOMYHMX onepauii noapibHeHHS i
NPOTUPAHHS, 338 PAXYHOK YOr0 3HWXKYETbCS METANIOEMHICTb KOHCTPYKLIi Ta eHeproeMHicTb npouecy. B pocnigxeHHi
30iACHI0BANOCS BU3HAYEHHS NPOLEHTHOMO BMiCTY KOMMOHEHTIB NOAPiOHEHOT MacK NNOLIB LWASXOM BAXXEHHS KOXKHOT
dpakuii. Ha 0CHOBI OTpUMaHWX AaHMX MpPOBeLeHe anpiopHe PaHXYBaHHSA YMHHMKIB, iK€ BUKOHYETbCS METOAO0M
€KCMepTHOI OUiHKW. BU3HAYeHi YMHHWKM, SKi Hanbinblie BMAMBAKTb HA TEXHOMOrIYHMI Mpouec. 3a AONOMOroK
MeToAy MaTeMaTUYHOro MOAE/NIOBAHHSA Ta eKCMepPUMEHTANbHUX [OCIAXKEHb BMU3HAYEHO OMTUMAsbHI PEXUMMU
poboTn 06nafHaHHS, Wo 3a6e3neyyTb MAaKCMMaNbHUI BUXiA TOMATHOTO COKY MPU MiHIMaNbHWX €HEepPreTUYHMX
BuTpaTax. OCHOBHa yBara nNpuAinganacb BPaxyBaHHK KOHCTPYKTUBHUX i eKCMyaTauiiHUMX napaMeTpiB, TakMX sK
BM3HAYEHHS KYTOBOI LIBMAKOCTI 0bepTaHHsA ©GapabaHa, NpOLYKTMBHOCTI Ta MOTYXXHOCTI 06nagHaHHs. Ha ocHoBi
aHaNi3y KOHCTPYKTMBHUX Ta TEXHONOMYHMX YMHHUKIB, SKi BMAMBAKOTb HA TEXHOMOTIYHWUIA NpOLEC BM3HAYEHO, LLO
3a30p OMY-peLeTo NOBMHEH BYTU 2 MM, PiBEHb HAAXOLXKEHHS HA NMPOTMPaHHA NoapibHeHoi MacK o 80 %, WeKnaKicTb
obepTaHHsa B6apabaHy oo 25 mM/c, Wwo 3abe3neuntb NpOTUpaHHA Nynbnu Ha piBHi 90 %. OTpMMaHi pe3ynbTaTi MOXHa
BMKOPUCTATU AN MOAEPHI3aLii iCHYUMX NiHIM nepepobKu TOMATIB i CTBOPEHHS HOBMX BUPOBHUYMX NOTY>XKHOCTEN 3
YPaxyBaHHAM CYy4aCHUX BUMOT PUHKY

KniouoBi cnoBa: nogpi6H0Bay TOMaTiB; NPOTUPAHHS CUPOBUHM; My/bMa; arponpOMUC/IOBICTb; MEXaHiYHa 06pobka
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Abstract. Mechanical forces can induce internal microcracks and latent damage, significantly compromising grain
quality during rice seeds harvest, and conventional mechanical sorting fail to detect such defects. As a dielectric
material, seeds exhibit polarisation under non-uniform electric fields, and closely correlated to their dielectric
properties. The purpose of this study was to investigate the effects of high-voltage electric field treatment on the
germination potential and seedling growth of rice seeds, and to clarify the underlying dielectric mechanisms. A
simplified seed model and equivalent circuit were developed. By analysing the dielectric polarisation process and
calculating the field strength inside and outside the seeds, the macroscopic electromagnetic motion laws of the
dielectric in seeds were determined. Orthogonal experiments on electric field seed treatment were conducted. Range
analysis identified the primary and secondary factors affecting germination potential and average seed height,
while variance analysis determined the optimal treatment combination and tested the model’s significance. Results
indicated that the complex impedance of the seed equivalent circuit depends on the circular frequency (w) of the
applied electric field, the film capacitance (C) and film resistance (R) of the seed. The relative dielectric constant € and
the macroscopic polarisation rate y are equivalent in describing the dielectric constant of seeds. The external electric
field has a more significant effect on seeds with higher vitality. The optimal parameters for higher germination
potential and average seed height are an alternating current electric field with an intensity of 520 kV-m-1 for
150 seconds under experiments. Stronger field strength and longer treatment time result in higher average seed
height, benefiting long-term seed vitality. This is because a lower dielectric constant in seeds is advantageous.
Therefore, seeds treated by high-voltage electric fields can significantly enhance seed vitality and increase yield,
promoting the development of efficient, precise, non-destructive, and automated selection and grading technologies
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INTRODUCTION

Seed vigour is a key indicator of seed quality.
High-vigour seeds demonstrate greater resilience
against adverse environmental conditions, enabling
uniform emergence of early, healthy seedlings with
optimal stand establishment. This not only reduces
sowing and cultivation costs but also establishes a
solid foundation for high crop productivity. Therefore,
enhancing seed vigour is critical for improving both
yield and seed quality.

Prior to sowing, viable crop seeds are typically in
a dormant state. Artificial electric field treatment of
these dormant seeds can significantly improve various
vigour-related indicators. Studies conducted across the
globe have demonstrated that electric field treatment
effectively enhances germination capacity, breaks seed
dormancy, and repairs damaged tissues, while also pro-
moting root development and improving resistance to
drought, disease, and lodging. M. Chenah et al. (2024)
investigated the effects of ultrasound and pulsed elec-
tric field treatments on the germination of two durum
wheat varieties. The results showed that ultrasound
treatment significantly improved early germination
rate and speed, while pulsed electric field primarily en-
hanced radicle elongation. These findings provide new
insights into physical pre-treatment technologies for
improving wheat germination efficiency, but the study
did not compare the long-term growth effects (e.g., bi-
omass or yield) of the two methods, suggesting a need
for further parameter optimisation. Similarly, L.M. Fer-
roni et al. (2023) found that electrostatic fields signif-
icantly enhanced seed germination potential, though
the effect varied depending on plant species, treatment
duration, and germination temperature. This indicates
that the applicability of electric field treatments re-
quires optimisation based on specific crops and envi-
ronmental conditions. While the study offered valuable
guidance for practical applications of electric field tech-
nology, it did not explore the physiological mechanisms
behind species-specific responses, which could be ad-
dressed through omics analyses in future research. At
a mechanistic level, X. Wu et al. (2024) revealed the in-
trinsic regulatory mechanisms of high-voltage electro-
static fields on cotton seedling growth, confirming their
feasibility and effectiveness. By employing multi-omics
approaches, the experiments provided molecular-level
evidence, strengthening the reliability of electric field
applications in agriculture. However, since cotton is an
economic crop, further validation is needed to deter-
mine whether these conclusions apply to staple crops
like rice or wheat.

L. Lin et al. (2025) investigated the impact of dif-
ferent discharge powers in low-temperature plasma
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(LTP) treatment on soybean seed vigour, concluding
that moderate LTP exposure enhances seed vigour
and seedling growth, while excessive treatment ex-
erts inhibitory effects. This conclusion establishes
critical parameter thresholds for the safe application
of LTP technology. However, the physiological basis of
the inhibitory effect (e.g., oxidative damage) remains
unclear, warranting further investigation through re-
active oxygen species (ROS) assays. Further studies
support these findings: C.Q. Wu et al. (2022) observed
that high-voltage electrostatic field pre-treatment sig-
nificantly increased average seedling height and yield
in coarse cereals, demonstrating its potential to en-
hance crop productivity. However, the study lacked de-
tailed analysis of yield components (e.g., tiller number,
grains per spike) and did not assess the sensitivity of
different growth stages to electric fields, highlighting
the need for long-term field trials. R. Gorski et al. (2019)
reported that varying electric field intensities and re-
peated radiation treatments differentially affected ger-
mination rate and sprout length in onion seeds, with
optimal voltage and exposure duration maximising
germination and sprout growth. The study underscores
the importance of precise parameter control but did
not examine the impact of electric fields on secondary
metabolites (e.g., antioxidants), which may limit its ap-
plicability in functional agriculture. Similarly, M.K. Ab-
hary & A.Akhkha (2023) demonstrated that appropriate
electric field strength and treatment duration promot-
ed root and shoot growth in tomato ‘Yellow Rose’ seeds,
along with increased a-amylase activity, suggesting en-
hanced energy metabolism. These results directly link
electric field effects to physiological and biochemical
indicators, but the study did not evaluate subsequent
fruit quality changes, which could be explored in future
harvest-stage assessments.

In summary, high-voltage electric field treatment
can effectively stimulate the synthesis of physiological
and biochemical substances required for seed germi-
nation, offering a novel approach to optimising ger-
mination conditions. However, most existing studies
remain confined to experimental observations, lacking
the theoretical analysis necessary to guide electric field
intensity design and seed electro-selection. In order
to better understand the mechanism of seed electric
field treatment and fully utilise the effect of seed po-
larisation force on seed vigour sorting, the previous
experiments on high-voltage electric field treatment
of soybean seeds concluded that appropriate electric
field intensity and treatment time could significant-
ly improve relevant vigour indicator. The purpose of
the study was to elucidate the fundamental dielectric



principles and assess the impact of high-voltage elec-
tric field therapy on the germination potential and
seedling growth of rice seeds.

MATERIALS AND METHODS
Plump and uniformly-sized rice seeds were harvested
and divided into 16 groups, with 50 seeds per group.
Each group underwent treatment followed by germi-
nation and growth tests, with two replicates performed
for each group. Dark-condition germination and growth
experiments were conducted using a thermostatic in-
cubator with towel coverage method. The germination
assays were carried out under controlled conditions:
28 £0.5°C, 75+ 5% RH. All procedures involving plant
materials adhered to the ethical standards outlined in
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the Convention on Biological Diversity (1992), ensur-
ing sustainable utilisation and conservation of biolog-
ical resources throughout this study. In the orthogonal
experiment of electric field treatment for rice seeds, a
YD/JZ-type AC/DC test transformer was employed. The
YD/JZ lightweight transformer adopted a single-frame
core-type structure, where the primary winding was
wound around the iron core and the high-voltage wind-
ing was placed externally. This coaxial arrangement
reduced leakage flux, thereby enhancing the coupling
between windings. The transformer core was designed
with a relatively low magnetic flux density to prevent
excessive excitation currents that could generate sig-
nificant harmonics. The external and internal structural
diagrams are shown in Figure 1, respectively.

b) interior structure

Figure 1. Structure of experiment transformer
Note: 1 - Shorting rod D; 2 - Equalising ball; 3 - High-voltage bushing; 4 - Handle; 5 - Oil valve; 6, 7 - Primary
voltage input g, x; 8, 9 — Measuring terminals E, F; 10 - Transformer grounding terminal; 11 - High-voltage tail X; 12 -
High-voltage output A; 13 - High-voltage silicon stack; 14 - Transformer oil; 15 - Core; 16 - Primary low-voltage
winding; 17 — Measuring winding; 18 - Secondary high-voltage winding

Source: compiled by the authors

The principle of the high-voltage electric field
treatment device is shown in Figure 2. It consists of two
metal plates as the electrodes, and two glass plates as
the insulating plates. The distance between the two
metal plates - 20 mm, which can generate a relatively
large electric field strength. In a uniform electric field,
when the voltage is continuously applied, the insula-
tion characteristics of the air are rather complex.

Under DC and power frequency conditions, the
breakdown voltage can be calculated using the follow-
ing empirical formula:

o00000—"_ 3
B

0000 QO

Figure 2. High-voltage electric field processing device
Note: 1 - insulating board; 2 - plates; 3 - seeds; 4 - high-
voltage power supply; A - upper electrode plate; B - Lower
electrode plate; S - switch
Source: compiled by the authors
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U, = 24.228d + 6.08+/5d, 1)

where U, - gap breakdown voltage (peak value); éd -
clearance distance, mm; § - relative density of air.

The experiments were conducted in May 2024.
Using the uniformly and plump ‘Shennong 262’ rice
seeds harvestedin 2023 provided by the Rice Farming
Laboratory of Shenyang Agricultural University, the
seeds were divided int o 16 groups, with 50 seeds in
each group. After treatment, the seeds were subject-
ed to germination and growth tests, with each group
undergoing 2 repetitions. The light-shielding germi-
nation and growth tests were carried out using the
method of covering with an incubator and a towel.

Inside, equation for calculating seed germination
potential (G) was:

G = fv—l X 100%, )

where G, - number of all normally germinated seeds in
the initial stage of the germination test (the number of
seeds germinated within 3 days); N — number of seeds
for the experiment.

The high-voltage electric field treatment experi-
ment on rice seeds examined three factors at two levels
each: field type S (A), intensity £ (B), and duration t (C)
(Table 1). Response variables were germination poten-
tial (G) and 5-week seedling height (H).

Table 1. Factors and levels

A
Electric field forms
S
1 DC field
2 AC field

Factors
B C
Electric field intensity Processing time
E/kV-m* t/s
360 90
520 150

Note: S(A) - field type; E/ kV-m-1(B) - intensity; t/s(C) - duration

Source: compiled by the authors

The experiment was conducted using an Lg(27) or-
thogonal array, the optimal solution was derived using an
interactive intuitive analysis method that evaluates factor
prioritisation and interaction effects to determine the best
parameter combination. ANOVA was performed on the or-
thogonal experiment results to provide recommendations
for optimising experimental conditions. Data normality
(Shapiro-Wilk, p>0.05) and homogeneity (Levine’s, p>0.1)
were confirmed before ANOVA. By comparing F-ratio and
Fa, the significance level was determined. Specifically,
when F-ratio was less than F,, it was considered insig-
nificant; the larger the F-ratio, the higher the significance
level. To investigate the changes in electric field intensity
caused by the introduction of seeds in an electric field and
the electric field intensity within the seeds, the electric im-
age method was employed for the research.

Seeds vary greatly in external form and structure.
However, from the perspective of plant morphology, the

a) Seed stratification and simulation circuit

internal structure of the vast majority of seeds has com-
monalities. Each seed was composed of three main parts:
the seed coat, the embryo, and the endosperm. Given the
structural and compositional characteristics of seeds, a
single seed can be analysed layer by layer. Each layer was
separated by a biological membrane with selective per-
meability, and the chemical composition and water con-
tent of the contents in each layer are also significantly
different, resulting in different dielectric constants and
densities. Although it can be assumed that the dielectric
within each layer was isotropic, it was still very difficult
to investigate its various properties in an electric field.
Therefore, it was necessary to further simplify the seed
to obtain a simple dielectric model. For a vigorous seed,
the biological membrane capacitance can not only store
electrical energy but also dissipate it. Each layer of the
membrane was simplified into a parallel connection of a
resistor and a capacitor, as shown in Figure 3.

R

C—— 1

| |
C

b) Seed simplifies the circuit

Figure 3. The equivalent circuit of the seed

Note: R - equivalent resistance; C - equivalent capacitance
Source: compiled by the authors

The electric field acting on the biological membrane
was equivalent to acting on the equivalent RC circuit.
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Due to the non-uniformity of biological tissues, the cur-
rent flow in the intracellular and extracellular fluids was



different, thereby changing the charge distribution on
the membrane. Assuming that the potential within each
layer was uniform, the simplified equivalent circuit can
be obtained as shown in Figure 3(b). Among them:

C1C3C3

R=R +R,+R;C =—"——,
C1C2+C3C1+C5C

(3)
where, R - equivalent resistance; C - equivalent ca-
pacitance.

According to the principles of electricity the equiv-
alent complex impedance Z of the seed simulation cir-
cuit can be expressed as (Zhang & Wang, 2021):

_ R
T 1+w2C2R?’

Zy (4)
where Z, - real part of Z represents the part that stores
electrical energy; w - represents the circular frequency
of the applied electric field. When w =0, that is, when
a direct current electric field is applied, the equivalent
impedance is R=R +R,+R,.

wCR?

Zy == 1+wC2R? ()
where Z, - imaginary part of Z represents the portion
that dissipates electrical energy.

Z=27,+]jZ,, (6)

where j=V(-1) - imaginary unit.

It can be seen from equation (1) that the complex
impedance of the seed equivalent circuit depends on
the circular frequency (w) of the applied electric field,
the film capacitance (C) and film resistance (R) of the
seed, and is independent of the applied voltage or the
current passing through. According to Maxwell’s equa-
tions, the electromagnetic motion law of the dielectric
in the seed can be known:

V-D=p,V-B=0, 7)

where V - LaPlace operator; D - electric displacement
vector; p - free charge density; B - magnetic induction
intensity.

B _ ., oD
VxE——E,VxH—]+at, (8)

where E - electric field intensity; t - time; H - magnet-
ic field intensity; J - conduction current density vector;
0 - partial derivative, i.e., the rate of change.

Since the electric displacement is caused by the
electric field. Therefore:

D=¢,¢E, 9)

where ¢, - dielectric constant of vacuum, & - relative
dielectric constant.

Guan et al.

B=p,uH, (10)
where i, - vacuum permeability; u - relative permeability.

In the seed dielectric, the free charges are merely
responsible for the conduction function. The truly ac-
tive component is the bound charges. Then the elec-
trical conductivity (o) of the seed can be expressed as:

g =

J
. (12)
According to the definition of electric displacement
(equation 9), it can be known that the relationship between
electric displacement and electric polarisation intensity is:
D=¢ E+P. (12)

When the applied electric field is zero, the polarisa-
tion electric field intensity P=0. In the above formula, P
can also be regarded as an additional effect caused by
the electric field intensity £, and it satisfies:
P=xe,E, (13)
where y - polarisation rate of seeds, is a scalar constant.
It can be known from equations (9), (12) and (13):
e=1+y. (14)

From the above equation, it can be seen that: in a
physical sense alone, describing the dielectric constant
of seeds with relative dielectric constant and macroscop-
ic polarisability is equivalent,and the difference between
the two is only 1. Assuming that the seed is a dielectric
sphere with a radius of a and a dielectric constant of ¢,
and placing it in a uniform electric field with an intensity

of E,. The electric field is formed by two parts of charg-
es, one being the known uniform electric field £, with a

potential of @, and the other part is the electric field £’

formed by the polarised charges ¢’ on the surface of the
seed with a potential of @’,and at infinity is zero. Using
the partition solution method, the indicators within the
seed are represented by subscript 1, and the indicators
outside the seed are represented by subscript 2:

@, = @, + D]
®, = @, + P}

! [e's) Bn
d)Z zzn=lrn+1p‘n(“) B

(15)

where r - radial distance of the seeds in polar coordinates.

Since the polarised charges are only on the surface
of the seed, the polarised charges inside the seed are,
therefore:

V2! =0; V2P, =0. (16)
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The interface equation:

b,

0P
{(pllr:a = D, y—q> Sr? =—

r=a or

r=a}. 17)

Introduced boundary conditions: when r=0, @ is
finite; When r=o0; @ — 0. By solving it, which can be
obtained:

&, =C—Lrcos9, E, =) =3
Ert+2 0z &r+2
b, = C+E0a3£T—_1ﬁ—E0rcosﬁ , (18)

e+2 12

where 6 - polar angle of the seeds in polar coordinates;
k = unit vector in the z-axis direction; a —geometric di-
mensions of the seeds.

RESULTS AND DISCUSSION

The smaller the relative permittivity (&) of the seed, the
greater the electric field intensity (£1) inside the seed.
Notably, it is precisely the internal electric field that
affects the seed characteristics. Experimental results
have demonstrated that high-vigour seeds exhibit low-
er relative permittivity compared to low-vigour seeds.
Consequently, under the same applied electric field,
high-vigour seeds experience greater field effects than
their low-vigour counterparts. The growth experiment
is shown in Figure 4, which recorded the germination
of the seeds.

The average seedling height in 8 groups classifica-
tion measurement is presented in Figure 5.

Figure 4. Growth experiment of paddy rice

Source: compiled by the authors

Figure 5. Seedling height of paddy rice

Source: compiled by the authors

The orthogonal experimental design and range anal-
ysis of results as presented in Table 2, among the three
investigated factors, analysis of the germination poten-
tial indicator revealed the following order of influence:

Ukrainian Black Sea Region Agrarian Science, 29(3), 23-34

treatment duration C> interaction between electric field
intensity and treatment time B x C (i.e., treatment dose)
> interaction between electric field type and treatment
time Ax C> electric field intensity B> electric field type A.
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Factors
Test

number

1 1(DC)  1(360) 1 1(90) 1

2 1(DC)  1(360) 1 2(150) 2

3 1DC)  2(520) 2 1(90) 1

4 1(DC)  2(520) 2 2(150) 2

5 2(AC)  1(360) 2 1(90) 2

6 2(AC)  1(360) 2 2(150) 1

7 2(AC)  2(520) 1 1(90) 2

8 2(AC)  2(520) 1 2(150) 1
KG1 171.0 1620 166.0 152.5 173.5
KH1 246.5 2354 2544 229.5 252.1
KG2 163.0 1720 168.0 181.5 160.5
KH2 2574 2685 2495 274.4 251.8
kG1 42.8 40.5 415 38.1 434
kH1 61.6 58.9 63.6 57.4 63.0
kG2 40.8 43.0 42.0 454 40.1
kH2 64.4 67.1 62.4 68.6 63.0
RG 2.0 2.5 0.5 73 33
RH 2.7 8.3 1.2 11.2 0.1

Germination potential
secz:g:;yorder (GGG

Optimal level

csmbination A.B,G,

Optimal Level Combination
(with Comprehensive Balancing)

Source: compiled by the authors

The range value of the A x B interaction term was
smaller than that of the error column, indicating it
was not statistically significant. Considering both in-
teraction effects and non-significant terms, the opti-
mal factor levels were determined as: A at level 2, B
at level 2, and C at level 1. The best treatment combi-
nation was A, By C,. For the evaluation metric of aver-
age seedling height, the order of factor influence was:
treatment duration C> electric field intensity B> inter-
action between electric field intensity and treatment
time Bx C (i.e., treatment dose). The interaction terms
A x B (electric field type x intensity) and A x C (electric
field type x duration), along with the main effect of
electric field type A, all showed range values smaller
than the error column, indicating they were statistical-
ly non-significant. Considering both interaction effects
and non-significant terms, the optimal factor levels
were determined as: A at level 2 (electric field type A
being non-significant, the level selection is arbitrary), B
at level 2, C at level 2,and the best treatment combina-
tion was A; B> G,.

Table 2. Orthogonal experimental design and range analysis of results

Test indexes

R CINE Pty G';T;::it:n Average plant height
(7) 6/% A

1 1 38.0 52.4
2 2 44.5 63.8
2 2 435 59.7
1 1 45.0 70.6
1 2 31.5 50.9
2 1 48.0 68.3
2 1 39.5 66.5
1 2 44.0 71.7

158.5 1705

245.6 2578

1755 1635

2583  246.1

39.6 42.6

61.4 64.5

439 40.9

64.6 61.5

4.3 1.8

3.2 2.9
Average plant height
CBBxC
A B, C

27272

During the seed germination stage, a higher ger-
mination potential (G) determines better seedling es-
tablishment rate and uniformity. However, from the
perspective of long-term growth potential, greater
seedling height (H) indicates stronger seedling vig-
our and stress resistance, which is more beneficial
for subsequent growth. Therefore, by integrating both
evaluation metrics, the optimal treatment combina-
tion under experimental conditions was determined to
be A, B, (5. The experimental results further revealed
that: Germination potential (G) exhibited a dose-de-
pendent relationship with treatment dose: moderate
doses enhanced germination performance, excessive
doses potentially inhibited seed germination. Growth
metrics (e.g., seedling height) showed a significant
positive correlation with treatment dose: higher dos-
es consistently improved long-term growth vigour.
ANOVA was performed on the orthogonal experiment
results to provide recommendations for optimising ex-
perimental conditions. The analytical results are pre-
sented in Table 3.
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Table 3. Variance analysis for germinability

SV SS df
C 105.125 1
BxC 36.125 1
AxC 21.125 1
B 125 1
A 8 1
Error 6.63 2
Total 189.505 7 025

Source: compiled by the authors

Table 3 demonstrates that for the germination po-
tential indicator: Treatment duration (C) emerged as the
most significant factor (=0.05); the interaction between
electric field intensity and treatment time (B x C) showed
secondary significance (= 0.1); both the A x C interac-
tion and electric field intensity (B) itself exhibited mar-
ginal effects (a¢=0.25), Electric field type proved statisti-
cally non-significant,indicating no substantive difference

Table 4. Variance analysis for average seedling height

MS F-ratio
105.125 31.736 0.05
36.125 10.906 0.1
21.125 6.377 0.25
125 3774 0.25
8 2.415 -
3.315

F,, (1.2)=257.F, (1,2)=8.53
Fope(1.2)=18.5. F,

1,2)=38.51

.025 (

between AC and DC fields in affecting germination po-
tential. Statistical analysis of average plant height (Ta-
ble 4) revealed the following significance hierarchy:
treatment duration (Factor C) demonstrated the strong-
est effect (a =0.01); electric field intensity (Factor B)
showed significant but weaker influence (a=0.025); the
Bx Cinteraction (electric field intensity x treatment dura-
tion) exhibited marginal significance (a¢=0.25).

MS F-ratio

252.001 28.822 0.01
136.951 15.663 0.025
20.161 2.306 0.25
8.7425

F0A25(1-4) =1.81. F01(1.4) =454

SV SS df
C 252.001 1
B 136.951 1
BxC 20.161 1
Error 34.97 4
Total 444.083 7 -

(1.4) =7.71.F

(1.4)=12.22

0.025

Foon (14) = 2120

Source: compiled by the authors

Notably, seeds exhibiting higher initial viability
show greater responsiveness to these electrical treat-
ment parameters, revealing a clear positive correla-
tion between treatment intensity and biological ef-
fects. The electric field that affects the seeds should
precisely be the electric field inside the seeds. Accord-
ing to equation (13), it can be concluded that the elec-
tric field inside the seeds is positively correlated with
the magnitude of the applied field strength and neg-
atively correlated with the dielectric constant of the
seeds. Research findings indicate that seeds with high
dielectric constants are usually associated with higher
electrical conductivity, suggesting that the cell mem-
brane is damaged and the cell’s vitality is low. Just as
PY. Chen et al. (2022) research indicated, seeds with
high dielectric constants are usually associated with
higher electrical conductivity, suggesting that the cell
membrane is damaged and the cell’s vitality is low.
Therefore, the greater the applied field strength, the
smaller the dielectric constant of the seeds and the
higher the seed viability.
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The study systematically investigated the effects
of high-voltage electric field (HVEF) treatment on rice
seed germination and seedling growth through orthog-
onal experimental design and equivalent circuit mod-
elling. Comprehensive approach demonstrated that
both electric field intensity (Factor B) and treatment
duration (Factor C) significantly influence seed viabili-
ty, with optimal combinations enhancing germination
potential (G) by up to 48% and average seedling height
(H) by 71.7 mm. These findings not only align with but
substantially extend current knowledge in bioelectrical
agriculture, offering novel insights into the dielectric
mechanisms governing seed-electro field interactions.
The dielectric modelling (equation 4-9) revealed a fun-
damental inverse correlation between seed vigour and
relative permittivity (g,), providing a quantitative ex-
planation for the enhanced field responses observed in
high-viability seeds. This finding strongly supports the
paper by G.A. Evrendilek et al. (2021), who document-
ed 20-30% reductions in g, for primed maize seeds
subjected to 300-500 V/cm AC fields. However, in this



study, it advances this understanding by incorporating
RC circuit analysis (Fig. 3), which precisely quantifies
energy dissipation dynamics - a significant refinement
over the empirical approaches of Z. Song et al. (2021),
who linked Arabidopsis germination enhancement
to membrane depolarisation without characterising
impedance properties.

The dose-dependent response observed in the or-
thogonal experiments (Table 2) mirrors results report-
ed by M. Chenah et al. (2024), where moderate HVEF
exposure (400 V/cm, 60 s) maximised wheat germina-
tion rates, while excessive treatment durations (>120 s)
induced oxidative stress. Notably, ANOVA results (Ta-
bles 3-4) identified treatment duration (Factor () as
the dominant influence (a=0.01), contrasting with the
conclusions of Z. Mamli¢ et al. (2021), who prioritised
electric field intensity in plasma-treated soybeans.
This discrepancy likely arises from species-specific di-
electric properties, highlighting the critical need for
crop-specific optimisation of electrostimulation pro-
tocols. The results challenge the findings of N. Osoki-
na et al. (2024), who reported DC field superiority in
enhancing spelt seed germination. Instead, it observed
no statistically significant difference between AC and
DC fields (Factor A, p > 0.25), a conclusion that aligns
with the mechanistic explanations proposed by X. Wu et
al. (2024) in their study of cotton seedling growth reg-
ulation. The interaction analysis (B x C) further suggests
that pulse frequency - a parameter not controlled in
current study - may outweigh waveform differences in
determining treatment outcomes, as hinted at in the
work of T.C. Polachini et al. (2023) on wheat grain treat-
ment. The sustained improvements in seedling height
under HVEF treatment (Fig. 5) corroborate the findings
of C.G. Liu (2022), where 5 kV/m pre-sowing treatment
increased tomato biomass by 40%. However, while their
study focused on ROS signalling pathways, this paper
dielectric model emphasises intracellular field ampli-
fication (equation 18) as a primary mechanism. These
perspectives are not mutually exclusive, as evidenced
by J. Ceng & J. Wang (2021) who documented concur-
rent membrane potential shifts and antioxidant system
activation in HVEF-treated barley seedlings.

The majority of existing studies (Sun et al., 2024a)
rely on relatively simple germination indices. By com-
bining orthogonal experimental design with dual eval-
uation metrics (germination potential and seedling
height), this study provides a more comprehensive as-
sessment of treatment effects. Furthermore, the RC
circuit model (Fig. 3) directly addresses the methodo-
logical gap in analysing seed-electro field interactions,
building upon the fundamental theories presented by
Z.L.Wang & JJ. Shao (2023) in their study on Maxwell’s

Guan et al.

equations. While this paper provides significant insights,
certain limitations should be acknowledged. The omis-
sion of biochemical assays (e.g., antioxidant activity
measurements) restricts direct comparison with papers
such as Y.Song et al. (2024), who correlated HVEF effects
with superoxide dismutase enzyme upregulation. Addi-
tionally, the resolution of Lg(27) orthogonal array may
obscure higher-order interactions - a limitation suc-
cessfully addressed by Y.Y. Li (2024) through response
surface methodology. This study establishes HVEF treat-
ment as a powerful seed-priming technology, with die-
lectric properties serving as reliable predictors of seed
viability. The identified optimal treatment combination
(A2 B2 G3: AC field, 520 kV-m for 150 s) effectively bal-
ances immediate germination enhancement with long-
term growth promotion, offering practical protocols for
rice cultivation. Frequency-dependent effects and field
uniformity optimisation were identified as key factors
for translating laboratory findings to agricultural prac-
tice, consistent with the systems approach described by
S. Sun et al. (2024b) in the study on seedling sowing
methods. The experimental results of study demonstrat-
ed that both electric field intensity and treatment dura-
tion significantly influence rice seed viability, affecting
short-term germination potential and long-term seed-
ling development. Under controlled conditions, increas-
ing either the electric field strength or exposure time
leads to proportional improvements in average seedling
height, indicating enhanced long-term viability.

CONCLUSIONS

An equivalent circuit representation of the seed system
was established through simplified seed modelling.
This approach enabled theoretical derivation of the di-
electric polarisation process occurring within the seed
structure. Furthermore, employing the electrical imag-
ing method permitted detailed investigation of both in-
ternal and external electric field intensity distributions
surrounding the seed under applied electrical condi-
tions. The results show that, in the physical sense, the
relative dielectric constant € and the macroscopic po-
larisability y differ by only 1, and the dielectric constant
used to describe the seeds is equivalent. According to
the derivation of £,, it can be known that the smaller
the relative dielectric constant of the seed, the greater
the electric field intensity £, within the seed. However,
the electric field that affects the seed should precisely
be the electric field within the seed. Moreover, seeds
with high viability have a smaller relative dielectric
constant, while seeds with low viability have a larger
relative dielectric constant. Therefore, the same exter-
nal electric field has a greater impact on seeds with
high vitality than on seeds with low vitality.
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Orthogonal experiments of high-voltage electric
field treatment on rice seeds were conducted using three
factors and two levels. The effects of different electric
field forms, electric field intensities and treatment times
on the two indicators of germination potential and aver-
age seedling height were investigated respectively, and
the primary and secondary order of each factor and the
optimal combination were clarified. The results showed
that under the experimental conditions, the optimal pa-
rameter combination adopted to obtain a higher ger-
mination potential and average seedling height is an
alternating electric field treatment with an electric field
intensity of 520 kV-m™ for 150 seconds. The factors
that have the greatest impact on seed germination and
seed growth are the treatment time and the treatment
field strength, while the effects of alternating current
electric field and direct current electric field on the re-
sults are not significant. The appropriate treatment dose
promotes the germination potential, while an excessive
treatment dose may inhibit the germination of seeds. As
for the growth indicators, the larger the treatment dose,

the better the growth situation in the later stage, show-
ing a significant positive correlation. Under the experi-
mental conditions, the stronger the field strength and
the longer the treatment time, the higher the average
seedling height of the seeds, which is more beneficial
to the long-term viability of the seeds, manifested as a
smaller dielectric constant of the seeds. Future inves-
tigations should incorporate these advanced statistical
approaches while expanding the range of physiological
and biochemical measurements.
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AHoTauif. MexaHiuyHi CcMAn MOXYTb BUKIMKATX BHYTPILIHI MiKPOTPILLMHM Ta MPUXOBAHI NMOWKOOXEHHS, LLO 3HAYHO
noripwye aKiCTb 3epHa Nifg, Yyac 360py HACIHHA puUCY, @ TpaauUiiHe MeXaHiYHe COpPTYBaHHS HE [03BOJISIE BUSBUTU
Taki fedeKTu. JK AieneKTpuUdHUii MaTepian, HaCiHHS BUSBNSE NONSIPU3ALLI0 B HEPIBHOMIPHUX €IEKTPUYHUX MONSIX,
O TICHO MOB'3aHO 3 MOro AieNeKTPUYHUMM BAACTUBOCTSMU. MeTOK LbOro AOCNIAXKEHHS 6YN0 BUBYEHHS BNAUBY
06p0o6KM BUCOKOBONIBTHUM €IEKTPUYHUM NONEM Ha MOTEHLial MPOPOCTAHHSA Ta PiCT CXOAIB HACiHHSA pUCY, @ TaKOX
3'9CYyBaHHA OCHOBHMX [JieNIeKTPUYHUX MexaHi3MiB. byno po3pobneHo cnpolleHy MoAenb HaciHHA Ta eKBiBaNEHTHY
cxemy. LLingaxom aHanisy npouecy fienekTpuyHoi Nonspm3aLii Ta po3paxyHKy HanpyXXeHOCTi Nons BCepeamHi Ta 30BHi
HaCiHHS 6yN10 BU3HAYEHO MAKPOCKOMIYHI 3aKOHWM €NeKTPOMArHiTHOMO pyxy AienekTpuka B HaciHHi. byno nposeneHo
OpPTOrOHasbHi eKcnepuMeHTM 3 06pOBKOK HACiHHS eNeKTpUMYHMM noneM. AHani3 AianasoHy 403BOJIMB BU3HAUYUTH
NepBUHHI Ta BTOPMHHI (haKTopw, L0 BNAUBAKOTb HA MOTEHLian NPOPOCTaHHA Ta CEPefHI0 BUCOTY HACiHHS, a aHani3
aucnepcii BU3HaUYMB ONTUMasbHY KOMDiHaLil0 06pobKkM Ta nepeBipuB 3HauyLWicTb Moaeni. Pe3ynbtat nokaszanwm,
O KOMMNIEKCHMI iMNefaHC eKBiBaNeHTHOMO KOHTYPY HACiHHS 3aneXUTb Bif, KPYroBoi 4acToTu (w) NPUKNA/EHOrO
eneKkTpMYHoro nons, eMHocTi nnisku (C) Ta onopy naiBkK (R) HaciHHA. BigHOCHa pienekTpuMyHa NPOHMKHICTL € Ta
MaKpPOCKOMiYHa WBMAKICTb MONSpU3aLii Y € EKBIBANEHTHUMMU B ONUCI AieNeKTPUYHOT MPOHUKHOCTI HACiHHSA. 30BHILUHE
enekTpuyHe nose Mae 6iNbll 3HAYHUIM BNIMB HA HACIHHA 3 BULLOK XUTTE3AATHICTIO. ONTUManbHMMKM NapaMeTpamu
[ONs NiABWLLEHHS NMOTEHLiany NPOpPOCTaHHS Ta CepefHbOoi BUCOTU HACIHHA € eNeKTpUYHe rnone 3MiHHOro CTpymy
3 iHTeHcuBHicTiO 520 kB - M npoTarom 150 cekyHp B yMOBax ekcnepuMeHTy. binbll CMnbHA HanpyXeHicTb nons
Ta AoBWMI yac 06pobku Npu3BOAATL A0 MiABMLIEHHS CEPEAHbOI BMCOTM HACiHHSA, WO CNpUSE AOBroTpMBaii
XWUTTE3AATHOCTI HACiHHA. Lle NOSCHIETBCA TUM, WO HWMXKYA AieNekTPUYHA MNPOHUKHICTb HACIHHA € BUiAHOM.
Omxe, HaCiHHS, 06pobneHe BUCOKOBONBETHUMW €NEKTPUYHUMM NONASIMU, MOXKE 3HAYHO MiABMULLMTU XKUTTE3LATHICTD
HaCiHHS Ta 36iNbWKNTM BPOXAMHICTb, CIPUSIOUYN PO3BUTKY €DEKTUBHUX, TOYHUX, HEPYMHIBHMX TQ aBTOMATU30BAHMX
TEXHOJOTi Cenekuii Ta COpTyBaHHS

KniouoBi cnosa: eneKTpOCTVIMy}'IﬂLI,iﬂ; NiABULEHHS XWUTTE3QATHOCTI; MOTEHLian NpoOpoOCTaHHA; cepegHa BUCOTA
POCNHU; rD,iEJ'IeKTpl/I‘-IHa FIpOHVIKHiCTb; OpPTOroHasibHa onTuMi3auis
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Abstract. The purpose of this study was to investigate the possibilities of increasing the efficiency of agricultural
production in southern Ukraine by using modern land reclamation equipment in combination with precision
farming technology to improve soil water regime and the sustainability of agroecosystems. The study employed
an experimental approach with variations in tillage and irrigation, determination of physical and water properties
of the soil, root system development and plant condition, yield, resource costs, and economic indicators for a
comprehensive assessment of the effectiveness of agricultural technologies. The study found that strip tillage,
a field-based precision tillage system with row planting, combined with Netafim Uniram drip irrigation provided
the greatest soil moisture at 0-20 cm and 20-40 cm (28 m3/ha and 24 m3/ha, respectively), reduced soil density
to 1.26 g/cm?® and increased capillary water capacity to 27 m3/ha. The depth of the root system reached 110 cm,
while the normalised difference vegetation index was 0.82. Yields reached 10.8 t/ha, water use efficiency (WUE)
was 3.09 kg/m?, net profit was 21,000 UAH/ha, and profitability was 62%. The variant using the Bauer Rainstar E
precision field system with row spacing and precision sprinkling showed a yield of 10.5 t/ha, slightly below the
maximum result, but greater than the control. The field system of precision cultivation with row planting without
land reclamation yielded 9.5 t/ha, while conventionQOal irrigation (control) showed the lowest results - 8.9 t/ha.
The data revealed that the integration of strip-till with modern irrigation systems increases the productivity and
economic efficiency of maize
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INTRODUCTION

The southern regions of Ukraine are characterised by
challenging climatic conditions, including low natu-
ral moisture levels, hot temperatures, and frequent
droughts, which negatively affect the productivity of
agricultural land. Due to the growing shortage of water
resources, soil water management requires increased
attention. Precision farming technologies, which in-
clude minimal tillage, localised fertilisation, and au-
tomated management of agricultural processes, are
becoming key to ensuring stable yields and preserving
soil fertility. One of the most promising innovations is
the MZURI technology (a precision tillage system with
row planting), which combines energy and water sav-
ing with increased agronomic efficiency. Combined
with modern land reclamation measures, this technol-
ogy opens new opportunities for adapting agricultural
production to the arid conditions in southern Ukraine.

The problem of effective water management in
the arid regions of southern Ukraine continues to be
urgent due to the lack of natural moisture and soil
degradation. B. Hailu & H. Mehari (2021) investigated
the impact of fertigation on plant development in arid
conditions. The researchers found that the use of this
technology not only increases yields, but also optimises
fertiliser use, reducing fertiliser losses. The researchers
emphasised that fertigation creates a more even sup-
ply of nutrients to plants, which is crucial in conditions
of limited soil moisture. Y. Sha et al. (2024) addressed
the use of deep rippers to accumulate moisture in the
root system. The study showed that this technology
promotes deeper root penetration and improves water
supply for crops in arid regions. Additionally, loosening
reduces soil compaction, which increases the efficiency
of irrigation use and contributes to more stable plant
growth. Y. Lu et al. (2022) highlighted the role of the
global positioning system (GPS) in precise fertilisation
and irrigation control. Accurate positioning enables an
even distribution of resources, which increases the ef-
ficiency of their use and reduces costs. The study also
showed that the integration of GPS technology with
modern irrigation systems reduces the environmental
impact on the agricultural system.

J.Huang et al. (2021) noted that the combination of
reclamation measures with strip-till reduces soil erosion.
This helps to maintain fertility and a stable water bal-
ance, which is critical in arid regions. The researchers
also emphasised that this combination of technologies
improves the physical properties of the soil, which pos-
itively influences the development of the root system of
crops. V. Havrysh et al. (2021) explored the possibility of
using a hybrid power source with a variable frequency
drive to automatically move irrigation equipment. The
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researchers showed that such a system increases energy
efficiency and ensures stable operation of the equipment
under variable power supply conditions. Additionally,
automated movement contributes to more precise irri-
gation and more uniform water supply to plants, which
increases the efficiency of agricultural production. I. Bi-
luk et al. (2020) addressed the use of adaptive control
in complete electric drives to ensure stable operation of
industrial systems. The study found that this approach
can improve the accuracy and reliability of drives under
variable loads and operating conditions. This is crucial
for automated irrigation and soil cultivation systems,
where the stability of the equipment directly affects
the uniformity of water and nutrient supply. J. Cuaran
& J. Leon (2021) demonstrated the benefits of remote
monitoring using drones. Due to the prompt detection
of plant stress conditions, agrotechnical measures can
be adjusted accordingly, which increases crop productiv-
ity. This study confirmed the effectiveness of integrating
remote monitoring technologies into precision farming
systems to increase yields and resource efficiency.

S. Getahun et al. (2024) emphasised the need to
adapt technologies to local soil and climatic conditions.
Adapting to concrete conditions can stabilise yields
and increase the efficiency of precision agriculture. The
researchers noted that consideration of the local soil
and climate characteristics is a key factor in optimising
irrigation and fertilisation. X. Fu & H. Niu (2023) point-
ed out that reducing energy costs with the introduc-
tion of modern reclamation systems increases the eco-
nomic efficiency of production. Lower energy costs can
increase profitability and ensure stable productivity of
agricultural systems. The cited study emphasised that
optimising energy consumption is a vital aspect of sus-
tainable farming, especially in regions with limited ac-
cess to resources. S. Alharbi et al. (2024) investigated an
integrated approach to soil water management. Better
control of the water balance ensures stable productiv-
ity of agricultural systems and improves water supply
to plants in arid regions. This confirms that the inte-
gration of modern irrigation technologies and precise
water management directly affects resource efficiency
and crop yields. The findings of these studies confirmed
the positive impact of an integrated approach on mois-
ture conservation, yield increase, and energy efficiency
of agricultural production in drought conditions. At the
same time, there are gaps in the study of the adaptation
of these technologies to the specific soil and climatic
conditions of the southern region of Ukraine, as well
as in the development of integrated methods for moni-
toring and managing reclamation systems in real agro-
ecosystems. This requires further research to optimise



the implementation and increase the sustainability of
agricultural production in an arid climate.

The purpose of this study was to assess the ef-
fectiveness of the introduction of land reclamation
equipment into the precision farming system using the
MZURI technology to increase the productivity and sta-
bility of agrocenoses in the region. The objectives of
the study were to investigate the influence of tillage
technologies on the physical and chemical properties
of the soil; to assess the effect of these technologies
on the development of the root system and vegetative
performance of plants; and to conduct economic and
resource analysis by determining the consumption of
water, fertilisers, and fuel and calculating key economic
indicators such as net profit and profitability ratio.

MATERIALS AND METHODS

The study was conducted from April to August 2024
at the farm “Dzhondir-B”, located in Bolhrad district of
Odesa region, which is part of the Southern Steppe of
Ukraine. This farm was chosen due to its location in
the Southern Steppe zone with typical soil and climatic
conditions for the region, which ensured the represent-
ativeness of the results.A 12-hectare plot was allocated
for the study, which was divided into four replications
of 3 ha each, enabling the assessment of the impact
of different tillage and irrigation technologies on the
productivity of mid-season maize (Zea mays L.), a hybrid
selected for its adaptability to the Southern Steppe and
stable yields in the study area. The soils of the site were
represented by southern medium loamy chernozem
with a humus content of 2.8%, and the weather condi-
tions of the season were characterised by an average
annual rainfall of about 320 mm and an average tem-
perature of the growing season of +22.4°C with possi-
ble rain-free periods of up to 50 days (Hydrometeoro-
logical centre..., n.d.).

The study followed international and national eth-
ical standards for conducting experiments with plants
and soils, in particular, the principles of Convention
on Biological Diversity (1992). All agrotechnical tests
were conducted without compromising the biological
integrity of plants and soil ecosystems. The principles
of rational use of natural resources and sustainable soil
management were applied, which was emphasised in
studies on bioeconomics and soil protection in Ukraine
(Petrukha et al., 2024; Tretiak et al., 2024). Additionally,
methodological approaches to minimising the negative
impact on soil properties during experiments, recom-
mended in the context of military and environmental
risks, were considered (Andrews et al. 2004). Adherence
to these ethical standards ensured the reliability, safe-
ty, and representativeness of the findings. The tillage
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and irrigation technologies included four variants that
helped to compare conventional and conservation ap-
proaches in terms of their impact on soil properties,
plant development, and yields. The first option involved
conventional irrigation by sprinkling with continuous
tillage at 12-14 cm, which served as a control option for
comparison with other technologies. The second vari-
ant implemented strip tillage without land reclamation
with simultaneous sowing using a MZURI Pro-Til 3T
seeder (UK), which helped to assess the effectiveness
of the resource-saving approach. The third variant com-
bined strip-till with Netafim Uniram™ drip irrigation
(Israel) with built-in compensating emitters for precise
water dosing, and the fourth variant involved strip-till
combined with a Bauer Rainstar E sprinkler (Austria) to
evaluate modern mechanised technologies.

Soil moisture at depths of 0-20 cm and 20-40 cm
was determined using Soilmoisture Equipment Corp.
tensiometers (USA) installed at the points of each ex-
periment to obtain data on the soil water regime dur-
ing the growing season. Soil density was measured by
the cylinder method using an Eijkelkamp drill (Neth-
erlands), which helped to assess the impact of differ-
ent tillage technologies on soil structure. Capillary
moisture capacity was determined in the laboratory
using soil samples from the relevant layers. The depth
of the root system was recorded with a RootMeter
profilometer (Germany) during critical phases of plant
growth. The dynamics of the normalised difference
vegetation index (NDVI) was recorded by a DJI Phan-
tom 4 Multispectral drone (China) to assess the condi-
tion of plants and photosynthesis intensity. The yield
was determined by weighing on a CAS CI-2001A scale
(South Korea) after harvesting. Water and fertiliser
consumption was monitored by Maddalena Woltman
meters (Italy), water loss through evaporation was
determined by ETgage® Model A sensors (USA), and
fuel consumption was recorded by Flowmate fuel me-
ters (Japan), which helped to comprehensively assess
the effect of the applied technologies on water re-
gime, soil physical properties, plant development, and
economic efficiency.

Water use efficiency (WUE) was calculated as the ra-
tio of yield to total water consumption for transpiration
and evapotranspiration (1):

WUE = —, (1)
ET
where Y is the yield (kg/ha); ET is the total water con-
sumption for transpiration and evaporation (m?/ha).
To assess the economic efficiency, net profit was
calculated as the difference between the value of gross
output and total costs (2):
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NP =G —C. 2)

Profitability was calculated using the following
formula (3):

CR = % X 100%, 3)

where NP is the net profit; G is the gross production
value; Cis the total costs (UAH/ha).

Statistical processing of the data was performed us-
ing one-factor analysis of variance (ANOVA) to compare
the average yield, WUE, NP, and CR between the vari-
ants. In case of violation of the assumptions of normal
distribution or homogeneity of variances, the non-par-
ametric Kruskal-Wallis test was used. The analysis was
conducted in the R software environment (version
4.3.0), with data reliability checks for omissions and ab-
normal values. The level of statistical significance was
set at p<0.05.

RESULTS

Analysing the efficiency of modern agricultural tech-
nologies requires a comprehensive approach, as the
effectiveness of maize cultivation is determined not by
one single parameter, but by the interaction of sever-
al interrelated factors. First and foremost, the physical
properties of the soil — its moisture content, density,
and capillary water capacity - play a significant role, as
they shape the water-air regime and create the basis
for the development of the root system. The depth of
root penetration directly depends on these characteris-
tics: looser and more moist soil provides plants with ac-
cess to moisture and nutrients at different levels of the
profile. As a result, vegetative development changes,
which is reflected in the NDVI index, an integral indica-
tor of photosynthetic activity and leaf condition. NDVI
correlates with yield, which is the final criterion for the
effectiveness of agrotechnical solutions. Therewith, the
resource component should also be considered, which
determines the economic feasibility of implementing
a particular technology. It includes water and fertiliser
consumption, the level of their losses, and fuel con-
sumption, which together form the cost of production
and affect the profitability of the farm. Thus, to objec-
tively assess the effectiveness of agricultural technol-
ogies, it is necessary to simultaneously consider soil,
biological, and economic indicators, identify correla-
tions between them and determine which technologies
provide the optimum balance between yield, resource
efficiency, and sustainability.

Conventional irrigation in the control variant pro-
vided relatively low moisture content - 22 m3/ha in the
top layer and 18 m3/ha in the deep layer. This result
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is conditioned by the intense disturbance of the soil
structure during continuous cultivation: the surface lay-
er dries faster, and water is absorbed unevenly, which
reduces the ability of the soil to retain moisture in crit-
ical horizons for the root system. In the MZURI variant
without reclamation, where belt cultivation with simul-
taneous sowing was used, an increase in moisture con-
tent of up to 25 m3/ha in the top layer and 20 m3/ha
in the deeper layer was observed. This is because belt
cultivation disturbs the soil only in the rows, leaving
the row spacing relatively stable and less compacted.
This partial disturbance of the structure reduces evap-
oration and improves the capillary supply of water to
the roots. The greatest moisture values were recorded
when MZURI was applied in combination with Netafim
Uniram™ drip irrigation - 28 m3/ha in the top layer and
24 m3/ha in the deep layer. Drip irrigation provides a
point supply of water without unnecessary losses due
to evaporation and penetration into unnecessary hori-
zons, which allows plants to use the available mois-
ture more efficiently. Furthermore, uniform moistening
of the root-bearing horizons promotes better root de-
velopment and stabilises the soil microstructure. The
Bauer Rainstar E precision sprinkler variant provided an
analogous moisture level of 27 m?/ha, demonstrating
that the combination of belt cultivation with localised
water application also contributes to moisture conser-
vation, although some water may be lost to evaporation
if irrigation is less precise.

The control variant with conventional irrigation
and continuous cultivation had a density of 1.32 g/cm?.
This high value indicates a more compacted soil struc-
ture, which is a consequence of the intense mechani-
cal impact of cultivation. Compaction restricts porosity,
reduces aeration, and inhibits the movement of water
into deeper horizons, which negatively affects root
development and water use efficiency. In the MZURI
variant without reclamation, the density decreased to
1.28 g/cm?, reflecting improved structural stability of
the soil. This is caused by the use of strip tillage, which
disturbs only a part of the soil profile and leaves the
row spacing relatively undisturbed. Lower compaction
promotes better aeration, facilitates capillary water
movement, and provides favourable conditions for
the growth of the maize root system. Even lower den-
sity values were observed in the variants with MZURI
combined with Netafim Uniram™ drip irrigation and
Bauer Rainstar E precision sprinkling - 1.26 g/cm?®and
1.25 g/cm?, respectively. This significant reduction in
density reflects the increased porosity and aeration of
the soil, which provides optimum conditions for water
penetration, nutrient transport, and the development
of a branched root system. The combination of belt
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cultivation with precision water supply or deep loos-
ening allows maximising the physical properties of the
soil, combining minimal mechanical disturbance with
efficient water supply.

In the control variant with conventional irrigation,
the capillary water capacity was 21 m®/ha. This limit-
ed water retention is explained by soil compaction and
intense mechanical impact during continuous tillage.
The disturbed structure reduces porosity and inhibits
the uniform infiltration of water into deeper horizons,
which makes it difficult for plants to access moisture
during dry periods. The use of MZURI without reclama-
tion increased the capillary water capacity to 24 m*/ha,
which demonstrates an improvement in soil structure
and its ability to store moisture. Belt tillage disturbs
only a part of the soil profile, leaving the row spacing
relatively undisturbed, which reduces compaction, in-
creases porosity, and facilitates more efficient water

movement to plant roots. Even greater values were
obtained in the variants with a combination of MZURI
and modern irrigation systems: Netafim Uniram™ drip
irrigation provided 27 m3/ha, while Bauer Rainstar E
precision sprinkling - 26 m3/ha. This demonstrates the
effective preservation of water in the soil due to the
point supply of moisture and the optimisation of soil
physical properties. Drip irrigation minimises water loss
due to evaporation, evenly moistens the root horizons,
and creates favourable conditions for the development
of a powerful root system. Summarising the results of
the preliminary analysis, the study assessed changes in
the moisture content of the top and deep soil layers, its
density, and capillary moisture capacity, which helped
to comprehensively compare the effectiveness of dif-
ferent tillage and irrigation technologies in providing
plants with moisture and creating favourable condi-
tions for the development of the root system (Table 1).

Table 1. Key physical properties of the soil under different tillage and irrigation options

Technology variant

Moisture content, m3/ha
(top layer/depth)

Capillary moisture
capacity, m3/ha

Density, g/cm3

Control (conventional sprinkling) 22/18 1.32 21
MZURI without land reclamation 25/20 1.28 24
MZURI + Netafim Uniram™ drip irrigation 28/24 1.26 27
MZURI + precision sprinkling Bauer Rainstar E 26/22 1.25 26

Source: compiled by the authors of this study

The analysis of the data obtained showed a close
relationship between the three indicators - with a
decrease in soil density, there is a simultaneous in-
crease in moisture in the upper and deep layers and
an increase in capillary moisture capacity. In the con-
trol variant with a density of 1.32 g/cm?, the lowest
values of moisture content (22/18 m3/ha) and water
capacity (21 m3/ha) were recorded, indicating lim-
ited infiltration and water retention. The transition
to MZURI without reclamation reduced the density
to 1.28 g/cm?, which gave an increase in moisture
content (25/20 m3/ha) and capillary water capacity
(24 m3/ha). The best result was obtained in the MZURI
variant with drip irrigation — the minimum density

of 1.26 g/cm®was accompanied by the greatest val-
ues of moisture (28/24 m3/ha) and moisture capacity
(27 m3/ha). A comparable trend, albeit slightly lower,
was shown by the variant with precision sprinkling
(26/22 m?/ha at a density of 1.25 g/cm?®). Thus, all
three indicators demonstrated a consistent trend:
a decrease in soil density creates conditions for the
accumulation and better retention of moisture, which
ensures uniform water supply to the root system and
increases irrigation efficiency. To determine the con-
ditions for the development of the maize root system,
the relationship between soil density and root pen-
etration depth under different tillage and irrigation
technologies was investigated (Fig. 1).
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Figure 1. Effect of soil density on the depth of the maize root system

Source: compiled by the authors of this study
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The analysis of the results revealed a clear relation-
ship between soil density and the development of the
maize root system. In the control variant with conven-
tional sprinkling, the greatest soil density was recorded
(1.32 g/cm?), which limited root penetration to a depth
of 95 cm. This combination of indicators reflects exces-
sive compaction of the soil profile, which reduces poros-
ity, impairs water and air permeability, and leads to lim-
ited access of plants to moisture and nutrients in deeper
horizons. In the MZURI variant without reclamation, a
reduction in density to 1.28 g/cm?®increased the depth
of the root system to 102 cm. This confirms that even a
moderate reduction in compaction promotes more ac-
tive root growth in depth, which improves their ability
to use soil moisture. The most pronounced effect was
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observed when combining MZURI technology with Ne-
tafim Uniram™ drip irrigation, where the density de-
creased to 1.26 g/cm?® and the root system reached
110 cm. An analogous result was obtained in the Bau-
er Rainstar E precision sprinkler variant (1.25 g/cm?;
108 cm). Thus, there is a stable inverse relationship: as
soil density decreases, the depth of root penetration
increases. This confirms that optimisation of soil phys-
ical properties in combination with modern irrigation
systems creates conditions for deeper root develop-
ment, which increases WUE and nutrient uptake, ensures
drought resistance of maize, and contributes to greater
yields. To assess the vegetative state of plants and its im-
pact on productivity, the study analysed the dynamics of
the NDVI index in combination with maize yield (Fig. 2).
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Figure 2. Relationship between NDVI index and maize yield under different technologies

Source: compiled by the authors of this study

The analysis of the obtained results revealed a
close relationship between the dynamics of NDVI and
maize yield. In the control variant with conventional
sprinkling, the lowest NDVI values were observed at all
vegetation stages (0.58-0.72), which was reflected in
the minimum yield of 8.9 t/ha. This is explained by soil
compaction and uneven distribution of moisture, which
limits the development of the root system and reduces
WUE and nutrients. The use of MZURI without reclama-
tion contributed to an increase in NDVI (up to 0.76 at
the tube stage) and a yield increase of up to 9.5 t/ha,
which indicates improved water and nutrient supply
due to more favourable soil physical properties. The
greatest NDVI values (0.82) were recorded in the MZURI
variant with drip irrigation, which correlated with the
maximum yield of 10.8 t/ha. A comparable result was

shown by precision sprinkling with Bauer Rainstar E
(NDVI up to 0.8; yield 10.5 t/ha), which confirms the ef-
fectiveness of modern localised irrigation technologies.
Thus, there is a direct correlation: an increase in NDVI
at all stages of the growing season is accompanied by
an increase in yield, while optimisation of water supply
and improved soil aeration create conditions for more
intensive plant growth. This proves that the integra-
tion of innovative tillage and irrigation technologies
ensures not only a stable increase in NDVI, but also a
sustainable increase in maize productivity in the south-
ern steppe.To assess the feasibility of introducing mod-
ern tillage and irrigation systems, the study calculated
the economic efficiency of agricultural technologies,
as well as WUE, which reflects the productivity of the
moisture used (Table 2).

Table 2. Water, fertiliser, and fuel consumption for different cultivation and irrigation technologies

Technology variant Water, m*/ha

Control (conventional sprinkling) 4,200
MZURI without land reclamation 3,800
MZURI + Netafim Uniram™ drip irrigation 3,500
MZURI + precision sprinkling Bauer Rainstar E 3,600

Source: compiled by the authors of this study
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Water losses, m3/ha  Fertilisers, kg/ha Fuel, l/ha
480 180 6.5
360 175 5
250 170 5.8
270 172 6



The analysis of the table shows a clear relationship
between tillage technologies, irrigation systems, and re-
source use efficiency. In the control variant with conven-
tional sprinkling, water consumption was 4,200 m>/ha,
water losses were 480 m?/ha, fertiliser was 180 kg/ha,
and fuel was 6.5 L/ha. This suggests a prominent level of
resource intensity associated with continuous cultivation
and uneven distribution of water, which leads to excessive
losses and low efficiency. The use of MZURI technology
without reclamation reduced water consumption by up to
3,800 m*/ha, losses by up to 360 m3/ha, fertiliser by up to
175 kg/ha,and fuel by up to 5 L/ha,demonstrating savings
due to the localisation of strip tillage and simultaneous
sowing.The combination of MZURI with Netafim Uniram™
drip irrigation provided the lowest water consumption
(3,500 m3/ha) and minimum water loss (250 m3/ha),
while reducing fertiliser application to 170 kg/ha, al-
though fuel consumption increased slightly to 5.8 L/ha
due to irrigation system maintenance. The Bauer Rain-
star E precision sprinkler variant showed intermediate
results: water consumption of 3,600 m3/ha, water loss of
270 m/ha, fertiliser - 172 kg/ha, and fuel - 6 L/ha.

Overall, there is a direct correlation between the
accuracy and localisation of irrigation and resource

Haleeva et al.

savings: the more precisely water and fertiliser are
applied, the lower the losses and the lower the costs.
Additionally, the integration of MZURI reduces fuel
costs by reducing the intensity of tillage, and the com-
bination with drip or precision sprinkling ensures a
balance between energy consumption and the effi-
ciency of water supply and plant nutrition. Thus, the
integrated use of strip tillage and modern irrigation
systems increases resource efficiency and contributes
to sustainable farming (Shebanin et al., 2025). For a
comprehensive assessment of the effectiveness of
agrotechnologies, economic indicators such as NP and
CR were analysed in combination with the WUE indi-
cator. WUE was calculated using the formula (1) as the
ratio of maize yield (Y, kg/ha) to total water use (ET,
m3/ha), including water applied through irrigation and
the effective fraction of precipitation actually availa-
ble to plants. Two key indicators were determined in
the experiment: net profit (NP, UAH/ha) and profitabil-
ity (CR, %), which were calculated using formulas (2)-
(3)- This helped to simultaneously assess the financial
return and water efficiency of different tillage and irri-
gation options, which is essential in the arid Southern
Steppe (Table 3).

Table 3. Economic efficiency of agricultural technologies and water efficiency

Technology variant
Control (conventional sprinkling)
MZURI without land reclamation
MZURI + Netafim Uniram™ drip irrigation
MZURI + precision sprinkling Bauer Rainstar E

Source: compiled by the authors of this study

The analysis of the presented data revealed a clear
correlation between economic efficiency and water ef-
ficiency of the applied technologies. Compared to the
control, the use of MZURI without land reclamation
increases net profit by 1,800 UAH/ha and profitability
by 5%, while increasing WUE to 2.5 kg/m3, which indi-
cates a more rational use of water and resources. The
combination of MZURI with drip irrigation delivers the
greatest NP of 21,000 UAH/ha, CR of 62%, and WUE
of 3.09 kg/m?, demonstrating that point-of-use water
delivery simultaneously increases financial returns
and water productivity. The Bauer Rainstar E precision
sprinkler variant also significantly outperformed the
benchmarks, although slightly behind drip irrigation,
with NP 20,000 UAH/ha, CR 58%, and WUE 2.92 kg/m?.
The increase in profitability and profitability correlates
with the increase in water efficiency, which confirms
the effectiveness of integrating modern tillage technol-
ogies and localised or precision irrigation to optimise
resources and economic outcomes. MZURI technology

NP, UAH/ha CR, % WUE, kg/m3
15,200 45 2.12
17,000 50 2.5
21,000 62 3.09
20,000 58 292

in combination with Netafim Uniram™ drip irrigation
demonstrates the greatest efficiency among all the test-
ed options, as it provides the best performance by all
criteria. It helps to improve the physical and chemical
properties of the soil, increases the depth and weight of
the root system, supports uniform plant development,
which is reflected in high NDVI values, increases yields
and reduces water and fertiliser consumption. Addition-
ally, this technology allows achieving better WUE and
provides a considerable increase in economic return,
net profit, and profitability. Taken together, this makes
MZURI with Netafim Uniram™ drip irrigation the most
optimum solution for resource-saving and cost-effec-
tive maize cultivation in the Southern Steppe.

The analysis of all the studied indicators revealed
a close relationship between the physical properties of
the soil, the development of the root system, vegeta-
tion indices, yield, and economic results of production.
Reducing soil density in the variants with minimal till-
age and reclamation measures is accompanied by an
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increase in moisture and capillary water capacity, which
creates favourable conditions for the development of
a deeper root system of maize. This provides better
access to water and nutrients, which is confirmed by
greater NDVI values and greater yields in drip and pre-
cision irrigation. At the same time, resource consump-
tion has a clear link to economic efficiency: reduced
consumption of water, fertiliser, and fuel directly trans-
lates into lower production costs and increased profita-
bility. Specifically, MZURI’s drip irrigation and precision
sprinkler technologies combine optimum soil moisture
and density with efficient use of resources to achieve
the greatest net profit, profitability, and WUE. Thus, the
results showed a systemic effect: improved soil condi-
tions lead to more active root development, which in-
creases water and nutrient supply, which is reflected
in greater NDVI and vyields, while economic efficiency
increases due to more efficient use of resources. This
sequence confirms that land reclamation technologies
can simultaneously ensure environmental sustainabil-
ity and economic benefits for agricultural production.

DISCUSSION
A study of the integration of MZURI technology into a
precision farming system in the south of Ukraine found
that strip-till improved soil moisture retention. The use
of minimal tillage and localised fertilisation helped to
reduce evaporation and erosion, which was particular-
ly significant due to the low rainfall and hot tempera-
tures in the region. Preserving the soil structure also
positively influenced its aeration and water permeabil-
ity, which together maintained soil fertility. G. Taye et
al. (2024) also studied this problem, confirming that the
analysis of the impact of technology on moisture con-
servation and soil structure improvement shows that
modern agricultural practices help reduce evaporation
and erosion. Improving the soil structure increases its
permeability and ability to retain moisture. This cre-
ates more favourable conditions for plant growth and
increases their resistance to drought. M. Rozewicz et
al.(2024) also showed that agrophysical changes in the
soil when using strip-till technology demonstrate an
improvement in the porosity and aeration of the top-
soil. This method reduces compaction and promotes
the development of the root system, which positively
influences crop productivity. The introduction of strip-
till increases resource efficiency and yield stability.
M. Li et al. (2024) confirmed that the integration of
strip-till with precise local application of water and
fertiliser increases resource efficiency and yield stabil-
ity in dry conditions. The introduction of these technol-
ogies also reduces the risk of soil erosion and degra-
dation in the long term. Additionally, the adaptation of
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agricultural practices to specific climate and soil con-
ditions ensures an optimum balance between produc-
tivity and ecosystem conservation. Notably, the imple-
mentation of moisture conservation technologies is not
always a one-size-fits-all solution and requires adap-
tation to concrete climatic conditions and soil types.
The effectiveness of such methods depends on the
right combination of agricultural practices and regular
monitoring of soil conditions. Therefore, an integrated
approach to soil management is key to achieving sus-
tainable results in agriculture.

Additionally, the introduction of modern reclama-
tion equipment, including drip irrigation with auto-
matic control, demonstrated the efficient use of water
resources. Automation of irrigation using GPS and hu-
midity sensors reduced excessive water consumption
and ensured optimum conditions for plant growth.
Localised fertilisation through fertigation systems in-
creased the efficiency of plant nutrition, reducing the
negative environmental impact. A. Abioye et al. (2023)
concluded that the evaluation of the efficiency of auto-
mated drip irrigation shows a considerable reduction in
water consumption due to the precise dosing of mois-
ture according to plant needs. This system avoids wa-
terlogging and reduces losses due to evaporation and
runoff. As a result, crop productivity increases and the
pressure on water resources decreases. A. Jiménez et
al. (2022) found that the use of smart irrigation sys-
tems using GPS and IoT opens new opportunities for
real-time monitoring of field conditions. These technol-
ogies allow accurately identifying areas with different
water needs and automatically adjusting the irrigation
regime. This approach contributes to a noticeable in-
crease in water conservation and agricultural produc-
tion efficiency. M. Seyar & T.Ahamed (2024) additionally
showed that the integration of soil moisture sensors
and automatic irrigation control systems provides more
uniform moisture and reduces energy consumption for
water supply. This enables optimised resource use on
a farm-wide basis. Furthermore, the use of intelligent
irrigation systems helps reduce the risk of plant stress
during dry periods. These results confirm the study pre-
sented above, as automated drip irrigation does provide
more precise water management. It allows adapting
the water supply to the changing needs of plants in
different growth phases, which reduces overall water
consumption. Thus, the introduction of such systems is
a major step towards the sustainable use of water re-
sources in agriculture.

The use of strip-till technology helped to improve
moisture storage in deeper soil layers. This was essen-
tial for providing plants with water during dry periods,
which is typical for the southern regions of Ukraine.



Furthermore, such measures helped to reduce soil com-
paction and improve soil structure, which positively in-
fluenced the development of the root system of crops.
M. Pulido-Moncada et al. (2021) showed that the de-
struction of compacted soil layers improves its water
permeability. This increases the accumulation of mois-
ture in deeper horizons and reduces its loss through
surface runoff. As a result, the availability of water to
the root system of plants increases, which positively
influences their development and yield. Additionally,
the efficiency of soil cultivation largely depends on the
technical characteristics and design parameters of ma-
chine and tractor units. V. Hruban et al. (2025) showed
that optimisation of the design parameters of rotary
tillage units under variable loads can increase their sta-
bility and productivity. It was established that the op-
timum angle of attack of the working bodies (20-30°C)
reduces soil resistance and contributes to an even dis-
tribution of loads. Changing the curvature radius of the
working elements reduces stress concentration and in-
creases their durability. The use of special alloy steels
containing chromium and manganese increases wear
resistance, reduces maintenance requirements, and ex-
tends the service life of the units. A crucial design solu-
tion was the introduction of rubber shock absorbers at
the mounting points, which reduced the amplitude of
vibrations and increased the stability of the equipment.
As a result, the improved machines ensure uniform dis-
tribution of the tillage depth, reduce soil compaction,
save fuel,and improve crop growth conditions.

Y.Yang et al.(2023) concluded that a combination of
different tillage methods optimises soil physical prop-
erties. This approach contributes to the development of
a more stable structure that better retains moisture and
prevents erosion. This improves the soil’s water-saving
properties, which is essential for maintaining produc-
tivity even in dry conditions. S. El-Hendawy et al. (2022)
also noted that the use of strip-till in combination with
mulching the soil surface reduces evaporation and
promotes more even water penetration. This helps to
create optimum conditions for the development of the
root system even during long periods of dry weather.
Additionally, this integration of agronomic practices in-
creases plant resistance to drought and improves over-
all yields. These findings are consistent with the theses
presented in the previous section, as they confirm the
effectiveness of measures aimed at improving water
permeability and increasing soil moisture reserves. They
demonstrate that removing compacted layers contrib-
utes to a more even distribution of water and reduces
the risk of water loss. This underlines the significance of
such mechanisms for ensuring a stable water balance
and increasing yields in the face of climate change.

Haleeva et al.

The use of precision farming systems enabled
high-precision monitoring of field conditions using
mapping, UAVs, and sensors. This allowed differentially
controlling irrigation and fertilisation rates depending
on the concrete conditions of each field. As a result, the
overall efficiency of resource use increased and loss-
es were reduced, increasing the economic viability of
the technology in the region. E. Bwambale et al. (2022)
also confirmed that the use of precision farming tech-
nologies to monitor soil moisture and fertility enables
real-time, detailed data on field conditions. This allows
promptly responding to changes and optimising ag-
ronomic practices, which increases overall production
efficiency. The use of such technologies contributes
to a more rational use of resources and reduces loss-
es. M. Padhiary et al. (2024) also found that the use of
GPS navigation and unmanned aerial vehicles provides
accurate and adaptive irrigation and fertilisation man-
agement. These tools can create maps of fields with dif-
ferent cultivation intensities that factor in the local soil
and vegetation characteristics. This helps to increase
yields and water conservation, while reducing the neg-
ative impact on the environment. H. Shahab et al. (2025)
showed that the integration of sensor networks and re-
al-time data analysis allows predicting plant water and
nutrient needs with high accuracy. This helps to plan
agrotechnical measures based on the actual condition
of plants and soil, rather than on standard regulatory
values. The use of such integrated approaches increas-
es the efficiency of resource conservation and yield sta-
bility. Comparing the data obtained during the research,
it can be concluded that precision farming technologies
markedly increase the efficiency of water and fertiliser
use. They allow not only controlling soil conditions but
also adapting agrotechnical measures to the concrete
conditions of each site. Thus, the introduction of such
innovative approaches is a key factor for sustainable
agricultural development.

The benefits of integrating MZURI technology with
modern land reclamation systems in southern Ukraine
resulted in a considerable increase in yields while re-
ducing the cost of fuel and lubricants, water, and fertil-
isers. Additionally, the integrated approach contributed
to the improvement of the ecological state of agri-
cultural landscapes: erosion was reduced, soil fertility
was maintained, and the system became more resilient
to climate challenges such as droughts. G. Branca et
al. (2021) concluded that the integration of modern
technologies into agricultural production in the south-
ern region brings significant economic benefits by in-
creasing yields and reducing input costs. At the same
time, it helps to reduce negative environmental impacts
through the rational use of water and preservation of
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soil fertility. This approach helps ensure the sustainable
development of the agricultural sector without deplet-
ing natural resources. S. Haque et al. (2025) found that
climate resilience of agricultural systems increases due
to the integrated application of modern land reclama-
tion and precision technologies that enable adaptation
to changing weather conditions. They help to improve
the water-saving properties of the soil and optimise fer-
tiliser application, which reduces the risks of droughts
and floods. As a result, the agricultural sector is becom-
ing more resilient and prepared for the challenges of
climate change.A. Djalilov et al. (2022) showed that the
integration of strip-tills with automated irrigation sys-
tems can markedly increase the efficiency of water and
fertiliser use. This leads to reduced energy consump-
tion and increases economic profitability of production.
Furthermore, the integrated use of such technologies
maintains yield stability and contributes to the long-
term preservation of soil fertility in arid conditions.

When analysing the results of the conducted study,
it is clear that the economic benefits of introducing the
latest technologies are directly related to their environ-
mental efficiency. The rational use of resources reduces
production costs while reducing the negative impact
on the environment. This underlines the significance of
a comprehensive approach to agricultural modernisa-
tion, especially in the southern region with its specific
climate challenges. At the same time, the study found
that the application of this technology required exten-
sive initial investment in specialised equipment and
training. It also took some time for soils and plants to
adapt to the new cultivation conditions, during which
a temporary decline in yields was observed. However,
considering the long-term benefits, overcoming these
barriers seemed to be fully justified and promising
for the development of agricultural production in the
southern regions of Ukraine.

CONCLUSIONS
The results of the study revealed that the use of strip
tillage and various irrigation systems significantly af-
fected the water regime, physical properties of the

Rainstar E precision sprinkler variant compared to the
control at 1.32 g/cm?®. The capillary water capacity in-
creased to 27 m3/ha under drip irrigation, which was
6 m3/ha greater than the control. The depth of the root
system was maximum in the drip irrigation variant -
110 cm, while in the control it was 95 cm. The NDVI in
the dynamics of growth was also greater in the variant
of Netafim Uniram™ - 0.82 against 0.72 in the control,
reflecting a better vegetative state of the plants. Maize
yield was the greatest in drip irrigation - 10,800 kg/ha,
which is 1,900 kg/ha more than in the control. Water
consumption was optimum for strip-till with drip irriga-
tion at 3,500 m3/ha versus 4,200 m3/ha in the control,
while water losses were reduced to 250 m3/ha (control:
480 m>/ha). Fertiliser consumption was also slightly re-
duced to 170 kg/ha. Fuel consumption stayed relatively
low at 5.8 L/ha in the Netafim Uniram™ variant, while
the control used 6.85 L/ha.

WUE was greatest in drip irrigation at 3.09 kg/m3,
which was 0.97 kg/m?® greater than the control. The
economic efficiency was also greater: the net profit in
this variant was 21,000 UAH/ha with a profitability of
62%, while the control provided 15,200 UAH/ha and
45%, respectively. The MZURI + precision sprinkling var-
iant also showed a significant improvement over the
control, but slightly lower than the drip irrigation, with
a yield of 10,500 kg/ha, WUE of 2.92 kg/m?, and a net
profit of 20,000 UAH/ha. Thus, the study confirmed that
the use of strip tillage in combination with Netafim
Uniram™ drip irrigation provides the best indicators
of water regime, soil physical properties, root system
development, yield, and economic efficiency among all
tested variants. The limitation of this study was that its
findings were based mainly on short-term experiments,
which may not fully reflect the real conditions of long-
term application of the technology in diverse soil and
climatic zones. For further development of the topic,
it is necessary to investigate the long-term impact of
integrating MZURI technology with modern land rec-
lamation equipment on soil quality and biodiversity of
agroecosystems in the southern regions of Ukraine.

soil, root system development, productivity, and eco- ACKNOWLEDGEMENTS
nomic efficiency of maize cultivation. The greatest soil  None.
moisture was recorded in the MZURI + drip irrigation
(Netafim Uniram™) variant: at a depth of 0-20 cm - FUNDING
28 m3/ha, 20-40 cm - 24 m3/ha, while the control vari-  None.
ant had 22 m3/ha and 18 m>®/ha, respectively. Soil den-
sity decreased in all MZURI variants, with the lowest CONFLICT OF INTEREST
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IHTerpauia cy4yacHoi MeniopaTUBHOI TEXHIKU B CUCTEMY TOYHOIO
3eMsiepo6cTBa 3a TexHonorieio MZURI B ymoBax NiBAHA YKpaiHU
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AHoTauif. MeTagocnigkeHHs nongranayBUBYEHHI MOXAMBOCTEN NiABMULLEHHS eDEeKTUBHOCTI CiNbCbKOroCnoaapCcbkoro
BMPOOHMLTBA Ha NiBAHI YKPAiHM WNSXOM BUKOPUCTAHHSA Cy4aCHOT MeNiopaTMBHOI TEXHIKM Y MOELHAHHI 3 TEXHOJOTIER
TOYHOro 3emnepobcTBa AN9 NOKPALLEHHS BOLHOIO PEXWMMY FPYHTIB i CTIMKOCTI arpoekocucteM. Y AOCHioKEHHI
3aCTOCOBAHO eKCNepUMEHTaNbHMI NiaXif i3 Bapiauieto 06pobiTKy FpyHTY Ta 3pOLEHHS, BUSHAUYEHHAM (i3MKO-BOAHNX
BJIaCTUBOCTEW I'PYHTY, PO3BUTKY KOPEHEBOI CUCTEMM I CTaHY POCSIUH, YPOXAMHOCTI, PECYPCHUX BUTPAT | EKOHOMIUHMUX
MOKa3HMKIB A5 KOMMIEKCHOI OLiHKM e(DeKTUBHOCTI arpoTexHOOrii. BctaHoBNEHO, Lo CTpiuKoBMi 06pO6ITOK IpYHTY,
nosiboBa CMCTEeMa TOYHOro 06po6iTKY 3 PSAKOBMM PO3TALYBAHHAM POC/IMH, Y NOEAHAHHI 3 KPAMIMHHUM 3POLLEHHSM
Netafim Uniram 3a6e3neyyBaB HaiBuLLy BONOTiCTb I'pyHTY Ha 0-20 Ta 20-40 cm (28 Ta 24 M3/ra), 3HMXKYBAB LLiNIbHICTb
rpyHTy 8o 1,26 r/cm® i nigBuwyBaB KaninspHy BOMOFOEMHICTb Ao 27 M3/ra. [NMbBMHa KOpeHeBoi cucTeEMM Jocarana
110 cM, a HOpManisoBaHWM pi3HMLEBUI BereTauinHui iHaekc ctaHoeuB 0,82. YpoxkaiHicte carana 10,8 1/ra,
eeKTUBHICTb BUKOpUCTaHHS Boau (WUE) - 3,09 kr/M3, unuctuii npubytok — 21 Tic. rpH/ra, peHTabenbHicTb — 62 %.
BapiaHT 3 BUKOpPUCTaHHSAM NOMbOBOI CUCTEMU TOUHOTO 06POBITKY 3 PSIAKOBMM PO3TALLYBAHHAM POCAUH Ta TOYHOIO
pouwyBaHHs Bauer Rainstar E nokasas ypoxa#Hictb 10,5 T/ra, Wwo Oewo HUKYe MaKCMManbHOMO pesynbTaTy, NpoTe
nepeBuLLYBaN0o MOKa3HMK KOHTposto. MonboBa cucteMa TOYHOro 06pobiTKy 3 psiAKOBMM pO3TalyBaHHAM POCIMH
6e3 Meniopauii gana ypoxanHicte 9,5 1/ra, Toai 9K TpaauuiiHe 3pOLeHHS (KOHTPOJb) AEMOHCTPYBaN0 HaMHMXKYI
pesynbTatv — 8,9 T/ra. JaHi 3acBigumnun, Wo iHTerpawia cTpiykoBoro 06pobiTky 3 Cy4aCHMMM CUCTEMAMM 3POLLIEHHS
NiABULLYE NPOAYKTUBHICTb | EKOHOMIYHY e(eKTUBHICTb KYKYpPYA,3U

KniouoBi cnoBa: nocywnunBei yMOBHW; 3pOLLIEHHS; YPOXKAMHICTb; BOA036EepeXeHHS; eHeproBUTPaTH
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Abstract. The study aimed to determine the optimal conditions for using biological products to improve the
agroecological efficiency of grain crops, by analysing their impact on plant physiological processes, productivity
and soil resources. The study presented the results of the study of the influence of biological products on the yield,
product quality,dynamics of plant development phases and soil microflora composition when growing barley of the
Helios variety and buckwheat of the Antaria variety in the South of Ukraine. The experiment was conducted using
nitrogen-fixing, mycorrhizal and phosphate-mobilising biological products, both individually and in combination,
with the establishment of control and experimental plots. The analysis included an assessment of yields, protein
content in grain, changes in plant development stages and the activity of soil microorganisms. The results of the
study demonstrated that the use of biological products provided a significant increase in yields: barley showed an
increase of 20-25%, and buckwheat - by 18-22% compared to the control plots. The protein content of the grain
also increased, reaching 12% for barley and 14% for buckwheat. The duration of plant development phases was

Article’s History:
Received: 03.06.2025
Revised: 05.09.2025
Accepted: 30.09.2025

Suggested Citation:
Caisin,L.,Chitanu,A.,Grosu,N.,Dubit,D.,& Modvala,S.(2025).The impact of climate change on the forage base in the
Republic of Moldova. Ukrainian Black Sea Region Agrarian Science, 29(3),48-59.doi: 10.56407/bs.agrarian/3.2025.48.

‘Corresponding author

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


https://orcid.org/0000-0001-8934-2709
https://orcid.org/0000-0003-3270-585X
https://orcid.org/0009-0005-4690-1386
https://orcid.org/0009-0003-1014-4016
https://orcid.org/0009-0008-6193-4209

Caisin et al.

reduced, which contributed to more efficient use of soil resources and optimisation of growth processes. Changes in
the composition of soil microflora were particularly noticeable: the number of nitrogen-fixing bacteria increased by
40% and phosphate-mobilising - by 50%, which improved the availability of nutrients for plants. The highest results
were achieved when using combinations of biological products that demonstrated a synergistic effect, increasing
crop productivity and improving product quality. The results confirmed the effectiveness of biological products in
creating sustainable agroecosystems, ensuring environmental safety, reducing the need for chemical fertilisers
and increasing the economic profitability of agricultural production. The use of biological products is a promising
area for optimising modern agricultural technologies in regions with unfavourable soil and climatic conditions

Keywords: agrotechnology; yield; agroecosystems; environmental sustainability; organic nutrition

INTRODUCTION
In the context of an escalating global climate crisis, the
forage base of agriculture is facing increasing challeng-
es, particularly in countries with vulnerable ecological
and agricultural systems such as the Republic of Mol-
dova. Climate-related impacts - including loss of liveli-
hoods, food and water insecurity,and adverse effects on
human capital - combined with poverty and inequal-
ity, pose serious threats to agricultural sustainability.
Where climate stressors intersect with other economic
and environmental pressures, compound risks emerge,
intensifying vulnerability, exacerbate grievances, and
deepen existing fragility (IPCC..., 2023). The risk of in-
ternal displacement, migration, and rural instability due
to environmental degradation has also been increas-
ingly documented (Koubi et al., 2021).

Weather instability, rising average temperatures,
more frequent droughts, and irregular precipitation
patterns are negatively affecting the cultivation of for-
age crops by reducing both their yield and nutritional
quality. Studies such as that by R. Pravalie et al. (2020)
have highlighted that forage production systems in
Eastern Europe are particularly sensitive to season-
al droughts, which lower biomass yields and disrupt
nutrient cycling. Likewise, research by A. Iglesias & L.
Garrote (2019) emphasised that precipitation variabil-
ity has become the primary driver of forage yield re-
ductions across Southern and Eastern Europe, including
Moldova, with extreme weather events now occurring
more frequently. This directly impacts the produc-
tivity of the livestock sector, as feed is a critical fac-
tor in maintaining animal health and performance. S.
Ruban et al. (2024) have shown that nutrient imbalanc-
es in forage under climate-induced stress led to subop-
timal animal productivity, especially among ruminants.
Additionally, C.M. Godde et al. (2021) reported that for-
age crops exposed to elevated CO, and temperature
scenarios tend to develop altered fibre composition,
reducing digestibility and thus limiting feed efficiency.

The lack of a stable forage base increases depend-
ence on imported feed resources and raises production

costs, thereby reducing the economic viability of farms
and amplifying food security risks. In support of this, M.
Macleod et al. (2023) identified forage instability as a
key economic risk factor in livestock supply chains in
marginal regions. Under these conditions, it becomes
crucial to develop adaptive strategies aimed at pre-
serving and restoring forage productivity, introducing
stress-resistant crop varieties, and improving agronom-
ic practices in line with new climatic realities. Studying
the impact of climate factors on the forage sector is an
essential scientific priority that can support sustainable
agricultural development and ensure food security in
the region. The objective of the study is to examine how
climate variability — particularly changes in tempera-
ture and precipitation patterns - affects forage crop
cultivation and the resulting implications for livestock
production in the Republic of Moldova.

MATERIALS AND METHODS

From 2020 to 2023, a four-year study was conducted
in three representative agricultural zones of the Re-
public of Moldova: Briceni (north), Chisinau (centre),
and Cahul (south). These areas were purposefully se-
lected due to their distinct microclimatic and pedo-
logical conditions, enabling a comparative analysis of
climate impacts on forage production and livestock
productivity. The study employed a multidisciplinary
methodology that integrated climatological, agro-
nomic, and zootechnical data with literature-based
synthesis. Climatic data - including average month-
ly and annual air temperatures, precipitation levels,
and drought occurrence, were obtained from the State
Hydrometeorological Service of Moldova (n.d). Data
from three meteorological stations corresponding to
the selected regions were used to ensure spatial rep-
resentativeness. The collected data were analysed in
relation to the vegetative stages of key forage crops -
such as alfalfa, maize for silage, and perennial grasses -
with emphasis on deviations from climatic norms and
their impact on biomass accumulation.
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Agronomic data on forage yield (t/ha) were extract-
ed from field trial reports and official agricultural sta-
tistics published by the National Bureau of Statistics of
the Republic of Moldova (n.d.) (NBS). Changes in feed
quality indicators were used to estimate implications for
ruminant nutrition and productivity. Data on livestock
production were also sourced from NBS reports and in-
cluded annual production volumes of milk (litres/cow/
year), meat (kg/live weight per animal), and wool (kg/
sheep/year). These indicators were analysed in conjunc-
tion with forage availability to assess indirect effects
of climate anomalies on animal productivity. Where
appropriate, analysis was conducted using Microsoft
Excel and SPSS (v.26), to quantify the relationships be-
tween climate parameters and production outcomes.
In addition, Moldovan and international peer-reviewed
literature published in the last five years was reviewed
to contextualise experimental findings and reinforce
methodological validity. The integration of quantitative
field data with scientific literature ensured a robust in-
terpretation of climate impacts on the forage-livestock
system of Moldova, thereby strengthening the relevance
of the proposed adaptation strategies.

RESULTS AND DISCUSSION
The Republic of Moldova is located in the central part
of Europe, in the north-eastern Balkans, and covers an
area of 33,843.5 km?. It lies within a moderately conti-
nental climatic zone, which is somewhat modified by its
proximity to the Black Sea and the influence of warm,
humid air masses from the Mediterranean region. Ac-
cording to Law of Republic of Moldova No0.438 on “Re-
gional development in the Republic of Moldova” (2006),
it was customary to distinguish three main geographi-
cal zones - North, Centre, and South (Fig. 1).

UKRAINE

STiGA
HISTRULW

Figure 1. Geographical areas
Source: Law of Republic of Moldova No.438 on “Regional
development in the Republic of Moldova” (2006)
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These regions increasingly face unstable meteor-
ological conditions, with drought and rising tempera-
tures becoming the norm in recent decades. Both low
and high temperatures negatively impact the plant
growth and development, resulting in yields below
the actual productive potential of the given crop. The
data in Figure 2 show that at temperatures up to +18°C,
plants grow very slowly, while temperatures around
+22°C enhance plant development. However, the ide-
al temperatures for most plants range between +22°C
and +28°C. Temperatures of +28°C to +30°C reduce re-
productive capacity, and at temperatures above +30°C,
induced male sterility is observed (Fig. 2).

>30°C Code Red - induced Male Sterility
Code orange - temperatures
28 increase - reproductive capacity

decreases

—4— Ideal-code green - most plants
develop normally, will flower and
22 bear fruit on time

Code yellow - plants develop slowly
18

Plants grow very slowly

Figure 2. Influence of temperatures
of the Republic of Moldova
Source: Climate change knowledge portal (n.d.)

Agriculture is the sector of the Moldovan econo-
my most susceptible to climate change because of its
strong dependence on weather conditions. One of the
primary causes of erratic harvests and a natural risk to
Moldovan agriculture is climate volatility. Climate con-
ditions have a significant impact on agricultural pro-
duction. In many parts of Europe, agricultural yields and
livestock output are already being impacted by changes
in the average temperature and precipitation, as well as
weather and climatic extremes. According to research
dating back to 1850, the temperature of the Earth and
oceans has risen by an average of 0.06°C per decade,
with the warming rate tripling since 1982 to approxi-
mately 0.20°C per decade (NOA, 2023; Yuan et al., 2024).
As L. Kumar et al. (2022) reported, climate change is an
ongoing process, with spatially varying impacts. Agri-
food production could be significantly impacted by pro-
jected climate change, either directly through altered
temperature and precipitation patterns or indirectly
through the effects of invasive plants, pests, and dis-
eases, as well as by coastal flooding, soil salinisation,
and invasive plant infestations.
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AEZ (Fig. 3). In contrast, a slight increase in spring pre-
cipitation is expected: from 3.5 to 5.7% in the northern
AEZ and from 1.0 to 4.8% in the central AEZ, compared
to the reference period of 1995-2014.

Projections indicate that the agro-ecological zones
(AEZs) of the Republic of Moldova will experience a
moderate decrease in winter precipitation, ranging
from-2.1% in the northern AEZ to-3.8% in the southern

32°C 72 mm

60 mm

48 mm

Average Minimum Surface Air Temperature
 —o- Average Mean Surface Air Temperature
. - Average Maximum Surface Air
@ Temperature Precipitation

eydiosid

36 mm

Temperature
it

uol.
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Figure 3. Climate Projections for Agro-Ecological Zones of the Republic of Moldova
Source: Climate change knowledge portal (n.d.)

generally unfavourable for the development of major-
agricultural crop yields due to high temperatures and
a lack of rainfall. This trend has been observed con-

By the end of the 21 century, winters in the Re-
public of Moldova are projected to become wetter. The
largest increase in winter precipitation, according to

the SSP5 - 8.5 scenario, is expected to reach 13.3%
in the northern region, while the southern region will
experience the lowest increase, at 2.4%, by the year
2100. Throughout much of the year, a significant pre-
cipitation deficit was recorded across the territory of
the Republic of Moldova. Agro-meteorological condi-
tions during most of the 2021 growing season were

sistently across all three geographical zones - North,
Centre, and South (Table 1).

According to the geographical region of the coun-
try, the amount of precipitation (Table 2) was distrib-
uted as follows: North: 402-614 mm (60-85% of the
norm), Centre: 430-666 mm (60-90% of the norm),
South: 352-490 mm (55-75% of the norm).

Table 1. Average air temperature by year depending on the geographical zone, °C

Geographical zone Years On average over 4 years
2020 2021 2022 2023
North 10.7 8.9 10.1 11.0 10.2
Centre 12.7 10.6 11.7 12.7 11.9
South 13.1 114 12.5 13.3 12.6
Average per country 12.17+£0.74 10.30+0.74 11.43+0.71 12.33£0.69 11.6 *0.73
Source: National Bureau of Statistics of the Republic of Moldova (n.d.)
Table 2. The Amount of precipitation per year, mm
Geographical zone Years
2020 2021 2022 2023
North 614 605 402 458
Centre 562 666 444 430
South 460 490 352 389
Average per country 545.33+45,23 587.33+51.59 399.33+26.59 425.67 £20.04

Source: National Bureau of Statistics of the Republic of Moldova (n.d.)

This distribution demonstrates the variability in
precipitation across Moldova’s regions, with the south-
ern part receiving the least amount, which is a critical

factor in the context of drought and agricultural produc-
tivity. At the same time, agricultural lands have low re-
silience to the increasing incidence of extreme weather
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conditions. The country faces several environmental is-
sues, such as landslides, soil erosion, deforestation, the
spread of pests and diseases, and the invasion of plants
and animals into agricultural lands, among others.
The growth of forage crops under high temperatures,
drought, or floods can induce stress responses in green
plants, potentially affecting not only their yield but also
their composition and, consequently, their nutritional
value for ruminants. For example, studies have shown
that forage quality declines with rising temperatures.
Therefore, to ensure future livestock productivity, the
forage crop sector must consider environmental effects
on both crop yields and quality parameters (Hart et
al., 2022). More efficient use of resources means more
products and other ecosystem services are produced
per unit of resource input when livestock systems are
intensified sustainably (Dubeux et al., 2024).

Climate change may lead to the deterioration of cer-
tain ecosystems in some parts of the country, with many
species exhibiting reduced reproductive capacity and

increased susceptibility to other factors. To mitigate the
effects of drought in agriculture, irrigation is employed
(irrigated land - 3,110 km?), drought-resistant plant spe-
cies are cultivated, and various agronomic systems are
implemented to reduce water loss from the soil. Drought
years with high temperatures recur approximately every
2-3 years in Moldova. According to statistical data re-
garding the sown area for root crops intended for feed,
the most unproductive year was 2022, with an average
area of 5.67 hectares across the three geographical
zones. The situation improved in 2023, reaching an aver-
age sown area of 9.33 hectares, largely due to increased
precipitation levels in 2023, which averaged 425.67 mm
compared to 399.33 mm in 2022 nationwide. Table 3 in-
dicates that the Southern region had the smallest sown
area for corn, ranging from 520 to 1,499 hectares over
the past four years, compared to the Northern region,
which had sown areas of 1466 to 2,599 hectares, and the
Central region, which ranged from 1,999 to 4,191 hec-
tares (National Bureau of Statistics..., n.d.).

Table 3. The area sown with agricultural crops in agricultural enterprises and farmer households by years

Root crops for fodder

Geographical zone

2020 2021 2022
North 2 2 7
Centre 19 33 10
South 152 80 -

57.67 38.33 5.67

Average per country £ 474 £926 29

Corn for silage, green mass and haylage

Years
2023 2020 2021 2022 2023
12 2,599 1,466 2,153 1,570
11 4191 1,999 2,412 2,705
5 1,499 520 1,122 575
9.33 2,763.00 1,328.33 1,895.66 1,616.66
21 +781.4 £4329 +3939 +615.3

Source: National Bureau of Statistics of the Republic of Moldova (n.d.)

On average, the area of land sown with corn for si-
lage, green mass, and hay has decreased compared to
2020, with reductions of 51.9, 31.4, and 41.5% in the
years 2021, 2022, and 2023, respectively. Due to high
temperatures in the Southern geographical zone, with
an average of +12.6° cover the four reference years,
the yield of root crops for feed was severely compro-
mised, resulting in a productivity of only 66.3 quintals
in 2021. This occurred despite higher precipitation
(490 mm) and lower average temperature (11.4°C) in
the Southern zone compared to other years. A similar

Root crops for fodder
Geographical zone

2021 2022
North 60.0 292.5 30.0
Centre 70.0 21.7 41.7
South - 66.3 -
43.33 126.89 23.90
Average per country +918 +838 +124

Table 4. Average harvest of agricultural crops in agricultural enterprises and farmer households by year, g/ha

trend was observed in this zone for corn yields for
silage, green mass, and hay, which averaged 366.1
quintals per hectare. The least productive years for
yields per hectare were 2020 and 2022, indicating a
nationwide average productivity of root crops of 43.33
and 23.90 quintals per hectare,and 107.07 and 109.80
quintals per hectare for corn for silage, green mass,
and hay. This decline was attributed to higher aver-
age temperatures (+12.17°Cin 2020 and +11.43°C in
2022) and lower precipitation levels (545.33 mm and
399.33 mm, respectively) (Table 4).

Corn for silage, green mass and haylage

2020 2021 2022 2023
255 103.9 281.0 109.2 220.7
114.2 100.6 278.8 117.5 171.7
116.7 366.1 102.7 172.3
46.56 107.07 308.63 109.80 188.23
+39.6 £49 +28.7 £42 +16.2

Source: National Bureau of Statistics of the Republic of Moldova (n.d.)
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Regarding the sown area for feed crops, the Cen-
tral region prioritised with an area of 4,342 to 5,743
hectares, which is 22.0 and 92.3% more than the North
and South regions in 2020; 19.3 and 59.6% more
in 2021; 5.4 and 45.5% more in 2022; and 41.7 and
91.7% more compared to the North and South regions

Forage crops

Geographical
zone

2020

North 4,706 3,644 4,129 3376 350
Centre 5,743 4342 4351 4785 204
South 2986 2,721 2,990 2,496 186

+ o) + + ~ + N H

Average per 5 3 § o Nﬁ t E 3 3 i
country 58 28¥ ¥ 18 ¢gw
< o H o H ~ ~H

Table 5. The area sown on agricultural crops at agricultural enterprises and farmer households, ha

in subsequent years. Annual grasses are primarily cul-
tivated in the North, with areas ranging from 241 to
421 hectares, which is 71.6 and 88.2% more compared
to the Central and South regions in 2020; 46.9% more
in 2021; 29.1 and 54.9% more in 2022; and 39.8 and
117.0% more in 2023 (Table 5).

Annual herbs Perennial herbs

Years

2021 2022 2023 2021

241 319 421 1,701 1,755 1,599 1,441

258 247 301 1,317 1957 1,464 1454

164 206 194 1,147 1,464 1,638 1,702
H + +

e 4 oAag B8 188 37 ns

S M M A ) e N Y

o~ " s} T aliNe} 00 5 N O N N OO

QH A Q MY ~ e i H

~— i ~ ~—

Source: National Bureau of Statistics of the Republic of Moldova (n.d.)

However, the area sown with perennial grasses in
the North has been declining over the monitored years,
with a decrease of 15.3% in 2023 compared to the pre-
vious year. In 2020, the Southern region experienced a
notable increase in the areas cultivated with perennial
grasses, showing a rise of 48.4% in 2023 compared to
2020. The analysis of the presented data demonstrates
a clear trend of declining forage crop cultivation across
the Republic of Moldova, decreasing from an average
of 4,478.33 hectares in 2020 to 3,552.33 hectares in
2023. The area under perennial grasses declined from
1,725.33 hectares to 1,532.33 hectares, whereas the
area planted with annual grasses increased from 221
hectares to 305.33 hectares. The livestock sector will be
impacted by the changing climate, but more indirectly.
Lower humidity and higher temperatures will directly
increase physiological stress and most likely have an
impact on animal growth. Weather-related effects on
fodder plants and grazing areas will be the indirect ef-
fect. Given their higher heat tolerance and capacity to
survive on more drought-tolerant feed, it is probable
that the population of goats and donkeys in the southern

portion of the country will rise while that of cattle
will decline. However, the northern part of the coun-
try can provide better development conditions for the
animal’s subsector (Agriculture and horticulture, n.d.).
The increased temperature conditions, low precipi-
tation, and declining areas cultivated with forage plants
have also led to a reduction in livestock numbers, includ-
ing cattle and pigs. Both regionally and nationally, the
number of beef cattle has noticeably decreased. In the
North, the count dropped from 59,785 head in 2020 to
48,613 head in 2023; in the Central region, from 41.208
to 36.285 head; and in the South, from 16.367 to 12.013
head. A similar trend is observed in the number of dairy
cows, with reductions of 16.7% in the North, 22.9% in
the Central region, and 24.9% in the South in 2023 com-
pared to 2020. The number of pigs has also decreased
across all geographical regions of the Republic of Moldo-
va over the past four years, with a notable decline in the
North, where the livestock count dropped by 18.85% in
2023 compared to 2020. In the South, the pig population
decreased by 12.18% up to 2022 but showed a slight
increase of 2.9% in 2023 compared to 2020 (Table 6).

Table 6. Livestock dynamics in farm of all categories, heads

Specification Years

Geographical zone

Average per country

North Centre South

2020 59,785 41,208 16,367 39,120.00+12,577.10
Cattle for meat 2021 53,487 36,059 13,671 34,405.66%11,523.57
2022 50,705 34,992 12,671 32,789.66%11,034.83
2023 48,613 36,285 12,013 32,303.66+10,751.40
2020 42,817 23,180 11,842 95,279.66%68,535.97

2021 38,586 19,778 9,937 22,767.00£8,404.20

Dairy cows 2022 36,803 19,399 9,022 21,741.33%£8,104.74
2023 35,671 17,869 8,892 20,810.66+7,869.11

Ukrainian Black Sea Region Agrarian Science, 29(3), 48-58
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Table 6, Continued

Geographical zone

Specification

Average per country

Centre

2020 82,079 261,365 41,459 128,301.00£67,557.42
Pigs 2021 75,177 212,986 39,238 109,132.00+52,952.98
2022 69,617 233,030 39,169 112,605.33+61,027.97
2023 66,599 219,521 42,651 109,590%55,398.37
2020 158,260 164,029 223,332 181,873.66+20,795.96
2021 147,865 146,599 203,005 165,823.00+18,594.59
Sheep and goats
2022 136,407 139,250 194,018 156,558.33+18,747.80
2023 141,018 139,385 185,854 155,419.00+15,224.80

Source: National Bureau of Statistics of the Republic of Moldova (n.d.)

On average, the number of sheep and goats has
significantly decreased, showing declines of 8.8, 13.9,
and 14.5% in 2021, 2022, and 2023, respectively, com-
pared to 2020. Regionally, the largest decrease in the
sheep and goat population occurred in the South, with
a reduction of 16.8% in 2023; the Central region ex-
perienced a drop of 15.1% in 2022; and the North saw
a decline of 13.8% in 2022, all compared to the ref-
erence year of 2020. After analysing the production of
live weight meat, the Central region has the highest

W 303,418.67
B 84,447

N 66,225

2023

759,584

325,030.33

2022

Bl /3,187
]

837,657

294,341

2021

Bl 59303

755,896
N 67,824

310,826.67
Bl 58,943

| 57,616
m Average per country B South M Centre ™ North

2020

815,921

Figure 4. Live meat production
Source: National Bureau of Statistics of the Republic of
Moldova (n.d.)

The Northern region leads in this ranking, with
cow’s milk productivity rising from 112,863 quintals in
2020 to 185,343 quintals in 2023, representing a 64.2%
increase compared to the reference year 2020. Notably,
there has also been a significant increase in milk pro-
duction in the Central region, with a rise of 129.2%, and
in the Southern region, with an 88.9% increase in 2023
compared to 2020. The wool production in physical
mass varies annually across the Republic of Moldova,

Ukrainian Black Sea Region Agrarian Science, 29(3), 48-58

level of this indicator, ranging from 815,921 to 759,584
quintals, with a decrease of 6.9% in 2023 compared to
2020. In contrast, the Northern region recorded an in-
crease of 14.9% in live weight production, while the
Southern region saw a significant increase of 43.3% in
2023 compared to 2020 (Fig. 4). The production of cow’s
milk in the Republic of Moldova has increased signifi-
cantly, from an average of 60,967.67 quintals in 2020 to
113,889 quintals in 2023, marking an overall increase
of 86.8% (Fig. 5).

N
S I 113,889
N 19,734
343
N 1 04,080.6 7
Q 16,629
125,673

169,940
— [ 17,792.33
NIl 10,841
~ 91,415

131,121
60,967.67
QM 10,446
S I 59,594
112,863

= Average per country HSouth M Centre m North

Figure 5. Cow milk production
Source: National Bureau of Statistics of the Republic of
Moldova (n.d.)

with an average of 56.33 quintals in 2022 and a de-
cline to 45.67 quintals in 2023. The Southern region is
considered the leading area for wool production, with
a yield ranging from 127 to 103 quintals, marking an
18.9% decrease in 2023 compared to 2020. In contrast,
both the Northern and Central regions experienced in-
creases in wool productivity up to 2022, followed by a
sharp decline in 2023, showing decreases of 14.3% and
47.3%, respectively, compared to 2020 (Table 7).



Caisin et al.

Table 7. Wool production (in physical mass) at agricultural enterprises and farmer households, q

Geographical zone Years
2020 2021 2022 2023
North 7 7 26 6
Centre 19 23 32 28
South 127 118 111 103
Average per country 51.00+38.16 49.33+39.64 56.33+27.39 45.67%29.36

Source: National Bureau of Statistics of the Republic of Moldova (n.d.)

Animal production based on grain crops may be
less sensitive to climate change compared to rumi-
nants that rely on conserved forage (hay and silage)
and grazing (Orosz & Balogh, 2023; Tothi et al., 2024).
For cereal plants, which produce concentrated feed for
animals, low temperatures reduce yields per unit area,
or plants may fail to mature. High temperatures during
the grain-filling stage led to deformed grains, reduc-
ing both yield and nutritional quality. Temperature and
precipitation changes, as well as extreme weather and
climatic conditions, already impact crop productivity
and livestock production in Europe. In some regions
of southern Europe, this may lead to the abandonment
of agricultural lands affected by climate stress. Weath-
er and climatic conditions also affect water resources
needed for irrigation, animal watering practices, agri-
cultural product processing, and transportation and
storage conditions.

C. Ringler et al. (2022), reports that access to suf-
ficient, clean fresh water is essential for all life. This
is particularly concerning as climate change will in-
creasingly affect all aspects of food systems. Long-
term consequences of climate change, mostly caused
by human activity, pose a major threat to ecosystems,
communities, and biodiversity. Research shows that
there is frequently a nonlinear and region-specific link
between precipitation and agricultural yields. (Ma-
hadevan et al., 2024). According to L.E. Sollenberger &
M.M. Kohmann (2024) incorporating forage legumes
into pastures is a recommended strategy for mitigat-
ing climate change, though the desired benefits from
legumes depend on their resilience when exposed
to climate change factors. To address the challenges
posed by climate change and its multidimensional in-
teractions, comprehensive strategies must be adopted.
Smart agricultural management practices, water-ef-
ficient irrigation systems, encouraging climate-resil-
ient crop varieties, enhancing soil conservation and
enhancement strategies, putting into practice creative
and sustainable fertiliser production plans, and work-
able water reuse and recycling solutions are a few ex-
amples (Wang et al., 2018; Ahmad et al., 2024).

R.Murabildayeva, et al. (2024) comes to the conclu-
sion that the following suggested agricultural adapta-
tion strategies and actions can be prioritised at the local

and regional levels: management of crop varieties and
land use change and innovative breeding techniques;
management of water and soil, including agronom-
ic practices; and training and knowledge transfer for
farmers through research and development, including
the creation of early warning systems. Given the threat
of climate change and the anticipated effects on forage
production in the future, it is also advised to continue
research and extension on best practices to enhance
livestock production using high-quality and high-yield-
ing conserved forages that are adapted to the agroe-
cological conditions of the particular regions (Tulu et
al.,2023).According to A. Maher et al. (2025), grasslands
worldwide also face management issues brought on by
both new and existing stressors, such as increased fire
frequency and intensity, woody species expansion, an-
nual grass invasion, recurrent grazing during the grow-
ing season, and climate change.

Although livestock systems based on grain crops
show relatively greater resilience to climate variabil-
ity, the forage- and pasture-dependent ruminant sec-
tor remains particularly vulnerable to the multifaceted
impacts of climate change. The ongoing shifts in tem-
perature, precipitation patterns, and water availability
are already altering the agricultural landscape across
Europe, including Moldova, with tangible consequenc-
es for crop productivity, forage quality, and animal per-
formance. As climate extremes become more frequent,
there is an urgent need to prioritise adaptive responses
at both policy and farm levels. This includes the pro-
motion of integrated crop-livestock systems, the devel-
opment and dissemination of climate-resilient forage
species,and the implementation of water- and soil-sav-
ing innovations. Only through coordinated action - en-
compassing research, technological innovation, farmer
education, and region-specific strategies - can we en-
sure the long-term sustainability of livestock produc-
tion and safeguard food security in the face of an in-
creasingly unstable climate.

CONCLUSIONS
The conducted research confirms that climate change
has a significant and growing impact on the forage
base in the Republic of Moldova. Increasing tempera-
tures, prolonged droughts, and irregular precipitation
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patterns have created unfavourable conditions for the
cultivation and productivity of forage crops. The analy-
sis of long-term data revealed a steady decline in both
the total sown areas and the average yields of key for-
age species. These negative trends have led to a reduc-
tion in the volume and nutritional value of feed resourc-
es available for animal husbandry. As a consequence
of the diminishing forage base, livestock production in
Moldova has experienced a gradual downturn. Reduced
availability of quality feed has limited the growth po-
tential of ruminant and monogastric species alike, re-
sulting in declining livestock populations. This, in turn,
has led to a decrease in the output of animal-origin
products such as milk, meat, and eggs. The reduction in
these essential food commodities not only undermines
the economic sustainability of the agricultural sector
but also weakened the country’s overall food security
and negatively affects the livelihoods of rural commu-
nities that depend on livestock production.

The study highlighted the need for a fundamental
shift toward more resilient and adaptive agricultural
practices. In particular, there is a strong case for ex-
panding the diversity of forage crops, adopting more
efficient water management systems, and introducing
technologies that enhance soil fertility and moisture
retention. Equally important is the implementation of
region-specific adaptation strategies that reflect the

particular vulnerabilities and ecological conditions
of Moldova’s agro-climatic zones. In future research,
it is planned to assess the potential of alternative
and underutilised forage crops better adapted to arid
conditions. Additionally, further studies will focus on
evaluating the economic feasibility of innovative irri-
gation systems and forage conservation technologies.
Particular attention will be given to the development
of predictive models that integrate climate data to
optimise forage crop planning and improve the resil-
ience of livestock feeding systems under various cli-
mate scenarios.
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AHoTauif. 3MiHa KliMaTy BU3HaHa 3pOCTakyOI0 3arpo30t0 A9 PO3BUTKY NIIOACTBA Ta CTANOr0 iCHYBAHHS MPUPOLHUX
€KOCUCTEM, WO MA€E 0COBNMBO CEpPMO3HI HAcNiAKM ANS CibCbKOro rocnoAapcTBa — OCHOBM iICHYBAHHS CiNlbCbKUX
rpoMap. MobanbHi CiNbCbKOrocnofapcbKi CUCTEMUM 3a3HANMU PYMHIBHOIO BNAMBY Yepes MifBULLEHHS TeMMepaTypu
Ha nnaHeTi, 36inbweHHa piBHa CO, B aTMocdepi Ta 3pOCTaHHA YaCTOTM EKCTPEMASIbHUX MOTOAHMX SBMLL, TaKMUX
SK noBeHi Ta nocyxu. Y Pecnybniui MongoBa Ui 3MiHM cTBOpMAKM BCe Binblui BUKAMKKU AN CEKTOPY KOPMIB, SKUM
BiZirpaBaB BaXXIMBY poJib Y MiATPUML NPOAYKTUBHOCTI TBAPMHHMLTBA Ta 3abe3MneyYeHHi HauioHanbHOI MpoA0BObYOT
6e3nekun. Y 0oOCNiAXKEHHI OLiHIOBaNM BM/MB 3MiHM KNiMaTy Ha BUMPOLLYBaHHS KOPMOBMX KYNbTyp, 30CepeanBLINCD
KOHKPETHO Ha TOMY, SIK KOJIMBAHHS TeMnepaTypu Ta KiNbKOCTi ONaAiB BNMBAaNM Ha BPOXAWHICTb BioMacK, MOXUBHY
LiHHICTb Ta NPOAYKTMBHICTb TBapuMHHMLUTBA. byno 3acTtocoBaHO MynbTUAMCUMMMIHAPHMIA NiAXid, WO BK/OYaB
aHani3 [oBrocTpokoBMx KhiMatonoriyHmx pgaHux (1970-2020), ornaa HaykoBOi niTepaTypu Ta Yy3aralbHEHHS
eKCNepuUMEeHTaNIbHUX AaHUX, NOB'A3aHMX 3 Pi3i0N0ri€ pOCAUH Ta CKAAOM KOPMiB B YMOBax abioTMYHOro cTpecy.
Pe3ynbTaT NokasykTb NOCTiMHE NiABULLEHHS CEpefHiX TeMMNepaTyp Ta 3HA4YHY HEPErynapHiCTb CE30HHMX ONagiB,
WO MNpM3BOAMUTb 4O 3HWXKEHHS BPOXAMHOCTI KOPMOBMX KynbTyp Ha 15-30 % y poku eKcTpeManbHOi MocyxMu.
MigBULEHi TeMnepaTypu NPUCKOPUAM A,03PiBAHHS POC/IWH, afe 3MEHLUMIM CMiBBIAHOLWEHHS IMCTS A0 cTebna, wo
NPU3BENO A0 3HMXEHHS BMIcTy cuporo 6inka (Ha 10-20 %) i 36inblieHHa KOHLEHTpaLii KNiTKOBMHK, 0CO6IMBO
NiTHIHY, WO HEeraTMBHO BM/JIMHYNO HA NepeTpaBHiCTb. Lli 3MiHM KopentoBanyu 3 NOMITHUM 3HUXKEHHAM CMOXMBAHHS
KOPMY XYWHUMK TBapuMHaMu i HagoiB Monoka Ha 12 % y nepioam Bucokoro crpecy. CykynHuUM edekToM CTano
3HMKEHHS eeKTMBHOCTI CMCTEM TBApUMHHMUUTBA, WO, B CBOK Yepry, BIJIMHYIO Ha NPUOYTKOBICTb GepM i CTiMKiCTb
NpoLoBO/IbMOro 3abe3neyeHHs. Pe3ynstati 4OCNiAXKEHHS MiAKPEeCIMAN HaranbHy NOTpeby B afanTUBHMX CTPATETIsX,
TaKMUX K CeneKuia MOCYXOCTIMKMX KOPMOBMUX KyNbTyp, BMPOBAJ)XEHHS BAOCKOHANEHUX METOAIB 3pOLIEHHS Ta
nepernaf HawioOHanbHOI CiNbCbKOroCNoAapcbkoi MnoniTMkW. JlocnimkeHHs NpPOMOHYE BaX/WMBI BUCHOBKM AN4
CiNbCbKOrOCNOAAPCbKMUX AOCNIAHUKIB, TBAPUHHUKIB Ta MONITUKIB, SKi MparHyTb po3pobuTH CTiMKi A0 KNiIMATUYHMX
3MiH CUCTEMM YNPaBAiHHA KOPMOBUMM KyJbTYpaMu Ta TBAPUHHULITBOM Y MonaoBi

KntouyoBi cnoBa: kniMaTUUHi yMOBM; KOPMOBI KyNbTYpK; reorpadivyHi panoHu; Bpoxan; NoBepxXHS; KiNbKiCTb ONaais
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Abstract. Ukraine has not conducted a comprehensive or systematic assessment of the effectiveness of
spatial land consolidation processes, and the institutional framework supporting agricultural land integration
remains limited. This study investigated the potential for rational land management through the application
of agricultural land consolidation, focusing on the Liutenska and Petrivsko Romenska territorial communities.
Geographic Information Systems (GIS) were employed to analyse spatial structure, land fragmentation, and
opportunities for land-use optimisation. The methodological approach included geospatial analysis, systems
analysis, graph-based generalisation, and normative-legal content analysis to evaluate fragmentation levels,
ownership patterns, and spatial inconsistencies. The study found that land consolidation contributed to a
reduction in land-use fragmentation, adjustments in land tenure structure, and improvements in the spatial
configuration of agricultural areas. The integration of GIS tools supported spatial data analysis, enhanced
transparency in decision-making processes, and facilitated the incorporation of ecological, economic, and
social considerations. Parcel reallocation through equivalent exchange and consolidation planning supported
more coordinated land cultivation, reduced transportation distances, and improved access to infrastructure.
The findings suggested that spatial, legal, and institutional instruments need to be applied in combination to
support land consolidation at the community level. These results can inform land management strategies for
local authorities, agricultural producers, and stakeholders involved in rural development, particularly within
the framework of ongoing land reform in Ukraine
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INTRODUCTION

The structure of agricultural land use in Ukraine re-
mains highly fragmented and spatially inefficient. His-
torical processes of land distribution, partial reforms,
and the long-standing moratorium on land sales have
resulted in irregular and disjointed land holdings. These
conditions impede the development of competitive
agricultural production and hinder sustainable rural
development. Land users often face limited access to
tools that would allow them to plan, optimise, or con-
solidate land holdings, while institutional and techni-
cal frameworks for spatial land integration remain un-
derdeveloped. In this context, Geographic Information
Systems (GIS) present an opportunity for improving the
spatial structure of land use, facilitating rational land
management, and supporting more coordinated land
reallocation processes at the local level.

Research by M. Malashevskyi & O. Malashevs-
ka (2022) focused on the modelling of land exchang-
es during the consolidation process. The authors de-
veloped a theoretical model for land plot reallocation
based on the concept of spatial combinations, which
provides the basis for optimising land parcel configu-
rations during consolidation. In their study, the authors
proposed a methodology for correcting land parcel
boundaries to support consolidation efforts. They em-
phasised the need for accurate mapping and synchro-
nisation with cadastral data, but did not address the
practical implementation of GIS.A.M.Tretiak et al. (2025)
analysed the consolidation of land shares (quotas) held
by private owners, emphasising the need for legal clari-
ty and a robust compensation mechanism to encourage
voluntary participation in consolidation projects. Their
findings suggest that transparent and legally secure
frameworks are essential for stakeholder engagement.
However, their research remains limited in terms of spa-
tial or geoinformation modelling. N. Stoiko & O. Chere-
chon (2024) explored multipurpose land consolidation
in the context of Ukrainian territorial communities. They
examined how land integration could be used not only
for agricultural optimisation but also to support envi-
ronmental protection and infrastructure development.
While their study offered a broad institutional perspec-
tive, it did not include spatial analysis or practical appli-
cations of GIS.A. Popov et al. (2020) introduced an alter-
native model to classical land consolidation, clustering
agricultural lands according to production types. Their
model was intended to improve the economic efficiency
of land use, but the research did not include geoinfor-
mation technologies, and no case studies were provided
to demonstrate practical outcomes.

J. Thomas (2023) provided a comprehensive hand-
book on rural land readjustment and consolidation in
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Germany, commissioned by the Federal Ministry of Food
and Agriculture. The publication outlined institutional,
legal, and organisational frameworks that have enabled
the longterm success of consolidation programmes, with
particular emphasis on compensation mechanisms, vol-
untary participation, and integration with rural devel-
opment policies. The German experience demonstrates
how consolidation can be embedded within a broader
territorial development strategy, offering valuable in-
sights for countries seeking to modernise their land
management systems. P. Len et al. (2024) introduced a
novel method for determining the urgency of land con-
solidation, which incorporates market value alongside
traditional spatial and legal indicators. Their approach
allows for a more nuanced prioritisation of areas requir-
ing intervention, ensuring that consolidation not only
addresses fragmentation but also reflects economic effi-
ciency and land market dynamics. The study demonstrat-
ed the potential of quantitative assessment methods to
improve the planning and sequencing of consolidation
projects, thereby enhancing their practical implementa-
tion. M. Bijandi et al. (2021) employed multi-objective
particle swarm optimisation in their study on land con-
solidation. They incorporated landowner preferences
and legal restrictions into their reallocation models, of-
fering a rigorous quantitative and technical approach.
However, the applicability of their model to Ukrainian
conditions remains uncertain due to differing institu-
tional structures. Y. Wei et al. (2020) utilised GIS tools
to assess land suitability for agricultural development
based on environmental criteria. The study demonstrat-
ed the effectiveness of integrating spatial data into
land-use planning but did not address cadastral or legal
data, which are essential for formal land consolidation
processes. S.P. Tunali & N. Dagdelen (2023) compared
different land consolidation approaches in Turkey, con-
cluding that mixed methods - combining legal, partici-
patory, and spatial tools — were the most effective. Their
methodology included spatial simulations and field val-
idation, demonstrating the practical application of GIS
in land reform. These findings may be relevant to the
Ukrainian context, though institutional differences must
be taken into account.

Despite these contributions, several critical aspects
remain insufficiently explored. Few studies demonstrate
how GIS tools are applied in real-life consolidation pro-
jects in Ukraine. Most studies focus on legal or theoret-
ical frameworks without presenting empirical findings
or spatial models. Additionally, there is limited research
integrating cadastral, legal, and geospatial datasets for
community-level consolidation planning. The practical
role of land users, local institutions, and digital tools



in land optimisation remains underrepresented in the
literature. This study aimed to examine the potential
for effective land management through the implemen-
tation of land consolidation in agricultural regions, us-
ing the Liutenska and Petrivsko-Romenska territorial
communities as case studies. GIS technologies were
applied to analyse the spatial structure, fragmentation,
and land reallocation potential, with a focus on practi-
cal modelling and communitylevel integration.

MATERIALS AND METHODS

The research employed a multidisciplinary methodo-
logical framework to examine opportunities for rational
land use through agricultural land consolidation, based
on the case of the Liutenska and Petrivsko-Romenska
rural territorial communities in the Myrhorod District,
Poltava Region (Fig. 1). The approach integrated spatial,
legal, and empirical methods to ensure analytical con-
sistency and practical relevance.

©
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Figure 1. Schematic map of the Liutenska
and Petrivsko-Romenska communities,
Myrhorod District, Poltava Region
Source: created by the authors using OSM map and QGIS

The initial stage of the study involved a struc-
tural assessment of the land fund of the Liutenska
and Petrivsko-Romenska communities, which cover
37,351.8 and 20,970 hectares respectively, as of 1 Jan-
uary 2025. Official cadastral records, archival materials,
and land-use statistics were used to classify land by
type (agricultural, forest, water bodies, wetlands, etc.)
and by user category (households, enterprises, state in-
stitutions) (State Service of Ukraine..., n.d.). This clas-
sification allowed the identification of fragmentation
patterns, ownership types, and spatial inconsistencies
across village units. Geospatial analysis constituted the
core of the research methodology. GIS platforms, in-
cluding ArcGIS Engine and QGIS, were used to map the
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existing land parcel structure, overlay thematic layers,
and simulate alternative configurations for land con-
solidation. These simulations were conducted using
actual cadastral data sourced from the State Service of
Ukraine for Geodesy, Cartography and Cadastre (n.d.).
Key attributes such as parcel size, ownership form, land
designation, and soil quality were analysed to model
spatial optimisation scenarios. The resulting digital
maps provided a basis for visualising fragmentation
and designing reallocation strategies. The spatial anal-
ysis was supported by graph-based generalisation, a
method used to aggregate and simplify spatial data for
further processing. This enabled the identification of
consolidated land blocks based on proximity and func-
tional use, and the modelling of equivalent exchanges
between fragmented plots. These models were gen-
erated within the ArcGIS environment using custom
scripts designed to process topological relationships
among land parcels.

A legal and normative content analysis was con-
ducted in parallel to ensure that proposed consolida-
tion scenarios aligned with existing Ukrainian legis-
lation. The analysis covered the Land Code of Ukraine
(amended as of 7 February 2025) (Law of Ukraine
No. 2768-1ll, 2001), national land policy strategies
(Resolution of the Cabinet of Ministers of Ukraine
No. 695, 2020), and selected presidential (Decree of
the President of Ukraine No.722/2019,2019) and gov-
ernmental decrees (Law of Ukraine No. 552-1X, 2020).
Key legal parameters, including land ownership
rights, servitudes, and equivalence of compensation,
were reviewed and integrated into the consolidation
models (State Service of Ukraine..., n.d.). To examine
the actual application of GIS tools by land users, an
empirical component was incorporated. “Agrofirma
‘Dovzhenko™ LLC (2023), which manages around 85%
of agricultural land in the community, provided access
to its ArcGIS Engine-based land management system.
The system integrates data with the national cadas-
tre and supports boundary monitoring, sowing control,
and fertiliser application. Smaller enterprises such as
‘Agro-Kray” LLC (2025) and other farms used software,
including FEODAL, which allows for parcel tracking
and basic land monitoring. These cases demonstrated
the real-world integration of spatial data into agricul-
tural management.

Soil quality data were sourced from the Poltava
branch of the State Institution “Institute for Soil Pro-
tection of Ukraine” (n.d.). Indicators such as pH, humus
content, and available phosphorus, potassium, and
nitrogen were used to assess agricultural suitability
and potential for productivity improvement. These
data informed the selection of parcels for modelling
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consolidation alternatives. The research process fol-
lowed a structured sequence: collection and classifica-
tion of spatial and cadastral data; GIS-based mapping
and fragmentation analysis; scenario modelling for
parcel reallocation using spatial optimisation tech-
niques; normative-legal assessment of consolidation
procedures; empirical validation through case studies
of land users; and integration of soil quality data into
consolidation planning. The selected methods reflect
the need for a holistic perspective that combines tech-
nical, legal, and institutional dimensions of land con-
solidation. This methodological integration enabled
the development of consolidation models tailored to

Table 1. Distribution of land by villages in the Liutenska territorial community (as of 01.01.2025)

local conditions and supported by empirical data and
spatial analysis.

RESULTS AND DISCUSSION

As of 1 January 2025, the total land fund of the Li-
utenska territorial community was 37,351.8 hectares.
Agricultural land accounted for 22,947.2 ha (61.4%),
forest and forest-covered areas for 12,546.5 ha (33.6%),
open wetlands for 783.9 ha (2.0%), built-up land for
690.6 ha (1.8%), water bodies for 329 ha (0.8%), and
land without vegetation for 54.6 ha (0.1%) (Liutenska
Village Council, n.d.). A detailed classification by village
was conducted based on cadastral data (Table 1).

Forests
Village Totarl‘aarea, Agrilca l::ural fo?:si::\'/‘:r:e d Bl:;l:;iuP Wetlands wc(e)t'l)ae: ds Barren land Water bodies
areas
Sosnivka 5,559.2000 2,960.2412  2,411.5024  106.7564 11.0600 19.1000 5.2000 56.4000
Rapynka 6,571.3000  5,648.2592 554.3000 113.8408 14.5920 144.2000 3.3000 107.4000
Lypivka 4,871.200 4,186.5231 379.8500 132.7269 40.6348 106.3000 4.9000 60.9000
Liutenka 20,350.100 10,152.2059  9,200.8681 337.2260 14.3940 514.3000 41.2000 104.3000
Total 37,351.8  22,947.2294 12,546.5205 6,905.501  80,680.8 783.9000 54.6000 329

Source: compiled by the authors based on cadastral records

The four villages - Sosnivka, Rapynka, Lypivka, and Li-
utenka - exhibited varied land-use distributions. In each
case, agricultural land represented the dominant cate-
gory, although forest land was particularly extensive in
Rapynka and Liutenka (Fig. 2). The spatial structure was
visualised using GIS-based land maps, and fragmentation

patterns were analysed using overlay techniques and at-
tribute data queries (Fig. 3). The analysis revealed incon-
sistencies in parcel size and shape, frequent separation of
plots belonging to the same user, and limited access to
agricultural infrastructure. These spatial patterns contrib-
uted to lower efficiency of agricultural operations.

Land Distribution by Village

20,000 [
17,500 |
15,000 |
12,500 |
10,000 |
7,500 |
5,000
2,500

0

Land Area (ha)

Sosnivka

Rapynka

"Water bodies

" Barren land

" Open wetlands
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Villages

Figure 2. Distribution of land types by village
Source: created by the authors using ArcGIS Engine and QGlIS, based on cadastral data
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Figure 3. Land distribution by category in the Liutenska community
Source: created by the authors using ArcGIS Engine and QGIS

Soil quality analysis, based on data provided by the
Poltava branch of the State Institution “Institute for Soil
Protection of Ukraine” (n.d.), indicated that chernozem soils
dominate the area. These soils have an average pH of 6.5,
humus content of 3.08%, mobile potassium of 118.3 mg/
kg, hydrolysable nitrogen of 112.7 g/kg, and phosphorus
compounds of 117.1 mg/kg. These indicators confirm the
potential for improved productivity under consolidated

\(FEODAL | I

land use. The largest land user, ‘Agrofirma ‘Dovzhen-
ko™ LLC (2023), occupies around 85% of all agricultural
land in the community and uses ArcGIS Engine for land
parcel management. Smaller land users employ FEODAL
software (Fig. 4), which offers limited functionality but
supports basic monitoring and accounting tasks. The func-
tionality of these systems was validated through struc-
tured interviews and software interface documentation.

W FMs b Tmport

Area: 59407ha
Field_29.1

Figure 4. FEODAL software in the territory of the Liutenska Village Council

Source: created by the authors using FEODAL software

A significant share of the remaining land is man-
aged by the farms Mayak LLC and Promin Farmer’s En-
terprise (FE). The rest of the land in the village districts
and the community is held by small farming enterpris-
es: Lypky FE, Sirius-Agro FE, Berus FE, Velykoobukhivske
Agricultural Production and Processing Enterprise, and
Hnyda Sole Proprietorship. Some lands are cultivated
by individuals engaged in personal subsidiary farm-
ing. Addressing the problems in Ukraine’s agricultural
sector is linked to the completion of land reform, the
abolition of the moratorium on the purchase and sale
of agricultural land, the inclusion of land in economic
circulation, and the recognition of land capital on a par
with other means of production. This requires modern

approaches to land management. As of 1 July 2021, the
moratorium on the purchase and sale of agricultural
land was lifted (Law of Ukraine No. 552-IX, 2020). This
has contributed to strengthening and improving the fi-
nancial standing of agricultural enterprises, as well as
fostering effective ownership.

A fully functional land market is developing in
Ukraine. Private individuals who own agricultural land
plots have become sellers, but certain restrictions have
been established on their purchase and sale. The law
sets out restrictions for land plots owned by both in-
dividuals and legal entities. Land is considered in
connection with joint ownership and shares in statu-
tory capital, mutual investment funds, or legal entities
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whose participants are individuals. The abolition of
the moratorium does not apply to land plots owned by
state and communal authorities, nor to lands located in
temporarily occupied territories. A list of persons who
are not entitled to acquire land ownership has been es-
tablished: legal entities whose participant or ultimate
beneficial owner is a non-Ukrainian citizen; legal en-
tities for which agricultural land plots in state or joint
ownership are demarcated in kind; legal entities whose
participant or ultimate beneficial owner is a citizen of
a state recognised by Ukraine as an aggressor or oc-
cupier; legal entities belonging to terrorist organisa-
tions; legal entities to which special economic or other
restrictive measures (sanctions) have been applied in
accordance with the Law of Ukraine No. 552-1X (2020);
legal entities created under Ukrainian law but which
do not cooperate in combating the laundering of pro-
ceeds from crime; and legal entities controlled by in-
dividuals or legal entities registered in states included
on the Financial Action Task Force list (Law of Ukraine
No. 552-1X, 2020).

Ukraine is in the process of forming market rela-
tions to implement effective mechanisms for land inte-
gration,as well as considering the positive and negative
experiences of various countries in integrating agricul-
tural land under different land use models. This is cru-
cial at the current stage of developing market-based
land relations and in overcoming the fragmentation and
parcellation of agricultural lands resulting from land
share distribution and privatisation. Consolidation of
agricultural lands is the process of amalgamating plots
of land to address issues of irregular configuration, size,
structure, location, and boundaries, thereby improving
land use, increasing economic efficiency, and optimis-
ing production organisation (Lupenko et al., 2022).
Land consolidation aims to eliminate obstacles associ-
ated with land ownership and land use that negatively
affect agricultural organisation and the economics of
agro-industrial complexes. This process unites the land
of owners, farmers, and landholders, improves access
to infrastructure and resources, and promotes their ra-
tional use. Land consolidation is considered the primary
mechanism for rural land resource development, shaped
by administrative-command methods such as national-
isation and artificial cooperation in plot amalgamation.
At the core of the land consolidation procedure lies the
principle of equal compensation for the plots whose
boundaries are being demarcated. This principle stip-
ulates that upon completion of the consolidation pro-
cedure, each owner should receive an equivalent value
for their land plot or land use, matching the value of
the land plot or land use they held before consolida-
tion. During the land consolidation process, landowners

Ukrainian Black Sea Region Agrarian Science, 29(3), 59-70

receive compensation for the right of ownership or
use of the land being consolidated or redistributed.
The principle of equal compensation (equivalence)
ensures that landowners do not incur financial losses
after consolidation, and their rights to land resources
are protected in accordance with their previous value
and restored from the perspective of property rights
and economic relations after the land integration pro-
cedure. Participants should not be placed at a disad-
vantage compared with others.

According to FAO (2023), in addition to sublease
mechanisms, land consolidation is carried out either in
accordance with a land management project for consol-
idation or under contractual terms of land integration
and cooperation. The development of land manage-
ment projects for land integration and consolidation
may involve the following actions: transfer for use and
extension of lease agreements, sublease agreements,
and land servitudes, as well as the conclusion of such
agreements for a new term; consideration of legal re-
strictions and encumbrances, including property rights
and servitudes; prohibition of boundary changes; and
restrictions on the use of land plots located within ar-
rays of agricultural land. The community is authorised
to manage territorial community land, issue notices for
violations and administrative offences by individuals
and legal entities, and enforce compliance with land
and environmental legislation. Specialists from depart-
ments of land relations, communal property, and hous-
ing and communal services continuously monitor lease
agreements and supplementary agreements, ensuring
that enterprises and activities comply with statutory
requirements. However, only strategic management of
land development - through consolidation, integration,
and clustering - will ensure progress in the community’s
land management and bring about qualitative improve-
ments. GIS technologies are available for the manage-
ment and rational use of agricultural land, significant-
ly facilitating the work of agricultural enterprises.

The development of modern information technolo-
gies, particularly the integration of internet tools, geo-
information systems, organisational technologies, and
mobile communication, has significantly reduced the
perceived distance between remote locations, trans-
forming the planet into a “visible” entity and making
terrestrial objects and phenomena more “accessible”
Rapid communication and the ability to analyse spatial
information have become essential for many categories
of IT users. A wide range of online web mapping servic-
es and GIS portals (ArcGIS Online, QGIS Cloud, Goog-
le Earth, Google Maps, OpenStreetMap (OSM), NASA
Worldview, Sentinel Hub (EO Browser), Wikimapia, Bing
Maps, Here Maps, MapQuest, Leaflet, Mapbox, etc.) are



actively used not only in mobile navigation systems
and GPS devices but also in everyday life by telecom-
munication users. Today, GIS tools are widely applied
both to locate objects and phenomena on the Earth’s
surface and to analyse and select optimal routes across
terrain. The evolution of GIS technologies, driven by the
dynamic development of computer and internet tech-
nologies, is occurring at an extremely rapid pace, and
even the boldest forecasts continue to hold true. While
previously the development of such systems relied on a
regulatory framework, today their use often extends into
the online sphere, where, due to the lack of clear legal
norms, user self-organisation is increasingly common.

Crowdsourcing is of great interest as a form of in-
volving participants in the development of electronic
or interactive maps. Thanks to the latest advances in
cloud computing, GIS technologies are becoming ac-
cessible to an increasing number of users. GIS projects
combine maps, photographs, crowdsourced data, social
media resources, and other inputs. There is a shift from
a geographically broad approach (aimed at accumulat-
ing information about geographical objects) to an an-
alytically intensive approach, which involves expand-
ing tools for processing spatial data and developing
intelligent geoinformation systems. Digital knowledge
is promising for the development of organisational
technologies in agricultural land management. Large
structures are managed using systems such as Material
Requirements Planning (MRP), Manufacturing Resource
Planning (MRP 1), Enterprise Resource Planning (ERP),
Customer Relationship Management (CRM), Supply
Chain Management (SCM), and others. Decision Support
Systems (DSS) are also widely used within these frame-
works. However, the design features of such systems do
not always allow for the full utilisation of spatial in-
formation regarding the location or movement of large
numbers of resources. Management information often
contains spatial or geographical components that can-
not be ignored during operational data processing. The
development of information technologies has made it
possible to create GIS systems that enable the collec-
tion, storage, processing, access, visualisation, and dis-
semination of spatial data, and are capable of solving
a wide range of management tasks related to objects
with spatial references.

Land users in the Liutenska community widely
employ GIS software for agricultural land accounting.
For example, the agricultural enterprise ‘Agrofirma
‘Dovzhenko™ LLC (2023) uses ArcGIS Engine software,
which allows the management of a large volume of re-
lated data within a single software database. In prac-
tice, the software makes it possible to track the farm’s
land plots, determine their spatial location, synchronise
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data with the state land cadastre, monitor cultivation
boundaries, control sowing and harvesting, and apply
plant protection products - among many other func-
tions. The agricultural enterprise “Agro-Kray” LLC (2025)
also uses ArcGIS software based on GIS technologies.
The programme differs somewhat in its functional ca-
pabilities from ArcGIS Engine, but their core functions
remain identical. Enterprises with a smaller land bank
use FEODAL software. This programme offers more lim-
ited functionality but performs the main tasks of man-
aging land resources and monitoring cultivation. New
concepts for agricultural sector development should
ensure balanced agricultural production, adapted as
closely as possible to natural conditions. The imple-
mentation of these approaches requires measures for
analysing land resources and organising rational land
use in agricultural activity. It is necessary to transition
to an adaptive development model that takes into ac-
count the ecological, social, and economic aspects of
agricultural production. The organisation of the territo-
ry of agricultural enterprises plays a key role. The intro-
duction of ecologically sound approaches to the organ-
isation of territorial and land integration enhances land
productivity, mitigates land degradation, improves crop
yields, and ensures higher ecological and economic ef-
ficiency of production and economic activities.

Currently, four methodological approaches to the
territorial organisation of agricultural enterprises,
which take into consideration ecological and econom-
ic factors, require special attention: agroecological, ag-
rolandscape, adaptive-landscape, and ecological-eco-
nomic. The organisation of agriculture and agricultural
territories, their combination and coordination with the
natural elements of the agrolandscape, largely deter-
mine solutions to tasks concerned with effective and
ecologically balanced land and nature management in
the country’s agricultural sector. Ensuring the balanced
development of the agricultural sector is necessary for
adaptation to the prevailing natural conditions of the
territory and for adaptive landscape land management,
within which the territory of a specific agricultural
enterprise is implemented. In the course of organis-
ing the agricultural landscape of a territory, the land
fund, which has significant natural resource potential,
is transformed. During this process, a significant num-
ber of tasks related to the organisation of production
processes are addressed: an institutional production
system is organised, the economic direction of the
enterprise is determined in the context of production
sectors, the structure of sown areas of agricultural en-
terprises of various production types is outlined, a crop
rotation system is organised, and land management
design is performed.
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In addition to the land management works related
to the formation of land plots through their consoli-
dation, it is also necessary to include land redistribu-
tion measures, because consolidated territories may
contain land plots with different owners, different land
uses, and different designated purposes. Land consol-
idation involves reducing the number of landowners
and reducing the number of land plots. Amalgamation
to form land plots is possible only if the designated
purpose is preserved, but during land consolidation,
situations often arise in which the designated purpose
of a land plot changes. Even if the first four methods of
land demarcation (Law of Ukraine No. 2768-11l, 2001)
are used for land redistribution, such a procedure re-
quires the preparation of separate land management

documents (land management projects and/or tech-
nical documentation for land management) for each
individual case, which is a costly and lengthy process.
A comparative case study was conducted for Berezova
Luka Village (Petrivsko-Romenska community), where
spatial reorganisation was modelled through land par-
cel consolidation. The area was characterised by elon-
gated, narrow, and non-contiguous land plots, which
led to increased transport time and inefficient field
operation planning (Fig. 5).

Following spatial modelling based on equivalent
land value exchange, consolidated blocks were formed
to reduce fragmentation (Fig. 6). GIS analysis demon-
strated reductions in the number of parcels per user
and increased plot contiguity.

Figure 5. Plan of Berezova Luka (Petrivsko-Romenska community) before land consolidation
Source: created by the authors using an ArcGIS-based simulation

Figure 6. Plan of Berezova Luka (Petrivsko-Romenska community) after parcel reorganisation for one user
Source: created by the authors using an ArcGIS-based simulation

The application of GIS tools enabled precise meas-
urement of changes in parcel boundaries, verification
of ownership continuity, and assessment of potential
impacts on agricultural accessibility. These results
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support the operational feasibility of consolidation un-
der the current legislative framework. In summary, this
research constituted a scientific inquiry into methods
and approaches for rational land management through



land consolidation, examined ways to improve spatial
consolidation, and defined land use structures through
legal and land management mechanisms.

The simulated reorganisation in Berezova Luka
further confirmed that consolidating disjointed parcels
into contiguous blocks can significantly improve the
efficiency of agricultural operations. The presented re-
search aligns closely with recent investigations explor-
ing the technical and practical benefits of land consoli-
dation. For instance, the study of Z.Zhang et al. (2025) in
the hilly and mountainous regions of China reinforces
these findings by demonstrating that arable land con-
solidation is crucial for mitigating land fragmentation,
particularly in facilitating the use of modern agricultur-
al machinery. The elongated and narrow plots observed
in Berezova Luka before the simulated reorganisation
present precisely the kind of spatial inefficiency that
hinders mechanisation. GIS-based modelling, which re-
sulted in more compact and accessible land blocks, pro-
vides a practical validation of these principles. Similar-
ly, the research by Y.Yang & T.Cao (2023), which utilised
GIS for the optimal zoning of agricultural land, corrobo-
rates this methodological approach. Their focus on us-
ing geoinformation technologies to optimise regional
land use mirrors the application of ArcGIS Engine and
QGIS in this study for analysing land categories, soil
quality, and ownership patterns to design effective con-
solidation scenarios. This parallel underscores that GIS
is not merely a mapping tool but a critical analytical
system for strategic land management, a conclusion
strongly supported by the findings of this study.

The central role of digital technologies in contem-
porary land management, as highlighted in this study
through the use of software such as ArcGIS Engine
and FEODAL by local enterprises, is further elaborat-
ed by A. Koshel & D. Koshel (2024). Their analysis of
modern digital tools in land resource management
systems affirmed that the integration of spatial data
is fundamental to improving administrative efficiency
and production outcomes. The case study of “Agrofirma
‘Dovzhenko™ LLC, which leverages its GIS to synchro-
nise with the state cadastre and manage cultivation,
serves as a concrete example of the advanced appli-
cation described by these authors. However, the use of
less functional software, such as FEODAL, by smaller
farms indicates a digital divide that could hinder the
universal adoption of sophisticated consolidation prac-
tices, highlighting a need for scalable solutions.

While the technical benefits are clear, the successful
implementation of land consolidation is fundamentally
dependent on a robust legal and institutional frame-
work. The conclusion that spatial, legal, and institution-
al instruments must be applied in concert finds strong
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support in Ukrainian legal scholarship. B. Derevyanko
& 0. Turkot (2024) explored the benefits and contra-
dictions of current legislative drafting for land consol-
idation in Ukraine, pointing to the legal complexities
that must be navigated. This study complemented their
legal analysis by providing an empirical case of how
these laws could be applied at the community level,
emphasising the principle of equivalent compensation
as a cornerstone for ensuring fairness and landown-
er participation. This principle is also a central tenet
in broader European practice, as outlined in the FAO
legal guide by T. VerSinskas et al. (2023). Their guide,
based on regulatory practices across Europe, advocat-
ed legal frameworks that are flexible and participatory,
aligning with the findings of this study on the need to
integrate stakeholder interests. A comparison with the
established land management system in Germany, as
described by U.E. Chigbu et al. (2023), also shows that
although the historical and legal context may differ, the
main goal remains the creation of economically viable
and environmentally sustainable land structures.

The broader socio-economic implications of the
findings are reinforced by research from other post-So-
viet nations. J. Looga et al. (2023) framed land consol-
idation in Estonia as an innovation policy instrument
capable of stimulating rural economies, particularly for
small agricultural farms. This perspective aligns with
the conclusion that consolidation is a primary mecha-
nism for rural development, capable of improving ag-
ricultural productivity and, by extension, the financial
standing of agricultural enterprises. Furthermore, the
study by W. Krupowicz et al. (2020) on implementing
crowdsourcing initiatives in land consolidation proce-
dures in Poland introduced an innovative participatory
dimension. While the study focused on data from of-
ficial cadastres and enterprises, the Polish experience
suggests that engaging a wider community through
crowdsourcing could enhance the accuracy of spatial
data and foster greater transparency and public trust
in the consolidation process, a key element highlighted
in this research. The connection between rational land
tenure and economic health was also underscored by
N. Kantsedal & O. Leha (2022), who identified institu-
tional stability as a prerequisite for the investment at-
tractiveness of Ukraine’s agricultural sector. By creating
more orderly and efficient land holdings, the consolida-
tion measures demonstrated in this study directly con-
tribute to building this stability and making agricultural
land a more secure and profitable asset.

Ultimately, the approaches and outcomes detailed
in this research are in harmony with globally recog-
nised best practices. The FAO (2023) generic master’s
course curriculum on land consolidation promotes an
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integrated approach that combines technical skills in
spatial planning with a deep understanding of legal
frameworks, stakeholder engagement, and sustainable
development goals. This study, by integrating GIS-based
spatial modelling, normative-legal analysis, and empir-
ical data from local land users, exemplifies this holistic
methodology. The successful reorganisation of parcels
to reduce transport costs, improve infrastructure access,
and enable more coordinated cultivation directly sup-
ports the sustainable development goal of enhancing
agricultural productivity and farmer incomes. The study
confirms that GIS-supported land consolidation is not
merely a theoretical exercise but a practical and ef-
fective strategy for advancing land reform in Ukraine,
offering a replicable model for local authorities to
overcome the legacy of land fragmentation and foster
sustainable rural development.

The findings confirm that the integration of GIS-
based modelling, normative-legal frameworks, and em-
pirical validation provides an effective foundation for
advancing agricultural land consolidation in Ukraine.
The application of GIS tools has enabled precise meas-
urement of changes in parcel boundaries, verification
of ownership continuity, and assessment of potential
impacts on agricultural accessibility. These results sup-
port the operational feasibility of consolidation under
the current legislative framework. This study consti-
tutes a scientific inquiry into methods and approaches
for rational land management through land consolida-
tion, the exploration of ways to improve spatial con-
solidation, and the determination of land use structure
through legal and land management mechanisms. The
findings demonstrate that the application of modern
GIS technologies is a crucial instrument for supporting
agricultural land consolidation in Ukraine, leading to
reduced fragmentation, enhanced spatial optimisation,
and more rational land management within the Liuten-

concrete results that confirm the practical effective-
ness of the proposed approaches. The analysis of the
Liutenska and Petrivsko-Romenska territorial commu-
nities, with total areas of 37,351.8 ha and 20,970 ha
respectively, revealed significant spatial disparity and
inefficiency in the existing land use. It was established
that in the Liutenska community, agricultural land ac-
counts for 61.4% of the territory. Approximately 85%
of this land is cultivated by a single large agricultural
enterprise, which uses advanced ArcGIS Engine soft-
ware, whereas smaller farms employ less functional
systems such as FEODAL. This finding indicates a digi-
tal divide that could hinder the comprehensive imple-
mentation of consolidation.

A key result of this research was the modelling of
spatial reorganisation using the example of Berezo-
va Luka village. The simulation, conducted based on
equivalent land value exchange, clearly demonstrated
the benefits of consolidation: a transition from ineffi-
cient, elongated, and fragmented plots to the formation
of compact, functionally integrated blocks. This result-
ed in a reduction in the number of parcels per user, the
optimisation of their configuration and, consequently,
a decrease in transport costs and an increase in the
efficiency of agricultural operations. Further scientific
research should be directed towards several areas. It is
necessary to develop scalable and accessible GIS solu-
tions for small and medium-sized farms to overcome the
identified technological divide. Pilot projects should be
conducted to implement the developed consolidation
models in practice, in order to verify their economic ef-
ficiency and social acceptance at the community level.
Another promising area is the analysis of the adapt-
ability of the proposed methodology to other regions of
Ukraine, taking into account their unique agricultural
landscapes and socio-economic characteristics.
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AHoTauif. YkpaiHa He npoBogmfia KOMMNEKCHY abo CMCTEMATMYHY OUIHKY e(deKTMBHOCTI NpoLeciB NpoCcTOpOBOi
3eMeNbHOI KoOHCoNiaaLii,a iHCTUTYLiMHa 62333, L0 NiATPUMYE iHTerpaLito CinbCbKOroCnoAapCbKMX 3€Menb,3aULLIAETbCS
obmexeHoto. Lle pocnigxkeHHs BMBYaNO MOTEHLian paLiOHANbHOrO 3eMEKOPUCTYBAHHS LUASIXOM 3aCTOCYBaHHS
CiNbCbKOroCnoAapCbKoi 3eMesibHOi KOHCOMiAaLii, 30Ccepesxyoumncb Ha TepuTopianbHUX rpomMagax JlloTeHcbka Ta
MNeTpiBcbko-PoMcbka. [ns aHanisy npocTopoBOi CTPYKTYpW, dparMeHTauii 3emMenb Ta MOXIMBOCTENM OMTUMI3auii
3eM/1eKopuCTyBaHHs Byno BukopuctaHo reorpadivHi indbopmauiiHi cuctemu (FC). MeTogonoriyHni niaxin BKAYaB
reonpoCcTopoBMIA aHani3, CUCTEMHUIA aHanis, y3arasbHEHHS HA OCHOBI rpadikiB Ta HOPMATUBHO-NPABOBUIA KOHTEHT-
aHani3 gna OuiHKKM piBHIB (parMeHTaLii, MoAenei BNAACHOCTI Ta NPOCTOPOBMX HeBiAnoOBigHOCTEN. [loCniaXKeHHS
NMOKa3ano, WO YKPYMHEHHS 3eMeNIbHUX [LiNSHOK Crpuaio 3MeHWEHHI (@parMeHTauii  3eM1eKopUCTYBaHHS,
KOPUTYBaHHIO CTPYKTYpU 3eMNEBONOAIHHSA Ta MONIMWEHHI0O NPOCTOPOBOI KOHQIirypauii CifnbCbKOrocnoaapcbkmnx
Teputopii. IHTerpauis iHctpymeHnTiB INC cnpusina aHanisy NpocTopoBMX AaHWX, NiABULEHHIO NPO30POCTi NpoLeciB
NPUAHATTA pilleHb Ta NOMErwKnaa BpaxyBaHHS €KOJIOTiYHMX, EKOHOMIYHMX i couianbHMX acnekTis. [lepepo3nogin
LINSHOK LWISXOM €KBiBaNEHTHOro 0OMiHy Ta NIaHyBaHHS YKPYMHEHHS Cnpusanm 6inblw CKOOPAMHOBAHOMY 06p0oBiTKy
3eMJ1i, CKOPOUYEHHHIO TPAHCMOPTHUX BiACTAHEN Ta NOJMINWEHHIO 4OCTYNY A0 iHOPpaCTPyKTypu. Pe3ynbtatv AOCNiAKEHHS
CBiAYMNIM NPO HEOBXiAHICTb KOMMIEKCHOrO 3aCTOCYBaHHS NPOCTOPOBUX, NPABOBUX Ta iHCTUTYLLIMHUX iHCTPYMEHTIB
AN NiATPUMKM 3eMeNbHOi KOHconifauii Ha piBHi rpomagu. Lli pe3synbtat MOXyTb OyTM BUKOPUCTaHI AN
(DOpMyBaHH$ CTpaTerii ynpasiHHA 3eMeNbHUMU pecypcamMu MiCLLEBUMM OpraHaMu BNaaum, CinbCbKOrocnoaapcbkumm
BMPOOHMKAMM Ta 3aLiKaBNEHUMU CTOPOHAMMU, LLLO BepyTb y4aCTb Y PO3BMTKY Ci/IbCbKMX TEPUTOPIN, 30KpEMA B paMKax
NOTOYHOI 3eMenbHOi pedopmu B YKpaiHi
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Abstract. Breeding programs for pigs involve a comprehensive assessment of productive and reproductive traits
in purebred lines through the use of individual breeding indices, which allows for an effective increase in the
genetic potential of both crossbred animals for industrial production and subsequent generations of breeding
stock. This approach differs from traditional methods that are limited to evaluating individual traits and slow
down genetic progress. The aim of the study was to determine the feasibility of using an individual integral
evaluation of boars and to establish the influence of their age and individual breeding index on reproductive and
productive qualities. The study involved 304 Duroc sows, which were inseminated with semen from four boars
differing in age, belonging to either the breeding nucleus or the reproductive group, and their comprehensive
breeding value index, calculated according to the DanBred system (at least 130 points for the “breeding nucleus”
and 105 points for the “reproductive group”). It was found that the individual comprehensive index and age of the
boars significantly affected the reproductive performance of the sows. The best results in reproductive indices
(sow reproductive quality index — 84.8; viability - 99.1%; reproductive index - 34.8; litter uniformity - 0.90) were
obtained from sows inseminated with semen from young boars (12-18 months) with high indices. Older boars
or those with lower breeding value indices showed poorer results. It was also established that young boars with
high indices demonstrated better semen quality (ejaculate volume - 332.6 ml; concentration — 499.2 million/ml;
motility - 8.7 points), although older boars produced more insemination doses per ejaculate (32.8). These findings
confirm the feasibility of implementing boar index evaluation technology to improve the efficiency of breeding
programs in Ukrainian pig production

Keywords: breeding programs; reproductive qualities; pig farming; cluster evaluation; semen quality

INTRODUCTION

Optimisation of the reproductive ability of pigs is an
important prerequisite for achieving sustainable and
economically efficient pork production. In the field of
artificial insemination in pigs, the role of breeding boars
is undoubtedly key, as they are an integral factor in the
genetic potential of breeding enterprises and in rais-
ing pigs for fattening in commercial farms. Therefore,
understanding and improving the reproductive capacity
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of boars is important for maintaining high-quality pork
production and adapting to market demands.

Artificial insemination is the most common assist-
ed reproductive technology in animal husbandry. This
process begins with obtaining fresh ejaculate from se-
lected boars, which are kept in specially equipped facil-
ities (i.e., a breeding station) that also have a laboratory
where semen quality is evaluated, and the ejaculate is
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processed into artificial insemination doses. Afterward,
all obtained data are entered into specialised programs
and automatically processed,and based on them, breed-
ing programs are developed (Althouse, 2024). Commer-
cial pig farming is systematic and focused on process-
ing breeding data. Both integrated and independent
systems include software packages that allow the col-
lection and monitoring of a wide range of performance
indicators, including reproductive parameters. Based on
these data, comprehensive breeding indices are formed
for each animal. Based on this breeding index, animals
are individually selected for mating.An example of such
data processing can be seen in enterprises that work
with a software package within the DanBred pig breed-
ing system. Each week, an individual breeding index is
calculated for every breeding animal. This cluster index
reflects the expected breeding and economic value of
the animal, considering all key breeding traits: meat
traits — live weight and its absolute, average daily, and
relative gains, meatiness coefficient, and meat yield;
fattening traits - age at reaching 100 kg live weight,
fattening duration, feed cost per unit of production, and
feed conversion index; reproductive traits - prolificacy,
piglet weight at birth, litter weight at weaning, num-
ber of functional teats, viability, and piglet survival. For
breeding boars, a number of semen productivity indi-
cators are also taken into account — average volume of
filtered ejaculate, sperm concentration, sperm motility,
number of insemination doses, fertilising ability, ejacu-
lation index, and others (DanBred, n.d.).

In addition, A. Lykhach et al. (2023) studied the re-
lationship between behavioural manifestations and se-
men productivity of boars of modern and local breeds,
which can be used as a basis for cluster evaluation
and the formation of individual indices in breeding
programs. During the individual selection of boars for
breeding work, both in pedigree and commercial herds,
particular importance is given to qualitative semen in-
dicators — ejaculate volume and its storage ability. Al-
though these indicators are strictly individual for each
boar, breed-specific features of semen productivity,
which are important in the organisation of artificial in-
semination, should also be taken into account. The he-
reditary potential of a breeding boar is also of great im-
portance, in particular the total number of sperm, their
motility, semen concentration, and ejaculate volume.
Thus, the breeding index is formed based on a set of
sub-indices (clusters), each of which reflects the genet-
ic value of a certain trait. Weighting the clusters accord-
ing to their economic significance makes it possible to
form an integrated overall breeding value index, which
is the criterion for selecting breeding stock (Tsheten &
Penjor, 2024). According to J. Gu et al. (2023), methods
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of comprehensive cluster selection have improved an-
imal breeding by increasing the accuracy of predicting
breeding values, especially for traits that are difficult to
measure and have low heritability, as well as shorten-
ing generation intervals. In addition, the authors pro-
posed a method of selecting pigs based on a related-
ness index, which determines the ideal individual with
information about useful genotypes for the target trait.
Thus, the basis for evaluating selection decisions is
the useful genotypic similarity between the candidate
and the ideal individual. That is, the relatedness index
can overcome the need to establish genetic reference
groups and continuously determine the phenotype.

Also, according to V.I. Khalak & B.V. Gutyj (2023),
the issue of finding effective breeding methods for
integrated evaluation of pig productivity traits, taking
into account their genotype and interbreed differences
in some complex indicators or integral indices, remains
relevant, as this will simplify the selection and mating
process. According to H. Reyer et al. (2024), morpholog-
ical characteristics of sperm and so-called “stress tests”
are more informative for assessing reproductive per-
formance, based on which one of the main clusters of
sperm quality - the sperm motility index - is calculated.
Assessment of sperm motility, as part of the integral
index, helps to evaluate fertilisation ability and sperm
resistance to environmental changes. Sperm motility
under stress conditions varies between normal and ab-
normal sperm groups, as well as during sperm aging.
When evaluating boar semen, these data can help not
only in compiling a comprehensive breeding index but
also in predicting the fertilisation potential of the ejac-
ulate by assessing sperm resistance to thermal stress,
which can also be assessed as a separate index. Testing
sperm motility after prolonged exposure to +38°C sim-
ulates the duration of sperm in the female reproductive
tract. This makes it possible to draw conclusions about
their fertilisation ability and functional metabolism.
The stress test at low temperatures, i.e., +6°C, models
an optimal storage regime that limits bacterial growth
and can also affect semen quality. Testing sperm mo-
tility using index evaluation makes it possible to de-
tect even small differences between high-quality ejac-
ulates, and the sperm quality index, based on various
measurements and assessments, accurately reflects the
requirements of artificial intelligence and contributes
to fertility prediction.

As breeding experience showed, the transmission
of hereditary potential from the breeding herd to com-
mercial herds occurs mainly through male individuals,
i.e.,boars.Accordingly, the success of breeding improve-
ment of the herd is ensured by the correct individual
selection of a boar based on a set of integral qualities.
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This prompted interest in studying the influence of
integral cluster indices on the productive qualities of
breeding boars. Considering that a successful combina-
tion of parental pairs in breeding work has a funda-
mental impact on the breeding and productive quali-
ties of their offspring, the purpose of the study was to
demonstrate the effectiveness of using an integrated
evaluation of Duroc boars, taking into account their age,
individual breeding value selection index, and usage.

MATERIAL AND METHODS
The study was conducted on a commercial farm in Den-
mark using Danish-bred Duroc pigs during the period
2022-2023. Animal handling procedures fully complied
with European legislation (Council Directive 98/58/
EC, 1998; Nalon & Stevenson, 2019). The research

Reproductive group

No. 1
18 months and 2
Total Index, points 105
Number of sows (head) 85

Source: compiled by the author

Boars were evaluated using a comprehensive inte-
gral breeding index, which was calculated by a comput-
er program within the DanBred pig breeding system.
According to the breeding data calculations, the inte-
gral breeding index should be at least 130 points for
nucleus herd boars and at least 105 points for boars
of the reproductive group. The program takes into ac-
count the individual characteristics of boars and sows,
and automatically selects sows for each specific boar,
which resulted in a different number of sows included
in the study. Sows were evaluated for maternal qual-
ities using reproductive performance evaluation indi-
ces. To determine the comprehensive indicator of sows’
reproductive traits, the formula by V.A. Kovalenka was
used (Stavetska & Piotrovych, 2015):

CIRT=1.1X,+0.3X,+ X, 0.35X,, (1)

where C/IRT is a comprehensive indicator of reproductive
traits; X, _litter size, heads; X, - maternal milk yield, kg;
X, - number of piglets at weaning, heads; X, - litter
weight at weaning, kg.

For the calculation of the Selection Index of repro-
ductive traits of sows, the formula of D.A. Baranovskyi
(Stavetska & Piotrovych, 2015) was used:

9,34X,

SRQI = 6X, +2372, )

Table 1. Grouping Scheme of Experimental Pigs

protocol was approved by the bioethics committee in
accordance with good clinical practice standards for the
protection and humane treatment of experimental an-
imals. A total of 304 Duroc sows were included in the
study and inseminated with semen from four different
boars. Semen was collected using an automated semen
collection system — IMV Collectis (France) and evaluated
using a portable CASA-type mobile analyser for rapid as-
sessment of motility, concentration, and sperm morphol-
ogy directly at the animal. The boars differed in several
parameters: membership in the nucleus breeding herd
or reproductive group, age category (12-18 months vs.
over 18 months), and their comprehensive breeding val-
ue index. ALl animals were maintained under identical
feeding and housing conditions. The experimental de-
sign and formation of groups are presented in Table 1.

Boar Class
Nucleus herd
No. 2 No. 3 No. 4
12-18 months 18 months and 2 12-18 months
125 130 140
75 70 83

where SRQ/ is a selection index of reproductive traits in
sows; X, - number of piglets at birth, heads; X, - litter
weight at weaning, kg; X, - weaning age, days.

For the determination of the viability index, the al-
gorithm by V.P. Kovalenko was used as the basis (Har-
matiuk, 2022):

V=X/X (3)

where V.is a viability index; X, is an individual litter size
of the sow, heads; X - an average number of piglets at
birth, heads.

The methodology of V.P. Kovalenka was used for cal-
culating the reproductive traits index (Harmatiuk, 2022):

RQ/=A+2 X B+350, )

where RQ/ is a reproductive quality index; A - litter size,
heads; B - number of piglets at wearing, kg; o - an av-
erage daily gain of one piglet from birth to weaning, g;
35 - constant coefficient.

V.P. Kovalenka’s algorithm forms the basis for cal-
culating the litter uniformity index (Harmatiuk, 2022):

LU=(Xmax_Xmin)/X’ (5)
where LU is a litter uniformity; X - maximum live
weight of a piglet in the litter at birth, kg; X . - mini-

mum live weight of a piglet in the litter at birth, kg; X is
an average live weight of a piglet in the litter at birth, kg.
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In addition, using evaluation indices, an index as-
sessment of boar sperm productivity was conducted. The
ejaculation index was calculated based on the formula
by AV.Kvasnytsky (Sheremeta & Opanasenko, 2012).

E=n,/t, ©

where Ei is an ejaculation index; n_, — number of semen
doses obtained from one ejaculate; t, - duration of the
ejaculation reflex in the boar, minutes.

The sperm productivity index of boars was calcu-
lated using the algorithm by H.D. Sviatovets (Melnyk et
al.,2022):

SPI=(0x KxA)/10, (7)

where SP/ is a sperm productivity index of boars, bil-
lion; O - ejaculate volume, ml; K - sperm concentration
in the ejaculate, billion/ml; A - sperm motility, points;
10 - number of ejaculates evaluated.

Reproductive group

Table 2. Reproductive qualities of sows depending on the class and age of boars

RESULTS AND DISCUSSION

With a short production cycle, rapid cash turnover, the
implementation of modern feeding and housing tech-
nologies, and the use of contemporary animal breed-
ing programs, pig farming has high potential and op-
portunities for efficiently increasing meat production.
The growth in profitability of the pig farming sector
is largely driven by the use of highly productive lines,
breeds, and crosses in the breeding process, both with-
in purebred breeding and through crossbreeding and
breed-line hybridization. The quality of breeding stock
largely depends on the hereditary potential of appro-
priately matched parental forms — sows and, primarily,
boars (von Keyserlingk et al., 2024). Calculations of re-
productive performance data for sows (Table 2), insem-
inated by different boars, confirmed that the individual
selection index of the boars has a direct impact on the
reproductive qualities of the sows.

Boar Class
Nucleus herd

No.1 \[ ] No.3 No. 4
18 monthsand 2  12-18 months 18 months and 2 12-18 months
Overall index, points 108 136 131 139
Number of Sows, heads 83 71 69 81
Farrowing rate, % 62.4 84.6 60.8 86.4
Number of piglets at birth, heads 9.0+0.15 10.5%£0.28 8.8%+0.13 11.4%+0.15"
Birth weight of piglet, kg 1.20%+0.02 0.97 £0.04 0.88+0.04 1.1£0.05
Milk yield, kg 570+34 55420 534£27 56.6+3.4
At 35 days weaning

Number of piglets, heads 7.8%0.32 8.2+0.58 70+0.05 79+0.44
Total Litter weight, kg 6421 60.8+3.4 59.0£5.1 63.2+4.8
Piglet weight, kg 8.85+0.27 8.70+0.21 8.0+£0.18 8.3£0.47
Survival rate, % 64.4+1.8 68.3+4.6 84.7£3.5"* 69.7%7.1

Note: * - P<0.05; ™ - P<0.01; ™ - P<0.001
Source: compiled by the author

Breeding boars were evaluated based on an inte-
gral comprehensive breeding value index, which was
at least 130 points for the segment - breeding nucleus,
and for boars of the reproductive group, it had to be
no less than 105 points. Analysis of the obtained re-
sults showed that the studied sires met the established
requirements for this indicator. At the same time, the
highest index among boars in the reproductive group
was recorded in boar No. 2 which was 136 points, while
among animals of the breeding nucleus, the best result
was demonstrated by boar No. 4 which was 139 points,
which, according to the integral index, corresponded
to the requirements of the reproductive group class.
These same production groups were also character-
ised by the highest farrowing rates which were 84.6%
and 86.4%, respectively. Among sows of the breeding
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nucleus group, the highest reproductive performance
was demonstrated by those inseminated with semen
from a boar with a breeding value index of 136 points.
Their litter size was 10.5 piglets, and piglet survival to
weaning was 68.3%, which exceeded the respective in-
dicators of the first group (9.0 piglets and 64.4%). At the
same time, due to lower litter size, sows inseminated
with semen from an older boar over 18 months with a
selection index of 108 had higher results for indicators
such as piglet birth weight, litter weight at birth, and,
accordingly, total litter weight and average live weight
of one piglet at weaning.

Analysis of the reproductive ability of sows estab-
lished that the highest comprehensive integral index
was observed in animals of the breeding nucleus in
the fourth group — 139 points. Sows of this group had
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significantly better reproductive performance compared
to other experimental groups. In particular, the number
of piglets at birth was at the level of 11.4+0.15 piglets,
which was statistically significant compared to the in-
dicators of other groups by 15-23% (P < 0.05). Regard-
ing piglet birth weight, sows of the fourth group were
second only to sows of the first group, in which this in-
dicator was 1.20 kg and was 0.1 kg higher. In contrast,
in the second and third groups, birth weight was lower
compared to the fourth: 0.97 £0.04 kg and 0.88 £0.04 kg,
respectively, versus 1.1 £ 0.05 kg in the fourth group.
A similar trend was observed for milk production: sows
of the fourth group, despite high litter size, were second
only to animals of the first group of the “breeding nucle-
us” class, which, however, had lower litter size indicators.
The suckling period at the enterprise lasts up to 35 days
of age. During this time, the number of weaned piglets

Reproductive group

No. 1
18 months and 2
Overall index, points 108
CIRT, points 64.8+3.88
SRQI, points 70.6+2.13
Viability index, % 65.8£7.04
Reproductive performance index, points 31.9+2.31
Litter uniformity 0.19+£0.003

Table 3. Maternal qualities of sows based on reproductive evaluation indices depending on the class and age of boars

in the third and fourth groups was 7.0 and 7.9 head, re-
spectively, which corresponded to survival rates of 84.7%
(P<0.001) and 69.7%, respectively. The average weight
of one piglet at 35 days among sows of the first segment
was significantly lower compared to animals of breeding
use, although the difference was not statistically con-
firmed. In addition, the conducted studies showed that
the class and age of the boar significantly affect the ma-
ternal qualities of sows (Table 3).In particular, evaluation
by the RQ/ in the breeding nucleus class established that
the advantage was observed in sows inseminated with
semen from boar No. 3 with a comprehensive breeding
value index of 131 points. In contrast, in the “reproduc-
tive group” class, the opposite trend was observed: the
highest indicators were recorded in sows inseminated
with semen from a young boar No. 4 with the maximum
comprehensive index — 139 points.

Boar Class
Nucleus herd
No. 2 No.3 No. 4
12-18 months 18 months and 2 12-18 months
136 131 139
62.4+2.74 61.7+493 65.9+4.21
79.4+4.02 68.1+4.84 84.8+4.48**
72.2%+6.18 59.4+2.56 99.1+£5.08***
33.06%2.08 31.1+1.44 34.8+1.85
0.33+£0.008** 0.36£0.005*** 0.90£0.003**

Note: * - P<0.05; * - P<0.01; ™ - P<0.001; CIRT is a comprehensive indicator of reproductive traits; SRQI is sow

reproductive quality index
Source: compiled by the author

At the same time, the comprehensive indicator
of reproductive qualities in the experimental groups
showed no significant differences and ranged between
61.7 and 65.9 points. Analysis of the SRQ/ revealed a
wider variation among the groups, from 68.1 to 84.8
points. In the “reproductive group” class, higher SRQI/
values were observed in sows inseminated with semen
from young boars aged 12-18 months and received
79.4 points, which exceeded the same indicator in sows
mated with older boars (70.6 points). Similarly, in the
“breeding nucleus” class, higher values of this index
were recorded in sows inseminated with young sires
which was 84.8 points. These animals exhibited the
highest SRQI among all experimental groups, signifi-
cantly surpassing other groups (P < 0.01). The viabili-
ty index of piglets across the studied groups showed
a similar trend, indicating its dependence on both the
comprehensive breeding value index and the age of the
boar. However, the viability index was not associated
with the production class of the sire; the highest value

was recorded in group 4, where the boar had an indi-
vidual comprehensive index of 139-99.1%, which sig-
nificantly exceeded the values of other groups by 27.7-
42.4% (P<0.001). Conversely, the lowest viability index
was observed in sows from the reproductive group in-
seminated by an older boar with the lowest individual
breeding value index which was 59.4%. In the “breeding
nucleus” class, a similar dynamic was observed: sows
inseminated with semen from young boars with high-
er indices demonstrated a higher piglet viability index
which was 72.2%, whereas the use of older sires with
lower individual indices resulted in only 65.8%.

The sow reproductive performance index showed
minimal variability, ranging from 31.1 to 34.8 points,
following the overall trend of dependence on boar age
and individual comprehensive index. The highest val-
ues were recorded in sows of groups No. 2 and No. 4,
while groups No. 1 and No. 3 had slightly lower scores.
It is also important to note significant differences in Lit-
ter uniformity. The highest score of 0.90 was observed
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in sows of group No. 4, which statistically exceeded the
corresponding indicators of other groups (P<0.001). The
lowest litter uniformity was found in sows of group No. 1
which has got only 0.19 points. In breeding programs
and the individual selection of boars for both pedigree
and commercial herds, semen quality, its quantity, and
storability are of particular importance. All these indi-
cators have pronounced individual variability; however,
there are also interbreed differences in semen quality,
which must be considered when implementing artificial
insemination (Karpovsky et al., 2020). Genetic factors also
play a crucial role, including total ejaculate volume, total
sperm count, sperm concentration, and semen density. In
this regard, the effect of the individual comprehensive

Reproductive group

No. 1
18 months and 2
Overall Index, points 108
Average Volume of Filtered Ejaculate, ml 299.4+243
Sperm Concentration, million/ml 404.5+35.5
Sperm Motility, points 7519
Number of Semen Doses, pcs 32.8%+5.6

Note: * - P<0.05; ** - P<0.01; ™ - P<0.001
Source: compiled by the author

Among the studied population, regardless of produc-
tion class, the highest values were observed in young
boars aged 12-18 months with high individual compre-
hensive indices: 499.2 £ 28.4 million/mL in boar No. 2
and 457.6 £ 18.8 million/mL in boar No. 4. In contrast,
older boars No. 1 and No. 3 showed lower sperm concen-
tration values of 404.5+35.5 and 312.3*52.2 million/
mL, respectively (P < 0.01). Sperm motility also demon-
strated a dependence on the age of the animals: young
boars under 18 months exhibited higher scores have got
8.7 points in boar No. 2 (‘reproductive group”) and 8.0
points in boar No. 4 (“breeding nucleus”) (P<0.05). Older
boars (over 18 months) had lower motility scores which
have got 7.5 and 7.1 points, respectively. The cumulative
criterion for semen quality is the number of insemination

Table 4. Effect of boar class and age on semen productivity parameters

Table 5. Influence of boar class and age on fertilising ability

breeding value index and boar age on semen production
characteristics was studied. Among boars belonging to
the “breeding nucleus” class, the mean ejaculate volume
of 332.6 +30.2 mL was significantly higher, which ex-
ceeded that of boars from group No.1 - 299.4+24.3 mL
(P<0.05) (Table 4). In the “reproductive group” class, the
advantage was observed in boar No.4 - 257.6£25.1 mL,
although the difference compared to boar No. 1 was not
statistically significant. The lowest ejaculate volume of
229.4 %243 mL was recorded in boar No. 3, which be-
longed to the older age category, significantly lower than
the values in group No. 1 (P<0.01). A high level of varia-
tion was observed in sperm concentration, which ranged
from 312.3 to 499.2 million/mL.

Boar Class
Nucleus herd
No. 2 No. 3 No. 4
12-18 months 18 months and 2 12-18 months
136 131 139
332.6%30.2" 229.4+23.6™ 257.6%25.1
499.2£28.4" 312.3+52.2** 457.6+18.8
8.7%25 7131 8.0+1.1*
277 1.7 24.4+10.2 29.6+2.8*

doses obtained from a single ejaculate. By this indicator,
unlike the previous ones, boar No. 1 of the “reproduc-
tive group” class had an advantage - 32.8 doses, which
significantly exceeded the corresponding values of oth-
er groups (P<0.01). Similar values were noted in boars
No. 2 and No. 4 - 27.7 and 29.6 doses, respectively, with
varying degrees of statistical significance. Additionally,
boars were evaluated for their fertilising ability (Table 5).
The highest level of this indicator was found in young
boars No. 4, which also had the highest comprehensive
index 86.4%. High fertilisation ability was also observed
in young boars of the “reproductive group” class, specifi-
cally No. 2 and valued at 84.6%. In contrast, older boars,
regardless of breeding purpose, showed lower values of
62.4% and 60.8%, respectively.

Boar Class
Reproductive group Nucleus herd
No. 1 No. 2 No. 3 No. 4
18 months and 2 12-18 months 18 months and 2  12-18 months

Overall Index, points 108 136 131 139
Sows, heads 83 71 69 81

Fertility rate, % 62.4 84.6 60.8 86.4

Number of Piglets at Birth, heads 9.0£0.18 10.5+0.32 8.8%0.21 11.4+0.117

Note: * - P<0.05; ** - P<0.01; ™ - P<0.001
Source: compiled by the author
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A similar age-related pattern was also observed
for sow prolificacy. Sows inseminated with semen
from younger boars exhibited higher prolificacy - 11.4
and 10.5 piglets - compared to 9.0 and 8.8 piglets in
sows inseminated by older boars. Modern high-tech
and profitable pig production requires comprehen-
sive, objective, and reliable evaluation of both genetic
traits and the reproductive capacity of boars. This pro-
cess begins at an early age with selection and target-
ed rearing, as well as assessment based on individual
growth performance, sexual behaviour, expression of
mating reflexes, and semen production characteristics

(Balogun & Stewart, 2021). Therefore, the need arises
to complement traditional methods of semen quality
evaluation with more advanced approaches involving
a comprehensive assessment of boars using various
evaluation indices. Analysis and calculation of the
ejaculation index revealed that the best values were
characteristic of young boars under 18 months of age
in Groups 2 and 4 - those animals with the highest
individual integral breeding value indices, regardless
of their breeding status or category (Table 6). The ejac-
ulation index values were 4.20+0.024 (P<0.001) and
4.06+0.017 (P<0.001), respectively.

Table 6. Assessment of Boars of Different Classes and Ages Based on Index Values

Reproductive group

No.1
18 months and 2
Overall index, points 108
Ejaculation Index 3.97+0.077
Semen Productivity Index, billion 276.4+5.76

Note: * - P<0.05; ™ - P<0.01; *™* - P<0.001
Source: compiled by the author

Conversely, older boars (over 18 months) showed
significantly lower ejaculation index values are
3.97%0.077 and 2.91+0.032 with a statistically proven
difference (P<0.001). A similar age-related dependence
was observed for the sperm production index. Boars
younger than 18 months recorded the highest values
of 345.1 billion and 379.2 billion sperm cells, respec-
tively - with a highly significant advantage (P<0.001).
In older boars, this indicator was considerably lower -
276.4 billion and 233.4 billion, respectively (P<0.001).
According to V.I. Khalak et al. (2024), innovations in
breeding were necessary to obtain animals that were
both productive and adapted to a wide range of local
conditions and diverse systems. Breeding strategies to
advance agroecological systems are similar across an-
imal species. However, current practices differ for ru-
minants, pigs, and poultry. Ruminant breeding remains
an open system, where farmers continue to select their
own breeds and strategies. In contrast, pig and poultry
breeding is largely dominated by international breed-
ing companies that supply farmers with hybrid animals.
Therefore, breeding strategies must be adapted for
different species. Pig breeding programs using artifi-
cial insemination have greatly benefited from the in-
tegration of advanced techniques and the application
of cluster-based integral assessment of boar potential.
While traditional selection methods are based solely on
the sire’s phenotype - such as growth rates and confor-
mation — modern selection increasingly relies on com-
prehensive indices supplemented by phenotypic traits.

Boar Class
Nucleus herd
No. 2 No. 3 No. 4
12-18 months 18 months and 2 12-18 months
136 131 139
4.20+0.024* 2.91£0.032** 4.06+0.017**
345.1£8.92 233.4+498* 379.2+5.68**"

Cluster indices serve as critical indicators of boar re-
productive capacity. They help identify individuals with
high fertility and detect potential fertility problems at
an early stage, enabling proactive strategies in breed-
ing programs (Vaishnav et al., 2025).

Pig breeding programs such as DanBred have sig-
nificantly expanded the number of traits used for boar
selection. This system allowed ranking of breeding
stock based on two groups of indices - comprehensive
integral breeding value indices. The first group of clus-
ter indices focused on growth and terminal line traits,
based on growth performance and sperm production
indicators. The second group was concentrated mainly
on maternal line development, evaluating sow repro-
ductive traits and considering litter size and its main
characteristics (Gonzalez-Diéguez et al., 2020). Semen
quality is a key biomarker for assessing boar reproduc-
tive capacity, encompassing a wide range of parame-
ters such as morphology, motility, sperm concentration,
and ejaculate volume. These parameters collectively
reflected the functional competence of spermatozoa,
enabling the identification of ejaculates that do not
meet minimum quality requirements. Although most
biomarkers have limited informativeness individu-
ally, they provided data on quantitative and qualita-
tive sperm characteristics and serve as the basis for
forming complex integral or cluster indices of sperm
production. S. Jang et al. (2022) noted that most com-
mercial pigs in swine production result from crossing
maternal-line sows with pooled semen from terminal
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sires. Therefore, it was reasonable to assume that the
true genetic value of most commercial boars for repro-
ductive traits remains unknown. These animals repre-
sented a population subjected to limited selection for
male reproductive traits, requiring cluster-based inte-
gral assessment of each sire across a set of character-
istics, combined with semen pooling based on similar
cluster index scores.

S.P.Turner et al. (2024) recommended that commer-
cial pig breeding programs based on integrated selec-
tion indices should also incorporate new phenotyping
methods and genetic methodologies that expand the
range of welfare traits. Specifically, separate individual
welfare indices should be developed to exert selection
pressure on welfare traits, improving animal well-be-
ing and contributing to economic and environmental
benefits. Additionally, one of the sub-indices within a
cluster index may include an inbreeding index, which
helps prevent inbreeding issues in breeding herds. The
effective size of these herds or populations is generally
small, increasing the risk of reduced adaptability and
viability in pigs (Kramarenko et al., 2023). Inbreeding
index data enabled new approaches to breeding pro-
grams and help avoid negative inbreeding consequenc-
es. As noted by R. Ausejo-Marcos et al. (2024), analysis
all components of the overall integral index were es-
sential for understanding its relationship with fertili-
ty and prolificacy, providing insights into reproductive
success and assisting the industry in distinguishing
among boars used in breeding programs. Integrating
this information into a simplified form - through clus-
ter aggregation - is necessary for better ejaculate qual-
ity assessment. H.H. Salgado et al. (2021) developed a
new feeding behaviour index that integrates multiple
components of pig feeding behaviour during fattening,
consolidating these into a single parameter and ac-
counting for changes over time. This index better illus-
trates individual feeding patterns, identifies the impact
of production factors on feeding behaviour and growth,
and improves productivity. Moreover, this index may
serve as one of the components or sub-indices of an in-
dividual comprehensive breeding value index. Other re-
searchers have indicated that genomic information on
purebred animals before selection allows better predic-
tion of commercial performance. They work with large
datasets based on imaging, sensors, and sound data,
complicating animal selection processes. Therefore, it
is recommended to use integral indices that include be-
havioural and welfare indicators (Howard, 2019).

In the studies by S. Kramarenko et al. (2019), anal-
ysis of microsatellite locus polymorphism in meat-type
pigs revealed associations between specific alleles
and reproductive traits, an important prerequisite for
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forming selection indices. The authors emphasised the
effectiveness of genetic markers for evaluating boar
breeding value and recommended integrating them
into breeding programs using comprehensive breeding
value indices. A statistically significant effect of boar
breed on stillbirth rates was also established. Specifi-
cally, offspring of Duroc boars exhibited substantially
higher stillbirth rates (15.0%) compared to other breeds
(10.0-10.1%). These results confirmed the importance
of considering boar breed characteristics when calcu-
lating comprehensive breeding value indices aimed at
improving piglet viability and reducing reproductive
losses in commercial breeding programs. Chinese re-
searchers S.Ye et al. (2020) suggested including a breed
fixation index based on allele composition in the inte-
gral index evaluation of boars, which can be useful for
distinguishing breeds, lines, or specific crosses. Conse-
quently, predicting breeding value using cluster assess-
ment based on individual comprehensive integral indi-
ces holds potential for improving selection efficiency,
reducing costs, and creating a platform that integrates
approaches to enhance pig productivity, advance bio-
logical discoveries, and increase the economic profit-
ability of the industry.

CONCLUSIONS

The reproductive performance of sows is influenced by
the individual comprehensive breeding value index and
the age of the boars. The highest fertility rate (86.4%),
litter size at birth (11.4 piglets), and number of weaned
piglets (7.9 piglets) were observed in sows inseminated
with semen from boars with the highest individual inte-
gral indices in the “nucleus breeding” production class.
Meanwhile, the highest piglet survival rate (68.3%) was
recorded in sows inseminated with semen from young
boars of the “reproductive group” with an individual
breeding value index of 136. Overall, for most reproduc-
tive traits, sows inseminated with semen from young
boars aged 12-18 months demonstrated superior per-
formance. A clear relationship was confirmed between
the age and class of the boar, as determined by the
comprehensive breeding value index, and the mater-
nal traits of sows according to reproductive assessment
indices. Specifically, the highest values for most repro-
ductive indicators were observed in sows inseminat-
ed with semen from young boars aged 12-18 months
with the highest individual comprehensive index. SRQI
values included 84.8 points, piglet viability index was
99.1%, reproductive traits index was 34.8 points, and
litter uniformity was 0.90 points. Conversely, the use of
older boars or animals with lower individual integral
indices was associated with decreased reproductive
performance in sows.



The influence of age and the individual compre-
hensive selection index of boars on semen productivity
indicators was confirmed, regardless of their breeding
purpose. In particular, young boars with high individual
integral selection indices showed higher values of ejac-
ulate volume is 332.6 ml, sperm concentration is 499.2
million/ml, and sperm motility is 8.7 points. At the same
time, the number of semen doses obtained from a sin-
gle ejaculate was higher in older boars, amounting to
32.8 doses. A correlation was also established between
the age, individual integral breeding value index of
boars, and both fertility and litter size in sows. Sows
inseminated with semen from young boars had higher

Karatieieva

comprehensive indices exhibited higher ejaculate in-
dex values - 4.20 and 4.06 points, respectively, as well
as sperm productivity index values is 345.1 billion and
379.2 billion spermatozoa. In contrast, boars older than
18 months had lower values for these indices, indicat-
ing an age-related decline in semen quality.
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Karatieieva

3acTocyBaHHS KOMIMJIEKCHUX iHTerpasibHUX iHAEKCIiB KHYpiB-MJ1iAHUKIB
B NporpamMmax po3BegeHHa cuctemm DanBred

Onena KaparteeBa

KaHampaT cinbCbKorocnoaapcbKnx Hayk, AOLEHT
MuWKONaiBCbKMI HALIOHANbHWIA arpapHuUiA YHiBepCuTeT
54008, syn. leopris loHraase, 9, M. Mukonais, YkpaiHa
https://orcid.org/0000-0002-0652-1240

AHoTauis. [Mporpamu po3seseHHs CBUHeN nepefbayaloTb KOMMIEKCHY OLLHKY MPOAYKTUBHUX i pENPOAYKTUBHUX O3HAK
Yy YUMCTOMOPOAHMX NiHISX 33 AOMNOMOrOK iHAMBIAYANbHWUX NAEMIHHMX IHAEKCIB, WO A03BONSE eDEeKTUBHO MNiABULLMTU
reHEeTUYHMIA NOTeHLiaN K NOMICHUX TBapUH AJ11 NMPOMMUCIOBOrO BUPOOHMLTBA, TaK i HACTYMHMX MOKOMiHb MAEMIHHOIO
noronisq. Takui nigxig BiAPi3HAETbCS BiA, TPagMUIMHMX METOLIB, SIKi OOMEXYHTbCS OLIHKOK OKpeMMX O3HaK i
YMNOBINbHIOIOTb FEHETUYHUIA Nporpec. MeTo A0CNIgKEHHS BYN0 BM3HAYMTM AOLINBHICTD BUKOPUCTAHHS iHOMBIAYaANbHOI
iHTerpanbHOi OLHKM KHYPIiB Ta BCTAHOBMTM BIJIMB iX BiKY Ta iHAMBIAYaNbHOIO CENEKLIMHOMO iHAEKCY Ha penpoayKTUBHI
Ta NPOAYKTMBHI AKOCTI. Y gocnimkeHHi 6panu yyactb 304 cBMHOMATKM nopoau [opokK, SKMX 3anigHioBanM CnepMoto
YOTMPLOX KHYPIB Pi3HOMO BiKY, LLIO Hanexanu [0 NAeMiHHOro sapa abo penpoayKTUBHOI rpynu, Ta iXHIM KOMBiIHOBaHUM
iHOEKCOM NNEMIHHOI LiiHHOCTI, po3paxoBaHuM 3a cuctemoto DanBred (He meHwe 130 6aniB ans «nieMiHHOMO sapa» Ta
105 6anis ons «penpomykTMBHOI rpynux»). byno BCTaHOBNEHO, WO iHAMBIAYANbHUIA KOMMNEKCHUM IHAEKC Ta BiK KHYpIB
3HAYHO BMAMBANM HA PENPOAYKTUBHY MNPOAYKTMBHICTb CBMHOMATOK. Havkpalui pe3ynstati 3a penposyKTUBHWUMM
NoKasHWKaMM (iHAEKC penpoayKTUBHOI SIKOCTI CBMHOMATOK — 84,8; xuTTe3maTHictb — 99,1 %; penpoayKTUBHUIA IHAEKC —
34.8; opgHopigHicte npunnoay — 0,90) 6ynu oTpuMaHi Bif, CBUHOMATOK, 3an/lifiHEHMX CNepMOL0 Monoamx KHypis (12-18
MicsLiB) 3 BUCOKMMM MOKasHUKamu. Crapiwi KHypu abo KHYpU 3 HUXYMMM MOKA3HUKAMM NAEMIHHOI LiiHHOCTI MoKasanu
ripwi pe3ynbtaty. Takox 6yno BCTaHOBMEHO, WO MOMOLI KHYPY 3 BUCOKMMM MOKA3HUKAMU LEMOHCTPYBaNU KpaLLy SKiCTb
cnepmu (06€M eskynaTy — 332,6 MA; KoHUEeHTpauis — 499,2 MnH/Mn; pyxnmBicTb — 8,7 6anis), xoua CTapLli KHypy AaBanu
6inbwe 003 ANs 3anfigHeHHS Ha eskynat (32,8). Lli pe3ynstati NigTBepaKyoTb AOUINBHICT BNPOBAKEHHS TEXHONOTIT
OLIiHKM NMOKA3HMKIB KHYpPIB A1 NiABULLEHHS eDEeKTUBHOCTI CeNeKLiMHMX NpOorpaMm B YKPAiHCbKiM CBUHAPCbKiN ranysi

KntouoBi cnoBa: cenekuirHi nporpaMu; penpoaykTMBHI SKOCTi; CBUHAPCTBO; KMacTepHa OLHKA; AKiCTb CMepMu
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Abstract. The widespread introduction of amaranth into agricultural production in Ukraine, particularly in
the sufficiently moist conditions of the Western Forest-Steppe, is hampered by a number of technological
difficulties, one of the key ones being weed infestation of crops. The purpose of the study was to identify
effective herbicides for weed control in amaranth crops in the conditions of the Western Forest-Steppe of
Ukraine. Field studies to determine effective herbicides - promethrin (500 g/ha); clomazone (480 g/ha);
fenmedifam (60 g/ha) + desmedifam (47 g/ha) + ethofumesate (75 g/ha) + lenacil (27 g/ha); fenmedifam
(320 g/ha); triflusulfuron (500 g/ha); clopyralid (750 g/ha) on amaranth crops were conducted during
2021-2023 on the experimental field of the Department of Plant Growing Technologies of Lviv National
University of Natural Resources under conditions of sufficient moisture. Control - variant with biological
methods of weed control. It was found that all the herbicides studied were effective in controlling weeds. The
lowest number of weeds was found in the variant using the herbicide prometrin (500 g/ha) - 1.6 pcs/m2, and
the lowest weed weight was found when using the herbicide clopyralid, 750-108 g/m2. All herbicides under
study had a suppressive effect on amaranth plants, as evidenced by the parameters of the crop structure. In
particular, the panicle length was the longest in the control (64 cm) and decreased to 49-56 cm in the variants
with herbicide application, the height was 32-52 cm shorter, and the weight of 1,000 seeds decreased to
0.68-0.80 g. All the herbicides under study also caused a decrease in amaranth yield by 0.40-1.37 t/ha due to
the stress effect on the plants. The highest amaranth yield was obtained in the variant with biological weed
control methods - 3.21 t/ha. In the variants using herbicides, the highest yield (2.81 t/ha) was provided by the
pre-emergence herbicide prometrin at an application rate of 2 l/ha

Keywords: yield; herbicide; weight of 1,000 seeds; prometrin; Western Forest-Steppe

INTRODUCTION

Amaranth (Amaranthus spp.) is a highly productive crop
with extremely valuable agronomic and biochemical
properties, which is increasingly attracting the atten-
tion of Ukrainian farmers as a source of high-quality
protein, oil, feed, and biomass. A particular feature of
amaranth is its thermophilic nature and slow initial
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growth, which makes it especially vulnerable to weed
competition during the first 3-5 weeks of the growing
season. Yield losses due to weed infestation can reach
30-50%, especially in years with excessive spring rain-
fall. Weeds not only reduce yields but also hinder har-
vesting, degrade seed quality, and contribute to the
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development of diseases and pests. Therefore, there
is an urgent need to identify the most effective and
crop-safe herbicides that can provide reliable control
of a wide spectrum of weeds without phytotoxic ef-
fects on amaranth. Given this context, research on her-
bicide protection in amaranth crops is of significant
practical importance for developing effective cultiva-
tion technologies, reducing manual weeding labour,
increasing yield stability, and enhancing the overall
profitability of the crop.

As noted by E.V. Torres et al. (2024), amaranth has
the potential to be a multipurpose crop of high val-
ue to the agro-industrial sector, serving as a source
of protein, dietary fibre, antioxidants, and functional
compounds for the food, pharmaceutical,and cosmetic
industries. Particular attention was given to its agro-
nomic traits, such as adaptability to adverse growing
conditions, drought tolerance, and high biomass ac-
cumulation and grain yield. In the study by B. Muku-
wapasi et al. (2024), amaranth was presented as a
high-yielding, nutritious, and climate-resilient crop.
Among its agronomic advantages are a short grow-
ing period, efficient water use, and resistance to biotic
and abiotic stresses. The researchers emphasised that
despite its adaptability to drought, high temperatures,
and poor soils, and its exceptional nutritional value
(high levels of protein, lysine, iron, and calcium), ama-
ranth remains underutilised in agriculture across Afri-
€a, Asia, and other developing regions.

Ukrainian researchers T.I. Hoptsii et al. (2022)
also highlighted the high potential of amaranth un-
der climate change conditions, its drought tolerance,
adaptability to light and moderately fertile soils,
and the unique nutritional quality of its grain. Re-
search conducted in the Poltava Oblast showed that
domestically bred varieties provide grain yields of
2.1-2.7 t/ha, with high protein content (14-17%) and
a favourable biomass ratio. T.I. Yaniuk & N.V. Grun-
wald (2022) stated that amaranth offers a promising
alternative to traditional cereal crops in Ukraine due
to its agronomic properties (resistance to tempera-
ture stress, high yield potential, and biological pro-
ductivity) and nutritional benefits. Field studies of the
influence of the characteristics of domestic varieties
on the productivity of grain amaranth were conduct-
ed in the conditions of the Western Forest-Steppe of
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Ukraine. According to the studies, significant differ-
ences between the varieties were established in terms
of biometric parameters of plants and grain yield. The
varieties Kharkivskyi 1 and Lera demonstrated higher
adaptability, greater biomass accumulation, and in-
creased grain yield (over 2.5 t/ha) in the region under
study (Tyrus & Lykhochvor, 2021).

However, the large-scale adoption of amaranth in
agricultural production in Ukraine, particularly under
the moderately humid conditions of the Western For-
est-Steppe, is hindered by several technological chal-
lenges, among which weed infestation is one of the key
issues. As a niche and relatively uncommon crop for
industrial cultivation, no herbicides are currently reg-
istered for use on amaranth crops in either Ukraine or
globally. According to N.I. Dudka (2020), weed control
in amaranth fields primarily relies on biological meth-
ods, such as multiple shallow tillage operations before
sowing, post-emergence harrowing, inter-row cultiva-
tion, and manual weeding. Mechanical weed control
was also recommended by B. Melander & M.R. McCo-
llough (2021). Given the botanical similarity between
amaranth and sugar beet, the use of herbicides regis-
tered for sugar beet crops is suggested. These include
Aramo 45, Betanal MaxxPro, Dual Gold, Caribou, Lontrel
Grand, Pyramin Turbo, Frontier Optima, Fusilade Forte,
etc. As of 2025, there were no registered herbicides for
use in amaranth cultivation in Ukraine, therefore, the
purpose of the study was to determine effective her-
bicides for weed control in amaranth crops under the
conditions of the Western Forest-Steppe of Ukraine
without negatively affecting the growth, development,
and productivity of the crop.

MATERIALS AND METHODS

The research was conducted in 2021-2023 at the ex-
perimental field of the Department of Plant Production
Technologies of Lviv National University of Life and En-
vironmental Sciences. For the field trial, the prepara-
tions were taken that were experimentally established
as the most tolerant to amaranth among 36 variants
and provided positive results. The research scheme (Ta-
ble 1) presented the most tolerant herbicides to ama-
ranth, with the optimal application rate, established ex-
perimentally among 36 variants, and were appropriate
for controlling the number of weeds.

Table 1. Features of herbicide application in the experiment

Application rate

Due dates

Herbicide
(Active ingredients, g/l; kg/ha)
1 Control
7 Phenmedipham, 60 + Desmedipham, 47 +

Etofumesate, 75 + Lenacil, 27

1.25 l/ha

Two inter-row cultivation and manual weeding.

After germination of amaranth in the cotyledon
phase in weeds (BBCH 10)
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Table 1, Continued

Herbicide

Application rate Due dates

(Active ingredients, g/l; kg/ha)

3 Phenmedipham, 320 1.0 I/ha 2-6 leaves of amaranth (BBCH 12)
4 Prometrin, 500 2.0 l/ha Immediately after sowing (BBCH 01)
5 Clomazone, 480 0.10 l/ha Immediately after sowing (BBCH 01)
6 Triflusulfuron-methyl, 500 0.02 kg/ha 4-5 leaves of amaranth (BBCH 13)
7 Clopyralid, 750 0.1 kg/ha 4-5 leaves of amaranth (BBCH 13)

Note: BBCH - system for uniformly coding phenologically similar stages of plant growth

Source: developed by the author

The research compared the effectiveness of differ-
ent herbicides by determining the residual weediness.
The survey was carried out in the third ten days of July
during the period of development of the largest mass
of weeds. The soil of the experimental plot was dark
grey podsolised with a humus content of 2.5%. The
content of easily hydrolysed nitrogen was 78-84 mg,
mobile forms of phosphorus and potassium (according
to the Chirikov method) - 88-90 mg and 94-98 mg per
1 kg of soil, respectively. The reaction of the soil solu-
tion was close to neutral; the pH of the salt extract -
-5.9-6.0 (DSTU 4115:2002, 2003). When analysing hy-
drothermal conditions over the study period, deviations
from the long-term average were observed. The gener-
al trend was characterised by higher temperatures and
increased precipitation. In 2021, there was sufficient
moisture, but April was marked by temperatures below
the long-term average. The following months - May,
June and July - created favourable conditions for the
emergence and development of amaranth seedlings.
The weather conditions in 2022 were characterised by
a cold April and a moisture deficit during the spring and
summer period covering April, May, and June. In 2023,
April was also marked by low temperatures, and May
was characterised by insufficient rainfall. The situation
changed significantly in the summer months, when in
June and July, the average long-term precipitation rate
was recorded by 24.4 and 31.7 mm above the long-term
average, respectively. The experimental area was 10 m?,
the replication of the experiment was four-fold. Plots
were placed systematically. 7 variants of weed control
were investigated on the variety Kharkivskyi 1.

The amaranth’s predecessor was winter wheat.
After harvesting the predecessor, the field was disked
and autumn ploughing was carried out and phospho-
rus and potash fertilisers - P, K, - were applied. At the
first opportunity to enter the field, closed the mois-
ture with the following two cultivations. Pre-sowing
soil cultivation was carried out to the depth of seed
placement, using the combined tool “Compactor” (Profi
Stan). Nitrogen fertiliser (N ) was applied in the
spring for pre-sowing tillage. Seeds were sown in a row
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method to a depth of 2 cm in the third ten days of
April in all three years of research. The seeding rate
was 0.4 million/ha. A Horsch Pronto 4 DS seed drill was
used. Harvesting of amaranth was carried out in two
stages: mowing - in the phase of full seed ripeness in
the lower and middle parts of the panicle, after drying
the panicles of amaranth were threshed. The statisti-
cal data were processed through analysis of variance
(ANOVA) in the Statistica 13 software. Comparisons
between data sets were performed using the Tukey
test. Differences among samples were deemed statis-
tically significant at p <0.05. The tabulated data were
presented as arithmetic means accompanied by stand-
ard deviations (x = SD). Correlation analysis based on
Pearson correlation coefficients was conducted to test
statistical hypotheses concerning the functional re-
lationships between the experimental indicators. The
strength and direction of relationships between varia-
bles were interpreted according to the standard scale
(r=%0.1-0.3 - weak; £0.3-0.7 - moderate; £0.7-1.0 -
strong). Regression equations and statistical models of
the relationship between dependent and independent
variables were created using “Statistica 13” software.
The ethical guidelines for treating plants were fol-
lowed during experimental research, including gath-
ering plant material. The Convention on Biological
Diversity (1992) provisions were met by the authors.

RESULTS AND DISCUSSION

In the conditions of sufficient moisture in the Western
Forest-Steppe, the problem of weed infestation arises
annually. The nature of weed infestation determines
the ratio between the main biological groups of weeds,
and the degree of weed infestation determines the
number of weeds (pcs/m?) and their weight (g/m?). It
should be borne in mind that a larger number of weeds
per unit area with a small mass causes less damage to
amaranth plants than a large mass of weeds even at
a significantly lower density. In this study the number
of weeds in the amaranth crops was low. The lowest
number of them was in the variant with the use of the
herbicide prometrin 1.6 pcs/m? (Fig. 1).
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Figure 1. Effect of herbicide on weediness and yield of amaranth variety Kharkivskyi 1

Source: developed by the author

The statistical analysis revealed a strong inverse rela-
tionship between the number of weeds and the herbicide,
with a correlation coefficient of r=-0.91 (Fig. 2). This pat-
tern can be represented by a regression equation:

Weediness, g/m*=228.00 - 19.43 « Herbicide, (1)
the coefficient of determination: R2=0.83.

This can be explained by the good effectiveness
of herbicides in the first 40 days of the amaranth’s

vegetation. In addition, amaranth has a high ability to
compete with weeds when it reaches the 10-leaf stage.
The rapid development of sufficient optical density of
amaranth crops allows reliably controlling the emer-
gence of plants of repeated summer weeds. Herbicides
of the betanal group in the second and third variants less
effectively controlled the level of weeds and significantly
suppressed amaranth plants. The weed weight was also
lower when prometrin was applied (113 g/m?), and the
lowest when clopyralid was used (108 g/m?) (Table 2).
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Figure 2. Statistical model of the herbicide effect on weed infestation of amaranth crop

Source: developed by the author
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Table 2. Level of weed infestation in amaranth crops depending on herbicide, average for 2021-2023

Types of weeds

1 2
Chenopodium album L. 0.5/30 0.1/16
Galium aparine L. 0.3/15 0.2/10
Thlaspi arvense L. 0.3/15 0.1/14
Sinapis arvensis L. 0.3/18 0.1/10
Tripleurospermum inodorum L. 0.5/25 0.4/21
Cirsium arvense L. 0.4/28 0.4/26
Sonchus oleraceus L. 0.4/22 0.3/19
Polygonum persicaria L. 0.4/18 1.4/40
Polygonum convolvulus L. 0.5/21 0.3/18
Polygonum scabrum Moench. 0.8/31 0.8/29
Total 4.4/223 4.1/203

Note: numerator - pcs/m2, denominator - g/m2
Source: developed by the author

The control was the weediest, with 4.4 plants
per m? and a weight of 223 g/m2. Notably, in the studies
conducted there is no direct correlation between the
weight and number of weeds and the yield of amaranth
grain. Analysis of the elements of the yield structure

No.

3 4 ) (3 7
0.8/32 - 0.1/14 - 0.3/24
0.2/12 0.1/14 - 0.2/11 0.2/14

- - - - 0.3/18
0.2/10 - 0.1/10 0.1/12 0.4/19
0.6/24 0.1/10 0.2/12 0.1/12 -
0.5/23 0.3/20 0.4/20 0.4/20 -
0.3/21 0.2/16 0.2/17 0.3/18 -
0.2/14 0.2/20 0.5/19 0.1/12 0.2/15
0.4/17 0.3/15 0.6/23 0.3/15 0.3/18
0.2/15 0.4/18 0.6/20 0.2/14 -
3.4/156 1.6/113 2.7/135 1.7/114 1.9/108

clearly shows the suppressive effect of herbicides on
amaranth plants. This was especially evident in the
height of the plants. On the control without chemical
weed control, the height of plants was much higher
(220 cm) compared to other variants (Table 3).

Table 3. Crop structure elements depending on herbicide, average for 2021-2023

Herbicide Plant height, cm Panicle length, cm Wesi‘gzzél’,goo Seed weight 1 plant, g
Control 220+5.77a 64+1.83a 18+0.32a 0.84%0.016a
Phenmedipham, 60 +
Desmedipham, 47 + 168 +3.65bcf 49+0.82bcfg 10+0.22b 0.68+0.016bf
Etofumesate, 75 + Lenacil, 27
Phenmedipham, 320 170+ 4.08cef 51+0.82bcfg 12+0.26¢ 0.73+0.014cfg
Prometrin, 500 188+4.4dg 56+1.15de 16 £0.34de 0.80+0.018de
Clomazone, 480 178+3.74efg 56+1.41de 16+0.36de 0.78+0.018dfg
Triflusulfuron- methyl, 500 171+3.65bceg 51+1.15bcfg 14+0.34fg 0.70+0.008bcef
Clopyralid, 750 180+3.92gdef 51+0.82bcfg 14+0.36fg 0.74+0.016ceg

Note: values that have at least one identical letter within a table column do not differ when using the Tukey test

(p<0.05)
Source: developed by the author

Thus, the difference between the control and the
variant with the application of phenmedipham + des-
medipham + etofumesate + lenacil herbicide was
52 ¢cm. When using the herbicide prometrin, which was
relatively tolerant to amaranth, the height of the plants
was also 32 cm less. The length of the panicle was also
the longest in the control (64 cm), and decreased to
49-56 cm in the variants with herbicides. The weight of
grain per plant varied in a significant range and had a
strong relationship with yield, as evidenced by the cor-
relation coefficient r=0.87.While in the variant without
herbicide application, the grain weight was 18 g per
plant, this figure decreased to 10 g with phenmedip-
ham + desmedipham + etofumesate + lenacil due to the
severe herbicide stress for amaranth plants. Herbicides
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also had a negative effect on the weight of 1,000 seeds.
In the control, it was 0.84 g, and in the variants with
chemical weed control, it decreased to 0.68-0.80 g. The
reduction of all elements of the crop structure led to
a natural decrease in the yield of amaranth grain, de-
spite the fact that the level of weeds was lower when
herbicides were applied. This was confirmed by the re-
sults of statistical analysis: a strong relationship was
found between plant height, panicle length, weight
of 1,000 seeds, and yield, where the correlation coef-
ficient was r=0.84, r=0.81, r=0.76, respectively. The
herbicide phenmedipham + desmedipham + etofume-
sate + lenacil provided a certain control of weeds,
but simultaneously, this variant had the lowest yield
(1.84 t/ha) in the experiment (Table 4).
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Table 4. Grain yield of amaranth variety Kharkivskyi 1 depending on herbicide, t/ha

Average Increase to control
Herbicide for years, o
t/ha t/ha %
1 Control 3.22%0.068a 3.35+0.048a 3.060.078a 3.21 - -
Phenmedipham, 60
*Desmedipham, 47 4 g446.050b 1.9240.054b 1.76£0.042bc 184 137 427
+ Etofumesate, 75 +
Lenacil, 27
3 Phenmedipham, 320 2.12%0.047c 2.16+0.051c 1.84+0.068bc 2.04 -1.17 -36.4
4 Prometrin, 500 2.87+0.065d 2.91+0.071df 2.65%0.057df 2.81 -0.40 -12.5
5 Clomazone, 480 2.27+0.048eg 2.34+0.060e 2.23%0.050eg 2.28 -0.93 -29.0
6 Triflusulfuron- 2.71%0.056f 2.79+0.063fg 2.54%0.051df 2.68 -0.53 -16.5
methyl, 500
7 Clopyralid, 750 2.39+0.056€eg 2.43+0.039fg 2.20+0.104eg 2.34 -0.87 -27.1

Note: values that have at least one identical letter within a table column do not differ when using the Tukey test

(p<0.05)
Source: developed by the author

The herbicide phenmedipham + desmedip-
ham + etofumesate + lenacil is widely used in sugar
beet cultivation and is recommended in many recom-
mendations for use in amaranth crops, but in studies it
suppressed the crop plants and did not provide proper
weed control. Visually, there was no burning of ama-
ranth plants from the application of herbicides in any
variant. However, the plants slowed down for some
time in all variants compared to the control, which in-
dicates that they were exposed to herbicide stress. The
use of phenmedipham resulted in a sharp decrease in
yield compared to the control by 1.17 t/ha, and it also
proved to be quite stressful for amaranth. Prometrin
herbicide proved to be the most tolerant to amaranth
plants. The yield after its application was 2.81 t/ha. The
highest yield (3.21 t/ha) was obtained in the control
without the use of herbicides. The biological method
of weed control was almost as effective as the chem-
ical method, and the amaranth plants did not suffer
from herbicide stress. The results of field experiments
have shown that weeds can be effectively controlled
using biological methods even in conditions of suffi-
cient moisture. This allows producing environmentally
friendly products with a much higher price and increas-
ing the profitability of amaranth cultivation.

Amaranth had attracted growing attention as a
promising crop due to its high nutritional value and
adaptability to diverse environmental conditions. De-
spite its potential, the cultivation of amaranth faced a
number of agronomic challenges, among which weed
competition remained one of the most critical. How-
ever, there are a number of scientific papers on the re-
sistance of Amaranthus weeds to several classes of her-
bicides. In particular, G.B.P. Braz & H.K. Takano (2022)
conducted research focusing on the mechanisms of

multiple resistance observed in Amaranthus species in
different regions of the world and analysed the effec-
tiveness of contemporary herbicides and combinations
of active ingredients. Particular attention is paid to
ways of reducing selective pressure on weeds, recom-
mendations for herbicide rotation and integrated con-
trol methods. The review emphasised the importance of
a comprehensive approach to managing resistant Ama-
ranthus biotypes in agricultural systems, particularly in
Brazil, where the problem is widespread. The study by
X.Guo et al. (2024) investigated the effects of long-term
use of the herbicide fomesafen on weeds, particularly
Amaranthus retroflexus L. (common pigweed), in fields
in China. The results showed that the systematic use
of fomesafen led to the accumulation of A. retroflexus
seeds in the soil, and a significant increase in its resist-
ance to this active ingredient. Biological tests demon-
strated that new generations of this weed had reduced
sensitivity to fomesafen, indicating the development
of resistance at the population level. The results of a
study conducted by CW. Beiermann et al. (2022) in the
United States showed that post-emergence treatment
(imazamox + bentazon) provided poor control of Palmer
amaranth and did not result in a sustained reduction in
Palmer amaranth density and biomass compared to the
untreated control. Data on the presence of acetolactate
synthase (ALS) inhibitor and glyphosate-resistant Palm-
er amaranth have been confirmed in Nebraska and are
widespread in several counties (Mausbach et al., 2021).

The study by D.I. Chaudari et al. (2019) presented
results on the impact of integrated weed management
on productivity development in grain amaranth (Ama-
ranthus hypochondriacus L.) under conditions of South
Gujarat, India. The field experiment included the use
of pendimethalin (1.0 kg/ha a.i.) as a pre-emergence
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herbicide and quizalofop-p-ethyl (50 g/ha a.i) as a
post-emergence herbicide, combined with hand weed-
ing. The highest grain yield (1,650 kg/ha) and net profit
were achieved with the treatment involving pendime-
thalin followed by hand weeding on the 30™ day after
sowing. There is a significant lack of research on her-
bicide resistance in amaranth. Findings by P. Kudsk et
al. (2012) demonstrated that amaranth is highly sen-
sitive to herbicides targeting broadleaf weeds. Among
the herbicides tested, amaranth tolerated only the ac-
tive ingredients clomazone, clopyralid, phenmedipham,
and triflusulfuron. Application of clomazone in the ear-
ly post-emergence phase, instead of pre-emergence,
ensured full crop tolerance even at the highest ap-
plication rates. The post-emergence herbicides phen-
medipham and triflusulfuron caused less crop injury
at the 4-6 leaf stage compared to the 2-4 leaf stage,
whereas clopyralid remained selective at both growth
stages. J.S. Desai (2021) evaluated the effectiveness of
integrated weed management in grain amaranth (Am-
aranthus hypochondriacus L.) at the experimental farm
of Sardarkrushinagar Dantiwada Agricultural University.
The results showed that the most effective approach
was a combination of strategies, particularly inter-row
cultivation 20-30 days after sowing along with the
use of the herbicides pendimethalin and oxyfluorfen.
This approach resulted in the lowest weed density and
the highest grain yield (~1.5-1.7 t/ha). The researcher
emphasised the value of an integrated method as a
balance between effective weed control and reduced
chemical load on the agroecosystem.

The effectiveness of biological weed control meth-
ods was confirmed by research conducted by scientists
from various countries and soil-climatic zones. In a
study by S. Deryto & t. Chudzik (2015), the impact of
different primary soil tillage methods on the yield of
cultivated amaranth (Amaranthus hypochondriacus L.)
was investigated in Poland. The results showed that
some fewer intensive methods, particularly shallow and
disc tillage, can provide stable yields and help preserve
soil moisture. Field experiments conducted in 2018
and 2019 in central Italy, which compared several me-
chanical weed control practices in grain amaranth (Am-
aranthus cruentus L.), demonstrated that selecting the
optimal plant density and proper row spacing is also
crucial for effective mechanical weed management
(Casini & Biancofiore, 2020; Casini et al., 2022). A field
experiment conducted by J.S. Desai et al. (2023) at the
Agricultural College Farm of SDAU compared 10 weed
management strategies in grain amaranth (Amaranthus
hypochondriacus L.), including herbicides (pendime-
thalin, oxadiargyl, oxyfluorfen), mechanical inter-row
cultivation at 3-4 weeks after sowing, combined

Ukrainian Black Sea Region Agrarian Science, 29(3), 82-90

approaches, and weed-free control. The lowest weed
density (4.07 plants/m?) and minimum weed dry bio-
mass (4.81 g/m?) were recorded with oxyfluorfen (50 g/
ha) combined with inter-row cultivation at the 4th
week. Although the weed-free treatment was the most
effective, the combination of herbicide and cultivation
provided comparable efficacy with reduced labour in-
put. This approach was deemed optimal under condi-
tions of labour scarcity.

The benefits of combining chemical and mechani-
cal weed control for increased productivity and profit-
ability of grain amaranth under subtropical conditions
were further supported by K. Patidar et al. (2024). The
highest plant biomass, grain yield, and net returns were
achieved with an integrated system: pre-sowing appli-
cation of pendimethalin (1.0 kg/ha) + inter-row culti-
vation on day 30. While manual weeding was also ef-
fective, it required significantly more labour input. The
study by S.R. Anand et al. (2025) examined the effect of
different weed control methods on the growth and yield
of grain amaranth (Amaranthus hypochondriacus L.) in
North Indian conditions (Faizabad, Uttar Pradesh). The
experiment included a comparison of hand weeding, in-
ter-row cultivation,mulching and herbicide options.The
highest yield and biomass were obtained when com-
bining two-time hand weeding (20 and 40 days after
sowing) with inter-row loosening. The results confirm
the effectiveness of mechanical methods as an envi-
ronmentally safe alternative to herbicides for amaranth.

CONCLUSIONS

All herbicides tested phenmedipham (60 g/ha) + des-
medipham (47 g/ha) + etofumesate (75 g/ha) + lenacil
(27 g/ha) (post-emergence); phenmedipham (320 g/
ha) (post-emergence); prometrin (500 g/ha) (pre-emer-
gence); clomazone (480 g/ha) (pre-emergence); tri-
flusulfuron-methyl (500 g/ha) (post-emergence);
clopyralid (750 g/ha) (post-emergence) were effective
in controlling weeds. The lowest number of weeds was
observed in the variant using the herbicide prometrin
(500 g/ha) - 1.6 pcs/m? The weight of weeds was
also lower when prometrin (500 g/ha) was applied -
113 g/m? and lowest when clopyralid herbicide was
used, 750-108 g/m2

All the herbicides under study had a suppressive
effect on amaranth plants, as evidenced by the yield
structure parameters. In particular, the panicle length
was the greatest in the control (64 cm) and decreased
to 49-56 cm in the variants with herbicide application,
while the height was 32-52 cm lower. Herbicides also
had a negative effect on the weight of 1,000 seeds.
In the control, it was 0.84 g, and in the variants with
chemical weed control, it decreased to 0.68-0.80 g. In



the variant without herbicides, the grain weight was
18 g per plant, while with the use of phenmedipham,

Tyrus

of 2 l/ha. There is a need to continue investigating
the specifics of herbicide use in amaranth crops, in

60 + desmedipham, 47 + etofumesate, 75 + lenacil, 27,
this indicator was the lowest in the experiment - 10 g
due to severe herbicide stress on amaranth plants. All

particular, to clarify the active ingredients, rates, and
timing of their application.

the herbicides under study also caused a decrease in ACKNOWLEDGEMENTS
amaranth yield by 0.40-1.37 t/ha due to the stress ef-  None.
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formed in the variant without the use of herbicides FUNDING
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BcTaHOBNeHHA ePeKTUBHUX XiMiUHMX 3aco6iB
perynioBaHHS1 YNCeNbHOCTI 6yp’sHIB B NociBax aMapaHTy

Mapis Tupycb

KaHaMAaaT CinbCbKOrocnoaapcbKMx Hayk, LOLEHT

JTbBiBCbKMIA HALLIOHANbHMI YHIBEPCUTET BETEPUMHAPHOI MeAMUMHM Ta BioTexHonorin iM. CtenaHa KMuUbKOro
80381, Byn. Bonogmnmupa Benukoro, 1, M. [lybnsaHu, YkpaiHa

https://orcid.org/0000-0002-9882-9540

AHortauis. LLinpoke BNpoBagKeHHsS aMapaHTy Y CiNbCbKorocnogapcbke BUpoOHMUTBO B YKpaiHi, 30KpeMa B yMOBax
[OCTaTHbOrO 3BOMIOXKEHHS 3axigHoro Jlicocteny, CTPUMYETLCS HU3KOH TEXHONOTIYHUX TPYAHOLiB, cepen IKUX OAHUM
i3 KNI0YOBMX € 3abypAHEHICTb MOCiBiB. MeTo A0CNiAXEHHS 6y0 BU3HAYeHHS edeKTUBHUX repbiuunais ans 6opotobm
3 Byp'THaMM B NoCiBax amMapaHTy B yMoBax 3axigHoro Jlicocteny YkpaiHu. MonboBi fOCNIOKEHHS 3 BCTAHOB/EHHS
edekTMBHMX repbiunais — npometpuH (500 r/ra); knomasoH (480 r/ra); denmenidam (60 r/ra) + pecmenidam
(47 r/ra) + etopymesat (75 r/ra) + nenaumn (27 r/ra); dbenmegicdam (320 r/ra); TpudnycynbdypoH (500 r/ra); knonipania,
(750 r/ra) Ha nociBax amapaHTy npoBoannu Bnpogoex 2021-2023 pp. Ha gocnigHoOMy noni kagenpu TEXHONOTIH y
POCNMHHULTBI JIbBiBCbKOTO HALLIOHANIbHOTO YHIBEPCUTETY NPUPOAOKOPUCTYBAHHS B YMOBAX A0CTATHLOIO 3BONIOXEHHS.
KoHTponb - BapiaHT 3 6ionoriyHMmm Metoaamu 60poTtbbu 3 Byp'aHaMu. BcTaHOBAEHO, WO BCi AOCAIAXKYBaHI repbiunam
6ynn edekTMBHI WoOAO KOHTponto OypaHiB. HaliMeHwa KinbkKicTb Oyp'aHiB 6yna Ha BapiaHTi 3 BMKOPWUCTaHHSM
rep6iumay npometpuH (500 g/ha) — 1,6 wT/M2, a HaliHWXKYa Maca BypaHiB 3a BUKOpUCTAHHA repbiumay knonipania,
750-108 r/m2 Bci pocnigkyBaHi repbiumMan BUSBASSIUM NPUTHiIYYyBabHY Ail0 Ha POC/IMHM aMapaHTy, Npo WO CBiavaTb
napameTpu CTPYKTypu BpOXat. 30Kpema, AOBXMHA BONOTI byna Haibinbwa Ha KoHTponi (64 cMm), i 3MeHwWwyBanacs
[0 49-56 cM Ha BapiaHTax i3 3acToCyBaHHAM repbiumais, Bucota byna MeHwow Ha 32-52 cm, maca 1000 HaciHUH
3HM3unack go 0,68-0,80 r. Bci gocnifxyBaHi repbiumam BHaCNifOK CTPECOBOrO BMJIMBY Ha POC/IMHM AMapPaHTY TaKoX
CNPUYMHIOBANUN 3MEHLLIEHHS M0ro BpoxanHocTi Ha 0,40-1,37 1/ra. HaneuLwLa BpOXaMHiCTb aMapaHTy dopMyBanach Ha
BapiaHTi 3 6ionoriyHMMmM MeTogammu 60poTbbu 3 Byp'aHamm — 3,21 T/ra. Ha BapiaHTax 3 BUKOPUCTAHHAM repbiungis
BULLY YpOXaKHicTb (2,81 1/ra) 3abe3neunB npenapart LOCXOL0BUI repbiuma NpOMETPUH 33 HOPMU BHECEHHS 2 f/ra

KniouoBi cnoBa: BpoxainHicTb; repbiunam; maca 1000 HaciHMH; npoMeTpuH; 3axigHuii Jlicocten
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