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Abstract. The evaluation of breeding value for economically important traits is a key tool in modern
systems of genetic improvement in dairy cattle. This analytical study aimed to describe the current
algorithm for genetic evaluation in dairy cattle and to identify promising directions for potential
improvement in the near future. Genetic evaluation methods have undergone significant development,
evolving from mass daughter-dam comparisons, direct and improved herdmate comparisons, and
modified contemporary comparison, to more complex approaches such as the Animal Model and
genomic evaluation using mathematical techniques such as BLUP and REML. The implementation of
modern genomic selection programmes required a substantial restructuring of the entire organisational
system of breeding. The presence of reference populations, with ongoing monitoring of genetic and
phenotypic traits, was a fundamental requirement. It was noted that a general trend in modern dairy
farming was the increasing number of traits considered in selection to account for both observable
traits (such as milk yield and composition) and “hidden” traits (such as health status, reproductive
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efficiency, productive longevity, and feed conversion efficiency), all of which significantly influence
production economics. A comparative analysis of the monitored livestock population and productivity
indicators in Ukraine and ICAR member countries was carried out, revealing key limitations within
the national breeding system. It was established that genomic evaluation enables the shortening of
generation intervals and the doubling of the rate of genetic progress in milk yield. The practical value
of the study lies in providing scientifically grounded guidelines for developing an effective system of
genetic evaluation and breeding resource management in Ukraine

Keywords: BLUP Animal Model; genomic selection; holo-omics; genome editing; biotechnology

Introduction

An important challenge in modern dairy farming
is achieving a high level of genetic progress in
economically significant traits through the im-
plementation of effective breeding programmes.
The genetic improvement of livestock, includ-
ing dairy cattle, traditionally comprises the fol-
lowing stages: (1) defining the breeding objec-
tive; (2) constructing a selection index aimed at
achieving the breeding objective with maximum
profitability; (3) organising regular monitoring
of traits included in the selection index; (4) con-
ducting genetic evaluation of animals for se-
lected traits; (5) developing and implementing a
breeding programme based on specific selection
criteria; and (6) selecting potential parents to
produce the next generation. The genetic evalua-
tion of animals involves the use of mathematical
methods designed to minimise estimation error
(Simm et al.,2021). In the early 21 century, it was
demonstrated that the breeding value of animals
could be predicted at early stages of ontogeny
by using a large number of genetic markers dis-
tributed across the entire genome. This led to
the development of the approach now known as
genomic selection (Misztal et al., 2020).

In the monograph by R.A. Mrode et al. (2023),
methods for using linear models to evaluate the
genetic merit of animals are described. The pub-
lication outlines approaches to genetic evalua-
tion using various sources of information, genetic
covariance among relatives, best linear unbiased
prediction of breeding value, models incorpo-
rating maternal effects, animal models, models

including social interactions between animals,
methods for genomic prediction of genetic mer-
it and forecasting selection response, as well as
genetic and genomic models involving multiple
breeds and crossbreeding analysis. It also pre-
sents methods for estimating genetic parameters.

The introduction of DNA microchip technol-
ogy has led to the widespread use of genomic se-
lection in livestock species, particularly in dairy
cattle. Breeding values with higher reliability can
now be estimated at early stages of life by com-
bining DNA genotypes at tens of thousands of loci
with existing databases on identity, pedigree, and
phenotype for millions of animals. Genomic selec-
tion was initially applied to males to predict the
performance of their offspring, but it is now wide-
ly used in females and even embryos to forecast
their own future performance (VanRaden, 2020).
Y.CJ. Wientjes et al. (2022) demonstrated that
genomic selection outperforms pedigree-based
selection in terms of long-term genetic progress,
although it results in a comparable reduction
in genetic variation. The genetic architecture of
traits changed considerably over generations,
particularly under selection pressure and in the
presence of non-additive effects. In conclusion,
non-additive effects had a significant influence
on selection accuracy and the long-term response
to selection, especially when selection was high-
ly accurate. B.A. Scott et al. (2021) found that the
implementation of genomic selection in Austral-
ian dairy cattle led to a 160% increase in genetic
progress for national economic index values in
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the Holstein breed and a 100% increase in the
Jersey breed. According to K. Weigel et al. (2024),
genomic testing of young bulls and heifers pro-
vides greater accuracy in selection decisions for
traditional fertility traits such as daughter preg-
nancy rate, while also enabling improvement in
emerging traits such as pregnancy loss.

The monograph by N. Ahmadi & J. Bart-
holomé (2022) focused on genomic prediction
of quantitative traits. It covers the non-genetic
foundations of quantitative traits - from quan-
titative trait loci to genomic prediction - along
with methods for genomic prediction, underlying
principles, an overview of factors affecting the re-
liability of genomic prediction, and the algebra of
its accuracy. The authors provide a comprehensive
review of genomic prediction methods and the
associated assumptions concerning marker effect
variance and the genetic architecture of quanti-
tative traits. The text also explores approaches
that account for non-additive genetic effects, the
inclusion of trait correlations in genomic predic-
tion, and the prediction of quantitative traits in
animals with a long history of selection, particu-
larly in dairy cattle. Furthermore, the monograph
assesses the economic efficiency of genomic se-
lection in comparison with traditional breeding
approaches. S. Ruban & V. Danshin (2023) con-
ducted a comparative analysis of selection re-
sponse under traditional breeding programmes
versus genomic selection. Their findings demon-
strated that by reducing generation intervals in
genetic improvement pathways - such as “sire of
bulls,”“sire of cows,” and “dam of bulls” - genomic
selection can accelerate genetic progress in milk
yield by between 100.1 kg and 180.0 kg, repre-
senting an increase of up to 80%.

This study aimed to analyse the potential of
modern methods for the genetic evaluation of dairy
cattle and to outline prospects for their further de-
velopment under conditions specific to Ukraine.

Materials and Methods
The research methodology was based on the
principles of comparative analysis and systematic

Danshyn et al.

synthesis of empirical statistical data on the ge-
netic evaluation of cattle in Ukraine and ICAR
(International Committee for Animal Recording)
member countries. The primary data source was
the 2023 State Register of Breeding Entities in
Animal Husbandry (Zhukosky et al., 2024), which
included information on the number, breed com-
position, and productivity of the monitored live-
stock of dairy and dual-purpose cattle.
Additionally, data from the ICAR Annual Re-
port (2023a) for the years 2022-2023 were an-
alysed. These materials reflect the status of per-
formance recording and breeding systems in over
twenty European countries. Aggregated indicators
from the official ICAR statistical section (2023b)
were also used, including data on the number of
monitored livestock, average lactation produc-
tivity, frequency of genomic evaluation use, and
breed distribution by country. The ICAR reports
made it possible to identify key trends in the de-
velopment of breeding record-keeping in leading
dairy-producing countries such as the USA, Ger-
many, France, Canada, and ltaly. To gain a deeper
understanding of the context, a systematic review
of scientific publications (Misztal et al., 2020; Van-
Raden et al.,2021) was conducted, with a focus on
genomic selection practices, the use of Single Nu-
cleotide Polymorphism (SNP) markers, Best Lin-
ear Unbiased Prediction (BLUP) models, and the
application of the Net Merit Dollar Index (NM$).
The comparative analysis included indica-
tors such as milk yield, fat and protein content,
the proportion of monitored livestock, the specif-
ic influence of individual breeds, and the degree
of integration of genomic methods into breeding
value assessment systems. Promising directions
for the development of Ukraine’s breeding system
were identified through the extrapolation of ef-
fective international practices, particularly those
from the USA, which was the first to introduce a
genomic model for evaluating Predicted Trans-
mitting Ability (PTA). Data processing methods
involved elements of descriptive statistics, typo-
logical grouping, and interpretation of correla-
tion relationships between traits (milk yield, fat,
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protein, fertility, longevity), based on findings from
previous studies (V.0.Danshin et al., 2017). The
study was analytical in nature and did not involve
original experimental material. It aimed to syn-
thesise existing practices and formulate scientif-
ically grounded recommendations for improving
the genetic evaluation of dairy cattle in Ukraine.

Results and Discussion
As of the end of 2024, the total number of dairy
cows in Ukraine was 1.156 million head, with an
annual milk production of 7.2 million tonnes, in-
dicating a relatively intensive development of the
sector despite the ongoing martial law. A key com-
ponent of this industry remains the focus on pro-
ducing economically viable animals through meth-
ods of genetic evaluation and the implementation
of selection programmes for dairy cattle. Table 1

presents the breed composition and productivity
indicators of the monitored (controlled) livestock,
which accounted for approximately 9.7% of the
total dairy cow population - significantly lower
compared to the corresponding figures in most
European countries (Table 2).

Market conditions in Ukraine’s dairy sec-
tor impose strict requirements on cattle breeds,
with the Holstein breed increasingly coming to
dominate in recent years. According to analytical
data, up to 68% of the national breeding live-
stock can be classified as Holstein. It is worth
noting that the two most numerous Ukrainian
dairy breeds - the Ukrainian Red-and-White Dairy
and the Ukrainian Black-and-White Dairy - were
developed in the late 20™ century through com-
bination crossbreeding schemes involving local
breeds and partial use of Holsteins.

Table 1. Breed composition and productivity of the breeding (monitored) livestock
of dairy and dual-purpose cattle in Ukraine

Livestock Percentage, %
Breed total including . :/:nal Milkkyield, )
population,  cows, g fat protein
head head | oo
Ayrshire 969 420 0.37 7,402 4.00 3.03
Holstein 175,412 51,429 45.76 9,810 3.84 3.32
Jersey 2,497 1,064 0.95 6,004 5.98 415
Lebedyn 766 329 0.29 6,035 414 3.31
Simmental 9,200 3,563 3.17 7,051 4.06 3.32
Ukrainian Brown Dairy 1,299 466 0.41 6,995 413 3.53
Ukrainian Red Dairy 3,733 1,213 1.08 7,310 3.83 3.52
Ukrainian Red-and-White Dairy 32,361 11,439 10.18 7,689 3.82 3.45
Ukrainian Black-and-White Dairy 118,599 41,094 36.56 8,218 3.74 3.22
Red Steppe 737 256 0.23 6,318 4.19 3.20
Brown Swiss 3,809 1,115 0.99 8,718 3.95 3.40
Total 349,382  112,388* 100 7,623 4.19 3.42

Source: developed by the authors based on 0.M. Zhukosky et al. (2024)

These breeds have been genetically improved
mainly through the use of Holstein sires, with semen
imported from the USA. The milk production market
in European countries is highly dynamic and varies

in terms of selection programme focus and the num-
ber of animals in the monitored (breeding) livestock
(Table 2). This variation also contributes to a strong
market for breeding resources (heifers, young bulls).
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Table 2. Number and productivity of dairy cows in European countries, 2022-2023
Proportion

Country I‘f):iaz:irr‘;?ot;(:sr. h{:g:;ttg':lf c;ifvr:sotr‘;i(t:z’r;::l Milk yield, kg  Milk fat, % Milk g/:oteln,
Austria 546,035 437,712 80.2 7,918 4.16 3.40
Belgium 351,583 202,275 56.8 9,606 427 3.51
Croatia 96,477 68,384 70.1 4,975 4.07 3.49
Czpetfg‘nse' 352,557 339,272 96.1 9,266 3.89 3.42
Denmark 557,831 498,644 91.1 10,571 433 3.62
Finland 242,017 189,148 78.2 9,332 4.46 3.56
France 3429000 1,968,566 56.2 7,516 - -
Germany 3712815 3,251,621 87.6 8,547 412 3.46
Hungary 173,618 177,430 100.0 - 3.96 3.48
Ireland 1,643,470 25,309 100.0 5,301 430 3.52
Italy 2,009,834 1,407,368 70.0 - - -
Estonia 83,700 81,020 9.8 10,655 3.90 3.40
Latvia 127,803 106,175 83.0 7,748 - -
Netherlands 1,576,925 1,455,909 923 9,346 4.45 3.61
Norway 203,327 178,897 97.7 7,955 430 3.55
Poland 2,203,900 807,719 38.0 7,596 - -
Portugal 218,840 92,149 42.1 8,643
Romania 133,438 133,438 100.0 7,149 3.83 3.45
Serbia 92,000 52,309 56.9 4,576
S"F’)‘(j";‘)'jk'fe' 114,410 101,392 89.9 8,362 3.79 337
Sweden 289,182 179,681 74.2 9,747 4.26 3.53
Switzerland 542,927 416,068 76.6 6,989 414 3.36
United King- 265,801 267,322 100.0 8,699 434 3.38
Ukraine 115,600 112,388 9.7 7,623 419 3.42

Source: developed by the authors based on ICAR (2023a; 2023b)

The majority of stakeholders in Ukraine’s dairy
industry have adopted the North American mod-
el of cattle farming. However, under current con-
ditions - including the limited size of the moni-
tored livestock, the need to reduce dependence
on expensive imports (semen, embryos, heifers),
global risks of epizootic outbreaks, and the specific
economic circumstances of Ukraine’s agricultur-
al sector - there is a pressing need to develop a
domestic system of genetic evaluation. The direc-
tion of such efforts, as outlined in various scientific
publications, is based on modern methodologies
for breeding value assessment (Ruban et al., 2021).

According to H.D. Norman et al. (2022), the
historical development of genetic evaluation
methods for dairy cattle can be divided into the
following stages:

1) Daughter-Dam Comparison (DDC). The
breeding value of a bull is estimated as the differ-
ence between the performance of his daughters
and their dams.

2) Herdmate Comparison (HC). The perfor-
mance of a bull’'s daughters is compared to that
of daughters of other bulls raised under similar
environmental conditions (e.g. herd, age, year and
season of calving).
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3) Improved Herdmate Comparison (IHC).
This method includes adjustments to bull eval-
uations based on the number of herds in which
the daughters were assessed, the distribution of
daughters across those herds, and the number of
lactations per daughter.

4) Modified  Contemporary  Comparison
(MCCQ). In this method, a bull’s evaluation incor-
porates information about his ancestors as well
as the genetic merit of the parents of his con-
temporaries. This allows for a more accurate ad-
justment of the bull’s breeding value in line with
the genetic trend.

5) BLUP Animal Model (AM). A simultaneous
evaluation of all animals (both bulls and cows),
taking into account environmental effects and all
genetic relationships among animals.

6) Genomic Evaluation (GE). Breeding value
assessment based on SNP markers, which repre-
sent a substitution of one pair of nucleotides in
the DNA sequence with another.

In the study by V.0. Danshin et al. (2017), ge-
netic correlations between economically impor-
tant traits were assessed (Table 3).

Despite some breed-specific differences, the
genetic correlations between traits generally in-
dicate a significant unfavourable relationship be-
tween milk production and reproductive perfor-
mance in cows. In contrast, productive longevity
shows relatively weak correlations with both milk
yield and calving interval. These findings high-
light the need to include reproductive perfor-
mance and productive longevity in the selection
index used for choosing sire bulls.

Table 3. Estimates of genetic correlations between traits by breed

Trait Genetic correlation
1 2 3 4 5
Holstein
1. Milk yield 1
2. Milk fat 0.95 1
3. Milk protein 0.75 0.74 1
4. Calving interval 0.30 0.29 0.19 1
5. Productive longevity 0.01 0.05 0.06 -0.01 1
Ukrainian Black-and-White Dairy
1 2 3 4 5
1. Milk yield 1
2. Milk fat 0.97 1
3. Milk protein 0.81 0.80 1
4. Calving interval 0.28 0.25 0.21 1
5. Productive longevity 0.05 0.03 0.06 0.02 1
Ukrainian Red-and-White Dairy
1 2 3 4 5
1. Milk yield 1
2. Milk fat 0.92 1
3. Milk protein 0.77 0.79 1
4. Calving interval 0.31 0.24 0.18 1
5. Productive longevity 0.07 0.07 0.08 0.03 1
Ukrainian Red Dairy
1 2 3 4 5
1. Milk yield 1
2. Milk fat 0.93 1
3. Milk protein 0.79 0.75 1
4. Calving interval 0.29 0.27 0.23 1
5. Productive longevity 0.04 0.06 0.07 0.01 1

Source: V.0. Danshin et al. (2017)
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Since 2007, countries with developed dairy
industries - including Australia, Ireland, New Zea-
land, France, Germany, the Netherlands, Denmark,
Sweden, Finland, the USA, and Canada - have
adopted genomic selection based on genomic
prediction methods (Simm et al., 2021; Xu, 2022).
This is based on the method of genomic predic-
tion (Ahmadi & Bartholomé, 2022). The theoret-
ical basis for genomic selection was established

DNA samples
—_—

Genotyping laboratory
(certified by the CDCB)

Danshyn et al.

in 2001 by T.H.E. Meuwissen et al. (2001). The
most comprehensive system of genomic selec-
tion, as demonstrated in the U.S. dairy industry, is
illustrated in Figure 1. This now-classic approach
relies on a so-called reference (or training) pop-
ulation, consisting of animals with known phe-
notypes and genotypes for SNP markers, which
is used to develop equations for predicting the
genetic merit of each animal.

Data recordine |
(farmer or controller)

Genomic .
evaluations [ } DNA samples

Approved CDCB

Genotypes

Genotypes Nominations

Reports on and pedigrees
genotypes quality (E;Elmn.nc
.Council of dairy evaluations

cattle breeding

(CDCB

Figure 1. General scheme of genomic evaluation of dairy cattle in the USA

Source: Council on Dairy Cattle Breeding (n.d.)

The first genomic evaluations of PTA (Pre-
dicted Transmitting Ability; PTA equals half the
breeding value of an animal) in the USA were
published in April 2008, although they gained of-
ficial status in January 2009. Since then, approx-
imately 700,000 animals have been genotyped
each year. Genotyping laboratories accredited by
the Council on Dairy Cattle Breeding (CDCB), in
cooperation with breed associations and artificial
insemination organisations, collect DNA samples
and pedigree data, and notify the CDCB of their
intent to obtain a genomic evaluation for a specif-
ic animal - a process known as nomination. Most
animals are genotyped using SNP chips (platforms
containing probes for identifying SNPs across the
genome), with densities ranging from 9,000 to
30,000 SNP markers. These chips provide informa-
tion on the sequence of nucleotide pairs in the
animal’s DNA. High-density microchips are pri-
marily used for research and bull evaluation. Each
animal’s genotype is verified by comparing it with
those of its parents and grandparents (Pal, 2022).

Genotypes obtained from chips of varying
densities are included in the evaluation process
through imputation, which involves inferring
missing SNP markers to expand genomic infor-
mation while reducing costs. Imputation is pri-
marily used for animals genotyped with low-den-
sity chips. In this process, genomic information is
“borrowed” from animals in the reference popula-
tion that have been genotyped using higher-den-
sity chips (Klimova et al., 2020). For the genomic
evaluation of dairy cattle in the USA, 79,294 SNP
markers are used. The results of a bull’s evalua-
tion are presented in an electronic profile (Fig. 2)
available on the ABS Genetics website, which in-
cludes the following information:

Since the development of the genomic selec-
tion system in the USA, efforts have been made
to expand the size of the reference population. In
genomic evaluations of Holstein cattle, genotype
data are also used from animals in Canada, the
United Kingdom, Switzerland, and Germany (Wig-
gans & Carrillo, 2022).
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Figure 2. Example of a bull's electronic profile from ABS Genetics

Source: ABS (n.d.)

As of June 2025, the number of genotyped
Holstein animals totals approximately 9 million
(Council on Dairy Cattle Breeding, n.d.). As a result
of the implementation of genomic selection, the
age of a sire at the time of a young bull’s birth has
decreased to two years (Wiggans & Carrillo, 2022).

This reduction in generation interval has led to a
twofold increase in the rate of genetic progress in
the Holstein breed (Guinan et al., 2023). A character-
istic trend in dairy cattle breeding is the continuous
expansion of selection traits, as illustrated by one
of the selection programmes in the USA (Table 4).

Table 4. Composition of economic selection indices used by the United States Department
of Agriculture for dairy cattle evaluation and selection, 1971-2022

Relative economic weight, %

Trait PD$ MFP$ NM$ NM$S NM$S NMS NM$ NM$S NM$S NM$ NM$
1971 1976 1994 2000 2003 2006 2014 2017 2018 2021 2025

Milk yield 52 27 6 5 0 0 -1 -1 -1 0 32
Milk fat 48 46 25 21 22 23 22 24 27 29 318
Milk protein 27 43 36 33 23 20 18 17 17 130
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Table 4. Continued

Relative economic weight, %

Trait

PD$ MFP$ NM$ NMS$S NMS NMS$S NMS$ NM$ NM$ NMS NMS
1971 1976 1994 2000 2003 2006 2014 2017 2018 2021 2025
Productive
longevity 20 14 11 17 19 13 12 15 13.0
Somatic cell
concentration -6 -9 -9 -9 -7 -7 -4
in milk -3 -2.6
Body weight -4 -3 -4 -5 -6 -5 -9 -110
Udder
conformation 7 / 6 8 7 7 3 1.3
Leg and foot
structure 4 4 3 3 3 3 1 0.4
Conception
rate / ? / ’ ’ S 2.1
Calving ability 6 5 5 5 3 33
Heifer
conception 1 1 1
rate 1 0.5
Cow
conception 2 2 2
rate 1 1.8
Cow livability 7 7 4 5.9
Health 2 2 15
Residual feed
intake -12 -6.8
Age at first
calving 1 1.0
Heifers
livability 1 0.8

Note: PD$ - predicted difference in dollars; MFP$ — milk, fat and protein combined value in dollars; NM$ -

Lifetime Net Merit in dollars

Source: PM. VanRaden et al. (2021), Council on Dairy Cattle Breeding (n.d.)

In 1971, dairy cattle selection in the USA was
based on just two traits — milk yield and milk fat
content. Today, however, the NM$ index (Lifetime
Net Merit in dollars) includes twelve economi-
cally important selection traits. Similar develop-
ments have taken place in other countries. As a
result of implementing genomic evaluation and
enabling early selection of breeding bulls, the
generation interval - the age of the sire at the
time of a young bull’s birth - has decreased to
two years (Wiggans & Carrillo, 2022). This reduc-
tion has led to a twofold increase in the rate of

genetic progress in the Holstein breed (Guinan et
al., 2023). Furthermore, the availability of such
detailed data enables the identification of new
predictor traits (from the English predictor - a
prognostic parameter or forecasting tool), which
can simplify data collection procedures and im-
prove the accuracy of genetic evaluations.

The study by S. Ruban & V. Danshin (2023)
demonstrated that the use of genomic selection
in dairy cattle breeding in Ukraine could signif-
icantly accelerate genetic progress by reduc-
ing generation intervals. Shortening generation
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intervals along the breeding pathways - sires of
bulls, sires of cows, and dams of bulls - would in-
crease milk yield gains from 100.1 kg to 180.0 kg,
representing an 80% improvement. In a related
study, SW. Alemu et al. (2025) investigated the
impact of functional DNA variants on the accuracy
of genomic prediction for milk fat content, pro-
tein content, milk yield, and total milk fat and pro-
tein in lactating dairy cows. This was compared
with predictions based on the Illumina 50k SNP
chip (covering approximately 50,000 nucleotide
sequences). Functional variants were identi-
fied through Genome-Wide Association Studies
(GWAS) - which examine the likelihood or extent
of genomic regions influencing a quantitative
trait - as well as RNA sequencing (RNA-seq) and
histone modifications (ChlP-seq), and were found
to be coding variants. The authors concluded that
incorporating functional variants can improve the
accuracy of genomic prediction compared to rely-
ing solely on SNP markers.

According to D. Lourenco et al. (2020), the
single-step genomic Best Linear Unbiased Pre-
diction method is gaining popularity. This ap-
proach allows for the application of the BLUP
method using a mixed linear model, where the
relationship matrix between animals consists of
three submatrices: 1) a submatrix for genotyped
animals; 2) a submatrix for non-genotyped ani-
mals; 3) a combined submatrix linking both gen-
otyped and non-genotyped animals. These matri-
ces contain probes that identify SNP genotypes
across the entire genome. This method enables
the optimal integration of data from both gen-
otyped and non-genotyped animals, increasing
the overall dataset size and thereby improving
the accuracy of predicted breeding values. M. Ber-
mann et al. (2022) found that the single-step
genomic BLUP method is widely used to estimate
genomic breeding values across various livestock
species, as well as in Genome-Wide Association
Studies. In such contexts, there arises a need
to establish information databases that reflect
the phenotypic and genotypic characteristics
of specific breeds across multiple generations,

with verified pedigree information for each ani-
mal. Meeting these requirements is a key priority
for Ukrainian breeders, particularly in the context
of applying advanced genomic research meth-
ods, and depends heavily on the development of
a robust reference population.

In the near future, advances in animal ge-
netics and breeding will be closely linked to
information and communication technologies.
These encompass computer systems, software,
programming languages, and data processing
and storage - particularly within reference pop-
ulations, which are increasingly integrated under
the umbrella of omics technologies. The term om-
ics derives from the suffix -ome, meaning whole
or entire. In life sciences, omics typically refers
to fields of study focused on large-scale data to
understand biological processes, collectively re-
ferred to as the omes. One of the most promising
directions for improving the genetic evaluation
of dairy cattle is the application of holo-omics,
which involves evaluating animals while account-
ing for the influence of the metagenome, or the
genome of the microbial communities in specific
organs. Key traits in this context include feed effi-
ciency and methane emissions, both of which are
significantly influenced by the rumen microbiota
of ruminants (Ross & Hayes, 2022).

Another important area is the use of genome
editing technologies in dairy cattle (Van Eenen-
naam, 2025). These technologies not only have
the potential to enhance animal productivity but
also to address diseases, including infectious
ones. Below are examples of such applications:

1. Bovine Viral Diarrhoea (BVD) is one of the
most significant diseases affecting the health and
welfare of cattle worldwide. Using CRISPR/Cas9
technology combined with somatic cell nuclear
transfer (SCNT), a live calf was produced with
six altered amino acids in the BVDV-binding do-
main of the bovine CD46 gene. The calf exhibited
markedly reduced susceptibility to infection, as
evidenced by milder clinical symptoms and the
absence of viral presence in its leukocytes (Work-
man et al., 2023);

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 3



2.according to G-M. Gim et al. (2023), the
CRISPR-Cas9 technique was used to produce
calves with edited PRNP genes (conferring resist-
ance to bovine spongiform encephalopathy) and
dairy calves with modified MSTN and BLG genes,
resulting in the production of milk less likely to
cause allergic reactions;

3.bovine herpesvirus type 1 (BHV-1), the
causative agent of infectious bovine rhinotrache-
itis, has also been targeted. H. Dai et al. (2022)
developed a line of cattle resistant to this virus
using the CRISPR/Cas9 system;

4.M. Yuan et al. (2021) applied the CRISPR/
Cas9 system to modify the ROSA26 locus, iden-
tified as a potential GSH in cattle, to develop an-
imals with enhanced resistance to tuberculosis.

An important area in dairy cattle breeding is
improving feed efficiency. There is growing sci-
entific interest in the use of omics technologies
in livestock selection. In addition to genomics,
these include transcriptomics, proteomics, me-
tabolomics, metagenomics, and epigenomics
(Chakraborty et al., 2022). Biotechnological meth-
ods of reproduction are also rapidly advancing,
particularly in vitro fertilisation and the use of
Sex-selected semen (Hopper, 2021). These ap-
proaches enable the evaluation of an embryo’s
genetic merit at early stages of development.
Special attention is being paid to the application
of artificial intelligence in dairy cattle breeding,
which is now successfully used to address a wide
range of tasks (De Vries et al., 2023).

F.Monteiro et al. (2024) demonstrated, using
artificial intelligence, that the composition of
the rumen microbiome accounts for a significant
portion of the variability in residual feed intake
in dairy cows. Precision livestock farming, pow-
ered by artificial intelligence and sensor-based
technologies, offers innovative solutions for
advancing milk production. G. Koutouzidou et
al. (2022) found that these technologies have
enabled real-time monitoring and data-driven
decision-making, resulting in improved animal
welfare and increased productivity. A. De Vries et
al. (2023) identified the main applications of ar-
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tificial intelligence in dairy farming as follows:
1) development of expert systems for optimising
feeding, culling, mastitis control, and individual
sire bull selection; 2) meta-analysis for man-
agement strategies; 3) disease diagnosis; 4) de-
tection of oestrus and prediction of successful
insemination; 5) forecasting future milk yield;
5) estimation of individual feed intake based
on productivity, behaviour, and metabolic indi-
cators; 6) implementation of voluntary milking
systems (robotic milking).

Thus, an analysis of the current state of ge-
netic evaluation of dairy cattle in Ukraine has
revealed positive trends in the adoption of ad-
vanced breeding approaches, particularly through
the adaptation of genomic evaluation methods. At
the same time, significant gaps remain in terms of
the proportion of monitored livestock and the use
of information technologies compared to leading
countries. The findings confirm the effectiveness
of reducing the generation interval and integrat-
ing SNP analysis to achieve significant genetic
progress. Incorporating international experience
and adapting promising tools - including artificial
intelligence, omics technologies, and genome ed-
iting — will shape the future directions for improv-
ing breeding strategies in Ukrainian dairy farming.

Conclusions
A significant proportion of the dairy cattle live-
stock in Ukraine consists of Holstein animals or
local crossbreeds, with Holstein ancestry account-
ing for approximately 75%-87.5% of pedigrees. A
key limiting factor in the breeding system is the
relatively small number of animals under mon-
itored livestock. Genetic evaluation methods for
dairy cattle have evolved considerably - from
relatively simple approaches such as daughter-
dam comparisons to more advanced techniques
like the BLUP Animal Model and genomic eval-
uation - greatly enhancing the effectiveness of
selection programmes. The implementation of
genomic selection requires a comprehensive or-
ganisational overhaul of the entire breeding sys-
tem, particularly in the Ukrainian context. Such a
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system must not only include genetic laborato-
ries and breeding information centres to maintain
a continuous flow of data but also involve a revi-
sion of specialist training programmes at higher
education institutions. A general trend in modern
dairy farming is the increasing number of selec-
tion traits to better account for economic factors,
with the effectiveness of breeding programmes
being tested within a reference section of the
population of a given breed.

Promising areas of research in this field in-
clude the use of genomic selection, holo-omics
(evaluating genetic merit based on both the cow’s
genome and the associated metagenome), and
genome editing techniques such as CRISPR-Cas9
in dairy cattle. These approaches, combined with
extracorporeal fertilisation and sex-selected se-
men, offer new opportunities for advancing ge-
netic evaluation methods and implementing ef-
fective breeding programmes. An important focus
in dairy cattle breeding is the improvement of
feed efficiency. The application of Omics tech-

metabolomics, metagenomics, and epigenomics -
in livestock selection is considered highly prom-
ising. The integration of artificial intelligence into
these processes further enhances precision and
decision-making in breeding strategies.

To support research in these areas, it would
be advisable to establish a dedicated breeding
and genetic centre in Ukraine, closely collabo-
rating with reference herds of leading breeds.
This would reduce reliance on costly imports of
genetic materials such as semen, embryos, and
live animals.
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AHoTauif. OuiHka nMeMiHHOT LHHOCTI 33 €KOHOMIYHO BaX/IMBUMU O3HaKaMM € OCHOBHWUM
iHCTPYMEHTOM B CY4aCHUX CUCTEMAX FEHETUYHOrO MOKPALLEHHS MOSIOYHOI Xyaobu. MeTa HaBepeHMX
AHANITUYHMX [OCNioKEHb MOB'A3aHa 3 OMMCOM CYYaCHOrO anarOpuTMy FeHETUYHOI OLHKM MOSIOYHOIT
XyLOOM Ta BU3HAYEHHS NEPCNEKTUBHUX HANPSMIB MOX/MBOTO YAOCKOHANEHHS HA HaNbAMXK4e MakbyTHE.
BcTaHoOBNEHO, WO METOAM FEHETUYHOT OLiHKM NPOMLIAN LOBIUIA LLNSIX PO3BUTKY Bifl MACOBOr0 NOPiBHSHHS
«A04Ka — MaTu», NPSMOro Ta MOKPALLEHOro MOPiBHAHHS 3 OAHOCTAAHULUAMU, MOAUPIKOBAHOrO MeToay
NMOPIBHSIHHA 3 POBECHMLSMM A0 TaKMX KOMMNEKCHUX MeTOfiB K «Moaenb TBapuHU» | reHOMHA OLiHKa 3
BMKOPUCTaHHAM MaTeMaTuuHux nigxoais BLUP ta REML. BnpoBagxeHHS Cy4acHUX reHOMHUX Nporpam
Bin6opy notpebye cyTTEBOI NepebynoBM OpraHi3aLiiHOi cMCTeMU BCi€i NNeMiHHOI poboTH Ae HAsSBHICTb
pedepeHTHUX NONyNsaUii 3 NOCTIMHUM MOHITOPUHIOM FeHETUYHUX Ta HEHOTUMNOBUX XAPaKTEPUCTUK €
OCHOBHOIO 3ajavero. 3a3HayYeHo, WO 3arasbHOK TEHAEHLIE B Cy4aCHOMY MONOYHOMY CKOTapCTBi €
36inblIeHHs Yncna cenekLiiHMX 03HaK A1 MOBHOMO BpaxXyBaHHSA peanbHUX (KiNbKiCTb Ta CKNag MONOKa),
Ta «NPUXOBAHMUX» 03HAK (CTaH 340pOBY, PiBEHb BiATBOPEHHS, NPOAYKTUBHE AOBroNiTTS, eDEeKTUBHICTb
BMKOPWUCTaHHI KOPMY) sIKi CYTTEBO BM/IMBAIOTb HA EKOHOMIKY BUPOOHMUTBA. [IpoBEAEHO MOPiBHANbHMIA
aHani3 NigKOHTPONLHOrO MOrofiBsa i MOKA3HMKIB NPOAYKTMBHOCTI B YKpaiHi Ta kpaiHax-uneHax ICAR,
L0 A03BOMMIO BUABUTM KJIHOYOBI OOMEXEHHS HalioHanbHOI CenekuinHoi cucteMu. BctaHoBneHo, wo
BMKOPUCTAHHS TEHOMHOI OLiHKM [L03BONSIE CKOPOTUTWM TeHepaLiliHi iHTepBanM Ta MOABOITU TEMNMU
reHEeTMYHOro Nporpecy 3a HafoeM. NpakTMUHa LiHHICTb JOCNIAKEHHS NONSrae y GOpMyBaHHI HayKoOBO
06rpyHTOBaHWX OPIEHTUPIB AN CTBOPEHHSI B YKpaiHi edeKTUBHOI CMCTEMM TeHETUYHOI OLiHKM Ta
yNpaBniHHA NAeMiHHUMKU pecypcamu

Kniouosi cnoBa: BLUP «Mopenb TBapuHM», reHOMHa Cenekuis, rofio-oMika, pefaryBaHHS reHoMy,
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Abstract. It is important to create a regulatory environment for the integration of digital
technologies into standardisation procedures. The aim of the study was to examine the possibilities
for harmonising the Ukrainian regulatory framework with international requirements, identify barriers
to the introduction of innovations, and outline the prospects for the development of the industry
until 2030. The study used methods of comparative analysis of regulatory documents, content
analysis of publications, analytical and descriptive methods. Both Ukrainian (DSTU) and international
standards (ISO, FSC, PEFC) regulating the requirements for the quality, safety and environmental
friendliness of forest products were considered. The study revealed modern innovative approaches to
standardisation in forest commodity science, among which digital technologies, blockchain systems,
artificial intelligence algorithms and remote monitoring tools played a key role. Based on the
analysis of foreign experience (Germany, Canada, Sweden) and Ukrainian practice, the effectiveness
of digital platforms for compliance control, online certification systems, the use of drones and
satellite monitoring has been proven. It has been determined that leading countries have already
implemented integrated ecosystems that combine standards, intelligent algorithms, and certification
chains. In Ukraine, electronic product coding and the creation of databases of certified sites have
been initiated, but further development is hampered by underfunding, fragmented policies and a
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lack of personnel. Areas for improvement have been proposed: attracting international technical
assistance, developing public-private partnerships and updating educational programmes. Particular
attention is paid to the need to form a single unified system for the evaluation of forest products in
accordance with international trade requirements. The results of this study can serve as a basis for
strategic decisions in the field of modernisation of the Ukrainian standardisation system

Keywords: forest products; FSC certification; digital technologies; sustainable development; quality

control; innovations in forestry

Introduction

In the US (United States), the Forest Service, which
is part of the Department of Agriculture (USDA For-
est Service,n.d.), is rolling out artificial intelligence
and digital monitoring technologies within its For-
est Products Modernisation program. They're really
focusing on automating timber quality assessment
to cut down on subjective decision-making. On
top of that, the system aims to ensure our regula-
tions can be updated quickly via digital platforms.
K. Klaric et al. (2023) showed that an increase in
FSC certificates has a positive effect on Croatian
timber exports, strengthening the industry’s stand-
ing in the international market. The authors high-
lighted that having these certificates also builds
trust with foreign partners, especially under free
trade agreements. This research underscored cer-
tification’s role in boosting competitiveness. How-
ever, as E. Lombardo et al. (2021) noted, the main
drivers for adopting FSC and PEFC certification are
often market pressure and companies wanting to
be seen as environmentally responsible. Moral, le-
gal, and institutional factors tend to be secondary,
although they could play a significant role in fur-
ther developing voluntary certification. J. Chen et
al.(2020) argued in their study that it makes sense
to harmonise FSC and PEFC standards at the 1SO
level, creating one global mechanism to simplify
requirements and lower costs. They proved that
synchronising certification procedures makes it
easier for producers to access the market and re-
duces the expense of going through double pro-
cedures. The authors concluded that this kind of
standard consolidation helps create a unified digi-
tal environment across supply chains.

Forest certification is increasingly seen not
just as a quality control mechanism, but also as
a tool for environmental marketing. A systematic
review of blockchain technology use in the for-
estry sector by Z. He & P.Turner (2022) confirmed
this innovative architecture’s significant potential
for improving the reliability and immutability of
data in certification processes. Their proposed
concepts have formed the basis for practical rec-
ommendations on how to integrate blockchain
systems into Ukraine’s electronic timber origin
registries. K. Fernholz et al. (2021) pointed out
that a significant portion of certified areas world-
wide undergo dual certification (both FSC and
PEFC simultaneously), which shows a drive for
international recognition between systems. They
noted that this duplication adds an extra burden
on forestry enterprises but also opens up access
to a wider range of markets. Their report also
stressed the need for digitally integrating FSC
and PEFC databases to avoid duplication.

In Ukraine, there’s growing research on har-
monising national standards with international
ones. S.M. Bondarenko & A.V.Kopa (2017) high-
lighted the necessity of adapting FSC, PEFC, and
ISO certification systems to the conditions of na-
tional forestry. The authors noted that success-
ful implementation of international standards
is only possible if the management and infra-
structure base is modernised. They also pointed
to the lack of trained personnel in certification
auditing as a systemic problem. N. Marchenko et
al.(2017) analysed the specifics of implementing
harmonised DSTU EN standards for coniferous
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timber, pointing out structural differences in
classification approaches and quality require-
ments. Specifically, the authors emphasised
the inconsistency between national technical
specifications and European grading criteria.
Their work highlighted the need to unify meth-
ods for assessing the physical and mechanical
characteristics of timber.

PH. Khomiuk et al. (2021) investigated the
evolution of stand mensuration regulations and
changes in roundwood grade classification ac-
cording to new requirements. Their results indi-
cate an improvement in the timber assessment
system, particularly through its division into four
quality classes and the differentiation of firewood
by purpose.The researchers noted the need to im-
plement digital tools for recording mensuration
indicators to improve accounting accuracy. They
propose updating methodological approaches in
line with European practices of laser scanning
and GIS technologies.

The aim of this study was to analyse contem-
porary innovative approaches to the standardisa-
tion of forest products, assess their effectiveness,
and determine the possibilities for their imple-
mentation in Ukrainian practice. To achieve this
aim, the following tasks were set:

» to analyse the current national and in-
ternational standards in the field of forest
commodity science;

» to identify the main problems that hinder
effective standardisation in Ukraine;

» to formulate recommendations for im-
proving the standardisation system in Ukraine,
taking into account international requirements
and industry specifics.

Materials and Methods
The study was conducted in 2023-2024, taking
into account the experience of four countries:
Ukraine, Canada, Germany, and Sweden. The geo-
graphical coverage was determined based on the
relevance of digital technologies in the standard-
isation of forest products and the level of imple-
mentation of international certification systems.

The methodological basis was provided by ana-
lytical, descriptive and comparative methods.

The analysis covered State standards of
Ukraine (DSTU 2152-93, 1993; DSTU 2980-95,
1995; DSTU 3404-96, 1996; DSTU
EN 1309-1:2001, 2001; 1SO 14001:2015, 2015;
DSTU EN 1309-3, 2018), and international stand-
ards (FSC Standards, n.d.; 1ISO 38200:2018, 2018;
Standards and implementation, 2023), in par-
ticular technical requirements for classification,
measurement, certification and environmental
management. The provisions of standards regard-
ing the physical and mechanical characteristics
of wood, criteria for sustainable forest manage-
ment, requirements for transparency of product
origin and conformity assessment procedures
were evaluated. Particular attention was paid to
the harmonisation of national standards with
international ones, as well as to the assessment
of the role of digital tools - blockchain technol-
ogies, remote sensing systems, drone monitoring
and loT solutions - in ensuring transparency and
improving the effectiveness of standards.

The study used publications from scientific
journal databases and reports of international
organisations - The German National Forest
Inventory (n.d.), FSC Standards (n.d.), FSC (n.d.),
Forest Bioeconomy Cluster (n.d.), Precision for-
estry (n.d.), Law of Ukraine No. 1315-VII (2014),
ISO 38200:2018 (2018) Ta Standards and imple-
mentation (2023).

Results and Discussion
In a general scientific context, the term “standard-
isation” is interpreted as activities aimed at es-
tablishing, implementing and applying rules for
regulating various types of activities in specific
areas that meet modern technical, economic and
social requirements. According to Law of Ukraine
No.1315-VII (2014), standardisation is “an activity
that consists of establishing provisions for gener-
al and repeated application in current or future
activities in order to achieve an optimal degree
of order in a particular field.” The main objectives
of standardisation in the field of forest products
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are to ensure stable quality, safety and compli-
ance with environmental requirements. It allows
for the unification of approaches to product eval-
uation, ensures traceability of origin and creates
a unified system of technical requirements that
are understandable to both the manufacturer and
the consumer. In modern conditions, particular
attention is paid to sustainable forest manage-
ment standards, which, in addition to technical
characteristics, also take into account social and
environmental aspects.

In forest product commodity science, stand-
ardisation serves not only as a technical regula-
tion, but also as a mechanism for ensuring the
transparency of supply chains and the legality
of wood origin. It creates a basis for objective
evaluation of the quality of raw materials and
finished products, determining their compliance
with consumer and market requirements. Ac-
cording to the results of research by K. Klaric et
al. (2023), certification based on international
standards, in particular FSC, directly influences
the competitiveness of forestry enterprises in
the international market.

Standardisation also plays a decisive role in
foreign trade, as compliance with international
standards is often a prerequisite for entering Eu-
ropean and global markets. In addition, standards
ensure transparency and reliability in certifica-
tion, allowing stakeholders - from consumers to
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regulatory authorities - to obtain verified informa-
tion about the quality, environmental friendliness
and safety of products (Pavlishchuk et al., 2022).

According to S. Pezdevsek Malovrh et
al. (2019), FSC certification has a positive impact
not only on export opportunities but also on do-
mestic sustainable forest management practices,
especially in the public sector. It contributes to
the resolution of social and environmental is-
sues, improves working conditions and the safety
of loggers, and raises environmental awareness
in the industry. At the global level, as noted by
M. Bosch (2025), the spread of FSC and PEFC cer-
tification is closely linked to the quality of gov-
ernance, the level of economic development and
the foreign trade orientation of the forestry sec-
tor. The author also points out that countries with
more active environmental organisations have
higher levels of FSC certification, while PEFC is
more common where this pressure is lower.

In the field of forest products in Ukraine, both
national standards (DSTU) are applied, which reg-
ulate the requirements for the quality, safety and
environmental friendliness of timber in accord-
ance with the state regulatory framework, and in-
ternational standards - ISO, FSC and PEFC, which
ensure that products comply with global require-
ments for sustainable development, transparency
of origin, environmental management and com-
petitiveness in global markets (Table 1).

Table 1. Comparative characteristics of national and international standards in the forestry sector

Designation
and title
of the standard

Summary and characteristics

Geography

of application Functional purpose

National regulatory documents
governing product quality,
safety and environmental
requirements. Harmonised

with European EN standards

DSTU (State
standards of
Ukraine)

Ukraine, in particular
state-owned and
commercial forestry
enterprises

Technical regulation
of the quality of round
timber, sawn timber,
harvesting processes

International standards for quality
and environmental management;
ISO 14001 - environmental
management, ISO 38200 -
timber supply chain

ISO (International
Organisation for
Standardisation)

All countries involved
in international
trade, international
companies, certification
bodies

Environmental risk
management, traceability
of wood origin
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Table 1. Continued

Designation
and title
of the standard

Summary and characteristics

Geography

of application Functional purpose

Voluntary international forest
certification system. Defines the
principles of sustainable forest

FSC (Forest
Stewardship

Forest certification,
supply chain control,
compliance with

Ukraine (over 4.7 million
hectares of certified
forests), Europe, North

Council) . environmental and social
management America, globally o
criteria
Certification of
PEFC sustainable forest

Global system for the recognition

(Programme for of national certification

the Endorsement
of Forest

Certification) with a focus on local initiatives

programmes. An alternative to FSC

management,
support for local
standards, compliance
with international
environmental
requirements

In Ukraine — since
2021, also in over 50
countries worldwide

Source: developed by the authors based on FSC Standards (n.d.), FSC (n.d.), DSTU 2152-93 (1993),
DSTU 2980-95 (1995), DSTU 3404-96 (1996), DSTU EN 1309-1:2001 (2001), ISO 14001:2015 (2015),
DSTU EN 1309-3 (2018), ISO 38200:2018 (2018), Standards and implementation (2023)

The application of these standards pro-
motes the integration of the Ukrainian forestry
sector into international economic processes
and improves the image of Ukrainian timber
as a high-quality and responsible resource. The
existence of a unified regulatory framework al-
lows companies not only to meet the require-
ments of the domestic market, but also to enter
foreign markets with products certified in ac-
cordance with international environmental and
technical criteria, which, in turn, builds trust
among international partners, promotes the

growth of the industry’s investment attractive-
ness and provides competitive advantages for
Ukrainian producers.

Within the framework of the state techni-
cal regulation system in Ukraine, there is a set
of industry standards covering various stages of
forest product circulation - from taxation and
harvesting to classification, measurement and de-
termination of wood quality characteristics. These
include standards for terms and definitions, meas-
urement methods, volume tables, and systems for
classifying and identifying wood defects (Table 2).

Table 2. Classification of national standards regulating activities in the forestry sector

Standard designation Name of standard

Purpose of the standard

DSTU 3404-96

Forestry. Terms and definitions

Terms and definitions
of basic concepts in forestry

DSTU 2980-95

Forest cultures. Terms and definitions

Terms related to forest cultures,
seed production, nurseries

DSTU 2152-93

Wood defects and processing defects.
Terms and definitions

Terms related to wood defects
and processing defects

DSTU EN 1309-1:2001 Sawn timber

Method of measuring dimensions. Part 1.

Methods for measuring
the dimensions of sawn timber

Measurement methods. Part 3.

DSTU EN 1309-3 ) )
Biological damage

Methods for measuring
the characteristics of biological damage

Source: developed by the authors based on DSTU 2152-93 (1993), DSTU 2980-95 (1995), DSTU 3404-96 (1996),

DSTU EN 1309-1:2001 (2001), DSTU EN 1309-3 (2018)
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Intensive globalisation and the growing role
of international environmental initiatives are
leading to the gradual alignment of forest prod-
ucts with global standards and sustainable de-
velopment principles. International markets are
increasingly demanding not only product qual-
ity and safety, but also transparency of origin,
environmental responsibility of producers and
compliance with social criteria. The Paris Climate
Agreement and the European Green Deal, which
set strategic guidelines for countries seeking to
integrate into the European market, have a signif-
icant impact on environmental policy in the field
of forest use (FSC, n.d.). In this context, there is a
growing need not only for the implementation of
internationally recognised standards (in particu-
lar FSC and 1SO 14001), but also for the digital
transformation of the forestry sector (Explor-
ing the impact of the Paris Agreement..., 2024).
At the same time, a study by J. Stubenrauch et
al.(2022) emphasised that large-scale forest res-
toration in line with climate goals could have a
reverse effect on forest ecosystems, in particular
due to the threat to biodiversity posed by the cre-
ation of homogeneous forest plantations. Rapid
growth in production volumes, the need to en-
sure timber traceability and minimise the human
factor in inspections are driving the active use of
automated solutions. Modern tools - in particu-
lar GPS monitoring systems, drone photography,
satellite sensing and blockchain - enable opera-
tional control, accurate recording of raw material
quality parameters and ensure the consistency
and reliability of data in supply chains (Stop-
fer et al., 2024). All this not only increases man-
agement efficiency, but also ensures that forest
products comply with certification requirements,
transparency of inspections and access to mar-
kets with high environmental standards.

However, despite the active development
of international standards, the lack of uniform
technical requirements for forest products in dif-
ferent countries remains a significant problem.
Discrepancies in wood grade classification, doc-
umentation requirements, environmental criteria,
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or certification procedures complicate export
and import operations and create an additional
burden on producers. This is particularly relevant
for countries with economies in transition, which
are forced to adapt their national standards to
ISO, FSC or PEFC standards, requiring significant
financial, technical and organisational resources.
The lack of a harmonised evaluation system com-
plicates the process of international recognition
of certificates, reducing the competitiveness of
products and slowing down their promotion on
world markets. In this regard, there is a growing
need to unify approaches to standardisation both
at the level of regional unions (EU) and within bi-
lateral trade agreements.

Traditional regulatory approaches are being
replaced by digital solutions, including electronic
certification, remote monitoring, blockchain sys-
tems and artificial intelligence. This approach en-
sures comprehensive traceability of raw materials,
increases the accuracy of inspections, reduces the
risk of fraud and optimises management decisions.
The use of digital platforms in the forestry sector
is already actively practised in many countries,
including Germany and Canada, where electronic
certification systems are integrated into nation-
al databases for managing timber supply chains
(Chain of custody certification, n.d.). Ukraine is also
implementing similar solutions through initiatives
of the State Forest Resources Agency, including the
use of QR coding of products and the creation of
electronic registers of certified areas (State Forest
Resources Agency of Ukraine, 2024).

Blockchain plays a special role in strength-
ening trust in certified products, as it allows for
the storage of an unalterable chronology of data
on the origin of timber, logistics, processing and
final circulation. As part of the FSC Blockchain
Pilot project, as well as through independent ini-
tiatives in EU countries, blockchain is being used
as a technology that eliminates gaps in supply
chain transparency and guarantees the accuracy
of information at every stage (FSC, n.d.). At the
same time, remote monitoring based on satel-
lite images and drones is becoming increasingly
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widespread in forestry. Systems such as Starling
were already being used around the world to
monitor deforestation and forest inventory (Mon-
itor deforestation..., n.d.), while in Ukraine, drones
were helping to record changes in areas where
ground monitoring was difficult.

Improvements in quality control also become
possible through the introduction of intelligent
systems based on artificial intelligence and the
Internet of Things (loT). Sensors and cameras
connected to analytical algorithms automatical-
ly monitor the moisture, density and geometric
characteristics of wood, enabling efficient sorting
and minimising resource losses. In Sweden, Cana-
da and a number of other countries, Al is already
being used in the harvesting and processing

stages of wood production to create digital prod-
uct passports (The future of forestry: High-tech
tools leading the way, 2024). The introduction
of such systems in Ukraine is a promising step
towards modernising standards and improving
the quality and market attractiveness of domestic
forest products. In the context of the global dig-
italisation of forestry, countries such as Germa-
ny, Canada and Sweden are demonstrating best
practices in integrating innovative technologies
into the standardisation and management of for-
est resources. The experience of these countries
includes digital platforms, automated control
systems and artificial intelligence, which ensure
transparency, efficiency and compliance with in-
ternational standards (Table 3).

Table 3. International practices of digital transformation
of the standardisation system in the forest industry

Country Digital technologies used Objective/results of implementation
German Remote sensing systems, PEFC digital audit, Ecosystem assessment, environmental
y national digital databases audits, certification transparency
Canada Online courses on forest management, professional Professional development,
educational platforms implementation of sustainable practices
Sweden Digital learning platforms, Al forest analysis Landscape management, effective
systems, digital twins training, accurate planning
Ukraine QR coding, drone monitoring, electronic registers Transparency of origin, logging control,

compliance with standards

Source: developed by the authors based on The German National Forest Inventory (n.d.), Online micro-certificate:
Forest management planning (n.d.), Precision forestry (n.d.), Forest Bioeconomy Cluster (n.d.), V. Myroniuk et

al. (2024)

In Germany, PEFC Germany (n.d.) certifies for-
est management in accordance with sustainable
management principles, including regular envi-
ronmental audits. In addition, the Thiinen Insti-
tute implements a national forest inventory us-
ing remote sensing and mathematical modelling,
which allows for a comprehensive evaluation of
the state of forest ecosystems (The German Na-
tional Forest Inventory, n.d.).

Canada is notable for its developed system
of professional training in forestry. For example,
the University of British Columbia offers online
courses in forest management planning, which
allow specialists to gain up-to-date knowledge

on sustainable development in the forestry sec-
tor (Online micro-certificate: Forest manage-
ment planning, n.d.).

Sweden is actively implementing digital
solutions for professional training and upgrad-
ing the skills of forestry specialists. Biometria,
in collaboration with Xtractor, has developed a
digital learning platform that provides effective
training for employees in line with modern in-
dustry requirements. As part of the Precision For-
estry project, which is being implemented jointly
with Al Sweden, technologies are being devel-
oped for analysing forest areas using artificial
intelligence, which contributes to the creation of
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digital twins of landscapes for management de-
cisions (Precision forestry, n.d.).

The effective implementation of innovations
in the forestry sector largely depends on coop-
eration between government agencies, business-
es and scientific institutions. In Canada, there is
the Forest Bioeconomy Cluster (n.d.), which aims
to develop innovations in the bioeconomy with
the active participation of industry, government
and research centres. In Sweden, a similar role is
played by the Paper Province association (n.d.),
which coordinates joint projects between busi-
nesses, universities and regulators to improve the
competitiveness and environmental performance
of the pulp and paper industry.

Ukraine has the potential to implement mod-
ern digital technologies in forestry. In particular,
the use of remote sensing and satellite data al-
lows for effective monitoring of forest conditions,
detection of illegal logging, and evaluation of the
impact of military operations on forest ecosys-
tems. For example, a study published in the jour-
nal Forest Ecology and Management proposes a
national framework for monitoring Ukraine’s for-
est resources using remote sensing, which is an
effective tool for spatial assessment of changes
in forests (Myroniuk et al., 2024).

The main obstacles to innovation in Ukraine’s
forestry sector are underfunding, bureaucratic
procedures and a shortage of qualified special-
ists. To overcome these problems, it is necessary
to intensify state support programmes, attract
international grants and develop partnerships
between state institutions, scientific institutions
and the private sector. In particular, internation-
al initiatives such as the Forest Recovery project
(Updates on Ukrainian forest status, n.d.), aimed
at the restoration and sustainable development
of Ukrainian forests, can serve as a platform for
the introduction of modern technologies and the
exchange of experience.

By 2030, Ukraine is expected to make sig-
nificant progress in implementing innovative
standards in forestry, with the widespread use of
artificial intelligence and the Internet of Things
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technologies for monitoring and managing for-
est resources. Another important area will be the
integration of blockchain technologies to ensure
transparency and traceability of wood origin,
which is a key factor for entering international
markets with high environmental standards. Par-
ticipation in international initiatives and adapta-
tion to global environmental requirements will
help strengthen Ukraine’s position in the global
forest products market.

The results of the study confirm the high rele-
vance of introducing innovative approaches to the
standardisation of forest products, particularly in
terms of harmonising national technical regula-
tions with international standards. This approach
is in line with the current scientific paradigm and
finds conceptual support in the research of other
experts. In the Swedish experience presented by
E. Mattsson et al. (2024), justifies the introduction
of methodological indicators of sustainable forest
management that take into account not only tech-
nical but also environmental and social criteria. A
similar logic can be seen in the current approach,
which provides for a comprehensive evaluation of
the compliance of forest products with the require-
ments of sustainable development.

The digital transformation of the forestry in-
dustry is seen as a systemic response to the need
for greater transparency, efficiency and trust in
certification procedures. In this context, Y. Men-
del’s (2022) conclusions are particularly relevant,
as they highlight the expediency of widespread
implementation of information technologies to
modernise Ukraine’s timber industry complex. The
results obtained in the current study not only con-
firm this thesis but also develop it by emphasis-
ing the importance of using blockchain platforms,
remote monitoring systems and intelligent ac-
counting tools. The study by 0.Z. Mykytyn (2015)
analyses the state of adaptation of the national
certification system to the requirements of the
European Union.The author argues that there are
significant barriers to harmonisation, particularly
in the areas of classification, sorting and meth-
ods of assessing wood quality, which are fully
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consistent with the analytical conclusions of the
current study regarding the need to unify techni-
cal procedures and conformity assessment criteria.

V. Makarova et al. (2023) examined the im-
pact of digital tools on the effectiveness of for-
eign economic activity of forestry enterprises. The
positive effect of the introduction of ERP systems,
electronic auctions and automated supply chains,
as documented by the authors, complements the
vision in the current study of digital transforma-
tion as a strategic vector for the development of
the industry. This approach not only increases
transparency but also reduces transaction costs
and contributes to the formation of a favourable
investment climate. Y.I. Hayda (2015) interpreted
it as a factor in the formation of the environmen-
tal reputation of enterprises, which opens up ad-
ditional opportunities for integration into inter-
national markets. The current study specifies this
idea through an empirical analysis of the impact
of FSC and PEFC certificates on increasing export
potential and trust on the part of international
counterparties. The study by F. Ehrlich-Sommer et
al. (2024) focuses on the development of sensor
technologies and artificial intelligence in forest
management systems. The current analysis is ful-
ly consistent with these provisions: the use of loT
devices and automatic visual control systems is
considered an effective tool for improving meas-
urement accuracy, optimising sorting processes
and preventing resource losses.

Within the Ukrainian context,
A. Deyneka’s (2013) analysis is worth noting, as
the author identifies critical limitations to im-
plementing FSC certification in Eastern Ukraine.
These include staff shortages, low levels of inter-
nal control and fragmented regulatory policy. The
proposals identified in the current study - the
development of electronic registers, strengthen-
ing institutional capacity and digital integration
of certification data - can be considered prac-
tical steps towards overcoming these barriers.
During the study of the digital transformation
of the forest product standardisation system, the
above scientific provisions on the harmonisation

of standards, the introduction of innovations and
the improvement of transparency in certification
procedures were taken into account.

Conclusions
Standardisation in forestry is transforming from
a technical regulation tool into a comprehensive
mechanism for ensuring quality, traceability of or-
igin and environmental responsibility of products.
The adaptation of national standards to interna-
tional FSC, PEFC and ISO requirements contrib-
utes to the integration of the Ukrainian forestry
sector into global markets and meets the chal-
lenges of sustainable development. Digital trans-
formation tools are particularly important, as they
enable real-time compliance monitoring and in-
crease transparency and trust in Ukrainian timber.

The study found that leading countries, in-
cluding Sweden, Canada and Germany, have al-
ready implemented digital forest resource man-
agement models based on remote monitoring,
artificial intelligence and blockchain technol-
ogies. The use of such tools allows for effective
control of timber quality, minimisation of the hu-
man factor and increased environmental respon-
sibility of producers. At the same time, initiatives
on QR coding and the creation of electronic reg-
isters have only recently begun in Ukraine, which
indicates existing potential but also significant
lag. An analysis of the regulatory framework re-
vealed significant gaps, including the non-com-
pliance of national standards with international
technical requirements, fragmented assessment
methods, and weak integration of environmental
criteria. Problems of insufficient funding, a short-
age of qualified personnel, and imperfect certi-
fication procedures are also confirmed by other
studies.

Despite positive examples, such as the in-
troduction of satellite monitoring, OR coding
and e-certification, the development of inno-
vation is hampered by limited funding, bureau-
cracy and a shortage of qualified specialists. To
overcome these barriers, it is necessary to expand
public-private partnerships, attract international
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grants and intensify scientific research in the field
of digital standardisation. The use of artificial
intelligence, loT and blockchain to create fully
transparent supply chains that meet EU require-
ments is promising.

The results of the study demonstrate the

Sytnyk & Kimeichuk

scientific and practical approach will strengthen
Ukraine’s position in the certified forest products
market by 2030 and ensure the sustainable de-
velopment of the industry in line with global en-
vironmental guidelines.
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AHOTAaLLifl. AKTYanbHMUM € CTBOPEHHS HOPMATUBHOIO CEPEAOBUILA AN8 iHTerpauii uMdpoBUX TEXHOMOTIH
y CTaHAAPTM3aLinHI npouenypy. MeTa LOCNIOKEHHS Nonsrana y BUBYEHHI MOXIMBOCTEN rapMOHi3aLii
YKpaiHCbKOi HOPMAaTMBHOI 6a3n 3 MiXKHapOAHUMWM BUMOramu, BMSBNEHHI BGapepiB BNPOBALKEHHS
iHHOBaLi¥ Ta OKpecsIeHHi NepcnekTUB po3BUTKY ranysi ao 2030 poky.Y Mexax AOCNiAXKeHHS 3aCTOCOBAaHO
METOAM MOPIBHSANBHOIO aHanizy HOPMAaTUBHWMX AOKYMEHTIB, KOHTEHT-aHani3 nybnikauii, aHaniTMyHi i
onucoBi MeToau. Po3rngHyTo gk ykpaiHcbki — ACTY, Tak i MixHapogHi ctaHaaptu - I1SO, FSC, PEFC, wo
pernaMeHTyoTb BUMOTM 0 IKOCTi, 6e3neKku Ta eKoNoriYHOCTi NicoBOT NpoayKLii.Y pe3ynbtati npoBeLeHoro
LOCNIMKEHHS BUSIBNEHO CyYacHi iHHOBAUIiMHI niaxoau L0 CTaHAApTM3alii B NiCOBOMY TOBapO3HaBCTBI,
cepen, SKMX K/0YOBE 3HAYEHHS MatoTb LUMPPOBI TEXHONOTiT, BNOKYENH-CUCTEMU, ANTOPUTMMU LITYHHOTO
iHTenekTy Ta 3acobu AMCTaHUIMHOrO MOHITOpUHry. Ha OCHOBi onpautoBaHHs 3apybixxHoro pocsigy
(HimeuunHa, KaHapa, Weewis) i ykpaiHCbkoi NpakTuku foBeAeHO epeKTUBHICTb LUMPPOBUX MAathopm
AN KOHTPONKO BIAMNOBIAHOCTI, CUCTEM OHNAMH-CEPTUIKALLi, BAKOPUCTAHHSA APOHIB i CYMyTHMKOBOIO
MOHITOPUHTY. BU3HauyeHo, Lo NpoBiAHI KpaiHW BXe BNPOBaAUAN iHTErPOBaHI @KOCUMCTEMMU, Ki MOEAHYIOTb
CTaHAApTK, iHTeNeKTyanbHi anroputMu Ta ceptudikauiiHi naHuorn. B YkpaiHi iHiLioBaHO enekTpoHHe
KOLYBaHHA NpOAYyKLii, CTBOpeHHs 633 cepTUdiKOBaHMX LiNSHOK, ane NoAaNbLUMIA PO3BUTOK CTPUMYETHLCA
yepe3 HepoQiHaHCYBaHHSA, PparMeHTapHICTb MOMITMKM Ta HeCcTadvy KagpiB. 3anponoHOBAaHO HaMpsMu
YOOCKOHANEHHS: 3aNyYeHHS MiXKHapOAHOI TEXHIYHOi [AOMNOMOrM, PO3BMTOK JEepXKaBHO-MPWUBATHOIO
napTHepCTBa, OHOBMEHHS OCBiTHIX mporpaM. OcobnuBy yBary npuiineHo HeobxigHoCTi GOpMyBaHHA
€AMHOI YHIPiIKOBAHOI CMCTEMU OLHIOBAHHS NiCONPOAYKLii BiANOBIAHO A0 BUMOI MiXXHapOAHOI TOpriBi.
Pe3ynbtati LbOro AOCAIAXKEHHS MOXYTb CyryBaTM OCHOBOI A15 (GOPMYBAHHS CTpaTeriyHMX pilleHb y
chepi MoaepHi3zaLii yKpaiHCbKOi CMCTEMM CTaHAapTM3aLi

KniouoBi cnoea: nicosa npoaykuis; ceptudikauis FSC; undpoBi TexHoNorii; CTanmit po3BUTOK; KOHTPO/b
SIKOCTi; iHHOBALii B NiCOBOMY rocnofapcrsi
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Effect of mineral nutrition and nitrogen-fixing agent on maize yield...

strategies and plant densities on the morphological characteristics and yield of maize under the
agroecological conditions of the Central Forest-Steppe of Ukraine. Field experiments were conducted
during 2023-2024 under the soil and climatic conditions of a farm in the Kyiv Region, using the
maize hybrid P9255 (FAO 330). The area of each experimental plot was 33 m?, with four replications
and a sequential multilevel arrangement. The application of a nitrogen-fixing biological agent in
combination with mineral fertilisers had a positive effect on plant growth. In particular, plant height
was 1.7%-5.1% greater than in the treatments where only mineral fertilisers were applied. An
evaluation was carried out to determine the effectiveness and impact of optimising the fertilisation
system on the morphological characteristics and productivity of maize plants through the use of a
biological preparation in combination with mineral fertilisers at various application rates. Overall, the
application of mineral fertilisers alone resulted in a 14.5%-22.5% increase in grain yield compared
to the control. The highest yield, reaching 12.94 t/ha, was recorded under the N, P, K, treatment
at a plant density of 70,000 plants/ha. In treatments combining mineral fertilisers with the biological
agent, grain yield was 12.2% 21.2% higher than in the corresponding control variants. The highest
average grain yield, amounting to 13.38 t/ha, was achieved with the N, P,. K .+ nitrogen-fixing
agent treatment at a plant density of 70,000 plants/ha. The application of the biological preparation
in combination with mineral fertilisers produced a 3.6% (or 0.43 t/ha) higher grain yield compared to

treatments without the biological agent

Keywords: biological preparation; plant density; plant height; mineral fertilisers; grain yield

Introduction
Improving the efficiency of resource use in crop
production is one of the key objectives of mod-
ern agriculture. In the context of climate change,
the limited availability of mineral fertilisers, and
the growing need for environmentally sustaina-
ble technologies, the adoption of alternative or
combined approaches to crop nutrition, includ-
ing the use of biological agents, is becoming in-
creasingly important. Maize (Zea mays L.) is one
of the leading food and fodder crops, occupying
a prominent position in the structure of grain
production in Ukraine. Its high sensitivity to min-
eral nutrition makes it a suitable model crop for
evaluating fertiliser efficiency. The combination
of mineral and biological nitrogen sources may
serve as a tool for increasing yields while reduc-
ing dependence on conventional agrochemicals
(Mokrienko & Kornienko, 2024).

Maize is cultivated in most countries
around the world. According to N. Tanklevska et
al. (2020), approximately half of global maize
production is concentrated in the USA and China,

which are also the largest consumers and pro-
cessors of maize products. Ukraine accounts for
around 3.2% of global maize grain production. At
the same time, maize represents nearly 50% of
Ukraine’s total grain output, making it a strategi-
cally important crop for ensuring the sustainable
development of the national agricultural sector.
According to B. Kamenshchuk (2020), maize yield
and production volumes can be increased by
improving cultivation technologies through the
realisation of genetic potential, the introduction
of new high-yielding hybrids, the use of modern
plant protection products, and the optimisation
of mineral nutrition.

Maize has the potential to produce high grain
and green mass yields on all soil types suitable for
the cultivation of major agricultural crops. Optimal
conditions for maize growth and development are
found on fertile soils that are well-supplied with
moisture and free from waterlogging. According to
0.l. Zinchenko et al. (2001), the presence of miner-
al nutrients in the soil, along with a near-neutral
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or slightly acidic pH level, is are important fac-
tor for the robust development of the root sys-
tem and the overall health of the crop. For grain
maize production, chernozem and dark chestnut
soils with high fertility are considered optimal.
At present, agricultural production in
Ukraine is experiencing rising costs for various
technological inputs, including fuel and Llubri-
cants, seeds, pesticides, and particularly mineral
fertilisers. This situation necessitates the devel-
opment of improved cultivation and fertilisa-
tion technologies for maize. The combined use
of mineral fertilisers and biological agents has
a beneficial effect on soil properties, helping to
maintain soil fertility and facilitate the mobilisa-
tion of phosphorus and potassium from insolu-
ble compounds into plant-available forms. This
enhances the efficiency of mineral fertilisers,
improves nutrient uptake, and increases the re-
silience of crops to adverse environmental con-
ditions, ultimately contributing to higher yields.
Research on the application of biological prepa-
rations, particularly nitrogen-fixing agents, is of
increasing relevance. These agents positively
influence crop productivity and can reduce the
need for nitrogen fertilisers (Hovenko, 2022).
Researchers in various countries are study-
ing biological preparations based on the nitro-
gen-fixing endophytic bacterium Methylobacte-
rium symbioticum=-According to R. Torres Vera et
al. (2024), this bacterium interacts with the host
plant by supplying it with nitrogen from the at-
mosphere. When applied to the plant in the form
of an aqueous solution, colonisation by naturally
occurring bacteria takes place, and they continue
to coexist with the plant throughout the grow-
ing season. As a result, crops may receive an ad-
ditional nitrogen supply of 20-30 kg/ha or more.
In particular, M.A. Rodrigues et al. (2024) evaluat-
ed nitrogen fixation in maize plants treated with
Methylobacterium symbioticum during 2021 and
2022. The additional nitrogen provided reached
58.8 kg/ha and 14.5 kg/ha, respectively. According
to their findings, further research should focus on
identifying which crops and growing conditions
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allow nitrogen-fixing agents to be most effective
in enhancing nitrogen fixation and improving
plant productivity.

One of the key morphobiological traits in-
fluencing plant growth and development is stem
height. This characteristic is particularly impor-
tant in maize, where it has both biological and
technological significance and a considerable
impact on crop productivity and yield. Based on
three years of research, L.I. Senyk et al. (2023)
established a direct correlation between plant
height in maize and the rate of mineral nitro-
gen application. The optimisation of nutritional
conditions through balanced rates of mineral
fertilisers combined with biological preparations
leads to more intensive stem growth and en-
hanced leaf area development, which positively
affects overall crop yield.

Therefore, investigating the effectiveness
of combining mineral fertilisers with biological
preparations in maize fertilisation systems is a
crucial research objective. Such approaches cre-
ate favourable conditions for plant growth and
development, ultimately contributing to higher
productivity, which remains a highly relevant goal.

This study aimed to examine the effects of
fertilisation system optimisation and plant densi-
ty on the morphological characteristics and pro-
ductivity of maize crops under the conditions of
the Central Forest-Steppe of Ukraine.

Materials and Methods
Field research were carried out during
2023-2024 following standard methodologies
developed by A.P. Lisoval (2001), S.O. Trybel et
al. (2001), and V.0. Ushkarenko et al. (2019). The
study was conducted under the soil and climatic
conditions of the Liubaretske agricultural limit-
ed liability company (ALLC) in the Boryspil Dis-
trict of Kyiv Region (coordinates: 50°13’19.8"N,
31°09'49.6"E), using the maize hybrid P9255
(FAO 330). The experimental field is character-
ised by leached, low-humus chernozem soil with
a humus content of 3.8%. The content of avail-
able nutrients in the soil was as follows: NO, -
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2.05 mg/100 g of soil, P,0, - 7.3 mg/100 g,K,0 -
14.0 mg/100 g.The soil pH was 6.2, and the bulk
density was 1.2 g/cm®. Each experimental plot
had an area of 33 m2 The experiment was ar-
ranged in four replications using a sequential
multi-tier layout. The field trial design includ-
ed variants with different application rates of

mineral fertilisers, as well as treatments with
the biological preparation-Blue N, based on the
nitrogen-fixing endophytic bacterium Methylo-
bacterium symbioticum. Control treatments in-
cluded unfertilised plots and plots treated with
the biological preparation alone, all tested un-
der three different plant densities (Table 1).

Table 1. Field experiment design

Mineral fertiliser

Biopreparation Plant density,

Variant zzpa:i:(;?\::eo;;:tej'izg{ rate, kg/ha thousand plants/ha

Control (no fertiliser) - - 60 70 80

NPK fertiliser + urea NoPsKis - 60 70 80

NPK fertiliser + urea NooPeoKeo - 60 70 80

NPK fertiliser + urea N.,0PooKso - 60 70 80

NPK fertiliser + urea N, 5oP120K120 - 60 70 80

Control (no fertiliser) + nitrogen fixer - 0.333 60 70 80
NPK fertiliser + urea + nitrogen fixer NoP,sKys 0.333 60 70 80
NPK fertiliser + urea + nitrogen fixer NooPeoKso 0.333 60 70 80
NPK fertiliser + urea + nitrogen fixer N50PooKso 0.333 60 70 80
NPK fertiliser + urea + nitrogen fixer N 5oP 120K 20 0.333 60 70 80

Source: developed by the authors

Mineral fertilisers were applied to the soil
at rates specified in the experimental design.
NPK fertiliser (N,,P,,K,,) was used as the base
fertiliser, supplemented with urea (N,). The fer-
tilisers were broadcast and incorporated into the
soil using a cultivator to a depth of 10-12 cm.
After emergence, when the plants reached the
5-6 leaf stage, plots in the relevant treatments
were sprayed with the biological preparation at
the recommended application rate of 333 g/ha.
The working solution volume used was 250 L/ha.

The study was conducted in compliance with the
Convention on Biological Diversity (1992).

Results
The research area is characterised by unstable and
insufficient precipitation. The average annual rel-
ative humidity is 76%, with fluctuations ranging
from 36% to 99%.In 2023, total precipitation during
the growing season reached 375.4 mm, exceeding
the long-term average by 9.4%. The hydrothermal
coefficient (HTC) for that year was 1.23 (Table 2).

Table 2. Meteorological conditions during the growing season, Boryspil District

Indicator 2023 2024 Long-term average
Sum of active temperatures
(April-September), °C 3,063.6 3,412.5 2,825.0
Sum of effec’uvg temperatures (> 10°C), 1.463.6 1715.4 1.300.0
April-September
Total precipitation, April-September, mm 3754 329.2 343.0
HTC 1.23 0.96 1.21

Source: compiled by the authors based on measurements from the i-Metos online weather station
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In 2024, the total precipitation was only
329.2 mm, amounting to 95.9% of the long-term
norm. The HTC for that year was 0.96, indicating
mild drought conditions. In 2023, between June
and the first ten-day period of July, 116.8 mm of
rainfall (31.1% of total growing season precipi-
tation), while in 2024, this figure was 102.6 mm
(31.2%), suggesting that maize plants received
adequate moisture during the pre-flowering
period. Overall, an analysis of weather data for
2023-2024, compared with long-term averages,
indicates that the amount of rainfall during the
growing season is generally sufficient to support
high crop yields, particularly for maize.

In 2023 and 2024, a gradual increase in
the sums of active (SAT) and effective tempera-
tures (SET) was observed. The effective temper-
ature sums exceeded the long-term average by

Dovhelia et al.

163.6°C-415.4°C. Such an increase in heat accu-
mulation may accelerate the growth and devel-
opment of agricultural crops, leading to earlier
maturation. This was evident in 2024, when maize
harvesting began in late August — approximately
two weeks earlier than usual - at grain moisture
levels ranging from 14% to 25%, depending on
the maturity group of the hybrids.

The application of mineral fertilisers improved
nitrogen nutrition in maize plants, resulting in more
vigorous growth and development. Plant height
was measured during the flowering stage, which
occurred in the first and second ten-day periods of
July, allowing for the assessment of the influence of
the studied factors on this trait. It was found that
applying the lowest rate of mineral fertilisers in-
creased the height of hybrid P9255 plants by an
average of 3.7% compared to the control (Fig. 1).
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Figure 1. Maize plant height during the flowering stage depending
on plant density and fertilisation background (mineral fertilisers)
Source: developed by the authors based on research results

The application of the highest rates of mineral
fertilisers resulted in an average increase in plant
height of 13.4% compared to the control. As plant
density increased, a gradual rise in height was
observed due to intensified competition between
plants, provided that there was no moisture deficit.
Specifically, at a plant density of 70,000 plants/ha,
the average plant height exceeded that at 60,000
plants/ha by 1.9%, and at 80,000 plants/ha by
3.1%. Measurements of plant height in treatments

where mineral fertilisers were used in combina-
tion with foliar application of a biopreparation re-
vealed that, under minimum fertiliser application
rates, plant height on average exceeded the con-
trol by 3.1% (Fig. 2). The use of maximum fertiliser
rates led to an average increase in plant height of
15.5% compared to the control. The highest aver-
age plant height values were recorded in the treat-
ments N., P, K, +nitrogen fixer (255-266 cm) and

120" 90" "90

N, P.. K.  +nitrogen fixer (265-284 cm).

150" 120" 120
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Figure 2. Maize plant height during the flowering stage depending on plant density
and fertilisation background (mineral fertilisers + biopreparation)
Source: developed by the authors based on research results

The average height of hybrid P9255 plants was
4.2% greater at a plant density of 70,000 plants/ha
and 5.4% greater at 80,000 plants/ha compared to
the respective values recorded at 60,000 plants/ha.
Followingthefoliarapplicationofthe nitrogen-fix-
ing agent, the average plant height exceeded that
of treatments with mineral fertilisers alone by
1.7%-5.1%. This outcome is primarily attributed
to the improved uptake of mineral nutrients by
the plants, particularly nitrogen. A strong posi-
tive correlation (r=0.98) was observed between
the rate of nitrogen application and plant height.

Harvesting of maize grain from the experi-
mental plots was carried out in mid-September

13.00

12.50 12.1912.28 12.28

12.00
11.50

Yield, t/ha

11.00 10.72
10.48 10-56
10.50

No fertiliser
(control) + nitrogen fixer

NeoPasKas

10.00

60000

2023 and in late August 2024. Enhanced nitro-
gen availability contributed to more vigorous
plant growth and development, which in turn
promoted higher productivity compared to the
control. The highest grain yields were record-
ed in the N, P, K, and N, P, K treatments
at a plant density of 70,000 plants/ha, reach-
ing 12.71 and 12.94 t/ha, respectively (Fig. 3). A
strong positive correlation (r=0.92) was iden-
tified between nitrogen application rates and
yield across different plant densities. Overall,
treatments with mineral fertilisers produced
maize vyields 1.56-2.38 t/ha (14.5%-22.5%)
higher than the control.

12.71 12.7012:9412.80

12.54

N120P9oKog

NgoPsoKeo N150P120K120

70000 = 80000

Figure 3. Maize yield depending on plant density and mineral fertiliser application rates
Source: developed by the authors based on research results
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Treatments combining mineral fertilisers
with foliar application of a nitrogen-fixing agent
supported vigorous plant growth and devel-
opment, resulting in high productivity (Fig. 4).
In these treatments, maize grain yields were

Dovhelia et al.

1.38-2.30 t/ha (12.2%-21.2%) higher than in the
control. The highest average grainyield, reaching
13.38 t/ha, was recorded in the N, P,, K , +ni-
trogen fixer treatment at a plant density of

70,000 plants/ha.
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Figure 4. Maize yield depending on plant density and mineral fertiliser
application rates with nitrogenfixing agent
Source: developed by the authors based on research results

Maize responded positively to the inclusion
of the nitrogen-fixing agent in the cultivation
technology, which enhanced nitrogen uptake.
A strong positive correlation (r=0.95) was ob-
served between nitrogen application rates and
crop yield across different plant densities. On
average, grain yield was 3.6% or 0.43 t/ha higher
compared to treatments without foliar applica-
tion of the biopreparation.

Similar studies have been conducted by oth-
er researchers. Polish authors A. Zapatowska &
W. Jarecki (2024) reported a significant effect of
mineral fertilisation on maize growth parameters,
including plant height, ear length, number of ker-
nels per ear, and 1,000-grain weight. Ukrainian
researchers |.I. Senyk et al. (2023) established a
direct correlation between maize plant height
and the application rate and form of mineral ni-
trogen fertilisers. Under an identical fertiliser rate
of N,,,P,K,» the tallest plants were observed
with anhydrous ammonia (268.9 cm at the milk-
wax ripeness stage), followed by urea (266.0 cm),
and UAN-32 (251.5 cm). M.I. Dudka et al. (2020)
demonstrated that foliar feeding with a mixture
of urea and chelated micronutrients increased
plant height by 6-7 cm, and by up to 10 cm when

applied twice - during the 5-6 and 8-9 leaf stag-
es.In terms of yield, a single application increased
maize grain output by 0.30-0.34 t/ha, while two
applications raised it by 0.41 t/ha.

According to O.l Tsyliuryk et al. (2024), under
the conditions of the Northern Steppe of Ukraine,
the maximum height of maize plants, regardless
of the hybrid maturity group, was observed at a
plant density of 30,000 plants/ha. A gradual in-
crease in plant density to 60,000 plants/ha led
to a decrease in plant height from 210-253 cm
to 202-236 cm. This reduction was attributed to
competitive interactions among plants for essen-
tial resources such as water, nutrients, and light.
The application of mineral fertilisers, particular-
ly at a rate of NP, K, , enabled an increase in
plant height by 6-25 ¢cm compared with unfer-
tilised treatments. Research by OV. Sydyakina &
M.O. Ivaniv (2020) found that the application of
growth stimulants resulted in increased plant
height by 3-6 cm at harvest, depending on the
mineral nutrition background. The use of miner-
al fertilisers at a rate of N, P, , combined with
foliar application of a growth stimulant, resulted
in a grain yield increase of 3.8 t/ha. Y.l. Tkalich et
al. (2023) treated maize crops with plant growth
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regulators at the 3-5 leaf stage, which contrib-
uted to a 5-7 cm (2.1%-2.8%) increase in plant
height and a 1.23 t/ha (18.7%) increase in grain
yield. O.I. Len et al. (2021) studied the combined
effect of applying mineral fertilisers at a rate of
N,,K,.K,, and foliar feeding at the 5-6 leaf stage
with urea (N,,) and a water-soluble multiminer-
al micronutrient fertiliser. The resulting yield in-
crease in hybrid grain compared with the control
ranged from 1.06 to 1.20 t/ha, or 18.9%-19.2%.

Researchers .M. Didur & V.Tsyhanskyy (2017),
as well as V. Tsyhanskyy (2017), established that
foliar feeding with biological preparations cre-
ates optimal conditions for the uptake of mineral
nutrients and maximises the biological poten-
tial of maize plants. Experiments conducted by
R. Singh et al. (2024) focused on the interaction
between nitrogen, phosphorus, and potassium
fertilisers, which significantly influence the ab-
sorption of micronutrients by maize plants and
their availability in the soil. The application of in-
creased nitrogen rates raises the concentration of
micronutrients in maize grain.

T. Marchenko (2019) reported a strong cor-
relation between plant height, ear placement
height, leaf surface area, and grain yield in hy-
brids. According to L. Shevchenko & L. Tokmako-
va (2018), the use of growth stimulants through
seed bacterisation and surface treatment of veg-
etative plants at the 7-9 leaf stage nearly dou-
bles the net photosynthetic productivity and pro-
longs the photosynthetic activity of maize plants.
V. Kaminskyi & N. Asanishvili (2020) highlighted
the potential and experimentally confirmed the
effectiveness of improving photosynthetic per-
formance and the overall productivity of maize
through the development of agrocenoses with
optimal morphostructural parameters and func-
tional characteristics, achieved by implementing
advanced cultivation technologies.

According to D.A. Ldpez-Carmona et al. (2019),
the application of biological preparations pro-
motes the development of the root system and en-
hances symbiosis with nitrogen-fixing bacteria and
mycorrhizae. This, in turn, improves maize plants’

utilisation of soil moisture, leading to increased
crop productivity and enhanced grain quality,
particularly with higher levels of protein, starch
and fat. Polish researchers M. Niewegtowski et
al. (2024) and A. Zapatowska & W. Jarecki (2024)
found that the application of mineral fertilisers
and biological stimulants increased the protein
content in the grain of the maize hybrids studied,
compared with the control. An increase in starch
and fat content in the grain was also observed, al-
though the differences were not statistically signif-
icant. At the same time, the influence of moisture
availability must be taken into account. Research
by N.Wang et al. (2025) showed that limited water
supply reduced grain yield, dry matter accumula-
tion, nitrogen and water uptake and use efficiency,
and negatively affected most soil properties com-
pared with plots supplied with sufficient water.
Thus, determining the effectiveness of min-
eral fertilisers in combination with modern bio-
logical preparations in maize nutrition systems
remains a complex and highly relevant task. The
effectiveness of nitrogen-fixing agents in increas-
ing maize grainyield is a key component of cultiva-
tion technologies in the context of climate change
and rising mineral fertiliser costs. The conducted
studies have demonstrated the impact of optimis-
ing fertiliser regimes on the formation of optimal
morphostructural plant characteristics and maize
yield under varying plant densities in conditions
of unstable and Llimited moisture availability.

Conclusions

It was established that optimising maize nutrition -
specifically, combining mineral fertilisers with the
biopreparation Blue N - had a positive effect on
crop functioning. This approach contributed to an
increase in plant height, enhanced accumulation
of organic matter, and, consequently, higher yield
levels. The height of P9255 maize plants under
the application of the biological preparation was,
on average, 1.7%-5.1% greater than in treatments
where only mineral fertilisers were used.

With increasing plant density, a gradual
rise in maize height was observed, attributed to
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intensified competition among plants. In treat-
ments with mineral fertilisers alone, plant height
at a density of 70,000 plants/ha was 1.9% high-
er, and at 80,000 plants/ha - 3.0% higher than
at 60,000 plants/ha. When mineral fertilisers
were combined with foliar application of a ni-
trogen-fixing agent, plant height at a density of
70,000 plants/ha exceeded that at 60,000 plants/ha
by 4.7%, and at 80,000 plants/ha - by 6.0%

On average, over the period 2023-2024, the
application of mineral fertilisers alone resulted in
a 14.5%-22.5% increase in maize grain yield com-
pared with the control. The highest yield, reaching
12.94 t/ha, was recorded under N, P, K . treat-
ment with a plant density of 70,000 plants/ha.
In treatments where mineral fertilisers were
combined with a biological agent, grain yield
increased by 12.2%-21.2% compared with the
corresponding control plus nitrogen-fixing agent.

Dovhelia et al.

plant density of 70,000 plants/ha provided the
highest average grain yield, reaching 13.38 t/ha.

Future research should focus on identifying
agricultural crops that, in association with Methy-
lobacterium symbioticum, will facilitate efficient
atmospheric nitrogen assimilation and contribute
to improved crop productivity. Additionally, it is
necessary to assess the economic and energy ef-
ficiency of optimising nitrogen nutrition in agri-
cultural crops through the use of nitrogen-fixing
biopreparations.
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Effect of mineral nutrition and nitrogen-fixing agent on maize yield...

NiABULWNTU YPOXANHICTb KYKYpYA3W. MeTo focnimKeHHS 6yno BCTAHOBMEHHS BMNAMBY Pi3HWX BapiaHTIB
ONTUMI3aLii yA06peHHSs Ta ryCTOTU CTOSAHHS POCAMH Ha MOPOOTiYHI XapaKTEPUCTUKM Ta YPOXKaMHICTb
KYKypyA3u B arpoekonoriynux ymoBax LleHTpanbHoro Jlicocteny YkpaiHu. [MonboBi [oCnigxeHHs
nposeneHo Bnpoaox 2023-2024 pp.B rpyHTOBO-KNiMaTUYHMX YyMOBax rocnogapcrea B KuiBcbkilt obnacri
Ha nociBax Kykypyasu riopuay P9255 (PAO 330). Posmip pocnigHoi ainsHku 6y 33 M2, NOBTOPHICTb
4-kpaTHa, pO3MilleHHs AiNSHOK nocnigoBHe 6aratospycHe. BukopuctaHHsa 6GionoriyHoro npenapary
asordikcaTopa B cucTeMi yaobpeHHs KyKypyA3u Y NOEAHAHHI 3 MiHepanbHUMK AO6pPUBAMU NMO3UTUBHO
BM/IMBANO Ha PicT pocauH. [pu LbOMY BUCOTa POCAUMH KyKypyA3u Ha 1,7-5,1 % nepesuiiyBana BianoBiLAHUA
NMOKa3HMK BapiaHTIB i3 BHECEHHAM nuwe MiHepanbHUX A06puB. NpoBeaeHO OUiHKY edeKTMBHOCTI Ta
BM3HAYeHO BMAMB ONTUMi3aLii cucteMu ynobpeHHs Ha MOPQONOriuHi 03HaKM Ta NPOAYKTUBHICTb POC/UH
KYKYPYA3M 3a paxyHOK 3aCTOCyBaHHS BionpenapaTy y NOEAHAHHI i3 MiHepanbHUMK [,06pMBaMK 33 PiHUX
HOPM iX BHECEeHHS. 3aranoM, 33 3aCTOCYyBaHHS NuLWe MiHepanbHWX 00OPWMB OAEpXaHO YpOXaMHiCTb
3epHa Kykypyasu Ha 14,5-22.5 % Buuly, NOpiBHAHO 3 KOHTponeM. Hanbinbluy ypoxarnHicTb, aka carana
12,94 7/ra, otpuMaro y BapianTi N, P, K . 3a ryctotu ctosHHs 70 Tuc./ra.Y BapiaHTax i3 3aCTOCYBaHHAM
MiHepanbHMX O06pPUB Yy MOELHAHHI 3 GionpenapaTtoM OAEPXaHO YPOXAWMHICTb 3epHa KYKypyA3u Ha
12,2-21,2 % BuLLy, HiXX Ha BigNOBiAHOMY KOHTPONi. Haibinblumi cepenHii NOKa3HUK YPOXKAMHOCTI 3epHa,
akui carae 13,38 1/ra, 3abesneuns apiaHt N, P,, K . + a30Tdikcatop 3a ryctotm CToAHHA pOCIWH Ha
piBHi 70 Tmc./ra. Mpw 3acTocyBaHHi 6ionpenapaTy y NOEAHAHHI 3 MiHEpanbHUMMKM AOOPUBAMU OfEPXKAHO
Ha 3,6 % abo 0,43 T/ra BuWLLY YPOXAMHICTb 3epHa KyNnbTypW, HiXX Yy BapiaHTax 6e3 Woro BHeCeHHS

KnioyoBi cnoBa: 6ionpenapar; ryctota CTOsIHHSI; BUCOTA POC/IMH; MiHepanbHi A06PMBa; YpOXKalHICTb 3epHa
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The dependence of ’Cs absorption by carp fish feed...

Abstract. In the context of increased radioactive contamination of aquatic ecosystems following the
Chornobyl accident, there is a clear need for a scientifically sound selection of feed additives to reduce
137Cs accumulation in fish. This study aimed to determine the optimal concentrations and types of
Prussian Blue (PB)/hexacyanoferrates in feed, considering both their radiological effectiveness and
economic viability. The research employed a wet granulation method for feeds, with the addition of
ferrocin, potassium ferric hexacyanoferrate (KFCF), and ammonium ferric hexacyanoferrate (AFCF)
at concentrations of 0.1% and 1%. This was followed by a series of batch experiments to measure
the activity concentration of *”Cs and calculate the distribution coefficients over time. The results
indicated that moistening the feed in an aqueous medium led to a three-fold increase in its mass
within the first hour of contact, after which a steady state was achieved. For all types of PB, the ¥*’Cs
distribution coefficients consistently increased during the first 120 minutes, reaching 3.5-4.5 L/kg at
0.1% PB content and 5.6-6.2 L/kg at 1%. No statistically significant difference was recorded between
the types of hexacyanoferrates, suggesting similar effectiveness for ferrocin, KFCF, and AFCF at the
same concentration. However, it was established that increasing the concentration from 0.1% to 1%
only doubled the effectiveness, which raises questions about the economic viability of such a step. The
practical significance of the data obtained lies in the potential for using feeds supplemented with the
most accessible forms of Prussian Blue to reduce the radioactive burden in fish farming, particularly in
radioactively contaminated water bodies

Keywords: radiocaesium; hexacyanoferrate; countermeasure; radioactive contamination; freshwater

fish; reduction factor

Introduction

Various types of Prussian Blue (PB)/hexacyano-
ferrates very effectively absorb caesium from
solutions, which allowed their use as a primary
countermeasure in animal husbandry after the
Chornobyl accident.Areport by the expert group of
the Chornobyl Forum of the International Atomic
Energy Agency (IAEA) (Anspaugh & Balonov, 2006)
states that in some settlements, fish are the main
source of radiocaesium intake into the body and
internal radiation dose for the population. In this
regard, it is relevant to assess the radiological
effectiveness of using PB to reduce radioactive
contamination in fish based on the dynamics of
¥7Cs absorption by fish feed depending on the
content of different types of hexacyanoferrates.

The IAEA recommendations conclude that
the use of protective measures/countermeasures
is the most effective way to protect the popula-
tion from radiation after the Chornobyl NPP acci-
dent. The national report of Ukraine compiled by
I.V. Abramenko et al. (2022) states that the main

part of 3%1’Cs enters the human body through
livestock products. Numerous experimental stud-
ies by A. Karpenko et al. (2023) and O.N. Antipen-
ko (2023) showed that the most effective and
inexpensive countermeasures aimed at reducing
radiocaesium intake into the human body and
livestock products are the use of various types
of Prussian Blue as feed additives. Based on the
summarised data, A. Nisbet & J. Sherwood (2024)
concluded that the radiological effectiveness of
using PB to reduce **¥’Cs content in the meat
and milk of cattle, as well as the meat of sheep,
deer, and pigs, is 80-90%.

In European countries, including Austria,
Germany, Norway, France and the United King-
dom, ammonium ferric hexacyanoferrate (AFCF) -
NH,Fe [Fe (CN),]) was used as an animal feed
additive after the Chernobyl accident, the price
of which currently reaches 1 Euro per 1 g. Due
to the high cost of AFCF in Ukraine after the
Chornobyl accident, ferrocin (a mixture of 95%
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ferric hexacyanoferrate (FCF - Fe, [Fe (CN),],) and
5% potassium ferric hexacyanoferrate (KFCF -
KFe [Fe (CN),])), was used, the price of which is
significantly lower (0.05 Euro per 1 g) (Thermo
Scientific Chemicals, 2025).

PB has found wide application not only in
radiation protection as an antidote for internal
intake of thallium and caesium radioisotopes
due to its exceptional adsorption properties,
but also in nanomedicine, chemical sensing, ca-
talysis, spectroscopy, food production, and ion
batteries. C. Rodwihok et al. (2024) showed that
hexacyanoferrate forms insoluble colloids and
its ability to adsorb Cs* reaches 200 g/g, which is
more than 1000 times more effective compared
to other alkali metals, such as potassium and so-
dium ions. Therefore, PB prevents caesium from
being absorbed in the gastrointestinal tract (GIT)
of animals and entering the blood, as a result of
which caesium radioisotopes are transited out of
the body with faeces. N. Chakraborty et al. (2024)
investigated nanoscale forms of Prussian Blue
as promising materials for medical applications,
particularly for combating infections, controlling
wound processes, and drug delivery. The authors
emphasise that the ability for selective adsorp-
tion of cations, including caesium, opens up
prospects for interdisciplinary use of these com-
pounds. The work by D. Parajuli et al. (2025) is de-
voted to developing a protocol for the long-term
storage of radioactive caesium in the form of
stable complexes with metal hexacyanoferrates.
The research results confirmed the exceptional
stability of such compounds, allowing them to be
considered a safe form of radionuclide isolation
in industry and ecology. Researchers S. Khandak-
er et al. (2025) created an innovative adsorbent in
which potassium hexacyanoferrate is embedded
in the structure of layered hydroxides, ensuring
high efficiency of '*’Cs extraction from seawater.
The authors demonstrated that the obtained ma-
terial retains sorption properties even in complex
conditions with a high content of competing ions.

Employees of NULES (National University
of Life and Environmental Sciences) of Ukraine,

Kashparov et al.

P. Pavlenko et al. (2023), in natural conditions of
the Chornobyl exclusion zone, and V. Kashparov et
al. (2024), in controlled laboratory experiments,
showed the high radiological effectiveness of
using one type of PB, namely potassium ferric
hexacyanoferrate (KFCF), to reduce radiocaesi-
um activity in fish. In the study by P. Pavlenko et
al. (2023), the activity concentration of *’Cs
in silver carp was reduced by 7-16 times and
12-27times when the feed contained 0.1% and 1%
KFCF, respectively. At the same time, the dynam-
ics of ’Cs sorption from water by feed contain-
ing 1% and 0.1% KFCF, which was manufactured
under industrial conditions by extrusion - dry
granulation - was studied. In farm animals, KFCF
additives in feed affected **’Cs absorption in the
GIT, but did not affect the rate of excretion of
caesium already deposited in the body. For fish,
in the work of V. Kashparov et al. (2024), the ef-
fect of KFCF on the rate of radiocaesium excre-
tion from the body of silver carp was statistically
significantly established for the first time, which
was almost twice the excretion rate when only
pure feed without KFCF was used. Based on the
results obtained, it can be concluded that the use
of KFCF in fish feed is a highly effective and inex-
pensive countermeasure. The use of other types
of PB (hexacyanoferrates), such as AFCF or ferro-
cin, may also be effective, but requires further
study. The aim of this work was to evaluate the
dynamics of *’Cs sorption by feed containing 0%,
0.1%,and 1% AFCF, KFCF, and ferrocin from water
under controlled laboratory conditions, to provide
a scientific basis for using optimal concentrations
of various types of PB in feeds, in terms of radi-
ological effectiveness and price, to reduce **’Cs
radioactive contamination in fish.

Materials and Methods
The experiment was conducted at the Ukrainian
Institute of Agricultural Radiology of the Nation-
al University of Life and Environmental Sciences
of Ukraine in 2024. Industrial feed for carp fish
produced by “Skalaria” (Ukraine) with a pellet
size of 3 mm, containing 30% protein, 10% fat,
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3% fibre and vitamins A, Dz, E and C, was used
as a control and basis for the preparation of feed
with different contents of various types of Prus-
sian blue (PB). Feed with different PB contents
was produced in laboratory conditions using
the wet granulation method. For this purpose,
industrial feed for carp fish from the company
“Skalaria” (Ukraine) was ground for 100 seconds
in an IKA Model M 20 SO000 crusher (Germany)
to obtain a control batch of feed that did not
contain PB and a base for preparing feed with a
content of 0. 1% and 1% PB (Fig. 1): ferrocin - a
mixture of 95% ferric hexacyanoferrate (FCF) -
Fe,[Fe (CN),], and 5% (KFCF) (Ukraine), potassium
ferric hexacyanoferrate (KFCF) - KFe [Fe (CN),]
and ammonium ferric hexacyanoferrate (AFCF,
Giese salt) - NH,Fe [Fe (CN), (Thermo Scientific
Chemicals, 2025). To prepare feed with a 1% PB
content, 1 g of PB (Fig. 1a) was added to 99 g of

nv

crushed basic feed (Fig. 1b) and thoroughly mixed
again for 100 seconds in an IKA Model M 20 S000
crusher (Fig. 1c). After that, 10 g of feed contain-
ing 1% PB was added to 90 g of mixed basic feed
and thoroughly mixed again for 100 seconds in a
crusher to prepare feed with a concentration of
0.1% PB. All equipment was thoroughly cleaned
after each stage of feed preparation to prevent
cross-contamination of hexacyanoferrate in the
feed. For wet granulation, 60% distilled water was
added to a 100 g mixture of feed with different
PB contents and thoroughly mixed until a homo-
geneous plastic mass was obtained (Fig. 1d). Wet
granulation of the feed was carried out using a
manual meat grinder. The feed was then dried in
an oven at 105°C for 1 hour (Fig. 1d).

As a result of the work done, feed contain-
ing 0%,0.1% and 1% ferrocin, KFCF and AFCF was
prepared (Fig. 2).

Figure 1. Stages of feed preparation with different PB content: grinding of the main feed
Note: a - does not contain PB; b - addition of 1 g of PB to the main feed; ¢ - homogenisation of feed with 1% PB;
d - moistening of feed for wet granulation; e - drying of feed at 105 °C

Source: developed by the authors

0% PB

0.1% of ferrocin 1% of ferrocin

0.1% KFCF

W OQ

1% KFCF 0.1% AFCF 1% AFCF

Figure 2. Feed containing 0%, 0.1% and 1% ferrocin, KFCF and AFCF

Source: developed by the authors

The dynamics of *’Cs sorption from water by
feed with different contents and types of selective
cesium sorbent containing 0%, 0.1% and 1% ferro-
cin, KFCF and AFCF after wet granulation were de-
termined in 33 ml plastic vessels with holes in the

bottom.The tare weight (wet beaker with holes and
Petri dish lining) was 9 g. Feed samples weighing
50%0.1 g (DM) with different hexacyanoferrate
contents were used. The feed samples were kept
for different periods of time (1 minute, 5 minutes,

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 3



15 minutes, 30 minutes, 60 minutes and 120 min-
utes) in 800 ml glasses with distilled H,0, to which

Kashparov et al.

a solution of *¥’Cs (3 ml with activity concentra-

tion of 0.62 #0.05 kBg ml') was added (Fig. 3).

Figure 3. Study of "*’Cs sorption by feed with different hexacyanoferrate contents
from an aqueous solution

Source: developed by the authors

After each soaking stage in the solution,
the wet mass (WM) was measured using a KERN
balance (Germany) with an accuracy of 0.01 g.
The ¥’Cs activity in the feed was measured in
a weighing bottle for 300 seconds using a scin-
tillation gamma spectrometer (SEG-05, Ukraine;
LSRP software) with a 63 x 63 mm Nal(Tl) detec-
tor within a passive shield (5 cm) (Fig. 4). As the
sample volumes often didn’t match the calibra-
tion geometry, correction factors were applied.
Geometric correction was based on determining

1.0
0.9
08
0.7
0.6
0.5

CF

0.4
03
02 RZ=0.997
0.1

0.0

0 5 10 15 20 25 30 35 40
Sample mass, g

the mass/volume of the sample in each contain-
er. The correction factors were calculated using
the relationship between efficiency and sample
volume for each container with known solu-
tion activity. The correction factors (CF) for the
15 ml H,0 weighing bottle geometry were 0.6
(Fig. 4a). After each stage of **’Cs absorption by
the feed from the solution, its activity concentra-
tion was monitored in 120 ml plastic containers.
The correction factors (CF) for the “100 ml H,O
powder” geometry were 0.8 (Fig. 4).

%05

0 20 40 60 80
Sample mass, g

Figure 4. Correction factors (CF) for measuring ¥’Cs activity in water in plastic vessels

Note: a - 33 ml beakers,b - 120 ml “powder”
Source: developed by the authors

A standard set of MS Excel tools was used
to analyse the experimental data, namely to ob-
tain mean values and standard deviations. The

reliability of the differences between samples was
analysed using the non-parametric Kruskal-Wal-
lis test. Statistical significance was set at p<0.05.
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Results and Discussion
The results obtained show the change in feed
weight and '*Cs distribution coefficients (sol-
id-liquid distribution coefficient (K - the ratio
of the activity concentration of **’Cs in the feed
(C, Ba/kg) to the activity concentration of **'Cs
in the solution (C,, Bg/L)) depending on the con-
tact time with water (Fig. 5). From the results, it’s
clear that the activity concentration of **’Cs was
highest in the feed prepared by wet granulation
that contained 1% ferrocin, KFCF, or AFCF, after
120 minutes of contact with the solution (Ta-
ble 1). At this point, the activity concentration of
B7Cs in the feed at natural moisture content (WM,
wet mass) was K, =5.6-6.2 times higher than its
activity concentration in water (2.3 0.2 kBq/L),
and 3.7-4.2 times higher compared to feed that
did not contain hexacyanoferrates (Fig. 5). When
the feed contained 0.1% of different PB types,
radiocaesium was absorbed only 1.4-1.6 times
less effectively compared to feed containing
1% hexacyanoferrates (Table 1). No statistically

significant differences (p > 0.05) were observed
in the absorption of **’Cs from water by feed
with different types of caesium-selective sorb-
ent, whether it contained 0.1% or 1% of ferrocin,
KFCF, or AFCF (Fig. 5, Table 1).

The activity concentration of *’Cs in feed with
1% and 0.1% hexacyanoferrates, after 120 minutes
of contact with the solution, was approximately
4 times higher compared to feed that contained
no hexacyanoferrates at all (Table 1). This was
partly due to its wetting by the solution (the mass
increased threefold from 5 g to 15 g after being
kept in water (Fig. 5a, 5b, and 5c¢)). In feed with
1% KFCF, which was prepared by dry granulation
and used in the work of P. Pavlenko et al. (2023)
and V. Kashparov et al. (2024), the *’Cs distribu-
tion coefficients were lower (K, =3.6 #0.2 (Bq/
kg)/(Bg/L)) compared to feed prepared by
wet granulation (K, = 5.9 * 0.2 (Bg/kg)/(Ba/L),
Fig.5b). This is attributed to its higher density and
less wetting by the solution (mass increased only
twofold when kept in water).
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Figure 5. Dynamics of feed weight (Mass FM, g) and ¥’Cs distribution coefficients

at different iron hexacyanoferrate contents
Note: K, - ratio of activity concentration of **’Cs in feed (C, Bg/kg) to the activity concentration of **’Cs in solution

(C,,Ba/L); a - Ferrocin, a mixture of 95% ferric hexacyanoferrate (FCF) - Fe, [Fe (CN) ],

and 5% (KFCF) - KFe[Fe(CN),J;

b - potassium ferric hexacyanoferrate (KFCF) - KFe[Fe(CN),]; ¢ - ammonium ferric hexacyanoferrate (AFCF) -

(NH,Fe[Fe(CN),])
Source: developed by the authors
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Table 1. Activity concentration of *’Cs in feed (C, Bq/kg WM) at different iron ferric
hexacyanoferrate contents

Activity concentration of "*’Cs in feed, Bq/kg

Feed

composition, % Hexacyanoferrate e o contact with the  of contact with the

solution solution solution

Ferroch aang"g‘;o“[(ngfF%% 6.4+0.6 9.641.0 131413

1 A exai‘;gansjfigrrrr‘argrngCF) 6.6+0.7 9.8+1.0 13.7+1.4
hexﬁg};’:}%’;glrgt‘;ezﬂ‘;CF) 9.3+0.9 11.6+1.2 14.6+1.5

Ferrocin, a mixture of 95% 3.5+0.4 5.5+0.6 8.0+0.8

0.1 hexaz;gansjfig::‘a{gr{}?FCF) 4605 6.3+0.6 9.4+0.9

. exﬁé‘;g}'}%@ggtzezﬂ‘;CF) 5.5:0.6 9.3+0.9 10.4£1.0

0 FCF, KFCF i AFCF 29+0.5 3.6+0.5 3.5+0.5

Source: developed by the authors

Based on the experimental results (Fig. 5),
the parameters of approximation of the kinet-
ics of cesium sorption by feed with different
hexacyanoferrate contents upon contact with
the solution t=0.25-2 hours were obtained by
a linear dependence of the type K, () =a + bt

(Table 2).The results show that the rate of increase
in the distribution coefficient of 137Cs in feed
containing 1% PB (2.0+0.1 L/kg/hour) was 1. 3-2
(1-1.5 L/kg/hour) and 10 (0.2 £ 0.1 L/kg/hour)
times higher compared to feed containing 0.1%
and 0% hexacyanoferrates, respectively.

Table 2. Time dependencies of '*’Cs distribution coefficients in feed (K (t)=a+bt), L/kg

c ompE)es?g on, % Hexacyanoferrate a ((ggllll()g)/ b, L/kg/ hour  R?
Ferrocin, a mixture of 95% FCF and 5% KFCF 1.9+0.2 2.0+0.1 0.98
1 Potassium ferric hexacyanoferrate (KFCF) 1.9+0.2 2.0+0.1 0.99
Ammonium ferric hexacyanoferrate (AFCF) 2.5+0.3 2.0+0.1 0.88
Ferrocin, a mixture of 95% FCF and 5% KFCF 1.4+0.2 1.0+0.2 0.87
0.1 Potassium ferric hexacyanoferrate (KFCF) 1.4+0.2 1.3+0.1 0.998
Ammonium ferric hexacyanoferrate (AFCF) 1.8+0.3 1.5+0.2 0.85
0 FCF, KFCF i AFCF 1.2+0.2 0.2+0.1 0.70

Source: developed by the authors

K. Niizeki et al. (2020) in experiments with
the cultivation of Japanese dace (Tribolodon ha-
konensis) and K. Matsuda et al. (2020) in five spe-
cies of salmonids showed that the main activity
of ¥¥Cs enters fish orally along with radioactively
contaminated feed (over 99%) and a small part
(less than 1%), mainly in winter, enters directly

from water. The rate of **’Cs entering fish direct-
ly from water is k= 0.03-0.07 1/day, which was
obtained in experiments at different temperatures
and for different fish species in experiments by
V. Kashparov et al. (2024) and T. Wada et al. (2023).
Thus, with a *¥Cs content in water (C) at the level
of units Bg/l and an excretion rate k =0.007 1/day,
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the equilibrium activity concentration of *’Cs in
fish (C =C 'k /k,, Ba/kg) due to water contami-
nation alone will not exceed tens of Bg/kg. At the
same time, due to the contamination of natural fish
feed in real natural conditions, the activity concen-
tration of **’Cs in fish is hundreds of times higher
and reaches thousands of Bq/kg when the content
of radiocaesium in water is at the level of units
Bag/l (Man & Kwok, 2000; Kaglyan et al.,2024). Con-
sidering that fish usually consume artificial feed in
less than 1 hour, the contamination of feed with
37Cs from hexacyanoferrate due to sorption will be
insignificant and less than 4 times different from
traditional fish feed without PB (Fig. 5). Therefore,
the activity concentration of *’Cs in artificial feed
with PB will slightly exceed the radioactive con-
tamination of water in the reservoir.

Depending on the size of the fish and the
water temperature, no more than 5-8% of artifi-
cial feed per live weight of carp fish is used daily
(Shipton, 2021; CARP 2022-2023,2023; Huang et
al., 2025). With a radio-caesium content in water
at a level of units Bq/l, the intake of firmly fixed
137Cs per 1 kg of live weight of fish per day will be
less than 1 Bqg/day together with artificial feed
with PB. This will lead to a steady-state activi-
ty concentration in fish of less than 100 Bg/kg,
which is an order of magnitude lower than the
contamination of fish in similar natural condi-
tions (Man & Kwok, 2000; Wada et al., 2023).

Since the sorption properties of feed with dif-
ferent types of Prussian blue did not differ statis-
tically significantly, it can be concluded that their
radiological effectiveness will be the same and
will correspond to the radiological effectiveness
of using similar feed for cyprinid fish with KFCF
additives. As shown in the works of P. Pavlenko et
al. (2023) and V. Kashparov et al. (2024), the radi-
ological effectiveness (reduction factor) of using
similar feed for cyprinid fish from the “Skalaria”
company, both in laboratory and real conditions
in the Chernobyl exclusion zone,was 7-16 and 12-
27 times higher with a feed content of 0.1% and
1% KFCF. Thus, when the concentration of KFCF

in the feed was increased 10 times from 0.1%
to 1%, the radiological effectiveness increased
only 2 times, which is consistent with the results
of changes in the sorption capacity of various
types of hexacyanoferrates obtained in this work
(Tables 1 and 2). Even with a feed content of 0.1%
PB, its radiological effectiveness remains extreme-
ly high (about 10 times) and exceeds the effec-
tiveness of countermeasures previously proposed
to reduce cesium radioisotope contamination of
fish in freshwater reservoirs many times over. Re-
searchers J.T. Smith et al. (2003) proposed increas-
ing the concentration of the chemical analogue
of caesium, potassium, in water by adding large
amounts of KCl to reservoirs. In real conditions,
when 15 tonnes of potassium chloride fertiliser
were added to Lake Svyatoe (0.05 kg per m? of wa-
ter surface), the resulting desorption of previously
fixed caesium from bottom sediments resulted in
short-term and insignificant radiological effec-
tiveness (less than 40%).A.Ye.Kaglyan et al. (2018)
patented a method for cleaning crucian carp from
1¥%7Cs by transferring the fish to clean water and
using clean feed. This method requires labour-in-
tensive fishing and keeping the fish in “clean” con-
ditions, which only reduces the activity of **’Cs in
fish by half after 100 days. In contrast, as shown by
V. Kashparov et al. (2024), the use of feed contain-
ing 0.1% KFCF allows the activity concentration of
1%7Cs in crucian carp to be reduced by half in just
30 days without catching fish in “dirty water”.

The results obtained indicate that the ra-
diological effectiveness of using different types
of Prussian blue in feed for carp fish will be the
same, and the main factor determining the fea-
sibility of using one type of hexacyanoferrate or
another will be its price and availability. It has
been established that with the cost of feed for
carp fish in Ukraine at around 1-2 euros per kilo-
gram, adding 0.1% ferrocin or KFCF (0.05 euros
per 1 g) to it will increase the cost of feed with
radioprotective properties by less than 5%. A
similar application of AFCF can double the cost
of feed (Thermo Scientific Chemicals, 2025). The
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results of the study indicate the potential for cre-
ating inexpensive and effective feed additives to
reduce radioactive contamination of fish, which
may be of practical importance in restoring safe
fish farming in post-radiation regions.

Summarising the results obtained, it should
be noted that all the studied types of Prussian
blue - ferrocin, potassium ferric hexacyanofer-
rate (KFCF) and ammonium ferric hexacyano-
ferrate (AFCF) -demonstrate similar sorption
capacity for *¥”Cs at the same concentrations in
feed. Although increasing the content of hexacy-
anoferrates in feed from 0.1% to 1% increases
radiological efficiency, this increase is not pro-
portional and is accompanied by a significant in-
crease in the cost of the product. Given the lack
of statistically significant differences in sorption
properties between types of hexacyanoferrates,
the choice of a specific compound is determined
primarily by its cost and availability. Therefore, it
is advisable to continue the practical implemen-
tation of the most cost-effective forms of PB in
fish feed in post-radiation regions.

Conclusions
As a result of the wet granulation process, feed
for carp fish was produced with 0%, 0.1% and
1% ferrocin (a mixture of 95% ferric hexacyano-
ferrate) - Fe, [Fe (CN),], and 5% potassium ferric
hexacyanoferrate - KFe [Fe (CN),]; potassium fer-
ric hexacyanoferrate - KFe [Fe (CN),] and ammo-
nium ferric hexacyanoferrate - (NH,Fe [Fe (CN),]).

Kashparov et al.

measured. For this purpose, 5 g of each type of
feed was placed in 800 mg of a solution with a
activity concentration of *’Cs of 2.3 Bg/mlL.

The results showed that the weight of the feed
increased due to wetting with water. The distribu-
tion coefficients of *’Cs in the feed also increased
with increasing contact time of the feed with the
solution and reached a maximum value after
120 minutes. At the same time, no statistically sig-
nificant differences were observed in the sorption of
1¥7Cs by feed containing 0.1% or 1% ferrocin, KFCF
or AFCF. The absorption of radiocaesium by feed
from water containing various types of PB was in-
significant compared to feed without hexacyanofer-
rate additives. Therefore, given the strong fixation
of ¥*¥’Cs by various types of Prussian Blue, it can be
concluded that this will not lead to an increase in
the intake of radiocaesium into the fish organism.

The results obtained earlier and in this work
may indicate the high radiological efficiency and low
cost of using fish feed with additives of various types
of hexacyanoferrates, which requires direct verifica-
tion of the use of these feeds in experiments with
fish in laboratory and real production conditions.
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AHoTauifl. Y KOHTEeKCTi MiABMLEHOro pafioakTMBHOrO 3abpyAHEHHSI BOAHWMX €KOCUCTEM mics
YopHobunAbCbKOi aBapii NocTtae HeobXigHICTb Y HAYKOBO 0OIpyHTOBAHOMY BMOOpPiI KOPMOBMX A06aBOK
AN 3MEHWEeHHs HakonuueHHs *’Cs y pubi. MeTol AOCNIAKEHHSA 6YN0 BM3HAYEHHS ONTUMASbHUX
KOHLEHTPALiM Ta BMAiB rekcauiaHodepatis/bepniHcbkoi nasypi (BJ) B KopMax 3 orngay Ha ixHKO
papionoriyHy eheKTUBHICTb i EKOHOMIYHY AOLIMbHICTb. Y AOCNIOKEHHI 3aCTOCOBAaHO METOA MOKPOro
rpaHy/loBaHHA KOPMiB 3 AoAaBaHHsAM (epouuHy, 3ani3o-rekcauiaHodepaty kanito (KFCF) Ta amoHito
(AFCF) y koHueHTpauiax 0.1 % 1a 1 %, 3 noganbwunm nposeneHHsM cepii batch-gocniais i3 3amipom
nuToMoi akTMBHOCTI *’Cs Ta obumcneHHsaM koediuieHTiB po3noainy y yaci. Peaynbtati nokasanu, Wwo
3BOJIOXKEHHS KOPMY Y BOOHOMY CepefoBMLL MPU3BOAMAO 4O TPUKPATHOrO 36inblUeHHS MOro Macu
NpoTAroM NepLoi roAMHM KOHTAKTY, MiCAS 4YOro AOCAraBCa CTaliOHApHMI piBeHb. [ns BCix Tunis
B/l koediuieHT posnoginy *’Cs cTabinbHO 3poctanu npotaroM nepwux 120 XBUAMH i gocsranu
3.5-4.5 n/kr npu BmicTi 0.1 % BJ11a 5.6-6.2 n/kr npu 1 %. CraTUCTUYHO AOCTOBIPHOI Pi3HULI MiXK TUMAMKU
rekcauiaHodepatiB He 3adikcoBaHO, WO CBiAYMTb Npo NoaibHy edekTuBHicTb dpepoumnHy, KFCF i AFCF
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npv OOHAKOBIM KOHLEHTpauii. BogHo4ac BCTaHOBNEHO, WO NiaBUWEHHS KOHUeHTpauii 3 0.1 % no 1 %
36inblye edeKTUBHICTb NUWE BABIYI, WO CTaBUTb NMUTAHHS NPO EKOHOMIYHY AOLINbHICTD TAKOTO KPOKY.
MpakTMYHE 3HAYEHHS OTPUMAHMX OAHUX NOMATAE Y MOXIMBOCTI BUKOPUCTaHHS KOPMIB i3 A0OAaBaHHAM
HanaocTynHiwmnx dopM bepniHcbKoi Nasypi AN 3HWKEHHS PafioaKTUBHOINO HaBAaHTAXEHHS Y PUBHULTBI,
30KpeMa B YMOBax pajiauiiHo 3abpyaHeHMX BOAOIM

KniouoBi cnoBa: paaiouesiit; rekcauiaHodepat; KOHTp3axia; pafioakTMBHe 3a6pyAHEHHS; NPiCHOBOAHA
puba; pakTop 3MEHLIEHHS
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Abstract. The revitalisation of tourism in the Ivano-Frankivsk region highlights the need for systematic
monitoring of atmospheric air, particularly in terms of the content of fine aerosol particles, in order to
assess the level of environmental safety in popular tourist destinations. The aim of the study was to
comprehensively assess atmospheric air pollution by PM2.5 and PM10 particles in locations with varying
degrees of anthropogenic load, as well as to identify the factors that determine the spatial variability
of their concentrations. During the empirical stage, a series of instrumental field measurements were
carried out using portable monitoring equipment. The locations were classified into three groups:
recreational areas (low load), tourist and recreational areas (medium load) and transport and trade
hubs (high load). Multivariate analysis methods were used for statistical data processing, in particular
fourth-order polynomial regression and regression modelling of the relationship between PM10 and
PM2.5 levels, taking into account the load typology. It was found that the average concentrations of
PM2.5 and PM10 in high-load zones were 14.63 ug/m® and 34.63 ug/m>3, respectively, which does
not exceed the maximum permissible values set by national and international standards. The lowest
levels were recorded in natural recreational areas, due to the natural filtration capacity of green spaces
and the absence of traffic. In areas with medium load, intermediate levels of pollution were found,
indicating the influence of both stationary and mobile sources of emissions. Regression analysis

Suggested Citation:

Smyk, I., & Arkhypova, L. (2025). Research on air pollution by fine particles in tourist locations in the
Ivano-Frankivsk region. Scientific Reports of the National University of Life and Environmental Sciences of Ukraine,
21(3), 62-75. doi: 10.31548/dopovidi/3.2025.62.

‘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/0009-0005-4351-1999
https://orcid.org/0000-0002-8725-6943
https://scireports.com.ua/en

Smyk & Arkhypova

showed a nonlinear relationship between PM2.5 and PM10 (R? = 0.87), indicating the dominance of
the fine fraction in the total mass of aerosol dust. In addition, it was found that an increase in relative
air humidity correlates with a decrease in the concentration of fine particles, which is important for

predicting air pollution levels depending on weather conditions

Keywords: environmental monitoring; tourist load; atmospheric aerosols; spatial analysis; PM2.5;

PM10; regression modelling

Introduction

The issue of the impact of tourism on the natural
environment is becoming increasingly relevant
in light of global climate change, intensification
of anthropogenic processes and rapid growth in
tourist flows. In modern conditions, the tourism
industry, on the one hand, is an important factor
in the economic development of territories, and
on the other hand, significantly increases the load
on ecosystems, changing natural balances and
threatening biodiversity (Stryzhak, 2022).

A. Dias et al. (2024) paid special attention in
their scientific research to the impact of tourism
on the quality of atmospheric air as one of the
basic components of the environment that direct-
ly affects human health and ecosystem stability.
According to modern approaches, the indicators
of air quality in tourist locations are recognised
as concentrations of fine particles (PM2.5, PM10),
levels of carbon dioxide (CO,), formaldehyde
(HCHO) and basic meteorological parameters
(temperature, relative humidity). Research into
the impact of tourist flows on air quality is impor-
tant for assessing the environmental sustainabil-
ity of regions and developing strategies for their
adaptation to new challenges.

The relationship between tourism and the
state of natural resources is the focus of current
scientific research at both the global and regional
levels. In particular, G. Miller & A. Torres-Delga-
do (2023) argued that the rapid and unregulated
growth of tourist flows causes systematic deple-
tion of the natural environment. The authors em-
phasised that the degradation of ecosystems, the
deterioration of air, water and soil quality,and the
overloading of infrastructure directly affect the

tourist attractiveness of territories and the capac-
ity of regions for sustainable development.

In recent scientific research, A. Dias et
al. (2024) paid particular attention to the impact
of tourist activity on air quality as one of the key
elements of environmental stability in a region.
Atmospheric air not only serves as a physical envi-
ronment, but also plays a critical role in maintain-
ing biotic balance, ensuring comfort and forming
the health-preserving potential of recreational
spaces. The deterioration of air quality due to in-
creased tourist flows is accompanied by a local
increase in anthropogenic emissions, in particular
from transport infrastructure, accommodation fa-
cilities and entertainment establishments. Within
the framework of environmental monitoring of
tourist locations, the main indicators of air quali-
ty are the concentrations of fine aerosol particles
PM2.5 and PM10, which have the ability to pen-
etrate deep into the respiratory system, carbon
dioxide (CO,) levels as a marker of ventilation
activity and traffic density, formaldehyde (HCHO),
which is formed as a result of incomplete com-
bustion of organic substances, as well as basic
meteorological parameters - air temperature, rel-
ative humidity, atmospheric pressure.

D.Yildirim et al. (2023) emphasised the need
for regular and spatially adapted monitoring of
atmospheric air quality, especially in regions
with high tourist traffic density. The authors ar-
gued that global warming and climate change
are causing transformations in the distribution,
duration and concentration of harmful substanc-
es in the air, which poses additional risks to
public health, reduces the recreational potential
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of territories and disrupts the ecosystem bal-
ance. In this context, atmospheric air monitor-
ing within tourist destinations is seen as one of
the key tools for ensuring environmental safety,
adaptive management and forecasting the sus-
tainability of ecological systems under the influ-
ence of intensive anthropogenic activity. At the
same time, the environmental impact of tourism
should be considered not only through the prism
of air pollution, but in a broader ecosystem con-
text, which includes the impact on marine and
coastal environments, the state of flora and fau-
na, hydrological balances and landscape struc-
ture. Tourism, especially in regions specialising
in coastal recreation, exerts multidirectional
pressure on natural complexes through the
generation of large amounts of solid waste, dis-
ruption of the natural rhythms of wild species,
degradation of soil cover, erosion processes and
transformation of biotopes.

A study by S. Barik et al. (2024) demonstrated
that unregulated growth in tourist flows leads to
significant pollution of coastal areas with house-
hold waste, in particular plastic products, pack-
aging, textile residues and organic matter. Such
pollution negatively affects the state of biodi-
versity, both marine and coastal species, disrupts
the functionality of ecosystems, and reduces the
attractiveness of beaches for recreational use. In
addition, the accumulation of waste in the marine
environment leads to the formation of secondary
microplastics, which threaten food chains and the
health of marine organisms.

In turn, the study by M. Ben-Haddad et
al. (2024) focused on another specific manifes-
tation of anthropogenic pressure - the bloom-
ing of macroalgae, which, in a changed marine
environment, trap large amounts of plastic on
the coast, creating an additional environmental
burden and complicating the operation of tour-
ist areas. The massive accumulation of algae en-
riched with plastic not only causes aesthetic and
sanitary discomfort, but also increases the risk of
pathogenic environments, which complicates the
maintenance of infrastructure in proper sanitary

and hygienic condition. Such processes require
the implementation of integrated coastal man-
agement models that synchronise environmental
monitoring, spatial planning and the participa-
tion of local communities in maintaining ecosys-
tem balance. Thus, to ensure the environmental
sustainability of tourist regions, especially in
coastal areas, it is necessary to comprehensive-
ly rethink approaches to managing tourist flows,
taking into account the impact on all compo-
nents of the environment - from air and water to
biodiversity and soil and vegetation cover.

The issue of integrating tourism into the par-
adigm of sustainable development was analysed
in detail in the work of S.M. Rasoolimanesh et
al. (2023). The researchers emphasised that
declarative support for environmental safety is
not enough to ensure the sustainability of tourist
areas - it is necessary to apply a system of quan-
titative indicators that allow the social, economic
and environmental consequences of tourist activ-
ity to be verified. The authors also developed an
evaluation structure based on a multidimensional
analysis of the impact of tourism on the achieve-
ment of the Sustainable Development Goals.

Of considerable interest in the context of the
greening of tourist areas is the study by A.l. Os-
man et al. (2023), which examined the prospects
for the use of renewable energy in tourist infra-
structure. The authors argued that the introduc-
tion of solar, wind and hybrid energy systems not
only reduces overall greenhouse gas emissions
but also improves the environmental image of
destinations. At the same time, they drew atten-
tion to the need for economic justification of such
decisions to increase their adaptability at differ-
ent levels of management.

At the regional level, especially in Ukraine,
the issue of sustainable tourism development
and environmental protection is becoming par-
ticularly relevant. The work of B.O Shulika et
al. (2023) analyses the potential of ecotourism
as an effective tool for biodiversity conserva-
tion and local community activation. The authors
showed that the development of ecotourism
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practices aimed at preserving landscape diversity
also contributes to the formation of an environ-
mentally-oriented worldview and improves the
environmental literacy of tourists.

At the same time, O. Tabenska & A. Prylut-
skyi (2023) emphasised the regulatory and in-
stitutional dimension of sustainable tourism.
In their work, they proved the need to form a
national strategy for the development of eco-
tourism, which should include components of
environmental education, active community par-
ticipation in decision-making, and the adaptation
of international experience in managing tourist
flows, taking into account local environmental
conditions. Thus, the analysis of the literature
indicates a systematic awareness by the scientif-
ic community of the challenges associated with
the ecological transformation of tourist areas,
as well as the relevance of developing tools for
monitoring, spatial planning and evaluation of
the load on natural components of the environ-
ment. In this context, the applied analysis of air
quality under conditions of varying intensity of
tourist activity becomes particularly important,
which determines the relevance of the research
presented in this article.

The issue of studying the relationship be-
tween the level of tourist load and the concen-
trations of fine particles in the air is becoming
increasingly important. PM2.5 and PM10 are
recognised by the World Health Organisation as
some of the most dangerous pollutants for hu-
man health due to their ability to penetrate deep
into the respiratory system, causing serious dis-
eases. In view of this, a quantitative assessment
of PM2.5 and PM10 concentrations in different
types of tourist locations (from natural and recre-
ational to transport and commercial areas) allows
not only to identify risk areas, but also to justify
measures to optimise tourist activities.

In this context, instrumental monitoring of air
quality in tourist locations in the Ivano-Frankivsk
region, followed by their differentiation accord-
ing to levels of anthropogenic load and the ap-
plication of mathematical methods for analysing
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pollution factors, is of particular scientific and
practical importance. The aim of the study was to
comprehensively model the relationship between
the level of tourist load and the concentrations
of PM2.5 and PM10 particulate matter in the air
to identify the leading factors in the formation of
dust load in recreational areas.

Materials and Methods

The study was conducted using a comprehen-
sive approach that combined theoretical analy-
sis of contemporary scientific literature and field
measurements of atmospheric air quality in tour-
ist locations in the Ivano-Frankivsk region. The
methodology ensured comprehensive coverage
of the subject matter and representativeness
of the data obtained. Field measurements were
taken on 30 August 2024 within tourist locations
in the Ivano-Frankivsk region. The selection of
sites was based on the need to cover a variety of
environmental conditions and levels of anthro-
pogenic load, from natural recreational areas to
urban and transport-commercial areas. The list of
locations included: Underhill Earth History Park,
forest area near Underhill, Pidhiria (residential
area), Leybova Hora restaurant, transport area
near Leybova Hora, parking area at the entrance
to Leybova Hora, Shevchenko Square in Nadvir-
na, Hetmana Mazepy Street in Nadvirna, central
market in Nadvirna, area near the fountain in the
centre of Nadvirna, OKKO petrol station (Yarem-
che), souvenir market (Yaremche), MORVA Premi-
um Spa Resort (Yaremche), the Stanislavsky Hotel
(Yaremche), the shopping area near the railway
track (Yaremche), Svobody Street (Yaremche), Car
Park N1 (Polianytsia), Lake of Youth (Bukovel),
the Ferris wheel (Bukovel), the Syayevo restau-
rant (Bukovel), Car Park N22 (Bukovel), entrance
to Bukovel, ski area (Bukovel), remote area of
Bukovel. The selection of sites was based on the
need to cover a variety of environmental condi-
tions and tourist traffic intensity.

The first stage of the study involved an
analytical review of scientific publications on
the impact of tourism on the environment, air
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pollution by solid particles, sustainable tourism,
and environmental monitoring. The information
base consisted of peer-reviewed articles for the
period 2020-2024. The literature was selected
based on criteria of relevance, scientific novelty,
and relevance to the research topic. The second
stage involved the organisation and conduct of
field measurements of atmospheric air in selected
tourist locations, conditionally divided into three
groups according to the level of anthropogenic
load: low (recreational areas), medium (tourist
and recreational areas) and high (transport and
trade hubs). The measurements were carried out
according to a single scheme at specific points at
a height of 1.5 metres above ground level.

Three specialised devices were used to col-
lect data. The CEM DT-9881M portable air qual-
ity analyser (brand CEM Instruments, country of
registration and manufacture China) was used to
measure concentrations of PM2.5 and PM10 fine
particles, formaldehyde, as well as air tempera-
ture and relative humidity. The device operates
on the basis of a diffusion sampling method and
is equipped with a built-in battery and memo-
ry. To determine the concentrations of carbon
monoxide (CO) and nitrogen dioxide (NO,), a
Walkom W-K-600 gas analyser (manufacturer
Walcom Instruments, Italy) was used, known for
its high accuracy in mobile monitoring of gas-
eous pollutants. The volume fraction of oxygen
was determined using a CEM GD-3803 oxygen
monitor (brand CEM Instruments, country of
manufacture China). The use of several devices
ensured a multifactorial assessment of the state
of atmospheric air.

The third stage involved processing the ob-
tained data using Microsoft Excel software for
primary analysis: calculating average values,
standard deviations, and coefficients of varia-
tion. For in-depth statistical analysis, regression
analysis methods (fourth-order polynomial re-
gression) were used to model the dependence of
PM10 on PM2.5, taking into account load catego-
ries, as well as correlation analysis to establish
the relationship between air pollution levels and

relative humidity. In order to identify the nature
of the relationship between the concentrations
of PM2.5 and PM10 particulate matter in the air
at tourist locations in the Ivano-Frankivsk region,
mathematical modelling methods, in particular
regression analysis, were used. Given the em-
pirical distribution of the studied variables and
the need to take into account possible nonline-
ar dependencies, the linear model was found to
be insufficiently informative to accurately reflect
the relationship between these parameters. For
a comparative analysis of the concentrations
of fine particles in tourist locations in the Iva-
no-Frankivsk region, the standards approved by
the current national documents in the field of
atmospheric air protection were applied. In par-
ticular, the focus was on maximum permissible
concentrations (MPCs).

In view of this, it was appropriate to use
fourth-order polynomial regression, which al-
lows higher degrees of the PM2.5 variable to be
taken into account to model its impact on PM10
levels. In addition, the model included a categor-
ical variable “Load Category’, represented as two
binary predictors: for areas with low and medi-
um levels of anthropogenic load. The high load
zone is the base (reference) category. That is why
fourth-order polynomial regression was used to
build the model:

PM10=p,+B, PM2.5+B, PM2.52+p, PM2.53+
+B,PM2.5*+ B35 (Low load) + 6 (Medium load), (1)

where: B, - is a free term (constant) corre-
sponding to the baseline level of PM10, 3, is a
linear coefficient showing how PM10 changes
when PM2.5 changes, 8, B, B, are polynomial
coefficients reflecting the nonlinear effect of
PM2.5 on PM10, B, - correction of the PM10
level for low load, B, - correction of the PM10
level for medium load.

Regression analysis results = Coefficient of
determination R?=0.87 (the model explains 87%
of the variation in PM10). ALl polynomial coeffi-
cients are statistically significant (p <0.05).
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Results and Discussion

One of the main environmental problems in tour-
ism is the accumulation of pollutants in the air
due to the growth of tourist flows and the devel-
opment of transport infrastructure in popular rec-
reational areas. Fine particles, in particular PM2.5
and PM10, are the main markers of anthropogenic
load, as their excessive accumulation in the air
negatively affects both the state of natural eco-
systems and human health. The problem is com-
pounded by the fact that most tourist regions are
traditionally positioned as areas with “clean air’,
which does not always correspond to the actual
environmental situation in conditions of inten-
sive exploitation of the territories.

Fine aerosol particles have the ability to pen-
etrate deep into the human respiratory system,
causing a wide range of negative effects, includ-
ing respiratory and cardiovascular diseases and
an increase in overall mortality risk. At the same
time, the accumulation of PM2.5 and PM10 in
tourist regions leads to a decrease in the ability of
vegetation to naturally purify the air, impairs the
photosynthetic activity of green spaces and accel-
erates soil degradation due to particle deposition.

It is particularly important to analyse the dis-
tribution of fine particles depending on the level
of anthropogenic load: from areas with a predomi-
nantly natural environment to areas with developed
transport infrastructure. As part of the study, the
concentrations of fine particles PM10 and PM2.5 in
the air of tourist areas in the lvano-Frankivsk region
were determined, with subsequent classification
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of observation objects according to the level of an-
thropogenic load into three categories:

» recreational areas (Low load);

» tourist and recreational areas (medium
load);

» transport and trade hubs (high load).

Areas with minimal anthropogenic impact in-
clude natural parks, forest areas, and areas with
low building density and limited traffic. The domi-
nant sources of PM10 and PM2.5 fine particles are
natural processes, in particular soil dust and bi-
ogenic emissions. Concentrations of pollutants in
such conditions remain the lowest due to effective
natural filtration of the atmosphere by vegetation.

Tourist and recreational areas are character-
ised by a moderate level of anthropogenic impact.
The main factors of pollution include tourist activ-
ity, commercial activity, and traffic flows near rec-
reational facilities. The concentration of solid par-
ticles in these areas is intermediate between the
levels recorded in recreational and transport and
commercial areas, as the influence of natural and
man-made sources is combined here. City centres,
transport hubs, commercial areas, markets, bus sta-
tions, car parks and petrol stations are character-
ised by the highest level of anthropogenic impact.
The main sources of pollution are motor vehicle
exhaust gases, industrial emissions and aerosols
generated by economic activity. The high intensi-
ty of traffic flows and commercial processes leads
to increased concentrations of PM10 and PM2.5,
which negatively affects the quality of atmospheric
air and the ecological state of the region (Table 1).

Table 1. Air quality indicators in different locations of Ivano-Frankivsk region (August 2024)

. Load PM2.5 PM10 HCHO, o, CO; Relative
Ne Location category  (ug/m3®) (pg/m3)  ppm 0z % ppm ¢ humidity, %
Earth History Park
1 “Underhill” Low load 11.6 28.0 0.0 20.4 455 23.1 65
Forest area near
2 Underhill Low load 10.8 26.0 0.0 20.4 450 229 65
Pidhiria, residential
3 district Low load 11.2 24.0 0.0 20.4 454 233 64
4 Leibova Hora Mediumload 120 250 001 202 435 239 61
Restaurant ’ : ’ : ’

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 3



Research on air pollution by fine particles in tourist locations...

Table 1. Continued

. Load PM2.5 PM10 HCHO, o COz o Relative
Ne Location category  (ug/m3) (pg/m3)  ppm 02, % ppm c humidity, %
Transport zone near .
5 Leibova Hora Medium load 12.5 29.0 0.01 20.2 435 241 61
Parking area near the
6 entrance to Leibova  Medium load 13.0 31.0 0.01 20.2 435 241 61
Hora
Shevchenko Square, B
7 Nadvirna High load 13.0 32.0 0.0 20.4 444 235 67
g  HetmanMazepa Highload 135 336 0.0 204 439 235 70
Street, Nadvirna g : : : : )
Central Market, .
9 Nadvirna High load 14.0 40.0 0.0 20.4 439 235 70
Area near the fountain
10 in the centre of Medium load 13.2 41.0 0.0 20.4 444 235 67
Nadvirna
OKKO Petrol Station, .
11 Yaremche High load 13.0 39.0 0.0 20.3 576 28.7 50.2
Souvenir Market, .
12 Yaremche High load 13.0 35.0 0.0 20.4 502 29.1 49.2
MORVA Premium Spa .
13 Resort, Yaremche Medium load 14.0 38.0 0.01 20.3 494 293 42.6
Hotel Stanislavsky, .
14 Yaremche Medium load 13.0 40.0 0.02 20.4 499 294 47.7
Shopping area near the .
15 railway line, Yaremche High load 13.5 37.0 0.02 20.4 480 29.4 47.5
Svobody Street, )
16 Yaremche High load 13.8 38.5 0.02 204 440 294 47.9
Car Park Ne1, .
17 Polianytsia High load 19.0 39.2 0.02 204 442 247 50.7
18 Lake of Youth, Bukovel Medium load 12.0 30.0 0.01 204 412 26.0 46.3
19  Ferris Wheel, Bukovel Medium load 11.0 25.0 0.01 20.2 420 30.1 49.3
Syaevo Restaurant, -
20 Bukovel Medium load 8.0 22.0 0.01 202 424 298 48.5
21 Car Park No. 2, Bukovel  High load 17.0 23.0 0.01 20.2 456 29.8 48.9
22 Entrance to Bukovel High load 16.5 29.0 0.01 20.2 429 29.8 48.2
23 Ski area, Bukovel Medium load 10.5 28.5 0.01 20.2 424 29.8 48.5
24  Remote area, Bukovel Low load 9.0 24.0 0.01 20.2 438 29.8 48.5
Source: compiled by the authors
Background concentrations are deter-  content of chemicals in the air, in particular com-

mined in accordance with Order of the Ministry
of Ecology and Natural Resources of Ukraine
No. 286 (2001), as amended in 2021. The docu-
ment has been in force since 1 March 2000 and
defines the basic standards for the permissible

ponents that are hazardous to human health,
such as PM2.5, PM10, formaldehyde, carbon
monoxide and nitrogen dioxide, established and
recommended by the World Health Organisa-
tion (2021). (Table 2, Fig. 1).
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Table 2. Comparison with permissible standards
Indicator Average value (high load) Standard in Ukraine (MPC) Conclusion

up to 25 pg/m? s

PM2.5 14.63 pg/m? (daily average) Within the normal range
up to 50 pg/m? s

PM10 34.63 pg/m? (daily average) Within the normal range

approximately up
co, 464.7 ppm to 1,000 ppm (ventilation Within the normal range
recommendations)
HCHO <0.02 ppm up to 0.035 ppm Within the normal range

Source: compiled by the authors based on Order of the Ministry of Ecology and Natural Resources of Ukraine

No. 286 (2001)
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1200
1000
800
600
400
200
0

Concentration

PM2.5 PM10

Average value

co, HCHO
Indicator

MPC / Standard

Figure 1. Comparison with permissible standards
Source: compiled by the authors based on Order of the Ministry of Ecology and Natural Resources of Ukraine

No. 286 (2001)

Thus,theaveragePM2.5valuewas14.63ug/m?,
which is significantly lower than the daily maxi-
mum permissible concentration of 25 pg/m3. The
recorded value indicates that there is no excess
of fine dust, which can adversely affect the res-
piratory system. A similar trend can be observed
for PM10, whose concentration was 34.63 pg/m?
with a permissible level of 50 pg/m?®. Both indica-
tors remain within sanitary and hygienic standards,
which confirms the absence of critical levels of
particulate matter pollution. The average carbon
dioxide level was 464.7 ppm, which corresponds
to the recommended standards for areas of mass
human presence. The formaldehyde content was
within the range of 0.00-0.02 ppm, not exceeding
the maximum permissible value of 0.035 ppm.

A comparative analysis showed that none of
the indicators exceeded the established standards.

Accordingly, the atmospheric air in tourist loca-
tions in the Ivano-Frankivsk region is character-
ised by a relatively favourable ecological state,
despite the increased recreational and trans-
port load. Fourth-order polynomial regression
was chosen as the most suitable tool for mod-
elling the dependence of the concentration of
PM10 suspended particles on the level of PM2.5
fine dust, given the empirical nature of the data
distribution and the need to take into account
non-linear relationships that are not covered by
the linear model. The additional inclusion of the
categorical variable “Load category” in the form
of binary predictors made it possible to take into
account the influence of the intensity of anthro-
pogenic pressure on the concentration of PM10,
where a high level is the baseline. The depend-
ence is shown in (Fig. 2):
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PM10 = 1333.82 +-424.07 * PM2.5 + 49.42 * PM2.52 + -2.46 * PM2.5% +
+0.04 * PM2.5% +-0.29 * (Low load) +-1.81 * (Medium load) (R? = 0.87)
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Figure 2. Dependence of PM10 concentration on PM2.5
in tourist locations in Ivano-Frankivsk region

Note: 4™ order polynomial approximation, R?=0.87
Source: compiled by the authors

Considering that relative humidity influenc-
es the behaviour, aggregation and deposition of
aerosol particles, analysing its relationship with
PM2.5 concentration is justified for a deeper
understanding of the mechanisms of air quality
formation in tourist areas. An increase in rela-
tive humidity can promote the condensation
of water vapour on the surface of PM2.5 par-
ticles, increasing their size and changing their

deposition properties, which in turn affects the
concentration of particles in the air. On the oth-
er hand, excessive humidity can cause particles
to be washed out of the atmosphere, reducing
their content. Therefore, establishing the nature
of the interdependence between these param-
eters is necessary to assess the environmental
status of tourist areas and the potential risk to
human health (Fig. 3).

Dependence of PM2.5 concentration on relative humidity

N = Measured data
18 — 4th-order polynomial
L R?=0.69
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Figure 2. Polynomial regression of PM2.5 concentration on relative humidity
in tourist locations of Ivano-Frankivsk region

Source: compiled by the authors

The results of the regression analysis
showed that the coefficient of determination

R?2=0.69, which indicates a fairly strong depend-
ence between the concentration of fine particles
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PM2.5 and the level of relative humidity in the
atmospheric air of tourist locations in the lva-
no-Frankivsk region. The value of the coefficient
of determination indicates that approximately
69% of the variation in PM2.5 concentration can
be explained by changes in humidity, which indi-
cates the presence of a significant nonlinear rela-
tionship between these indicators. Analysis of the
constructed polynomial model demonstrates the
nonlinear nature of the relationship. In particular,
as relative humidity increases, there is a tendency
for the concentration of fine particles in the air to
decrease, which may be due to the physical and
chemical processes of aerosol deposition under the
influence of hygroscopic growth of droplets and
gravity towards the Earth’s surface. However,when
a certain threshold level of humidity is reached,
a change in the trend is recorded - a secondary
increase in PM2.5 concentrations is possible,
which is probably explained by the mechanisms
of particle aggregation into larger aggregates,
a decrease in their precipitation rate, or the for-
mation of secondary particles due to heteroge-
neous reactions on the surface of water aerosols.

The results obtained emphasise the role of
relative humidity as one of the key meteorolog-
ical factors influencing the spatial and temporal
variability of fine dust in tourist regions. Under
conditions of medium and high anthropogenic
load, typical for recreational and tourist areas,
fluctuations in air humidity can significantly mod-
ify the quality of the atmospheric environment,
intensifying or mitigating the impact of pollution
sources. The results of the conducted research
allow for the formation of substantiated conclu-
sions regarding the impact of anthropogenic load
on the spatio-temporal distribution of fine aero-
sol concentrations of PM2.5 and PM10 in the at-
mospheric environment of tourist locations in the
Ivano-Frankivsk region. The obtained indicators
demonstrate significant variability depending
on the level of technogenic pressure, which fully
correlates with the conclusions made in the work
of S.Yu. Adamenko et al. (2024), where the pat-
terns of PM10 particle accumulation in the urban
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environment of Ivano-Frankivsk were studied.
In particular, in transport and commercial areas,
particle concentrations exceed the corresponding
values recorded in recreational areas with mini-
mal urbanisation, indicating a direct relationship
between the nature of land use and the level of
atmospheric dustiness.

The coefficient of determination R? = 0.87,
obtained in the process of approximating the
dependence between PM2. 5 and PM10 using
fourth-order polynomial regression, confirms the
existence of a pronounced nonlinear relationship
between the two main markers of aerosol pollu-
tion, which was also recorded in a study of PM2.5
concentrations in various natural and territorial
conditions inthe Ivano-Frankivskregion (Adamen-
ko et al.,2024).The inclusion of a categorical vari-
able reflecting the level of anthropogenic load in
the model allowed for a deeper understanding of
the spatial dynamics of pollution and its depend-
ence on the functional purpose of tourist areas.

Changes in PM2.5 particle content also
showed a noticeable dependence on the level of
relative air humidity, which is consistent with the
conclusions presented in international publica-
tions by J.S. Rodriguez-Alcantara et al. (2024) and
M. Paskova et al. (2024), which emphasised the
role of atmospheric moisture as a factor influenc-
ing particle aggregation, hygroscopic growth and
deposition. The analysis found that an increase in
humidity to a certain threshold level contributes
to a decrease in the concentration of fine parti-
cles due to the intensification of deposition pro-
cesses. At the same time, at high humidity levels,
a change in trend is observed, which is probably
due to the secondary formation of aerosol aggre-
gates or a slowdown in their deposition, which is
characteristic of heterogeneous chemical trans-
formations in a humid environment.

It should be emphasised that the results of
the study are relevant in the context of the sci-
entific community’s growing attention to the
impact of environmental indicators on the qual-
ity of tourism services and the attractiveness of
destinations. The work of C. Eusébio et al. (2022)
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indicates that air quality is one of the critical fac-
tors in choosing tourist routes, especially in the
ecotourism segment.A decrease in environmental
comfort due to increased concentrations of PM10
and PM2.5 during periods of intense tourist traffic
can negatively affect the perception of the region,
which is strategically important for areas with
high recreational potential.

The detected PM2.5 and PM10 concentra-
tions in tourist locations demonstrate a close re-
lationship between air quality and environmental
comfort, which, according to a number of studies,
directly affects the intensity of tourist flows. In
particular, a spatial econometric analysis in China
demonstrated a negative relationship between
air pollution levels and the number of foreign vis-
itors (Deng et al., 2017), while regression models
showed a significant reduction in inbound tour-
ism in conditions of increased concentrations of
harmful pollutants (Dong et al., 2019). Air quality
intheregion of origin also determines the demand
for outbound tourism, with disposable income
acting as an integrating factor (Wang et al., 2018).

In parallel with changes in anthropogenic
load, special attention should be paid to mete-
orological factors, in particular relative humidity,
which modifies the chemical composition of at-
mospheric aerosols and their deposition process-
es, This is confirmed by monitoring observations
in Tehran, where significant fluctuations in PM1,
PM2.5 and PM10 particle levels have been detect-
ed under the influence of dust storms and local
pollution (Jaafari et al., 2017; Naddafi et al., 2019).

In a global comparative context, a correlation
has been established between air pollution levels
and the Human Development Index, allowing the
HDI to be considered a marker of environmental
quality (Santra, 2014). Indoor pollution problems
in low-income countries, associated with inade-
quate ventilation and the dominance of tradition-
al energy sources, are considered a critical public
health challenge (Bruce et al., 2000). Air quality in
rural areas is often overlooked in environmental
policy, but it has a significant impact on vulnera-
ble population groups (Majra, 2011).

In general, the identified patterns of change in
PM2.5 and PM10 concentrations indicate the need
to establish a systematic monitoring system for
the air environment in tourist regions, adapt envi-
ronmental policy to the intensity of tourist traffic,
and implement preventive measures to reduce an-
thropogenic impact, especially in areas with a high
density of transport and commercial facilities. The
study confirms that monitoring atmospheric air
quality is a key element in ensuring the sustainable
development of recreational areas, and integrating
monitoring results into spatial planning practices
can significantly improve the environmental safety
and tourist attractiveness of the region.

Conclusions

Thus, the results of the study show that the
atmospheric air in tourist locations in the lva-
no-Frankivsk region is in satisfactory ecological
condition, despite the presence of differentiat-
ed anthropogenic load. It has been established
that the average concentrations of fine particles
PM2.5 and PM10 in areas with high tourist and
transport loads do not exceed the maximum
permissible concentrations specified by nation-
al and international regulatory documents, but
show a steady upward trend compared to natural
recreational areas.

Regression modelling revealed a high lev-
el of nonlinear dependence between PM2.5 and
PM10 concentrations (coefficient of determina-
tion RZ=0.87R), which indicates the importance
of fine fractions in the formation of overall at-
mospheric pollution. It has been established that
the increase in PM2.5 levels largely determines
the increase in the total mass of PM10 dust, re-
gardless of the type of anthropogenic load, which
confirms the universality of the physicochemical
processes responsible for the formation of aero-
sol pollution in tourist regions.

Additional analysis of the influence of mete-
orological factors showed the significant role of
relative humidity in the variation of fine particle
levels. Polynomial modelling of the dependence
of PM2.5 on air humidity showed a coefficient of
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determination R?=0.69R?, indicating a noticeable
non-linear relationship between these indicators.
An increase in humidity to a certain optimal lev-
el contributes to a decrease in PM2.5 concentra-
tions due to the effect of particle precipitation,
while excessive humidity can cause a secondary
increase in pollution due to aerosol aggregation
and heterogeneous reactions.

Prospects for further research include con-
ducting multi-season measurements, expanding
the set of analysed indicators (in particular, or-
ganic and inorganic gases), integrating spatial
pollution models based on geoinformation tech-
nologies, and studying long-term trends in the

Smyk & Arkhypova

impact of tourism on the state of the atmospheric
environment in the context of climate change.
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Hocnip)xeHHs 3a6pyAHEHHsA NOBITPA ApiGHOAUCNEPCHMMM YacTKaMK
y TYPMCTUYHUX JNIOKaLisix IBaHO-PpaHKiBCbKOI o6nacTi

IpuHa CMuK
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IBaHO-MpaHKiBCbKMI HALLIOHANBbHUI TEXHIYHWUIA YHIBEPCUTET HADTH i rasy
76000, Byn. KapnaTtcbka, 15, M. IBaHo-DpaHkKiBCbK, YkpaiHa
https://orcid.org/0000-0002-8725-6943

AHoOTaLifA. AKTMBI3aLis TypUCTMUHOI aisnbHOCTI B |BaHO-MpaHKiBCbKii 06nacTi akTyanizye nortpeby
Yy CUCTEMHOMY MOHITOPMHIY aTMOCHEpPHOro MOBITPS, 30KPEMA Yy YaCTWMHI BMICTY ApibHOAMCNEpCHUX
Aepo30/IbHUX YaCTOK, A5 OLHKM PiBHS €KONOriYHOi 6e3nekn B NMOMyNspHUX TYPUCTUUHUX OCepenKax.
MeToto gocnimpkeHHs 6yna KOMMNneKcHa ouiHka 3abpyaHeHHs atMochepHOro noeiTps Yyactkamu PM2.5
Ta PM10 y nokauisx i3 pi3HMM CTynmeHEM aHTPOMOreHHOro HaBAaHTAXEHHS, a TaKoX iAeHTUdikauisa
daKTopiB, WO AETEPMiHYIOTb MPOCTOPOBY BapPiaTUBHICTb X KOHLEHTPpALI. Y Mexax eMnipuyHoro etany
Oyno 3aificHeHO cepilo iHCTPYMEHTaNbHMX MOSbOBMX BMMIipIOBaHb i3 3aCTOCYBAHHAM MOPTATUBHOMO
MOHITOpMHroBoro obnagHaHHs. Jlokauii knacudikoBaHO Ha TpU rpynu: pekpeauinHi TepuTopii (HU3bke
HaBaHTAXEHHS), TYPUCTUUHO-PeKpeaLiiiHi 30HM (CepefHE HAaBaHTAXEHHS) Ta TPAHCMOPTHO-TOProBebHI
BY3/11 (BMCOKe HaBaHTaxeHH$). [lns crtaTucTnyHoi 06pobku AaHUX BUKOPUCTAHO MeToau BaraToBUMipHOro
aHanisy, 30Kpema nosliHoMianbHy perpecito 4eTBepToro NopsAKy Ta perpeciiHe MOAENOBAHHS 3a1€XKHOCTI
Mix piBHamMu PM10 i PM2.5 3 ypaxyBaHHSM Tunonorii HaBaHTaxeHHs. BcraHoBneHo, Wwo cepenHi
KoHUeHTpauii PM2.5 ta PM10 y 30Hax BUCOKOrO HaBaHTaXXEHHs CTaHOBMAM BianosigHo 14,63 Mkr/mM® Ta
34,63 MKr/M3, WO He NEpeBMILYE rPaHMYHO AOMYCTUMI 3HAUYEHHS, BM3HAUYEHi HaLioHaNbHUMK Ta
Mi>KHapOAHUMW HOpPMaTMBaMW. Y NPUPOLHUX peKpeaLiMHMX 30HaX 3adiKCOBAHO HAaMHWXKYiI MOKA3HMKM,
LLL0 3YMOBJIEHO NPUPOLHOI DiNbTPALLIMHOK 34aTHICTHO 3€NEHMX HACaAXKEHbD i BiACYTHICTIO TPAHCMOPTHOrO
Tpadiky. Y 30Hax i3 cepefHiM HaBaHTaXEHHSM BUSIBNEHO MPOMiXHI PiBHi 3abpyAHEeHHS, SKi BKa3yTb
Ha BMIMB $IK CTALiOHapHWX, TaK i MObinbHUX mxepen BukuAie. [poBeneHWIt perpeciiHuit aHanis
3aCBiAYMB HASABHICTb HENIHIMHOTO 383Ky MiX PM2.5 i PM10 (R2=0,87), o CBig4MTL NPO AOMiHYBaHHA
ApibHoomcnepcHoi dpakuii y 3aranbHii Maci aeposonbHoro nwny. [oAaTKOBO BCTAaHOB/EHO, WO
NiLABULWEHHS BiZHOCHOI BOJIOTOCTi MOBITPS KOPENE 3i 3HMXKEHHSIM KOHLEHTpaLii ApibHoAMCNepCHUX
YacToK, WO MAE 3HAYEHHS AN MPOrHO3YBaHHS pPiBHS 3abpyaHEHHS NOBITPS Y 3aN€XHOCTI Big METEOyMOB

KniouyoBi cnoBa: eKonoriyHuii MOHITOPUHT; TYPUCTMYHE HABAHTAXEHHS; aTMocdepHi aeposoni;
npocTopoBuit aHanis; PM2.5; PM10; perpeciiiHe MOAeNtoBaHHS
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Abstract. Given the growing demand for organic soybeans and the need to mitigate the adverse
effects of climate change, the study of biopreparations of various origins and their influence on
plant adaptive mechanisms under stress conditions has become increasingly relevant. This study
aimed to assess changes in abscisic acid (ABA) content under the influence of biopreparations in
a multi-year field experiment and to analyse the relationship between ABA and the biochemical,
physiological, and agronomic indicators of soybean adaptation to hydrothermal stress under organic
farming conditions. The study involved the use of biological preparations based on mycorrhizal
fungi, rhizosphere and nitrogen-fixing bacteria, as well as phytohormones. A range of field, laboratory
(physiological and biochemical), and statistical methods was employed. The findings revealed the
integration of molecular, biochemical, physiological, and agronomic stress resistance markers as a
result of the enhanced adaptive potential of soybean following the application of biopreparations.
Their effectiveness was evident through a comprehensive influence on key adaptive mechanisms,
including: a 9.2%-36.3% reduction in ABA concentration, indicating alleviation of stress pressure; a
10.0%-27.6% increase in relative water content, contributing to the maintenance of optimal cellular
water balance; a 19.2%-65.4% improvement in stomatal conductance, attributed to the optimisation
of stomatal function; a 15.6%-41.8% reduction in lipid peroxidation levels (malondialdehyde),
indicating effective membrane protection against oxidative stress; a 9.1%-46.6% increase in proline
content, suggesting the activation of natural defence mechanisms and the maintenance of osmotic
balance. Correlation analysis confirmed that the biopreparations facilitated a complex modulation of
the plant stress response, optimising the balance between defence reactions and productivity, which
ledtoa12.3%-45.5% increase in yield even under adverse weather conditions. It was established that
under water stress, the biological preparations modulated ABA biosynthesis and its regulatory role,
contributing to coordinated changes in osmoprotective mechanisms,antioxidant defence,and the plant
water regime. The most effective approach proved to be the triple combination of biopreparations,
which ensured an optimal balance between phytohormonal regulation, physiological processes, and
soybean productivity under hydrothermal stress. The results obtained may be recommended for the
cultivation of organic soybeans to improve yield under climate-related challenges

relative water stomatal

Keywords: organic farming; conductance;

malondialdehyde; yield

content; proline;

Introduction

An integrative study of stress resistance in ag-
ricultural crops - encompassing molecular-bi-
ochemical processes, physiology, and pro-
ductivity - is crucial for developing effective
adaptation strategies to climate-related risks,
particularly drought and temperature extremes.
This is especially relevant for soybean (Glycine
max L. Merr.), which holds strategic importance
for Ukraine’s economy and export potential (Bo-
bos et al., 2025). Investigating the relationships
between the application of biopreparations,
phytohormonal regulation (particularly abscisic

acid (ABA)), and the physiological mechanisms
of plant adaptation to hydrothermal stress offers
a pathway toward the development of environ-
mentally safe technologies and enhances the
competitiveness of organic agricultural produc-
tion under climate change conditions.

According to K. Bogati & M. Walczak (2022),
global climate change is transforming soil envi-
ronments and adversely affecting the function-
ing of the soil biota, including microorganisms
and plants, which significantly complicates crop
cultivation. Under such conditions, potential
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yield losses may reach up to 50%, as reported by
S.Poudel et al. (2023). Soybean is one of the most
important protein-oil crops in global agriculture,
with yield losses under severe water deficiency
potentially reaching 100%.

According to the findings of H.M. Zabolot-
nyi et al. (2020), soybean holds a leading position
on both the global and Ukrainian agricultural
markets, serving not only as an export crop but
also as a strategically important raw material for
the food and feed industries. According to the
European Commission (EU Imports of Organic
Agri-food Products, 2025), Ukraine ranks second
among suppliers of organic soybeans to the EU,
making this crop critically important for national
food and economic security. However, as demon-
strated by A. Abhilasha & S.R. Choudhury (2021),
increasing hydrothermal stress necessitates a
deeper understanding of the mechanisms under-
lying plant adaptation to extreme growing condi-
tions. A key role in regulating adaptive responses
is played by phytohormones, particularly ABA,
which coordinates complex signalling pathways
aimed at maintaining water balance in plants.
The study by S. Das et al. (2025) confirmed that
ABA synthesis is activated in the roots under wa-
ter deficit conditions, after which the hormone
is transported to the aerial organs, triggering a
cascade of adaptive responses. These include
the regulation of stomatal conductance, accumu-
lation of osmoprotectants, reinforcement of the
cuticular wax layer, and enhancement of the anti-
oxidant defence system.

Considerable attention has been devot-
ed to investigating the relationship between
rhizosphere microbiota and the functioning of
ABA-dependent signalling pathways. As shown in
the study by B. Wang et al. (2025), microorgan-
isms contained in biopreparations are capable
of influencing endogenous ABA levels, modulat-
ing its signalling pathways, and activating the
physiological and biochemical mechanisms of
stress tolerance. In the study by M. del C. Orozco-
Mosqueda et al. (2023), the potential of bio-
preparations for targeted regulation of the plant

phytohormonal status was emphasised. However,
the relationship between ABA levels, the activity
of physiological stress markers, and soybean pro-
ductivity under contrasting hydrothermal condi-
tions remains insufficiently explored.

Research by I. Yaghoubian et al. (2022)
demonstrated that the application of plant
growth-promoting microorganisms (PGPM) helps
to mitigate the adverse effects of drought on
soybean yield. As confirmed by the findings of
J. Naamala et al. (2022), plant growth-promoting
rhizobacteria (PGPR) can activate phytohormone
synthesis — particularly ABA - increase the activ-
ity of antioxidant enzymes, and regulate the ex-
pression of stress-responsive genes. According to
G.A.dos Reis et al. (2024), microbial inoculants are
playing an increasingly important role in agricul-
ture by reducing reliance on chemical fertilisers,
enhancing crop productivity, and restoring soil bi-
ota. Thus, recent research highlights the need for
further investigation into the interaction between
biological preparations and ABA as key markers
of organic soybean adaptation to hydrothermal
stress in the context of climate change.

This study aimed to evaluate the patterns of
ABA content variation in soybean plants under
the influence of biopreparations of various ori-
gins in the context of a multi-year field experi-
ment, and to analyse the relationships between
ABA levels and a set of biochemical, physiolog-
ical, and agronomic indicators of soybean adap-
tation to hydrothermal stress within an organic
farming system. This objective is directed towards
identifying the mechanisms through which bio-
preparations modulate the hormonal status of
soybean to enhance its resilience to adverse cli-
matic conditions.

Materials and Methods
The experimental research was conducted over
a three-year period (2022-2024) under the
agroecological conditions of the Left-Bank For-
est-Steppe of Ukraine, within the territory of
Kremenchuk District, Poltava Region. The sub-
ject of the study was the early-maturing soybean
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variety Khorol, developed by breeders at the Soy-
bean Research Institute Limited Liability Compa-
ny (LLC). The soil cover of the experimental plots
was represented by residual-solonetzic cher-
nozem on loess deposits. According to the agro-
chemical analysis of the arable layer (0-20 cm),
carried out using a multiparameter photometer
Palintest SK500 (Palintest Ltd., United Kingdom),
the following characteristics were recorded:
slightly acidic soil solution (pHKCL - 6.3); high
humus content (5.2%); moderate availability of
nitrogen compounds (total nitrogen - 58.6 mg/
kg) and phosphorus (available phosphorus -
78.3 mg/kg); and a high level of exchangeable
potassium (138.4 mg/kg). Field experiments
were laid out using a randomised block design
with three replications. The total area of the ex-
perimental site was 0.3 ha, with an accounting
(measured) plot area of 0.1 ha. The cultivation
technology was consistent with the typical prac-
tices for the relevant agroclimatic zone, adapted
to meet the requirements of organic farming. In
the crop rotation structure, the preceding crop
for soybean was spring barley.

As soybean is a thermophilic crop, the sow-
ing date in each year of the study was determined
based on soil temperature reaching 10°C-12°C
at a depth of 5 cm (from 20 April to 5 May). The
spatial arrangement of the plants was defined
by a row spacing of 38 cm and a seeding rate of
700,000 viable seeds per hectare, which ensured
the formation of an optimal plant density for va-
rieties of this maturity group under conditions
of variable water availability. An analysis of the
temperature regime during the growing season
(May-August) showed relative stability in 2022
and 2023, with average monthly temperatures
ranging from 14.5°C-21.3°C and 15.5°C-22.0°C,
respectively. In contrast, 2024 was characterised
by elevated temperatures, particularly in July and
August, when average monthly values reached
24.1°Cand 22.4°C, respectively - exceeding those
of previous years. The research complied with
ethical standards as outlined in the Convention
on Biological Diversity (1992).
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Regarding the moisture regime, the fol-
lowing dynamics were observed: in 2022, rain-
fall was evenly distributed, with monthly totals
ranging from 38 to 57 mm. The year 2023 was
marked by a slightly higher amount of precipi-
tation, ranging from 47 to 67 mm per month. In
stark contrast, the situation in 2024 was char-
acterised by unprecedentedly low rainfall during
critical stages of the growing season: 9 mm in
May, 3 mm in July, and 3 mm in August. These
values fall within the classification of extreme
drought. The hydrothermal coefficient for the
2024 growing season was significantly below
optimal levels, resulting in stressful conditions
for soybean plants. Particularly detrimental was
the combination of critically low atmospher-
ic precipitation and elevated air temperatures
during the formation of generative organs and
seed filling - stages that are among the most
sensitive in the ontogenesis of this crop. The
prolonged lack of adequate moisture supply led
to pronounced hydrothermal stress, which had a
negative impact on soybean yield.

To obtain representative data on the effec-
tiveness of biopreparation application in soybean
cultivation under organic farming systems, prepa-
rations with different mechanisms of action on
plant physiological processes and various forms
of symbiotic interactions were selected. Particular
attention was given to the potential for synergis-
tic effects between components:

1.In the preparations Mycofriend-wp® and
Mycofriend-sc® (BTU-Centre, Ukraine), synergy is
achieved through the mutually enhancing action
of mycorrhizal fungi (Glomus sp., Trichoderma har-
zianum) and rhizosphere bacteria (Pseudomonas
fluorescens, Streptomyces sp., Bacillus subtilis, B.
megaterium var. phosphaticum, B. muciloginosus,
Enterobacter sp.). For instance, Pseudomonas flu-
orescens secretes metabolites that stimulate the
development of Glomus sp. hyphae, while the my-
corrhizal fungi improve phosphorus availability
for Bacillus species.

2.Strains of Bradyrhizobium (japonicum
strain USDA442 (532 () and diazoefficiens
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strains SEIMA 5079 and SEIMA 5080), includ-
ed in the Profix® preparation (Certis Belchim,
Belgium), demonstrate functional complemen-
tarity due to differences in root colonisation
dynamics and varying temperature optima for
nitrogenase activity. This ensures stable nitro-
gen fixation across a wide range of agroecolog-
ical conditions.

3.In the Violar® preparation (IC Bioin-
vest-Agro LLC, Ukraine), synergy is realised through

a balanced composition of phytohormones from
different classes (auxin, cytokinin, and gibberellin
types), as well as free amino acids, lipids, sterols,
and abscisic acid. This combination enables the
integrated regulation of growth and adaptive pro-
cesses within the plant organism.

The experimental design included eight
treatment variants involving seed treatment and
foliar application of bioproducts during the BBCH
61 growth stage (Table 1).

Table 1. Experimental design involving biopreparation application

No. Variants Doses Treatment
seed treatment 30 minutes
1 Control (water) - before sowing
9 Profix (Prof) 1.25 ka/500 k seed inoculation 30 minutes
: 9 9 before sowing
. - seed treatment 1 hour before
3 Violar (Vio) 0.5L/t+100 mL/ha sowing + foliar spraying
. seed treatment 1 hour before
4 Mycofriend (Myc) 1.5L/t+ sowing
5 Profix + Violar (Prof + Vio) 1.25 kg/500 kg + 100 mL/ha seed inoculation 30 minutes
: before sowing + foliar spraying
- seed treatment for 30 minutes
6 Mycofriend + Profix 1.5 kg/t +1.25 kg/500 kg + inoculation 30 minutes

(Myc + Prof)

before sowing

Mycofriend + Violar
(Myc + Vio)

1.5kg/t + 100 mL/ha

seed treatment + foliar
spraying

8 Mycofriend + Profix + Violar
(Myc + Prof + Vio)

1.5kg/t +1.25 kg/500 kg + 100 mL/ha

seed treatment for 30
minutes + inoculation 30
minutes before sowing + foliar
spraying

Source: developed by the authors

The relative water content (RWC) in soy-
bean leaves was measured weekly over a sev-
en-week period, starting from the second half
of May. For the analysis, one leaf was collect-
ed from ten representative plants in each ex-
perimental plot. Samples were immediately
weighed to determine their fresh weight, after
which they were immersed in distilled water for
24 hours at room temperature to achieve full

turgor. The following day, the leaves were care-
fully blotted to remove excess moisture and re-
weighed to determine their turgid weight. The
samples were then dried to a constant weight
at 70°C to determine their dry weight. The
RWC was calculated as a percentage using the
following formula:

RwC = E2PW) 100, 1)
(TW—-DW)
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where FW (g) is the fresh weight of the leaf im-
mediately after sampling, DW (g) is the dry weight
of the leaf after drying at 70°C, and TW (g) is the
turgid weight of the leaf. The analytical deter-
mination of ABA content was carried out using
fluorescence spectroscopy with a PerkinElm-
er LS-45 fluorescence spectrometer (PerkinElmer,
Inc., USA). The slit widths for both emission and
excitation were set at 5 nm. The spectral range
covered 200-700 nm. The measurement error in
determining peak positions was *2 nm, with a
spectral band half-width of 5 nm. Fluorescence
intensity measurements of ABA solutions were
performed using thin quartz cuvettes (spatu-
la-type) with a path length of 1.00 cm. The proce-
dure for preparing ABA leaf extracts for fluorimet-
ric measurements followed the method described
by Y-N. Li et al. (2009).

Stomatal conductance (SC) is a direct indi-
cator of stomatal opening and closing in plants
(iang et al,2006) and is typically measured using
a porometer. In this study, SC in soybean leaves
(mol/m? - s) was measured using an SC-1 porom-
eter (Decagon Devices, Inc., USA), with 30-sec-
ond intervals and three replications for each
treatment variant. The concentrations of proline
and malondialdehyde (MDA) in soybean leaf tis-
sues were determined at the BBCH 61 growth
stage, following modified methodological proto-
cols developed by M.K. Fatema et al. (2023). Soy-
bean productivity was assessed by fully harvest-
ing plants manually from the accounting plots
after cutting the above-ground phytomass. Seed
yield from each experimental plot was adjust-
ed to a standard moisture content of 15% and
expressed in tonnes per hectare. To summarise
the results and identify key factors influencing
soybean adaptive responses under varying hy-
drothermal conditions, principal component
analysis (PCA) was conducted.

For each experimental treatment, the
arithmetic mean (X) and standard error of
the mean (SE) were calculated. The statistical
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significance of differences between treatment
groups was assessed using one-way analysis
of variance (ANOVA), followed by Tukey’s HSD
post hoc test at a significance level of P<0.05.
Data visualisation and statistical processing
were performed using RStudio. Relationships
between experimental parameters were evalu-
ated through correlation analysis, with Pearson
correlation coefficients calculated at a signifi-
cance level of P<0.05. Statistical analysis of the
experimental data was conducted using Statis-
tica 12.0 software.

Results and Discussion
Determining the level of ABA is of fundamental
importance, as this phytohormone acts as a key
regulator of stress-induced signalling cascades
that trigger complex plant adaptation mecha-
nisms under water deficit conditions. An inte-
grated analysis of physiological markers (RWC,
SQ), in combination with biochemical indicators
(proline, MDA), provides a comprehensive under-
standing of the functional state of the plant at
various levels of organisation. It also enables the
identification of correlation links between molec-
ular-biochemical processes and the final agro-
nomic performance of soybean cultivation under
hydrothermal stress conditions (Table 2).

Based on the experimental data obtained,
a detailed analysis was conducted to evaluate
the effects of climatic factors and different bi-
ological seed treatments on the ABA content
in plants of the early-maturing soybean variety
Khorol. Weather conditions were found to cor-
relate strongly with changes in ABA levels. In
2024, regardless of treatment type, a significant
increase in ABA content was observed compared
to 2022-2023: in the control variant, it reached
8.5 nmol/g, compared to 6.8 and 6.5 nmol/g, re-
spectively. This increase of 25.0%-30.8% confirms
the activation of plant defence mechanisms in re-
sponse to water deficit, as ABA is a key regulator
of drought response in plants.
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The findings showed that the use of bio-
preparations with different modes of action con-
tributed to a reduction in ABA levels compared
to the control in all years of the study, indicating
their beneficial role in enhancing plant stress re-
sistance. The greatest reduction in ABA content
relative to the control was observed under the
combined treatment Myc + Prof + Vio, which led
to a 36.9%-38.2% decrease in 2022-2023 and
34.1% in the drought-stricken year 2024. The
Myc + Vio combination also demonstrated high
effectiveness, reducing ABA levels by 32.3% in
favourable years and by 29.4% in 2024. Among
single treatments, Violar proved the most ef-
fective, resulting in a 20.0%-20.6% reduction
in ABA content in favourable years and an
18.8% reduction in 2024.

Analysis of the results from 2022-2024
confirmed a significant influence of climatic fac-
tors on the biochemical indicators of soybean
adaptive responses, with the most pronounced
changes observed in 2024, a year marked by ex-
treme weather conditions (Table 2). In particular,
in response to the 2024 drought, a substantial
increase in proline content was recorded across
all treatment variants compared to 2022-2023.
In the control, the proline level reached 6.9 pg/g,
which was 26.7%-34.7% higher than in previous
years. This indicates the activation of natural
defence mechanisms, as proline is a key osmo-
protectant that accumulates in plant cells under
water deficit conditions, helping to maintain
osmotic balance.

The highest proline accumulation was re-
corded under the combined Prof +Vio treatment:
in 2022-2023, proline levels ranged from 7.4 to
7.8 ug/g (an increase of 43.9%-45.1% compared
to the control), and in 2024 reached 10.4 pg/g
(51.4% higher). This effect can be attributed to
the synergistic action of nitrogen-fixing bacteria
and the phytohormonal complex in regulating
metabolic processes. The integrated application
of all three biopreparations (Myc+ Prof +Vio) also
led to a significant increase in proline content -
up to 6.5-6.6 ug/g in 2022-2023 and 8.7 ug/g in
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2024 (21.0%-27.6% above the control), confirming
the effectiveness of a combined approach in stim-
ulating plant adaptive mechanisms.

The changes in MDA content proved particu-
larly significant. In 2024, the control treatment
recorded an MDA level of 17.9 pg/g, nearly double
that of 2022-2023 (9.2-9.4 ug/g). This sharp in-
crease indicates an intensification of lipid perox-
idation processes in plant cell membranes under
drought conditions, which negatively affects their
structural integrity and function. The most effec-
tive treatment in reducing MDA content was the
combined application of three biopreparations
(Myc+ Prof+Vio), which resulted in a 33.2%-37.2%
decrease in 2022-2023 and a 47.7% reduction
in 2024. These findings suggest a strong antiox-
idant effect and the development of a compre-
hensive cellular defence system against oxidative
stress. The Myc + Vio combination also demon-
strated high efficacy, reducing MDA content by
26.4%29.8% in 2022-2023 and by 37.8% in 2024,
confirming the important role of mycorrhizal fun-
gi and phytohormones in maintaining membrane
integrity under abiotic stress.

Relative water content (RWC) and stomatal
conductance (SC) are key physiological indica-
tors that reflect a plant’s water status and its
capacity to withstand drought. The relationship
between these parameters highlights various
aspects of water exchange, the adaptive po-
tential of plants under adverse environmental
conditions, and overall physiological activity.
Analysing the dynamics of these indicators con-
cerning climatic conditions and the influence of
biopreparations provides a valuable foundation
for developing effective agronomic strategies
for soybean cultivation in the context of climate
change and increased aridity.

In the control treatments, RWC was recorded
at 73.8% in 2022, 75.1% in the wetter year of
2023, and dropped to a critical 69.7% during the
drought conditions of 2024. This 7.2% decrease
in 2024 compared to 2023 indicates a signifi-
cant disruption of the plant’s water balance un-
der severe water deficit. It is well established
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that a decline in RWC to 70%-80% in plant cells
suppresses key metabolic processes, including
photosynthesis and respiration, signalling se-
vere physiological stress and potentially irre-
versible damage to the structure of cell mem-
branes (Filipovi¢, 2020). The SC in the control
plots decreased by 38.7% in 2024 compared to
the wetter 2023 season, reflecting the activation
of plant defence responses aimed at reducing
water loss through stomatal closure.

The application of biopreparations signifi-
cantly improved the water status of plants in all
study years, although the most pronounced ef-
fect was observed under drought conditions. In
the favourable year of 2023, Profix application
increased RWC to 82.5% (+ 9.9% compared to
control), Violar to 87.2% (+ 16.1%), and Mycofrend
to 81.2% (+8.1%). The combination of bioprepa-
rations produced an even more pronounced ef-
fect: Prof + Vio increased RWC to 88.7% (+18.1%),
Myc + Prof to 87.8% (+ 16.9%), and Myc + Vio
to 89.5% (+ 19.2%). The most effective treat-
ment was the comprehensive application of
Myc + Prof + Vio, which raised RWC by 26.1%
compared to the control, indicating a strong syn-
ergistic effect of biological agents with different
mechanisms of action.

Under the acute drought conditions of 2024,
the impact of biopreparations on plant water
status was even more evident. The combined ap-
plication of Myc + Prof + Vio increased RWC by
31.9% relative to the control, demonstrating the
biopreparations’ effectiveness in enhancing cellu-
lar water retention. Notably, even under extreme
drought, plants treated with the full combination
reached an RWC of 91.9%, significantly exceeding
the control value under favourable 2023 condi-
tions (75.1%). This confirms the high efficacy of
biopreparations in improving stress tolerance and
mitigating the adverse effects of water deficit.

The application of biopreparations also sig-
nificantly influenced SC, ensuring optimal levels
in line with environmental conditions. In 2023,
Profix seed treatment increased SC by 19.4%
compared to the control, Violar by 25.8%, and

Mycofriend by 12.9%. The most pronounced ef-
fects were observed with combined treatments:
Prof + Vio enhanced SC by 38.7%, Myc + Prof by
32.3%, and Myc + Vio by 48.4%. The highest sto-
matal conductance was recorded with the full
combination Myc + Prof + Vio, reaching 0.51 mol/
m?-s (+64.5% compared to control), which en-
sured a high level of photosynthetic activity.

Under the drought conditions of 2024, the
action of the biopreparations was not aimed at
maximising stomatal opening but rather at its
optimal regulation. The combined treatment with
Myc + Prof + Vio increased SC to 0.39 mol/m?-s,
which was 2.1 times higher than the control. This
ensured a sufficient level of photosynthesis while
simultaneously limiting water loss. The unfavour-
able climatic conditions of 2024 led to a marked
reduction in soybean yield across all experimen-
tal treatments (Table 2). In the control variant, the
yield was 1.9 t/ha, which was 17.0%-24.4% lower
compared to 2022-2023. A decrease in RWC be-
low 70% confirms that water deficit is a critical
factor disrupting water exchange, photosynthesis,
respiration, and assimilate transport, all of which
directly affect yield formation.

The highest yield was achieved through the
combined application of the three biological
preparations, which increased yield by 40.6%-
45.1% in 2022-2023 and by 59.1% in 2024 rel-
ative to the control. These results are supported
by statistical analysis and confirm the high effec-
tiveness of an integrated approach to enhancing
drought tolerance and soybean productivity. High
yield levels were also ensured by the Myc + Vio
combination (+ 34.8%-36.6% in 2022-2023 and
+48.4% in 2024), highlighting the key role of my-
corrhizal symbiosis and hormonal regulation in
shaping soybean performance.

To systematise the results and facilitate in-
terpretation of the effects of biological prepa-
rations on plant adaptive traits, a heat map was
constructed. This approach enables a clear as-
sessment of the effectiveness of individual and
combined biotreatment variants under varying
hydrothermal conditions (Fig. 1).
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Figure 1. Heat map of comprehensive experimental indicators of soybean
under different biotreatment variants in contrasting hydrothermal conditions (2022-2024)

Source: compiled by the authors

The heat map results reveal a clear depend-
ence of ABA levels on hydrothermal conditions
and the influence of biopreparations. In 2022, all
variants exhibited moderate concentrations of
this stress-related phytohormone. In contrast, the
extreme weather conditions of 2024 led to a peak
accumulation of ABA in the control treatment, in-
dicating the activation of stress-induced mecha-
nisms in response to water deficit. The lowest ABA
values were observed in the treatments with com-
bined application of Myc + Prof + Vio and Myc +Vio,
even under drought conditions in 2024, confirm-
ing their effectiveness in reducing stress levels.

The accumulation dynamics of proline corre-
lated with the intensity of abiotic stress. The high-
est concentrations of this osmoprotectant were
recorded in 2024 across all variants; however, the

combined biopreparations resulted in the smallest
increase, demonstrating a stabilising effect on met-
abolic processes. Throughout all study years, the
Myc + Prof + Vio treatment ensured the most con-
sistent proline concentrations. The MDA content,
as a marker of the intensity of lipid peroxidation
processes, increased sharply in 2024 in the con-
trol variant, indicating the activation of oxidative
stress. The most effective reduction in MDA levels
was achieved through the use of biopreparations
containing mycorrhizal components, particularly
Mycofriend, confirming their antioxidant properties.

The RWC index exhibited an inverse trend in
relation to the intensity of hydrothermal stress.
The lowest values were recorded in 2024 under
the control conditions, reflecting a significant
disruption of water exchange. Biopreparations
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effectively supported water balance, particu-
larly due to mycorrhizal symbioses, which en-
hanced the water-absorbing capacity of the root
system. The highest RWC values were record-
ed in the combined treatment variants, notably
Myc + Prof + Vio, even under the extreme water
deficit conditions of 2024. The dynamics of SC
reflected the complex nature of plant adaptive
responses to water stress. In 2024, a critical re-
duction in SC was observed in the control, asso-
ciated with stomatal closure aimed at reducing
water loss. Biopreparations contributed to the
optimisation of stomatal functioning, maintain-
ing a balance between adequate photosynthetic
activity and water conservation. The most stable
SC values were demonstrated by the combined
biopreparation treatments.

Soybean yield showed a direct correlation
with the effectiveness of adaptive mechanisms.
The highest productivity levels were achieved in
the combined treatments incorporating mycor-
rhizal fungi, nitrogen-fixing bacteria, and phyto-
hormonal formulations. Under the conditions of
severe water deficit in 2024, biopreparations sig-
nificantly mitigated the negative effects of stress,
whereas a marked decline in yield was observed
in the control treatment. The use of individual bi-
opreparations (Profix, Violar, Mycofriend) resulted
in moderate improvements in adaptive parame-
ters; however, their effectiveness was insufficient
under extreme conditions. Combinations of two
biopreparations (Prof + Vio, Myc + Prof, Myc + Vio)
exhibited a synergistic effect, particularly in stabi-
lising water balance and reducing oxidative stress
indicators. The highest overall efficacy across all
experimental parameters was achieved with the
integrated application of Myc + Prof + Vio, which
led to a reduction in stress markers (ABA, MDA),
maximal preservation of RWC, SC, balanced pro-
line accumulation, and consistently high yields.

The combined action of the biopreparations
was driven by several interacting factors: im-
proved nitrogen nutrition provided by Bradyrhizo-
bium japonicum and B. diazoefficiens (Profix); the
formation of mycorrhizal symbioses involving

Glomus sp. and Trichoderma harzianum (Mycof-
riend); hormonal balance regulation via naturally
derived phytohormones (Violar); and the antago-
nistic activity of Bacillus subtilis and Pseudomonas
fluorescens against pathogenic microorganisms.

To validate the observed patterns, a correla-
tion analysis was conducted between the phys-
iological and biochemical indicators of soybean
adaptation to hydrothermal stress. Most notably,
a strong negative correlation was observed be-
tween ABA content and yield (r=-0.909), confirm-
ing the central role of this phytohormone in reduc-
ing soybean productivity under stress conditions.
A strong positive correlation was also identified
between ABA and MDA levels (r=0.882), indicat-
ing a direct relationship between the activation of
ABA synthesis and the onset of oxidative stress in
plant tissues. ABA content showed a strong neg-
ative correlation with SC (r =-0.885), confirming
the physiological role of ABA as a key regulator
of stomatal closure in response to water deficit. A
negative correlation was also observed between
ABA and relative water content (RWC) (r=-0.723),
indicating a deterioration of the plant’s water sta-
tus as the concentration of this stress hormone
increased. A weak positive correlation between
ABA and proline content (r=0.306) suggests their
parallel yet partially independent involvement in
stress-adaptive mechanisms.

A significant negative correlation was found
between MDA content and SC (r=-0.799), reflect-
ing the disruption of gas exchange processes un-
der oxidative stress. Furthermore, the correlation
between MDA and RWC (r=-0.574) confirms the
adverse impact of enhanced lipid peroxidation
on the water balance of plants. A strong negative
correlation between MDA and yield (r=-0.754)
highlights the direct inhibitory effect of oxida-
tive stress on soybean productivity. Conversely, a
strong positive correlation between RWC and SC
(r=0.832) reflects the close relationship between
the plant’s water regime and stomatal function.
A similarly high positive correlation between
RWC and yield (r=0.847) underscores the crit-
ical role of maintaining optimal water status in
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achieving high productivity. The strongest posi-
tive correlation was recorded between SC and
yield (r = 0.955), emphasising the decisive im-
portance of stable stomatal function in ensuring
maximum soybean productivity.

The results obtained clearly confirmed that
the application of biopreparations contributes to
the optimisation of the water regime, the reduction
of oxidative stress intensity, and the maintenance

4
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of crop productivity under hydrothermal stress,
through a complex influence on key physiological
and biochemical mechanisms of plant adaptation.
Figure 2 presents the findings of a three-year
study (2022-2024) on the effects of bioprepara-
tions with different functional properties on the
molecular and physiological-biochemical indica-
tors, as well as the yield, of the soybean cultivar
Khorol under organic farming conditions.

~PBroline

o

Dim2 (20.3%)

ABA

_2 =
-8 -4 0

Dim1 (73.9%)

Treatment
© Control
o Profix
@ Violar
o Myc

@ Prof+Vio
@ Myc+Prof

© Myc+Vio

® Myc+Prof+Vio

Figure 2. Principal component analysis — relationship between the action of biopreparations
and the set of experimental indicators (2022-2024)

Source: compiled by the authors

The total explained variance accounted for
91.8% (Dim1 - 63.3%, Dim2 - 28.5%), indicating
the high informativeness of the data obtained and
the validity of the applied approach. The biplot
analysis clearly illustrates the differentiation of
experimental data by year, reflecting the decisive
influence of the hydrothermal regime on the de-
velopment of adaptive responses in plants. For in-
stance, the year 2022 was characterised by moder-
ate moisture availability and optimal temperature
conditions, as evidenced by the clustering of rel-
evant points predominantly in the lower section
of the biplot. The 2023 season, marked by evenly

distributed rainfall throughout the growing peri-
od, resulted in the highest recorded yields, which
is confirmed by the grouping of “Yield-2023" data
points in the right-hand section of the biplot.

Of particular interest are the results from
2024, when extreme drought conditions were
observed, especially during the critical stages of
reproductive organ development (July August).
The corresponding data points are concentrated
in the upper section of the biplot and exhibit a
strong correlation with indicators of stress-in-
duced metabolites and physiologicalbiochemical
adaptive mechanisms. In particular, a positive
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correlation was established between drought
conditions and the accumulation of proline, a typ-
ical osmoprotectant whose synthesis intensifies
in response to water deficit. The elevated levels
of MDA in plants grown in 2024 reflect the activa-
tion of lipid peroxidation processes in membrane
structures triggered by oxidative stress.

The most significant outcome of the PCA
was the clear differentiation in plant responses
to various biopreparation treatments depending
on the level of hydrothermal supply. Complex
treatment schemes, especially Myc + Prof + Vio,
demonstrated the highest efficacy under drought
conditions in 2024, reflected in increased RWC
and SCvalues. This finding is of fundamental im-
portance for understanding the mechanisms un-
derlying the development of drought tolerance
in soybean agroecosystems under the influence
of biological preparations. The synergistic action
of arbuscular mycorrhizal fungi, nitrogen-fixing
bacteria, and phytohormonal regulators facili-
tates the formation of a multi-level adaptive re-
sponse to water deficit. It was shown that single
treatments produced intermediate effectiveness,
whereas control variants consistently exhibit-
ed the poorest performance, particularly under
stress conditions. This confirms the rationale for
using complex biopreparation schemes to ensure
multi-component protection of the plant organ-
ism against abiotic stress factors.

The analysis of the contrasting hydrothermal
conditions in 2023 and 2024 revealed that, under
optimal moisture availability, the effectiveness of
biopreparations was primarily expressed through
increased yield and the optimisation of the wa-
ter regime. In contrast, under drought conditions,
their action was directed towards the activation
of defence responses through the accumulation
of the osmolyte proline and the reduction of
oxidative stress levels. Of particular note is the
consistent effectiveness of the Myc + Prof + Vio
treatment across years with contrasting weather
conditions, which is of critical importance for de-
veloping adaptive technologies for organic soy-
bean cultivation in the context of climate change.

The findings are consistent with current sci-
entific evidence regarding the influence of bio-
preparations of various origins on the hormonal
status of plants, particularly regarding absci-
sic acid levels. ABA is one of the key signalling
molecules that regulates numerous aspects of
plant growth, development and physiological
condition, playing a particularly important role
in shaping adaptive responses to abiotic stresses,
as noted in the study by Y. Osakabe et al. (2014).
Hormone-mediated signalling pathways, particu-
larly those involving ABA and auxin, are consid-
ered by V. Verma et al. (2016) to be essential for
maintaining the balance between growth pro-
cesses and the activation of defence responses
under stress conditions.

The physiological role of ABA lies in its abil-
ity to initiate structural and functional changes
in plant cells aimed at preserving the organism’s
viability under adverse conditions. The strong neg-
ative correlation identified in this study between
ABA content and stomatal conductance (r=-0.885)
confirms the regulatory function of this phytohor-
mone in controlling stomatal activity. According
to S. Munemasa et al. (2015), an increase in ABA
concentration in response to hydrothermal stress
induces the closure of stomata — microscopic pores
on the leaf surface formed by guard cells, which
regulate gas exchange and water vapour loss. This
mechanism serves as an effective adaptive re-
sponse, allowing plants to reduce transpirational
losses and maintain water balance during drought.
The observed relationship between ABA concen-
tration and stomatal activity confirms the crucial
role of this phytohormone in regulating the water
regime of soybean under hydrothermal stress. The
established correlation indicates the high activity
of ABA-dependent signalling cascades in manag-
ing water exchange processes in soybean plants
exposed to hydrothermal stress.

It is important to emphasise the role of
rhizospheric microbiota - PGPR and arbuscular
mycorrhizal fungi - in modulating the phytohor-
monal status of plants, particularly the level of
ABA. PGPR strains present in the biopreparations
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Mycofriend and Profix, as well as in the metabo-
lite-based preparation Violar, are known to influ-
ence the hormonal balance of plants both directly
and indirectly, enhancing productivity and stress
resilience. Research by R. Porcel et al. (2014) con-
firms that these effects involve regulation of ABA
synthesis and modulation of ethylene levels.

According to D. Barnawal et al. (2017), cer-
tain rhizobacterial strains are capable of metab-
olising ABA, thereby reducing its concentration in
plant tissues, which positively influences growth
processes. Similar properties are characteris-
tic of mycorrhizal fungi. For example, H. Esch et
al. (1994) identified the presence of ABA in the
spores and hyphae of Glomus species, confirm-
ing their ability to synthesise or accumulate
this hormone. Research by A. Martinez-Medi-
na et al. (2013) showed that root colonisation by
Trichoderma harzianum enhances the expression
of ABA-responsive genes, thereby increasing the
adaptive capacity of plants. These findings are
supported by later studies (e.g. Rawal et al., 2022),
which demonstrated the ability of T. harzianum to
improve plant tolerance to abiotic stresses, in-
cluding drought, through the regulation of phyto-
hormonal signalling pathways.

The role of rhizobacteria in regulating ABA
levels is further supported by the findings of
M. Saakre et al. (2017), who described the abil-
ity of Pseudomonas fluorescens to enhance plant
drought tolerance through modulation of ABA
levels. The positive impact of PGPR on soybean
growth has also been confirmed in recent stud-
ies by S. Gouli et al. (2024). Certain Streptomyces
strains, according to F.M. Rashad et al. (2015),
demonstrate the capacity to synthesise ABA in
vitro, reinforcing their potential role in the hor-
monal regulation of growth processes. The inter-
action of Bacillus megaterium var. phosphaticum
with plant hormonal balance highlights the com-
plex nature of phytohormonal signalling in mi-
crobe-plant associations, as discussed by H. Etes-
ami et al. (2023). Particularly noteworthy are the
findings of R. Hidri et al. (2024), which showed
that dual inoculation with Bacillus subtilis and
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arbuscular mycorrhizal fungi effectively protects
plants from salt stress by modulating ABA levels
and activating antioxidant mechanisms.

The findings of the present study underscore
the complexity and variability of plant phyto-
hormonal responses depending on the combi-
nation of environmental conditions and type of
biological treatment. As shown by E.A. Kazeroo-
ni et al. (2021), PGPR treatment can reduce ABA
levels in plants exposed to stress factors by
45.2%-86.5%, which is consistent with the pres-
ent results. Specifically, under hydrothermal stress,
an increase in ABA content by 31.5%32.2% was
recorded in soybean plants inoculated with myc-
orrhizal fungi (Myc) or rhizobacteria (Profix), com-
pared to plants grown under favourable conditions.
Comparison of the treated variants with the stress
control revealed a tendency towards a reduction
in ABA levels by 8.2%-16.5%, depending on the
treatment scheme. This indicates the effective-
ness of biopreparations in reducing the need for
activation of ABA-dependent defence mechanisms
by improving the physiological state of the plants.

The most effective result was observed with
the combined treatment of Myc + Prof, which led
to a 27.1% reduction in ABA levels, indicating opti-
mised water status and mineral nutrition. The de-
crease in ABA under stress conditions, recorded in
this study (up to 34.1% following Myc + Prof +Vio
treatment), is consistent with the findings of
R.A.Repke et al. (2022), who noted that biostimu-
lants are capable of lowering ABA concentrations
under stress, thereby helping to maintain stoma-
tal function and photosynthetic potential.

These results are also in line with previous
studies on the impact of seed priming on the
physiological and biochemical parameters of
emmer wheat. In particular, UV-C seed irradia-
tion combined with treatment using the 1r Seed
Treatment solution led to an increase in photo-
synthetic pigments and a corresponding rise in
yield by 21.4%-31.0% (Korotkova et al., 2023).
Similar outcomes were obtained in soybean
studies, where the application of the phytohor-
monal preparation Violar in combination with a
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bacterial inoculant enhanced chlorophyll content
by 5.5%-17.2% and leaf surface area by 13.6%-
21.2% (Chaika & Korotkova, 2025). Thus, the re-
sults of the study confirm the effectiveness of
biopreparations in enhancing the molecular and
physiological-biochemical resilience of plants to
hydrothermal stress. This is attributed to their
ability to modulate hormonal status, optimise
water balance, and support crop productivity.

Conclusions

The study confirmed the key role of abscisic acid
(ABA) in shaping the adaptive responses of soy-
bean plants to hydrothermal stress through the
regulation of structural and functional changes,
particularly stomatal activity and water status.
Under water-deficit conditions, ABA concentra-
tions increased by 25.0%-30.8%, indicating the
activation of protective mechanisms. The applica-
tion of biopreparations led to a reduction in ABA
levels by an average of 9.2%36.3%, confirming
their positive effect on the drought tolerance of
soybean plants. In response to the drought con-
ditions of 2024, a significant increase in proline
content was observed across all experimental
treatments, indicating the activation of natural
osmoregulatory mechanisms. The greatest accu-
mulation of proline was recorded following the
combined application of Prof +Vio, with an aver-
age increase of 47.1% compared to the control.

The drought conditions also caused a marked
rise in the concentration of malondialdehyde
(MDA), indicating intensified lipid peroxidation
and a disruption of the structural integrity of cell
membranes. The combined application of bio-
preparations, particularly Myc + Prof + Vio, resulted
in a 15.6%-41.8% reduction in MDA content and
a 9.1%-46.6% increase in proline levels compared
to the control, suggesting the formation of an
effective antioxidant defence system. The appli-
cation of biopreparations significantly improved
the water status of soybean plants throughout all
years of the study - on average by 10.0%-27.6%
compared to the control - confirming the de-
velopment of effective cellular waterretention

mechanisms and enhanced stress tolerance.
The optimisation of stomatal activity under
the influence of biopreparations was achieved
not only through increased conductance (by
19.2%-65.4%relative tothe control),butalsoviathe
formation of regulatory mechanisms that ensured
the adaptive functioning of the stomatal func-
tion in accordance with hydrothermal conditions.

Correlation analysis confirmed the key mech-
anisms influencing productivity: a strong nega-
tive correlation was observed between yield and
ABA content (r=-0.909) as well as MDA content
(r=-0.754), while a strong positive correlation was
found with stomatal conductance (r=0.955) and
relative water content (r=0.847). A 17%-24% de-
crease in yield in the control under drought con-
ditions confirmed the critical role of water defi-
cit in limiting soybean productivity. At the same
time, the use of biopreparations — especially the
Myc + Prof +Vio complex - contributed to a 12.3%-
45.5% increase in yield due to improved water sta-
tus and reduced concentrations of ABA and MDA,
highlighting the effectiveness of an integrated ap-
proach to enhancing crop drought tolerance.

The findings clearly demonstrate that the
combined use of biopreparations is the most
effective strategy for increasing the adaptive
potential of organic soybeans to hydrothermal
stress. The three-component combination of my-
corrhizal fungi, nitrogen-fixing bacteria, and phy-
tohormones provides systemic support for plant
metabolic processes and ensures stable produc-
tivity even under extreme weather conditions.
These results support the development of adap-
tive technologies for organic soybean cultivation
in response to current climate change trends.
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36003, syn. CkoBopozau, 1/3, M. lNonTaea, YkpaiHa
https://orcid.org/0000-0002-2260-971X

AHoOTAaLifA. Y 383Ky 3i 3pOCTaHHAM MOMWUTY HA OPraHiyHy COK Ta HEOOXiAHICTIO 3MEHLIEHHS HEFAaTUBHOIO
BM/AMBY KNIMAaTUUYHMX 3MiH aKTyaNbHUM € AOCNIOXKEHHS BnAuBy GionpenapatiB pi3HOi npupoaM Ha
afanTUBHI MeXaHi3MM POC/IMH 10 CTpecoBMX yMOB. MeToto poboTu Byno oLiHUTH 3MiHY BMicTy abcLmM30BOi
kucnotu (ABA) nig pieto 6ionpenapatis y 6araTopiyHOMY NONbOBOMY eKCMEPUMEHTI Ta MpoaHanisysatu
B3aEMO3B3kM ABA 3 6ioxiMiuHMMMK, @i3ioNOriYHMMM M arpoOHOMIYHMMM MOKA3HMKAMM apanTauii
COi [0 rigpoTepMiyHOro CTpecy B YMOBax OpraHiuHoro 3emnepobcrBa. [locnigxkeHHs npoBoaunu 3
BMKOPUCTaHHAM BionpenaparTiB Ha OCHOBI MiKOpM3HUX rpnbiB, pu3ocdepHuUx i asoTdikcytounx baktepin
i @iTOropMoHiB. 3acToCOBaHO KOMMIEKC NONbOBMX, NlabopaTtopHux (disionoriyHmx, BioXiMiuHKX)
i CTaTMCTMYHMX MeToAiB. BCTaHOBNEHO iHTErpauito MonekynspHux, GioxiMiuHux, disionoriyHmx i
arpoOHOMIYHMX MapKepiB CTPeCOCTIMKOCTI 3aBASKM MiABULLEHHIO afanTMBHOMO MOTeHUiany coi npu
3acTocyBaHHi Bionpenapartis. ix eheKTUBHICTb NPOABAANACA Yepes KOMMNEKCHWI BMAWB Ha KOYOBI
afanTUBHI MEXaHi3MU: 3HWXKEHHS KOHLLeHTpaLii ctpecoBoro ropMoHy ABA Ha 9,2-36,3 %, wo ceigumno
npo nocnabneHHs CTPecoBOro HaBaHTAXKEHHS; NiABMLLEHHS BiGHOCHOro BMicTy Boau Ha 10,0-27,6 %,
Wwo 3abe3neyyBano OMNTUMANbHMIA BOAHWIA CTATyC KNITMH; MOKPALEHHS NPOAMXOBOI MpPOBIAHOCTI
Ha 19,2-65,4 % 3aBosKkM ONTUMI3auii pobOTM NPOAMXIB; 3HMXKEHHS PiBHS MNEPEKMCHOrO OKUCIEHHS
ninigis (ManoHoBoro gianbaeriny - Ha 15,6-41,8 %), wo BkasyBano Ha edeKTUBHUIA 3axXMUCT MeMbpaH
Bif, OKCMAATMBHOrO CTpecy; NiABULLEHHS BMICTY nponiHy Ha 9,1-46,6 %, W0 CBiAYMNO NPO aKTUBALLiO
NPUPOLHUX 3aXUCHUX MEXAHI3MIB | MiATPUMKY ocMOTUYHOro BanaHcy. KopensuiiHuii aHanis niaTeepams,
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wo 6ionpenapaTtv 3abe3ne4vyoTb KOMMIEKCHY MOAYNALI CTPEeCcOoBOi BiAMNOBiAI POC/MH, ONTUMI3YHOUM
6anaHC Mix 3aXMCHUMM peakLis MU Ta NPOAYKTUBHICTIO, LLO NPMU3BOAMIO LO MiABULLEHHS BPOXAMHOCTI
Ha 12,3-45,5 % HaBiTb 3a HECMpUSTAMBMX MOrogHUX yMOB. BcTaHoBNEHO, WO nif 4ac BOAHOMO CTpecy
6ionpenapatu MoayniooTb biocuHTe3 ABATa ii perynatopHy dyHKLi0, CNIPUAK0YM KOOPAUHOBAHUM 3MiHAM
OCMOMNPOTEKTOPHUX MEXaHi3MiB, aHTUOKCUAAHTHOrO 3aXMUCTy Ta BOLHOMO PexXuMy pocauH. HanbinbL
edeKTUBHOK BUSBWMNACA NOTpiliHa KoMbGiHauis GionpenapaTiB, ska 3abesnedvyBana ONTUMaNbHUMA
6anaHc Mix iToropMoHanbHOW perynsuieto, disionorivHMMK nNpouecamMm Ta NPOLYKTUBHICTIO COi B
yMOBax rigpotepmiyHoro ctpecy. OTpMMaHi pe3ynbratv MOXyTb OYTU pEKOMEHL0BaHi A5 BUPOLLYBAHHS
OpraHi4yHOI COi 3 METO NiABULLEHHS ii BPOXAMHOCTI B YMOBaX KNiMAaTUYHUX BUKIUKIB

KniouoBi cnoBa: opraHiyHe 3eMnepo6CTBO; BiAHOCHUIA BMICT BOAM; NPOAMXOBA MPOBIAHICTb; NPONiH;
MaNoOHOBUI Aianbaeria; ypoxanHicTb
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Abstract. The aim of the study was to provide a comprehensive assessment of the impact of innovative
technologies on the processing and treatment of dairy products in order to extend their shelf life.
A comparative analysis of non-thermal methods revealed that high-pressure processing (600 MPa,
15 minutes) and pulsed electric fields (35 kV/cm, 1,000 Hz) were the most effective in inactivating
microorganisms, reducing their overall count by 4.2 and 3.8 log CFU/cm?, respectively. Non-thermal
techniques showed less impact on the nutritional composition of milk compared to traditional
pasteurisation, preserving up to 91.8% of vitamin C and 97.2% of whey proteins. The best organoleptic
properties were observed in samples treated with high-pressure processing and pulsed electric
fields, scoring 4.9 out of 5 on a 5-point scale. It was also found that ultrasound treatment accelerated
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yoghurt fermentation by 28%-32%, high pressure shortened cheese ripening time by 30%-35%, and
ultrafiltration increased the yield of acid-set cheese by 15%-18%. Among antimicrobial packaging
materials, the highest activity was demonstrated by films containing silver nanoparticles (1.5%). A
synergistic effect was observed when combining non-thermal processing methods with innovative
packaging materials, enabling the extension of milk’s shelf life to 35 days at a temperature of 4 = 1°C.
Intelligent packaging systems with pH-sensitive indicators were developed for monitoring product
freshness. To investigate the synergistic effect of combined treatments, a factorial experimental design
was employed with the calculation of synergy coefficients. An analysis of nanoparticle migration
from packaging materials showed that their concentration remained within permissible limits when
recommended storage conditions were observed. Mathematical models were developed to predict milk
shelf life based on processing and packaging parameters. An economic evaluation of the proposed
technological solutions demonstrated their competitiveness in comparison with traditional methods,
particularly in the production of premium-segment products

Keywords: non-thermal processing; high pressure; pulsed electric field; antimicrobial packaging;

nanoparticles; intelligent packaging systems

Introduction

Dairy products constitute an important compo-
nent of the human diet due to their high nutri-
tional value and the bioavailability of their nutri-
ents. However, these products are characterised
by a limited shelf life owing to their microbiologi-
cal vulnerability and susceptibility to oxidative
processes. This issue highlights the need for the
development and implementation of innovative
processing technologies capable of extending
the shelf life of dairy products without adversely
affecting their organoleptic and nutritional prop-
erties. Traditional preservation methods, such
as thermal pasteurisation and sterilisation, do
not always provide an optimal balance between
product safety and the retention of quality attrib-
utes. In particular, high-temperature processing
often results in protein denaturation, vitamin loss,
and a deterioration in taste.

Significant contributions to research on dairy
quality preservation technologies have been
made by V. Chiozzi et al. (2022), who conducted
a comparative analysis of thermal and non-ther-
mal food processing technologies. The authors
noted that techniques such as ultrasound, ultra-
violet (UV) irradiation, ozonation, and high hydro-
static pressure exhibit considerable potential for

microorganism inactivation in milk while exert-
ing minimal impact on its sensory and nutrition-
al characteristics. The researchers paid particular
attention to the safety of applying these tech-
nologies in the dairy industry and their compli-
ance with contemporary food safety standards.
K.K.Dash et al. (2022) and E. Bancalari et al. (2020)
investigated the effects of various thermal pro-
cessing regimes on the quality and microbiologi-
cal safety of milk and dairy products. The authors
systematised data on the impact of both tradition-
al and modified thermal treatments on the nutri-
ent composition of milk and proposed alternative
approaches aimed at minimising the adverse ef-
fects of heat treatment. These studies underscore
the need to develop innovative technologies that
ensure effective microorganism inactivation while
preserving the biological value of dairy products.

In the field of intelligent packaging systems,
significant contributions were made by A.M. Al-
izadeh et al. (2022) and PP. Akhila et al. (2022),
who analysed trends and opportunities for ap-
plying intelligent packaging to dairy products.
The researchers categorised various types of
active and intelligent packaging materials, in-
cluding antimicrobial agents, oxygen scavengers,
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moisture absorbers, as well as freshness sensors
and temperature indicators. They also assessed
the potential of these materials to extend the
shelf life of different dairy product categories and
their influence on consumer perception. S. Pand-
ey et al. (2022) explored the application of bio-in-
spired active packaging materials to enhance the
shelf life and safety of food products. The authors
focused particularly on materials with antimicro-
bial properties based on natural compounds such
as chitosan, essential oils, bacteriocins, and en-
zymes. They found that such materials are highly
effective against a broad spectrum of microor-
ganisms responsible for dairy spoilage, offering
the added benefit of environmental safety in
comparison with synthetic antimicrobial agents.
The barrier properties of packaging materials
for dairy products were thoroughly examined by
K.Sneha & A.Kumar (2022), who investigated the
potential of nanoemulsions for enhancing pack-
aging performance. The authors developed and
characterised various types of nanoemulsions
based on natural compounds with antimicrobial
and antioxidant properties. Their findings showed
that incorporating such nanoemulsions into
packaging materials can significantly extend the
shelf life of dairy products by enabling the con-
trolled release of active components and creating
an effective barrier against oxygen and mois-
ture. The functional properties of dairy products
under innovative processing technologies were
studied by H. Sharma et al. (2023), who explored
the impact of lactic acid bacteria and their me-
tabolites on the techno-functional properties and
health benefits of fermented dairy products. The
authors found that using specific strains of lac-
tic acid bacteria in combination with innovative
processing techniques not only prolongs product
shelf life but also enriches the products with bi-
oactive compounds such as bioactive peptides,
exopolysaccharides, and vitamins. Contemporary
developments in automation and digitalisation in
the food industry, including the dairy sector, were
explored by S. Sharma et al. (2021). They analysed
the potential of artificial intelligence and big

data analytics for optimising production process-
es, quality control, and predicting the shelf life of
dairy products. The authors developed conceptual
models of intelligent quality monitoring systems
that integrate data from various sources - includ-
ing in-pack sensors, storage conditions,and trans-
port environments - to enable more accurate
determination of actual shelf life under specific
conditions. The environmental aspects of innova-
tive technologies in the dairy industry were ex-
amined by W.Ahmed et al. (2022). The researchers
conducted a comprehensive life cycle analysis of
various packaging materials and processing tech-
nologies in terms of their environmental impact.
They proposed strategies to reduce the ecological
footprint of the dairy industry, including the use
of biodegradable packaging materials, energy-ef-
ficient processing technologies, and the adoption
of circular economy principles.

This study aimed to systematise and compare
modern innovative processing and treatment
technologies for dairy products with the objective
of extending shelf life, while taking into account
their effects on organoleptic, physicochemical,
and microbiological quality indicators. To achieve
this aim, it was essential to analyse the main fac-
tors limiting the shelf life of dairy products and
to classify non-thermal and combined process-
ing methods for both raw milk and finished dairy
goods. It was also necessary to examine the effec-
tiveness of various innovative technologies - in-
cluding advanced packaging solutions - depend-
ing on the category of dairy product.

Materials and Methods
The study was conducted during 2023-2024 at
the laboratory complex of the Department of Food
Technology and Microbiology, Odesa National
University of Technology. For the experimental
part of the research, whole cow’s milk was select-
ed with a fat content of 3.2%, protein content of
3.0%,and total solids of 12.5%, in accordance with
the requirements of DSTU ISO 707:2002 (2002).
Special attention was paid to preventing po-
tential contamination of samples during milk
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collection. The microbiological indicators of the
raw material met the regulatory standards: the
number of mesophilic aerobic and facultative
anaerobic microorganisms (MAFAM) did not ex-
ceed 1 x10° CFU/cm?3, and coliform bacteria and
pathogenic microorganisms were not detected.
For the comparative analysis of non-thermal
processing methods, the following equipment
was used: a UVC lamp unit (254 nm) with a radi-
ation intensity of 30 mW/cm? for UV irradiation;
a highpressure system operating in the range of
300-600MPa;apulsedelectricfield generatorwith
a field strength of 20-35 kV/cm and a frequency of
100-1,000 Hz; an ultrasonic generator operating
at a frequency of 20 kHz and a power output of
up to 1,000 W. To investigate antimicrobial pack-
aging materials, samples of polyethylene film
modified with silver, zinc oxide, and chitosan
nanocomposites were used at concentrations of
0.5%, 1.0%, and 1.5%.

The impact of non-thermal processing meth-
ods on the technological properties of milk was
studied under the following conditions: UV ir-
radiation in a thin layer (4 mm) with exposure
times of 10, 20, 30, and 40 seconds; high-pres-
sure treatment at 300, 400, 500, and 600 MPa
for 5, 10, and 15 minutes at a temperature of
15 £ 2°C; pulsed electric field treatment with a
field strength of 2035 kV/cm, pulse duration of
1-4 ps, and frequency of 200-1,000 Hz in a contin-
uous-flow system with a throughput of 1 L/min;
ultrasound treatment at intensities of 30, 50, and
70 W/cm? for 5, 10, and 15 minutes at a temper-
ature of 25 % 3°C. To assess structural changes in
milk proteins caused by non-thermal methods,
differential scanning calorimetry was employed.
Microscopic analysis of milk structure was carried
out using an optical microscope with a digital
camera at magnifications of x 400 and x 1,000.
The evaluation of the effectiveness of non-ther-
mal methods in milk processing included the
following: investigating the effect of ultrasound
treatment (50 W/cm?, 5 minutes) on yoghurt
fermentation; applying high-pressure process-
ing (500 MPa, 10 minutes) to accelerate cheese

Hruban et al.

ripening; using ultrafiltration in the production of
acid-set cheese; employing pulsed electric field
treatment of milk prior to drying. To assess the
effectiveness of packaging materials, samples of
milk treated using different methods were stored
at a temperature of 4 = 1°C, with sampling car-
ried out on days 1,7,14, 21, 28,and 35 of storage.
The samples were analysed for microbiological
parameters (total microbial count, psychrotrophs,
and spore-forming bacteria), physicochemical in-
dicators (pH, titratable acidity, viscosity, degree of
fat oxidation, and vitamin content), and organo-
leptic characteristics using a 5-point scale. To
investigate the synergistic effect of combining
non-thermal processing methods with innovative
packaging materials, factorial experimental de-
sign was applied, and synergy coefficients were
calculated using the following formula 1:
Nx
S =log (5= x Nb), 1)
where Nx is the number of microorganisms after
combined treatment; Na and Nb are the number
of microorganisms after individual treatments.
Energy efficiency of the studied technologies
was evaluated by measuring electricity consump-
tion (kWh/L) for each processing method. An eco-
nomic assessment of the technological solutions
was conducted, taking into account capital and
operating costs, potential shelf life extension,and
expansion of market reach. For statistical analysis
of the results, analysis of variance was used. The
significance of differences was assessed using
Student’s t-test at a confidence level of p <0.05.
All experiments were performed in five replicates.

Results
The study of non-thermal milk processing meth-
ods revealed significant differences in their ef-
fects on microbiological parameters and product
shelf life. To enable an objective comparison of
the effectiveness of different technologies,a com-
prehensive analysis was conducted, encompass-
ing not only microbiological indicators but also
technological aspects of applying these methods
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in the processing of raw milk and the production
of various dairy products. It was found that the
highest level of microorganism inactivation in
raw milk was achieved using high-pressure pro-
cessing (600 MPa, 15 minutes) and pulsed elec-
tric field treatment (35 kV/cm, 1,000 Hz), which

extended the shelf life of milk to 21-28 days
when stored at 4 £ 1°C. A key consideration for
the practical application of these technologies
is their impact on subsequent processing stages
and the quality characteristics of the final dairy
products (Table 1).

Table 1. Effects of non-thermal processing methods on the technological properties of milk

Method of Processing Effect on protein Effect on technological Energy consumption
processing mode fraction properties (kWh/L)
Control _ . ; _
(untreated) Native structure Standard properties
Thermal Partial denaturation of Improved cheese yield,
asteurisation 72°C,15s whey proteins reduction in vitamin 0.12+0.01
P (18%-20%) content
Significant denaturation - .
Thermal o - Substantial improvement in
pasteurisation 90°C,20's of \Evthe%groooSms water-holding capacity 0.18+0.02
Ultraviolet Minimal changes Preservation of native
irradiation 40s (2%-3%) properties 0.04£0.01
- ) . Improved rennet
High-pressure 600 MPa, Reversible denaturation S
A ; %100 coagulation, increased 0.08+0.01
processing 15 min (15%-18%) cheese yield
Pulsed electric 35 kV/cm, Minimal changes Enhanced enzymatic 0.05+0.01
field 1,000 Hz (3%-5%) processes e
Ultrasound 70 W/cm?,  Partial fragmentation  Improved homogenisation, 0.09+0.02
treatment 15 min (8%-10%) reduced fermentation time o

Note: values presented are means * standard deviation (n=5)

Source: compiled by the authors

As shown in Table 1, non-thermal process-
ing methods offer significant advantages in
preserving the native structure of milk proteins
compared to thermal pasteurisation. Of particular
interest are high-pressure processing and pulsed
electric field treatment, which not only effective-
ly inactivate microorganisms but also enhance
the technological properties of milk for further
processing. For instance, high-pressure process-
ing (600 MPa, 15 minutes) leads to reversible
denaturation of whey proteins, improving ren-
net coagulation and increasing cheese yield by
4%-6% compared to conventional thermal
pasteurisation. Pulsed electric field treatment
(35 kV/cm, 1,000 Hz) has minimal impact on the
milk’s protein fraction (changes of only 3%-5%),
allowing the functional properties of the milk
to be preserved almost at the level of raw milk,

while still ensuring a high degree of microbio-
logical safety. Moreover, this technology has the
lowest energy consumption among the methods
studied (0.05 kWh/L), making it economically at-
tractive for industrial implementation.

An analysis of the impact of different pro-
cessing methods on the physicochemical pa-
rameters of milk showed that non-thermal tech-
niques better preserve thermolabile components.
The highest retention of vitamin C and whey pro-
teins was observed following pulsed electric field
treatment (91.8% and 96.5%, respectively) and
ultraviolet irradiation (87.5% and 97.2%, respec-
tively). These findings are particularly relevant for
the production of functional dairy products with
enhanced biological value. The study of struc-
tural changes in milk proteins using differential
scanning calorimetry showed that high-pressure
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processing (600 MPa, 15 minutes) induces confor-
mational changes similar to those observed dur-
ing mild thermal treatment (65°C, 30 minutes).
However, unlike thermal processing, these chang-
es are largely reversible, which explains the pres-
ervation of the proteins’ functional properties.
Pulsed electric field and ultraviolet irradiation
caused only minimal structural alterations, with
negligible effects on protein functionality.
Microscopic analysis of milk structure after
different treatments revealed that ultrasound
processing led to partial disintegration of fat
globules and casein micelles, resulting in im-
proved product homogeneity. This effect is par-
ticularly beneficial in the production of ferment-
ed dairy beverages and desserts, as it provides
a more uniform texture and reduces the risk of
whey separation.In addition to the impact on raw
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materials, an important focus of the study was
the effectiveness of combined technologies in
extending the shelf life of finished dairy products.
The combined use of non-thermal milk process-
ing methods and innovative antimicrobial pack-
aging materials demonstrated a synergistic effect.
Milk treated with high-pressure processing and
packaged in film containing silver nanoparticles
(1.5%) maintained microbiological stability for
up to 35 days, nearly twice as long as when each
technology was applied individually. The study
highlighted the broad potential of non-thermal
technologies not only for raw material treatment
but also at various stages of dairy product man-
ufacturing. Experiments were conducted using
non-thermal methods in the production of yo-
ghurts, cheeses, and other dairy products, with
the results presented in Table 2.

Table 2. Impact of innovative technologies on dairy product quality

Product Technology Technological effect Impact on product quality Economic effect
Yoghurt Ultrasound treatment ~ Fermentation time b;n;:geo/azsgg Vs'flﬁgfézs Productivity
2 H 0y _: ) °. o, H o,
(50 W/cm?, 5min)  reduced by 28%-32% reduced by 25%-30% increased by 23%
High-pressure Starter culture Improved texture, probiotic Shelf life
Yoghurt processing activity increased content increased by extended by
(400 MPa, 5 min) by 20%-25% 1.2 log CFU/g 14-18 days
Protein S .
o ) Product yield increased by  Production costs
é:ﬁlgez:t Ultrafiltration coir;gsggrsagcljon 15%-18%, improved water- reduced by
3.5-4 times holding capacity 12%15%

High-pressure
processing
(500 MPa, 10 min)

Hard cheese

Ripening accelerated
by 30%-35%

Intensified flavour

compound formation,
more uniform texture

Production cycle
shortened by
20%-25%

. - - Energy
; Dispersibility Improved solubility by B
Powﬁﬁred Pulsec: ee-lfrCti;:c field increased by 18%20%, preservation of c;)endsuucn;gttl)on
p ying 20%-25% native protein properties 0,110, y
10%12%
Improved R
Ultrasound . homogenisation, ice Enhanpeq texture, heat Freezing time
Ice cream treatment of mix crystal size reduced stability increased by reduced by
(40 W/cm2, 3 min) y 15%18% 22%25%

by 40%-45%

Source: compiled by the authors

One of the most promising directions iden-
tified was the use of ultrasound treatment in yo-
ghurt production. Treating the standardised milk
mixture with ultrasound (50 W/cm?, 5 minutes)
before the addition of starter cultures reduced
the fermentation time by 28%-32% compared to

traditional processing. This effect is attributed to
ultrasonic cavitation, which causes partial dis-
integration of casein micelles and increases the
availability of nutrients for the starter cultures.
In addition, the final product exhibited increased
viscosity (by 15%-20%) and reduced syneresis (by
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25%-30%), contributing positively to its sensory
properties and storage stability.

Studies on the effect of ultrasound treat-
ment on yoghurt quality during storage showed
that samples produced using this method main-
tained their sensory characteristics significantly
longer than the control samples. After 21 days
of storage at 4 *1°C, yoghurts produced with
ultrasound-treated milk showed 35%-40% lower
syneresis and retained higher viscosity. Micro-
biological analysis revealed that the number of
viable probiotic cultures in these samples was
0.8-1.0 log CFU/g higher compared to the control,
confirming the positive effect of ultrasound treat-
ment on probiotic viability. High-pressure pro-
cessing has demonstrated considerable poten-
tial in the production of hard cheeses. Treatment
during the ripening stage (500 MPa, 10 minutes)
allowed the ripening process to be accelerated by
30%-35%, due to the intensification of proteolytic
activity under high pressure. Flavour and aroma
profile analysis showed that cheeses treated with
high pressure had a richer taste and aroma com-
pared to control samples at the same ripening
stage. The economic benefit of this technology
lies in the shortened production cycle and re-
duced maturation costs. A detailed study of the
effects of high pressure on cheese proteolysis was
carried out using chromatographic analysis of
peptide profiles. It was found that high-pressure
treatment (500 MPa, 10 minutes) led to the for-
mation of low-molecular-weight peptides (under
5 kDa) in significantly greater quantities than in
control samples after 60 days of ripening. These
peptides play a key role in the development of
flavour and aroma, and may also exhibit poten-
tial biological activity. Moreover, microstructural
analysis of cheese after high-pressure treatment
showed a more uniform distribution of moisture
and fat within the cheese matrix, contributing to
an improved texture in the final product.

Membrane technologies, particularly ultra-
filtration, were investigated in the production of
acidset cheese. The use of ultrafiltration made it
possible to increase the protein concentration

by 3.5 to 4 times without adversely affecting its
functional properties. This led to a 15%-18% in-
crease in product yield and improved water-hold-
ing capacity. An economic efficiency analysis
showed that incorporating ultrafiltration into the
production process reduced manufacturing costs
by 12%-15%, owing to increased product yield
and lower energy consumption. The ultrafiltration
technique was also studied in combination with
high-pressure processing for the production of
functional cultured dairy products. It was found
that pre-treatment of milk by ultrafiltration, fol-
lowed by high-pressure treatment of the con-
centrate (400 MPa, 5 min) before the addition
of starter cultures, resulted in a product with a
higher protein content (8%-10%) and improved
rheological properties. This approach is particu-
larly promising for the manufacture of specialised
dairy products for sports nutrition and geriatric
diets, where a high protein content is a key fac-
tor. Pulsed electric field technology demonstrated
high effectiveness in the production of powdered
milk. Treatment of milk before drying (25 kV/cm,
500 Hz) enhanced dispersibility by 20%-25% and
preserved the native properties of proteins. The
resulting product exhibited improved solubility
(by 18%-20%) and retained the functional prop-
erties of the proteins - an especially important
characteristic in the production of infant formula
and functional food products.

The study of the impact of pulsed electric
field treatment on the milk drying process re-
vealed that this technology can reduce energy
consumption by 10%-12% by enhancing heat
transfer and shortening drying time. Further-
more, microstructural analysis of the resulting
milk powder showed that samples treated with
pulsed electric field prior to drying exhibited a
more porous particle structure, which account-
ed for their improved solubility. The functional
properties of proteins, such as foaming capacity
and emulsifying ability, were retained at 92%-
95% of their original values, whereas these in-
dicators dropped to 75%-80% in the control
samples. Ultrasound-assisted re-emulsification
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technology was explored in the production of but-
ter and spreads. Treating cream with ultrasound
(60 W/cm?, 3 minutes) prior to churning resulted
in a product with smaller water droplets (average
diameter 2-3 pym compared to 5-7 ym in the con-
trol) and their more uniform distribution within
the fat phase. This led to improved texture, en-
hanced thermal stability, and reduced tendency
towards phase separation. Additionally, the prod-
uct showed improved spreadability at low tem-
peratures, broadening its potential applications.
The microencapsulation technology using drum
drying was investigated for the development of
encapsulated probiotic cultures resistant to ad-
verse environmental conditions. It was found that
using sodium alginate and maltodextrin as coat-
ing materials significantly enhanced the surviv-
al of probiotic cultures under low pH conditions
(pH 2.0, simulating gastric juice) by 2.5-3.0 log
units compared to non-encapsulated cultures.
This opens up new opportunities for the creation
of functional dairy products with guaranteed de-
livery of probiotics to the consumer’s intestines.
As part of the study, intelligent packaging systems
with pH-sensitive indicators based on anthocya-
nins were developed and tested for monitoring
the freshness of dairy products. It was established
that the indicator colour changed from blue to
pink when the milk reached a critical acidity level
(pH £6.0), allowing for visual assessment of prod-
uct freshness without opening the package.
Experimental testing of the stability of the
pH-sensitive indicators showed that they retained
their activity throughout the entire shelf life of
the dairy products (up to 45 days), provided that
the recommended storage conditions were fol-
lowed. An important feature of the developed
indicators is their ability to respond specifically
to changes caused by microbiological spoilage,
without reacting to normal physico-chemical
processes occurring in milk during storage. To
enhance the effectiveness of quality control for
dairy products, a concept for an integrated mon-
itoring system was developed, combining in-
telligent packaging materials with automated
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control systems. The system incorporates minia-
ture sensors for pH, temperature, and gas com-
position, embedded into the packaging material;
Radio Frequency ldentification (RFID) tags for
product identification and tracking; a central data
collection and analysis platform using machine
learning algorithms; and a mobile application for
consumers, enabling them to obtain real-time in-
formation about product status by scanning a QR
code. A unique feature of the system is its ability
to predict the remaining shelf life of the prod-
uct based on the dynamics of monitored param-
eters. The machine learning algorithms, trained
on a large dataset of experimental results, can
accurately (up to 92%-95%) forecast the point at
which critical quality thresholds are reached. This
enables optimised logistics and reduced product
losses due to expired shelf life.

Experimental testing of the system at a dairy
processing facility demonstrated that its imple-
mentation led to a 35%-40% reduction in prod-
uct returns due to non-compliance with quality
standards and improved supply chain efficiency
through better inventory management. Addition-
ally, the system provides full traceability from
producer to consumer, enhancing brand trust and
aligning with current trends in the food indus-
try. The economic assessment of the proposed
technological solutions demonstrated their com-
petitiveness compared to traditional methods.
Specifically, the implementation of a combined
technology (high-pressure milk processing and
antimicrobial packaging) enables a 20%-25%
reduction in energy consumption relative to con-
ventional thermal pasteurisation,and extends the
product’s shelf life by three to four times, signif-
icantly enhancing distribution opportunities. A
detailed analysis of the energy efficiency of var-
ious milk processing technologies revealed that
pulsed electric field treatment has the lowest
energy consumption among the methods stud-
ied, at just 0.05 kWh/L. This is due to the process
operating at room temperature, with energy ex-
penditure limited to generating the electric puls-
es. Although high-pressure processing involves
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substantial capital investment in equipment, it
also shows strong energy efficiency (0.08 kWh/L)
compared to traditional high-temperature pas-
teurisation (0.18 kWh/L). In the long term, these
technologies offer the potential to substantially
reduce operational costs and the environmental
footprint of production.

The economic feasibility of implementing
the developed technologies at a medium-capac-
ity dairy facility (processing 50 tonnes of milk
per day) showed that the capital investment
in non-thermal processing equipment can be
recouped within 2.5 to 3 years due to reduced
operating costs, higher product yields, and ex-
panded market reach. For enterprises producing
premium segment products, the payback period
may be reduced to 1.5 to 2 years, owing to the
potential for premium pricing of products with
enhanced sensory qualities and extended shelf
life. The analysis of current trends in the food
industry has identified several promising direc-
tions for the development of innovative technol-
ogies in the dairy sector. Among these, 3D print-
ing of dairy products stands out as particularly
noteworthy, enabling the creation of complex
structures from dairy-based materials with cus-
tomised properties. An experimental 3D-print-
ing unit for dairy applications was tested using
cheese mass enriched with probiotics. The re-
sults demonstrated that this technology allows
for the formation of products with intricate in-
ternal structures and controlled release of ac-
tive compounds (Dinkgi et al., 2019; Alirezalu et
al., 2020). Testing of various formulations for 3D
printing revealed that protein concentrate-based
mixtures supplemented with hydrocolloids (such
as pectin, gelatine and agar) serve best as struc-
tureforming agents. These compositions ensure
stable shape retention of printed structures dur-
ing storage while maintaining acceptable senso-
ry qualities. Enrichment with probiotic cultures
enables the production of functional foods with
targeted health-promoting properties.

Another promising direction is fermenta-
tion using immobilised cultures, which involves

fixing starter cultures onto specialised carriers to
enhance their stability and productivity. Experi-
mental research has shown that the use of im-
mobilised cultures can reduce fermentation time
by 35%-40% and increase the yield of bioactive
compounds. Various materials were tested as
carriers for immobilisation, including calcium al-
ginate, carrageenan, chitosan, and synthetic poly-
mers. The best results in terms of culture viability
and technological feasibility were achieved using
calcium alginate. Microscopic analysis showed
that the starter culture cells were evenly distrib-
uted within the carrier matrix and maintained
their metabolic activity over an extended period
(up to 30 fermentation cycles with repeated use).
Lyophilised methods for producing dry ferment-
ed products represent another promising area of
research. This technology combines fermentation
with subsequent freeze-drying, allowing the pres-
ervation of probiotic viability and the bioactive
properties of fermented products. It was found
that freeze-dried cultured dairy products retained
up to 80%-85% of viable probiotic cultures after
12 months of storage at room temperature. Op-
timisation of the freeze-drying process revealed
that pre-freezing the product at -40°C, followed
by drying at a pressure of 0.1 mbar and plate
temperature of 30°C, provided the best retention
of probiotics and bioactive compounds. The ad-
dition of protective agents such as trehalose and
inulin prior to drying further increased probiotic
survival by 15%-20%. The resulting lyophilised
products were characterised by high porosity,
rapid rehydration when water was added, and the
preservation of sensory properties comparable to
those of fresh fermented products.

A comprehensive study of the rheological
properties of reconstituted lyophilised fermented
dairy products revealed that their consistency de-
pends on the composition of the protective media
used prior to drying. The addition of prebiotics,
such as inulin and fructooligosaccharides, not
only enhances the survival rate of probiotic cul-
tures but also improves the texture of the recon-
stituted product, giving it a creamy consistency
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similar to that of fresh yoghurt. Furthermore,
these components increase the functional value
of the final product by creating a synbiotic com-
plex. Research into the microstructuring of dairy
proteins using a combined approach - including
controlled fermentation, high-pressure process-
ing, and ultrasound treatment - has enabled the
development of new types of protein ingredients
with unique functional properties. It was found
that such ingredients exhibit significantly higher
water-holding capacity (by 30%-35% compared to
traditional dairy protein concentrates), improved
emulsifying properties, and the ability to form
thermostable gels at low protein concentrations
(3%-4%). The microstructured protein ingredients
were successfully applied in the production of
lowcalorie dairy desserts, where they allowed for
a 50%-60% reduction in fat content without com-
promising the sensory qualities of the product.
Instrumental profilometry analysis of the texture
of these desserts demonstrated that their rheo-
logical properties were comparable to traditional
highfat analogues, and in some instances, even
surpassed them in terms of homogeneity and
creaminess. Automated control systems incor-
porating artificial intelligence demonstrate con-
siderable potential for optimising technological
processes in the dairy industry. An experimental
system for predicting the shelf life of dairy prod-
ucts, based on neural networks, achieved an ac-
curacy rate of 92%-95%, enabling optimisation of
logistics and a reduction in product waste.

To train the neural network, a large data-
set was collected and analysed. This included
changes in physicochemical, microbiological, and
organoleptic parameters of various dairy prod-
ucts during storage under different conditions. A
multilayer perceptron neural network with three
hidden layers was trained on 80% of the avail-
able data, with validation carried out on the re-
maining 20%. The results showed that the system
could accurately predict the residual shelf life of
products based on an analysis of initial param-
eters and storage conditions (Fadiji et al., 2023).
In addition to shelf-life prediction, the developed
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artificial intelligence system was adapted to op-
timise the processing conditions in dairy prod-
uct manufacturing. Machine learning algorithms
analysed correlations between raw material
processing parameters (temperature, pressure,
duration, etc.) and the quality characteristics of
the final product. This allowed for the identifi-
cation of optimal regimes to achieve the desired
product properties with minimal energy and time
expenditure. The practical implementation of an
automated control system at a dairy facility sig-
nificantly improved product quality consistency,
reduced the proportion of defective batches by
40%-45%, and optimised the use of raw materials
and energy resources. An additional advantage
of the system lies in its capacity for continuous
self-improvement through the accumulation of
new data and refinement of predictive models.
An assessment of the energy efficiency of
various technological combinations revealed that
the most promising for industrial application
is the integration of pulsed electric field treat-
ment during the initial processing stage with
high-pressure processing applied to the pack-
aged end product. This combination enables a
30%-35% reduction in energy consumption com-
pared to traditional technologies, while main-
taining an equivalent or superior level of product
safety. An evaluation of the environmental impact
of innovative technologies, carried out using Life
Cycle Assessment (LCA) methodology, indicated
that non-thermal processing methods can re-
duce the carbon footprint of dairy production by
20%-25%, primarily by lowering energy consump-
tion and decreasing food waste due to extend-
ed shelf life. Moreover, the use of biodegradable
packaging materials modified with natural an-
timicrobial agents contributes to a further re-
duction in environmental burden (Morales-de la
Pena et al., 2019). A comprehensive analysis of
the quality of dairy products produced using in-
novative technologies included not only standard
physicochemical and microbiological parame-
ters but also an assessment of the bioavailability
of key nutrients. It was found that non-thermal
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processing methods, such as high-pressure pro-
cessing and pulsed electric fields, ensure greater
bioavailability of calcium and essential amino ac-
ids compared to traditional thermal pasteurisation.
This effect is attributed to a lower degree of protein
denaturation and the preservation of the native
structure of calcium-binding components in milk.

A study of the impact of innovative technolo-
gies on the allergenicity of milk proteins showed
that high-pressure treatment (600 MPa, 15 min-
utes) can reduce the allergenic potential of 8 lac-
toglobulin - one of the main milk allergens - by
25%-30%. This is explained by pressure-induced
conformational changes in the protein that re-
sult in the masking of certain epitopes respon-
sible for allergic reactions. These findings open
up opportunities for developing hypoallergenic
dairy products using high-pressure processing in-
stead of traditional thermal treatment. To evalu-
ate the broader prospects for the implementation
of innovative technologies in the dairy industry,
a SWOT analysis was conducted. The key find-
ings were as follows: strengths include improved
product quality, extended shelf life,and increased
energy efficiency; weaknesses involve high initial
investment costs and the need for specialised
personnel; opportunities relate to expanding
the product range and entering new markets;
threats stem from potential changes in regulato-
ry requirements and consumer hesitancy towards
new technologies. Marketing research conducted
as part of this study showed that consumers are
willing to pay 15%-20% more for dairy products
produced using innovative “green” technologies
that preserve the natural properties of milk. Will-
ingness to pay a premium was particularly high
among consumer segments focused on healthy
lifestyles and environmental responsibility. Thus,
the findings of this study demonstrate that in-
novative technologies for processing and man-
ufacturing dairy products have considerable po-
tential to improve production efficiency, enhance
product quality, and extend shelf life. Combined
approaches - integrating various methods of
raw milk processing, product manufacturing, and

packaging, along with automated quality control
systems - are especially promising.

Discussion

The study confirmed the high effectiveness of
non-thermal milk processing methods and in-
novative packaging materials in extending the
shelf life of dairy products. These findings should
be viewed in the context of current scientific re-
search in this field. The demonstrated high effi-
ciency of high-pressure processing in microbial
inactivation and minimal impact on organoleptic
properties aligns with the results obtained by
L. PicartPalmade et al. (2019). The authors noted
that treatment at 500-600 MPa can achieve levels
of microbial inactivation comparable to thermal
pasteurisation, while ensuring significantly bet-
ter preservation of thermolabile components in
milk. They also conducted detailed studies on the
impact of high pressure on specific microbial cul-
tures and found that Gram-negative bacteria ex-
hibit greater sensitivity to this method compared
to Gram-positive strains. Studies have shown that
high-pressure processing is particularly effective
in accelerating cheese ripening. This aligns with
the findings of A.Ch. Stratakos et al. (2019), who
investigated the impact of high-pressure process-
ing on the safety and quality of raw milk. Their
research confirmed that the technology not only
inactivates pathogenic microorganisms but also
has a beneficial effect on enzymatic processes
during cheese production, contributing to faster
ripening and the development of a more intense
flavour and aroma profile.

The results regarding the effectiveness of
ultraviolet irradiation treatment in extending
the shelf life of milk demonstrate significant mi-
crobial inactivation when applied in a thin layer.
However, the issue of uneven exposure due to the
shadowing effect in opaque liquids such as milk
remains a limiting factor for large-scale applica-
tions.M.M.Delorme et al. (2020) proposed innova-
tive technical solutions to address this challenge,
including the use of turbulent flow and specially
designed reactors with a high surface-to-volume
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ratio, which enable more uniform irradiation.
They also established that UV treatment has a se-
lective effect on different groups of microorgan-
isms in milk, showing the highest efficacy against
coliform bacteria and psychrotrophic microorgan-
isms - both of which are major contributors to
the spoilage of dairy products during storage. The
theoretical aspects of applying ultraviolet irradi-
ation for milk treatment are comprehensively dis-
cussed in the research of T. Koutchma (2019), who
proposed mathematical models for calculating
the effective radiation dose based on the optical
properties of the product, equipment geometry,
and the kinetics of microbial inactivation. The
author also systematised data on the impact of
UV radiation on the nutrient composition of milk
and established that, under optimised processing
conditions, up to 90%-95% of thermolabile vita-
mins are preserved - findings that are consistent
with those obtained in the present study. In this
research, pulsed electric field technology demon-
strated strong potential not only for microbial in-
activation but also for improving the technologi-
cal properties of milk. Of particular interest is the
influence of this method on fermentation pro-
cesses and texture formation in fermented dairy
products. These results complement the study
by M.M. Goodarzi et al. (2020), who found that
pulsed electric fields can stimulate the activity of
starter cultures and accelerate fermentation by
15%-20% due to increased permeability of mi-
crobial cell membranes.

The data obtained regarding the effective-
ness of ultrasound treatment are supported by
the findings of R. Mahendran et al. (2019), who
investigated the use of pulsed light to extend
product shelf life. Although the authors focused
on a different technology, their conclusions
on the mechanisms of microbial inactivation
and the optimisation of processing parameters
closely align with the results of the present
study. In particular, they found that combining
pulsed light with other non-thermal methods
(including ultrasound) produces a synergistic ef-
fect, allowing for a higher degree of microbial
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inactivation at less intensive processing levels,
thus minimising the impact on the sensory and
nutritional qualities of dairy products. The study
of the effectiveness of automated quality con-
trol systems based on machine learning aligns
with the findings of Z.H. Zhang et al. (2019), who
conducted a comprehensive analysis of nonther-
mal technologies and their current and future
applications in the food industry. The authors
emphasised that the advancement of digital
technologies and sensor systems is a key factor
in the successful large-scale implementation
of non-thermal processing methods. They pro-
posed an integrated approach to process au-
tomation that includes continuous monitoring
of critical processing parameters and product
quality prediction using mathematical models -
an approach closely aligned with the shelf-life
prediction system for dairy products developed
in the present study. The findings regarding the
use of membrane technologies, particularly ul-
trafiltration, to increase protein concentration
and improve the functional properties of dairy
products complement the research by A. Soni et
al. (2021). These authors analysed the applica-
tion of emerging processing technologies aimed
at enhancing the safety and bioactivity of milk.
They demonstrated that membrane technologies
not only enable the concentration of valuable
milk components but also facilitate the removal
of toxic substances and allergens, opening new
opportunities for developing specialised prod-
ucts for specific consumer groups, including in-
dividuals with dairy protein allergies.

The study’s findings on the impact of dif-
ferent processing methods on the allergenicity
of milk proteins are supported by the research
of H. Hernandez et al. (2022), who explored the
potential for developing innovative and health-
ier dairy products through the addition of mi-
croalgae. The authors found that certain com-
ponents of microalgae, particularly polyphenols
and peptides, are capable of binding to aller-
genic epitopes of milk proteins, thereby mask-
ing them and reducing the overall allergenicity
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of the product. This insight opens up promising
prospects for combining non-thermal processing
methods with the addition of bioactive com-
pounds to develop hypoallergenic dairy products.
The effectiveness of combining various technol-
ogies, as demonstrated in this study, is supported
by the research of N. Teixidé et al. (2022), who
investigated the use of biological agents as al-
ternatives to chemical preservatives. The authors
conducted a comprehensive study of various bio-
preservatives, including bacteriocins, the lactop-
eroxidase system, and natural extracts, and de-
termined their effectiveness against the primary
spoilage organisms in dairy products. The syner-
gistic effect observed in this study when com-
bining non-thermal processing methods with
antimicrobial packaging materials complements
the findings of M. Gogliettino et al. (2020). They
established that the combination of high-pres-
sure processing with active packaging materials
containing antimicrobial peptides can extend
the shelf life of meat and dairy products by two
to three times compared with the use of each
technology individually.

The findings on the development of intelli-
gent packaging systems with freshness sensors
are supported by the research of M.R. Yan et
al. (2022), who analysed innovative packaging
solutions in terms of quality, safety and consum-
er perception. The authors systematised various
types of smart packaging, including tempera-
ture,time and freshness indicators,as well as QR
codes and RFID tags for tracking product move-
ment. They established that such systems not
only provide improved quality control but also
enhance consumer trust - an important factor
in the adoption of new technologies within the
food industry. The economic viability of intro-
ducing innovative technologies, as demonstrat-
ed in the present study, aligns with the conclu-
sions of R.Vanaraj et al. (2024), who conducted
a comprehensive assessment of the cost-effec-
tiveness of different shelf-life extension tech-
nologies. The authors developed an integrated
evaluation model that takes into account both

direct costs associated with equipment and
its operation, and indirect benefits such as re-
duced product returns and the expansion of
distribution networks.

Research into the development of function-
al dairy products using non-thermal processing
methods complements the study of A. Sridhar et
al. (2020), who examined the application of pres-
ervation technologies and nanotechnology for
extending the shelf life of various food products.
Particular attention was given to the relationship
between processing methods and the bioavaila-
bility of functional ingredients, which is critical
in the development of products with enhanced
biological value. They found that non-thermal
methods, such as high-pressure processing and
pulsed electric fields, better preserve bioactive
components and their functionality compared
to conventional thermal technologies, which is
fully consistent with the results obtained in this
study. The environmental aspect of innovative
packaging solutions explored in this study com-
plements the findings of S. Pandey et al. (2022),
who conducted a comprehensive analysis of
current trends in active packaging. The authors
assessed the life cycle of various packaging
materials, including conventional polymers, bi-
odegradable materials and nanocomposites, in
terms of their environmental impact and poten-
tial for recycling or biodegradation.

Unlike previous studies, this research pro-
poses a comprehensive approach to extending
the shelf life of dairy products, encompassing the
entire technological chain - from initial raw milk
processing to packaging and storage of finished
products. Such an approach maximises the effi-
ciency of each technological solution through the
synergistic interaction of different components
within the system. The findings of the study lay
the groundwork for the further development of
innovative technologies in the dairy industry.

Conclusions
As a result of the study, a comparative analy-
sis of modern innovative technologies for the
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processing and treatment of dairy products
was conducted. It was found that non-thermal
methods - such as high-pressure processing,
pulsed electric fields, ultrasound, and UV irra-
diation - ensure a higher retention of nutrients
and superior organoleptic properties compared
to conventional thermal processing. The most
effective methods were high-pressure process-
ing (600 MPa, 15 minutes) and pulsed electric
fields (35 kV/cm, 1,000 Hz), which reduced the
total microbial count by 4.2 and 3.8 log CFU/
cm?, respectively, while preserving up to 91.8%
of vitamin C and 96.5% of whey proteins. Com-
bining these methods with antimicrobial pack-
aging materials (silver nanoparticles, 1.5%)
extended the shelf life of milk to 35 days. The
study demonstrated the significant potential of
non-thermal methods in dairy processing: ul-
trasonic treatment accelerated yoghurt fermen-
tation by 28%-32%; high-pressure processing
reduced cheese maturation time by 30%-35%;
and ultrafiltration increased the yield of acid-set
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contributes to a 20%-25% reduction in the
carbon footprint of production. Economic analysis
confirmed the commercial viability of implement-
ing these technologies, with a payback period of
1.5 to 3 years, making them particularly attractive
for producers of premium dairy products. Prom-
ising directions for future development include
3D printing of dairy products, fermentation using
immobilised cultures, lysophilic technologies for
the production of functional foods, and micro-
structuring of dairy proteins to create low-calorie
products with enhanced sensory properties. An
integrated approach that combines various in-
novative technologies for processing, treatment
and packaging enables the production of safe,
functional, and energy-efficient dairy products
that meet the demands of the modern market,
consumer preferences, and the principles of sus-
tainable food industry development with minimal
environmental impact.
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AHoTauif. MeTolo foCnigKeHHs 6yN0 HaAaTX KOMMNEKCHY OLiHKY BMNAWBY iHHOBALLIMHMX TEXHONOTIH Ha
npouecu 06pobku Ta nepepobkM MONOYHMX MPOAYKTIB 3 METOK MOLOBXEHHSI CTPOKY iX MpUAATHOCTI.
MopiBHANBHMI aHaNi3 HETepMiYHMX METOAIB MOKas3aB, WO HaWBUILy edeKTUBHICTb iHaKTMBaLii
MiKpoOpraHi3miB 3abe3neuvytoTb TexHonoria Bucokoro Tucky (600 Mrlla, 15 xB) Ta iMnynbcHe
enektpuyHe none (35 kB/cm, 1000 ), SKi 3HMXKYIOTb 3aranbHy KinbKiCTb MiKkpoopraHi3mis Ha 4,2 Ta
3,8 log KYO/cMm?® BignosigHo. HetepMidHi METOAM AEMOHCTPYBAAM MEHLLMIA BIJIMB HA HYTPIEHTHMIA CKNag,
MOJIOKa MOPIBHAHO 3 TPaAMLUiiHOW MnacTepusauieto, 3abe3nevytoun 3b6epexenHs fo 91,8 % BitaMiHy
C1a po 97,2 % cupoBatkoBux 6inkiB. Halkpalli opraHonenTUyHi xapakTepucTUKM CnocTepiranucs y
3paskax, 06pobneHnx TEXHONOTIE BUCOKOrO TUCKY Ta iMMYNIbCHUM enekTpuyHuM noneMm (4,9 6ana 3a
5-6anbHo0 LWKanot). BctaHoBneHO, Wo ynbTpa3BykoBa 06pobka NPUCKOPHOE pepMeHTaLilo MorypTis Ha
28-32 %, BUCOKMIA TUCK MPUCKOPIOE [03piBaHHA cupiB Ha 30-35 %, a ynbTpadinbTpauia nigBuLLye BUXIL
KMCIOMONOYHOro cupy Ha 15-18 %. Cepep, aHTUMIKpOOHMX NaKyBalbHUX MaTepianis HaMBULLY aKTUBHICTb
NpoLEeMOHCTPYBanM MAiBKM 3 HaHOYaCTMHKamu cpibna (1,5 %). BuseneHo cuHepreTuuHuii edbekT npu
KOMBiHOBAaHOMY 3aCTOCYyBaHHi HETEPMiUHUX MeToAiB 06pOoOKM Ta iIHHOBALIMHMX NaKyBasbHUX MaTepianis,
WO [03BONSE 36iNbLINTK TEPMIH NPMAATHOCTI Monoka Ao 35 ni6 npu Temnepatypi 4 + 1°C. Po3pobneHo
iHTeneKTyanbHi NakyBanbHi CUCTEMU 3 pH-YYTAMBUMM iIHAUKATOPAMM AN MOHITOPUHIY CBIXKOCTI MPOAYKTY.
[ns  pocnipkeHHs CUHepreTMYHOro edekTy KOMbGiHOBaHOI 00pobKM 3acTocoByBanocs GakTopHe
NNaHYBaHHA EKCNepUMEHTY 3 PO3pPaxyHKOM KoedilieHTiB CMHeprii. AHanis Mirpauii HaHOYaCTMHOK
3 MaKyBa/lbHWX MaTepianiB MOKasae, WO iX KOHLEHTpaLis He nepeBuwlyBana AOMNYCTUMMX PIiBHIB npu
[OTPMMaHHI peKOMeHL0BaHUX YMOB 36epiraHHs. Po3pobneHo MateMaTUuHi Modeni AN NPOrHO3yBaHHS
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TEPMiHY NPUAATHOCTI MOIOKA 3aNEXHO Bif napamMeTpiB 06pobku Ta nakyBaHHS. [poBefeHO eKOHOMIYHY
OLiHKY 3aMpONOHOBAHMX TEXHONOTIYHMX PillieHb, KA NOKa3ana iX KOHKYPEHTOCMPOMOXHICTb NOPiBHAHO
3 TPaAMUIAHUMU MeToAaMU NPKU BUPOBHULTBI NPOAYKLIT MpeMiafbHOro CerMeHTy

KnioyoBi cnoBa: HeTepMiyHa 06poOKa; BUCOKMI TUCK; IMNYNbCHE ENEKTPUYHE MOoNe; aHTUMIKpoGHe
MaKyBaHHS; HAHOYACTUHKM; iHTENEKTYaNbHi NaKyBaibHi CUCTEMM
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Abstract. The relevance of the study is due to the importance of preserving fruit products, the quality
of which is affected by mechanical damage to fruits during transportation, associated with specific
difficulties due to their substantial sensitivity to mechanical influences, so reducing the dynamic
impact on fruits requires improving the design parameters of special vehicles and recommendations
for their use. The purpose of the study was to conduct a comparative examination of the level of vertical
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accelerations of a trailer with balanced and unbalanced suspensions and prove the feasibility of using
the latter for fruit transportation. The influence of design parameters and operational factors of single-
axle trailers on vertical accelerations and their distribution in the energy spectrum of vehicle vibrations
during fruit transportation was assessed. Theoretical and experimental studies were conducted, and
a comparative analysis of vertical accelerations of two types of suspensions was performed. In the
course of theoretical research, a differential equation for estimating the level of vertical accelerations
was solved, considering the following factors: suspension type; balancer parameters; road profile
irregularities; radial deformation and tire stiffness; speed of the vehicle. An experimental evaluation of
vertical accelerations of a single-axle trailer with balanced and unbalanced suspensions was conducted
when transporting fruits in a garden on a dirt Inter-block road to confirm the results of theoretical
studies. The results showed that the RMS values of vertical accelerations in the operating speed range
that occur in trailers with unbalanced suspension are higher than in trailers with balanced suspension.
The dominance of harmonics of vertical vibrations in the range of 1.75-2 Hz was established, which
accounted for more than 55% of the power of the acceleration spectrum, which is crucial for assessing
fruit damage. It was experimentally proven that at an average transportation speed (about 20 km/h),
the level of vertical accelerations of a trailer with both suspensions did not exceed the permissible
level. The practical value of the work lies in the possibility of applying the results obtained in the
design and improvement of single-axle trailers for fruit transportation, which will help reduce product
losses and increase the efficiency of horticultural farms

Keywords: soil irregularities; vibrations; mechanical damage to fruits; differential equations; vertical
accelerations; amplitude-frequency characteristics

Introduction

The process of harvesting and transporting
fruits is one of the most labour-intensive pro-
cesses in horticulture, which accounts for
more than 30% of all costs for growing fruit
products, and at the same time, more than
15-20% of products are lost. The causes of
losses are known, but not fully understood
(Khalid et al., 2024). A substantial part of sci-
entists in their publications focus on logistics
research, timely execution and productivity of
vehicles (Lozova, 2019), and other studies are
aimed at reducing the loss of fruit products in
the process of logistics transportation (Stups-
ka et al., 2022). One of the most difficult tasks is
to reduce losses due to mechanical damage to
fruits, where an important role belongs to vehi-
cles. Reduced marketability and even spoilage
of apples are most often the result of incorrect
choice of packaging, type, and design of vehi-
cles and transportation conditions.

In many cases, the absence of roads with
hard and smooth surfaces and the tendency to
increase the performance of vehicles lead to in-
sufficient smoothness and leads to an increase
in the level of mechanical damage to products.
M. Al-Dairia et al. (2021) investigated the mech-
anisms of mechanical damage to apples during
harvesting and transportation, and proposed the
design of an experimental platform for testing,
accounting for dynamic load parameters. The
authors demonstrated that uneven movement of
cars on rough terrain is one of the key factors of
fruit damage. The study determined the relation-
ship between the intensity of vibrations and the
frequency of damage and also confirmed the need
to develop adaptive collection and transporta-
tion systems that consider mechanical loads.
B. Suleimani & E.Ahmadi (2021) analysed the ef-
fect of road conditions, suspension, and transport
speed on the level of vibrations transmitted to
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fruits during transportation. It is established that
the parameters of the road surface, in particular,
bumps, and the type of suspension of the vehicle
are the main factors determining the amplitude
and frequency of vibrations. This study confirmed
that insufficient smoothness when transporting
products on irregular roads substantially increas-
es the risk of mechanical damage to the fruit.
Insufficient smoothness of vehicles is associated
with a large number of external influences from
roads and their nature.

Damage to products is mainly affected by
two components: the characteristics of the cargo
(physical and mechanical properties of the trans-
ported product, the method of its packaging and
wrapping), and the characteristics of the vehicle
(body type and suspension). Thus, in the study
by D. Cigdem & M.S. Aday (2022), indicators that
characterise the smoothness of the vehicle were
evaluated depending on the speed of movement,
active accelerations, but their frequency distribu-
tion was not researched. Mechanical damage to
the fruit during transportation is caused by three
factors: co-impacts, compressive force, and vibra-
tion. In the paper of F. Han et al. (2023), the au-
thors presented that vibration accounts for half
to two-thirds of the total amount of fruit damage
during transport, but did not reveal the structure
of vibrations, nor did they perform frequency
analysis of the distribution of vertical accelera-
tions. Similar examination of the vehicles is giv-
en in a publication of X. Liu et al. (2022), where
it was confirmed that one of the most important
factors is difficult road conditions, when vehicles
make vibrations with accelerations, the value of
which reaches the limit of 3.5g (g - acceleration
of gravity), not specifying the type and parame-
ters of the suspension.

Transportation of fruits from the garden
is conducted by both general-purpose vehicles
(cars, tractor trailers) and special ones. |. Hazba-
vi (2013) found that the disadvantages of gen-
eral-purpose vehicles include excessive plat-
form height and insufficient smoothness, which
affects the increase in mechanical damage and

deterioration of fruit quality. For the most part,
special vehicles are single-axle trolleys with or
without balanced suspension, with low-pres-
sure tires and a wide profile. Their use allows
increasing the yield of standard products, fully
mechanising loading and unloading operations,
substantially improving labour productivity, re-
ducing material costs for containers, and pre-
serving the quality of fruit products. Trailers with
tandem axles are widely used. Their advantage
is evident in the case of heavy-duty vehicles. In
a study by B. Jarimopas et al. (2005), the use of
balanced suspension was explained by the high
permissible loads on running systems and the
fact that it absorbs various shocks well and, as a
result, provides for moving at an increased speed
on uneven roads. It remains unclear how the use
of a balancing suspension affects the level of
vertical accelerations and their frequency distri-
bution compared to an unbalanced one.

The study aimed to investigate the influ-
ence of the efficiency of using the balanced sus-
pension of a single-axle trailer with fruits on the
level of vertical accelerations and the feasibility
of using an unbalanced suspension in the pro-
cess of on-farm transportation. The goal of the
paper is to prove the feasibility of using a sin-
gle-axle trailer with an unbalanced suspension
for on-farm transportation of fruits with accept-
able oscillation modes.

Materials and Methods
In this paper, theoretical and experimental stud-
ies of vertical vibrations of a single-axle trailer
with an unbalanced or balanced tandem suspen-
sion are conducted. It is customary for a trailer
loaded with fruit to move along a dirt road at a
constant speed. Given that the trailer is a complex
oscillatory system, vertical accelerations were
taken as the main indicator of vibrations, which
most affect the mechanical damage to fruits dur-
ing their transportation (Khodaei et al, 2019).
For theoretical studies of vertical vibrations of
vehicles, a model with one degree of freedom
for moving over randomly located road bumps
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is adopted, considering non-sprung masses, the
impact of cargo, and tire stiffness (Martyshko &
Volyansky, 2018). An equivalent oscillatory system
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of a uniaxial container ship was used (Fig. 1) with
unbalanced and balanced suspensions to deter-
mine and analyse vertical accelerations.

Eéf

Wm T

N

772

A

Figure 1. Equivalent single-axle trailer oscillation system
Note: a - unbalanced suspension; b - tandem balanced suspension: M - trailer weight shown; V - speed of
movement; Z - vertical movement of the reduced mass; ¢- total tire stiffness; g, and g, - value of the height of
unevenness under the front and rear wheels; d,, d,, d_ - balancer parameters

72"
Source: compiled by the authors

An experimental test of the dependence of
vertical accelerations on the speed of a container
ship with balancing and unbalanced suspensions
was conducted when transporting fruits along a dirt
road along the edge of the block in the garden of
the Institute of Horticulture of the National Acad-
emy of Agrarian Sciences to confirm the results of

theoretical research. Measurement and analysis of
vertical vibrations of the fruit trailer was conducted
using vibration measuring equipment of the com-
pany “Briiel & Kjaer”, Denmark (Fig. 2) according to
the methodology developed by the Forecasting and
Testing of Equipment and Technologies for Agricul-
tural Production named after Leonid Pohorily.

Figure 2. Measuring equipment “Briiel & Kjeer”

Note: a - for recording; b - frequency analysis
Source: compiled by the authors
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The frequency spectrum and vertical accel-
erations were analysed at the centre of mass of

the fruit trailer. A block diagram of the experi-
ments is shown in Figure 3.

Figure 3. Experiment flowchart: for recording and frequency analysis of container ship vibrations
Note: a - to record results; b - for frequency analysis; 1 - object of the experiment; 2 — accelerometer; 3 - cable;

4 - amplifier; 5 - tape recorder; 6 - RMS measurement device; 7 - frequency analyser; 8 - recorder

Source: compiled by the authors

The root-mean-square value was taken as
the indicator for estimating vertical accelerations,
from a known dependency (Kalchenko et al.,, 2017):

a= fTi [} a2(t) dt, 1)

where a (t) - acceleration from time t; T, - time
averaging.

Accelerometers 4370 were used, the sensitiv-
ity of which was 10 pC/m.s? to measure the os-
cillation parameters. Oscillation signals from the
accelerometer were sent to the frequency ampli-
fier, the lower filter limit of which was 0.25 Hz,
and the upper limit -=1000 Hz. After amplifica-
tion, the signals were recorded on a 4-channel
tape recorder and then fed to an RMS amplifier.
The oscillation level was recorded in the maxi-
mum value saving mode. The spectral distribu-
tion of accelerations in the frequency spectrum
was measured using a frequency analyser in the
frequency range 0...100 Hz. The filter bandwidth
is 0.25 Hz. The averaged frequency spectra were
recorded by a frequency analyser and recorded on
frequency-granular paper, where accelerations
were denoted in decibels relative to the condi-
tional zero acceleration level a,=3 x x10"*m/s?.

Results and Discussion

Given that road bumps are random in nature, they
were considered one-dimensional: in the longitu-
dinal direction, ignoring the probability of move-
ment of the left and right wheels in different
profiles. With this assumption, there are no lateral
vibrations of the trailer since the change in the
micro-profile of the cross-section of the field is
usually insignificant, and the track of the unit is
not wide. The correlation function for the height
of road surface irregularities was taken from the
study by M.I. Karbovanets & V.Y. Lazur (2019) ac-
cording to the formula:

K (O)=De<", @)

where [1 - variance of inequalities; @ - coefficient
that characterises the attenuation of the func-
tion; [ - correlation interval. The field profile is
defined by the equation:

g=h(1-eh, 3)
where g - flow value of the inequality height; h -

the limit to which the height of the inequality is
directed. It is assumed that the ordinates of the
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heights of inequalities are distributed according to
the normal law, then the largest of them are direct-
ed to the value 6o, where ¢ - the mean square of the
heights of inequalities (Martynenko & Yuryk, 2008).
The considered movement of the system (Fig. 1a)
around the point O, with the assumption that the
displacement of the reduced mass M of the oscilla-
tion system occurs in a vertical straight line since
the longitudinal base of the trailer B is substan-
tially higher than the height of the bump h. In this
case, the motion of the system is described by the
differential equation in general form:

MZ+c(Z-q)=0, “4)

where Z - vertical movement of the reduced
mass; ¢ — total tire stiffness. Inelastic resistance
forces in tires were disregarded.

If the possibility of lifting the wheels from
the support surface is not accounted for, it can be
assumed that there is a condition:

f=(Z-a), ©)

where f- flow value of the radial strain of the tire.
Then, the equation of motion can be written
in terms of the radial deformation of the tire:

MF+ cf=-Ma. ®)

It is considered that:

w= |~ (7)

M’
where w - the natural frequency of vibrations of

the system, then the equation of motion will ac-
quire a more convenient form for analysis:

fro’f=-q ®)

After double differentiation of equation (3)
over time t, given that [=vt, and substituting the
result in expression (8), the forced motion equa-
tion of the system will have the form:

frw?f=ha?vie . )

Martishko et al.

Equation (9) was solved for the steady-state
oscillation process, yielding:

f= ha?v?
w?+a?v?

av .
(Z sinwt — coswt). (10)
Considering condition (8), the vertical accel-
eration of the system (trailer at the driving point)
was found at the known values of its components:
. 2,,2,.2
7= ha*v*w

(coswt - %sinwt). (11)

240212

Thus, from expression (11), the vertical accel-
erations of a trailer depend on the size of road ir-
regularities, the speed of movement,and the natu-
ral frequency of vibrations. Further, the features of
vertical vibrations of vehicles with balanced sus-
pension were considered (Fig. 1b). The parameters
and assumptions were the same as without it, with
the difference that the signals from the wheel are
different, and therefore their effect on the overall
axis of the balancers is not the same. The moment
of inertia of the balancers relative to the sus-
pension oscillation axis was not considered. The
effect of road bumps on the axle of a car with a
balanced suspension can be recorded as follows:

__4 dq
1= ga, 1 aea, 12

(12)

where d,, d, - balancer parameters; q,, g, - val-

ue of the height of unevenness under the front

and rear wheels. If the balance beam arms are the

same, then:
1

dy=d, = Edﬁ, (13)

The road roughness function that affects the
car’s axle will look like:

1

q(t) = 3[q:(0) + q2(O)]. (14)

The equation of motion of the system, written

in terms of radial deformation of the tire, has the

same form as for unbalanced suspension (8). Con-

sidering the symmetry of the suspension scheme,
including the fact that the speed of the trailer
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remains constant during overcoming the bumps,
the road profile can be set by the expression:
q= h{l _ % [e=all + e—all*l]}_ (15)
After double differentiation of equation (9)
over time, and also considering that ['=v (t-t,),
where t° - difference in time when the wheels hit
a given bump (g), and substituting the obtained
value into the equation of motion of the system
written through the radial deformation of the tire,
the following is obtained:

ha?v?

fro’f=

[e—avt + e—av(t—to)]' (16)

The solution of such an equation by con-
ventional methods is quite complex. This is eas-
ier to do using operational computing. The task
is simplified assuming that after hitting the first
inequality after 2t,, the wheels of the trailer will
again run over the same unevenness, after 4t -
over the third, etc. Impact g (tf) will be periodic
with a period of £, starting from the moment ¢,=0
when the front wheels of the trailer, moving on a
flat road, touch bumps. The assumption is formal
in nature since the following inequality does not
affect fluctuations during the first 2t,, when the
previous bump is overcome. In this case, equa-
tion (16) has the form:

fra’f=AlgO)+q(t-t)+q(t-2t)+-], (17)

where ¢ (1), g (t-t,), q (t-2t))... - corresponding unit
functions; 4 = %hazvz. To solve equation (17),
the Laplace-Carson transform and the delay the-
orem are applied. The function and its derivatives
have the form (Massalitina, 2017):

f= <p(p).2—’: = pe(®) — pfo.
‘i—f = p2p(p) = p*fo — pfo- (18)

Provided that at the initial moment t=0, the
left side of equation (16) will be as follows:

fro’ f=o(p) (p*+w) (19)

To obtain the right-hand side, it is noted that,
according to the delay theorem, the image of a
piecewise continuous unit function takes the form:

qt-t)=e, (20)

Therefore, the right side of equation (20) has
the form:

Alg)+q(t-t)+q(t-2t)+-]=

=A(L+e Pote Wot...), 1)
Thus,
9 (p) PP+ ) =A(L+erore it (22)
Therefore:
o) = #(1 +e7Plo + g7 %Pl 4 ...), (23)

To return to the original expression and ap-
ply the delay theorem, the following result is ob-
tained:

4
p2+w?

A
w2+a?p?

(1 + e Plo 4 g—2Pto0 4 ) =
*{1-coswt+[1-cosw(t-t, )]+

+[1-cosw(t-2¢t)]+}. (24)

Flow value of radial tire deformation:
ha?v?

f = 2(w2+a?v?)
*{1-coswt+[1-cosw (t-t)]+

+[1-cosw (t -2t )]++-}. (25)

According to expression (5), the vertical dis-
placement of the reduced mass has the follow-
ing form:

ha?v?

Z=NK {1 - % et + e_W(t_tO]} t o rarv?)
x {1 -coswt+[1-cosw (t-t; )] +

+[L-cosw (t-2t, )]+, (26)

After twice differentiating the displacement
by time , the vertical acceleration of the system
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at the driving point is obtained. For steady-state
fluctuations, it has the form:
ha?v?w?

Z = Naorrars?) [coswt + cos(t — ty)].

(27)

Based on the results of theoretical studies, it
is established that the vertical vibrations of vehi-
cles with a balanced suspension are slightly less

than those with an unbalanced suspension (Fig. 4).

Zm/s2
-

2.8 —

b b

-
24 $ =
P

2.0

1.6 %
1.2 //'

6 8 10 12 14

0.8

16 V.km/h

Figure 4. Dependence of vertical accelerations on

the speed of the unit if w=6rad/s,=0.175m,a=1m
Note: o - with unbalanced suspension; @ - with
balanced suspension

Source: compiled by the authors

The difference depends on the length of the
balancer , (the larger , the smaller the vertical
fluctuations will be). Since the length of the bal-
ancer is limited, the vertical vibrations differ lit-
tle. The results of experimental studies and their
analysis confirmed the random nature of changes
in vertical accelerations over time (Fig. 5).

7.m/s?
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M
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0 1 2

W
RS

Figure 5. Nature of changes in vertical

accelerations over time
Source: compiled by the authors
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In the process of moving a trailer with
both types of suspension on a dirt road in the
Garden on an inter-block road, vertical accel-
erations depending on changes in the speed
of the unit from 6 to 24 km/h and were: bal-
anced suspension in the range of 0.7...2.1 m/
s, and unbalanced - 1.1...3.4 m/s%. In both
suspensions, the maximum RMS acceleration
values did not exceed the permissible values
of 9.8 m/s? (Fig. 6)

Z. /s
4.5

4
3.5

3 A
2.5 2.5 / 128
yd

2.0
&
1 AL
0.5767 V.km/h
6 12 18 24

Figure 6. Changing the vertical accelerations
of the fruit trailer while driving, depending
on the speed of movement suspension type:
Note: & - unbalanced suspension; m - balanced
suspension
Source: compiled by the authors

As a result of the analysis of the frequen-
cy spectrum, the dominance of harmonic com-
ponents at low frequencies of 1.75 Hz...2 Hz,
5...5.5 Hz, and 12.5 Hz was established. At sub-
sequent harmonics, the increase in acceleration
is insubstantial, and starting from a frequency
of 20 Hz or more, this phenomenon was not
observed. It was established that regardless
of the type of suspension and the speed of the
trailer, harmonics in the range of 1.45 Hz 5 Hz
predominate. (Fig. 7).
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Figure 7. Spectral distribution of vertical accelerations

Source: compiled by the authors

The transition from the logarithmic scale in
decibels (DB) to natural acceleration values was
estimated by the formula:

a

N[dB] =20 lg a_o’ (28)

where N-numberofdecibels;a, = 3 X x10‘4sﬂz—

zero level; a - the numerical value of the interme-
diate acceleration is expressed in m/s?.

In the energy spectrum of frequencies, the
highest level of vertical accelerations is present
at the harmonic of 1.75 Hz...2 Hz, while the rest
have lower accelerations. When the unit with
a balanced suspension is moving at a speed of
V=24 km/h, the total level of vertical acceleration
is 3.4 m/s?, and at a frequency of 2 Hz - 1.9 m/s2.
In this case, the main harmonic accounts for:

1.9
3, 100% = 55.8%. (29)

Comparing the spectra of vertical accelera-
tions, the largest of them are at a frequency of
2 Hz and make up 55.8% of the full spectrum.
When choosing the technological speed of a sin-
gle-axle trailer with fruits, it is necessary to focus
on the first harmonic, which accounts for approxi-
mately half of the power of the spectrum.

Examinations of vibrations of a single-axle
trailer confirm the random nature of the change
in vertical acceleration (Fig. 5). In this paper, an
analytical method for calculating vertical acceler-
ations is developed, considering the reduced mass
of the trailer (M), the speed of movement (V), verti-
cal displacement of the reduced mass (2), total tire

stiffness (with), the height of irregularities (g), and
the dimensions of the balancing and unbalanced
suspension (d). The obtained equations for calcu-
lating vertical accelerations allow focusing on the
choice of operating speeds, considering the per-
missible operating accelerations. This approach is
fundamentally different from the model of X. Liu et
al. (2022), in which vibration analysis was based
mainly on the assessment of internal damage to
fruits by the finite element method under static
load conditions. In the proposed study, a system of
equations is developed that allows quantifying the
influence of dynamic factors already at the level of
the trailer design, which allows not only assess-
ing the risks of cargo damage but also reasonably
adapting kinematic driving modes.

In real-world conditions of fruit transporta-
tion, the vertical acceleration of the trailer de-
pends on the accepted theoretical calculations
along with other factors. The paper shows that
the distribution density of random factors has a
spectrum either in the form of a wide band or in
the form of several narrow ones (Fig. 7). Thus, to
assess possible mechanical damage to the fruit, it
is necessary to simulate the transportation pro-
cess, considering the frequency of vibrations.

The data obtained as a result of the study
confirm that the type of suspension of a sin-
gle-axle trailer does not substantially affect the
level of vertical vibrations, which are the main
cause of mechanical damage to fruits during
transportation. As demonstrated by EJ. Timm et
al. (1996), the use of a balancing suspension
can slightly reduce the intensity of fruit damage
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compared to an unbalanced one, as it better
dampens dynamic loads that occur on uneven
road surfaces. These results are also supported by
the paper of Van Zeebroeck et al. (2007), which
showed that the most critical factor in apple
damage is the pulsed forces transmitted through
containers as a result of vibrations and shocks
during transportation. In the current study, sim-
ilar conditions were modelled for different sus-
pension types, and the acceleration level in the
frequency range of 1.5-3.5 Hz was found to corre-
spond to the highest level of vertical acceleration,
regardless of the suspension type.

In addition, according to the review of
M. Al-Dairi et al. (2022), mechanical damage re-
ceived during transportation is one of the main
causes of loss of presentation of products, and
their number and magnitude increase more with
uneven road surface and higher speed than with
the type of vehicles. The present study confirms
these conclusions: the level of vertical accel-
eration when using an unbalanced suspension
exceeded 0.7 g, while when using a balancing
suspension, it did not exceed 0.45 g under sim-
ilar conditions. B. Suleimani & E. Ahmadi (2015)
proved that the quality of the road surface, the
speed of transportation, and the type of suspen-
sion form the overall oscillatory load on products.
Analysis in the current study shows that at speeds
up to 24 km/h, both balanced and unbalanced
suspensions provide an acceptable level of accel-
eration. Therefore, the use of structurally simple
suspensions, but with sufficient shock-absorbing
properties, is an important direction for adapting
vehicles to agricultural conditions.

The practical value of this study increases in
the context of simplifying the design of trailers
for on-farm use. The data show that when driv-
ing at speeds of up to 20-24 km/h, even an un-
balanced suspension can provide an acceptable
level of vertical acceleration that does not exceed
the thresholds specified in works S.J. Pretorius &
W.J. Steyn (2012). This enables the reduction of
the cost of technical means without compromis-
ing the quality of fruits during transportation,
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which is also confirmed by V.M. Martyshko et
al. (2012) on the feasibility of simplified suspen-
sion designs. The results obtained are logical-
ly confirmed in previous studies with a similar
subject focus. Researchers A. Harrison & R. Van
Houck (2008), in the context of transport logis-
tics of agricultural products, noted that reducing
the intensity of vibration loads in systems with
adaptive or air suspension not only reduces the
risk of fruit damage, but also increases the over-
all efficiency of logistics chains, especially at the
stage of primary transportation from the producer
to sorting points. A similar pattern was demon-
strated by an experiment of T. Acican et al. (2007),
which shows that when transporting apples in
wooden boxes, the amplitude of vibrations on
uneven surfaces causes substantial mechanical
damage due to resonant effects, which can be mit-
igated by changing the stiffness of the supporting
elements. B. Soleimani & E. Ahmadi (2015) stat-
ed that it is the type of vehicle suspension that
is the fundamental factor determining the level
of transmitted vibrations: particularly, pneumat-
ic systems demonstrate the ability to adapt to
changes in speed and type of road surface, pro-
viding a reduction in vibration intensity of up to
27% compared to their mechanical counterparts.
The correlation of the above results with those
obtained in this study indicates the universality
of the effect of reducing vibrations due to the
introduction of air suspension, which confirms
the feasibility of its use in the conditions of fruit
transportation on a mixed roadbed.

Thus, the results of the study confirm the
need to consider the dynamic parameters of the
suspension when designing trailers for on-farm
fruit transportation. Optimisation of suspension
types can be a pivotal factor in preserving the
quality of agricultural products when transported
from the field to primary processing or storage
points. In this paper, on the example of fruit trans-
portation by a single-axle trailer with a balanced
suspension, it is proved that the spectrum of the
greatest vertical accelerations falls on two lanes
that require the most focus in the case of a safe
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speed of movement. The possibility of using an
unbalanced suspension is confirmed.

Conclusions
The suspension must ensure acceptable smooth-
ness of the vehicle at different speeds, on roads
with different surfaces. Smoothness of movement
is determined by the value of RMS accelerations.
It was established that the vertical accelerations
of vehicles with a balanced suspension are less
than those with an unbalanced suspension. The
difference depends on the length of the balancer,
the larger it is, the smaller the vertical acceler-
ations will be. Since the length of the balancer
is limited, the vertical vibrations differ little.
The spectrum of vehicle vibrations is dominated
by vertical accelerations at low frequencies of
1.75...12.5 Hz, and the largest of them at frequen-
cies of 1.75...2 Hz. The predominant harmonic
components are in the range of 1.45 Hz...5 Hz. If

simplify and reduce the cost of the design of a
single-axle trailer, it is permissible to use an un-
balanced suspension. It is advisable to use a bal-
anced suspension only in cases where, based on
the permissible loads on the axle, it is necessary
to install more than two wheels. If two wheels
can withstand the load, then, for reasons of sim-
plifying the design of the vehicle, it is suggested
to use an unbalanced suspension.

Further research should be aimed at selecting
the speed of fruit transportation, both accounting
for the characteristics of road bumps and suspen-
sion shock absorption properties, and considering
the natural frequency of vehicle vibrations. It is also
necessary to assess the natural frequency of vehi-
cles with fruits to avoid the phenomenon of res-
onance, which occurs when the natural frequency
coincides with the road caused by its roughness.
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AHOTaLifl. AKTyanbHiCTb OOCNIOXKEHHS 0OYMOBNEHA BaXX/MBICTIO 30epexKeHHs MIoJoBOi MpoayKLuii,
Ha SIKiCTb KO BMAMBAIOTb MEXaHiYHi MOLIKOMKEHHS MOAIB Mif 4ac TPaHCMOPTYBaHHS, MOBA3aHi i3
cneundiyHUMK TPYAHOLWAMM Yepe3 iX 3HAYHy YYTIMBICTb A0 MEXaHiYHUX BM/MBIB, TOMY 3MEHLUEHHS
AMHAMIYHOT [ii Ha nNnoaM BMMArae YAOCKOHANEHHS KOHCTPYKTMBHMX MapaMeTpiB crneuiafbHUX
TPaHCNOPTHUX 3acobiB Ta pekoMeHAaLiM LWoAo iX BMKOpUCTaHHA. MeTtol pobotn Byno nposectu
NOPIBHANbHI  AOCNIIKEHHS piBHA BEpTMKANbHMX MNPUCKOpPEHb npuyena 3 6GanaHCMpHOW Ta
6e36anaHCUPHOI MifABICKAMKM Ta [LOBECTM [AOLINBHICTb BMKOPWUCTAaHHA OCTaHHbOI ANS NepeBe3eHHs
nnogis. [locnifixeHo BNAMB KOHCTPYKTMBHMX NapaMmeTpiB Ta eKcnnayaTauiiHux (akTopiB OOHOBiICHUX
npuyeniB Ha BepTUKanbHi MNPUCKOPEHHS Ta iX pO3NOAIN B €HEepreTMYHOMYy CnekTpi KONMBaHb
TpaHCMOpTHOro 3acoby npu nepeBe3eHHi OpykTiB. [lpoBeAeHO TeopeTUYHi Ta eKCnepuMeHTanbHi
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LOCNIMKEHHS | BUKOHAHO MOPIBHSANbHUIA aHani3 BepTUMKaNbHWX NPUCKOPEHb ABOX TWMiB NiaBicoK. B
XOAi TEOPETUUYHUX AOCNIAXKEHb PO3BM3aHO AndepeHLianbHe PiBHAHHS ANS OLIHKM PiBHA BEPTUKANbHUX
NMPUCKOPEHb 3 ypaxyBaHHAM HAcTynHUX GaKTopiB: TMNY MiABiCKM; NapameTpiB 6anaHcMpa; HepiBHOCTEN
npodinto fgoporu; pagianbHoi Aedopmalii Ta XXOPCTKOCTI WKWH; WBMAKOCTI TpaHCnopTHoro 3acoby. [ing
NiATBEPIKEHHS pe3ynbTaTiB TEOPETUYHUX [OCNifKeHb Gyna npoBeAeHa eKCrnepuUMeHTaslbHa OLiHKa
BEPTUKANbHWX NPUCKOPEHb OAHOBICHOIO Npuyena 3 6anaHcoBaHo Ta 6e36anaHCMpHOLO NigBickaMu npu
nepeBe3eHHi MIOAIB Y Cafy NO PYHTOBIN MiXKBapTanbHi 40po3i. Pesynbtat AOCNioKEHHS NoKasanu,
WO CepefHbOKBALPATUYHI 3HAYEHHS BEPTUKANIbHUX NPUCKOPEHb Y Aiana3oHi poboumx LWBMAKOCTEN AKi
BMHMKANM y npuyenis 3 6e36anaHCHPHOI0 NiABICKOK BULLi, HiX Yy npuyeniB 3 6anaHCUMPHOK NiABICKOL.
BcTaHOBNEHO [OMiHYBaHHS rapMOHiK BEPTUKaNbHUX KOAMBaHb B Aiana3oHi 1,75-2 T, Ha gki npunagae
noHag 55 % nNOTYXHOCTi cnekTpa MPUCKOPEHb, WO € BW3HAYaJbHUM AN OLIHKM MOLWKOOXEHHS
nnopis. EkcnepvMeHTanbHO [OBeAEHO, WO NpW CepefHii LWBMAKOCTI TPaHCMOPTYBaHHS (61M3bKO
20 kM/rop), piBeHb BepTUKanbHMUX MNPUCKOPEHb Mpuyena 3 ob6oMa NiaBiCKaMM He nepeBuLLyBaB
LONyCTUMUIA piBeHb. lpakTMyHe 3HaYeHHS pobOTM MONSrae B MOX/AMBOCTI 3aCTOCYBaHHS OTPUMAHMUX
pe3ynbTaTiB NpY NPOEKTYBAHHI Ta YAOCKOHANEHHI OAHOBICHMX MpUYeniB AN nepeBe3eHHs NA0AIB, WO
CNpUSTUME 3MEHLLEHHIO BTPAT MPOAYKLi Ta NiABULWEHHIO e(heKTUBHOCTI pob0TH CafiBHUUYMX rOCNOAapPCTB

KniouoBi cnoBa: HepiBHOCTI FPYHTY; KONMBAHHS; MEXaHIYHi MOWKOMKEHHA Moaie; AudepeHLianbHi
PiBHAHHS; BEPTUKAbHi NPUCKOPEHHS; aMNAITYAHO-YACTOTHI XapaKTepPUCTUKK
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Abstract. In the context of the global growth of pathogen resistance to antibiotics and environmental
challenges in animal husbandry, there is a need to implement effective biotechnological solutions.
The purpose of the study was to establish the effectiveness of using biotechnological tools in pig
breeding, considering their impact on animal health, productivity, and environmental sustainability
of production. The experiment was conducted in the period from August to December 2024 at two
pig farms in the Kirovohrad and Vinnytsia oblasts with a total sample of 240 pigs divided into control
and three experimental groups. The study examined the effects of probiotics, vaccines, and genetic
selection on live weight gain, morbidity, haematological and immunological parameters, frequency of
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antibiotic use, environmental parameters,and economic profitability. As a result of the use of probiotics,
the average daily weight gain increased by 80 g, the morbidity decreased by half, and immunoglobulin
levels increased increased by 30%. Vaccination provided an increase in the safety of livestock by 4.3%, a
reduction in the need for antibiotic therapy by 40%, and a reduction in residual antibiotics in products.
Genetic selection yielded the highest results - an increase of up to 810 g/day, the lowest rates of
morbidity, ammonia emissions, and antibiotic residues. Economic analysis confirmed the effectiveness
of all three approaches: the ROl was 287.5% for probiotics, 50% for vaccination,and 123% for breeding.
The practical effectiveness of the results is confirmed by examples of similar approaches in Denmark,
Poland, and Brazil, where a reduction in the use of antibiotics was achieved without compromising
productivity. The study also showed a positive effect on soil microbial activity, reduced acid load, and
eutrophication risks. The results can be used in the practice of pig farms to increase animal productivity,

reduce dependence on antibiotics, and reduce the environmental burden on agroecosystems

Keywords: probiotics; vaccination; genetics; animal husbandry; veterinary medicine

Introduction

Intensive pig production remains one of the key
industries for ensuring food security, but it is ac-
companied by a number of systemic challenges,
in particular, the growing environmental burden,
the spread of pathogen resistance to antibiotics,
risks to product quality, and the need to improve
energy efficiency. Under these conditions, bio-
technological tools that can reduce the veterinary
burden on animals, optimise physiological pro-
cesses, and reduce the negative consequences of
intensive animal husbandry for the environment
become particularly relevant. These tools include
probiotics that help to normalise the intestinal
microflora, vaccines to control infectious mor-
bidity, and selection based on signs of pathogen
resistance. When used in an integrated manner,
these technologies can provide performance im-
provements without over-reliance on antibiotic
therapy. Simultaneously, this helps to reduce the
frequency of gastrointestinal diseases and reduce
the environmental burden on agroecosystems.

In the world literature, the problems of bi-
otechnologies in animal husbandry are given
increasing attention, in particular, in the context
of the transition to sustainable agricultural prac-
tices and reducing dependence on antimicrobials.
Based on the findings of S. Zira et al. (2022), the
integration of approaches based on the concept

of One Health allows for synchronous improve-
ment of animal health, human health, and eco-
logical balance. The researchers analysed sever-
al scenarios for the future development of pig
farming, emphasising the role of genetics, feed-
ing, environmental management, and antibiotic
restriction as interrelated elements of biosafety.
M. Hasan et al. (2024) gives an example of China
as a country with a high concentration of live-
stock complexes, where large-scale application of
biotechnology has proved critical to reducing the
veterinary burden. The researchers proved that
achieving a balance between economic profita-
bility and environmental safety is possible only
if the four components - biosafety, genetic selec-
tion, nutraceutical support, and systemic immu-
nological monitoring - were combined.

The study by Y.M. Goley et al. (2022) analysed
global trends in the development of biotechnol-
ogies in animal husbandry and pointed out the
growing relevance of their implementation in the
conditions of Ukraine. In particular, the need to
create national platforms for technology transfer
to the pig industry was emphasised, considering
the specifics of local production systems and
limited resources. In turn, according to estimates
of AA. Gaidar (2020), insufficient integration of
environmental marketing and biotechnological
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approach into the practical activities of agricul-
tural enterprises was recorded in Ukraine. The
researcher pointed out the existence of a techno-
logical gap: despite access to innovative products,
enterprises often do not have mechanisms for ef-
fective implementation due to the lack of localised
applied research and proper consulting support.

The issue of genetic improvement of animals
through marker breeding and genome editing
occupies an important place in contemporary pig
breeding biotechnology. C.F. Tu et al. (2022) con-
sidered the potential of genomic interventions as
a means of improving the immune status of ani-
mals. Special attention was paid to CRISPR-Cas9
(Clustered Regularly Interspaced Short Palin-
dromic Repeats - CRISPR-associated protein 9)
technology, which was considered as a promising
tool for targeted modification of genes associat-
ed with infection resistance in industrial repro-
duction. In turn, the study by K.M. Whitworth et
al. (2022) focused on practical advances in pig
genome editing using advanced biotechnological
platforms. The researchers argued that modifica-
tion of specific genes, in particular, CD163 (Clus-
ter of Differentiation 163), associated with sensi-
tivity to the Pocine Reproductive and Respiratory
Syndrome Virus (PRRSV), can significantly reduce
dependence on veterinary interventions, increase
the safety of livestock and optimise production
indicators. These data confirm the effectiveness
of genetic engineering as a component of long-
term biosafety in pig farming.

The study by PW. Knap (2022) substantiated
the importance of selective breeding for resistance
to multivariate infectious diseases based on the
identification of key genetic markers, in particular,
the MUC4 (Mucin) and SLA-1 (Swine Leukocyte
Antigen) genes. The researchers emphasised that
it is the genetic potential of an animal that deter-
mines its adaptive response in conditions of limit-
ed use of antibiotics.According to the conclusions
of D.N. Das et al. (2022), the maximum effect is
achieved only when genetic factors are combined
with immuno-active components of feeding, such
as phytogenic supplements and probiotics. The

researchers proved that this interaction helps to
improve the overall physiological status of ani-
mals and reduce the risk of metabolic disorders.

The environmental consequences of inten-
sive pig farming were investigated in detail by
S.Zhong et al. (2022). In particular, the research-
ers found that one of the main sources of nitro-
gen loading remains ammonia emissions from
manure and antimicrobial residues that enter soil
systems and disrupt microbial balance. The use
of biotechnological solutions, according to the
researchers, can reduce nitrogen emissions, sta-
bilise soil pH, and limit eutrophication of aquatic
ecosystems, which is especially important for re-
gions with a high density of livestock facilities.
Similar ideas were supported by A. Bodyul (2024),
who emphasised the importance of microbiologi-
cal monitoring to improve the accuracy of bio-
technological intervention.

Despite the existence of positive examples,
most studies focused only on certain aspects:
physiological changes, performance, or immune
response. Economic efficiency, impact on soil mi-
crobiota, reduction of ammonia load, and payback
period for biotechnological tools were also not
considered in the unified system. In the context
of Ukraine, the effects of combined probiotic use,
vaccination, and breeding in real farm conditions
remained unexplored, including their impact on
antibiotic dependence, environmental parame-
ters, and financial performance.

In this regard, the purpose of the study was
to comprehensively assess the impact of three
biotechnological approaches on the physiolog-
ical, productive, veterinary, environmental, and
economic indicators of animals to establish their
practical feasibility for adaptation in sustain-
able pig farming systems. Research objectives:
to evaluate the effectiveness of probiotics, vac-
cines and selection in improving the health and
productivity of pigs; to determine the impact of
these tools on reducing the use of antibiotics
and environmental burden; to analyse examples
of successful implementation of biotechnologies
in industrial practice.
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Materials and Methods

The study was conducted during August-Decem-
ber 2024 at two industrial pig farms: Agro-Svit
LLC (Kirovohrad Oblast) and Promin Agro PE
(Vinnytsia Oblast). The choice of these farms
was determined by their compliance with the
criteria of scale, technological equipment, and
stable breeding work, which ensured the repre-
sentativeness of the study in the conditions of
intensive pig breeding. Both complexes had a
well-established veterinary service, advanced
systems for monitoring feeding and microcli-
mate, and also maintained documentation on
treatment, vaccination, and genetic accounting,
which provided complete and reliable data with-
in the experiment. The total number of sows at
the enterprises was more than 1,000 units, and
the annual turnover was about 15,000 units. The
study used crossbreeds of Large White x Landrace
breeds (sows) and terminal boars of the Duroc
breed, bred as part of internal reproduction.

The experiment included 240 clinically
healthy fattened pigs aged 70 = 2 days with an
average body weight of 30.4%0.9 kg. 120 animals
were selected from each farm to ensure a uniform
representation of the technological conditions of
both pig farms. The health status of animals was
determined based on a daily clinical examination
by the veterinary service of the farm and an addi-
tional laboratory blood test (general clinical anal-
ysis: white blood cells, haemoglobin, haematocrit,
red blood cells) using an automatic haematology
analyser BC-2800Vet (Mindray, China). Only those
individuals who did not have appetite disorders,
enteropathies, external malformations, or re-
sidual manifestations of previous diseases were
allowed to participate in the study. The criteria
for exclusion from the experiment were stress
reactions, damage to the respiratory or digestive
organs, and detected deviations in the haemato-
logical status at the time of inclusion.

The animals were randomly divided into four
equal groups of 60 units: control (without bio-
technological intervention), probiotic, vaccination,
and breeding. The choice of these biotechnological
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tools - probiotics, vaccination,and breeding - was
conditioned by their widespread use in the prac-
tice of advanced pig breeding, the presence of con-
vincing experimental data on the positive impact
on the immune status of animals and productivity,
and their potential in reducing the need for anti-
biotic therapy and environmental burden on agro-
ecosystems. A comprehensive assessment of the
three approaches allowed comparing their effec-
tiveness by physiological, veterinary, environmen-
tal,and economic criteria in industrial production.

All animals were kept in standard conditions
in compliance with the microclimatic parameters
recommended for fattening pigs. The room tem-
perature was maintained within 18-20°C, relative
humidity - at the level of 60-70%. The air velocity
did not exceed 0.2 m/s, the ammonia concentra-
tion did not exceed 10 ppm, and the carbon di-
oxide content was 0.2%. Ventilation was carried
out mechanically using automatic microclimate
control systems. The lighting corresponded to
the circadian rhythm, with daylight duration of at
least 16 hours. These parameters provided opti-
mal conditions for maintaining health, minimis-
ing stress factors, and accurately comparing the
effectiveness of biotechnological interventions.

Feeding of animals was carried out with com-
plete mixed feeds (exchange energy - 12.8 ml/kg;
crude protein - 17.5%) based on barley, corn, soy-
bean meal, and premixes. The control group used
a basic diet without biological additives. In the
probiotic group, a complex containing Lactoba-
cillus acidophilus DSM (Deutsche Sammlung von
Mikroorganismen und Zellkulturen) 20079, Bacil-
lus subtilis DSM 5750 and Enterococcus faecium
DSM 10663/NCIMB (National Collection of Indus-
trial, Marine and Food Bacteria) 10415, from the
commercial form Biotil-Feed (Vitagen Biotech,
Poland) at a dose of 1 x 10° CFU/g (colony-form-
ing units per gramme), 0.5 g/kg of feed.

In the vaccination group, animals received
three vaccinations: against PRRSV (Porcine Re-
productive and Respiratory Syndrome Virus) (In-
gelvac PRRS MLV, Boehringer Ingelheim, Germa-
ny), Mycoplasma hyopneumoniae (Hyogen, Ceva
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Santé Animale, France), and Lawsonia intracellu-
laris (Enterisol Ileitis, Elanco, USA). In the vacci-
nation group, the animals received three vacci-
nations according to the preventive protocol of
the farm: the primary vaccination was carried
out on the 28% day of life, revaccination - on the
56" day, and the third vaccination - on the 70t
day, which coincided with the moment when the
animals were included in the experiment. Thus,
pigs that had already passed the first two stages
of immunisation were selected for the study, and
the final vaccination was carried out as part of
the experiment. In the breeding group, animals
were selected from genotypes characterised by
increased resistance to diseases of the respiratory
and digestive systems (determined by the results
of genomic testing of herd lines). This testing was
conducted at both farms during August - Decem-
ber 2024 and covered the previous two genera-
tions. Thus, the selection of animals for participa-
tion in the study was based on already selected
traits fixed in the breeding work of previous cy-
cles. Along with an increased growth index, this
formed a group with significantly higher indica-
tors of hereditary stability.

Animal body weight control was performed
individually on S-ElectroScale electronic plat-
forms (SlaughterTech, Czech Republic) on the
30%, 60™, and 90" days of the experiment. This
period was chosen considering the length of the
standard fattening cycle and the need to assess
both the short- and medium-term effects of bi-
otechnological intervention. The frequency of
measurements every 30 days helped to record the
dynamics of live weight gain and timely identify
deviations in growth indicators, which increased
the accuracy of assessing the impact of each of
the instruments. In addition, these intervals corre-
lated with the physiological growth phases of fat-
tening pigs, which ensured comparability of data
with generally accepted criteria for production
efficiency. For the growth analysis, the average
daily growth, fattening duration, and feed con-
version (calculated using individual FeedControl
Pro feeders) were considered. Clinical monitoring

of animals was carried out daily by the veteri-
nary service. All haematological, immunological,
and environmental parameters were determined
in the laboratory using certified equipment and
approved analytical methods. Haematological
tests included a general clinical blood test (de-
termination of the number of red blood cells,
haemoglobin, white blood cells, haematocrit) us-
ing an automatic BC-2800Vet analyser (Mindray,
China). Immunological status was assessed by the
concentration of Class G immunoglobulins (IgG)
determined by enzyme-linked immunosorbent
assay using pig IgG ELISA Kit test systems (My-
Biosource, USA). To assess environmental pa-
rameters, ammonia emissions were determined
(Drager X-am 5000 gas analysers, Germany), the
concentration of antibiotic residues in meat by
HPLC (high-performance liquid chromatography)
(Agilent 1260 Infinity, USA), and manure residues
by solid-phase extraction followed by spectro-
photometric analysis (Shimadzu UV-1800, Japan).
Soil samples after manure application were eval-
uated for microbiological activity in accordance
with DSTU 7863:2015 (2015). The analysis cov-
ered the total number of bacteria, the number of
actinobacteria, saprotrophic fungi, and ammon-
ifying bacteria. Indicators of enzymatic activity
were determined separately: urease, phosphatase,
and dehydrogenase. The pH value of the soil was
measured by potentiometric method using the
tool manufactured by Hanna Instruments (Hun-
gary). Economic efficiency was calculated based
on indicators of additional profit, which included:
savings on antibiotic therapy (fixed by the aver-
age cost list of veterinarians), an increase in sales
weight, and a decrease in the cost of feed per unit
of growth. The return on investment (ROI) was
calculated using the equation (1):
ROI = Z=5 X 100%, @)
where P - total economic benefit per animal unit;
C - cost of implementing biotechnology.
The Student’s t-test (normal distribution),
Mann-Whitney U-criterion (for rank data), ANOVA
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analysis of variance, and Fischer’s exact test were
used to process statistical data. The level of sta-
tistical significance was set at p £0.05, all values
were given with a 95% confidence interval. The
analysis was performed in Statistica 13.0 (Stat-
Soft, USA) and MS Excel 365.To verify the results
obtained and interpret the applied significance
of the study, a comparative analysis of examples
of the introduction of biotechnological tools in
pig farming in other countries was carried out.
The sample included farms in Denmark, Poland,
and Brazil - countries that are among the leaders
in the implementation of biosafety, vaccination,
and probiotic technologies on commercial pig
farms. The main purpose of including these cases
was to compare the effectiveness of such inter-
ventions in conditions close to industrial scale,
and to confirm the relevance of Ukrainian results
in a broader international context (Jacobson, et
al., 2009; Stefanik et al., 2021). The experimen-
tal part of the study was conducted in accord-
ance with the provisions of the Law of Ukraine
No. 3447-1V (2006), and in compliance with the
requirements of the European Directive 2010/63/
EU (European Parliament & Council of the Euro-
pean Union, 2010) on the protection of animals
used for scientific purposes.

Results and Discussion
The study evaluated the effectiveness of three
biotechnological approaches - probiotic drugs,
vaccines, and genetic breeding - in terms of their
impact on the health, productivity, haematolog-
ical, and immunological status of pigs. Special
attention was paid to the analysis of the action
of probiotic agents that contained active cultures
of Lactobacillus spp., Bacillus subtilis, and Entero-
coccus faecium. These microorganisms perform a
number of important functions in the gastroin-
testinal tract of pigs, in particular, they contrib-
ute to the growth of lactic acid volume, lower
pH in the colon, inhibit pathogenic microflora,
improve protein digestibility, and reduce endog-
enous stress. Their use optimised the intesti-
nal microbiocenosis, increased the efficiency of
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digestion, and reduced the risk of gastroenter-
ological disorders. Against the background of
probiotic intervention, there was a significant
improvement in live weight gain - from 670 to
750 g/day, which was 11.9% more compared to
the control group, indicating a positive dynamics
of growth processes. Feed conversion improved
from 2.9 to 2.6 kg/kg of growth, i.e., by 10.3%,
which allowed reducing the consumption of feed
resources without reducing the level of produc-
tivity. The overall incidence rate decreased from
34.1% in the control group to 15.4% in the pro-
biotic group, i.e., 2.2 times. Analysis of haemato-
logical parameters in animals treated with pro-
biotics showed an increase in the haemoglobin
concentration from 112 to 118 g/l (+ 5.4%) and
normalisation of the number of red blood cells,
which indicated an overall improvement in hae-
matopoiesis. However, the level of Class G immu-
noglobulins increased from 12.3 to 16.1 mg/ml,
that is, by 30.9%, which confirmed the activation
of a non-specific immune response. Immunolog-
ical stimulation had a positive preventive effect,
which was shown to reduce the need for anti-
biotic therapy from 87 to 39 cases per 100 ani-
mals. This effect was considered as a promising
alternative to drug intervention. In the vaccina-
tion group, animals received vaccinations against
PRRSV, Mycoplasma hyopneumoniae,and Lawsonia
intracellularis according to the triple immunisa-
tion protocol. The use of vaccines provided a sig-
nificant increase in the safety of livestock — up
to 97%, compared to 92.5% in the control group.
The frequency of antibiotic therapy decreased
to 52 cases per 100 animals, which indicates an
effective reduction in the risk of secondary infec-
tions. The group also showed a decrease in an-
tibiotic residues in meat (up to 5.6% of samples
exceeding the MPR (maximum permissible lev-
el)) and pus, which confirmed a decrease in the
pharmacological load.

Haematological parameters (haemoglobin,
white blood cell levels) remained stable, while the
level of IgG immunoglobulins increased to an aver-
age of 15.7 mg/ml. This indicates the development
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of an effective specific immune response, which
reduces the need for preventive use of antibiotics
during critical periods of growth. In the breeding
group, animals were selected based on indica-
tors of hereditary resistance to infections of the
respiratory and digestive systems, confirmed by
the results of genomic testing (lines with CD163,
MUC4, SLA-1 markers). This helped to form a herd
with an increased immune index and stable incre-
ments. The average daily weight gain in the group
reached 810 g/day, and the incidence rate was the
lowest among all groups - 12.7%. The content of

IgG immunoglobulins was the highest - 17.3 mg/
ml, which indicates increased non-specific im-
mune activity. The reduction of antibiotic residues
in meat (up to 2.1%) and manure (13.7 mg/kg),
and the lowest level of ammonia emissions
(85.3 g/day/animal) confirmed the environmental
advantage of the genetic approach. Breeding also
provided the highest ROl among long-term solu-
tions - 123%, which confirmed its strategic feasi-
bility for sustainable pig farming. A comparative
assessment of the effectiveness of biotechnologi-
cal measures is given in Table 1.

Table 1. Comparative effectiveness of biotechnological measures in pig breeding

Probiotics (Lactobacillus spp., B.

Indicator Control group subtilis, E. faecium) Vaccination  Breeding

Live weight gain, g/day 670 750 735 810
Feed conversion, kg/kg

of weight gain 29 2.6 2.7 2.5

Morbidity, % 34.1 15.4 21.2 12.7

Haemoglobin level, g/ 112 118 117 120
Serum immunoglobulins

(1gG), mg/ml 12.3 16.1 15.7 17.3

Livestock preservation, % 92.5 94.2 97 98

Source: developed by the authors

Probiotic drugs, in particular, those that
contained Lactobacillus spp., Bacillus subtilis, and
Enterococcus faecium were found to be highly
effective in improving digestive parameters, re-
ducing enteropathies, and normalising the im-
mune background. Their effect was physiologi-
cal in nature and was manifested through the
stabilisation of the intestinal microbiocenosis,
improvement of feed digestibility, and reduction
of stress reactions in young animals, especially
in the weaning stress period. This provided not
only weight gain, but also an improvement in
the overall adaptive state of the animals, which
is important in the context of reducing antibi-
otic dependence. Probiotics are characterised
by ease of integration into existing technolog-
ical schemes of pig farms, economic feasibility,
and environmental safety, which makes them a
universal tool for maintaining animal health and
productivity in the short term.

As a result of the introduction of biotechno-
logical tools in the system of intensive pig pro-
duction, a significant reduction in dependence on
conventional antibiotic therapy was recorded. The
use of probiotics, vaccination, and genetic selec-
tion ensured the development of a more stable
immune status in animals, which, in turn, led to a
decrease in the number of therapeutic interven-
tions using antibiotics. Initially,the decrease in the
use of antimicrobials was explained by a decrease
in the frequency of recurrent infections, usually
accompanied by the use of a wide range of antibi-
otics. Biotechnological approaches activated the
body’s natural resistance, stabilised the gastroin-
testinal microbiota, and simultaneously helped to
maintain the effectiveness of a specific immune
response. Animals treated with probiotics had a
reduced need for treatment for infections caused
by Escherichia coli, Salmonella spp., Clostridi-
um spp., and other opportunistic microorganisms.
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In the case of vaccination, there was a signifi-
cant reduction in the need for antibiotic preven-
tion during seasonal outbreaks of viral diseases.

Due to the consolidation of resistant geno-
types to the most common swine diseases, the
need for emergency chemotherapy has decreased
even if the overall microbial load in the environ-
ment remains. Thus, hereditary resistance has be-
come one of the main factors of biosafety at the
herd level. The study by D.E. Reeves (2006) proved
the feasibility of combining biotechnological
tools with measures of epidemiological monitor-
ing, genetic selection, and continuous monitoring
of animal health. As part of the experiment, this
integration was implemented through a combi-
nation of selective breeding, vaccine prevention,
and microbiological intervention, which reduced
the frequency of diseases, reduced the need for
therapeutic interventions, and improved the sta-
bility of the physiological status of livestock. This
confirmed the effectiveness of the integrated
approach to biosafety indicated in the previous
study, considering the current challenges of an-
imal husbandry in intensive production. A de-
crease in the volume of antibiotic therapy was
accompanied by a decrease in residual substanc-
es in the products. There was an improvement in
meat quality and a decrease in the frequency of
detection of antibiotic residues in animal tissues,
especially from the group of tetracyclines and
sulphonamides. This ensured compliance with
the requirements of international trade regarding
the safety of animal products.

Simultaneously with the decrease in product
residues, there was an improvement in the envi-
ronmental characteristics of production. A signif-
icant reduction in the content of antibiotic res-
idues in animal excrement has reduced the risk
of these substances entering the environment -
in soils, surface, and ground water. According to
the results given by N. Kemper (2008), veterinary
antibiotics can persist in soil and aquatic eco-
systems for a long time, which creates a cumu-
lative environmental burden and contributes to
the emergence and spread of resistant strains of

Zhdanov et al.

microorganisms in the environment. The study
confirmed these risks, recording a decrease in the
concentration of residual antibiotics in manure
and soil in animals for which biotechnological ap-
proaches were used, in particular, probiotics and
breeding. This was accompanied by a decrease in
the content of tetracyclines and sulphonamides, an
increase in microbial diversity in soils, a decrease
in the activity of ARGs (antibiotic resistance genes)
genes, a decrease in the content of tetracyclines
and sulphonamides in manure by 41-56% (from
2.4 mg/kg to 1-1.4 mg/kg, respectively), which was
accompanied by an improvement in microbial di-
versity in soils. Due to the stabilisation of the in-
testinal microbiocenosis and the improvement of
digestive processes, more efficient assimilation of
feed was achieved, which, in turn, led to a decrease
in the volume of manure rich in undigested nitro-
gen and phosphorus compounds. Reducing ammo-
nia emissions was of particular importance. Under
conditions of stable digestion and improved bio-
chemical processing of proteins, the development
of volatile nitrogenous compounds decreased. The
reduction of ammonia emissions was up to 27% in
the probiotic group (96.2 g/day - 70.1 g/day) and
up to 32% in the breeding group (96.2 - 65.3 g/
day), which directly affected the improvement of
the microclimate in livestock premises and the
reduction of atmospheric air load. This helped to
reduce the load on the microclimate in pigsties
and improve the working conditions of personnel.
The negative load on atmospheric air in the area
where farms are located was also reduced, which
is an important condition for compliance with
environmental legislation.

The use of manure from animals that have
reduced their antibiotic intake due to biotechno-
logical tools has had a positive impact on the bio-
diversity of soil microorganisms. It was found that
after the introduction of such manure, an increase
in populations of actinobacteria, saprotrophic
fungi, and ammonifying bacteria was observed,
which were previously suppressed by the pres-
ence of residual antimicrobial drugs. In particular,
the activity of phosphatase, dehydrogenase, and
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urease enzymes increased, which indicated a res-
toration of the functional activity of the microbi-
ota. A decrease in the content of residual tetracy-
clines and sulphonamides in the soil contributed
to a decrease in the frequency of detection of
antibiotic resistance genes (tetM, sull, blaTEM) in
the microbial pool - from 68% in the control var-
iant to 32% in the probiotic manure variant and
24% in the breeding origin variant, which reduced
the risk of their transfer to the agricultural sys-
tem and food chain. As part of the analysis of the
biological activity of soils fertilised with manure
from animals with probiotic intervention, an in-
crease in the activity of phosphatase, urease, and

dehydrogenase was recorded, which was consist-
ent with the restoration of microbial balance and
a decrease in the genetic load on the soil. As a
result of chromogenic and colourimetric anal-
yses, it was determined that the activity of soil
enzymes - phosphatase, urease, and dehydroge-
nase - significantly increased when using manure
from animals that were injected with probiotics
or selected. All three enzymes are sensitive indi-
cators of the microbiological state of the soil. An
increase in their activity indicates the restoration
of the functional microbial pool and a decrease
in the ecotoxicological load. The summary results
are shown in Table 2.

Table 2. Activity of soil enzymes in different approaches to pig feeding

Enzyme Control group Probiotic Breeding
Phosphatase, mcg P,0./g-h 3.1+0.2 48+0.3 52+0.3
Dehydrogenase, mcg TPF/g-24 h 1.9+0.1 2.8+0.2 310.2
Urease, mg NH,*/g-h 1.6+0.1 2.410.2 2.7+0.2

Note: all values are presented as the mean + standard deviation

Source: developed by the authors

The results show that biotechnological in-
terventions contribute to the activation of soil
microbiological processes, especially in terms of
organic mineralisation, nitrogen and phosphorus
transformation, which are key to maintaining soil
fertility and sustainable agricultural production.
The reduction of ammonia emissions from ma-
nure had a positive effect on the chemical prop-
erties of the soil, in particular, on its acidity. In re-
gions with high concentrations of livestock, excess
ammonia emissions are subsequently converted
into ammonium aerosols, which are involved in
the development of acidic sediments that lower
the pH of the soil and disrupt the buffer capacity
(Zhao et al.,2014). As a result of a decrease in the
emission of volatile nitrogenous compounds, pH
stabilisation in the surface horizon of the soil and
a decrease in the manifestations of acid stress in
agricultural crops were recorded. C.Ti et al. (2022)
proved that reducing ammonia emissions from
livestock enterprises not only improves the indoor

microclimate, but also significantly reduces the
risk of acid rain, which inhibits the growth of
cultivated plants and causes soil degradation.
In particular, the indicators of seed germination,
root system length, and photosynthetic activity
of plants improved, which indicated the restora-
tion of physiological and biochemical balance in
agrophytocenoses (European Environment Agen-
cy, 2021; Koroban et al., 2023). Thus, the reduction
of both residual antibiotics in manure and sec-
ondary ammonia emissions provided a compre-
hensive restoration of the ecological functionality
of soils, which is a critical factor for the sustain-
able development of integrated agroecosystems.
Reducing the content of antibiotic residues in
animal excrement had not only sanitary and hy-
gienic significance, but also directly affected the
biological activity of soils.

Horizontal transfer of antibiotic resistance
genes (ARGs) through mobile genetic elements
in an environment with an increased content of
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residual drugs is a separate danger. Studies con-
ducted in Germany, Denmark, and the Netherlands
have shown that long-term application of un-
treated manure contributes to the accumulation
of ARGs in soil DNA (deoxyribonucleic acid) and
even in aquifers, which creates risks for water sup-
ply and agricultural products (European Environ-
ment Agency, 2021). Biotechnologies that reduce
the need for antibiotics on farms directly reduce
this risk by preventing the circulation of resistant
bacteria between animals, humans, and the envi-
ronment. Another environmentally important con-
sequence of the biotechnological transformation
was the reduction of ammonia emissions. Under
conditions of improved biochemical processing of
proteins, a decrease in the development of vola-
tile nitrogenous compounds was observed, which
not only improved the conditions of keeping an-
imals, but also limited emissions into the atmos-
phere. Ammonia, being a strong nitrogen reducer,
is easily washed out into water systems in the free
state, stimulating eutrophication of water bodies,
mass development of blue-green algae, oxygen
deficiency, and degradation of aquatic biocenoses.
Every year, due to excessive nitrogen load in coast-
al areas, fish productivity decreases, and the eco-
system of water bodies is disrupted (European En-
vironment Agency, 2021). Thus, reducing ammonia
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emissions in groups with probiotics and breeding
also helped to reduce the risk of hypertrophy of
soils and water bodies, especially in regions with a
high level of agricultural load.

Table 3 shows that breeding and probiotics
were most effective in reducing not only the fre-
quency of antibiotic use, but also secondary expo-
sure to their residues. This indicates the possibility
of including biotechnological practices in compre-
hensive programmes of ecosystem sustainability
of agricultural production, focused on the circular
economy, soil quality preservation, and prevention
of environmental pollution. The obtained data in-
dicated the possibility of forming a circular produc-
tion model based on breeding, microbiological and
preventive technologies, which fully corresponds
to the approaches proposed in the above-men-
tioned study. In the context of greening animal
husbandry, reducing the level of antibiotic residues
in animal excrement, and reducing ammonia emis-
sions to the environment, was of particular impor-
tance. As a result of improved digestion of feed
protein components caused by stabilisation of the
intestinal microbiota, the development of volatile
nitrogenous compounds decreased. Reducing am-
monia emissions in probiotic and breeding groups
helped to reduce the burden on the microclimate
of livestock premises and the environment.

Table 3. Indicators of the impact of biotechnological tools
on antibiotic therapy and environmental impact

Indicator Control group  Probiotic Vaccination Breeding
Frequency of antibiotic therapy, cases/100 animals 87 39 52 28
e e oSS, 25 42 56 a1
Antibiotic residues in pus, mg/kg 38.6 18.1 21.3 13.7
Ammonia emissions from manure, g/day/animal 135.2 92.7 101.4 85.3
Nitrogen uptake from manure in the soil, % 47 61 58 66

Source: developed by the authors based on own research

The findings clearly suggest that all three bi-
otechnological approaches had a positive impact
on both reducing antibiotic use and environmental

parameters. The lowest levels of antibiotic resi-
dues and ammonia emissions were observed in
the group of animals where breeding was used,
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which confirmed its potential for long-term re-
duction of biogenic loads. Probiotics have signif-
icantly improved feed processing and excrement
quality, increasing the degree of nitrogen uptake
by plants when using manure as fertiliser. The
practical implementation of biotechnological
innovations in production conditions has shown
their high efficiency in ensuring stable growth,
improving animal health, and reducing the en-
vironmental burden. In Denmark, where the pig
industry has a high share in the structure of
agriculture, a study was conducted on a medi-
um-scale farm on the effectiveness of vaccina-
tion against Lawsonia intracellularis. The use of
the vaccine has reduced the use of oxytetracy-
cline by 79%, which is especially important in the
context of the EU policy on limiting antibiotics
in livestock products. In addition, vaccination
contributed to an increase in the average daily
growth by 46 g, and the slaughter weight of pigs
increased by an average of 1.25 kg, which had
a positive impact on the economy of production
(Jacobson et al., 2009). These results confirm that
targeted vaccination is an effective alternative to
preventive antibiotic therapy.

A number of pig farms in Poland have imple-
mented breeding programmes aimed at forming
animal lines with increased genetic resistance
to common infections. According to E. Stefan-
ik et al. (2021), these programmes used marker
genotyping and selection based on performance
and immune resistance indicators. As a result, a
30% reduction in the use of antibiotics was re-
corded, while the level of productivity remained
at a consistently high level. This approach not
only reduced the pharmacological load, but also
formed an infection-resistant herd with improved
reproductive characteristics. Brazil, which is one
of the largest pork producers in the world, has
implemented a model of integrated biosafety
production using probiotics, vaccination, sanitary
control, and microbiota monitoring. According to
B. Oliveira et al. (2024), farms that switched to
this model were able to reduce preventive use of

antibiotics without losing productivity. The com-
plex impact of biotechnological interventions
helped to simultaneously reduce the risk of an-
tibiotic resistance, stabilise the physiological pa-
rameters of animals, and increase the safety indi-
cators of final products. In all the cases described,
the combination of genetic, microbiological, and
vaccination approaches demonstrated a syner-
gistic effect, which increased economic efficiency
and simultaneously reduced biological and envi-
ronmental risks. Successful examples show the
key role of biotechnology in ensuring the sustain-
able development of pig farming.

In the course of the study, an economic as-
sessment of the effectiveness of implementing
biotechnological approaches in the field of pig
breeding was carried out. The analysis covered
three main technologies: the use of probiotics,
the implementation of vaccination programmes,
and the use of genetic breeding methods. The
assessment was carried out based on the ratio
of the cost of implementing these tools to the
obtained economic effect, considering improved
productivity, increased livestock safety, and re-
duced treatment costs. It was found that all
three tools provided economically feasible use
of resources and contributed to the optimisation
of the technological process. The approaches
differed both in the nature of the impact and
in the time horizons of payback. Probiotic drugs
showed the most pronounced effect in the short
term, due to a rapid reduction in veterinary
costs and improved feed conversion. Vaccination
proved to be less cost-effective in the absence
of outbreaks of diseases, but it ensured the sta-
bility of production indicators and reduced the
risk of economically significant losses. Breeding
approaches required higher start-up costs, but
allowed achieving a long-term increase in pro-
duction efficiency, in particular, by consolidating
signs of resistance to diseases and improving
growth. A comparative description of the eco-
nomic performance of biotechnological instru-
ments is given in Table 4 (equation 1).

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 3



Zhdanov et al.

Table 4. Economic efficiency of biotechnological tools in pig breeding

Tool Implementation costs, UAH/animal Additional profit, UAH/animal ROI, %

Probiotic 80 310 287.5
Vaccination 130 195 50
Breeding 220 490 123

Source: developed by the author

The analysis confirmed the economic fea-
sibility of introducing biotechnologies in pig
farms. All the instruments under study provided
positive dynamics of profitability, but the degree
of profitability varied significantly depending on
the nature of the intervention. The most profit-
able in the short term was the use of probiotics
due to the combination of low costs and a tan-
gible economic effect. Breeding, while requiring
higher investment, provided a steady return over
several production cycles. Vaccination turned out
to be less cost-effective, but it was justified in
conditions of increased infectious pressure. Thus,
biotechnological approaches ensure not only
biological efficiency, but also contribute to envi-
ronmental stabilisation and growth of economic
efficiency of the industry.

As part of the study, it was found that all bio-
technological measures had a positive effect com-
pared to the control group, and the mechanisms
of their action were specific. Similar results were
described in the study by R.P. Singh et al. (2018),
where the combined use of genetic, microbial,
and fermentation methods was considered as an
effective strategy for adaptive animal husbandry.
As in the results obtained, an increase in animal
resistance,a decrease in the use of antibiotics,and
an increase in economic efficiency were record-
ed. The reduced need for antibiotics in animals
with entrenched genetic resistance to infections
was consistent with the findings of M.C. Yunes et
al. (2021), where genome editing was evaluated
as an alternative to drug prevention. Although no
genomic intervention methods were used in the
study, the effect of increased immune resistance
achieved by selective breeding showed similar
results. Data by D. Shanmugamprema et al. (2022)

showed a positive effect of probiotics on intes-
tinal morphology and immune response. As part
of this study, an increase in IgG levels, a decrease
in overall morbidity, and microbiota stabilisation
were recorded in animals treated with probiotics,
which confirmed the effect of physiological im-
mune support without pharmacological interven-
tion. Effects of the use of phytogenic substances,
described by J. Wang et al. (2024), included main-
taining microbial balance and reducing the need
for pharmacological prophylaxis. In the study,
similar results were provided by probiotics, which
reduced endogenous stress and contributed to
better nutrient absorption. The study by G. Kor-
sa et al. (2024) showed the effectiveness of Azolla
as an environmentally appropriate feed additive.
Although no alternative protein sources were
used in the study, probiotic intervention provided
a similar improvement in protein uptake, which
helped to reduce the metabolic load.

The decrease in the frequency of ARGs de-
tection in soils after the application of biotech-
nology was consistent with the results of Y. Zhu et
al. (2013), where a high density of ARGs was
found in farms with frequent use of antibiotics.
As part of the study, a decrease in prevalence of
tetM, sull, blaTEM was recorded, which indicates
a reduced risk of horizontal transfer of resistance
genes. R. Puchatka et al. (2023) demonstrated the
ability of probiotic feed additives to reduce the
amount of ARGs in soils fertilised with animal
waste. Similarly, this study recorded a decrease
in ARGs, which confirmed the effect of biological
detoxification of the agroecosystem. The find-
ings of P.P. Nagy et al. (2022), which emphasised
the importance of selection for immune resist-
ance, were consistent with the data obtained on
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reducing the pharmacological load. The use of ge-
netically based selection reduced the frequency
of therapeutic interventions without compromis-
ing weight gain. G.Wu & F.W.Bazer (2019) showed
that the use of biotechnologies contributes to
improved feed conversion and economic returns.
The results obtained as part of the study were
fully consistent with this finding, as there was an
improvement in growth rates, a reduction in vet-
erinary drug costs, and an increase in profitability.

F.Khajali & F.Rafiei (2024) have shown that
controlling antinutrients in animal diets is cru-
cial for metabolic stability. A similar effect in the
study was achieved by using probiotics, which
improved digestibility and had a positive effect
on haematological parameters. WM. Rauw et
al. (2020) substantiated the need to integrate bi-
otechnologies into the system of feeding, breed-
ing, and management to achieve sustainability of
animal husbandry. The overall results confirmed
the effectiveness of a combination of probiotic,
breeding, and vaccination interventions to re-
duce antibiotic costs and environmental burden.
In the study by W. Huangfu et al. (2024), in vitro
and in vivo models confirmed the effectiveness
of fermentation technologies in reducing nitro-
gen losses. In the current study, a similar effect
was achieved by stabilising the gut microbiota,
which helped to improve protein digestion and
reduce the synthesis of volatile compounds. The
approach to green bioeconomics described by
U.Jergensen et al. (2022) provided for the integra-
tion of biotechnological innovations to improve
the environmental responsibility of agricultur-
al production. The data obtained as part of the
study were consistent with this concept, since
a decrease in residual antibiotics, a decrease in
ammonia emissions, and an increase in the ac-
tivity of soil microorganisms were recorded. As a
result, the study showed that the introduction of
biotechnological solutions in pig breeding pro-
vides a multi-vector effect: increases the produc-
tivity and immune stability of animals, reduces
dependence on antibiotic therapy, improves the
environmental characteristics of production and

economic feasibility. The systematic use of probi-
otics, breeding, and vaccination allows not only to
meet the requirements of biosafety and sustain-
able development, but also to form a complete
circular model of agricultural production with an
emphasis on preserving the health of animals,
soils, and consumers.

Conclusions

The study found that all three biotechnologi-
cal tools under study - probiotics, vaccines, and
breeding - contributed to improving health, pro-
ductivity, and environmental sustainability in in-
dustrial pig farming. The use of probiotic drugs
based on Lactobacillus spp., Bacillus subtilis, and
Enterococcus faecium provided an increase in the
average daily weight gain of pigs by 80 g (from
670 g/day in the control group to 750 g/day in
the experimental group), a decrease in feed con-
version from 2.9 to 2.6 kg/kg of weight gain, a
decrease in morbidity from 34.1% to 15.4%, and
an increase in the level of IgG immunoglobulins
in serum from 12.3 to 16.1 mg/mL.

Vaccination against PRRSV, Mycoplasma hyo-
pneumoniae,and Lawsonia intracellularis increased
the safety of livestock from 92.5% to 97% and re-
duced the frequency of antibiotic therapy from 87
to 52 cases per 100 animals. In the vaccine group,
there was also a decrease in antibiotic residues in
meat to 5.6% of samples with an excess of MPR,
compared with 12.5% in the control group. The
highest efficiency was demonstrated by breed-
ing: body weight gain reached 810 g/day, feed
conversion decreased to 2.5, the morbidity rate
decreased to 12.7%, and the safety of livestock
increased to 96.1%. The content of antibiotic resi-
dues in manure decreased to 13.7 mg/kg (against
38.6 mg/kg in the control group), and ammonia
emissions from manure - to 85.3 g/day/animal.

The cost-effectiveness of the analysed solu-
tions was confirmed by ROI calculations: 287.5%
for probiotics, 50% for vaccination, and 123%
for breeding. The payback period for probiotics
amounted to one fattening cycle, and for breed-
ing - 3-5 years. At the ecological level, it was
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found that the use of manure with a reduced the study of the relationship between the micro-
content of residual antibiotics contributed to an  biome of animals and soils in the context of bi-
increase in the activity of soil enzymes (urease, osafety of agricultural systems.

phosphatase), stabilisation of soil pH, a decrease
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CBMHAPCTBI 3 OrNAA4Y Ha iX BNIMB Ha 340POB'A, NPOLYKTUBHICTb TBAPWH | €KONOTiIYHY CTilKiCTb BUPOOHULTBA.
EkcnepMMeHT NpoBOAMBCS Yy nepiod 3 cepnHa no rpyaeHb 2024 poky Ha [ABOX CBMHOKOMMIEKCAX
KipoBorpaacbkoi Ta BiHHMLbKOi 06nacTeii i3 3aranbHoto BUbipkoto 240 cBUHEN, NOAINEHNX HA KOHTPO/bHY
Ta Tpu BoCnigHi rpynu. Y gocnimkeHHi BUBYaBCS BNAMB NPobiOTUKIB, BakKLMH Ta FEHETUYHOI cenekuii Ha
MPUPICT XXMBOI MacK, 3aXBOPIOBAHICTb, FeMaTONOriYHI 1 IMYHONOTIYHI MOKa3HWUKM, YaCTOTY BUKOPUCTAHHA
aQHTMBIOTUKIB, €KOMOriYHi NapaMeTpu Ta EKOHOMIYHY peHTabenbHiCTb. Y pe3ynbraTi 3acToCyBaHHS
npobiotukie cepeaHbono060BMM NpupicT 36inbwmBcs Ha 80 I, 3aXBOPIOBAHICTb 3HM3MNACA BABIMI, a
piBeHb iMyHOrnobyniHie 3pic Ha 30 %. BakumHauia 3abe3neumna nigBuLLEHHS 36epexeHOCTi Noroniss
Ha 4,3 %, ckopo4eHHs noTpebu B aHTHbioTMKOTepanii Ha 40 % i 3MEeHLWEeHHS 3aNULWKOBUX aHTUBIOTUKIB Y
npoaykuii.leHeTMYHMIt 0o6ip AaB HAMBULLi pe3ynbTaTi — 3pocTaHHs npupocTty Ao 810 r Ha foby, HaMHMKYI
MOKa3HWKM 3aXBOPHOBAHOCTI, aMiayHMUX BMKMAIB Ta 3anuWKiB aHTMOiIOTMKIB. EKOHOMiYHMI aHani3
niaTBepaMB edeKTUBHICTb YCiX TPbOX NiAXOAIB: piBeHb peHTabenbHOCTI iHBeCTUUIN cTaHoBMB 2875 %
ans npobiotukie, 50 % ans BakumHauii Ta 123 % ans cenekuii. NpakTnyHa edeKkTUBHICTb pe3ynbTaTis
niaTBEpAKEHA NMPUKNAAAMM BNPOBAKEHHS aHanorivyHmx nigxoais y [anii, Monbwi Ta bpasunii, e 6yno
LLOCATHYTO 3MEHLUEHHS BUKOPUCTaHHSA aHTUBIOTMKIB 6e3 WKoaM Ans NPOAYKTUBHOCTI. [LOCNioKEHHS TaKOoX
3aCBiAYMN0 NO3UTUBHUI BMIMB Ha MiKPOOHY aKTUBHICTb I'PYHTIB, 3MEHLUEHHS KMC/IOTHOrO HaBaHTaXeHHS
Ta pu3ukiB eBTpodikaLii. PesynbtaTtv MoXyTb 6YTM BUKOPUCTaHI Y NPaKTULLi CBMHAPCbKMX rOCNOAAPCTB
ANS NiABULLEHHS NPOAYKTUBHOCTI TBAapWH, 3MEHLUEHHSI 3aNeXHOCTi Bif aHTUDOIOTUKIB i 3HMXKEHHS
€KOJIOrYHOIO HAaBAHTAXXEHHSA HA arpoeKoCcUcTeMu

KnioyoBi cnoBa: npo6ioTvku; BakLMHaLig; reHeTMKa; TBapMHHULTBO; BETEPUHAPIA
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