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CHAPTER 1

GROWTH RESPONSE OF NEAR-ISOGENIC BREAD
WHEAT (TRITICUM AESTIVUM L.) LINES CARRYING
DIFFERENT PPD ALLELES UNDER IN VIVO

AND IN VITRO CONDITIONS

Avksentieva Olha
DOI https:/doi.org/10.30525/978-9934-26-714-7-1

INTRODUCTION

Bread wheat (Triticum aestivum L.) is one of the world's most important
cereal crops!, accounting for more than one-third of global grain production
and serving as a major source of plant-derived protein and carbohydrates? for
populations worldwide. Rapid population growth, global climate change, and
increasingly adverse agricultural conditions have intensified the need to develop
new wheat cultivars capable of maintaining stable productivity across a wide
range of environmental conditions. Consequently, one of the major objectives
of modern wheat breeding is to investigate the genetic systems regulating plant
growth, development, and adaptation to environmental factors>.

Among the most stable and evolutionarily conserved environmental signals
is the photoperiod, defined as the daily duration of light and darkness at
a given geographical location. In bread wheat, photoperiod sensitivity is an
evolutionarily conserved and genetically determined trait controlled by the
Photoperiod (PPD)* gene system. The PPD genes play a pivotal role in the
regulation of wheat ontogeny and are represented by three homoeologous loci,
PPD-AI, PPD-BI, and PPD-DI, located on chromosomes 2A, 2B, and 2D,

! Erenstein, O., Jaleta, M., Mottaleb, K. A., Sonder, K., Donovan, J., Braun, H.-J., et al. (2022). Global
Trends in Wheat Production, Consumption and Trade. Wheat Improvement. Springer, Cham. C. 47—-66.
DOI: 10.1007/978-3-030-90673-3_4

2 Gul K., Yousuf B., Singh A. K., Singh P., Wani A. A. Wheat quality: A review on chemical
composition, nutritional attributes, grain anatomy, types, classification, and function of seed storage
proteins in bread making quality. Frontiers in Nutrition. 2023. DOI: 10.3389/fnut.2023.1053196

3 Dubrovna O. V., Mykhalska S. 1., Komisarenko A. G. Modern advancements in Agrobacterium-
mediated wheat transformation technology. @izionocin pociun i cememuxa. 2025. T. 57, Ne 4.
C. 279-307. DOI: 10.15407/frg2025.04.279

4 Pérez-Gianmarco T. L, Slafer G. A., Gonzélez F. G. Photoperiod-sensitivity genes shape floret
development in wheat. Journal of Experimental Botany. 2019. Vol. 70, No. 4. P. 1339-1348. DOIL:
10.1093/jxb/ery449
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respectively. These genes constitute key components of the molecular pathway
underlying photoperiod perception and determine the timing of the transition
from vegetative to reproductive development. Dominant PPD-/a alleles confer
photoperiod insensitivity by accelerating heading regardless of day length,
whereas recessive PPD-1b alleles maintain long-day photoperiod sensitivity.
Therefore, allelic variation at the PPD loci is a major determinant of the
adaptation of wheat cultivars to diverse agro-climatic environments.

Over the past decade, substantial evidence has accumulated regarding
the influence of PPD genes on heading time, productivity, and grain yield®.
However, numerous studies have demonstrated that the functions of these
genes extend far beyond the regulation of photoperiodic responses. They exert
pleiotropic effects on plant height, growth rate, root system development®,
biomass accumulation, photosynthetic efficiency, nitrogen use efficiency,
productive tillering, and individual yield components’. These effects are
believed to result from complex interactions between PPD genes, components
of the circadian clock®, hormonal pathways regulating plant growth, and the
vernalization (VRN)® genes, which together constitute an integrated regulatory
network controlling plant development.

Particular attention has recently been directed toward the early stages of
plant ontogeny'’, during which the fundamental morphological organization of
the plant is established and the balance between shoot and root development is
determined. Seedling growth, root system development, and the accumulation

5 Alvarez M. A., Slafer G. A., Gonzalez F. G. et al. Photoperiod-1 regulates the wheat inflorescence
transcriptome to influence spikelet architecture and flowering time. Current Biology. 2024. Vol. 34,
No. 11. P. 2330-2343.e4. DOI: 10.1016/j.cub.2024.04.029

Gonzilez F. G., Slafer G. A., Miralles D. J. et al. Features of Ppd-B1 expression regulation and their
impact on the flowering time of wheat near-isogenic lines. BMC Plant Biology. 2017. Vol. 17.
Article 107. DOI: 10.1186/s12870-017-1126-z

Royo C, Dreisigacker S, Alfaro C, Ammar K, Villegas D. Effect of Ppd-1 genes on durum wheat
flowering time and grain filling duration in a wide range of latitudes. The Journal of Agricultural
Science. 2016. 154(4) P. 612-631. DOI:10.1017/S0021859615000507

¢ Makhoul M., Schlichtermann R.-H., Ugwuanyi S. et al. Novel PHOTOPERIOD-1 gene variants
associate with yield-related and root-angle traits in European bread wheat. Theoretical and Applied
Genetics. 2024. Vol. 137. Article 125. DOI: 10.1007/s00122-024-04634-9

7 Kitagawa S., Shimada K., Murai K. Effect of Ppd-1 on flowering time in wheat is associated with
activation of FT1 and genes related to development of the inflorescence. Breeding Science. 2012.
Vol. 62, No. 2. P. 184-190. DOI: 10.1270/jsbbs.62.184

8 Faure S., Turner A. S., Gruszka D. et al. Mutation at the ELF3 gene disrupts the circadian clock and
causes barley photoperiod insensitivity. Nature Genetics. 2012. Vol. 44. P. 123-130.

°  Alvarez M. A., Tranquilli G., Lewis S., Kippes N., Dubcovsky J. Genetic and physical mapping of the
photoperiod-insensitive gene Ppd-A1l and interaction with Vrn-1 alleles in wheat. Molecular Breeding.
2016. Vol. 36. Article 57. DOI: 10.1007/s10142-016-0490-3

Diallo A, Kane N, Agharbaoui Z, Badawi M, Sarhan F. Heterologous expression of wheat
VERNALIZATION 2 (TaVRN2) gene in Arabidopsis delays flowering and enhances freezing tolerance.
PLoS One. 2010 Jan 13;5(1):¢8690. DOI: 10.1371/journal.pone.0008690

10 Carrera-Castafio G., Calleja-Cabrera J., Pernas M. et al. An updated overview on the regulation of
seed germination. Plants. 2020. Vol. 9, No. 6. Article 703. DOI: 10.3390/plants9060703



of fresh and dry biomass largely determine the subsequent adaptation of plants
to environmental stresses, including drought, salinity!!, nutrient deficiency, and
temperature extremes'?. Despite numerous studies addressing the productivity
of wheat cultivars carrying different PPD" alleles, the influence of these genes
on early vegetative growth remains insufficiently understood, and the available
data are often inconsistent.

Near-isogenic lines (NILs)'"* represent one of the most informative genetic
models for assessing the contribution of individual genes to phenotypic
expression. These lines differ only in one or a few target loci while sharing an
otherwise nearly identical genetic background. Consequently, the influence of
background genetic variation is minimized, allowing the direct evaluation of
the role of a particular gene in the expression of a given trait. One of the best-
characterized NIL collections was developed using the winter wheat cultivar
Myronivska 808 and has been widely employed to investigate the functional
roles of PPD, VRN, and other developmental regulatory genes in wheat.

In parallel with in vivo studies, in vitro tissue culture techniques have become
increasingly important for investigating the expression of genetic characteristics
at the cellular level'®. Callus culture, consisting of a population of isolated cells
that develop independently of the regulatory influences operating within the
intact plant, represents a versatile experimental system for studying cellular
dedifferentiation, proliferation, morphogenesis, and plant regeneration'®. It is
well established that callus induction, callus growth rate, and morphogenetic
competence are strongly genotype-dependent. Consequently, plant tissue

' TIyem E., Yildinm M., Kizilgegi F. Comparative study on germination and seedling growth of
wheat cultivars under salt stress regimes. International Journal of Agriculture, Environment and Food
Sciences. 2020. Vol. 4, No. 4. DOIL: 10.31015/jaefs.2020.4.8

12 Hussain S., Chachar Q., Chachar S. et al. Temperature regimes on seeds germination and growth
parameters of wheat (Triticum aestivum L.) genotypes at early seedling stage. Pakistan Journal of
Scientific and Industrial Research. 2020. Vol. 63, No. 3. P. 214-225. DOIL: 10.52763/PJSIR.BIOL.
SCI1.63.3.2020.214.225

13 Seki M., Chono M., Matsunaka H. et al. Distribution of photoperiod-insensitive alleles Ppd-Bla and
Ppd-D1la and their effect on heading time in Japanese wheat cultivars. Breeding Science. 2011. Vol. 61,
No. 4. P. 405412.

Song T., Shi C., Wang Y. et al. Molecular characterization of a novel photoperiod-insensitive allele Ppd-
Bla.3 and its effect on heading date in Chinese wheat (Triticum aestivum). Journal of Plant Research.
2025. DOI: 10.1007/s10265-024-01609-1

4 Ning S., Li S., Xu K. et al. Development and characterization of near-isogenic lines derived from
synthetic wheat revealing the 2 kb insertion in the PPD-D1 gene responsible for heading delay and
grain number improvement. International Journal of Molecular Sciences. 2023. Vol. 24, No. 13.
Article 10834. DOI: 10.3390/ijms241310834

15 Kumlehn J. et al. Opportunities and challenges of in vitro tissue culture systems in the era of crop
genome editing. International Journal of Molecular Sciences. 2023. Vol. 24, No. 15. Article 11920. DOL:
10.3390/ijms241511920

16 Wijerathna-Yapa A., Ramtekey V., Ranawaka B., Basnet B. R. Applications of in vitro tissue culture
technologies in breeding and genetic improvement of wheat. Plants. 2022. Vol. 11, No. 17. Article 2273.
DOI: 10.3390/plants11172273
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culture has become an indispensable tool not only in plant biotechnology but
also in fundamental studies of the genetic mechanisms regulating plant growth
and development.

An important characteristic of callus tissue is its cytological organization.
Cell density, cell size, the proportion of meristematic and highly vacuolated
cells, and the degree of cellular differentiation reflect the physiological status of
the culture and largely determine its regenerative capacity. Cytological analyses
therefore provide valuable insight into the realization of genetic programs under
in vitro conditions and facilitate the understanding of the relationships between
growth processes at both the organismal and cellular levels.

Although numerous investigations have addressed the functional significance
of PPD genes, most have focused primarily on heading time, photoperiodic
responses, or yield formation. Comparatively little attention has been paid to
the integrated evaluation of growth processes during early ontogeny, biomass
accumulation, shoot-to-root relationships, and the manifestation of these genetic
effects under tissue culture conditions. Moreover, studies integrating analyses
of plant growth in vivo with callus formation and the cytological characteristics
of callus cells in vitro using the same genetic material remain scarce. Such an
integrated approach provides a deeper understanding of the pleiotropic effects
of PPD genes and the mechanisms through which they regulate plant growth
and development.

Therefore, the present study aimed to investigate the growth responses of
near-isogenic lines of the bread wheat cultivar Myronivska 808, differing in the
dominant alleles PPD-Ala, PPD-Bla, and PPD-Dla, using a comprehensive
assessment of plant morphometric traits under in vivo conditions, fresh biomass
accumulation, callus induction, and the cytological characteristics of callus
cells cultured in vitro. The findings of this study will contribute to a better
understanding of the pleiotropic functions of photoperiod sensitivity genes
and may facilitate the development of highly productive wheat cultivars with
improved growth performance, enhanced environmental adaptability, and
superior biotechnological potential.

MATERIALS AND METHODS

Plants materials

A set of near-isogenic lines (NILs) of bread wheat (Triticum aestivum L.)
differing in photoperiod sensitivity (PPD) genes and developed in the genetic
background of the winter wheat cultivar Myronivska 808 was used as the
experimental material. The use of NILs minimized the influence of background
genetic variation and enabled the direct assessment of the contribution of
individual PPD alleles to plant growth responses.



Table 1
Characteristics of the near-isogenic lines (NILs)
of the wheat cultivar Myronivska 808

Near-l(s;%;l;lc line Genotype Growth habit Devel::::ental
Ppd-Dla Ppd-Dla Ppd-Bl1b Ppd-Alb Winter Rapid
Ppd-Bla Ppd-D1b Ppd-Bla Ppd-Alb Winter Slow
Ppd-Ala Ppd-D1b Ppd-Blb Ppd-Ala Winter Rapid

Myronivska 808 ppd-D1b ppd-B1b ppd-Alb Winter Slow

In vivo experiments

Plant growth responses were evaluated under controlled pot-culture
conditions. Plants were grown in soil substrate under the following
environmental conditions: light intensity of 15 kLux, day/night temperatures
of 22/18 °C, a 16 h/8 h light/dark photoperiod, and soil moisture maintained
at 70% of field capacity. Plants were cultivated for 21 days, corresponding to
the tillering stage. At the end of the experiment, plant height, shoot length, root
length, shoot-to-root length ratio, and the fresh biomass of shoots and roots
were determined.

In vitro experiments

To investigate growth responses at the cellular level, explants were
introduced into in vitro culture and primary callus formation was induced
using standard plant tissue culture techniques. Mature embryos isolated
from surface-sterilized grains of the NILs served as explants. The embryos
were cultured in Petri dishes containing Murashige and Skoog (MS) basal
medium supplemented with 2 mg L' 2,4-dichlorophenoxyacetic acid (2,4-
D). Cultures were incubated in darkness at 26 °C for 21 days. Following
cultivation, primary callus induction frequency and the callus growth index
(GI) were determined. Callus induction frequency was calculated as the
percentage of explants producing callus relative to the total number of
cultured explants. The growth index was determined from the increase in
callus surface area between the first and third weeks of cultivation using
Imagel software.

The cytological characteristics of callus tissue were evaluated by determining
cell density (number of cells per milligram of tissue) and mean cell length. For
cell density analysis, calli were macerated in 10% chromic acid for 30 min,
after which the cells were counted using a Goryaev counting chamber. Cell
length was measured using an ocular micrometer under a LOMO Mikmed-1
light microscope. At least 100-150 cells were analyzed for each experimental
variant.



Statistical analysis

All experiments were performed in three biological replicates. In the
in vivo experiments, 25-30 plants of each NIL were analyzed, whereas
21-28 primary calli were evaluated in the in vitro experiments. Statistical
analyses were performed using Statistica 5.0 (StatSoft Inc., USA).
Differences between mean values were assessed using the least significant
difference (LSDo.0s) test. Graphs and tables were prepared using Microsoft
Excel 2019 (Microsoft Corp., USA). Data are presented as mean + standard
deviation (mean + SD).

1. Analysis of the Growth Response of Near-lIsogenic Wheat Lines
Carrying PPD Alleles during Early Ontogeny

Plant growth during the early stages of ontogeny is one of the most
critical determinants of subsequent development, productivity, and adaptation
to adverse environmental conditions. Early ontogeny encompasses seed
germination, seedling establishment, root system development, and the
formation of the first leaves. During this period, intensive cell division
and elongation occur, accompanied by the activation of photosynthesis,
water uptake, and mineral nutrition, thereby ensuring the establishment of
a vigorous and viable plant.

The genetic regulation of wheat growth is governed by the coordinated action
of numerous genes controlling the biosynthesis of enzymes, phytohormones,
and regulatory proteins. Of particular importance are genes involved in the
biosynthesis and signaling of gibberellins, auxins, and cytokinins, which
regulate cell division, elongation, and differentiation. Equally important are the
Reduced height (Rht) genes, which determine plant sensitivity to gibberellins
and influence stem growth from the earliest developmental stages. In addition to
genetic factors, environmental conditions—including temperature, soil moisture,
light intensity, and nutrient availability—substantially affect gene expression and
plant growth.

Thus, wheat growth during early ontogeny is the result of complex interactions
between genetic mechanisms and environmental factors. Understanding the
genetic regulation of these processes is essential for the development of high-
yielding and stress-tolerant wheat cultivars capable of adapting to changing
climatic conditions while maintaining stable productivity.

The early stages of wheat ontogeny are particularly important for the
establishment of plant adaptive potential, as this period determines root system
architecture, biomass accumulation, and the intensity of growth processes. It
has been demonstrated that the photoperiod sensitivity genes PPD-1 (PPD-A1,
PPD-BI, and PPD-D1) regulate not only heading time but also influence early



growth rate, leaf area development, root system architecture, and the efficiency
of resource utilization by the plant'’.

1.1. Analysis of Linear Growth in Near-Isogenic Lines Carrying Different
PPD Alleles

The analysis demonstrated that all near-isogenic lines (NILs) carrying
dominant PPD alleles exhibited greater total plant length than the recurrent
cultivar Myronivska 808 (Table 2).

Table 2
Growth response of near-isogenic wheat lines carrying different PPD
alleles based on linear growth parameters at the tillering stage

. - Plant length Shoot length Root length Shoot/root
Near-isogenic line .

(cm) (cm) (cm) ratio
PPD Dla 45,41 33,43 12,11 2,76
PPD Bla 46,43 32,72 13,82 3,34
PPD Ala 42,22 32,53 9,87 3,31
Myronivska 808 39,84 33,12 6,83 4,85
LSDo.os 3,02 3,03 0,89 0,25

The greatest plant length was observed in the PPD-Bla NIL (46.43 cm),
exceeding that of the recurrent cultivar by 6.59 cm (16.5%). A similarly high
value was recorded for the PPD-D1a genotype (45.41 cm), which was 5.57 cm
(14.0%) longer than the control. The PPD-Ala NIL also exhibited greater plant
length (42.22 cm), exceeding the control by 2.38 cm (6.0%); however, this
difference did not exceed the least significant difference (LSDo.os = 3.02 cm)
and therefore was not statistically significant.

The most pronounced genotypic differences were observed in root
development. The longest roots were recorded in the PPD-Bla NIL (13.82 cm),
representing nearly a twofold increase compared with the recurrent cultivar
(6.83 cm). Root length reached 12.11 cm in the PPD-Dla line and 9.87 cm
in the PPD-Ala line. In all NILs, root length significantly exceeded that of
Myronivska 808, as the observed differences were greater than the corresponding
LSDo.os value (0.89 cm).

In contrast, shoot length varied only slightly among the studied genotypes
(32.53-33.43 cm), indicating that the principal effect of the dominant PPD
alleles during early ontogeny was associated with enhanced root system
development rather than shoot elongation.

Significant differences were also observed in the shoot-to-root ratio.
The lowest values were recorded for the PPD-Dla and PPD-Bla NILs,

7 Hyles, J., Bloomfield, M.T., Hunt, J.R. et al. Phenology and related traits for wheat
adaptation. Heredity 125, 417-430 (2020). https://doi.org/10.1038/s41437-020-0320-1
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reflecting relatively greater investment in root growth. Conversely, the
recurrent cultivar Myronivska 808 exhibited the highest shoot-to-root ratio
(4.85), indicating considerably weaker root development relative to the
aerial part of the plant.

These findings are consistent with current understanding of PPD-/ gene
function. In addition to regulating photoperiodic responses, PPD genes
exert pleiotropic effects on plant growth by influencing meristem activity,
developmental rate, and vegetative biomass accumulation from the earliest
stages of plant development. The observed stimulation of root growth in NILs
carrying dominant PPD alleles further supports the role of these genes in
coordinating developmental processes beyond the regulation of flowering time.

1.2. Analysis of Fresh Biomass Accumulation

The analysis of fresh biomass accumulation demonstrated that the effects
of different PPD alleles were manifested not only in linear growth but also
in the distribution of biomass among individual plant organs (Table 3). The
greatest total fresh biomass was recorded in the PPD-Bla NIL (4.95 mg),
which significantly exceeded that of the PPD-Ala line (3.85 mg) and was
slightly higher than that of the recurrent cultivar Myronivska 808 (4.63 mg).
The PPD-Dla NIL also produced greater total biomass than the control,
reaching 4.72 mg.

The most pronounced differences among the genotypes were observed in
root biomass accumulation. The highest root fresh biomass was recorded in
the PPD-Bla (1.11 mg) and PPD-Ala (1.05 mg) lines, whereas the recurrent
cultivar accumulated only 0.54 mg. Thus, root biomass accumulation in the
NILs was approximately twofold greater than that of the control genotype.

Table 3
Growth response of near-isogenic wheat lines carrying different PPD
alleles based on fresh biomass accumulation at the tillering stage

Near-isogenic line ?lant fresh Shoot fresh }loot fresh _Shoot/root.
biomass (mg) | biomass (mg) | biomass (mg) biomass ratio
PPD Dla 4,72 3,92 0,78 5,11
PPD Bla 4,95 3,64 1,11 3,32
PPD Ala 3,85 3,68 1,05 3,51
Myronivska 808 4,63 4,09 0,54 7,64
LSDo.os 0,48 0,21 0,26 1,98

In contrast, the highest shoot fresh biomass was observed in Myronivska 808
(4.09 mg). However, the difference between the recurrent cultivar and the PPD-
Dla NIL (3.92 mg) was smaller than the corresponding LSDo.os value (0.21 mg)



and was therefore not statistically significant. These findings indicate that the
principal effect of the dominant PPD alleles was associated with stimulation of
root development rather than increased shoot biomass accumulation.

The shoot-to-root biomass ratio provided an integrated assessment of
biomass partitioning within the plant. The highest ratio was observed in the
recurrent cultivar (7.64), indicating preferential allocation of assimilates to
shoot growth. In contrast, substantially lower values were recorded in the PPD-
Bla (3.32) and PPD-Ala (3.51) NILs, reflecting a more balanced distribution
of assimilates between aboveground and belowground organs and a relatively
greater investment in root development.

Recent studies have demonstrated that photoperiod-insensitive PPD-1
alleles, particularly PPD-Dla and PPD-Bla, accelerate plant development,
modify plant architecture, and influence biomass accumulation well before
the transition to the reproductive phase. The present results further support
these observations, demonstrating that substitution of individual PPD-1
alleles in the near-isogenic background of the cultivar Myronivska 808
substantially affects plant growth characteristics during the earliest stages
of ontogeny.

Among the investigated genotypes, the PPD-Bla NIL exhibited the most
pronounced positive effect on root system development, as evidenced by the
greatest plant length, maximum root length and root biomass, and the lowest
shoot-to-root ratios for both linear growth and biomass accumulation. The
PPD-Dla NIL also displayed vigorous plant growth and a well-developed root
system. Although the influence of the PPD-Ala allele was comparatively less
pronounced, this genotype nevertheless outperformed the recurrent cultivar for
most of the evaluated growth parameters.

Overall, the obtained results indicate that dominant PPD alleles determine
not only the photoperiodic response of wheat plants but also influence assimilate
partitioning among plant organs, promoting the development of a more vigorous
root system during early ontogeny. Such modifications may enhance plant
adaptation to unfavorable environmental conditions, particularly water deficit,
thereby supporting the increasingly recognized pleiotropic role of PPD genes in
regulating wheat growth, development, and stress adaptation.

2. Analysis of the Growth Response of Primary Calli of Near-Isogenic
Wheat Lines Carrying Different PPD Alleles
2.1. Callus Induction from Mature Wheat Embryos
In vitro tissue culture is one of the most important tools of modern plant
biotechnology and is widely used for cell selection, genetic transformation,
production of somaclonal variants, and the rapid propagation of valuable
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genotypes. In bread wheat (Triticum aestivum L.), mature embryos'® are among
the most commonly used explants because they are available throughout
the year, exhibit high viability, and are relatively easy to sterilize. Unlike
immature embryos, the use of mature seeds does not require donor plants to
be grown at specific developmental stages, thereby considerably simplifying
biotechnological research!’.

Callus induction begins with the dedifferentiation of scutellum cells or
embryonic meristematic tissues in response to exogenous phytohormones. The
most widely used induction medium is Murashige and Skoog (MS) basal medium
supplemented with the synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) at
concentrations ranging from 1 to 3 mg L™!. Auxins initiate intensive cell division,
ultimately resulting in the formation of undifferentiated callus tissue.

The efficiency of callus induction is largely genotype-dependent. Numerous
studies have demonstrated that wheat cultivars and breeding lines differ
substantially in callus induction frequency, callus growth rate, and regeneration
capacity. These differences are genetically determined through the regulation
of cell division, morphogenesis, and hormonal signaling pathways. Genes
involved in phytohormone responses, meristem activity, and photoperiod
sensitivity may also influence the proliferative activity of cultured cells under
in vitro conditions®.

The quality of the induced callus is as important as its quantity. Compact,
light-yellow or cream-colored embryogenic callus is considered the most
suitable material for plant regeneration because it is characterized by high
mitotic activity and consists predominantly of small, isodiametric cells with
large nuclei. In contrast, loose, watery, or dark-colored callus generally possesses
low morphogenetic potential and rapidly loses its capacity for organogenesis.

Callus induction is also strongly influenced by culture conditions. Optimal
induction is generally achieved at temperatures of 24-26°C, under complete
darkness during the induction stage, and on media containing elevated
concentrations of sucrose as the primary carbon source. Furthermore, the
efficiency of callus formation depends on the physiological status of the
seeds, storage conditions, and the developmental stage of the embryos. The

18 Tamimi S. M., Othman H. Callus induction and regeneration from germinating mature embryos of
wheat (Triticum aestivum L.). Sains Malaysiana. 2021. Vol. 50, No. 4. P. 889-896. DOI: 10.17576/jsm-
2021-5004-01

19 Zhou Z., Xu Y., Zhao Y. et al. Overcoming genotypic dependency and bypassing immature embryos
in wheat transformation by using morphogenic regulators. Science China Life Sciences. 2024. Vol. 67.
P. 1535-1538. DOI: 10.1007/511427-023-2565-9

2 Fehér A. Callus, Dedifferentiation, Totipotency, Somatic Embryogenesis: What These Terms Mean in
the Era of Molecular Plant Biology? Frontiers in Plant Science. 2019. Vol. 10. Art. 536. DOI: 10.3389/
fpls.2019.00536
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optimization of culture media and plant growth regulators can substantially
increase the frequency of morphogenetically competent callus, even in
genotypes exhibiting inherently low regeneration capacity.

Thus, mature wheat embryos represent a convenient and reliable explant
source for callus culture. Although their efficiency is generally lower than that
of immature embryos, they provide high experimental reproducibility, making
them particularly valuable for genetic, breeding, and biotechnological studies.
Investigation of callus formation in different genotypes, especially near-
isogenic lines, provides an opportunity to elucidate the role of individual genes
in the regulation of in vitro morphogenesis and contributes to the development
of efficient systems for cell selection and plant regeneration.

2.2. Role of the PPD Gene System in the Regulation of Primary Callus
Formation

During the experiments, all investigated near-isogenic lines were successfully
introduced into in vitro culture, resulting in the production of primary calli.
Based on their phenotypic characteristics, the calli of different origins did not
differ morphologically (Fig. 1A). The primary calli were creamy-white in color,
matte, opaque, compact, and homogeneous in structure (Fig. 1B).

Cytological analysis revealed typical callus cells, which were relatively
large, elongated or curved, with thin cellulose cell walls, a large vacuole, and
a clearly visible nucleus (Fig. 1C).

Fig. 1. Primary callus induction from mature wheat embryos. (A) General
appearance of callus tissue after 21 days of cultivation; (B) primary callus
formed from mature embryos; (C) typical mature callus cells (x400).
Scale bars: 1 cm (A, B) and 1 pm (C)

Analysis of the experimental results demonstrated that the near-isogenic
lines (NILs) of the bread wheat cultivar Myronivska 808, differing in their PPD
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alleles, exhibited distinct capacities for callus induction and callus growth under
in vitro culture conditions (Fig. 2). These differences indicate that photoperiod
sensitivity genes, in addition to their established role in regulating the transition
from vegetative to reproductive development, may indirectly influence cell
proliferation, morphogenetic competence, and growth intensity in isolated
tissue culture.

The most pronounced growth response was observed in the PPD-Bla near-
isogenic line, which exhibited a callus induction frequency of 96.1% (Fig. 2A)
and a callus growth index of 32.43% (Fig. 2B). Compared with the recurrent
cultivar Myronivska 808, these values were approximately 1.6-fold and almost
fourfold higher, respectively. These findings demonstrate the considerably
greater morphogenetic potential of the PPD-Bla genotype and its enhanced
capacity for intensive cell proliferation under artificial culture conditions.
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Fig. 2. Growth response of primary calli of near-isogenic wheat lines
carrying different PPD alleles (A — callus induction frequency,
B — callus growth index). Data are expressed as percentages

The high callus induction capacity observed in the PPD-Bla line may
be associated with more efficient regulation of the cell cycle and enhanced
mitotic activity. Callus formation is initiated through the dedifferentiation
of somatic cells followed by their transition to intensive cell division. This
process is controlled by a complex interaction between genetic factors and the
phytohormonal system, particularly auxins and cytokinins. Altered expression
of genes involved in photoperiodic regulation may affect the hormonal balance
within cultured cells, thereby influencing both the rate of callus induction and
the subsequent growth of callus tissue.
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2.3. Cytological Analysis of Callus Tissues of Wheat NILs Carrying PPD
Genes

The cytological analysis confirmed the results of the morphometric
studies (Fig. 3). Among the investigated near-isogenic lines (NILs), the PPD-
Bla isoline was characterized by the highest cell density in the callus tissue
(4.23 x 10° cells mg™") (Fig. 3A), indicating a high level of mitotic activity. At
the same time, the average cell length was lower (1.05 x 102 um) (Fig. 3B) than
in the other experimental variants. This pattern is typical of tissues exhibiting
intensive proliferation, where cell division predominates over subsequent cell
growth and elongation. Smaller cells are physiologically younger and possess
higher metabolic activity, thereby ensuring rapid accumulation of callus

biomass.
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Fig. 3. Cytological characteristics of callus cells of wheat NILs carrying
PPD genes in the cultivar Myronivska 808 (A — Cell density;
B — Cell length)

In contrast to the PPD-Bla isoline, the PPD-Dla line exhibited a lower
growth index (14.13%), although the number of cells remained relatively high
(3.36 x 10° cells mg ). However, this isoline was characterized by the greatest
average cell length (1.38 pum). This finding may indicate the predominance
of cell elongation processes over active cell division. Such a growth pattern
is commonly observed when mitotic activity declines, and tissue biomass
increases primarily through the enlargement of already differentiated cells.

The PPD-Ala isoline occupied an intermediate position for most of the
investigated parameters. The frequency of callus formation reached 62.9%, while
the growth index was 22.3%, exceeding the corresponding values of the original
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cultivar but remaining lower than those of the PPD-Bla isoline. Nevertheless,
the callus tissue contained the lowest number of cells (2.57 x 10° cells mg™),
and their average length was also the smallest (0.92 pm). This combination
may indicate relatively low rates of both cell division and subsequent cell
expansion, which is likely associated with the functional characteristics of the
corresponding PPD allele.

The original cultivar Myronivska 808 exhibited the lowest indices of growth
activity. The frequency of callus formation was only 59.3%, while the growth
index reached 8.15%. These results indicate a considerably lower regenerative
capacity compared with the investigated NILs. Therefore, the introduction of
individual PPD gene alleles into the genetic background of the cultivar can
substantially modify the response of plant tissues to in vitro culture conditions.

The obtained results are consistent with current concepts regarding the
multifunctional role of photoperiod response (PPD) genes. Recent studies
have demonstrated that PPD genes regulate not only heading time but also
influence the intensity of growth processes, photosynthetic efficiency, hormonal
status, adaptation to abiotic stresses, and meristem activity. Consequently, their
effects may also be manifested under in vitro culture conditions, where tissue
development is determined primarily by intrinsic physiological and biochemical
mechanisms.

Thus, the results of the present study demonstrate that different alleles of the
PPD genes exert distinct effects on the morphogenetic potential of wheat callus
tissue. The PPD-Bla isoline exhibited the highest biotechnological value,
providing the greatest frequency of callus formation, the highest growth index,
and the largest population of actively proliferating cells. These characteristics
make this genotype a promising candidate for biotechnological applications,
including plant regeneration, cell selection, and genetic transformation of wheat.

3. Comparative Analysis of the Growth Response of Wheat NILs
Carrying PPD Genes under In Vivo and In Vitro Conditions

A comparative analysis of the experimental results demonstrated that
the effects of PPD genes are manifested both at the level of the whole plant
(in vivo) and at the level of isolated cells and tissues (in vitro). Despite the
substantial differences between these experimental systems, a common pattern
was observed in both cases: the dominant alleles of the PPD genes promoted
growth processes compared with the original cultivar Myronivska 808.

Under in vivo conditions, the most pronounced effect was observed in the
PPD-Bla isoline, which exhibited the greatest plant height (46.43 cm), the
longest root system (13.82 cm), and the highest fresh plant biomass (4.95 mg).
Furthermore, this isoline showed the lowest shoot-to-root ratio, indicating more
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intensive root system development. A similar trend was observed for the PPD-
Dila isoline, although its values were slightly lower. The least pronounced
positive effect among the NILs was recorded for PPD-A1a, whereas the original
cultivar Myronivska 808 exhibited the poorest root growth and a less efficient
distribution of biomass between aboveground and belowground organs.

A similar pattern was also observed under in vitro conditions. The PPD-Bla
isoline exhibited the highest frequency of callus formation (96.1%), the
maximum growth index (32.43%), and the greatest cell density in the callus
tissue (4.23 x 10° cells mg™). These results indicate a high proliferative activity
of callus cells and a considerable morphogenetic potential of this genotype. In
contrast, the original cultivar Myronivska 808 was characterized by the lowest
levels of callus induction and callus growth, consistent with its lower growth
performance under natural conditions.

At the same time, certain differences were observed between the in vivo
and in vitro systems. In the intact plant, growth is determined by the integrated
interaction of the photosynthetic apparatus, the root system, assimilate
transport, hormonal regulation, and environmental factors. In contrast, under in
vitro culture conditions, cell development occurs in a controlled environment
on an artificial nutrient medium, where intrinsic genetic mechanisms, hormonal
balance, and the capacity of cells for dedifferentiation and re-entry into the cell
cycle play the predominant roles. Consequently, individual parameters do not
always show complete correspondence between the two systems. For example,
the PPD-Dla isoline displayed vigorous plant growth in vivo, whereas under
in vitro conditions its callus exhibited a relatively lower growth index despite
possessing the largest average cell size. This observation suggests that cell
expansion predominated over intensive cell proliferation.

Particular attention should be given to the PPD-B1a isoline, which exhibited
the best overall performance in both experimental systems. Plants of this
genotype showed intensive root system development and the greatest biomass
accumulation, while under in vitro conditions they demonstrated the highest
frequency of callus formation, the greatest growth index, and the highest cell
density in the callus tissue. This correspondence indicates that the PPD-Bla
allele positively affects not only whole-plant growth but also the fundamental
processes of cell division and morphogenesis.

The obtained results support the current understanding of the multifunctional
role of PPD genes. Although these genes are traditionally regarded as
regulators of photoperiod sensitivity and heading time, their function is not
limited to reproductive development. The findings suggest that PPD genes
are also involved in the regulation of meristem activity, plant hormonal status,
cell division, and growth processes during the early stages of ontogeny. The
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consistency of the observed trends under both natural and tissue culture
conditions indicates that the effects of PPD alleles are genetically determined
and are expressed regardless of the level of biological organization.

In conclusion, the comparative analysis demonstrated that the results
obtained under in vivo and in vitro conditions are complementary. Among the
investigated genotypes, the PPD-Bla isoline proved to be the most promising,
combining vigorous plant growth, a well-developed root system, and the
highest morphogenetic potential of callus tissue. These characteristics make
this genotype a valuable candidate for breeding programs, cell selection,
and biotechnological research aimed at improving wheat adaptability and
productivity.

CONCLUSIONS

The present study demonstrated that the substitution of individual dominant
PPD alleles into the genetic background of the bread wheat cultivar Myronivska
808 significantly affected plant growth and morphogenetic responses under both
in vivo and in vitro conditions. Although PPD genes are primarily recognized
as regulators of photoperiod sensitivity and heading time, the obtained results
provide further evidence of their pleiotropic effects on early plant development,
root system architecture, biomass accumulation, and the proliferative activity
of cultured cells.

Among the investigated near-isogenic lines, the PPD-Bla genotype
consistently exhibited the most favorable performance. Under in vivo
conditions, it showed the greatest plant height, the most developed root
system, the highest fresh biomass accumulation, and a more balanced
allocation of assimilates between shoots and roots. Under in vitro
conditions, the same genotype demonstrated the highest frequency of callus
induction, the greatest callus growth index, and the highest density of
actively proliferating cells, indicating superior morphogenetic competence
and regenerative potential.

The comparative analysis revealed a strong correspondence between
plant growth under natural conditions and cellular behavior in tissue culture.
Although the physiological mechanisms regulating development differ between
in vivo and in vitro systems, the overall effects of the dominant PPD alleles
remained consistent, suggesting that their influence is genetically determined
and expressed across different levels of biological organization. The contrasting
response of the PPD-Dla isoline, characterized by vigorous plant growth but
relatively lower callus proliferation accompanied by larger cell size, further
indicates that different PPD alleles may differentially regulate the balance
between cell division and cell expansion.
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Overall, the findings highlight the multifunctional role of PPD genes in the
regulation of wheat growth and development beyond their established function
in flowering-time control. The superior performance of the PPD-Bla isoline
identifies this genotype as a valuable source of favorable alleles for wheat
improvement. Its high growth vigor, enhanced root development, and elevated
morphogenetic potential make it particularly suitable for breeding programs,
cell selection, plant regeneration, and genetic transformation.

Thus, the results of the present study demonstrate that the dominant PPD
alleles exhibit pleiotropic effects manifested at both the whole-plant and cellular
levels. These findings indicate that the PPD gene system can be regarded as one
of the key regulators of growth processes in wheat. These results contribute to
a better understanding of the biological functions of PPD genes and provide
a scientific basis for their application in modern wheat breeding and plant
biotechnology.

SUMMARY

The study investigated the growth response of near-isogenic lines (NILs)
of bread wheat (Triticum aestivum L.) cultivar Myronivska 808, differing in
the allelic composition of the photoperiod sensitivity (PPD) genes, under
in vivo and in vitro conditions. The aim of the study was to determine
the effects of the dominant alleles PPD-Ala, PPD-Bla, and PPD-Dla
on plant growth, biomass accumulation, root system development, callus
formation, and the cytological characteristics of callus tissues. The results
demonstrated that all NILs carrying dominant PPD alleles exceeded the
original cultivar Myronivska 808 in growth performance during the early
stages of ontogenesis. The most pronounced positive effect was observed
in the Ppd-Bla isoline, which exhibited the greatest plant and root lengths,
the highest fresh root biomass accumulation, and a more balanced shoot-to-
root ratio. Under in vitro tissue culture conditions, this isoline also showed
the highest callus induction frequency, the greatest growth index, and the
highest cell density in callus tissue. These findings indicate that PPD genes
exert a consistent genetic effect on growth regulation under both in vivo and
in vitro conditions. The obtained results confirm the multifunctional role of
PPD genes, which regulate not only photoperiodic response and heading
time but also influence growth intensity, root system development, biomass
accumulation, and cell proliferative activity. The PPD-Bla isoline can be
recommended as a promising source material for wheat breeding programs
and biotechnological research aimed at developing high-yielding and
environmentally adaptable wheat cultivars.
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CHAPTER 2

HEALTH ASSESSMENT OF SPECIES-RICH
URBAN LAWN MIXTURES IN SUSTAINABLE
URBAN GREEN INFRASTRUCTURE

Golosna Lesia, Bobrova Olena, Afanasieva Oksana, Holubec Vojtech
DOl https://doi.org/10.30525/978-9934-26-714-7-2

INTRODUCTION

Urban green infrastructure has become an essential component of sustainable
city development. As urbanization intensifies worldwide, cities increasingly
face challenges associated with climate change, biodiversity loss, air pollution,
elevated temperatures, and the deterioration of environmental quality. Green
spaces, including parks, roadside vegetation, urban meadows, and lawns,
provide a wide range of ecosystem services that mitigate these negative impacts
while improving the quality of life for urban residents'?3.

Lawns represent one of the most widespread elements of urban green
infrastructure. Beyond their aesthetic value, they perform numerous ecological
functions, including temperature regulation through evapotranspiration, carbon
sequestration, reduction of airborne particulate matter, stormwater infiltration,
soil stabilization, and noise attenuation*. Well-designed grasslands also
contribute to urban biodiversity by providing habitats for insects and other
organisms, thereby supporting ecological connectivity within highly fragmented
urban landscapes’.

In recent years, the concept of urban lawns has undergone considerable
transformation. Conventional intensively managed lawns, typically composed
of a few highly productive grass species and requiring frequent mowing,

! Ignatieva M. et al. Lawn as a cultural and ecological phenomenon: a conceptual framework for
transdisciplinary research. Urban forestry & urban greening. 2015. T. 14. Ne. 2. P. 383-387.

2 Aronson M. F. J. et al. Biodiversity in the city: key challenges for urban green space management.
Frontiers in Ecology and the Environment. 2017. T. 15. Ne. 4. P. 189-196.

> Ignatieva M. et al. Lawns in cities: from a globalised urban green space phenomenon to sustainable
nature-based solutions. Land 2020, 9, 73.

* Robbins P. Lawn people: How grasses, weeds, and chemicals make us who we are. Temple University
Press, 2012.

5 Stewart G. H. et al. URban Biotopes of Aotearoa New Zealand (URBANZ)(I): composition and
diversity of temperate urban lawns in Christchurch. Urban Ecosystems. 2009. T. 12. Ne. 3. P. 233-248.
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irrigation, and fertilization, are increasingly being replaced by more diverse
vegetation communities®’. Species-rich grass-legume-forb mixtures are
considered a sustainable alternative because they require fewer maintenance
inputs, exhibit greater resilience to climatic extremes, and provide enhanced
ecological functions®. Such mixtures are particularly suitable for green
infrastructure associated with transport corridors, including tram tracks, railway
embankments, and roadside verges, where plants are exposed to multiple
environmental stresses.

Among European cities, Prague represents an outstanding example
of integrating species-rich vegetation into urban transport infrastructure.
During the last decade, numerous tramway corridors have been converted
into vegetated tracks that combine ecological, aesthetic, and engineering
functions by reducing heat accumulation, retaining rainwater, suppressing
noise, and improving the urban environment®'°. Within this concept, perennial
mixtures based on native grasses, legumes, and herbaceous flowering species
have been developed to tolerate drought, temperature fluctuations, nutrient-
poor soils, and reduced maintenance while simultaneously supporting urban
biodiversity.

Despite the increasing implementation of species-rich urban lawns, their
long-term sustainability depends not only on their ecological adaptability
but also on their health status. Urban vegetation is continuously exposed to
numerous biotic stress factors, including pathogenic fungi capable of reducing
plant vigor, biodiversity, and aesthetic quality. Diseases affecting grasses,
legumes, and associated herbaceous species may impair ecosystem functioning,
shorten the persistence of plant communities, and increase maintenance
requirements'"'2. Climatic fluctuations, especially periods of prolonged drought
followed by intensive rainfall, may further alter pathogen dynamics and disease
severity in urban ecosystems.

¢ Wiewiora B., Zurek G. Amenity grasses — a short insight into species, their applications and functions.
Agronomy. 2023. T. 13. Ne. 4. P. 1164.

7 Ignatieva M. et al. Lawns in cities: from a globalised urban green space phenomenon to sustainable
nature-based solutions. Land, 2020, 9, 73.

8 Parra L. et al. Evaluating the impact of natural products to improve the sustainability or urban lawns.
Cities. 2024. T. 150. P. 105097.

° Silnice zeleznice (2019). Zelena tramvajova trat’ = cirkularni ekonomika a pfizpusobeni se klimatu
= kolejovy absorbér hluku s funkei retence vody BRENS STERED. Dostupné na: http://www.silnice-
zeleznice.cz/clanek/zelena-tramvajova-trat-cirkularni-ekonomika-a-prizpusobeni-se-klimatu-kolejovy-
absorber-hluku-s-funkci-retence-vody-brens-stered/

10 Tramvajova trat Divoka Sarka — Dédinskd. URL: https:/mhd86.cz/2015/01/06/tramvajova-trat-
divoka-sarka-dedinska/

' Vargas J. M. Management of turfgrass Diseases. Boca Raton : CRC Press, 1994. 320 p.

12 Miller Jr G. L. Turfgrass diseases. Agrios' Plant Pathology. Academic Press. 2024. P. 823-828.
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Although diseases of conventional turfgrass have been extensively
investigated'>!4, comparatively little attention has been devoted to
phytopathological risks associated with species-rich urban grassland mixtures
developed for sustainable landscaping. Similarly, information concerning the
diversity of fungi colonizing native plant mixtures established along tramway
green corridors remains scarce. Understanding the relationships between plant
diversity, fungal communities, and disease incidence is therefore essential for
developing resilient urban vegetation capable of maintaining both ecological
functions and long-term stability'>'°.

The present study forms part of the project Genetic Resources for Cities
and Landscape, conducted by the Czech Agrifood Research Center (CARC;
formerly the Crop Research Institute), Prague, Czech Republic. The project
aims to develop sustainable plant mixtures based on native grasses, legumes,
and herbaceous species suitable for urban environments. Within this framework,
several experimental grassland mixtures were established along Prague tramway
corridors and evaluated under field conditions.

The objectives of this study were to assess the phytosanitary status of
experimental urban lawn mixtures established in Prague, to identify fungal
pathogens associated with individual plant species using phytopathological
and mycological analyses, and to discuss the implications of phytopathological
risks for the development of sustainable urban green infrastructure.

1. Materials and Methods

1.1. Study Area

The study was conducted within the framework of the Czech research
project Genetic Resources for Cities and Landscape, which aims to develop
sustainable plant mixtures suitable for modern urban environments. Field
investigations were carried out during the 2022-2023 growing seasons at
experimental sites established along tramway corridors in Prague, the capital city
of the Czech Republic. Prague (50°05'N, 14°25'E) is located in the temperate
climatic zone of Central Europe and is characterized by a humid continental
climate with warm summers and cold winters. The city experiences increasing
environmental pressures associated with urbanization, including elevated
summer temperatures, prolonged drought periods, air pollution, and intensive

13 Hsiang T., Matsumoto N., Millett S. M. Biology and management of Tiphula snow mold of turfgrass.
Plant Disease. 1999. V. 3. No 9. P. 788-798.

4 Miller Jr G. L. Turfgrass diseases. Agrios’ Plant Pathology. Academic Press, 2024. P. 823-828.

15 Kiecana 1., Cegielko M., Mielniczuk E. Fungi occurred on turfgrasses in lawn maintenance. Acta
Scientiarum Polonorum. Hortorum Cultus. 2015. T. 14. Ne. 3.

16 Wiewiora B., Zurek G. Amenity grasses — a short insight into species, their applications and functions.
Agronomy. 2023. T. 13. Ne. 4. P. 1164.
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anthropogenic disturbance, making it an appropriate model for evaluating the
performance of species-rich urban vegetation.

Five experimental sites were selected in different parts of Prague to represent
a range of urban conditions associated with tramway green corridors (Figure 1).
Three sites (Sidlisté Repy, Spofilov, and Bélohorska) contained experimental
plots established with low-growing flowering mixtures, tall flowering mixtures,
and drought-tolerant mixtures. Two additional sites (Kubanské nameésti and the
Tsiolkovského tramway extension between Vlastina and Dédina) were planted
with optimized grass—legume—herb mixtures developed during the final phase of
the project. The geographical distribution of the study sites enabled evaluation
of vegetation performance under varying local environmental conditions,
including differences in solar exposure, soil properties, and urban microclimate.

Mop Cota S22 GaolleswOEIXG (CIXI Googe

Fig. 1. Location of the experimental sites established along tramway
corridors in Prague, Czech Republic. (1) Sidli§té Repy tram terminus;

(2) Sporilov tram terminus; (3) Bélohorska tram stop (Prague-Bievnov);
(4) Kubanské namésti tram stop (Prague 10-VrSovice); and (5) Tsiolkovského
tram stop between Vlastina and Dédina (Prague 6). Experimental plots
included low-growing flowering mixtures, tall flowering mixtures, drought-
tolerant mixtures, and optimized grass—legume-herb mixtures established for
phytopathological evaluation under urban conditions
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Tramway green corridors constitute an important component of
Prague's urban green infrastructure. Beyond their aesthetic function, they
provide multiple ecosystem services, including biodiversity conservation,
mitigation of the urban heat island effect, stormwater infiltration, reduction
of dust and noise, and improvement of the urban microclimate. Vegetation
established in these corridors is subjected to a combination of abiotic and
biotic stress factors, including heat stress, periodic drought, compacted soils,
road-derived pollutants, and continuous exposure to naturally occurring plant
pathogens. Consequently, tramway corridors represent an ideal environment
for evaluating the establishment, persistence, and phytosanitary performance of
species-rich lawn mixtures intended for sustainable urban landscaping.

1.2. Experimental Plant Mixtures

Three experimental perennial lawn mixtures were developed within the
framework of the project to evaluate alternative approaches to sustainable
urban landscaping: (i) a low-growing flowering mixture, (ii) a tall flowering
mixture, and (iii) a drought-tolerant mixture. Following the evaluation of
their establishment, persistence, and phytosanitary performance under urban
conditions, an optimized grass—legume—herb mixture was subsequently
developed using the best-performing species.

The mixtures were designed to establish ecologically stable, visually
attractive, and low-maintenance vegetation suitable for tramway corridors and
other urban green spaces. Species were selected according to their ecological
adaptability, ornamental value, drought tolerance, persistence under urban
conditions, and compatibility with multispecies plant communities. Particular
emphasis was placed on the use of native genetic resources originating from
different regions of the Czech Republic. Many of these species naturally occur in
habitats characterized by drought, nutrient-poor soils, and other environmental
stresses, making them well adapted to the challenging conditions of urban
landscapes.

The low-growing flowering mixture consisted of 27 species, including
10 grasses (Agrostis capillaris, Anthoxanthum odoratum, Festuca rubra subsp.
trichophylla, Festuca rupicola, Helictochloa pratensis, Phleum bertolonii,
Phleum phleoides, Poa compressa, Poa pratensis, and Trisetum flavescens), three
legumes (Anthyllis vulneraria, Trifolium incarnatum, and Trifolium pratense),
and 14 perennial herbaceous species, including Dianthus carthusianorum,
Dianthus deltoides, Echium vulgare, Filipendula vulgaris, Leontodon
autumnalis, Leontodon hispidus, Linaria vulgaris, Matricaria chamomilla,
Origanum vulgare, Plantago lanceolata, Plantago media, Sanguisorba minor,
Silene vulgaris, and Tragopogon pratensis.
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The tall flowering mixture comprised 22 species, including six grasses
(Brachypodium pinnatum, Briza media, Bromus erectus, Cynosurus cristatus,
Koeleria pyramidata, and Trisetum flavescens), four legumes (4stragalus cicer,
Medicago sativa, Onobrychis viciifolia, and Securigera varia), and 12 perennial
herbaceous species, including Achillea ptarmica, Anchusa officinalis, Artemisia
absinthium, Betonica officinalis, Carum carvi, Cichorium intybus, Echinops
sphaerocephalus, Galium album, Galium verum, Hypericum perforatum,
Sanguisorba officinalis, and Scabiosa ochroleuca.

The drought-tolerant mixture included 27 species, comprising 12 grasses
(Agrostis capillaris, Bothriochloa ischaemum, Bromus erectus, Festuca filiformis,
Festuca pallens, Festuca rupicola, Festuca valesiaca, Helictochloa pratensis,
Melica transsilvanica, Phleum bertolonii, Poa compressa, and Stipa capillata),
five legumes (Anthyllis vulneraria, Lotus corniculatus, Medicago lupulina,
Trifolium incarnatum, and Trifolium repens), and ten perennial herbaceous
species (Achillea millefolium, Cichorium intybus, Dianthus carthusianorum,
Plantago lanceolata, Plantago media, Potentilla argentea, Ranunculus bulbosus,
Sanguisorba minor, Thymus pulegioides, and Tragopogon pratensis).

Although the botanical composition differed among the three mixtures, all
were designed according to the same ecological principles: the combination
of perennial grasses providing structural stability, nitrogen-fixing legumes
improving soil fertility, and flowering herbaceous species enhancing
biodiversity, ornamental value, and ecological resilience. This multispecies
approach was intended to create self-sustaining urban vegetation capable of
tolerating drought, low soil fertility, and other environmental stresses while
requiring only minimal maintenance.

1.3. Phytopathological Monitoring

Field observations were conducted throughout the 2022-2023 growing
seasons, with particular emphasis on periods favorable for the development of
fungal diseases. Experimental plots were inspected regularly to evaluate the
phytosanitary status of all plant species included in the lawn mixtures. Visual
assessments focused on the occurrence of disease symptoms, including leaf
spots, chlorosis, necrosis, powdery mildew, anthracnose, stem lesions, wilting,
and other abnormalities indicative of pathogen infection.

Plants exhibiting visible disease symptoms were photographed, documented,
and collected for subsequent laboratory examination. Representative samples
of symptomatic grasses, legumes, and herbaceous species collected during
field surveys are shown in Figure 2. The collected material served as the basis
for phytopathological diagnosis and mycological isolation of fungal species
associated with naturally occurring infections.
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Fig. 2. Representative plant samples collected from experimental species-
rich lawn mixtures during phytopathological monitoring. Symptomatic
grasses, legumes, and herbaceous species were sampled for laboratory

diagnosis and mycological analysis

Disease incidence was evaluated for all botanical groups to compare their
susceptibility to naturally occurring fungal infections under urban environmental
conditions. Particular attention was paid to differences in disease occurrence
among grasses, legumes, and herbaceous flowering species, as well as to the
distribution and severity of symptoms within the experimental mixtures. No
fungicides or other plant protection treatments were applied during the study,
allowing the assessment of disease development under natural field conditions.

1.4. Mycological Analysis

Plant samples exhibiting disease symptoms were transported to the laboratory
for mycological examination immediately after collection'”'®. Leaf, stem, and
other infected tissues were processed according to standard phytopathological
procedures. Following surface sterilization, tissue fragments were aseptically
transferred onto potato dextrose agar (PDA) supplemented with antibiotics to
suppress bacterial contamination. Representative plant samples cultured on
PDA prior to fungal isolation are shown in Figure 3.

The inoculated Petri dishes were incubated under controlled laboratory
conditions until fungal colonies developed. Emerging colonies were examined
regularly, and morphologically distinct isolates were subcultured to obtain pure
cultures for subsequent identification.

Fungal isolates were identified on the basis of colony morphology and
microscopic characteristics using standard taxonomic keys and diagnostic

17 Watanabe, T. Pictorial Atlas of Soil and Seed Fungi; CRC Press: Boca Raton, FL, USA, 2002. 504 p.
[CrossRef]

18 Seifert, K. A., Morgan-Jones, G. A., Gams,W.; Kendrick, B. The Genera of Hyphomycetes; CBS
Biodiversity (Series 10); CBS Fungal Diversity Centre: Utrecht, The Netherlands, 2011. 997 p.
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manuals. Identification focused primarily on fungi associated with foliar
diseases, anthracnose, powdery mildew, stem lesions, and other diseases
affecting grasses, legumes, and herbaceous flowering species. Whenever more
than one fungal taxon was isolated from a single host, each isolate was recorded
separately to characterize the diversity of the fungal community associated with
symptomatic plants.
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Fig. 3. Representative symptomatic plant samples cultured
on potato dextrose agar (PDA) for the isolation of fungi associated
with species-rich urban lawn mixtures

1.5. Data Evaluation

The results were evaluated using a descriptive comparative approach, with
emphasis on the phytosanitary status of the experimental lawn mixtures, disease
incidence among different botanical groups, and the diversity of fungi associated
with symptomatic plants. Comparative analyses focused on differences in
susceptibility among grasses, legumes, and herbaceous flowering species, as
well as on the composition and frequency of fungal taxa isolated from infected
plant material.

The identified fungi were grouped according to their taxonomic affiliation
and ecological role, enabling comparison of fungal communities associated
with the different experimental mixtures. Particular attention was given to
the occurrence of the principal phytopathogenic fungi affecting urban lawn
vegetation and their distribution among host species.

The results are presented in the following sections using descriptive
text supported by photographs and graphical summaries illustrating disease
symptoms, fungal diversity, and the comparative phytosanitary performance of
the experimental lawn mixtures.
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2. Results

2.1. General Health of Experimental Lawns

Phytopathological monitoring conducted during the 2022-2023 growing
seasons demonstrated that the experimental species-rich lawn mixtures
established at the Prague study sites maintained a generally satisfactory
phytosanitary status throughout the observation period. Despite continuous
exposure to typical urban environmental stressors, including elevated summer
temperatures, periodic soil moisture deficits, atmospheric pollution, and
intensive anthropogenic influence, the experimental vegetation established
successfully and retained both its ecological functionality and ornamental value.

Most investigated plant species exhibited vigorous growth, good adaptation
to local environmental conditions, and no visible signs of serious disease.
Throughout the study period, no widespread disease outbreaks or extensive
plant mortality were recorded. Disease symptoms, when observed, were
generally localized and affected individual plants or species rather than entire
plant communities. Consequently, the overall structure, species diversity, and
visual quality of the experimental lawns remained stable.

Clear differences in phytosanitary performance were observed among the
botanical groups included in the experimental mixtures. Grasses exhibited
the highest level of resistance and remained largely free of visible disease
symptoms during field observations. In contrast, several leguminous species
and, to a lesser extent, some herbaceous flowering plants showed symptoms
of fungal diseases, including powdery mildew, anthracnose, and leaf spot
diseases. Nevertheless, disease incidence remained low, and infections did not
significantly reduce plant vitality, persistence, or competitive ability within the
plant communities.

The optimized grass—legume—herb mixture established during the final phase
of the project demonstrated particularly good adaptation to urban conditions. The
vegetation established rapidly, maintained a balanced species composition, and
exhibited only isolated cases of disease throughout the monitoring period. These
observations indicate that careful selection of plant species can enhance both the
ecological stability and phytosanitary performance of species-rich urban lawns.

Overall, the results demonstrate that perennial mixtures composed of
native grasses, legumes, and herbaceous flowering species can maintain good
phytosanitary status under challenging urban conditions. The absence of severe
disease outbreaks indicates that diverse plant communities are capable of
providing stable, resilient, and aesthetically valuable vegetation suitable for
sustainable urban green infrastructure. These findings provide the basis for the
more detailed evaluation of disease incidence and fungal diversity presented in
the following sections.
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2.2. Disease Incidence among Plant Groups

The incidence and severity of diseases differed considerably among the
botanical groups included in the experimental lawn mixtures, reflecting
differences in host susceptibility under urban environmental conditions.
Although all mixtures were exposed to similar climatic and anthropogenic
stress factors, the occurrence and severity of disease symptoms varied markedly
among grasses, legumes, and herbaceous flowering species.

Grasses exhibited the highest level of phytosanitary stability throughout
the monitoring period. Most grass species remained free from visible disease
symptoms and maintained normal growth and development during both
growing seasons. Only isolated cases of minor leaf lesions were observed, and
these had no measurable effect on plant vitality or the ornamental quality of
the experimental lawns. The generally high resistance of grasses contributed
substantially to the long-term stability of the species-rich plant communities.

In contrast, leguminous species proved to be the most susceptible botanical
group. Powdery mildew caused by Erysiphe trifolii was the most frequently observed
disease, particularly on Trifolium incarnatum and Trifolium pratense during the
2022 growing season. Characteristic white superficial mycelial colonies developed
on infected leaves, reducing the photosynthetically active surface and impairing the
aesthetic appearance of affected plants. In addition, anthracnose symptoms associated
with Colletotrichum spp. were recorded on several clover plants, where they appeared
as necrotic lesions affecting leaves and petioles. Representative symptoms of both
diseases observed during field monitoring are presented in Figure 4.

Fig. 4. Representative symptoms of powdery mildew
caused by Erysiphe trifolii (upper left and lower left) and anthracnose
caused by Colletotrichum spp. (right) on clover (Trifolium spp.)
leaves collected from the experimental lawn mixtures
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Besides clover species, symptoms of anthracnose and leaf spot diseases were
also observed on several other legumes, including Medicago sativa, Medicago
lupulina, Onobrychis viciifolia, and Securigera varia. Although symptom
expression varied among host species, infections generally remained localized
and did not spread extensively within the experimental plots.

Disease symptoms were less frequent among the herbaceous flowering
species and were usually restricted to individual plants. Occasional leaf spots,
necrotic lesions, and minor tissue discoloration were recorded on Achillea
millefolium, Betonica officinalis, Cichorium intybus, and Silene vulgaris.
Despite these symptoms, the affected plants maintained satisfactory growth and
continued to contribute to the structural diversity and ecological value of the
lawn mixtures.

Overall, disease incidence remained low across all experimental sites.
Differences in susceptibility were associated primarily with plant taxonomic
group and host species rather than with the geographical location of the
experimental plots. These findings indicate that plant species composition is one
of the principal factors influencing the phytosanitary performance of species-
rich urban lawns and should therefore be carefully considered when designing
resilient vegetation mixtures for sustainable urban green infrastructure.

2.3. Diversity of Fungal Species Associated with Experimental Lawn
Mixtures

Laboratory mycological analyses revealed a diverse assemblage of fungi
associated with symptomatic plants collected from the experimental lawn
mixtures. The recovered isolates comprised phytopathogenic fungi together with
saprotrophic and opportunistic species that naturally occur in urban grassland
ecosystems. These fungi were associated with a broad spectrum of symptoms,
including leaf spots, anthracnose, stem lesions, powdery mildew, and other
foliar diseases, reflecting the complexity of fungal communities colonizing
species-rich urban vegetation.

Representative symptomatic plant tissues collected during field monitoring
and cultured on potato dextrose agar (PDA) are shown in Figure 5. Incubation
of infected plant material enabled the isolation of fungal colonies that were
subsequently purified and identified using morphological and microscopic
characteristics.

Mycological examination identified numerous fungal taxa belonging to both
phytopathogenic and saprotrophic groups. The most frequently isolated genera
included Alternaria, Fusarium, Colletotrichum, Cladosporium, Stemphylium,
Nigrospora, Epicoccum, Volutella, and Cymadothea, together with a range of
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less frequently occurring fungi. Powdery mildew caused by Erysiphe trifolii
represented the most conspicuous disease observed under field conditions,
whereas Colletotrichum spp. were associated with anthracnose symptoms
affecting several leguminous species.
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Fig. 5. Isolation of fungi from symptomatic plant tissues collected from
experimental species-rich lawn mixtures. Representative samples cultured
on potato dextrose agar (PDA) prior to fungal identification

Representative microscopic structures of the principal fungal genera
identified during the investigation are presented in Figure 6. The considerable
variation in colony morphology, conidial shape, pigmentation, and reproductive
structures illustrates the taxonomic diversity of fungi associated with the
investigated urban lawn vegetation and confirms the reliability of the
morphological identification.

The composition of fungal communities differed among the investigated
host plants. Leguminous species supported the richest assemblage of fungi,
whereas grasses were colonized predominantly by fungi exhibiting relatively
low pathogenic activity. Herbaceous flowering species showed an intermediate
level of fungal occurrence. Despite the wide taxonomic spectrum of recovered
fungi, infections generally remained localized and were not associated with
substantial deterioration of plant vitality or the ornamental quality of the lawn
communities.

The frequency of occurrence of individual fungal genera isolated during
the two-year investigation is summarized in Figure 7. Alternaria, Fusarium,
and Cladosporium were among the most frequently detected genera in both
growing seasons, while Epicoccum, Stemphylium, Nigrospora, and several other
fungi occurred regularly but at lower frequencies. In contrast, genera such as
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Volutella, Sordaria, and Trichotecium were detected only occasionally. Besides
phytopathogenic fungi, isolates belonging to saprotrophic and potentially
antagonistic genera, including Trichoderma, Chaetomium, and Gliocladium,
were also recovered. The coexistence of fungi with different ecological functions
reflects the complexity of the microbial communities inhabiting species-rich
urban lawns.
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Fig. 6. Representative microscopic structures of selected fungal genera
isolated from symptomatic plant tissues collected from experimental lawn
mixtures in Prague during the 2022-2023 growing seasons
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Fig. 7. Frequency of occurrence of fungal genera isolated
from experimental species-rich lawn mixtures in Prague

during the 20222023 growing seasons
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Overall, the recovered fungal community represents the natural mycobiota
associated with species-rich urban lawns under Central European conditions.
Although fungal diversity was relatively high, disease severity remained low
throughout the study, indicating that diverse perennial plant communities can
maintain satisfactory phytosanitary stability despite the presence of numerous
fungal taxa. These findings suggest that increasing plant diversity does not
necessarily increase disease risk and further support the use of species-rich
lawn mixtures as resilient components of sustainable urban green infrastructure.

2.4. Comparison among Experimental Mixtures

Comparative evaluation of the experimental lawn mixtures demonstrated
clear differences in phytosanitary performance, reflecting the influence of
botanical composition on disease susceptibility and overall vegetation stability.
Although all mixtures were established under comparable environmental
conditions and exposed to similar climatic and anthropogenic stress factors,
their response to naturally occurring fungal infections differed according to the
proportion of grasses, legumes, and herbaceous flowering species.

The low-growing flowering mixture exhibited the highest incidence of
disease symptoms, primarily due to the greater susceptibility of clover species
to powdery mildew caused by Erysiphe trifolii. Although infected plants
developed characteristic white mycelial colonies on leaves during periods
favorable for disease development, infections remained localized and did not
spread throughout the plant community. Consequently, neither the ecological
integrity nor the visual quality of the mixture was substantially affected.

The tall flowering mixture was characterized mainly by localized leaf spot
diseases and anthracnose affecting several leguminous species. Fungal infections
associated with Colletotrichum, Alternaria, and Ascochyta spp. occurred more
frequently than in the other mixtures; however, disease severity remained low
and had little influence on plant growth, species composition, or community
stability.

Among the investigated mixtures, the drought-tolerant mixture demonstrated
the highest level of phytosanitary stability. Disease symptoms occurred only
sporadically despite prolonged exposure to elevated temperatures, limited soil
moisture, and periodic drought. The predominance of drought-adapted grasses
and perennial herbaceous species contributed to the resilience of this vegetation
type and reduced the overall incidence of fungal diseases.

During the final phase of the project, an optimized grass—legume—herb
mixture was developed using the best-performing species identified during field
evaluation. Information panels installed at the experimental sites informed the
public about the objectives and composition of the three experimental mixtures,
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illustrating the practical application of the research within Prague's urban green
infrastructure (Figure 8).

Fig. 8. Information panels describing the experimental low-growing
flowering, tall flowering, and drought-tolerant lawn mixtures established
along Prague tramway corridors as part of the project Genetic Resources

for Cities and Landscape

The optimized mixture showed excellent adaptation to urban conditions,
combining rapid establishment, balanced species composition, and consistently
satisfactory phytosanitary status throughout the monitoring period. Only
isolated disease symptoms were observed, indicating that careful selection
of compatible species can substantially improve both ecological stability and
resistance to naturally occurring fungal infections.

The long-term success of the optimized vegetation is illustrated in Figure 9,
which shows a mature species-rich lawn established along the Tsiolkovského
tramway extension in Prague. Several years after sowing, the vegetation had
developed into a dense, visually attractive, and stable perennial community
with a satisfactory phytosanitary condition despite continuous exposure to
urban environmental stress.

The comparative evaluation indicates that species composition is one of the
principal factors influencing disease development in species-rich urban lawns.
Mixtures containing a higher proportion of susceptible leguminous species
tended to support greater fungal diversity and higher disease incidence, whereas
mixtures dominated by well-adapted grasses and drought-tolerant perennial
species exhibited greater resistance to fungal infections. Nevertheless, none
of the experimental mixtures experienced disease outbreaks severe enough to
impair vegetation establishment, reduce biodiversity, or compromise long-term
persistence under urban conditions.

Overall, all investigated mixtures fulfilled the phytosanitary requirements for
sustainable urban landscaping, although their performance differed according
to botanical composition. The drought-tolerant and optimized mixtures
demonstrated the greatest resilience, whereas the low-growing flowering
mixture required more careful consideration of susceptible leguminous species
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during mixture design. These findings demonstrate that appropriately selected
species-rich lawn mixtures can provide durable, biodiverse, and phytosanitarily
stable vegetation suitable for modern urban green infrastructure and form
the basis for the broader ecological interpretation presented in the following
Discussion.

Fig. 9. Established species-rich lawn along the Tsiolkovského tramway
extension, Prague, demonstrating successful long-term adaptation
and satisfactory phytosanitary performance under urban conditions
(summer 2026)

3. Discussion

The present study demonstrates that species-rich urban lawn mixtures
composed of native grasses, legumes, and herbaceous flowering plants can
maintain satisfactory phytosanitary status under the challenging environmental
conditions of a large metropolitan area. Despite continuous exposure to urban
stressors, including elevated summer temperatures, periodic soil moisture
deficits, atmospheric pollution, and intensive anthropogenic disturbance, the
experimental vegetation remained healthy throughout the monitoring period. No
severe disease outbreaks or extensive plant mortality were recorded, indicating
that species-rich urban lawns can combine ecological functionality with long-
term phytosanitary stability'*%.

1 Ignatieva M. et al. Lawns in cities: from a globalised urban green space phenomenon to sustainable
nature-based solutions. Land 2020, 9, 73.

2 Wiewiora B., Zurek G. Amenity grasses—a short insight into species, their applications and functions.
Agronomy. 2023. T. 13. Ne. 4. P. 1164.
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These findings support the growing recognition that increasing plant
diversity enhances the resilience of urban green infrastructure?’. Compared
with conventional species-poor turfgrass, diverse perennial plant communities
provide greater ecological stability by reducing the dominance of susceptible
host species, improving resource utilization, and increasing resistance to both
abiotic and biotic stress??. Similar relationships between plant diversity and
ecosystem resilience have been reported for natural and semi-natural grasslands,
where greater species richness is associated with improved resistance to pests,
diseases, and environmental disturbances.

One of the most consistent findings of this study was the difference in
disease susceptibility among botanical groups. Grasses remained largely free
from visible disease symptoms throughout the monitoring period, whereas
leguminous species exhibited greater susceptibility to powdery mildew,
anthracnose, and leaf spot diseases*?*. These observations agree with previous
studies demonstrating that legumes generally support a more diverse community
of fungal pathogens than grasses because of differences in host physiology,
canopy structure, and species-specific host—pathogen interactions®.

Although laboratory analyses revealed a diverse assemblage of fungi
associated with symptomatic plants, most taxa occurred at relatively low
frequencies and caused only localized infections. Importantly, the recovered
fungal community comprised not only phytopathogenic fungi but also
saprotrophic and potentially antagonistic species®*?’. The coexistence of these
ecological groups indicates that species-rich urban lawns support complex
microbial communities that may contribute to the natural regulation of
plant diseases through competition, niche occupation, and other ecological
interactions. Consequently, high fungal diversity should not necessarily be
interpreted as an increased phytopathological risk.

A particularly important practical outcome of the study was the successful
long-term establishment of the experimental lawn mixtures along Prague

21 Aronson M. F. J. et al. Biodiversity in the city: key challenges for urban green space management.
Frontiers in Ecology and the Environment. 2017. T. 15. Ne. 4. P. 189-196.

2 Stewart G. H. et al. URban Biotopes of Aotearoa New Zealand (URBANZ)(I): composition and
diversity of temperate urban lawns in Christchurch. Urban Ecosystems. 2009. T. 12. Ne. 3. P. 233-248.

2 Kobes M. et al. The occurrence of Erysiphe trifolii on Lathyrus pratensis in a foothill area of South
Bohemia. Journal of Agrobiology. 2011. T. 28. Ne. 1. P. 25.

2 Kiecana I., Cegielko M., Mielniczuk E. Fungi occurred on turfgrasses in lawn maintenance. Acta
Scientiarum Polonorum. Hortorum Cultus. 2015. T. 14. Ne. 3.

2 Simon U. K., Groenewald J. Z., Crous P. W. Cymadothea trifolii, an obligate biotrophic leaf parasite
of Trifolium, belongs to Mycosphaerellaceae as shown by nuclear ribosomal DNA analyses. Persoonia-
Molecular Phylogeny and Evolution of Fungi. 2009. T. 22. Ne. 1. P. 49-55.

% Watanabe, T. Pictorial Atlas of Soil and Seed Fungi; CRC Press: Boca Raton, FL, USA, 2002. 504 p.

2 Seifert, K. A., Morgan-Jones, G. A., Gams,W., Kendrick, B. The Genera of Hyphomycetes; CBS
Biodiversity (Series 10); CBS Fungal Diversity Centre: Utrecht, The Netherlands, 2011. 997 p.
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tramway corridors. The comparison between newly established vegetation
and mature perennial stands demonstrated that carefully designed species-rich
mixtures can develop into stable, visually attractive, and phytosanitarily healthy
plant communities under intensive urban conditions. These findings confirm
that tramway corridors can function not only as transportation infrastructure
but also as valuable components of urban green infrastructure, contributing to
biodiversity conservation, climate-change adaptation, and the improvement of
urban environmental quality?®.

From a practical perspective, the results indicate that careful selection
of compatible native grasses, legumes, and perennial herbaceous species is
essential for developing resilient urban lawns. Regular phytopathological
monitoring remains an important management tool for the early detection of
emerging diseases; however, the low disease incidence observed throughout
the study suggests that well-designed species-rich lawns can be maintained
with minimal reliance on fungicides. This approach is consistent with current
principles of sustainable urban landscaping and integrated plant protection.

Although the present investigation was limited to experimental sites within
Prague and covered two consecutive growing seasons, the results provide
valuable evidence supporting the wider application of species-rich lawn mixtures
in urban environments. Further long-term studies conducted under different
climatic conditions would improve our understanding of the interactions among
vegetation diversity, fungal communities, and environmental stress in urban
ecosystems.

Overall, the findings demonstrate that species-rich lawn mixtures based on
native plant species represent a sustainable alternative to conventional urban
turfgrass. Their ability to maintain biodiversity, satisfactory phytosanitary
status, and long-term ecological stability supports their wider use in tramway
corridors, public parks, residential areas, and other multifunctional urban
green spaces. The integrated approach adopted in this study, combining
field phytopathological monitoring with laboratory mycological diagnostics,
provides a practical framework for evaluating the health and resilience of urban
grassland ecosystems.

CONCLUSIONS

The present study demonstrated that species-rich urban lawn mixtures based
on native grasses, legumes, and herbaceous flowering plants can maintain
satisfactory phytosanitary status under the environmental conditions of a large

2 Winkler J. et al. Green space in an extremely exposed part of the city center «Aorta of Warsaw» —
Case study of the urban lawn. Urban Ecosystems. 2023. T. 26. Ne. 5. P. 1225-1238.
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metropolitan area. Despite continuous exposure to multiple urban stress factors,
disease incidence remained generally low, confirming the suitability of these
mixtures for sustainable urban landscaping.

The investigation revealed clear differences in disease susceptibility
among botanical groups. Grasses exhibited the highest phytosanitary stability,
whereas leguminous species were more frequently affected by fungal diseases,
particularly powdery mildew and anthracnose. Laboratory mycological analyses
demonstrated that the experimental lawns supported a diverse assemblage of
fungi; however, most infections remained localized and did not compromise the
ecological stability or visual quality of the vegetation.

Overall, the results confirm that appropriately designed species-rich lawn
mixtures represent a resilient and environmentally sustainable alternative to
conventional urban turfgrass. The integration of phytopathological monitoring
with mycological diagnostics provides valuable information for the management
of urban green infrastructure and supports the long-term development of
biodiverse, low-maintenance, and climate-resilient urban landscapes.

SUMMARY

Urban green infrastructure plays an increasingly important role in
sustainable city development by improving environmental quality, mitigating
climate change impacts, supporting biodiversity, and enhancing human
well-being. Species-rich urban lawns composed of grasses, legumes, and
herbaceous flowering plants are increasingly used as sustainable alternatives to
conventional turfgrass because they require lower maintenance while providing
a wide range of ecosystem services. However, the long-term sustainability
of these vegetation communities depends not only on appropriate species
selection and adaptation to urban environments but also on their phytosanitary
condition and resistance to plant pathogens. This chapter presents the results
of a comprehensive phytopathological assessment of experimental species-
rich lawn mixtures established along tramway corridors in Prague, Czech
Republic, within the framework of the project Genetic Resources for Cities and
Landscape. Field phytopathological monitoring and laboratory mycological
analyses were conducted to evaluate disease incidence, compare the health
status of grasses, legumes, and herbaceous species, and identify fungal taxa
associated with naturally occurring infections under urban conditions. The
experimental lawns maintained a generally satisfactory phytosanitary status
throughout the monitoring period despite exposure to multiple abiotic and
biotic stress factors. Disease symptoms occurred predominantly on leguminous
species, whereas grasses exhibited substantially greater resistance to fungal
infections. Mycological analyses revealed a diverse assemblage of fungi,
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including representatives of the genera Alternaria, Fusarium, Colletotrichum,
Ascochyta, Stemphylium, Nigrospora, and several others. Although numerous
fungal taxa were identified, most infections remained localized and did not
compromise the stability, biodiversity, or aesthetic quality of the experimental
vegetation. The results demonstrate that appropriately designed species-rich
lawn mixtures based on native plant species combine high ecological value
with satisfactory phytosanitary performance and are well suited for sustainable
urban landscaping. The integration of field phytopathological monitoring with
laboratory mycological diagnostics provides a reliable framework for evaluating
the health and long-term resilience of species-rich urban lawns and supports
evidence-based management of multifunctional urban green infrastructure
under changing environmental conditions.
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CHAPTER 3

NATURAL ANTIMICROBIAL COMPOUNDS

OF PLANT ORIGIN: MECHANISMS OF ACTION
AND PROSPECTS FOR APPLICATION
AGAINST BACTERIAL INFECTION AGENTS

Derkach Tetiana
DOl https://doi.org/10.30525/978-9934-26-714-7-3

INTRODUCTION

The increasing prevalence of antimicrobial resistance among bacterial
pathogens has become one of the most urgent challenges in modern medicine.
The excessive and inappropriate use of synthetic antibiotics has accelerated
the emergence of multidrug-resistant strains, creating a need to develop new
antimicrobial agents. Natural plant-derived products have a long history of use
in traditional medical systems worldwide, and modern research increasingly
confirms their pharmacological efficacy.! From a fundamental biological
perspective, plant secondary metabolites evolved primarily as chemical defences
against competing microorganisms, making the biodiversity of medicinal
flora a valuable bioresource studied at the intersection of applied biology and
ecology. Investigating their biological functions advances our understanding of
plant—microbe interactions in the environment. It aligns with the «One Health»
concept, which recognises the interconnection between human, animal, and
environmental health. Such an ecologically grounded approach reinforces the
relevance of this research to fundamental and applied studies in biology and
ecology. So, phytochemicals are attracting considerable attention as potential
antimicrobial agents.

Secondary metabolites of medicinal plants represent a vast library of
chemically diverse compounds with proven antimicrobial, anti-inflammatory,
and antioxidant properties. Among them, phenolic compounds, flavonoids,
terpenoids, and alkaloids constitute the predominant classes of biologically active
substances. Phenols and their derivatives, including flavonoids and phenolic
acids, form one of the largest groups of plant secondary metabolites and are

' Newman D. J., Cragg G. M. Natural products as sources of new drugs from 1981 to 2019. Journal of
Natural Products. 2020. Vol. 83, No 3. P. 770-803. DOI: 10.1021/acs.jnatprod.9b01285
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present in virtually all species of medicinal plants.? Flavonoids, a subclass of
phenolic compounds, exhibit diverse structural variations and possess multiple
mechanisms of antimicrobial action.’> Terpenoids and their derivatives are
found predominantly in essential oils* and have well-documented antibacterial
properties. Alkaloids, nitrogen-containing compounds with complex structures,
represent another class of secondary metabolites with antimicrobial potential.®
The chemical diversity and multiplicity of mechanisms of action of all these
compounds make them attractive candidates for combating antibiotic-resistant
bacteria.

However, comparative studies of mechanisms across several classes
of compounds and bacterial species remain limited. Understanding the
mechanisms by which these plant compounds exert their antimicrobial effects
is essential for rational drug development and the optimisation of therapeutic
applications. Unlike single-target antibiotics, plant metabolites demonstrate
polypharmacological activity, which may reduce the likelihood of resistance
development. In addition, the use of plant compounds in topical applications,
such as dermatology and wound treatment, offers clear advantages, including
reduced systemic toxicity and improved tolerability.®

This study aims to investigate and compare the mechanisms of antimicrobial
action of flavonoids, terpenoids, phenols, and alkaloids derived from medicinal
plants against three clinically significant bacterial species: S. aureus, E. coli,
and C. acnes. This study seeks to elucidate patterns of antimicrobial activity
specific to individual compounds and mechanisms, characterise differential
susceptibility among bacterial species, and provide scientific evidence
supporting the therapeutic potential of these plant compounds as alternatives or
adjuncts to conventional antimicrobial agents.

1. Main Antibacterial Mechanisms of Action of Phytochemicals
1.1. Studied pathogenic bacteria and biologically active compounds
Staphylococcus aureus is a facultatively anaerobic Gram-positive coccal
bacterium and one of the most important bacterial pathogens in humans. It

2

2 Taguri T., Tanaka T., Kouno I. Antimicrobial activity of 10 different plant polyphenolic compounds
against bacteria associated with periodontal disease in vitro. Journal of Periodontal Research. 2024.
Vol. 59, No 3. P. 457-469. DOI: 10.1248/bpb.27.1965

> Cushnie T. P., Lamb A. B. Antimicrobial activity of flavonoids. International Journal of Antimicrobial
Agents. 2021. Vol. 26, No 5. P. 343-356. DOI: 10.1016/j.ijantimicag.2005.09.002

4 Tian F., Woo S. Y., Lee S. Y., Park S. B., Zheng Y., Chun H. S. Antifungal activity of essential oil and
plant-derived natural compounds against Aspergillus flavus. Antibiotics. 2022. Vol. 11, No 12. Art. 1727.
DOI: 10.3390/antibiotics 11121727

5 Zhang X. Z. et al. Natural alkaloids as antimicrobial agents: mechanisms, potentials and challenges.
Molecules. 2026. Vol. 31, No 7. Art. 1204. DOL: 10.3390/molecules31071204

¢ Fais A., Era B. Phytochemical composition and biological activity. Plants. 2024. Vol. 13, No 3.
Art. 331. DOI: 10.3390/plants13030331
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colonises the skin and the anterior nasal cavity in many healthy individuals.
However, when the body's barrier functions are impaired, this can lead to
a wide range of diseases, including impetigo, abscesses, cellulitis, osteomyelitis,
endocarditis, and pneumonia.’

The clinical significance of S. aureus is greatly increased by its ability
to acquire antibiotic resistance. Methicillin-resistant Staphylococcus aureus
(MRSA) strains are resistant to most B-lactam antibiotics and are associated
with various infections.® S. aureus can also form biofilms on the surfaces of
wounds, catheters, and other medical devices. Bacteria within biofilms exhibit
reduced susceptibility to antibiotics and immune defence mechanisms, which
complicate the eradication of infection.’ Plant phytochemical compounds, such
as flavonoids, terpenoids, phenolic compounds, and alkaloids,’ are actively
being investigated as potential agents against S. aureus.

Escherichia coli is a Gram-negative, facultatively anaerobic bacterium that
normally inhabits the intestines. Many strains are harmless commensals, but
pathogenic variants can cause urinary tract infections, gastrointestinal infections,
and sepsis, with an increasing prevalence of strains producing extended-
spectrum B-lactamases and carbapenem-resistant strains. Important pathogenic
groups include enterotoxigenic, enterohemorrhagic, enteropathogenic,
enteroaggregative, uropathogenic, and enteroinvasive E. coli.'® Unlike Gram-
positive bacteria, E. coli has an outer membrane with lipopolysaccharide,
limiting the penetration of hydrophobic and large molecules. The periplasmic
space contains enzymes such as f-lactamases, while the inner membrane
harbours efflux systems that export toxic compounds.!® These features often
make E. coli less susceptible to many plant extracts than S. aureus.

Cutibacterium acnes — formerly known as Propionibacterium acnes,
although both names are found in the literature — is a slow-growing, anaerobic
Gram-positive bacterium of the normal microbiota of sebaceous areas of the
skin.!' C. acnes is primarily associated with acne vulgaris, a highly prevalent
dermatological disease affecting millions of people worldwide. Some strains are
more strongly associated with acne than others, indicating that pathogenicity

7 Sutton J. A. F. et al. Staphylococcus aureus cell wall structure and dynamics during host-pathogen
interaction. PLoS Pathogens. 2021. Vol. 17, No 3. Art. ¢1009468. DOI: 10.1371/journal.ppat. 1009468

8 Chalmers S. J., Wylam M. E. Methicillin-resistant Staphylococcus aureus infection and treatment
options. Methods in Molecular Biology. 2020. Vol. 2069. P. 229-251. DOIL: 10.1007/978-1-
4939-9849-4 16

° Peng Q. et al. A review of biofilm formation of Staphylococcus aureus and its regulation mechanism.
Antibiotics. 2023. Vol. 12, No 1. Art. 12. DOI: 10.3390/antibiotics12010012

1% Naidoo N., Zishiri O.T. Presence, Pathogenicity, Antibiotic Resistance, and Virulence Factors of
Escherichia coli: A Review. Bacteria. 2025. Vol. 4, No 1. Art. 16. DOI: 10.3390/bacteria4010016

" Cogen A. L., Nizet V., Gallo R. L. Skin microbiota: A source of disease or defence? British Journal of
Dermatology. 2023. Vol. 189, No 3. P. 299-309. DOI: 10.1111/j.1365-2133.2008.08437.x
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depends on strain-level differences rather than the mere presence or absence
of the microorganism."? C. acnes also forms biofilms, contributing to follicular
persistence and reducing susceptibility to antimicrobial agents. The potential
effect of medicinal compounds in acne may be twofold. First, they may directly
inhibit the growth of C. acnes. Second, many phytochemicals possess anti-
inflammatory, antioxidant, or skin-modulating properties.

Structural differences between Gram-positive and Gram-negative bacteria,
associated with differences in cell wall architecture and outer membrane
composition, create distinct barriers to the penetration of antimicrobial agents,
making these bacteria suitable models for evaluating compound efficacy. In
addition, C. acnes presents unique challenges related to biofilm formation and
anaerobic metabolism, which are increasingly recognised as important virulence
factors.

The paper considers antibacterial effects for 4 classes of phytochemicals.

Flavonoids are distributed in fruits, vegetables, and other plant materials.
They usually contain a C6-C3-C6 carbon skeleton consisting of two aromatic
rings connected by a three-carbon bridge. Flavonoids are divided into several
structural subclasses, such as flavonols, flavones, flavanones, isoflavonoids,
catechins, anthocyanins, etc.'*'* Examples of antibacterial flavonoids include
quercetin, kaempferol, apigenin, luteolin, baicalin, naringenin, EGCG, catechin,
and rutin.

Terpenoids, also known as isoprenoids, are one of the largest groups of
plant secondary metabolites. They are derived from isoprene units and include
monoterpenes, sesquiterpenes, diterpenes, triterpenes, and related compounds.
Many terpenoids are major constituents of essential oils obtained from aromatic
medicinal herbs."” Examples of antibacterial terpenoids include thymol,
carvacrol, menthol, linalool, terpinen-4-ol, a-pinene, 1,8-cineole, borneol,
geraniol, and citral.

Phenols and polyphenols. The term «phenolic compounds» refers to plant
metabolites containing one or more hydroxyl groups attached to aromatic rings.
This broad category partially overlaps with flavonoids but also includes simple
phenols, phenolic acids, tannins, stilbenes, lignans, and other polyphenols.

12 Mayslich C., Grange P. A., Dupin N. Cutibacterium acnes as an opportunistic pathogen: an update
of its virulence-associated factors. Microorganisms. 2021. Vol. 9, No 2. Art. 303. DOIL: 10.3390/
microorganisms9020303

13 Farhadi F. et al. Antibacterial activity of flavonoids and their structure—activity relationship: an update
review. Phytotherapy Research. 2019. Vol. 33, No 1. P. 13-40. DOI: 10.1002/ptr.6208

4 Gorniak I., Bartoszewski R., Kroliczewski J. Comprehensive review of antimicrobial activities
of plant flavonoids. Phytochemistry Reviews. 2019. Vol. 18, No 1. P. 241-272. DOI: 10.1007/
s11101-018-9591-z

15 Yamaguchi T. Antibacterial effect of the combination of terpenoids. Archives of Microbiology. 2022.
Vol. 204. Art. 520. DOIL: 10.1007/s00203-022-03142-y
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In the context of medicinal herbs, phenols and polyphenols contribute to
antimicrobial, antioxidant, anti-inflammatory, and astringent -effects.!®!”
Examples of antibacterial phenolic compounds include eugenol, gallic acid,
caffeic acid, rosmarinic acid, ferulic acid, chlorogenic acid, curcumin, tannic
acid, ellagic acid, and resveratrol.

Alkaloids are nitrogen-containing secondary metabolites that exhibit
considerable structural diversity. Many alkaloids exhibit strong biological
activity, and some are used in drug development.'® Examples of antibacterial
alkaloids include berberine, palmatine, sanguinarine, chelerythrine, piperine,
harmine, tetrandrine, etc.

Plant-derived antibacterial compounds usually act simultaneously on
multiple cellular targets, distinguishing them from synthetic antibiotics,
which have a single-target mechanism of action. This polypharmacological
activity makes phytochemicals promising sources of new antibacterial
agents, antibiotic adjuvants, and antivirulence compounds.” Ten major
mechanisms of antibacterial action of phytochemicals were grouped into
four functional categories (Table 1). They all affect S. aureus, E. coli, and
C. acnes, but their effectiveness varies depending on the bacterial cell
envelope structure, metabolic state, growth conditions, and biofilm-forming
capacity.

Table 1
Classification of antibacterial mechanisms of phytochemical compounds
Group Mechanism Main target

I. Structural | Membrane damage; disruption of the cell envelope Cell integrity

1L Inhibition of DNA/RNA synthesis; inhibition of protein Intracellular
Metabolic | synthesis; energy dysfunction; oxidative stress processes

111 Efflux inhibition; suppression of quorum sensing; Adaptation and
Regulatory | antibiofilm activity virulence

Iv. Potentiation of antibiotics Enhancement of
Synergistic therapy

1 De Rossi L., Rocchetti G., Lucini L., Rebecchi A. Antimicrobial potential of polyphenols:
mechanisms of action and microbial responses — a narrative review. Antioxidants. 2025. Vol. 14, No 2.
Art. 200. DOI: 10.3390/antiox 14020200

7 De Rossi L., Rocchetti G., Lucini L., Rebecchi A. Antimicrobial potential of polyphenols:
mechanisms of action and microbial responses — a narrative review. Antioxidants. 2025. Vol. 14, No 2.
Art. 200. DOI: 10.3390/antiox 14020200

'8 Faisal S. et al. Alkaloids as potential antivirals: a comprehensive review. Natural Products and
Bioprospecting. 2023. Vol. 13. Art. 4. DOI: 10.1007/513659-022-00366-9

19 Ghosh S. et al. A comprehensive review of antimicrobial agents against clinically important bacterial
pathogens: prospects for phytochemicals. Phytotherapy Research. 2025. Vol. 39. P. 138-161. DOI:
10.1002/ptr.8365
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1.2. Structural Group: Two Active Mechanisms

Damage to membrane integrity is the most common mechanism of action
for terpenoids and phenols. Hydrophobic phytochemical compounds integrate
into the lipid bilayer, disrupt lipid organisation, and cause leakage of potassium
ions, ATP, and nucleic acids.? The Gram-positive bacteria S. aureus and
C. acnes are more susceptible to this mechanism because they lack an outer
membrane. E. coli is protected by a lipopolysaccharide barrier, which limits the
penetration of hydrophobic compounds.?!

Disruption of the cell envelope is an effect exhibited by certain
flavonoids (e.g. baicalein and apigenin) and alkaloids (berberine), which affect
peptidoglycan biosynthesis.?*?*> Curcumin inhibits the polymerisation of the
FtsZ protein, thereby disrupting bacterial cytokinesis.?* Compounds that weaken
the cell wall can increase susceptibility to B-lactam antibiotics.?

1.3. Metabolic Group: Four Active Mechanisms

Inhibition of nucleic acid synthesis. Flavonoids and alkaloids can inhibit
DNA gyrase, topoisomerase IV, and replication.? The planar aromatic structure
of berberine, palmatine, and sanguinarine promotes DNA intercalation. Curcumin
may affect the organisation of the bacterial nucleoid.?” In Gram-negative bacteria,
the effectiveness of this mechanism is limited by efflux pumps.

Inhibition of enzymes and protein synthesis. Phytochemical compounds
can inhibit enzymes involved in energy metabolism, fatty acid synthesis, and

2 Kumar G., Engle K. Natural products acting against S. aureus through membrane and cell wall
disruption. Natural Product Reports. 2023. Vol. 40, No 10. P. 1608—-1646. DOI: 10.1039/D2NP00084A
2l Lou Z. et al. The antibacterial mechanism and cell damage mechanism of natural antibacterial
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Characterization. 2026. Vol. 20. P. 1362-1386. DOI: 10.1007/s11694-025-03794-6
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antibacterial adjuvant. World Journal of Microbiology and Biotechnology. 2025. Vol. 41. Art. 304. DOL:
10.1007/s11274-025-04508-2

3 Boberek J. M., Stach J., Good L. Genetic evidence for inhibition of bacterial division protein FtsZ by
berberine. PLoS One. 2010. Vol. 5, No 10. Art. e13745. DOI: 10.1371/journal.pone.0013745

2 Rai D. et al. Curcumin inhibits FtsZ assembly: an attractive mechanism for its antibacterial activity.
Biochemical Journal. 2008. Vol. 410, No 1. P. 147-155. DOI: 10.1042/BJ20070891

2 Xu S. et al. Plant flavonoids with antimicrobial activity against methicillin-resistant Staphylococcus
aureus (MRSA). ACS Infectious Diseases. 2024. Vol. 10, No 9. P. 3086-3097. DOI: 10.1021/
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% Allison D. G., Lambert P. A. Modes of action of antibacterial agents. Molecular Medical
Microbiology / ed. by Y. W. Tang et al. 3rd ed. Academic Press, 2024. P. 597-614. DOI: 10.1016/
B978-0-12-818619-0.00133-7

¥ Davidova S., Galabov A. S., Satchanska G. Antibacterial, antifungal, antiviral activity, and
mechanisms of action of plant polyphenols. Microorganisms. 2024. Vol. 12, No 12. Art. 2502. DOIL:
10.3390/microorganisms 12122502

50



virulence factor production.”® Flavonoids interact with enzyme active sites
through hydrogen bonds and hydrophobic interactions.” Tannins precipitate
surface proteins, while eugenol and phenolic acids denature proteins and affect
redox balance.’® For C. acnes, inhibition of lipases is particularly important,
since these enzymes hydrolyse sebum triglycerides into pro-inflammatory free
fatty acids.

Disruption of energy metabolism. Membrane-active terpenoids, such as
carvacrol and thymol, collapse the proton gradient, reduce ATP synthesis, and
impair nutrient transport.’® Flavonoids can inhibit respiratory-chain enzymes
and ATP synthase. This mechanism is relevant to all three pathogens.

Induction of oxidative stress. Under certain conditions, phenolic
compounds can generate reactive oxygen species (ROS) or disrupt bacterial
antioxidant systems.*'*> Flavonoids and phenolic acids chelate metal ions
and, in the presence of transition metals, promote ROS formation. This
mechanism may enhance the effectiveness of antibiotics and immune defence
mechanisms.

1.4. Regulatory Group: Three Active Mechanisms

Inhibition of efflux pumps. Efflux pumps, such as NorA in S. aureus
and AcrAB-TolC in E. coli, export antibiotics and toxic compounds from the
cell. Some plant compounds inhibit their activity, increasing the intracellular
concentration of antimicrobial agents.**** It is especially important for MRSA
and biofilm populations.

Suppression of quorum sensing. Quorum sensing coordinates the
expression of virulence factors, motility, and biofilm formation. Phenolic

2 de Souza Nascimento A. M. et al. Antibacterial action mechanisms and mode of trypsin inhibitors:
a systematic review. Journal of Enzyme Inhibition and Medicinal Chemistry. 2022. Vol. 37, No 1.
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compounds, flavonoids, and terpenoids can inhibit the synthesis of signalling
molecules, block their receptors, or alter gene expression.* In S. aureus, the agr
system — the accessory gene regulator — is particularly important, as it controls
toxin synthesis. In E. coli, quorum sensing affects biofilms and motility. In
C. acnes, these mechanisms have been studied less extensively, but antibiofilm
activity remains clinically important.

Antibiofilm activity. Biofilms confer increased tolerance to antibiotics
and enhanced immune defence mechanisms. Phytochemicals prevent bacterial
adhesion, inhibit matrix synthesis, disrupt quorum sensing, and improve
antibiotic penetration.’3” Antibiofilm activity is essential in chronic wounds
caused by S. aureus, catheter-associated infections with E. coli, and follicular
persistence of C. acnes.

1.5. Synergistic Group: One Active Mechanism

Synergy with antibiotics. Phytochemical compounds can restore the
susceptibility of resistant bacteria or reduce the required antibiotic doses by
increasing membrane permeability, inhibiting efflux pumps, and suppressing
resistance enzymes.*®* Examples include the enhancement of B-lactam and
fluoroquinolone activity against S. aureus by flavonoids, as well as the increased
effectiveness of berberine in combination with efflux pump inhibitors.

2. Specific Mechanisms of Action of Individual Phytochemical Classes
2.1. Flavonoids: Mechanisms and Antibacterial Significance
Flavonoids exert antibacterial effects through several mechanisms. These
include disruption of bacterial membranes, inhibition of DNA gyrase and
topoisomerases, inhibition of energy metabolism, interference with cell
envelope synthesis, suppression of virulence factors, and prevention of
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biofilm formation.***! Some flavonoids also inhibit bacterial efflux pumps,
thereby increasing the intracellular accumulation of antibiotics or other toxic
compounds.

The antibacterial activity of flavonoids depends strongly on their chemical
structure. Aglycones are generally more active than glycosides because of their
higher lipophilicity. Hydroxyl groups enhance binding to molecular targets,
while structural planarity facilitates DNA intercalation. Galloylation, as seen
in EGCG, increases membrane activity. In S. aureus, inhibition of DNA gyrase
may contribute to growth suppression. In E. coli, the penetration of flavonoids
is limited by the outer membrane; however, once inside the cell, DNA gyrase
remains a potential intracellular target. In C. acnes, gyrase inhibition is also
relevant, although additional organism-specific studies are needed. Flavonoids
can also affect bacterial energy metabolism by altering membrane potential,
electron transport, and ATP synthesis. Some flavonoids inhibit ATP synthase or
enzymes involved in respiratory metabolism. It may reduce bacterial growth,
motility, and active transport.

Efflux pumps are membrane transport proteins that export various substances
from the bacterial cell. Inhibition of efflux pumps is one of the main resistance-
modifying mechanisms of flavonoids. By suppressing efflux activity, flavonoids
increase the intracellular concentration of antibiotics and restore bacterial
susceptibility. Flavonoids may reduce bacterial virulence without necessarily
producing strong bactericidal activity. They can inhibit adhesion, toxin
production, motility, quorum sensing, and biofilm development. Therefore,
flavonoids are particularly important not only as direct antibacterial compounds
but also as antivirulence and antibiotic-adjuvant agents.

2.2. Terpenoids: Mechanisms and antibacterial significance

The antibacterial effects of terpenoids are closely associated with their
hydrophobicity. Many terpenoids are volatile, hydrophobic, and membrane-
active compounds. The dominant antibacterial mechanism of terpenoids is the
disruption of membrane permeability.

Due to their hydrophobic nature, terpenoids partition into lipid bilayers and
disturb membrane structure. They penetrate bacterial membranes, disrupt lipid
packing, increase membrane fluidity and permeability, and cause leakage of ions,
ATP, and other intracellular components.'®> They may also collapse the proton motive
force, reduce ATP synthesis, and interfere with membrane-associated enzymes.

4 Ullah S. et al. Important flavonoids and their role as a therapeutic agent. Molecules. 2020. Vol. 25,
No 22. Art. 5243. DOIL: 10.3390/molecules25225243
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Terpenoids are usually more active against Gram-positive bacteria than Gram-
negative bacteria because the outer membrane of Gram-negative bacteria restricts
access to the cytoplasmic membrane. Therefore, S. aureus and C. acnes are
generally more susceptible to terpenoid-mediated membrane damage than E. coli.
However, small hydrophobic terpenoids may still affect Gram-negative bacteria,
especially when combined with other agents that destabilise the outer membrane.

Examples of membrane-active terpenoids include thymol, carvacrol,
menthol, linalool, terpinen-4-ol, a-pinene, borneol, etc. Thymol and carvacrol
are particularly well known for their ability to disrupt membrane integrity
and energy metabolism. Their rapid membrane-targeting activity makes them
promising candidates for topical antimicrobial formulations and for combination
therapy with conventional antibiotics.

2.3. Phenols and Polyphenols: Mechanisms and antibacterial significance
Phenols and polyphenols are numerous and chemically diverse compounds.
Important antibacterial phenolic compounds include eugenol, gallic acid, caffeic
acid, ferulic acid, rosmarinic acid, chlorogenic acid, curcumin, tannic acid,
ellagic acid, and resveratrol. Flavonoids are technically polyphenols, but they
are discussed separately here because they represent a distinct structural class.

Phenolic compounds are relevant to all three target bacteria and may
act through several mechanisms. They disrupt bacterial membranes, inhibit
extracellular microbial enzymes, bind metal ions required for bacterial
metabolism, damage cell walls, interfere with nucleic acid synthesis, modulate
oxidative stress, and inhibit biofilm formation.>?” Compounds that combine
antibacterial and anti-inflammatory effects are particularly useful, especially if
inflammation plays a central role. More hydrophobic phenolic acids generally
enter bacterial membranes more easily.

Phenolic compounds can interact with proteins through hydrogen bonding,
hydrophobic interactions, and covalent reactions after oxidation to quinones.
Tannins are especially known for their ability to precipitate proteins. It inhibits
microbial adhesins, enzymes, transport proteins, and cell envelope proteins.
Many phenols can also damage bacterial membranes, particularly when they
are sufficiently lipophilic.

Eugenol, for example, can disrupt membrane integrity and denature
proteins. Curcumin may interfere with bacterial cell division by inhibiting FtsZ
polymerisation and by affecting nucleoid organisation. Resveratrol and phenolic
acids can influence oxidative balance, enzyme activity, and biofilm formation.
In C. acnes, phenolic compounds are of special interest because they may
combine direct antibacterial activity with anti-inflammatory and antioxidant
effects relevant to acne pathogenesis.
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2.4. Alkaloids: Mechanisms and antibacterial significance

Alkaloids are nitrogen-containing compounds with diverse structures and
biological activities. Some alkaloids possess strong antimicrobial properties, although
toxicity may limit their application. Alkaloids can act through several mechanisms.
Some intercalate into DNA or inhibit nucleic acid synthesis. Others interfere with
cell division, inhibit enzymes, disrupt membranes, or suppress efflux pumps.*

Many alkaloids have planar aromatic structures and positive charges,
allowing them to interact with DNA and potentially interfere with replication
and transcription. Berberine, palmatine, and sanguinarine are examples of
alkaloids that interact with nucleic acids. Berberine is also known for its ability
to affect bacterial membranes, inhibit efflux systems, and enhance the activity
of other antimicrobial agents.

Regarding the target microorganisms, alkaloids are particularly interesting
for S. aureus, as they exhibit activity against Gram-positive bacteria and may
modify resistance mechanisms. For E. coli, the effectiveness of alkaloids is often
limited by the outer membrane and efflux systems, but combination strategies
may help overcome these barriers. For C. acnes, alkaloid-rich extracts require
further research; compounds that combine antibacterial and anti-inflammatory
properties appear promising.

Some medicinal plants contain combinations of antibacterial compounds
and agents that modify resistance. Thus, alkaloids may be more effective in
combination therapy than as isolated single agents. Their ability to interact with
DNA, inhibit efflux pumps, and potentiate antibiotics makes them valuable
candidates for further research, especially as adjuvants in the treatment of
resistant bacterial infections.

3. Pathogen-Specific Manifestations of Antibacterial Activity

Although flavonoids, terpenoids, phenols, and alkaloids exhibit broad-
spectrum antibacterial activity, their activity differs substantially against S. aureus,
E. coli, and C. acnes. Variations in cell envelope architecture, oxygen tolerance,
metabolism, virulence systems, and biofilm ecology explain these differences. In
general, phytochemicals that disrupt membranes, inhibit efflux pumps, or suppress
virulence tend to show stronger activity against Gram-positive organisms such as
S. aureus and C. acnes than against Gram-negative E. coli, whose outer membrane
limits the penetration of many hydrophobic compounds.*

4 Rajput A., Sharma R., Bharti R. Pharmacological activities and toxicities of alkaloids on human health.
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55



3.1. Activity against Staphylococcus aureus

Staphylococcus aureus is the causative agent of a wide range of
infections. Its cell envelope consists of a thick peptidoglycan layer
containing teichoic and lipoteichoic acids, but it lacks the outer membrane
characteristic of Gram-negative bacteria. It makes S. aureus relatively
accessible to hydrophobic phytochemicals, such as terpenoids and phenolic
compounds in essential oils.

Methicillin-resistant S. aureus strains are of particular concern. Their
resistance is mainly associated with the altered penicillin-binding protein PBP2a,
encoded by the mecA4 gene. This protein allows cell wall synthesis to continue
even in the presence of B-lactam antibiotics. In addition, S. aureus possesses
efflux pumps, oxidative stress defence systems, virulence factors, adhesins, and
a strong biofilm-forming ability. Promising plant-derived compounds should
act not only by directly inhibiting bacterial growth or killing cells, but also
by weakening virulence factors, suppressing biofilm formation and maturation,
and modifying mechanisms of antibiotic resistance.

Flavonoids have been studied for their antistaphylococcal activity.'*!* Their
mechanisms include membrane disruption, inhibition of nucleic acid-related
enzymes, suppression of efflux pumps, interference with cell wall synthesis,
and reduction of toxin production. Some flavonoids may attenuate bacterial
adhesion and biofilm development, which is especially important in persistent
S. aureus infections.

Terpenoids are particularly active against S. aureus because the Gram-
positive envelope provides less protection against hydrophobic molecules. Their
main action is to disrupt the cytoplasmic membrane, increasing permeability and
causing the leakage of potassium ions, ATP, and other intracellular components.
The collapse of the proton motive force reduces ATP synthesis and impairs
nutrient transport. Terpenoids may also decrease biofilm formation through
several overlapping effects: reduced cell viability, impaired surface adhesion,
altered bacterial surface hydrophobicity, and interference with quorum-sensing
pathways. When terpenoids are in mixtures, additive or synergistic interactions
are possible. Minor components may influence solubility, membrane partitioning,
volatility, and overall antimicrobial potency.

Phenolic compounds are also important against S. aureus,? as they can
damage membranes, bind proteins, inhibit enzymes, and affect virulence
factors. For example, phenolic compounds may reduce toxin secretion, interfere
with adhesins, and impair the integrity of the bacterial envelope. Tannins
can precipitate proteins and inhibit enzymes required for colonisation and
persistence.
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Alkaloids have demonstrated activity against S. aureus,* especially when
combined with efflux pump inhibitors or antibiotics. Compounds such as
berberine and sanguinarine may interfere with DNA, inhibit efflux systems, and
enhance the intracellular accumulation of antibacterial agents.

Biofilm formation is a key factor in the persistence of S. aureus infections.
Biofilms protect bacteria from antibiotics, host immune responses, and adverse
environmental conditions. Many phytochemicals inhibit the formation and
development of S. aureus biofilms by preventing initial bacterial adhesion,
suppressing extracellular polysaccharide synthesis, disrupting mature biofilm
architecture, inhibiting quorum-sensing systems, and improving antibiotic
penetration into biofilm.

The agr quorum-sensing system is especially important for S. aureus
virulence because it regulates toxin production, enzyme secretion, and biofilm
dispersal. Some phytochemicals can suppress agr-mediated expression of
virulence factors, including a-hemolysin and other secreted proteins. Such
antivirulence activity reduces bacterial pathogenicity without necessarily
requiring complete bacterial eradication.

3.2. Activity against Escherichia coli

E. coli includes many harmless commensal strains, but pathogenic lineages
can cause urinary tract infections, sepsis, neonatal meningitis, gastroenteritis,
and intra-abdominal infections. The antibacterial response of E. coli differs
substantially from that of S. aureus because E. coli possesses a complex Gram-
negative outer membrane.

This outer membrane contains LPS, porins that restrict the entry of compounds
according to size and polarity, a periplasmic space containing enzymes such as
B-lactamases, a thin peptidoglycan layer, an inner cytoplasmic membrane, and
multiple efflux systems, especially AcrAB-TolC. The outer membrane limits
the penetration of many hydrophobic terpenoids and phenols. Thus, E. coli
is often less susceptible to essential oils and lipophilic phytochemicals than
Gram-positive organisms.*

Flavonoids inhibit E. coli, but their potency depends on structure,
polarity, and ability to cross the outer membrane, which limits intracellular
accumulation.”® More hydrophilic flavonoid glycosides pass through porins
more easily than hydrophobic aglycones, but glycosides bind less strongly to
intracellular targets. In contrast, hydrophobic aglycones interact more effectively
with bacterial membranes and molecular targets, but they enter Gram-negative

4 Huang P. Y., Hsu C. K., Tang H. J., Lai C. C. Eravacycline: a comprehensive review of in vitro
activity, clinical efficacy, and real-world applications. Expert Review of Anti-infective Therapy. 2024.
Vol. 22, No 6. P. 387-398. DOI: 10.1080/14787210.2024.2351552
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cells less efficiently. So, antibacterial activity depends on the balance between
permeability and intrinsic target affinity.

Terpenoids may act against E. coli by damaging surface-associated cells
and disturbing membrane integrity. However, the outer membrane is the major
barrier to their activity. Their effects are often enhanced when other compounds
or antibiotics destabilise the outer membrane. It makes terpenoids especially
relevant in combination strategies rather than as isolated agents against Gram-
negative bacteria.

Phenolic compounds show mixed activity against E. coli. Small phenols
with sufficient hydrophobicity can damage membranes, while more polar
phenolic acids may act through enzyme inhibition, metal chelation, oxidative
stress modulation, or interference with biofilm formation. However, their
effectiveness is still limited by permeability barriers and efflux mechanisms.

The contribution of alkaloids against E. coli is often considered more
relevant as a bioavailability enhancer and a resistance-modifying mechanism
than as a strong direct antibacterial agent. Alkaloids inhibit efflux systems,
increasing susceptibility to antibiotics and other phytochemicals. It is important
for multidrug-resistant strains, including extended-spectrum [-lactamase-
producing and carbapenem-resistant E. coli.

Biofilms of E. coli play an important role in urinary tract infections,
catheter-associated infections, intestinal colonisation, and long-term bacterial
persistence in the environment. Inhibition of E. coli biofilm formation may occur
through suppression of initial adhesion, reduction of cell motility, disruption
of quorum-sensing systems, inhibition of extracellular matrix synthesis, and
enhancement of oxidative or membrane stress. At the same time, eradicating
mature E. coli biofilms remains difficult. Most phytochemicals are much more
effective at preventing biofilm formation than at destroying already established
biofilm structures. It is due to the protective function of the extracellular matrix
and the activation of adaptive mechanisms that increase bacterial tolerance to
antimicrobial agents.

3.3. Activity against Cutibacterium acnes

Cutibacterium acnes contributes to the development of acne vulgaris through
follicular colonisation, biofilm formation, lipase production, inflammation, and
activation of innate immune pathways. Unlike S. aureus, C. acnes grows slowly
and is adapted to lipid-rich, low-oxygen environments. It produces lipases
that hydrolyse sebum triglycerides, releasing free fatty acids that contribute
to follicular irritation and inflammation. It also stimulates keratinocytes and
immune cells to produce inflammatory mediators, including IL-1p, IL-8, TNF-
a, and other cytokines.
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Phytochemicals from medicinal plants may exert a dual action against
C. acnes, namely (i) direct antibacterial inhibition of follicular C. acnes, and
(i1) reduction of inflammation, oxidative stress, and biofilm-associated bacterial
persistence.

Because acne is an inflammatory disease rather than a simple infection,
compounds with both antibacterial and anti-inflammatory activity are especially
attractive.® Disease severity is determined not only by bacterial load but also
by the intensity of the host inflammatory response. Therefore, phytochemicals
may be useful in acne through direct inhibition of C. acnes growth, reduction
of bacterial lipase activity, suppression of biofilm formation, decreased sebum
oxidation, inhibition of NF-kB and MAPK signalling pathways, antioxidant
protection, reduced neutrophil recruitment, and decreased production of pro-
inflammatory cytokines.

Flavonoids may help control C. acnes through antibacterial, anti-inflammatory,
and antioxidant effects. They can inhibit bacterial growth, reduce oxidative stress,
and modulate inflammatory signalling pathways involved in acne pathogenesis.
Their ability to suppress cytokine production and protect against oxidative
damage makes them particularly relevant for inflammatory skin conditions.

Terpenoids are highly relevant to C. acnes because many of them are
lipophilic and may accumulate in the sebaceous environment. Essential oils
used in dermatology often owe their activity to monoterpenes and related
compounds. Since C. acnes is Gram-positive and lacks an outer membrane,
it is relatively vulnerable to membrane-active terpenoids. These compounds
may disrupt bacterial membranes, reduce metabolic activity, and interfere with
biofilm formation within follicles.

Phenolic compounds may directly affect C. acnes while simultaneously
reducing inflammatory responses. Eugenol, curcumin, resveratrol, gallic acid,
and others may combine antibacterial, antioxidant, and anti-inflammatory
properties. This dual activity is valuable in acne, where inflammation and
bacterial persistence are closely linked.

Alkaloids or their extracts require further research against C. acnes.
Compounds that combine antibacterial activity with anti-inflammatory or
resistance-modifying effects are potentially useful. However, their safety
profile is especially important for dermatological use, since topical irritation
and cytotoxicity may limit application.

The main limitations of phytochemicals against C. acnes include potential
skin irritation, poor solubility, chemical instability, and limited penetration into

4 Pannakal S. T. et al. Acnocure, a synergistic antimicrobial and anti-inflammatory combination of
thymol and Curcuma turmerones, formulation and time-kill studies against C. acnes. Cosmetics. 2025.
Vol. 12, No 2. Art. 37. DOI: 10.3390/cosmetics 12020037
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pilosebaceous follicles. These challenges may be addressed through topical
delivery systems such as gels, nanoparticles, liposomes, nanoemulsions, or
other formulations designed to improve stability, follicular penetration, and
local bioavailability.

4. Discussion

The antibacterial properties of medicinal plants depend on several
factors. First, results obtained in vitro do not always correlate with clinical
efficacy.*® Many compounds exert antibacterial effects at concentrations that
are difficult to achieve safely in humans, especially in systemic infections.
Topical applications, such as anti-acne preparations, may achieve higher local
concentrations. Second, the composition of herbal extracts varies depending
on plant species, cultivar, growth and storage conditions, harvesting time,
and extraction method.*” Third, antibacterial activity may result from synergy
among different compounds.® A crude extract may be more active than its
isolated constituents. Such synergy is relevant both for plant-based preparations
themselves and for their combinations with conventional antibiotics. Finally,
safety must be considered because natural origin does not guarantee low
toxicity.* Some natural substances may irritate the skin or mucous membranes
and may exhibit cytotoxicity. Thus, antibacterial activity must be balanced
against toxicity, pharmacokinetics, formulation stability, and the intended route
of administration.

4.1. Dominant Antibacterial Mechanisms

Analysis of the literature indicates that the effects of phytochemicals on
pathogenic bacteria can be described through ten distinct pathogen—compound
interaction mechanisms. These mechanisms can be further grouped into four
major categories according to the level at which they affect the bacterial cell.

Additional qualitative information can be obtained by ranking individual
mechanisms according to their relative importance, assigning each a score
from 10 (strongest contribution) to 1 (weakest contribution), based on the
literature. In this approach, the scores form an ordinal scale; that is, the

4 Peng Z., Wang X., Huang J., Li B. Pathogenic Escherichia coli. Molecular Medical Microbiology /
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distance between neighbouring values is not constant, but the scale allows
mechanisms to be ordered according to their probable importance within each
phytochemical class.

The individual mechanisms can be grouped into four major categories
according to the level of phytochemical action on the bacterial cell: structural,
metabolic, regulatory, and synergistic. The first group, the structural group,
includes mechanisms that disrupt bacterial cell structures: membrane damage,
disruption of the cell envelope, and interference with cell wall synthesis.
The second group, the metabolic group, includes mechanisms that inhibit
intracellular processes: inhibition of nucleic acid synthesis, inhibition of
bacterial enzymes and protein synthesis, and disruption of energy metabolism.
The third group, the regulatory group, includes antivirulence and anti-adaptive
mechanisms: induction or modulation of oxidative stress, inhibition of efflux
pumps, suppression of quorum sensing, and antibiofilm activity. The fourth
group, the synergistic group, refers to the enhancement of antimicrobial therapy
through synergy with conventional antibiotics. The results of the assessment of
each mechanism's contribution and each phytocemical are presented in Figure 1.

The most important mechanisms of flavonoids are inhibition of nucleic acid
synthesis, observed for quercetin, catechins, and related flavonoids, as well as
inhibition of efflux pumps and antibiofilm activity. Thus, flavonoids should
primarily be regarded as multitarget regulatory and intracellular inhibitors.

For phenols and polyphenols, the dominant mechanisms are membrane
damage, as demonstrated for eugenol and phenolic acids, and inhibition of
proteins and enzymes, particularly with tannins. Many phenols contain hydroxyl
groups that enable hydrogen bonding with proteins and membranes. Antibiofilm
activity is also important, as shown for curcumin, because phenols can interfere
with bacterial adhesion, matrix production, and survival of surface-associated
bacteria. So, phenols should be considered membrane-active and protein-
reactive antibacterial agents.

Terpenoids are the class most closely associated with membrane disruption.
Compounds such as thymol, carvacrol, terpinen-4-ol, citral, and linalool are
hydrophobic and can penetrate bacterial lipid bilayers. It disrupts membrane
packing, increases permeability, and causes leakage of potassium ions, ATP,
proteins, and other intracellular contents. Since bacterial energy production
depends strongly on membrane integrity, terpenoid-induced membrane damage
leads to collapse of the proton motive force, reduced ATP synthesis, and impaired
nutrient transport. Therefore, disruption of energy metabolism ranks second
among terpenoid-associated mechanisms, although it is often a consequence
of membrane damage. Terpenoids may also improve antibiotic penetration into
bacteria, especially Gram-negative microorganisms such as E. coli, where the
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outer membrane limits compound entry. Thus, terpenoids are best considered
membrane-disrupting permeability enhancers.

Alkaloids often form strong interactions with intracellular macromolecules.
Several planar alkaloids, such as berberine- and sanguinarine-type compounds,
can interact with DNA or interfere with DNA-associated processes. Thus,
interference with nucleic acid metabolism is one of their most important
mechanisms. Alkaloids such as berberine may also directly inhibit efflux pumps
or act synergistically with other compounds. In addition, alkaloids can inhibit
proteins involved in cell division, particularly FtsZ, and interfere with bacterial
enzymes. Alkaloids are therefore best regarded as inhibitors of intracellular
targets and resistance-modifying agents.
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Fig. 1. Contribution of antibacterial mechanisms, scored from 1 to 10,
to the effectiveness of four phytochemical classes. Mechanism groups:
I — structural; IT — metabolic; III — regulatory; IV — synergistic.
Dominant mechanisms for each class are highlighted in pink

Additional information can be obtained by analysing mean scores across

the four mechanism groups for each phytochemical class (Figure 2). The
most balanced distribution among mechanism groups is characteristic of
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alkaloids, with mean scores ranging between 5 and 6. Flavonoids show a clear
predominance of regulatory mechanisms, with an average score of 8, compared
with structural mechanisms, which average 3.5. For phenols and terpenoids,
structural factors are more important, with scores of 8 and 9, respectively, than
regulatory mechanisms, which score 4-5.
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Fig. 2. Relative contribution, expressed as scores, of the four mechanism
groups for flavonoids, phenols, terpenoids, and alkaloids

4.2. Key Pathogen-Specific Effects

The previous section assessed the effectiveness of antibacterial mechanisms
across different phytochemical classes without considering specific pathogens.
However, phytochemicals from medicinal plants exhibit different effects
depending on the pathogen. Against S. aureus, the most relevant effects include
membrane disruption, antibiofilm activity, efflux pump inhibition, and antibiotic
potentiation. Flavonoids such as EGCG and baicalin are especially important
as modulators of MRSA resistance. Against E. coli, activity is limited by
the Gram-negative outer membrane and efflux systems. Effective approaches
require compounds that increase permeability, inhibit efflux, or are delivered
using improved formulations. Against C. acmes, phytochemicals combine
antibacterial, antibiofilm, antioxidant, and anti-inflammatory properties.
Compounds that can simultaneously reduce bacterial load and inflammatory
signalling are particularly important.
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Overall, the most promising therapeutic direction is not necessarily the
replacement of antibiotics with isolated phytochemicals. However, the use
of plant-derived preparations as multitarget adjuvants that weaken bacterial
defences, reduce virulence, inhibit biofilms, and increase antibiotic susceptibility.

Analysis of the literature enables a qualitative 5-point rating of pathogen-
specific activity. A score of 5 out of 5 stars corresponds to excellent, well-
documented activity; 4 stars means good and consistent activity; 3 stars —
moderate or variable activity; 2 stars — limited, weak, or inconsistent activity;
and 1 star indicates low, rarely effective, or insufficiently studied activity. The
results of this analysis, including dominant mechanisms for each phytochemical
class and pathogen, are summarised in Table 2.

Table 2
Dominant antibacterial mechanisms with qualitative assessment
of activity by pathogen and phytochemical class

Pathogen | Dominant antibacterial mechanisms with activity rating by a 5-star scale
Flavonoids
Inhibition of quorum sensing, especially the agr system; inhibition of efflux
S. aureus 4 &, &5p ¥ 87 Sy

pumps, particularly NorA — 4%
Inhibition of efflux pumps, especially AcrAB-TolC; inhibition of DNA

E. coli

gyrase — 3%

Inhibition of lipases/enzymes; antibiofilm activity; inhibition of DNA
C. acnes

gyrase — 4%

Phenols/polyphenols
S. aureus Membrane disruption; binding to proteins/enzymes; antibiofilm activity S
E. coli Membrane disruption; disturbance of the cell wall/cell envelope — 4%

C. acnes Membrane disruption; inhibition of sebum-associated enzymes; antibiofilm

activity — 4%

Terpenoids

S. aureus Membrane disruption — ATP leakage — cell death — 5%

Membrane disruption; increased outer membrane permeability; synergy with

E-coli | antibiotics — 4%
C. acnes Membrane disruption; modulation of inflammatory signalling 0 S%
Alkaloids
Inhibition of FtsZ and cell division; DNA interaction; involvement in efflux-
S. aureus .
related mechanisms — 4%
. Interaction with DNA/topoisomerases; involvement in efflux-related
E. coli .
mechanisms — 3%
C. acnes Enzyme inhibition; antibiofilm activity, although data remain moderate — 3%

The absence of an outer membrane in S. aureus makes this bacterium more
susceptible to both membrane-active and intracellularly acting compounds.
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Flavonoids received a high rating against this pathogen because S. aureus
virulence strongly depends on quorum sensing, while efflux pump-mediated
resistance is clinically relevant. Phenols and terpenoids received the highest
ratings. Phenolic compounds can damage membranes, bind proteins, inhibit
enzymes, and influence virulence factors. The absence of an outer membrane
allows terpenoids to act rapidly and effectively against S. aureus. Alkaloids
also received a high rating because FtsZ and DNA are accessible targets in
S. aureus, and efflux-mediated resistance is common.

For E. coli, flavonoids received a moderate rating because the outer
membrane and efflux systems significantly reduce flavonoid entry and
effectiveness. Their activity increases significantly when combined with
compounds that enhance outer membrane permeability. Phenols and
polyphenols received a good rating because phenolic compounds with
multiple hydroxyl groups can partially overcome the outer membrane barrier,
especially tannins and gallic acid derivatives. Terpenoids also received
a good rating because they are among the few phytochemical classes
capable of substantially disturbing the outer membrane of Gram-negative
bacteria. Their activity is somewhat lower than against S. aureus because
of the structural complexity of the outer membrane, but their synergistic
potential is considerable. Alkaloids received a moderate rating because the
outer membrane barrier and efficient efflux systems strongly restrict their
bioavailability and intrinsic activity against E. coli.

C. acnes is a Gram-positive, anaerobic/aerotolerant, slow-growing
commensal that becomes pathogenic in sebaceous follicles. It contributes to
acne vulgaris by promoting follicular colonisation, biofilm formation, lipase
production, inflammation, and activation of innate immune pathways.

Flavonoids received a high rating because many target the virulence cascade
of C. acnes rather than merely inhibiting growth. Phenols and polyphenols also
received a high rating because anti-inflammatory mechanisms are clinically
as important as direct antibacterial activity in acne pathogenesis. Terpenoids
received the highest rating because they combine direct bactericidal activity,
antibiofilm effects, anti-inflammatory properties, and pharmacokinetic
suitability, as their lipophilicity is compatible with the sebaceous follicular
environment. Alkaloids received a moderate rating because specific mechanistic
data for C. acnes are less extensive than for other bacteria. Alkaloids do not
appear to affect the lipase/porphyrin/sebum axis as effectively as flavonoids,
and the available evidence remains limited.

In summary, the key patterns of pathogen-specific activity are as follows:

1. The barrier function of the outer membrane is the dominant factor
reducing the susceptibility of E. coli to all phytochemical classes.
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2. Target accessibility is greater in Gram-positive bacteria; thus, S. aureus
and C. acnes demonstrate higher susceptibility because they lack an outer
membrane.

3. Pathogen-specific virulence targets include the agr quorum-sensing
system, NorA efflux pumps, biofilm-associated icaADBC genes (all for
S. aureus); Lip1/Lip2 lipases, porphyrin metabolism, Sa-reductase-associated
pathways (all for C. acnes); AcrAB-TolC efflux system and the outer membrane
(all for E. coli).

4. Synergistic combinations outperform monotherapy for all three pathogens.

4.3. Comparative Susceptibility of the Three Pathogens to Phytochemicals

Influence of Gram-positive and Gram-negative Cell Envelopes. The
most consistent pattern across numerous studies is the greater susceptibility
of Gram-positive bacteria to hydrophobic phytochemicals than Gram-
negative bacteria. S. aureus and C. acnes lack an outer membrane; therefore,
phytochemicals can more easily reach the cytoplasmic membrane. In contrast,
E. coli possesses an LPS-rich outer membrane that prevents the penetration
of many hydrophobic molecules. Their entry into the cell depends on porin
channels, disruption of outer membrane integrity, or the use of formulations
that improve active compound penetration. In addition, efflux pumps reduce
intracellular accumulation of these substances.

Therefore, the approximate susceptibility ranking for membrane-active
phytochemicals is: C. acnes = S. aureus > E. coli.

This ranking is conditional and may vary depending on the bacterial strain,
compound polarity, formulation, and experimental conditions.

Biofilm Context. Bacterial susceptibility within biofilms differs substantially
from the susceptibility of planktonic cells. In planktonic culture studies, many
essential oils and phenolic compounds demonstrate strong antibacterial activity.
In biofilms, bacteria are embedded in an extracellular matrix, grow more
slowly, and activate stress-response mechanisms. All these reduce susceptibility
to antimicrobial agents. Several general patterns can be identified:

— prevention of biofilm formation is more effective and easier than the
destruction of already established biofilms;

— terpenoids and phenols are useful for damaging biofilm-associated cells;

— tannins and flavonoids are effective in inhibiting bacterial adhesion and
processes associated with extracellular matrix formation and maintenance;

— alkaloids and efflux pump inhibitors may increase intracellular stress in
biofilm-associated bacteria.

Modification of Antibiotic Resistance by Phytochemicals. Phytochemicals
are of interest as modifiers of antibiotic resistance. Due to their multitarget
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mechanisms of action, they make it more difficult for bacteria to develop resistance,
because a single mutation is usually insufficient to overcome their effects.

For E. coli, modifying antibiotic resistance is more challenging because
the outer membrane and the AcrAB-TolC efflux system provide effective
protection against many antimicrobial agents. Nevertheless, the combined use
of phytochemicals with membrane-permeabilising agents, nanoparticles, or
antibiotics may partially overcome this barrier and increase the effectiveness of
antimicrobial therapy.

4.4. From Laboratory Data to Clinical Application

Despite strong in vitro antibacterial potential, translation into clinical practice
remains limited. Laboratory conditions do not fully reproduce the environment
of human tissues, including wounds, biofilms, and anaerobic follicles.

For example, S. aureus in wounds may be embedded in pus, necrotic
tissue, or a biofilm matrix. E. coli in urinary or intestinal infections encounters
immune factors and pH fluctuations. C. acnes grows slowly in anaerobic, lipid-
rich follicles, which are difficult to reproduce in standard laboratory assays.

Chemical variability in plant extracts and essential oils is a major challenge.
The composition of medicinal plant extracts depends on many factors, including
plant species, geographical origin, soil and climate, harvesting season, plant
part used, solvent, drying conditions, and storage conditions. Without strict
chemical standardisation, antibacterial results are difficult to compare across
studies.

Isolated Compounds versus Whole Extracts. Some studies test purified
compounds, while others examine crude extracts. These results are not
equivalent. Crude extracts may demonstrate: additive or synergistic effects;
antagonistic effects; improved solubility of active components; reduced toxicity
due to balancing among components; weaker activity due to dilution of active
substances.

Bioavailability and  Solubility Problems. Many antibacterial
phytochemicals have low water solubility or limited bioavailability. These
limitations are especially relevant for systemic infections. For topical infections,
such as acne, achieving high local concentrations is more feasible, making
topical administration more realistic.

Safety, Toxicity, and Irritation. «Natural» is not synonymous with «safe.»
Some phytochemicals may cause irritation, allergy, cytotoxicity, or drug
interactions. Therefore, safety studies are essential, especially for repeated
topical application or systemic administration.

Limited Clinical Evidence. For many phytochemicals, clinical evidence
remains limited, and additional clinical studies are required before therapeutic
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use. These studies should include standardised composition, appropriate
manufacturing control points, defined bacterial endpoints, and monitoring of
toxicity and irritation.

4.5. Future Research Directions

Standardised Phytochemical Profiling. Future studies should use
chemically well-characterised extracts. Modern analytical methods, including
different combinations of chromatography, mass spectrometry, and NMR
spectroscopy, should be used to identify and quantify active components. It
would improve reproducibility and facilitate comparison among studies.

Improved Delivery Systems. Since many phytochemicals are poorly
soluble or unstable, pharmaceutical formulation is a key research direction.
For C. acnes, lipid-compatible topical formulations may improve penetration
into sebaceous follicles. Phytochemical-loaded hydrogels or dressings may help
target S. aureus biofilms; formulations that enhance outer membrane penetration
may be valuable for E. coli.

Combination Therapy with Antibiotics. One of the most promising
applications of phytochemicals is their use as adjuvant agents in antibiotic
therapy. Combined use of phytochemicals and antibiotics may help reduce
therapeutic antibiotic doses, restore susceptibility in resistant strains, and
decrease selective pressure on microorganisms. However, synergistic
interactions must be confirmed by microbial time-kill kinetics and in vivo
experimental studies.

Antivirulence Strategies and Microbiome Preservation. Not all
effective antibacterial therapeutic strategies need to kill bacteria directly. Some
phytochemicals reduce microbial pathogenicity by inhibiting toxin production,
quorum sensing, adhesion, motility, biofilm formation, inflammatory stimulation,
and lipase activity. It is particularly important in C. acnes acne, because it is
not only a potential pathogen but also a normal member of the resident skin
microbiota. Complete eradication of this microorganism may disrupt the skin
microbiome's balance. Therapeutic approaches aimed at reducing inflammation,
virulence, and biofilm-associated persistence may be more appropriate than
strategies focused solely on bacterial elimination.

CONCLUSIONS

Phytochemicals from medicinal herbs exhibit antibacterial activity against
S. aureus, E. coli, and C. acnes via multiple mechanisms. These include
membrane disruption, interference with the cell wall, inhibition of DNA
replication, inhibition of enzymes, collapse of energy metabolism, inhibition of
efflux pumps, antibiofilm activity, and suppression of virulence.
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The strongest activity is generally observed against Gram-positive bacteria,
such as S. aureus and C. acnes, because they lack the protective outer membrane
of Gram-negative bacteria, such as E. coli. Terpenoids and phenolic compounds
are particularly effective membrane-disrupting agents. Flavonoids act through
enzyme inhibition, membrane effects, anti-inflammatory activity, and antibiotic
potentiation. Alkaloids show promise, especially in combination with efflux
pump inhibitors.

Against S. aureus, phytochemicals are particularly valuable as antibiofilm
agents, efflux pump inhibitors, and modulators of MRSA resistance. Against
E. coli, the main challenge is overcoming the Gram-negative outer membrane
and the multidrug efflux system. In the treatment of C. acnes, phytochemicals
that combine antibacterial and anti-inflammatory effects are particularly
attractive, as they are highly relevant to acne pathogenesis.

Overall, phytochemicals derived from medicinal herbs should not be viewed
simply as direct replacements for antibiotics. The greatest potential lies in
their use as multitarget adjuvant agents that weaken bacterial defences, reduce
virulence, disrupt biofilms, increase susceptibility to antibiotics, and support
topical or localised therapy.

SUMMARY

The increasing prevalence of antibiotic-resistant pathogens underscores
the need to discover new plant-derived antimicrobial agents. This
study analyses the mechanisms of antibacterial action of flavonoids,
terpenoids, phenols, and alkaloids against clinically significant pathogens:
Staphylococcus aureus, Escherichia coli, and Cutibacterium acnes. Ten
major ways of action of phytochemicals were identified and grouped into
structural, metabolic, regulatory, and synergistic mechanisms. Terpenoids
and phenols mainly exert antibacterial activity by damaging bacterial
membranes and cell envelopes. Flavonoids exhibit pronounced regulatory
effects. Alkaloids demonstrate the most balanced spectrum of activity.
The sensitivity of bacteria to phytochemical compounds depends on the
structure of the cell envelope: Gram-positive S. aureus and C. acnes are
more vulnerable to membrane-active substances than Gram-negative E. coli.
For S. aureus, compounds with antibiofilm activity that inhibit quorum
sensing and efflux pumps are the most promising, particularly for combating
MRSA. Substances that combine antibacterial and anti-inflammatory effects
are particularly important for C. acnes. For E. coli, the effectiveness of
phytochemicals requires increased outer membrane permeability or the use
of advanced delivery systems. Phytochemicals should be considered not
as direct substitutes for antibiotics, but as multifunctional adjuvant agents
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capable of reducing bacterial virulence, inhibiting biofilms, and enhancing
the effectiveness of antibiotic therapy. Further research should focus on
standardised phytochemical profiling of extracts, active compound delivery
systems, and synergy with conventional drugs.
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CHAPTER 4

DECISION FRAMEWORK FOR ASSESSING
THE ENVIRONMENTAL SAFETY OF RENEWABLE
ENERGY IN AGRI-FOOD SYSTEMS

Kryshtop Yevhen
DOl https://doi.org/10.30525/978-9934-26-714-7-4

INTRODUCTION

Climate change, resource degradation and the commitment to climate
neutrality have turned the energy base of agricultural production into a structural
problem rather than a technical one. Global renewable capacity passed
3,870 GW in 2023, after a record annual addition of 473 GW'. The Net Zero by
2050 scenario of the International Energy Agency requires that pace to triple,
to roughly 1,100 GW a year by 20302 Agri-food systems sit at the centre of
this trajectory: they are at once a major energy consumer, a significant source of
greenhouse gas emissions, and an important arena for renewable deployment®.

The relationship between renewable energy and agri-food systems is
therefore bidirectional, and more intricate than a simple substitution of fossil
fuels. Agrivoltaics, biogas from agricultural residues, small wind installations
on farmland and distributed rooftop photovoltaics form a technology set with
an environmental signature of its own — and with methodological problems
to match. Impact allocation between the agricultural and the energy function
remains unresolved in Agri-PV; the global warming potential (GWP) of
bioenergy swings with the accounting convention adopted for avoided methane;
and large-scale infrastructure raises the risk of landscape fragmentation®.

! International Renewable Energy Agency. Renewable capacity statistics 2024. Abu Dhabi : IRENA,
2024. URL: https://www.irena.org/Publications/2024/Mar/Renewable-capacity-statistics-2024

2 International Energy Agency. Net Zero Roadmap: A Global Pathway to Keep the 1.5 °C Goal in
Reach. 2023 Update. Paris : IEA, 2023. URL: https://www.iea.org/reports/net-zero-roadmap-a-global-
pathway-to-keep-the-15-c-goal-in-reach

3 Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group III to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change / ed. by P. R. Shukla et al.
Cambridge ; New York : Cambridge University Press, 2022. DOI: 10.1017/9781009157926

4 Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group III to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change / ed. by P. R. Shukla et
al. Cambridge ; New York : Cambridge University Press, 2022. DOI: 10.1017/9781009157926 ;
Chatzipanagi A., Taylor N., Jaeger-Waldau A. Overview of the potential and challenges for agri-
photovoltaics in the European Union. Luxembourg : Publications Office of the European Union, 2023.
EUR 31482 EN. DOI: 10.2760/208702
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The state of the art addresses these problems through three method families
grown in largely separate traditions. Life Cycle Assessment (LCA) quantifies
environmental burdens across the full life cycle; multi-criteria decision-making
(MCDM) ranks competing alternatives under heterogeneous criteria; system
dynamics (SD) models long-term feedback behaviour. Reviews of energy
planning confirm that all three are applied to renewable systems®. What the
literature withholds is an account of when each should be used: comparative
studies describe the methods but rarely formalise the choice between them.

The unresolved question is not whether LCA, MCDM or SD is superior, but
under which combinations of data quality, analytical purpose and regulatory
context each becomes defensible, and how conflicting signals should be
resolved. Without explicit criteria, method choice may follow disciplinary
habit or software availability, reducing comparability. This problem is acute
in transition economies, where incomplete verified and representative LCI
coverage limits the transferability of Western European models. In Ukraine,
EU integration requires methodological alignment, while the armed conflict has
disrupted statistical continuity and primary data collection.

This chapter proposes a decision framework for choosing among LCA,
MCDM and SD when the environmental safety of renewable energy projects
in agri-food systems is at issue. Two questions guide it: how does the choice
of methodological framework shape assessment outcomes for such projects in
transition economies, and how can that choice be made explicit and auditable?

The chapter therefore develops a three-parameter selection procedure that
distinguishes attributional from consequential LCA and derives hybridisation
from diagnosed data, purpose and regulatory conditions.

1. Conceptual and Methodological Foundations

Scope and technological categories. This study takes green energy
narrowly: electricity and heat generated from renewable sources whose life cycle
greenhouse gas emissions are substantially lower than those of fossil alternatives.
Nuclear power falls outside the scope, since its assessment belongs to a separate
discourse on long-lived waste and low-probability, high-consequence risk that
would blur the selection problem at issue here. Within agri-food systems, green
energy spans five categories: ground-mounted agrivoltaics (Agri-PV); biogas
from agricultural residues; small wind installations on farmland; distributed

5 Pohekar S. D., Ramachandran M. Application of multi-criteria decision making to sustainable
energy planning : a review. Renewable and Sustainable Energy Reviews. 2004. Vol. 8. Ne 4. P. 365-381.
DOI: 10.1016/j.rser.2003.12.007 ; Strantzali E., Aravossis K. Decision making in renewable energy
investments : a review. Renewable and Sustainable Energy Reviews. 2016. Vol. 55. P. 885-898. DOI:
10.1016/j.rser.2015.11.021
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rooftop photovoltaics; and solid biomass from dedicated energy crops. Each
engages agroecosystems through a different mechanism, and that mechanism
conditions which assessment method fits.

The dual function of the agricultural landscape. Renewable energy in
agri-food systems turns on a single conceptual feature: the agricultural landscape
does two jobs at once, the same hectare serving as a productive resource for
food and as a physical carrier for energy infrastructure. In Agri-PV this duality
creates an allocation problem that the ISO 14040/14044 framework does not
settle by prescribed rule. No standardised convention divides the environmental
burden of the installation between the crop and the kilowatt-hour, and different
allocation choices yield materially different GWP values for one and the same
physical system.

In bioenergy the duality runs along the chain agricultural residues — biogas +
digestate — electricity + organic fertiliser, where the choice of system boundary
changes the result outright. Digestate treated as a co-product carrying its own
burden share, as an avoided-burden credit against mineral fertiliser, or as a waste
stream yields three different verdicts on one plant; comparable sensitivity is
documented across bioenergy systems, where energy-based, economic and
system-expansion allocation diverge significantly in GWP and other impact
categories®. The same chain shows why the discussion cannot remain within
a purely energetic frame. Converting residues into energy and a nutrient-bearing
soil amendment is a waste valorisation pathway that closes a nutrient loop at
farm or community scale — in circular economy terms, industrial symbiosis
between agricultural production and energy generation. Methods that register
only the energy output will misrepresent such systems systematically.

Environmental safety as an umbrella construct. Environmental safety is
polysemic: depending on disciplinary tradition it denotes the absence of threats
to human health, the preservation of ecosystem functionality, or compliance
with regulatory limits, and in the international LCA literature the neighbouring
notions — environmental performance, environmental impacts, environmental
risk — are none of them exact synonyms. The term is retained here as an
author-defined umbrella construct whose content is fixed explicitly rather than
assumed, namely a multidimensional construct of four dimensions:

1) climatic — global warming potential over a 100-year horizon, expressed
in g CO2-eq. kWh'!;

2) ecosystem — eutrophication, acidification, land use and freshwater
ecotoxicity;

¢ Life cycle assessment and techno-economic analysis of sustainable bioenergy production: a review /
A. 1. Osman [et al.]. Environmental Chemistry Letters. 2024. Vol. 22, no. 3. P. 1115-1154. DOL:
10.1007/s10311-023-01694-z.
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3) resource — abiotic resource depletion and freshwater consumption;

4) toxicological — human toxicity.

These are conceptual categories, not the impact categories of any single
characterisation method. They are operationalised at the goal and scope
stage by selecting the corresponding indicators from a clearly identified and
established life cycle impact assessment (LCIA) method’. Because impact-
category definitions and indicators vary across LCIA methods, every application
must name the method used and the indicator representing each dimension.
Mixing terminology drawn from different methods within one indicator set is
a reporting error, not a stylistic choice.

Expressing the construct through life cycle indicators secures
comparability across dimensions and guards against the single-target trap,
in which optimising one indicator conceals deterioration in another: attention
confined to GWP can mask rising eutrophication from digestate application,
or soil degradation under monocultural energy cropping. The hazard is acute
in agri-food systems, where soil and water are at once the object of protection
and the productive base; the diagnostic limits of single-indicator screening
are well established®. Because the four dimensions differ in measurability,
time constant and policy relevance, no one method captures them all. LCA
locates life cycle hotspots and supports targeted mitigation within a systemic
view of agroecosystems’, yet it neither weighs social acceptability nor models
feedback over decades. The case for comparative systematisation follows
from the construct itself.

Positioning the technological approach. Earlier work systematised
approaches to sustainable resource use in agri-food systems along five
directions'®. This chapter develops the innovation-technological direction
through a comparative typology of the three assessment methods (Table 1).

7 Guinée J. B. (ed.). Handbook on life cycle assessment : operational guide to the ISO standards.
Dordrecht : Kluwer Academic Publishers, 2002. DOI: 10.1007/0-306-48055-7

8 Laurent A., Olsen S. I, Hauschild M. Z. Limitations of carbon footprint as indicator for
environmental sustainability and LCA-based screening tools. Environmental Science & Technology.
2012. Vol. 46. Ne 8. P. 4100—4108. DOIL: 10.1021/es204163f

° Lulovicova A., Bouissou S. Life cycle assessment as a prospective tool for sustainable agriculture
and food planning at a local level. Geography and Sustainability. 2024. Vol. 5. Ne 2. P. 251-264. DOIL:
10.1016/j.geosus.2024.01.008

" Tysik B. K., Kpumron €. A. CucremHui mniaxig [0 ekoJioriyHo 36allaHCOBAHOrO
MPUPOIOKOPHCTYBAHHS: KOHIENTYaNbHI MOJENI, aHAMTHYHI paMKu Ta iHgukatopu. Memodonoeiuni
nioxo0u ma  NpakmuyHe — OOIPYHMYBAHHS  €KONOIYHO  30ANAHCOBAHO2O — NPUPOOOKOPUCTYBAHHS
I WNAXU 3HUMICEHHA AHMPONOLEHHO20 HABAHMAMCEHHA HA NPUPOOHT I wimyuHi exocucmemu y cgepi
AIIK : 3Bit mpo HJP (ocrarounuit) / JlepxaBuuit GioTexHosoriunuit yHiBepcuter. Xapkis, 2025.
Po3n. VII. C. 213-244. Ne pepsxpeectpanii 0121U107701. URL: https://repo.btu.kharkiv.ua/server/api/
core/bitstreams/4d9ealb4-3100-42e0-80f8-f53{F23f8edS/content
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Table 1

Conceptual typology of methodological approaches to assessing

sustainable resource use in agri-food systems

Criteri Systems approach Ecosystem Landscape- TechnohlogLigj /
riterion (DPSIR / SES) approach ecological approach aﬁ{;’gg;i /( D)
Object of | The agricultural Ecosystem Spatial organisation | Product,
analysis system as a socio- functionality; | of agricultural technology or
ecological-technical services landscapes; project; material
system; actors, and their fragmentation, and energy flows
resources, rules interlinkages connectivity
Analytical | DPSIR; SES CBD, IPBES, |Landscape metrics LCA (ISO
framework | framework (Ostrom); | TEEB; (FRAGSTATS); GIS | 14040/14044);
planetary boundaries | ecosystem analysis MCDM (AHP,
services TOPSIS); system
concept dynamics
Spatial Field or farm to Plot to Landscape or region; | Product to
scale macro-policy catchment agroclimatic zone system; cradle-
to-grave or
cradle-to-gate
Time Medium to long term; | Long term Medium term (1050 | SD: 15-50 years;
horizon iterative (succession, years) LCA: static;
climatic cycles) MCDM: present
state
Principal | Comprehensive Attention Spatial diagnosis Quantitative
strength representation of to systemic of degradation and impact
cause—effect relations | integrity and restoration assessment;
services comparison of
alternatives
Principal | Difficulty of collecting | Non- Dependence on Scarcity of local
limitation | multidimensional data |standardised detailed GIS data inventories
valuation of in transition
services economies

Source: developed by the author on the basis of".

' Strantzali E., Aravossis K. Decision making in renewable energy investments : a review. Renewable
and Sustainable Energy Reviews. 2016. Vol. 55. P. 885-898. DOI: 10.1016/j.rser.2015.11.021 ; Guinée
J. B. (ed.). Handbook on life cycle assessment : operational guide to the ISO standards. Dordrecht :
Kluwer Academic Publishers, 2002. DOI: 10.1007/0-306-48055-7 ; Ilysik B. K., Kpumron €. A.
CHCTeMHHIT MiAXi 1O €KOJOTiYHO 30aJaHCOBAHOTO NMPHPOJOKOPHCTYBAHHS: KOHIENTYalbHI MOJEI,
AQHATITHYHI PAMKH Ta IHAUKATOPU. Memooonoeiuni nioxoou ma npaxkmuyne 06IpYHMY8aHHs eKONOIUHO
30A1AHCOBAHO20  NPUPOOOKOPUCINYBAHHS | WIIAXU 3HUDICEHHS AHMPONOZEHHO20 HABAHMANCEHHS
Ha npupoomi i wmyuni exocucmemu y cgpepi AIIK : 3Bir npo HJIP (ocrarounmii) / [lepxaBHuii
GiorexHonoriunmii  yHiBepcuter. XapkiB, 2025. Posx. VII. C. 213-244. Ne nepxpeectpanii
0121U107701. URL: https://repo.btu.kharkiv.ua/server/api/core/bitstreams/4d9ealb4-3100-42¢0-8018-
53ff23f8ed5/content ; Forrester J. W. Industrial dynamics. Cambridge, MA : MIT Press, 1961.
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Table 1 shows the technological approach complementing rather than
displacing the systems and landscape-ecological traditions: DPSIR and the
SES framework supply the criteria structure and the governance context, while
LCA, MCDM and SD deliver quantitative assessment of specific options.

Ecosystem interactions of green energy technologies. The complementarity
of methodological approaches must be considered in relation to the ecological
processes that actually unfold in agroecosystems. Empirical evidence shows that
ground-mounted photovoltaic systems alter local air and soil microclimates, soil
moisture, vegetation biomass and plant-species diversity, with effects varying
across seasons and management regimes'?. Habitat-enhancing agrivoltaic
configurations may improve pollinator supply, water retention, sediment
retention and carbon storage relative to conventional agricultural practice,
although these findings are model-based and require field validation'®.

More broadly, territorial LCA can support environmental planning in local agri-
food systems by identifying environmental impacts and trade-offs across alternative
scenarios!*. Taken together, these studies indicate that environmental outcomes
are context- and management-dependent: appropriate management can enhance
ecosystem functions, whereas poorly adapted siting and management practices may
create localised risks. Table 2 summarises these interactions by technology.

Table 2
Ecological interactions of green energy technologies
in agricultural landscapes

cooling and local
drying have been
observed beneath
PV arrays'.

enhancing scenarios have
shown modelled gains in

water retention?.

Renewable Soil resources Water resources Biodiversity Landscape structure
technology
Agri-PV Panel shading Water-retention effects Plant biomass and Altered visual
(ground- alters soil depend on system species diversity structure; requires
mounted) temperature and configuration and vegetation | may decline beneath | GIS-based
moisture; summer | management; habitat- conventional PV connectivity

arrays’, whereas
habitat-enhancing
agrivoltaic
configurations may

assessment

increase pollinator
supply*.

12 Armstrong A., Ostle N. J., Whitaker J. Solar park microclimate and vegetation management effects
on grassland carbon cycling. Environmental Research Letters. 2016. Vol. 11. Ne 7. Article 074016. DOL:
10.1088/1748-9326/11/7/074016

13 Enhancing ecosystem services and biodiversity in agrivoltaics through habitat-enhancing strategies /
A. Ludzuweit et al. Renewable and Sustainable Energy Reviews. 2025. Vol. 212. Article 115380. DOL:
10.1016/j.rser.2025.115380

14 Lulovicova A., Bouissou S. Life cycle assessment as a prospective tool for sustainable agriculture
and food planning at a local level. Geography and Sustainability. 2024. Vol. 5. Ne 2. P. 251-264. DOL:
10.1016/j.geosus.2024.01.008
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Table 2 (Continued)

Renewable Soil resources Water resources Biodiversity Landscape structure
technology
Biogas from Digestate can Nitrate-leaching risk depends | Context-dependent | Localised landscape
agricultural affect soil organic | on digestate characteristics, | effects on soil biota: | effects associated
residues matter and soil type, application rate possible short-term | with digesters and
improve selected | and the synchrony of earthworm mortality | storage facilities
soil physical nitrogen supply with crop or avoidance, but
properties, demand; timely nutrient neutral or positive
although outcomes | characterisation and crop- longer-term
are site- and matched application reduce | responses’.
management- over-fertilisation risk®.
dependent®.
Wind Minimal No substantial direct effect Site- and species- Altered landscape
installations on | permanent land on the water regime under specific collision, silhouette; spatial
farmland withdrawal, normal operation; local disturbance, suitability and
although construction-related effects | displacement and social acceptability
construction and | remain site-specific. barrier risks for require site-specific
access roads may birds and bats; assessment.
cause local soil reduced through
disturbance and ecological screening,
compaction. avoidance of
sensitive habitats
and major flyways,
appropriate
turbine siting and,
where necessary,
operational
curtailment®.
Distributed No direct effect; No direct interaction with Limited direct Minimal landscape
rooftop PV no agricultural agricultural water resources | effect; no additional | effect; potential
land occupation during normal operation land occupation building-level visual
considerations
Energy crops Perennial Water use may exceed that Relative to intensive | Plantation size
(miscanthus, Miscanthus of annual arable crops, arable cropping, and spatial
willow) and willow can particularly for willow Miscanthus and configuration alter
increase soil short-rotation coppice; willow can provide | landscape structure;
organic carbon effects on evapotranspiration | additional habitat appropriately
when replacing and local water balance are | and support greater | located perennial
annual arable site-specific and depend on | biodiversity, energy crops
crops, although precipitation, soil conditions, | although outcomes | can increase
outcomes depend | groundwater availability, depend on heterogeneity in
on previous crop species and stand age'®. | crop structure, intensively arable
land use, soil management, landscapes, although
conditions and plantation age and effects vary by crop
plantation age’. the surrounding and spatial scale'.
landscape'".

Source: developed by the author from the sources cited in the table.

Three regularities emerge. Agri-PV and bioenergy require assessment
beyond the climatic dimension; rooftop PV has comparatively limited direct
interaction with agroecosystems; and no technology is preferable independently
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of context. The framework must therefore represent both local ecological
risks and circular-economy benefits, including nutrient-loop closure, residue
valorisation and avoided agricultural land occupation.

Figure 1 shows renewable technologies generating distinct yet overlapping
challenges. Agrivoltaics and residue-based biogas are associated primarily with
impact allocation, while biogas additionally exhibits substantial GWP variability
arising from system-boundary choices, methane-accounting conventions and
LCA orientation; wind installations and dedicated energy crops raise landscape
and spatial concerns, and energy crops introduce a direct food-energy trade-
off. Limited coverage of verified, representative Ukrainian LCI data acts as
a cross-cutting constraint under transition-economy conditions. The terminal
node, “Need for structured method selection”, expresses the requirement to
reconcile technology-specific challenges with data conditions and assessment
requirements; the corresponding framework is developed in Section 3.

Renewable encergy technologies
in agri-food systems
Agrivoltacs (Agri-PV)

Ol g tardl ant etergy Locson

Methodological challenges

Impact allocation
detritunon of burder between .
ruliphe Jyitem rction

— =

Blogas from agriceitral residors
Baoges, shactwcty and

GWP vaniability
systam boundanes, methane

fenindt dewct bnd ocoupason

lended vealabalty of verfind
satonal LO cata

- >

Sgestate coproducts sccouetng sod LCA gowmiathon Need for
structured method
Wind iastallations en farmiane Local laventory data scarcity selection

Recorclation of
o vekngy e i

chelflenges, dota
Datributed roofop photoveltaes Landscape and spatial risks zriterm vl
gormranon athoct addtors ragmentaton. coreectuty and | — ascesartent
land eccupation ool Configeration roQuteTeeLs
-
Decicated energy crops Food-energy trade-off
MAECITTUS, wilow and other COTEOLRON 13 WO, wats and b
bomass cacps ecovystem Rurctions
s

[ ——  Pncipd Cane-efiect teltoestiy

""" P Sectedny w trot<Avang laraNe

Fig. 1. Problem architecture linking renewable energy technologies
in agri-food systems to technology-specific methodological challenges
and the resulting need for explicit method selection. Solid arrows indicate
principal cause-effect relationships; dashed arrows indicate secondary

or cross-cutting relationships

Source: developed by the author from the literature synthesis presented in Section 1
and Table 2.
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The regulatory determinants of method choice. Analytical considerations
do not govern method selection alone. Three regulatory frameworks bear on
Ukraine. The United Nations Sustainable Development Goals, SDG 7 and
SDG 13 in particular, set the normative baseline. The European Green Deal,
with the Fit for 55 package and the Farm to Fork and Bioeconomy strategies,
supplies the operative instruments: the EU Taxonomy requires demonstration
of substantial contribution and compliance with the do no significant harm
(DNSH) principle across six environmental objectives, its technical screening
criteria set activity by activity and its evidence requirements varying
accordingly'’; the Environmental Footprint methods furnish a standardised
life-cycle basis for environmental claims, grounded in attributional LCA'; and
the Corporate Sustainability Reporting Directive obliges large undertakings to
disclose taxonomy-aligned data. The EU — Ukraine Association Agreement and
candidate status granted in 2022 turn methodological harmonisation from an
option into a policy requirement.

Life cycle thinking is thus entering decision processes through these methods'’,
while global decarbonisation strategies press for integrated systems analysis'®.
Method selection must therefore satisfy scientific and regulatory criteria at once —
a demand that Section 2 tests against the three candidate methods.

2. Comparative Analysis of Assessment Methods
Review protocol. The targeted methodological review was reported using
the applicable items and flow diagram of the PRISMA 2020 statement!®, which
updates the 2009 statement® and supports transparent reporting of record

!5 Commission Delegated Regulation (EU) 2021/2139 of 4 June 2021 supplementing Regulation (EU)
2020/852 by establishing technical screening criteria. Official Journal of the European Union. 2021.
L 442. P. 1-349. URL: https://eur-lex.europa.eu/eli/reg_del/2021/2139/0j

1 Commission Recommendation (EU) 2021/2279 of 15 December 2021 on the use of the Environmental
Footprint methods to measure and communicate the life cycle environmental performance of products
and organisations. Official Journal of the European Union. 2021. L 471. P. 1-396. URL: https://eur-lex.
europa.eu/eli/reco/2021/2279/0j ; European Commission, Joint Research Centre. Environmental Footprint
methods. URL: https://eplca.jrc.ec.europa.eu/EnvironmentalFootprint.html

17" Commission Recommendation (EU) 2021/2279 of 15 December 2021 on the use of the Environmental
Footprint methods to measure and communicate the life cycle environmental performance of products
and organisations. Official Journal of the European Union. 2021. L 471. P. 1-396. URL: https://eur-lex.
europa.eu/eli/reco/2021/2279/0j ; European Commission, Joint Research Centre. Environmental Footprint
methods. URL: https://eplca.jrc.ec.europa.eu/EnvironmentalFootprint.html

'8 International Energy Agency. Net Zero Roadmap: A Global Pathway to Keep the 1.5 °C Goal in
Reach. 2023 Update. Paris : IEA, 2023. URL: https://www.iea.org/reports/net-zero-roadmap-a-global-
pathway-to-keep-the-15-c-goal-in-reach

1 The PRISMA 2020 statement: an updated guideline for reporting systematic reviews / M. J. Page et al.
BMJ. 2021. Vol. 372. Article n71. DOI: 10.1136/bmj.n71

2 Preferred reporting items for systematic reviews and meta-analyses: the PRISMA
statement / D. Moher et al. PLoS Medicine. 2009. Vol. 6. Ne 7. Article e1000097. DOI: 10.1371/journal.
pmed.1000097
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identification, screening and inclusion. PRISMA was used as a reporting
framework rather than as a claim that the review constituted an exhaustive
global systematic review. The review sought to characterise approaches retrieved
through the predefined targeted strategy, identify methodological imbalances
within that sample, and establish the case for integration. The review protocol
was not prospectively registered.

The searches were run in Scopus and the Web of Science Core Collection
on 15 January 2026. Filters were applied for document type (article, review)
and subject area (environmental science, energy, agriculture); the publication
window ran from 2019 to 2024, and languages were English and Ukrainian.
One conceptual strategy was executed in both databases, the field tag adapted
to each: TITLE-ABS-KEY in Scopus, Topic (TS) in Web of Science. An outer
bracket encloses the three method blocks, so that every retrieved record satisfies
the method condition together with each of the four conditions that follow:

((“life cycle assessment” OR LCA OR “attributional LCA” OR
“consequential LCA”) OR (“multi-criteria decision making” OR MCDM OR
AHP OR TOPSIS OR VIKOR) OR (“system dynamics”)) AND (“renewable
energy” OR RES OR bioenergy OR biogas OR agrivoltaic* OR “agri-PV” OR
wind OR photovoltaic*) AND (“environmental safety” OR “environmental
impact” OR sustainability) AND (agricultur®* OR “agro-industrial complex”
OR agri-food OR agroecosystem*) AND (“transition econom*” OR Ukraine
OR “Eastern Europe”)

Deduplication ran in two passes: records were matched automatically on DOI,
and those lacking a DOI or registered divergently were then matched manually on
title, first author and publication year, the journal version being retained wherever
a study appeared as both preprint and article. The geographical component was
included deliberately to retrieve studies potentially relevant to transition-economy,
Ukrainian or Eastern European contexts. The occurrence of one or more of
these terms in the searchable bibliographic fields was a retrieval condition but
did not necessarily mean that a study was empirically focused on a transition
economy; geographical focus was subsequently coded from the empirical study
area rather than from the matched search term. The review is therefore a targeted
methodological review rather than a statistically representative mapping of the
global literature: its aim was not to quantify worldwide publication patterns but to
identify approaches potentially applicable under transition-economy conditions.
Accordingly, the frequencies reported below characterise the targeted analytical
sample rather than the global research field.

The PRISMA analytical sample and the supplementary evidence base were
kept separate. All quantitative analyses used only the 87 eligible peer-reviewed
studies published within the predefined 2019-2024 window. Publications
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from 2025 identified during post-review verification, including?®', as well as
institutional reports, foundational or other out-of-window publications, and
technology-specific sources?, were used only for contextual interpretation and
did not enter the PRISMA counts, cluster frequencies or identification of the
research gap. Consequently, the analytical sample does not capture the complete
2025 literature and may underrepresent the most recent methodological
developments. Sources? remained outside the analytical sample because they

! Enhancing ecosystem services and biodiversity in agrivoltaics through habitat-enhancing strategies /
A. Ludzuweit et al. Renewable and Sustainable Energy Reviews. 2025. Vol. 212. Article 115380.
DOI: 10.1016/j.rser.2025.115380 ; Tighnavard Balasbaneh A., Aldrovandi S., Sher W. A systematic
review of implementing multi-criteria decision-making (MCDM) approaches for the circular economy
and cost assessment. Sustainability. 2025. Vol. 17. Ne 11. Article 5007. DOIL: 10.3390/sul7115007 ;
Mlybari E. A. Smart sustainability in construction: an integrated LCA-MCDM framework for climate-
adaptive material selection in educational buildings. Sustainability. 2025. Vol. 17. Ne 21. Article 9650.
DOI: 10.3390/5u17219650 ; A critical review of life cycle assessment of renewable agricultural systems /
M. Kiehbadroudinezhad et al. Sustainable Energy Technologies and Assessments. 2025. Vol. 73.
Article 104100. DOIL: 10.1016/j.seta.2024.104100

2 Long-term application of biogas digestate improves soil physical properties / M. Mayerova et al. Soil
and Tillage Research. 2023. Vol. 231. Article 105715. DOI: 10.1016/j.still.2023.105715 ; Recycling
of biogas digestates in plant production: NPK fertilizer value and risk of leaching / T. A. Sogn et al.
International Journal of Recycling of Organic Waste in Agriculture. 2018. Vol. 7. P. 49-58. DOI: 10.1007/
s40093-017-0188-0 ; Digestate in replacement of synthetic fertilisers: a comparative 3-year field study of
the crop performance and soil residual nitrates in West-Flanders / G. Reuland et al. European Journal of
Agronomy. 2024. Vol. 161. Article 127380. DOI: 10.1016/j.ja.2024.127380 ; Short- and long-term impacts
of anaerobic digestate spreading on earthworms in cropped soils / V. Moinard et al. Applied Soil Ecology.
2021. Vol. 168. Article 104149. DOI: 10.1016/j.aps0il.2021.104149 ; European Commission. Directorate-
General for Environment. Guidance document on wind energy developments and EU nature legislation.
Luxembourg : Publications Office of the European Union, 2020. DOI: 10.2779/095188 ; Harris Z. M.,
Spake R., Taylor G. Land use change to bioenergy: a meta-analysis of soil carbon and GHG emissions.
Biomass and Bioenergy. 2015. Vol. 82. P. 27-39. DOI: 10.1016/j.biombioe.2015.05.008 ; A review of the
impacts of Short Rotation Coppice cultivation on water issues / 1. Dimitriou et al. Landbauforschung. 2009.
Vol. 59. Ne 3. P. 197-206 ; Dedicated biomass crops can enhance biodiversity in the arable landscape /
A. J. Haughton et al. GCB Bioenergy. 2016. Vol. 8. Ne 6. P. 1071-1081. DOI: 10.1111/gcbb.12312 ;
Landscape metrics and land-use patterns of energy crops in the agricultural landscape / X. Xu et al.
BioEnergy Research. 2023. Vol. 16. P. 2178-2191. DOL: 10.1007/s12155-023-10584-9

3 Long-term application of biogas digestate improves soil physical properties / M. Mayerova et al. Soil
and Tillage Research. 2023. Vol. 231. Article 105715. DOI: 10.1016/j.still.2023.105715 ; Recycling
of biogas digestates in plant production: NPK fertilizer value and risk of leaching / T. A. Sogn et al.
International Journal of Recycling of Organic Waste in Agriculture. 2018. Vol. 7. P. 49-58. DOIL:
10.1007/s40093-017-0188-0 ; Digestate in replacement of synthetic fertilisers: a comparative 3-year field
study of the crop performance and soil residual nitrates in West-Flanders / G. Reuland et al. European
Journal of Agronomy. 2024. Vol. 161. Article 127380. DOI: 10.1016/j.¢ja.2024.127380 ; Short- and
long-term impacts of anaerobic digestate spreading on earthworms in cropped soils / V. Moinard et al.
Applied Soil Ecology. 2021. Vol. 168. Article 104149. DOI: 10.1016/j.aps0il.2021.104149 ; European
Commission. Directorate-General for Environment. Guidance document on wind energy developments
and EU nature legislation. Luxembourg : Publications Office of the European Union, 2020. DOIL:
10.2779/095188 ; Harris Z. M., Spake R., Taylor G. Land use change to bioenergy: a meta-analysis
of soil carbon and GHG emissions. Biomass and Bioenergy. 2015. Vol. 82. P. 27-39. DOI: 10.1016/j.
biombioe.2015.05.008 ; A review of the impacts of Short Rotation Coppice cultivation on water issues /
1. Dimitriou et al. Landbauforschung. 2009. Vol. 59. Ne 3. P. 197-206 ; Dedicated biomass crops can
enhance biodiversity in the arable landscape / A. J. Haughton et al. GCB Bioenergy. 2016. Vol. 8.
Ne 6. P. 1071-1081. DOI: 10.1111/gebb.12312 ; Landscape metrics and land-use patterns of energy
crops in the agricultural landscape / X. Xu et al. BioEnergy Research. 2023. Vol. 16. P. 2178-2191. DOIL:
10.1007/s12155-023-10584-9
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fell outside the publication window or did not use LCA, MCDM or SD as the
principal analytical instrument.

Selection process and sample. The search identified 512 records across the
two databases. Duplicate removal (n = 170) left 342 unique records for title and
abstract screening, from which 164 full-text reports were assessed for eligibility
and 87 peer-reviewed articles and reviews entered the final analytical sample
(Figure 2).

A single reviewer conducted the screening and reassessed borderline cases
through repeated full-text examination against the predefined criteria; no
independent second reviewer took part — a limitation of the review, revisited
among the wvalidity considerations below. Title-and-abstract screening
excluded 178 records on thematic or language grounds, leaving 164 reports
to be retrieved. Full-text assessment then excluded 77 on three grounds:
no explicit methodological approach (n = 32); a technical focus without
substantive environmental analysis (n = 21); and no relevance to agri-food
systems (n = 24).

Inclusion required relevance to renewable energy assessment in agri-food
systems; LCA, MCDM or SD as the principal analytical instrument rather
than a descriptive element; an environmental or systems perspective; peer-
reviewed article or review status; an available full text; and publication within
2019-2024. Records failing any of these conditions, or duplicating another
record, were excluded.

Data extraction and synthesis. Data were extracted from each included
study on a structured coding form built for this review. The variables were
publication year, geographical focus, renewable energy technology, principal
methodological approach, LCA orientation and MCDM technique where
applicable, analytical scale, temporal perspective, data characteristics, and
reported treatment of uncertainty. Every study was assigned to one of three
mutually exclusive principal methodological clusters: LCA, MCDM, or system
dynamics and integrated approaches. Secondary methodological components
were coded separately. Technologies were classified by the primary technology
investigated, and geographical context was coded from the empirical study area
rather than from author affiliation. Descriptive frequencies and proportions
were calculated only for the mutually exclusive principal methodological and
renewable-energy technology classifications. The remaining variables informed
qualitative methodological comparison and were not summarised as frequencies
because they were conditional, non-mutually exclusive or incompletely reported
across studies. Reported treatment of uncertainty informed the qualitative
discussion of limitations rather than a separate frequency estimate. No formal
risk-of-bias assessment or quality scoring was undertaken, since the purpose
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was methodological mapping rather than quantitative evidence synthesis. The
structured coding form and the study-level list of the 87 included publications
are retained in the author’s working materials and are available from the author
upon request.
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The final analytical sample of B7 ncords comprised peer-reviewed articles and reviews anly
Institutional reports were used exclusively for contaxtual interpretation and were excluded
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Foundatioral methodologicel works and post- 2024 publcations were used sclely for conteatusl ducusson
and were excluded from batth the PRIESMA count and the frequency analyses,

Fig. 2. PRISMA 2020 flow diagram documenting record identification,
deduplication, title-and-abstract screening, report retrieval, full-text
eligibility assessment and formation of the final analytical sample
of 87 peer-reviewed articles and reviews

Source: developed by the author in accordance with the PRISMA 2020 statement*

* The PRISMA 2020 statement: an updated guideline for reporting systematic reviews / M. J. Page et al.
BMJ. 2021. Vol. 372. Article n71. DOI: 10.1136/bmj.n71
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Structure of the targeted analytical sample. Analysis of the final sample
(n = 87) identified three mutually exclusive principal methodological clusters:

— LCA-—n=32(36.8%);

— MCDM —n =30 (34.5%);

— system dynamics and integrated approaches — n = 25 (28.7%).

Across the full analytical sample, the dominant renewable-energy
technologies were photovoltaics — n = 37 (42.5%), wind energy — n = 27
(31.0%), bioenergy — n = 16 (18.4%), and other or mixed technologies —
n =7 (8.0%).

Cluster and technology percentages use n = 87 and mutually exclusive
study classifications. MCDM technique was coded as a conditional, non-
mutually exclusive attribute and was used only for qualitative methodological
comparison.

Studies focused on EU Member States and the United Kingdom
predominated within the targeted sample, whereas only 10 studies (11.5%)
explicitly addressed transition-economy contexts. Despite the inclusion of
transition-economy terminology in the search strategy, few studies offered
empirical analysis directly applicable to such settings. Within this targeted
sample, the distribution indicates a continuing shortage of methodological work
on environmental assessment under transition-economy conditions, limiting the
transferability of existing approaches to Ukraine and supporting the need for
context-specific development. Related reviews identify methodological and
implementation constraints in sustainable construction in developing countries®
and in the application of MCDM to circular-economy and cost-assessment
problems®. These studies provide relevant contextual evidence of broader
implementation challenges, but neither directly documents the availability or
representativeness of Ukrainian LCI data.

Recent research reports growing integration of LCA and MCDM in
sustainability assessment, including renewable-energy and waste-management
applications?’. These studies, however, do not provide an explicit rule for

2 Establishing the limitations of sustainable construction in developing countries: a systematic literature
review using PRISMA / O. E. Ogunmakinde et al. Smart and Sustainable Built Environment. 2024.
Vol. 13. Ne 3. P. 609-624. DOI: 10.1108/SASBE-10-2022-0223

% Tighnavard Balasbaneh A., Aldrovandi S., Sher W. A systematic review of implementing multi-
criteria decision-making (MCDM) approaches for the circular economy and cost assessment.
Sustainability. 2025. Vol. 17. Ne 11. Article 5007. DOI: 10.3390/sul7115007

27 A critical review of life cycle assessment of renewable agricultural systems / M. Kiehbadroudinezhad
et al. Sustainable Energy Technologies and Assessments. 2025. Vol. 73. Article 104100. DOI:
10.1016/j.seta.2024.104100 ; Integrating life cycle assessment and multi criteria decision making for
sustainable waste management: key issues and recommendations for future studies / A. E. Torkayesh
et al. Renewable and Sustainable Energy Reviews. 2022. Vol. 168. Article 112819. DOL: 10.1016/.
rser.2022.112819
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deciding when integration is warranted. Integration is treated as a design
assumption rather than the outcome of a diagnostic step, so hybrids may be
adopted where one method would suffice, or a single method may be retained
where the data cannot support it. Universal integrated models also remain
narrow in scope and require adaptation?®.

Existing frameworks also remain calibrated on a data environment that
transition economies do not share. The integrated LCA — MCDM designs in the
sample presuppose an inventory complete enough to run the LCA component
at full resolution; where that presupposition fails, they offer no fallback and no
procedure for documenting the resulting bias. That is the Ukrainian situation,
and it is why importing an existing hybrid design solves nothing.

Three findings summarise the review. First, life-cycle greenhouse gas
emissions from renewable electricity technologies are substantially lower
than those from unabated coal generation: IPCC ARS5 reports median
values of approximately 4148 g CO:-eq. kWh! for solar photovoltaics
and 11-12 g COz2-eq. kWh™ for wind, compared with 820 g COz-eq. kWh!
for pulverised coal®. Second, LCA results vary considerably with system
boundaries and with attributional or consequential orientation — a material
methodological risk that demands explicit documentation®. Third, and
decisively for this chapter, no explicitly validated method-selection framework
meeting all predefined criteria was identified within the reviewed sample for
renewable energy in the agri-food systems of transition economies.

LCA-only studies achieve considerable depth for individual technologies
but treat socio-economic and governance factors thinly*!, whereas integrated
approaches acknowledge that no single instrument covers the problem, recent
work on renewable integration in agriculture supporting the combination of
LCA with multi-criteria methods®?. This chapter departs from that literature in
one respect: it treats the combination itself as a decision to be justified rather

# Mlybari E. A. Smart sustainability in construction: an integrated LCA — MCDM framework for
climate-adaptive material selection in educational buildings. Sustainability. 2025. Vol. 17. Ne 21.
Atrticle 9650. DOI: 10.3390/5u17219650

¥ Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change / ed. by O. Edenhofer et al.
Cambridge ; New York : Cambridge University Press, 2014. DOI: 10.1017/CB09781107415416

% Laurent A., Olsen S. L, Hauschild M. Z. Limitations of carbon footprint as indicator for
environmental sustainability and LCA-based screening tools. Environmental Science & Technology.
2012. Vol. 46. Ne 8. P. 4100-4108. DOI: 10.1021/es204163f

31 Dec K. Life cycle assessment of renewable energy sources — key issues. Bibliometric analysis
of the literature. Economics and Environment. 2024. Vol. 89. Ne 2. Article 839. DOIL: 10.34659/
€is.2024.89.2.839

32 A critical review of life cycle assessment of renewable agricultural systems / M. Kiehbadroudinezhad
et al. Sustainable Energy Technologies and Assessments. 2025. Vol. 73. Article 104100. DOI: 10.1016/;.
seta.2024.104100
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than assumed. Fragmentation is not cured by adding methods, but by specifying
the conditions under which each applies.

Life Cycle Assessment. LCA quantifies the environmental burden of
products, processes or systems across the full life cycle, either cradle-to-grave
or cradle-to-gate. ISO 14040:2006% and ISO 14044:2006* set out its principles,
framework and procedural requirements, and the method proceeds in four phases:
definition of goal, scope and functional unit; life cycle inventory analysis (LCI);
life cycle impact assessment (LCIA); and interpretation. The standards prescribe
no fixed list of impact categories; these are selected in accordance with the
goal and scope of the study using a documented LCIA method, such as CML-
1A% or the Environmental Footprint methods*. Practice rests on widely used
commercial databases such as ecoinvent and Sphera/GaBi, whose geographical
coverage remains stronger for Western and Central Europe than for Ukraine.

One decision deserves particular emphasis, because it is so often left
implicit. Attributional LCA describes average impacts within a defined
technological system and underpins Environmental Product Declarations
and the Environmental Footprint methods, which are oriented toward it for
regulatory reporting. Consequential LCA models the changes in impacts across
a wider system that follow from a decision and may be more appropriate where
the assessment question concerns the system-wide consequences of renewable
deployment in agri-food systems. Conflating the two is a frequent source of
incomparable results.

Established LCA guidance already relates modelling choices to decision
context. The ILCD Handbook distinguishes decision situations requiring different
modelling approaches, while Ekvall and Weidema formalise consequential
system boundaries and data selection’’. The contribution of the present
framework therefore lies not in introducing the attributional — consequential

33 1SO 14040:2006. Environmental management — Life cycle assessment — Principles and framework.
Geneva : International Organization for Standardization, 2006.

3# ISO 14044:2006. Environmental management — Life cycle assessment — Requirements and guidelines.
Geneva : International Organization for Standardization, 2006.

3 Guinée J. B. (ed.). Handbook on life cycle assessment: operational guide to the ISO standards.
Dordrecht : Kluwer Academic Publishers, 2002. DOI: 10.1007/0-306-48055-7

36 Commission Recommendation (EU) 2021/2279 of 15 December 2021 on the use of the Environmental
Footprint methods to measure and communicate the life cycle environmental performance of products
and organisations. Official Journal of the European Union. 2021. L 471. P. 1-396. URL: https://eur-lex.
europa.eu/eli/reco/2021/2279/0j ; European Commission, Joint Research Centre. Environmental Footprint
methods. URL: https:/eplca.jrc.ec.europa.eu/EnvironmentalFootprint.html

37 International Reference Life Cycle Data System (ILCD) Handbook — General guide for Life
Cycle Assessment — Detailed guidance / European Commission, Joint Research Centre, Institute for
Environment and Sustainability. First edition. Luxembourg : Publications Office of the European Union,
2010. EUR 24708 EN. DOI: 10.2788/38479 ; Ekvall T., Weidema B. P. System boundaries and input
data in consequential life cycle inventory analysis. The International Journal of Life Cycle Assessment.
2004. Vol. 9. Ne 3. P. 161-171. DOIL: 10.1007/BF02994190
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distinction itself, but in embedding it as an explicit choice dimension within
a broader selection procedure spanning LCA, MCDM and SD under agri-food
and transition-economy constraints.

The principal strength of LCA is standardisation: it offers the firmest life-
cycle basis for Environmental Footprint studies and may support compliance
assessment under the relevant EU Taxonomy technical screening criteria. The
Taxonomy does not, however, prescribe a full LCA for every renewable energy
activity — its criteria are activity-specific, and DNSH verification may rest on
arange of indicators and documentation. A second strength is that impact coverage
extends across several categories, which protects against the single-target trap.

Under transition-economy conditions, the critical limitation is dependence on
inventory quality. The coverage of verified, geographically and technologically
representative inventories for the Ukrainian processes required in renewable-
energy assessment remains insufficient; where proxy datasets are used, they
may introduce systematic geographical and technological deviation.

Multi-criteria decision-making. MCDM is a family of methods for structured
comparison of alternatives against criteria measured in incommensurable units.
For renewable projects in agri-food systems it brings LCA impact indicators,
social criteria such as community acceptance and employment, and landscape
indicators into a single decision.

The analytic hierarchy process*® builds on pairwise comparisons. The
criterion weight wj is derived as the normalised principal eigenvector of the
comparison matrix A, satisfying A-w = Amax-w with Zw; = 1, subject to the
consistency condition CR = CI/RI < 0.10. TOPSIS® ranks alternatives by
relative distance to the ideal solution: CC; = d;/ (di* + di"), a higher CC; marking
a preferred alternative.

Sensitivity to weighting is a material risk. Pohekar and Ramachandran*
showed that even moderate shifts in weights can reverse a ranking, which
makes sensitivity analysis a mandatory component of any MCDM assessment
rather than an optional refinement.

For transition economies MCDM offers three advantages: it tolerates
imperfect data, accepting partial, ordinal and qualitative indicators; it admits
the social and institutional dimension through stakeholder weighting, which
matters for renewable decisions in rural communities; and it is compatible

3% Saaty T. L. The analytic hierarchy process: planning, priority setting, resource allocation. New York :
McGraw-Hill, 1980.

¥ Hwang C.-L., Yoon K. Multiple attribute decision making: methods and applications. Berlin ;
Heidelberg : Springer, 1981. DOI: 10.1007/978-3-642-48318-9

4 Pohekar S. D., Ramachandran M. Application of multi-criteria decision making to sustainable energy
planning : a review. Renewable and Sustainable Energy Reviews. 2004. Vol. 8. Ne 4. P. 365-381. DOLI:
10.1016/j.rser.2003.12.007
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with the DPSIR framework, where drivers and pressures define the regulatory
context, state and impact supply the environmental criteria, and responses
represent the management options*!.

System dynamics. Where LCA and MCDM yield static assessments or
rankings, SD models complex systems through stocks, flows and feedback
loops. Developed by Forrester”? and extended by Sterman®, it represents
behaviour beyond the reach of the other two. For agri-energy systems it
captures three structures: a reinforcing loop reproducing the renewable learning
curve, in which rising capacity lowers unit cost, attracts investment and raises
capacity further; an illustrative balancing loop in which deteriorating emissions
performance triggers policy intervention, investment or substitution responses
that may reduce emissions after a delay; and explicit time delays between
investment decisions and commissioning.

The principal barrier to SD in Ukraine is the shortage of time series long
and internally consistent enough for calibration and validation: since 2022 the
armed conflict has disrupted statistical continuity, altered the energy mix and
changed production parameters. Models must therefore distinguish wartime
from reconstruction regimes explicitly. Over the 2030-2050 horizon, however,
SD remains valuable for grounding national renewable energy targets.

Comparative matrix. These differences call for systematic comparison of
the domains of applicability and the limits of each approach. Table 3 sets them
side by side.

Table 3
Comparative matrix of methodological approaches to assessing the
environmental safety of renewable energy in agri-food systems

.. LCA (attributional / MCDM (AHP, .
Criterion consequential) TOPSIS, VIKOR) System dynamics (SD)
Input data Quantitative material and Quantitative and Longitudinal data
energy inventories; average qualitative; tolerates | sufficient for calibration
values for attributional, partial or aggregated | and validation; non-
marginal for consequential data; admits expert | linear relations between
judgement variables
Scale and Product, process or project; Project, region or System, region or
horizon full life cycle from extraction | strategy; present country; strategic
to disposal state or short-term horizon of 15-50 years
projection

4 Next generation application of DPSIR for sustainable policy implementation / S. A. Carnohan et
al. Current Research in Environmental Sustainability. 2023. Vol. 5. Article 100201. DOI: 10.1016/j.
crsust.2022.100201

4 Forrester J. W. Industrial dynamics. Cambridge, MA : MIT Press, 1961.

4 Sterman J. D. Business dynamics: systems thinking and modeling for a complex world. Boston :
Trwin/McGraw-Hill, 2000.
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Table 3 (Continued)

Criterion

LCA (attributional /
consequential)

MCDM (AHP,
TOPSIS, VIKOR)

System dynamics (SD)

Impact coverage

Broad: categories selected
at the goal and scope stage
from a documented LCIA
method (e.g., CML-IA or
the Environmental Footprint
methods)

Selective: determined
by the chosen criteria
set; may include
social and economic
dimensions

Dynamically integrated:
resource flows,
emissions, feedbacks
between subsystems

Standardisation,
methodological
basis and tools

ISO 14040:2006'; ISO
14044:2006'*; Environmental
Footprint methods; may
support EU Taxonomy
screening where life-cycle
evidence is required

No single standard;
AHP after Saaty's;
TOPSIS after Hwang
and Yoon'¢

Methodology of
Forrester'” and
Sterman'®; Vensim,
AnyLogic

Fit for transition

Limited: scarce verified

High: flexible under

Moderate: requires

analysis

economies local inventories introduce incomplete and stable series; armed
systematic deviation aggregated data; conflict substantially
adaptive criteria constrains application
selection in Ukraine
Relevance Quantifies the environmental | Compares Models long-term
to agri-food burden of renewable alternatives across sectoral development;
systems technologies; critical for landscape, social and | learning and regulatory
Agri-PV and bioenergy regulatory criteria feedback loops
Resource High: ecoinvent/GaBi Moderate: 1-3 High: 3—12 months;
intensity licences; 3—6 months for a full | months depending a team of 3-5 systems

on criteria and
stakeholder numbers

modellers

Source: developed by the author on the basis of*.

4 Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group III to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change / ed. by P. R. Shukla et
al. Cambridge ; New York : Cambridge University Press, 2022. DOI: 10.1017/9781009157926 ;
Pohekar S. D., Ramachandran M. Application of multi-criteria decision making to sustainable energy
planning : a review. Renewable and Sustainable Energy Reviews. 2004. Vol. 8. Ne 4. P. 365-381.
DOI: 10.1016/j.rser.2003.12.007 ; Strantzali E., Aravossis K. Decision making in renewable energy
investments : a review. Renewable and Sustainable Energy Reviews. 2016. Vol. 55. P. 885-898. DOI:
10.1016/j.rser.2015.11.021 ; Guinée J. B. (ed.). Handbook on life cycle assessment: operational guide
to the ISO standards. Dordrecht : Kluwer Academic Publishers, 2002. DOI: 10.1007/0-306-48055-7 ;
Forrester J. W. Industrial dynamics. Cambridge, MA : MIT Press, 1961 ; Commission Recommendation
(EU) 2021/2279 of 15 December 2021 on the use of the Environmental Footprint methods to
measure and communicate the life cycle environmental performance of products and organisations.
Official Journal of the European Union. 2021. L 471. P. 1-396. URL: https://eur-lex.europa.eu/eli/
reco/2021/2279/0j ; European Commission, Joint Research Centre. Environmental Footprint methods.
URL: https:/eplca.jrc.ec.europa.eu/EnvironmentalFootprint.html ; Environmental management — Life
cycle assessment — Principles and framework. Geneva : International Organization for Standardization,
2006 ; ISO 14044:2006. Environmental management — Life cycle assessment — Requirements and
guidelines. Geneva : International Organization for Standardization, 2006 ; Sterman J. D. Business
dynamics: systems thinking and modeling for a complex world. Boston : Irwin/McGraw-Hill, 2000.
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Table 3 shows why method choice is context-dependent: LCA is standardised
but inventory-intensive, MCDM is flexible but weight-sensitive, and SD is
strategically valuable but dependent on sufficiently stable time series.

3. The Decision Framework and Its Application

Principles and structure. The framework rests on the fit-for-purpose
principle: the choice of approach should follow from the analytical objective,
data availability and regulatory context, not from disciplinary convention or
tool availability. It treats renewable energy in agri-food systems as a complex
socio-ecological system (SES) of biophysical, economic and governance
interactions.

It is a structured, rule-based selection framework rather than a fully
formalised model: it orders and documents the reasoning behind a method
choice without replacing that reasoning with computation. Three analytically
distinct but interacting parameters are evaluated in sequence.

The procedure evaluates three parameters sequentially: data quality (L),
assessment purpose (Iz), and regulatory and institutional context (I3). Their
branch conditions and corresponding methodological outputs are specified in
Figure 3 and Table 4.

Resolution rule. Where the signals from I: — Is conflict, priority belongs
to the approach explicitly required by the applicable regulatory or financing
instrument. Where that instrument calls for life-cycle evidence, LCA becomes
the preferred method. Where data constraints make a fully representative LCA
impracticable, the procedure directs the analyst to a transitional hybrid combining
MCDM with environmental indicators derived through an appropriate LCIA
method within a transparent proxy-based or streamlined LCA using adapted
or proxy LCI datasets, together with explicit documentation of the resulting
limitations. Adapted or proxy LCI datasets are defined here as geographically or
technologically adjusted secondary inventory datasets derived from transparent
source inventories and accompanied by an explicit assessment of their
geographical, temporal and technological representativeness, assumptions and
uncertainty. They are a transitional solution where verified national life cycle
inventory data are unavailable or insufficiently representative for the relevant
processes, and they are not substitutes for comprehensive country-specific LCI
inventories.

The framework is advisory rather than algorithmic: it admits variation with
context and data quality, and permits hybrid approaches where I — Is conflict.
Figure 3 sets out the logic of the three-step procedure.
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Fig. 3. Structured method-selection framework based on three
analytically distinct input parameters — data availability and quality (I.),
assessment purpose (I2), and regulatory and institutional context (Is) —
followed by rule-based reconciliation into five methodological outputs:
LCA, MCDM, SD, complementary hybridisation, and transitional
hybridisation. Solid arrows indicate primary selection trajectories; dashed
arrows indicate alternative or combined trajectories

Source: developed by the author

The sequence reduces but does not eliminate expert judgement: it makes the
basis of method selection explicit, auditable and open to review.

The decision matrix. To make the procedure operational, the three-step
logic is systematised as a decision matrix (Table 4), which maps situational
characteristics onto recommended approaches.
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Table 4

Decision matrix for selecting a methodological approach to renewable
energy assessment in agri-food systems

Complementary assessment

impracticable — transitional
hybrid

Step Parameter Situational characteristic Recommended method . ;
or integration
I.: data quality | Complete material and LCA (attributional or LCA + MCDM for post-
1 energy inventories across consequential according | processing of social criteria
the value chain; LCA type to purpose)
determined
Ii: data quality | Partial or aggregated MCDM or transitional MCDM + LCIA indicators
data, insufficient for hybrid from a proxy-based or
1 a representative LCA but streamlined LCA using
adequate for a transparent adapted or proxy LCI
criteria matrix datasets
Ii: data quality | Longitudinal data sufficient SD SD + simplified LCA for
1 for calibration and validation steady-state verification
of the SD model
L: purpose Environmental certification; Attributional LCA LCA evidence used within
2 Environmental Footprint- activity-specific EU
compliant assessment; access Taxonomy screening
to green finance
L2: purpose Analysis of the systemic Consequential LCA Consequential LCA + SD
2 consequences of renewable for the long-term context
programmes or agricultural
bioenergy
L: purpose Ranking of competing MCDM MCDM + DPSIR as the
2 alternatives; support for criteria structure
a public decision
5 L: purpose Strategic scenario analysis SD SD + integrated assessment
over a 15-50 year horizon models
Is: regulatory [ A compliance or financing Attributional LCA LCA + MCDM for
3 context instrument specifying life- management criteria
cycle evidence
L: regulatory | Transition-economy setting The method required by | Transitional hybrid where
context with limited institutional and | the assessment purpose, | appropriate
3 inventory capacity with transparent proxy
data, staged assessment
or a transitional hybrid
where necessary
Is: regulatory | Strategic renewable energy SD SD + MCDM in iterative
3 context programme for agri-food scenario-selection cycles
systems
- Conflicting signals across Transitional hybrid: Documentation of the
Ii-Is — priority to the MCDM with LCIA uncertainty range is
approach specified by the indicators obtained a necessary condition of
Output applicable instrument; where | from a proxy-based or correct application

streamlined LCA using
adapted or proxy LCI
datasets

Source: developed by the author. Notation: attributional LCA — average-impact
orientation, basis of the Environmental Footprint methods; consequential LCA —
system-consequence orientation; MCDM — multi-criteria decision-making; SD — system
dynamics; transitional hybrid — MCDM with LCIA indicators obtained from a proxy-

based or streamlined LCA using adapted or proxy LCI datasets
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Originality of the framework. The framework’s claim to originality rests on
four departures from existing methodological reviews: first, its stepwise structure
uses three analytically distinct but interacting parameters to exclude unsuitable
methods sequentially and replace holistic judgement with documented, auditable
inference, whereas earlier comparative reviews* merely set the methods side
by side. Second, it treats the attributional — consequential distinction as an
independent choice dimension, whereas most reviews collapse LCA into one
category — a simplification with material consequences because the variants
answer different questions and are not interchangeable for either regulatory
or analytical purposes. Third, agri-food specificity — Agri-PV allocation and
bioenergy accounting — and the European integration context enter the selection
logic directly rather than as external caveats; frameworks developed for
construction materials*® or waste management*’ transfer the integration principle
but not these domain constraints. Fourth, hybrid combinations are supported
explicitly: while existing work presents hybridisation as a design choice, this
procedure derives it from diagnosed conditions and identifies when a hybrid is
an appropriate output rather than a compromise.

Ilustrative application. Two hypothetical Ukrainian cases — a 3 MW
agrivoltaic installation and a 0.5 MW biogas plant — use secondary data and
assumed project parameters to illustrate the sequential evaluation of I — I (Table 5),
demonstrating the selection logic rather than providing empirical validation.
Because no complete decision matrix or criterion weights were constructed, no
formal sensitivity analysis was performed; empirical applications should vary the
weights systematically and report both baseline and perturbed rankings.

The cases show that a financing requirement can determine the required
orientation of life-cycle evidence for Agri-PV, while insufficient representative
inventories direct the assessment to a transitional hybrid rather than a full
standalone attributional LCA. By contrast, comparison of community alternatives
under limited data favours MCDM, with simplified attributional LCA used only
as a complementary assessment. For biogas, results remain conditional on LCA
orientation, digestate allocation, functional unit, system boundary, substrate

4 Pohekar S. D., Ramachandran M. Application of multi-criteria decision making to sustainable
energy planning : a review. Renewable and Sustainable Energy Reviews. 2004. Vol. 8. Ne 4. P. 365-381.
DOI: 10.1016/j.rser.2003.12.007 ; Strantzali E., Aravossis K. Decision making in renewable energy
investments : a review. Renewable and Sustainable Energy Reviews. 2016. Vol. 55. P. 885-898. DOI:
10.1016/j.rser.2015.11.021

4 Mlybari E. A. Smart sustainability in construction: an integrated LCA-MCDM framework for
climate-adaptive material selection in educational buildings. Sustainability. 2025. Vol. 17. Ne 21.
Atrticle 9650. DOI: 10.3390/5u17219650

4 Integrating life cycle assessment and multi criteria decision making for sustainable waste
management: key issues and recommendations for future studies / A. E. Torkayesh et al. Renewable and
Sustainable Energy Reviews. 2022. Vol. 168. Article 112819. DOI: 10.1016/j.rser.2022.112819
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composition, methane yield and fugitive emissions; quantifying their effects
requires plant-specific models.

Table 5

Illustrative application to two hypothetical renewable energy projects
in Ukrainian agri-food systems

Parameter /
selection step

Scenario A: Agri-PV, 3 MW
(Kharkiv oblast)

Scenario B: Biogas plant, 0.5 MW
(Poltava oblast)

lender requires life-cycle environmental
documentation aligned with EU methods

Li: data Partial inventories: capacity, panel type Biogas yield (m?® per tonne of

quality (monocrystalline silicon) and site region manure) and substrate composition
known; manufacturing-chain LCI limited. | assumed known; transport and
Provisional proxy: ecoinvent datasets for | pipeline LCI limited; data insufficient
Poland for consequential LCA

L: purpose | Hypothetical financing condition: the Internal community decision:

public tender among competing
technologies; MCDM ranking
required

Is: regulatory

Life-cycle evidence specified by the

No instrument specifying an LCA

via LCIA from adapted or proxy LCI
datasets within a transparent proxy-based
attributional LCA, with documented
geographical, temporal and technological
representativeness, assumptions and
uncertainty.

context financing instrument — attributional type — MCDM methodologically
life-cycle evidence required; because sufficient
representative inventories are insufficient,
the conflict with I is resolved through
a transitional hybrid.
Framework | Transitional hybrid: MCDM combined MCDM across nine criteria (GWP,
output with environmental indicators derived cost, employment, acceptance,

nitrogen cycle, safety, energy
independence, subsidy access

and risk), with a simplified
attributional LCA for GWP used as
a complementary assessment.

Treatment of
uncertainty

Proxy-related deviation is not quantifiable
without a comparative regional inventory
analysis and should be reported
qualitatively; Agri-PV allocation is not
standardised; an uncertainty statement is
mandatory

GWP for biogas varies substantially
with the accounting convention for
avoided methane and with digestate
allocation'; sensitivity analysis of
criterion weights is mandatory in any
empirical application

Relation to
the literature

IPCC ARS reports median life-cycle
GHG emissions of approximately
41-48 g COz-eq. kWh™! for rooftop and
utility-scale photovoltaics?.

Hybrid MCDM with LCA elements
is consistent with the broader
renewable-energy decision-making
literature®'; the choice of LCA type
for bioenergy is decisive?.

Source: developed by the author. Project parameters are hypothetical and serve
to illustrate the sequence of the framework. Polish datasets were chosen provisionally

as a geographically proximate proxy;

their technological and energy-system

representativeness for Ukraine remains to be tested. Any empirical application will
require data whose geographical, temporal and technological representativeness for
the relevant Ukrainian processes is demonstrated
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Validity, limitations and conditions of application. The illustrative
application must be read against the limitations that define its validity.

On internal validity, two-stage screening under a predefined protocol
constrained confirmation bias in source selection, but the absence of an
independent second reviewer remains a limitation, as does the lack of any
formal quality appraisal or risk-of-bias assessment, which limits the capacity
to distinguish the frequency of an approach from the strength of the evidence
behind it. Separating attributional from consequential approaches partly
controlled LCA variability, and the subjectivity of MCDM would require
parallel computation under AHP and TOPSIS with sensitivity analysis in any
empirical application.

On external validity, geographical bias limits generalisability, since
studies from the EU and the United Kingdom predominate in the sample.
The wartime context constrains SD: modelling that covers 2022-2024
must label the wartime scenario explicitly and compute the reconstruction
scenario separately. Participatory MCDM under martial law suffers limited
stakeholder representativeness, which weakens the reliability of derived
weights.

Nor does the sequential structure eliminate expert judgement, which survives
at five points at least: deciding whether available data suffice for a given
method; classifying the purpose of the assessment; setting criterion weights;
selecting proxy datasets; and ranking competing regulatory requirements. What
the framework contributes is that each judgement is made at an identified step
and can therefore be documented, reviewed and challenged.

Four further limitations condition the framework: the coverage of verified,
nationally representative inventories for the Ukrainian energy mix, agriculture,
transport and renewable-energy technologies remains incomplete, and this
study did not identify a comprehensive nationally coordinated LCI database
covering all the required sectors; consequently, proxy datasets may still be
necessary, with their geographical and technological representativeness and
associated systematic deviation documented explicitly; wartime and post-war
uncertainty affects both the energy balance and the production structure; and
specific weight sets transfer poorly between contexts even where the selection
logic transfers intact.

Revision will be required as broader and more representative Ukrainian
LCI datasets become available, if the EU Taxonomy technical screening
criteria for renewable energy are updated, if a standardised allocation
convention for Agri-PV is established, or as machine-learning-assisted LCA
matures.
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Integration with complementary analytical traditions. The frameworks
applied in earlier work*® — DPSIR, SES and landscape metrics — complement
LCA, MCDM and SD naturally, and integration operates on four levels. The
diagnostic level (DPSIR) identifies drivers, pressures, states, impacts and
responses, its components supplying the structure of the MCDM criteria
set®. The product level (LCA) quantifies the burden of specific technologies,
attributionally for regulatory reporting and consequentially for systemic effects.
The decision level (MCDM) compares alternatives, with weights derived
through the SES framework. The strategic level (SD) represents reinforcing
and balancing loops over the 2030-2050 horizon.

Landscape metrics can enter attributional LCA as land use indicators —
a point that matters for Agri-PV, where spatial configuration affects landscape
connectivity, insect habitat and microclimatic function. A fragmentation index
such as patch density (FRAGSTATS) could be incorporated into the land
use category of an LCIA method offering a compatible indicator, subject to
verification of unit and characterisation consistency.

Practical implications. Implementation should begin with verified,
nationally representative Ukrainian LCI datasets for electricity, agriculture,
transport and renewable-energy technologies, together with documented
market-response assumptions for consequential modelling. Where proxy
datasets remain necessary, their geographical, temporal and technological
representativeness must be documented explicitly. At regional and enterprise
levels, MCDM can support decisions under incomplete data, while SD remains
appropriate for strategic modelling provided that wartime and reconstruction
regimes are treated separately.

Effective implementation also requires coordinated national data-governance
arrangements assigning responsibility for dataset maintenance, methodological
quality assurance and periodic revision. Pilot assessments should follow
common protocols for metadata, uncertainty reporting and sensitivity analysis
to ensure comparability across institutions, regions and financing programmes.
Table 6 assigns the corresponding measures to the principal institutional and
enterprise actors.

® TMysik B. K., Kpumron €. A. CucreMHHIl MiAXiX M0 €KOJOTiYHO 30aJaHCOBAHOTO
MPUPOJOKOPUCTYBAHHS: KOHILENTYalbHI MOZEJNI, aHAJITUYHI PaMKU Ta iHAUKATOpH. Memooonoziumi
nioxo0u ma  npaKkmuuHe —OOIPYHMYGAHHS.  €KOIO2IYHO — 30QNAHCO8AHO20  NPUPOOOKOPUCTTYBAHHS
I WNAXU 3HUMNCEHHA AHMPONOLEHHO20 HABAHMANCEHHA HA NPUPOOHT I wimyuni exocucmemu y cgepi
AIIK : 3BiT po H/IP (ocrarounmii) / [lep>xaBHuid 6ioTeXHONOTIYHUN yHiBepcuTeT. Xapkis, 2025. Poz.
VIL. C. 213-244. Ne nepxpeectpanii 0121U107701. URL: https://repo.btu.kharkiv.ua/server/api/core/bit
streams/4d9ealb4-3100-42e0-80f8-f53ff23f8ed5/content

4 Next generation application of DPSIR for sustainable policy implementation / S. A. Carnohan et
al. Current Research in Environmental Sustainability. 2023. Vol. 5. Article 100201. DOI: 10.1016/.
crsust.2022.100201

100



Table 6

Practical recommendations for key actors: green energy
and environmental safety in Ukrainian agri-food systems

Actor Problem Recommended measure Expected outcome
Universities Insufficient coverage of | Develop nationally Methodologically sound
and research nationally representative | representative LCI LCA for renewable
institutes Ukrainian LCI datasets | datasets and consequential | projects in agri-food

and insufficiently modelling assumptions systems; compatibility
developed market- with the EU Joint with European reporting
response assumptions for | Research Centre or requirements
consequential modelling | comparable international
bodies
Ministry of MCDM assessments Standardise a minimum Comparability across
Environmental | incomparable across criteria set (>3 studies; scope for meta-
Protection studies, owing to environmental, 2 social, analysis and evidence-
divergent criteria sets and | 2 economic); require based programme design
algorithms parallel computation and
sensitivity analysis
Ministry of No methodological Write an LCA or MCDM | Higher project quality;
Agrarian Policy | requirements for requirement into the exclusion of options
the environmental conditions of agri-energy | carrying concealed
assessment of renewable | grant competitions and environmental burdens
projects in agri-food support schemes
systems
Ministry of No strategic SD model | Build an SD model of Evidence-based renewable
Energy for recovery of the renewable development targets; an instrument
renewable sector in agri-food systems to for post-conflict strategic
2050 with international planning
energy agencies; label
wartime and reconstruction
scenarios explicitly
Agricultural No standard for Adopt a sectoral reporting | Access to ESG investors;
holdings and voluntary environmental |standard compatible with | competitive advantage in
renewable disclosure European disclosure European green finance
developers requirements; publish life- | markets
cycle declarations

Source: developed by the author on the basis of*’.

30 International Renewable Energy Agency. Renewable capacity statistics 2024. Abu Dhabi : IRENA,
2024. URL: https://www.irena.org/Publications/2024/Mar/Renewable-capacity-statistics-2024
International Energy Agency. Net Zero Roadmap: A Global Pathway to Keep the 1.5 °C Goal in
Reach. 2023 Update. Paris : IEA, 2023. URL: https://www.iea.org/reports/net-zero-roadmap-a-
global-pathway-to-keep-the-15-c-goal-in-reach ; Ilysik B. K., Kpumron €. A. Cucremuuit miaxix mo
€KOJIOTIYHO 30aJlaHCOBAHOTO MPHUPOJOKOPHCTYBAHHS: KOHIENTYyalbHi MOJEINI, aHAJITHYHI PaMKH Ta
iHAUKaTOpH. Memodonoeiuni nioxo0u ma NPakmuyHe OOGIPYHMYSAHHS EKONO2IMHO 30aNAHCOBAHO20
NPUPOOOKOPUCITYBAHHA | WIIAXU SHUMCEHHA AHMPONO2EHHO20 HABAHMANCEHHA HA NPUPOOHI [ WNYYHI
exocucmemu y cghepi AIIK : 3Bit mpo H/IP (octarounuit) / JlepxaBHuii 6i0TEXHONOTIYHUN YHIBEPCUTET.
Xapkis, 2025. Po3x. VII. C. 213-244. Ne nepxpeectpanii 0121U107701. URL: https://repo.btu.kharkiv.
ua/server/api/core/bitstreams/4d9ealb4-3100-42¢0-808-£53ff23f8ed5/content ; Commission Delegated
Regulation (EU) 2021/2139 of 4 June 2021 supplementing Regulation (EU) 2020/852 by establishing
technical screening criteria. Official Journal of the European Union. 2021. L 442. P. 1-349. URL:
https://eur-lex.europa.eu/eli/reg_del/2021/2139/0j ; Food and Agriculture Organization of the United
Nations. The State of Food and Agriculture 2023: Revealing the true cost of food to transform agrifood
systems. Rome : FAO, 2023. DOI: 10.4060/cc7724en
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CONCLUSIONS

LCA, MCDM and system dynamics address distinct but complementary
decision needs. Their selection should be governed by data quality, assessment
purpose and regulatory context rather than methodological convention. The
proposed framework makes this choice explicit, distinguishes attributional from
consequential LCA, and identifies when standalone methods, complementary
integration or transitional hybridisation are warranted.

Agri-food constraints — including Agri-PV allocation, bioenergy system
boundaries, digestate treatment and spatial ecological effects — must enter
method selection directly. A transitional hybrid is justified only where life-cycle
evidence is required but representative inventories are insufficient. Adapted
or proxy LCI datasets should then be used within a transparent proxy-based
or streamlined LCA, with their geographical, temporal and technological
representativeness, assumptions and uncertainty documented explicitly.

The framework remains conceptual and requires validation through
Ukrainian case studies based on verified local inventories. Formalisation
should define measurement scales and data-sufficiency thresholds for Ii — I,
rules for reconciling conflicting signals, and procedures for propagating proxy-
data uncertainty into MCDM rankings. Further work should integrate dynamic
and prospective LCA, SD, GIS and remote sensing with emerging European
data infrastructure. The longer-term objective is a computational DPSIR-LCA—
MCDM framework in which SD represents strategic feedback and scenario
behaviour.

SUMMARY

The monograph chapter develops a structured decision framework for
selecting methodological approaches to assessing the environmental safety
of renewable energy projects in agri-food systems under transition-economy
conditions. It focuses on life cycle assessment (LCA), multi-criteria decision-
making (MCDM) and system dynamics (SD), while environmental safety
is operationalised across climatic, ecosystem, resource and toxicological
dimensions. The purpose of the study is to establish an explicit and auditable
procedure for choosing an assessment approach according to data quality,
assessment purpose and regulatory and institutional context, including a rule
for resolving conflicting signals. Methodology of the study combines a targeted
methodological review reported using the applicable PRISMA 2020 items
and flow diagram, structured data coding, descriptive synthesis, comparative
analysis and illustrative case application. The review covered peer-reviewed
articles and reviews indexed in Scopus and the Web of Science Core
Collection and published between 2019 and 2024. Of 512 records identified,
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87 peer-reviewed articles and reviews were included in the final analytical
sample. The results showed that 32 studies (36.8%) were classified in the
LCA cluster, 30 (34.5%) in the MCDM cluster, and 25 (28.7%) in the system
dynamics and integrated approaches cluster, while only 10 studies (11.5%)
explicitly addressed transition-economy contexts. On this basis, a three-
parameter, rule-based framework was developed, yielding five methodological
outputs: LCA, MCDM, SD, complementary hybridisation and transitional
hybridisation. Where the parameters conflict, priority is given to the approach
required by the applicable regulatory or financing instrument. Where life-
cycle evidence is required but a representative LCA is impracticable because
verified national inventory data are unavailable or insufficient for the relevant
processes, a transitional hybrid combining MCDM with LCIA indicators
derived from adapted or proxy life cycle inventory datasets is recommended,
with explicit documentation of assumptions and uncertainty. The framework
is illustrated through hypothetical agrivoltaic and biogas projects in Ukraine;
these cases demonstrate the selection logic but do not constitute empirical
validation. Practical implications. The framework can support environmental
policy, renewable-energy planning, green-finance appraisal and enterprise-
level decision-making by converting implicit professional judgement into
a documented and reviewable procedure. Value/originality. The originality of
the study lies in structuring method selection as a sequential diagnostic process,
treating the attributional-consequential LCA distinction as an independent
choice dimension, incorporating agri-food-specific allocation and system-
boundary problems directly into the decision logic, and deriving hybridisation
from diagnosed assessment conditions rather than assuming it in advance. The
framework remains conceptual and requires further formalisation and empirical
validation using verified local data.
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CHAPTER 5

ENVIRONMENTAL AND TECHNOLOGICAL SOLUTIONS
FOR THE PROTECTION AND SUSTAINABLE USE
OF WATER RESOURCES

Litvak Olga
DOl https://doi.org/10.30525/978-9934-26-714-7-5

INTRODUCTION

Water resources are a key component of the natural resource potential of
territories, underpinning ecosystem functioning, economic development, and
the quality of life of the population. Amid global transformations associated
with climate change, increasing anthropogenic pressure, urbanisation,
industrialisation, and unequal access to safe and high-quality water, the
protection of water bodies is becoming particularly important. The deterioration
of surface water and groundwater quality, depletion of water resources,
disruption of natural hydrological regimes, and accumulation of pollutants in
aquatic ecosystems pose risks not only to the environment but also to the socio-
economic development of territories.

Anthropogenic pressure on water resources results from the discharge of
insufficiently treated municipal and industrial wastewater, agricultural and
stormwater runoff, excessive water abstraction, hydraulic modification of water
bodies, and changes in the natural regime of catchments. Municipal wastewater
is a source of organic, nutrient, and microbiological pollution, whereas industrial
effluents may contain heavy metals, petroleum products, phenols, salts, dyes,
and persistent organic compounds'. Surface runoff from agricultural land and
urbanized areas contributes to the input of nitrogen and phosphorus compounds,
pesticides, suspended solids, petroleum products, and microplastics into water
bodies. The combined effects of these factors lead to eutrophication, deterioration
of oxygen conditions, accumulation of toxic substances in bottom sediments and
biota, siltation, biodiversity loss, and depletion of water resources?.

' Carey R. O., Hochmuth G. J., Martinez C. J., Boyer T. H., Dukes M. D., Toor G. S., Cisar J. L.
Evaluating nutrient impacts in urban watersheds: challenges and research opportunities. Environmental
Pollution. 2013. Vol. 173. P. 138-149. DOL: https://doi.org/10.1016/j.envpol.2012.10.004.

2 @iri S., Qiu Z. Understanding the relationship of land use and water quality in twenty first century :
a review. Journal of Environmental Management. 2016. Vol. 173. P. 41-48.
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Particular attention should be paid to the growing water demand in
agriculture, industry, energy production, and the municipal sector. Intensive
water abstraction from natural sources, combined with droughts, uneven
precipitation patterns, and rising temperatures, increases the risk of water
scarcity and reduces the capacity of aquatic ecosystems for natural recovery’.
Under such conditions, even relatively small amounts of pollutants may cause
significant environmental impacts because of reduced water availability and
diminished natural dilution of wastewater.

The relevance of this study is determined by the need to identify effective
environmental and technological solutions aimed at reducing pollution of water
bodies, improving wastewater treatment efficiency, and developing resource-
efficient water-use models. Of particular importance is the transition from
a predominantly reactive approach focused on mitigating the consequences of
pollution to a preventive model that involves segregating contaminated streams
at their points of generation, reducing wastewater volumes, introducing low-
waste technologies, implementing water recirculation systems, and reusing
treated water. This approach makes it possible to reduce both water abstraction
from natural sources and the pressure on treatment facilities and aquatic
ecosystems.

In the context of sustainable development, the protection of water bodies and
the rational use of water resources are essential conditions for environmental
safety, sustainable natural resource management, and enhancing the resilience
of territories to contemporary environmental and socio-economic challenges.
This issue is directly aligned with Sustainable Development Goal 6, “Clean
Water and Sanitation”, which aims to ensure access to water, adequate
wastewater treatment, and the sustainable management of water resources®. At
the same time, the introduction of water-saving technologies, water reuse, and
closed-loop production cycles contributes to Sustainable Development Goal 12,
“Responsible Consumption and Production”. The link with Sustainable
Development Goal 13, “Climate Action”, is determined by the need to adapt
water management systems to droughts, floods, and uneven water availability.
The protection of river basins also contributes to the achievement of Goals 14
and 15, as the condition of surface waters directly affects coastal, marine, and
terrestrial ecosystems?.

3 Intergovernmental Panel on Climate Change. Climate change 2023: synthesis report. Geneva : [PCC,
2023. URL: https://www.ipcc.ch/report/ar6/syr/.

4 United Nations. Goal 6: Ensure access to water and sanitation for all. United Nations Sustainable
Development Goals. URL: https://www.un.org/sustainabledevelopment/water-and-sanitation/.

° UNESCO World Water Assessment Programme. The United Nations World Water Development
Report 2024: Water for prosperity and peace. Paris : UNESCO, 2024. URL: https://unesdoc.unesco.org/
ark:/48223/pf0000388948.
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The aim of the study is to substantiate environmental and technological
solutions for water treatment and priority areas of rational water use in the
context of sustainable development. To achieve this aim, the main treatment
methods and technological systems were compared in terms of their efficiency,
application conditions, and water reuse potential, while approaches to the
development of recirculating water-supply systems and improved water-use
efficiency were also summarised.

1. Environmental and technological solutions for water treatment

and pollution reduction in water bodies

Reducing pollution of water bodies requires the implementation of a set
of environmental and technological solutions aimed at wastewater treatment,
localisation of pollution sources and prevention of pollutant input into the aquatic
environment. Under current conditions, the effectiveness of water protection
activities is determined by the combination of technological modernisation of
treatment facilities, local treatment of wastewater at the points of generation,
the application of combined treatment methods, advanced treatment of water
before discharge into water bodies, and the use of nature-based solutions to
reduce surface runoff and restore the natural functions of aquatic ecosystems.

Traditional approaches to water treatment involve the sequential application
of mechanical, physicochemical, chemical, biological and combined methods.
Mechanical treatment is used to remove coarse impurities, suspended solids,
sand, sludge and other insoluble components. Such processes include screening,
sedimentation, filtration, grit removal and flotation. Despite its relative
simplicity, mechanical treatment is an important initial stage, as it reduces the
load on subsequent technological stages and improves the efficiency of further
treatment®.

Physicochemical treatment methods are used to remove colloidal, finely
dispersed, and dissolved pollutants. These include coagulation, flocculation,
adsorption, ion exchange, membrane processes, electrochemical methods,
oxidation, and other water treatment techniques. Such methods are particularly
important for treating industrial wastewater, which may contain heavy metals,
petroleum products, phenols, synthetic organic compounds, dyes, salts, and
other persistent pollutants’. The advantage of physicochemical technologies is
their capacity for the targeted removal of specific groups of pollutants; however,

¢ Nachiyar C. V., Rakshi A. D., Sandhya S. N., Jebasta B. D., Nellore J. Developments in treatment
technologies of dye-containing effluent: A review. Case Studies in Chemical and Environmental
Engineering. 2023. Vol. 7. P. 100-139. DOI: 10.1016/j.cscee.2023.100339.

7 Kato S., Kansha Y. Comprehensive review of industrial wastewater treatment techniques.
Environmental Science and Pollution Research. 2024. Vol. 31. P. 51064-51097. DOI: 10.1007/
s11356-024-34584-0.
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their application requires the optimisation of reagent and energy consumption,
as well as consideration of secondary waste generation.

For industrial wastewater, an important direction is local treatment directly
at enterprises or production sites where specific pollutants are generated. This
makes it possible to avoid mixing highly concentrated or toxic wastewater with
the general wastewater flow, increase treatment efficiency and reduce the load
on municipal wastewater treatment facilities®.

One of the widely used physicochemical methods for treating industrial
wastewater is coagulation and flocculation, which are applied to remove
colloidal, fine dispersed and partially dissolved pollutants. These processes
are particularly effective when wastewater contains suspended particles, dyes,
petroleum products, heavy metal compounds and other persistent pollutants
that are difficult to remove using mechanical methods alone. The essence of
the method lies in the introduction of coagulants into the water being treated,
which promote destabilisation of the colloidal system, neutralisation of particle
charges and the creation of conditions for their subsequent enlargement and
sedimentation’. The sequence of coagulation and flocculation processes during
industrial wastewater treatment is schematically presented in Figure 1.
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Fig. 1. Scheme of the coagulation and flocculation process
during industrial wastewater treatment

Source: developed by the author

The processes of coagulation and flocculation include several main stages:
the inflow of polluted wastewater, coagulant dosing, neutralisation of the charge

8 Sharma R., Verma N., Lugani Y., Kumar S., Asadnia M. Conventional and advanced techniques of
wastewater monitoring and treatment. Green Sustainable Process for Chemical and Environmental
Engineering and Science. Elsevier: 2021. P. 1-48. DOI: 10.1007/s11356-024-34584-0.

° Sharghi E. A., Davarpanah L. Optimization of chemical coagulation—flocculation process of detergent
manufacturing plant wastewater treatment for full-scale applications: a case study. Desalination and
Water Treatment. 2022. Vol. 262. P. 38-53. DOI: https://doi.org/10.5004/dwt.2022.28494.
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of colloidal particles, formation of flocs during flocculation, sedimentation and
separation of sludge'®. As a result, water turbidity decreases, the concentration
of certain pollutants is reduced, and the water becomes more suitable for
further treatment or reuse!'. The advantages of this method include the effective
removal of suspended and colloidal particles, as well as a reduction in the
content of some heavy metals and dyes; however, its application is associated
with reagent consumption and sludge generation.

Membrane treatment is also a modern physicochemical method for the
advanced removal of pollutants from water. The essence of the process is
that polluted water, after preliminary treatment, is supplied under pressure to
a membrane module, where a semi-permeable membrane separates the flow
into two components: permeate, which is the treated water passing through
the membrane, and concentrate, which is the stream containing retained
pollutants'?. Depending on the type of membrane, the process can ensure the
removal of suspended solids, microorganisms, organic pollutants, dyes, salts
and other impurities.

Common membrane processes include microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO), which differ in
their contaminant retention capacity and operating pressure requirements.
Ultrafiltration is mainly used to remove suspended and colloidal particles, high-
molecular-weight organic compounds, and microorganisms, whereas reverse
osmosis provides more advanced removal of dissolved salts and low-molecular-
weight contaminants.

One effective option for advanced treatment is the sequential application
of ultrafiltration and reverse osmosis (UF/RO). In this treatment scheme,
ultrafiltration serves as a membrane pretreatment stage, reducing the
concentration of suspended and colloidal matter and lowering the risk of fouling
of reverse osmosis membranes'’. At the subsequent stage, reverse osmosis
removes dissolved impurities and produces water suitable for reuse in technical
and industrial processes (Figure 2).

10" Jachimowicz P., Cydzik-Kwiatkowska A. Coagulation and flocculation before primary clarification
as efficient solutions for low-density microplastic removal from wastewater. International Journal
of Environmental Research and Public Health. 2022. Vol. 19, no. 20. Art. 13013. DOI: 10.3390/
ijerph192013013.

""" Aloui F., Kchaou S., Sayadi S. Physicochemical treatments of anionic surfactants wastewater: effect
on aerobic biodegradability. Journal of Hazardous Materials. 2009. Vol. 164, No. 1. P. 353-359. DOL:
https://doi.org/10.1016/j.jhazmat.2008.08.009.

12 Robinson S., Bérubé P. R. Membrane ageing in full-scale water treatment plants. Water Research.
2020. Vol. 169. Art. 115212. DOI: https://doi.org/10.1016/j.watres.2019.115212.

13 Fatima F., Du H., Kommalapati R. R. A Sequential Membrane Process of Ultrafiltration Forward
Osmosis and Reverse Osmosis for Poultry Slaughterhouse Wastewater Treatment and Reuse. Membranes
(Basel). 2023. Vol.1 3, No. 3. Art. 296. DOI: https://doi.org/10.3390/membranes13030296.
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Membrane treatment makes it possible to obtain high-quality water suitable
for technical processes, cooling, recirculating systems, or reuse after further
treatment. The advantages of membrane technologies include high selectivity
and consistent treated-water quality, whereas their main limitations are energy
consumption, membrane fouling, the need for periodic cleaning, and the
subsequent management of the concentrate.
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Fig. 2. Schematic diagram of membrane water treatment
using ultrafiltration and reverse osmosis

Source: developed by the author

Biological treatment methods are based on the ability of microorganisms
to degrade or transform organic pollutants. They are widely used for treating
municipal and mixed wastewater dominated by biodegradable organic
matter and nitrogen and phosphorus compounds. Such technologies include
activated sludge tanks, biofilters, bioreactors, constructed wetlands, and
other biological treatment systems'. The efficiency of biological methods
depends on wastewater composition, temperature, oxygen concentration, the
loading rate applied to activated sludge or biofilms, and the stability of the
operating regime.

The intensification of biological treatment is of particular importance,
including the use of combined aerobic-anaerobic processes, bioreactors with
attached biomass, membrane bioreactors, nitrogen and phosphorus removal
systems, and advanced treatment technologies. Such solutions make it possible
to increase the removal of organic matter and nutrients, reduce the risk of

'* Dotro G., Langergraber G., Molle P., Nivala J., Puigagut J., Stein O., von Sperling M. Treatment
wetlands. Biological Wastewater Treatment Series. Vol. 7. IWA Publishing, 2017. 172 p.
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eutrophication of water bodies and improve the quality of treated water before
its discharge or reuse.

A membrane bioreactor is one of the most effective modern technologies
for intensifying biological wastewater treatment, as it combines the processes
of biodegradation of pollutants by activated sludge and membrane separation of
treated water. In such a system, wastewater enters an aeration tank, where activated
sludge microorganisms degrade organic matter, participate in nitrification and
denitrification processes, and also contribute to reducing the content of nitrogen
and phosphorus compounds'. After biological treatment, the water passes through
a membrane module, which retains suspended solids, microorganisms and activated
sludge particles, ensuring the production of high-quality permeate (Figure 3).
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Fig. 3. Scheme of wastewater treatment in a membrane bioreactor
Source: developed by the author

The advantage of a membrane bioreactor lies in the combination of
biological treatment with physical barrier separation, which makes it possible
to improve the quality of treated water, reduce the content of organic matter
and nutrients, and ensure the possibility of water reuse for technical needs or
its safe discharge into a water body. The efficiency of such a system depends on
the composition of wastewater, dissolved oxygen concentration, temperature,
the load on activated sludge, the condition of membranes and the stability of
the technological regime'®.

15 Moxienko A. B. AktyaibHi Bojui npo6nemu. [HHOBauiiiui BoaHi Texnomnorii. Octpor, 2024. 381 c.

1 Melin T., Jefferson B., Bixio D., Thoeye C., De Wilde W., De Koning J., van der Graaf J., Wintgens T.
Membrane bioreactor technology for wastewater treatment and reuse. Desalination. 2006. Vol. 187,
No. 1-3. P. 271-282. DOI: https://doi.org/10.1016/j.desal.2005.04.086.
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A separate important direction for reducing pollution of water bodies is
the treatment of stormwater runoff from urbanised areas. Stormwater formed
during precipitation or snowmelt washes pollutants from roads, industrial
sites, car parks, building roofs and other impervious surfaces. It may contain
petroleum products, heavy metals, suspended solids, microplastics, residues
of de-icing agents, organic impurities and other pollutants. In the absence of
proper treatment, such runoff directly enters rivers, water bodies or stormwater
drainage systems, increasing chemical and mechanical pollution of the aquatic
environment.

Both engineering and nature-based solutions can be used for stormwater
treatment. Engineering structures include grit chambers, oil separators,
sedimentation tanks, filtration units, local treatment facilities and storage
reservoirs. They ensure the retention of sand, suspended solids, petroleum
products and other impurities before water is discharged into natural
water bodies or drainage systems. At the same time, engineering solutions
alone are often insufficient for the comprehensive regulation of surface
runoff, especially under conditions of intensive urbanisation, expansion
of impervious surfaces and increasing frequency of extreme precipitation
events.

In this regard, nature-based solutions are becoming particularly important,
as they combine the functions of treatment, retention, infiltration and natural
runoff regulation. Such solutions include rain gardens, constructed wetlands,
infiltration basins, green ditches, riparian buffer strips, phytoremediation
areas and vegetated filtration systems!’. Their action is based on the use of
natural processes: filtration through the soil-vegetation layer, sedimentation of
suspended solids, uptake of nutrients by plants, microbiological transformation
of organic matter, sorption of pollutants and slowing of surface runoff (Table 1,
Figure 4).

A key advantage of nature-based solutions is their multifunctionality. They
not only contribute to the treatment of stormwater and surface runoff but also
improve local hydrological conditions, reduce the risk of localised flooding,
support biodiversity, enhance green infrastructure in urban areas, and increase
the resilience of built-up territories to climate change. When combined with
conventional engineering structures, such solutions make it possible to develop
a more flexible and environmentally balanced system for surface runoff
management.

17 International Union for Conservation of Nature. Global Standard for Nature-based Solutions: a user-
friendly framework for the verification, design and scaling up of NbS. Ist ed. Gland, Switzerland :
TUCN, 2020. 30 p.
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Table 1
Main nature-based solutions for water treatment
and surface runoff regulation

Nature-.b ased Main purpose Main environmental effect
solution
Rain gardens Retention and partial treatment of | Reduction of surface runoff volume;
stormwater runoff’ retention of suspended solids and
nutrients
Infiltration basins Accumulation and infiltration of | Reduction of peak runoff,
rainwater into the soil groundwater recharge and lower risk
of flooding
Constructed Biological advanced treatment of | Reduction in the content of organic
wetlands water and retention of pollutants | matter, nitrogen, phosphorus and
suspended particles
Bioplato systems Advanced treatment of Reduction of nutrient load and
wastewater or stormwater improvement of water quality
involving higher aquatic plants
Riparian buffer Interception of pollutants at the | Reduction of the input of soil
strips boundary between the catchment | particles, nutrients and agrochemicals
and the water body into water bodies
Phytoremediation Uptake and transformation of Reduction in the concentration of
areas pollutants by plants selected pollutants and ecological
stabilisation of the area
Green ditches and Slowing, retention and Reduction of runoff velocity,
biochannels preliminary treatment of surface | sedimentation of suspended solids
runoff and partial filtration of pollutants
Vegetated filtration | Filtration and advanced treatment | Improvement of water quality and
systems of rainwater and stormwater reduction of the load on stormwater
drainage systems

The informed selection of a wastewater treatment method requires
consideration of its technological implementation and subsequent operation.
Important factors include application conditions, typical limitations, the
generation of by-products and secondary streams, and the potential for
treated water reuse. A comparative assessment of the treatment methods and
technological systems considered according to these criteria is presented in
Table 2.

A quantitative comparison was performed for the removal of chemical
oxygen demand (COD), biochemical oxygen demand (BODs), suspended solids,
total nitrogen, and total phosphorus by mechanical, physicochemical, biological,
and membrane treatment methods, membrane bioreactors, and nature-based
systems. These indicators were selected because they are widely reported for
different treatment technologies, whereas data on heavy metals, specific organic
compounds, and microbiological contaminants are less consistent. For each
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method, a representative value close to the midpoint of the reported efficiency
range was selected. The numerical values used in the comparison were derived
from the studies cited in the source notes to Figures 5 and 6. The values are
indicative, as influent composition and operating conditions varied among the
source studies, and should not be interpreted as directly comparable under
identical conditions.

Fig. 4. Examples of nature-based solutions: (a) rain garden'®;
(b) constructed wetland"; (c) riparian buffer strip?’;

(d) stormwater bioretention area”'

18 Steakley J. Rain garden (2014): photograph. Wikimedia Commons, 2014. URL: https://commons.
wikimedia.org/wiki/File:Rain_garden (2014).JPG.

19 SuSanA Secretariat. Constructed wetland (5547195530): photograph / photo by H. Hoffmann.
Wikimedia Commons, 2009. URL: https://commons.wikimedia.org/wiki/File:Constructed_wetland
(5547195530).jpg.

2 United States Department of Agriculture. Riparian buffer on Bear Creek in Story County, lowa:
photograph. Wikimedia Commons. URL: https://commons.wikimedia.org/wiki/File:Riparian_buffer on Bear
Creek in Story County, lowa.JPG.

2! Guzzardo Partnership. 2012-12-04 Stormwater Bio-Treatment Area: photograph. Wikimedia
Commons, 2012. URL: https://commons.wikimedia.org/wiki/File:2012-12-04_Stormwater Bio-
Treatment Area.jpg.
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Table 2

Comparative characteristics of the operational features of the main water
treatment methods and technological systems

Key application conditions and limitations

By-products
or secondary
streams

Treated water reuse
potential

Mechanical tre

atment

Involves the use of screens, grit chambers,
sedimentation tanks, or filters and the periodic
removal of retained impurities. It does not
remove dissolved organic matter, salts, or nutrient
compounds.

Sludge, grit, and
retained solid
waste

When used alone, it
generally does not
provide water quality
suitable for reuse.

Physicochemical

treatment

Requires the selection and dosing of reagents,
pH adjustment, appropriate contact time, and
controlled mixing conditions. Its efficiency
depends on wastewater composition, and the
resulting sludge requires further management.

Chemical sludge,
spent sorbents,
and regeneration
solutions

Reuse is possible after
additional treatment in
accordance with the
requirements of the
intended application.

Combined UF/RO membrane system

Requires water pretreatment, operating pressure,
membrane fouling control, and periodic membrane
cleaning. The concentrate must be treated or
properly discharged.

UF retentate,
RO concentrate,
and membrane
cleaning water

High potential for
reuse for technical
and selected industrial
purposes, provided
that the required water
quality standards are
met.

Activated sludge biolo

gical treatment

Requires stable oxygen and temperature
conditions, maintenance of the required activated
sludge concentration, and an acceptable organic
loading rate. It is sensitive to toxic substances and
abrupt changes in wastewater composition.

Excess activated
sludge

Reuse is generally
possible after tertiary
treatment and
disinfection.

Membrane bioreac

tor (MBR)

Requires stable biological operating conditions,
aeration, transmembrane pressure control, and
regular membrane cleaning. Its operation is more
complex than that of conventional biological
treatment systems.

Excess activated
sludge and
membrane
cleaning
solutions

High potential for
reuse in technical and
industrial systems.

Nature-based solutions

Require sufficient land area and consideration of
the hydrological regime, vegetation selection, and
climatic conditions. Their efficiency may vary
depending on the season and hydraulic loading.

Accumulated
sediment and
plant biomass

Depends on the type of
system, the quality of
the treated water, and
the requirements of its
intended use.
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Fig. 5. Comparative efficiency of organic pollution removal by BODs
and COD using different water treatment methods, %

Source: compiled by the author based on data from the cited studies® ?> 24 5 26

The comparison results reveal substantial differences among the methods in
both the removal efficiency of individual pollutant groups and the conditions
required for their technological implementation. The diagram in Figure 5
shows that the highest efficiency of organic pollution removal is achieved by
membrane bioreactors (MBRs) and conventional activated sludge treatment,
owing to the direct involvement of microorganisms in the degradation of
organic compounds. Membrane treatment (UF/RO) also demonstrates high
performance, although it is less effective than biological methods in terms
of BODs removal because membranes function primarily as physical barriers
and are less efficient in removing dissolved, readily oxidizable compounds.
Notably, nature-based solutions, despite their relatively moderate COD removal
efficiency, provide a sufficiently high level of BODs reduction due to the
biological activity of microorganisms and vegetation within these systems.
Mechanical and physicochemical treatment remain the least effective methods

22 Qakley S. Preliminary treatment and primary settling. Global Water Pathogen Project / eds. J. B. Rose,
B. Jiménez-Cisneros. East Lansing, MI : Michigan State University; UNESCO, 2018. 21 p.

# Carnevale Miino M. et al. Treatment of a Real Brewery Wastewater with Coagulation and
Flocculation: Impact on Organic Substance and Nutrient Concentrations. Applied Sciences. 2025.
Vol. 15(6). Art. 2999. DOLI: https://doi.org/10.3390/app15062999.

2 Kitanou S. et al. A comparative examination of MBR and SBR performance for municipal wastewater
treatment. Water Practice & Technology. 2021. Vol. 16, No. 2. P. 582-591. DOI: https://doi.org/10.2166/
wpt.2021.016.

% Ghonimy M. et al. Improving Wastewater Quality Using Ultrafiltration Technology for Sustainable
Irrigation Reuse. Water. 2025. Vol. 17(6). Art. 870. DOI: https://doi.org/10.3390/w17060870.

% Gizinska-Gorna M. et al. Reliability and Efficiency of Pollutant Removal in Four-Stage Constructed
Wetland of SSVF-SSHF-SSHF-SSVF Type. Water. 2020. Vol. 12(11). Art. 3153. DOI: https://doi.
org/10.3390/w12113153/.
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for organic pollution removal, confirming their primary role as preliminary
stages of wastewater treatment.
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Fig. 6. Comparative removal efficiency of suspended solids, total nitrogen,
and total phosphorus using different water treatment methods, %

Source: compiled by the author based on data from the cited studies®” ? 2% 3.3

For the three indicators — suspended solids, total nitrogen, and total
phosphorus (Figure 6) — the membrane bioreactor demonstrates the
highest overall efficiency, combining biological nutrient removal with the
membrane’s high retention capacity for suspended solids. Membrane treatment
(UF/RO) also provides high removal efficiencies for suspended solids and
phosphorus, whereas its nitrogen removal efficiency remains moderate. Nature-
based solutions demonstrate moderate removal of nitrogen and phosphorus,
while their effectiveness depends considerably on system design, vegetation,
hydraulic loading, and operating conditions. Physicochemical treatment and
membrane bioreactors show similarly high phosphorus removal efficiencies,

7 Kitanou S. et al. A comparative examination of MBR and SBR performance for municipal wastewater
treatment. Water Practice & Technology. 2021. Vol. 16, No. 2. P. 582-591. DOI: https://doi.org/10.2166/
wpt.2021.016.

2 Ghonimy M. et al. Improving Wastewater Quality Using Ultrafiltration Technology for Sustainable
Irrigation Reuse. Water. 2025. Vol. 17(6). Art. 870. DOI: https://doi.org/10.3390/w17060870.

¥ Diallo H. M. et al. Evaluation of the potential ultrafiltration to improve the quality of secondary
effluents in tertiary treatment and reuse. Physics and Chemistry of the Earth, Parts A/B/C. 2024.
Vol. 135. Art. 103672. DOI: https://doi.org/10.1016/j.pce.2024.103672.

30 Denisova V. et al. Comparison of phosphorus removal efficiency of conventional activated sludge
system and sequencing batch reactors in a wastewater treatment plant. Agronomy Research. 2020.
Vol. 18. P. 771-780. DOI: https://doi.org/10.15159/AR.20.049.

3! Gizinska-Gorna M. et al. Reliability and Efficiency of Pollutant Removal in Four-Stage Constructed
Wetland of SSVF-SSHF-SSHF-SSVF Type. Water. 2020. Vol. 12(11). Art. 3153. DOI: https://doi.
org/10.3390/w12113153/.
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although they rely on different removal mechanisms. Mechanical treatment
has the lowest performance for all three indicators because it does not provide
targeted nutrient removal.

Thus, the quantitative and qualitative comparison does not support
identifying any single method as universally superior. High treatment efficiency
should be assessed together with technological requirements, by-product
generation, water reuse potential, and operational limitations. The most
appropriate approach is to develop combined treatment schemes in which
mechanical treatment is used for preliminary water preparation, biological and
physicochemical processes remove the main pollutants, membrane technologies
provide advanced treatment, and nature-based solutions reduce nutrient loads
and contribute to the ecological stabilisation of the aquatic environment.

The effective integration of engineering treatment methods, on-site
wastewater treatment, and nature-based elements makes it possible not only
to reduce pollutant concentrations but also to prevent further degradation of
aquatic ecosystems, decrease wastewater discharge volumes, and promote more
sustainable water-use models.

2. Rational water use within the sustainable development framework

Rational water use is one of the key prerequisites for sustainable
development, as water resources support the functioning of natural ecosystems,
human well-being, and the development of industry, agriculture, energy
production, and municipal services. Under conditions of increasing water
scarcity and deteriorating water quality, the transition from the traditional
model of intensive water consumption to a resource-efficient model of water
management is becoming particularly important®.

The need to adopt rational water-use models is confirmed by the sectoral
structure and regional distribution of global water abstraction. According to the F4O
AQUASTAT Water Data Snapshot 2025, in 2022 agriculture accounted for 71.5%
of global water abstraction, industry for 15.3%, and the municipal sector for 13.2%.
The highest abstraction volumes were recorded in Southern Asia, Europe and
Northern America, and Eastern Asia, whereas the lowest were observed in Oceania
and Sub-Saharan Africa (Figure 7). Trends for 2015-2022 indicate increasing
water abstraction in several regions exposed to a heightened risk of water scarcity,
reflecting the uneven implementation of resource-efficient water-use models®.

32 Jamali B., Bach P. M., Deletic A. Rainwater harvesting for urban flood management: An integrated
modelling framework. Water Research. 2020. Vol. 171. Art.115372. DOI: https://doi.org/10.3390/
w12113153/ . https://doi.org/10.1016/j.watres.2019.115372.

# Hernandez Lagana M., Mejias Moreno P. AQUASTAT Water Data Snapshot 2025. Rome : FAO,
2025. 48 p. DOLI: https://doi.org/10.4060/cd7054en.
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Fig. 7. Total water abstraction by world region in 2015 and 2022, billion m?
Source: compiled by the author based on FAO AQUASTAT data**

The availability of renewable water resources per capita has declined by 7%
over the past decade, from 5.719 to 5.326 m?®. North Africa, Southern Asia, and
Western Asia have the lowest freshwater availability per capita, while Kuwait,
the United Arab Emirates, Qatar, and Yemen are among the countries with the
lowest total volumes of renewable water resources®.

The analysis of global water-use trends is particularly relevant when
compared with Ukraine’s national indicators. According to the FAO AQUASTAT
Water Data Snapshot 2025, Ukraine exhibits a water-use profile that differs
substantially from the global average, while partially corresponding to the
characteristics of the region to which it is assigned in the AQUASTAT
classification — Europe and Northern America.

Unlike the global structure of water abstraction, in which agriculture
accounts for the largest share, industry is the main water user in Ukraine,
representing 44.8% of total water abstraction, while agriculture accounts for
only 21.1% and the municipal sector for 34.0% (Figure 8(a)). This distribution
is broadly similar to the overall water-use structure of Europe and Northern

3 Jamali B., Bach P. M., Deletic A. Rainwater harvesting for urban flood management: An integrated
modelling framework. Water Research. 2020. Vol. 171. Art. 115372. DOI: https://doi.org/10.3390/
w12113153/ . https://doi.org/10.1016/j.watres.2019.115372.

3 UN sounds alarm over rising demands on water resources as scarcity increases. UN News, 2025.
URL: https://news.un.org/en/story/2025/12/1166582.
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America, but differs in the notably higher share of municipal water use, which
may reflect the specific characteristics of the national economy and municipal
infrastructure.

Water stress reflects the relationship between the volume of water
abstraction and the available renewable water resources: the higher its level,
the greater the pressure on water resources®®. Renewable water resources in
Ukraine amount to 4,270 m* per capita, which is below the global average;
however, the country’s water stress level remains relatively low at 6.3%. This
is considerably lower than both the global average and the value for Europe
and Northern America (Figure 8(b)), indicating a comparatively favourable
balance between water abstraction and available renewable water resources. At
the same time, the predominance of the industrial and municipal sectors in the
structure of water abstraction makes the implementation of resource-efficient
technologies in these sectors a priority.
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Fig. 8. Comparison of Ukraine’s water-use indicators with global
and regional values in 2022: (a) structure of water abstraction
by economic sectors, %; (b) water stress level, %
Source: compiled by the author based on United Nations data for (a) and UN-Water
data for (b) 3%

% United Nations. The Sustainable Development Goals Extended Report 2025. Clean Water and
Ss?itation. URL: https://unstats.un.org/sdgs/report/2025/extended-report/Extended-Report-2025_Goal-6.
pdf.

37 Progress on Level of Water Stress. UN-Water. URL: https://sdg6data.org/index.php/en/indicator/6.4.2.
3 UN sounds alarm over rising demands on water resources as scarcity increases. UN News, 2025.
URL: https://news.un.org/en/story/2025/12/1166582.

3 United Nations. The Sustainable Development Goals Extended Report 2025. Clean Water and
Sanitation. URL: https://unstats.un.org/sdgs/report/2025/extended-report/Extended-Report-2025_Goal-6.
pdf.
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Rational water use involves not only reducing water abstraction from
natural sources but also improving water-use efficiency at all stages of the
water management cycle. These stages include water abstraction, treatment,
transportation, use in industrial or domestic processes, wastewater treatment,
water reuse, and safe return to the natural environment. The main areas of
rational water use, the mechanisms for their implementation, and the expected
outcomes for sustainable development are summarised in Figure 9.

One of the key areas of rational water use is reducing water losses during
transportation and distribution. Deteriorated water-supply networks, frequent
pipeline failures, and insufficient monitoring of consumption volumes lead to
the inefficient use of water resources. Therefore, the modernisation of water
infrastructure, the introduction of metering systems, automated leak detection,
network zoning, and digital water-supply management are essential conditions
for improving the reliability of water provision.

\ ! \
Main directions of Key Implementation Outcomes for
rational water use mechanisms sustainable development
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Fig. 9. Main areas of rational water use within the sustainable
development framework
Source: developed by the author

An essential component of rational water use is the introduction of water-
saving technologies in the municipal, industrial, and agricultural sectors.
In the municipal sector, this involves the use of water-efficient equipment,
consumption metering and monitoring systems, and the modernisation of water-
supply and wastewater infrastructure. In industry, appropriate measures include
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optimising technological processes, reducing the water intensity of production,
and introducing closed-loop systems. In agriculture, effective solutions include
drip irrigation, precision farming, soil conservation technologies, regulation of
irrigation rates, and the use of treated wastewater, provided that sanitary and
environmental requirements are met*.

Rational water use is closely linked to the principles of the circular economy,
within which water is regarded not as a single-use resource but as an element
of a closed-loop system. This involves its treatment and reuse in industrial or
economic processes, the recovery of valuable components, and the reduction of
waste generation. Such an approach contributes to reducing the water footprint
of products, decreasing polluted wastewater discharges, and improving the
overall environmental efficiency of production.

In industry, the practical implementation of these principles is most
commonly associated with recirculating and closed-loop water-supply systems.
These systems involve the use of water in technological processes, followed
by treatment, cooling, or advanced treatment and its return to the production
cycle. Local treatment of individual process water streams plays a particularly
important role, as it reduces the load on centralized wastewater treatment
facilities and limits the discharge of excess wastewater*!. The schematic
diagram of recirculating water use and water reuse within an industrial water-
supply system is presented in Figure 10.

A rational industrial water-use system includes the abstraction and treatment
of fresh water, its use in technological processes, local treatment or cooling,
advanced treatment, and the return of part of the water to the production
cycle. Only the portion of wastewater that cannot be reused after treatment is
discharged into a water body.

The reuse of treated wastewater is a promising approach to improving resource
efficiency. With an appropriate level of treatment, such water can be used for
non-potable purposes, including irrigation of green spaces, cleaning of indoor
and outdoor areas, equipment cooling, firefighting, agricultural irrigation, and
replenishment of non-potable storage reservoirs. This is particularly important for
regions experiencing water scarcity and high pressure on natural water sources*.

4 Odic cramux pimens. [ToBropHe BukoprcTanHs Boau: Kpammii eBponeiicekuit qocsin. URL: https://
ukraine-oss.com/povtorne-vykorystannya-vody-krashhyj-yevropejskyj-dosvid.

4 Sharma K., Nagabhooshanam N., Dasi S., Guntaj J., Srinivas B., Kaur K., Rajaram A. Design and
implementation of closed-loop water reuse systems in urban and industrial settings for maximizing
resource recovery and minimizing waste. Desalination and Water Treatment. 2024. Vol. 320. Art.100850.
DOTI: https://doi.org/10.1016/j.dwt.2024.100850.

4 Ramin E., Faria L., Gargalo C. L., Ramin P., Flores-Alsina X., Andersen M. M., Gernaey K. V. Water
innovation in industrial symbiosis : A global review. Journal of Environmental Management. 2024.
Vol. 349. Art. 119578. DOI: https://doi.org/10.1016/j.jenvman.2023.119578.
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Source: developed by the author

Despite the considerable potential for treated wastewater reuse, actual global
rates remain far below the available potential. According to a study conducted
by Utrecht University and the United Nations University Institute for Water,
Environment and Health (UNU-INWEH), of the total volume of wastewater
generated worldwide each year — 359.4 billion m3, based on 2015 data —
only 63% is collected through centralized sewerage systems, 52% undergoes
treatment, and just 11% of the total volume is reused (Figure 11)*. According
to UN-Water estimates, the potential volume of wastewater available for reuse
worldwide is approximately 320 billion m*® per year, which is more than ten
times the combined capacity of all existing desalination plants globally*.
More recent data indicate that, as of 2022, safe treatment covered 56-58% of
domestic wastewater and only 38% of industrial wastewater®’. This confirms
that treated wastewater reuse remains an underused opportunity for improving
the resource efficiency of water use.

4 Jones E. R., van Vliet M. T. H., Qadir M., Bierkens M. F. P. Country-level and gridded estimates of
wastewater production, collection, treatment and reuse. Earth System Science Data. 2021. Vol. 13, No. 2.
P. 237-254. DOI: https://doi.org/10.5194/essd-13-237-2021.

4 Progress on Wastewater Treatment (SDG indicator 6.3.1). UN-Water, 2024. URL: https:/sdg6data.
org/en/indicator/6.3.1.

4 Water Quality and Wastewater. UN-Water, 2024. URL: https://www.unwater.org/water-facts/water-
quality-and-wastewater.
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Bridging the gap between the volume of wastewater treated and the amount
actually reused largely depends on the implementation of specific water-saving
technologies at the level of individual economic sectors. To summarize the
quantitative performance indicators of such approaches, a table was developed
based on an analysis of scientific and industry sources. It presents the main
water-saving technologies applicable across different sectors of the economy
and the expected water savings confirmed by the relevant studies (Table 3).
The indicators provided enable a well-founded comparison of the potential
of different technological solutions and help identify priority areas for their
implementation according to the sector-specific characteristics of water use.

The data summarised in Table 3 indicate that the greatest water-saving
potential is associated with technological solutions in the industrial sector,
particularly closed-loop cooling systems, which can reduce water use by up
to 70%, and recirculating water-supply systems, which can provide savings
of up to 50-60%. This is explained by the possibility of repeatedly using the
same volume of water within the technological cycle without substantial losses
through evaporation or discharge.

In agriculture, which remains the largest consumer of water resources
globally, the introduction of drip irrigation and precision farming technologies
can provide water savings ranging from 15% to 70%, depending on the crop,
soil conditions, and the initial irrigation method. This confirms the considerable
untapped potential for improving water-use efficiency in the agricultural sector.

4 Ramin E., Faria L., Gargalo C. L., Ramin P., Flores-Alsina X., Andersen M. M., Gernaey K. V. Water
innovation in industrial symbiosis: A global review. Journal of Environmental Management. 2024.
Vol. 349. Art. 119578. DOI: https://doi.org/10.1016/j.jenvman.2023.119578.
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Table 3
Water-saving technologies by economic sector and their expected
water-saving effects

Technology Sector of application | Reported or expected water savings, %
Drip irrigation Agriculture 30-70% compared with conventional
sprinkler or surface irrigation'
Precision agriculture Agriculture 15-50% compared with standard uniform
(variable rate irrigation, irrigation?
VRI)
Water-efficient plumbing | Municipal sector 20-30%, depending on the type of fixture?

fixtures (aerators,
faucets, dual-flush

toilets)

Recirculating and Industry Up to 50-60% of the enterprise’s total
closed-loop water-supply water consumption*

systems in industrial

processes

Closed-loop cooling Industry, digital Up to 70% compared with open
systems infrastructure evaporative cooling systems®

Reuse of treated Municipal sector, Depends on the extent to which primary
wastewater for technical |agriculture water abstraction is replaced; assessed
and irrigation purposes individually for each facility

Technologies used in the municipal sector, particularly water-efficient
plumbing fixtures, demonstrate a more moderate but consistent water-saving
effect of 20-30%. These savings can be achieved with relatively low capital
investment and short payback periods, making such solutions an accessible
means of improving water-use efficiency in households and public buildings.
At the same time, the effect of treated wastewater reuse cannot be expressed
as a universal quantitative value, as it depends on the characteristics of each
facility, including its water consumption, the technical feasibility of replacing
primary water abstraction, and the required level of advanced treatment.
Therefore, a separate technical and economic assessment is required in each
specific case. Overall, the data confirm that the greatest effect can be achieved
through the integrated rather than isolated implementation of the technologies
considered across the industrial, municipal, and agricultural sectors.

The practical implementation of rational water-use principles can be
observed in the activities of international companies across various economic
sectors, where water-use efficiency is becoming an integral component of
environmental policy and production modernisation. In the food industry,
Nestlé improves water-use efficiency at its manufacturing sites, monitors water
abstraction and discharge quality, and introduces water reuse and recirculation.
As a result, between 2010 and 2024, water abstraction per tonne of product was
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reduced by 20%, contributing to lower freshwater consumption and reduced
pressure on aquatic ecosystems®’.

In the chemical industry, BASF provides a notable example by applying
on-site treatment of industrial wastewater, membrane bioreactors, and water
quality monitoring systems. As of 2024, the company had achieved 65% of
its target for implementing sustainable water management at production sites
located in water-stressed areas. By 2030, it plans to ensure full coverage
of such sites, which account for approximately 90% of the company’s total
water abstraction®®. This example demonstrates the importance of combining
conventional treatment technologies with modern high-efficiency advanced
treatment methods.

In the beverage industry, Coca-Cola companies implement water treatment,
recirculation, and reuse during equipment cleaning, container preparation, and
other technological operations. Between 2015 and 2024, the Water Use Ratio
was reduced from 1.98 to 1.78 litres of water per litre of beverage produced,
corresponding to an approximately 10% improvement in water-use efficiency®.
These measures help reduce specific water consumption per unit of product and
decrease wastewater generation.

Water-use efficiency is also becoming increasingly important for the
digital infrastructure sector, particularly in data centre operations. Microsoft
is introducing technologies aimed at reducing freshwater use and improving
the efficiency of cooling systems. From the early 2000s to 2023, the water-use
intensity of its data centres decreased by more than 80%. In fiscal year 2025,
Microsoft replenished more than 14 million m® of water globally, exceeding its
total water withdrawals for the first time and marking an important milestone
towards becoming water positive by 2030°".

The examples presented confirm that, in contemporary practice, rational
water use is implemented through a combination of technological, organizational,
digital, and managerial solutions. At the same time, the effectiveness of such
measures increases when they are introduced within the framework of integrated
water resources management, which involves coordinating the interests of
different water users, considering the ecological needs of aquatic ecosystems,

47 Nestlé’s  Sustainability ~ Strategy. The Sustainable Innovation, 2026. URL: https:/
thesustainableinnovation.com/nestle-sustainability/.

“ BASF. E3 water: BASF report 2024. URL: https://report.basf.com/2024/en/combined-managements-
report/consolidated-sustainability-statement/environment/e3-water.html.

4 The Coca-Cola Company. 2024 Environmental Update. URL: https://www.coca-colacompany.com/
content/dam/corporate/us/en/reports/2024-environmental-update/2024-environmental-update.pdf.

30 Sustainable by design: Transforming datacenter water efficiency. Microsoft Cloud Blog, 2024. URL:
https://www.microsoft.com/en-us/microsoft-cloud/blog/2024/07/25/sustainable-by-design-transforming-
datacenter-water-efficiency/.

31 Microsoft. 2026 Environmental Sustainability Report. 2026. URL: https://surl.li/zwnvzh.
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applying the river-basin management principle, and integrating the quantitative
and qualitative aspects of water use. Within this approach, decisions concerning
water abstraction, wastewater discharge, wastewater treatment, the protection
of water bodies, and the development of water infrastructure should be made
with regard to the condition of the entire river basin rather than individual
administrative or industrial areas.

Within the sustainable development framework, rational water use
performs not only an environmental but also a socio-economic function. It
contributes to ensuring access to high-quality water, reducing risks to public
health, improving the reliability of water supply, and strengthening the
environmental safety of territories. In the long term, the rational use of water
resources is a prerequisite for adaptation to climate change, the prevention of
water scarcity, and the maintenance of the resilience of natural and economic
systems.

CONCLUSIONS

The study has demonstrated that the protection of water bodies and rational
water use are essential components of sustainable development, as water
resources support the functioning of natural ecosystems, industrial processes,
food security, and quality of life. Under conditions of climate change, increasing
anthropogenic pressure, and growing risks of water scarcity, water protection
measures should be regarded as part of an integrated environmental safety
system.

It has been established that effective water treatment requires an integrated
approach combining mechanical, physicochemical, biological, membrane,
and nature-based methods with on-site industrial wastewater and stormwater
treatment. The comparison showed that no single method can be regarded as
universally superior. Membrane bioreactors provide the highest overall removal
efficiency for organic matter, suspended solids, and nutrients, whereas nature-
based solutions are particularly important for regulating surface runoff and
providing complementary removal of nutrients and suspended solids. The most
appropriate approach is to develop combined treatment schemes that take into
account wastewater composition, the nature of pollution, operational limitations,
and the potential for treated water reuse.

The analysis of water-use indicators showed that agriculture accounts
for the largest share of water abstraction globally, whereas the industrial and
municipal sectors predominate in Ukraine. Despite Ukraine’s relatively low
level of water stress, the specific structure of water abstraction, losses in water-
supply networks, and insufficient levels of treated wastewater reuse necessitate
the targeted implementation of resource-efficient solutions.
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It has been substantiated that rational water use should be regarded as
a component of a resource-efficient and circular development model. Its
priority areas include reducing water losses, modernizing water infrastructure,
introducing water-saving technologies, implementing recirculating water use,
applying on-site treatment of process streams, reusing treated wastewater,
and adopting a river-basin approach to water resources management. The
implementation of these measures contributes to reducing water abstraction and
wastewater generation, decreasing pressure on water bodies, and enhancing the
water security of territories.

The review of current practices confirmed the feasibility of shifting
from the linear “abstraction — use — discharge” model to recirculating and
closed-loop water-supply systems. Water recirculation, treated wastewater
reuse, modernisation of treatment systems, and monitoring of specific water
consumption make it possible to improve resource efficiency both in traditionally
water-intensive industries and in emerging economic sectors.

An important prerequisite for the further development of sustainable
water use is the comprehensive assessment of the effectiveness of combined
water treatment technologies, nature-based solutions, and water reuse and
recirculation systems, taking into account the environmental, technological, and
economic feasibility of their implementation. A well-founded combination of
these approaches creates the conditions for reducing anthropogenic pressure on
aquatic ecosystems, improving resource efficiency, and ensuring the long-term
water security of territories.

SUMMARY

The article substantiates environmental and technological solutions for water
treatment and identifies priority areas of rational water use in the context of
sustainable development. Mechanical, physicochemical, biological, membrane-
based, and nature-based methods of wastewater treatment are considered. These
methods are comparatively assessed in terms of their efficiency in removing
organic matter, suspended solids, and nutrients; application conditions;
by-product generation; and the potential for treated water reuse. It is established
that the choice of treatment method should take into account wastewater
composition, the nature of pollution, application conditions, and treated-water
quality requirements, while the highest efficiency can be achieved by combining
complementary technologies in integrated treatment schemes. Current trends in
global and national water use, the sectoral structure of water abstraction, and
water stress levels are analysed. The need to reduce water losses, modernize
water infrastructure, introduce water-saving technologies, and implement
recirculating and closed-loop water-supply systems is substantiated. The role
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of treated wastewater reuse and the transition from a linear water-consumption
model to a resource-efficient circular model is highlighted. It is concluded that
integrating treatment technologies, nature-based approaches, and rational water
use provides a foundation for reducing anthropogenic pressure on water bodies
and ensuring long-term water security.
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CHAPTER 6

REVIEW OF CURRENT RESEARCH ON THE EFFECTS
OF HEAVY METALS ON TISSUE REGENERATION
PROCESSES: ECOLOGICAL

AND MEDICAL-BIOLOGICAL ASPECTS
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INTRODUCTION

Rapid industrialization, urbanization, and intensification of agricultural
production are accompanied by unprecedented anthropogenic pressure on the
environment. Among the numerous environmental pollutants, heavy metals
occupy a special place due to their high toxicity, resistance to degradation,
ability for long-term migration in biosphere components, and bioaccumulation
in living organisms" 2. Priority ecotoxicants in this group include lead (Pb),
cadmium (Cd), copper (Cu), zinc (Zn), chromium (Cr), and nickel (Ni), which
enter the environment primarily through the activities of metallurgical, galvanic,
chemical enterprises, thermal power generation, motor transport, as well as
through the use of mineral fertilizers and plant protection agents>*.

The problem of heavy metal contamination becomes particularly relevant for
Ukraine — a country with significant industrial potential, a large share of heavy
industry, and high anthropogenic pressure on water bodies. In a number of
regions, particularly in Dnipropetrovsk, Donetsk, Zaporizhzhia, and Mykolaiv
regions, concentrations of heavy metals in surface waters, bottom sediments,
and soils exceed permissible levels many times over, posing a real threat to

! Environmental exposure of arsenic impairs the cardiometabolic profile, skeletal muscle health,
and neurological function. Curr Opin Biomed Eng. 2024. Ne 30. P. 100529. DOI: 10.1016/].
cobme.2024.100529
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B. O. HajgxomkeHHs 1 Mirpanis Ba)KKAX MeTaliB Ha3eMHHMH Ta BOJHHMH €KOCHCTeMaMH. biopecypcu
i npupoookopucmyeanis. 2019. T. 11. Ne Ne 1-2. C. 59-68. DOI: 10.31548/bi102019.01.007
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public health. Aquatic ecosystems are particularly vulnerable to heavy metal
contamination, as they serve as final reservoirs for most pollutants entering
through atmospheric precipitation, industrial and domestic wastewater, and
surface runoff from agricultural lands.

It has been established that metals can induce powerful oxidative stress,
damage nucleic acids, cause mitochondrial dysfunction, disrupt epigenetic
regulation of gene expression, and activate apoptotic and ferroptotic signaling
cascades. Of particular concern is the effect of heavy metals on reparative
tissue regeneration processes, as impaired wound healing leads to chronic
wounds, reduced patient quality of life, increased frequency of postoperative
complications, and economic losses for the healthcare system. Numerous
experimental studies on animals and cell cultures demonstrate that chronic
heavy metal exposure is accompanied by inhibition of fibroblast proliferation,
impaired collagen synthesis, reduced angiogenesis, and slowed keratinocyte
migration in the wound defect®. Clinical observations confirm these data,
indicating an increased incidence of trophic ulcers, diabetic foot, and slow-
healing postoperative wounds in patients living in areas of technogenic
pollution’.

Despite significant progress in studying individual aspects of the problem,
comprehensive studies that combine ecological monitoring of aquatic
ecosystems with in-depth investigation of molecular-cellular mechanisms and
clinical manifestations of regeneration disorders in people living in areas with
varying anthropogenic loads are critically insufficient. This is particularly true
for the Mykolaiv region, where, due to the activities of industrial enterprises
(including metallurgical plants, shipyards, and chemical industry enterprises),
significant contamination of water bodies with heavy metals is observed, yet
systematic medical-biological studies of the impact of this contamination on
tissue regeneration are practically absent®.

This necessitates systematic and critical generalization of available scientific
data to form a holistic understanding of the impact of heavy metals on tissue
regeneration processes, identify research gaps, and develop a conceptual model
that integrates ecological, molecular-biological, and clinical approaches.

° Repair and regeneration: ferroptosis in the process of remodeling and fibrosis in impaired organs. Cell
Death Discov. 2024. Ne 10. P. 424. DOI: 10.1038/s41420-024-02181-2

¢ Peters K., Staehlke S., Rebl H., et al. Impact of Metal lons on Cellular Functions: A Focus on
Mesenchymal Stem/Stromal Cell Differentiation. Int J Mol Sci. 2024. Ne 25 (18). P. 10127. DOL:
10.3390/1jms251810127

7 Repair and regeneration: ferroptosis in the process of remodeling and fibrosis in impaired organs. Cell
Death Discov. 2024. Ne 10. P. 424. DOI: 10.1038/s41420-024-02181-2

8 Boiiuiupkuit B. M., Xwkusak C. B., Januyk B. B., Miguk C. B., Kenmun O. 1O., Yukanos B. O.
HaznxomkeHHs 1 Mirpamis BaKKMX METaliB HAa3eMHMMH Ta BOXHMMH CKOCHCTeMaMmu. biopecypcu
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Such a model can serve as a theoretical basis for planning further empirical
studies aimed at assessing public health risks associated with environmental
heavy metal contamination and developing effective strategies for the prevention
and correction of regeneration disorders.

The aim of this work is to systematize and generalize current scientific data
on the sources, migration, and bioaccumulation of heavy metals in aquatic
ecosystems, the molecular and cellular mechanisms of their toxic effects with
an emphasis on disorders of reparative tissue regeneration, and the analysis
of clinical consequences of metal bioaccumulation for the development of
a conceptual research model.

1. Ecological aspects of heavy metal contamination
of aquatic ecosystems and their bioaccumulation

1.1. Sources of input and migration of heavy metals in aquatic ecosystems

The main anthropogenic sources of heavy metal input into aquatic ecosystems
are industrial discharges (enterprises of metallurgical, machine-building,
galvanic, chemical, and wood-processing industries), atmospheric deposition
(products of fuel combustion, motor vehicle emissions, technological emissions
from industrial enterprises), agricultural runoff (washout from fields of mineral
fertilizers, pesticides, ameliorants), as well as domestic wastewater (containing
detergents, cosmetics, pharmaceuticals containing metals). In addition, surface
runoff from urbanized areas, where metals accumulate in soils, road dust, and
atmospheric emissions, is a significant source of heavy metals’.

Once in the aquatic environment, heavy metals undergo complex physicochemical
transformations that determine their migration capacity, bioavailability, and
ecological hazard. Metals can be present in water in dissolved ionic form, as part of
complex compounds (with carbonates, sulfates, chlorides, organic ligands), sorbed
on suspended particles (clay minerals, iron and manganese hydroxides, organic
matter), or precipitated in bottom sediments. The distribution of metals between
these forms depends on numerous factors: pH and redox potential of the aqueous
medium, temperature, salinity, presence of complexing agents (humic and fulvic
acids), hydrodynamic conditions (flow velocity, mixing), and biological activity.
The most bioavailable and toxic form is the free ionic form of metals, while sorbed
and complexed forms are less accessible to aquatic organisms.

The migration capacity of heavy metals in aquatic ecosystems varies
significantly. Thus, cadmium and zinc are characterized by high mobility and
the ability for long-term transport in dissolved state, while lead and copper

> Amonc C. E., Sxoseus JI. A. Brums BaXKuX MeTajuiB Ha OCHOBHI (i3i00riuni mpouecu 3epHOBHX
Ta 3epHO0000BUX KyIbTyp. Cinbcvke eocnooapcmso ma nicignuymeo. 2023. Ne 30. C. 211-227. DOLI:
10.37128/2707-5826-2023-3-16
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tend to sorb onto suspended particles and precipitate into bottom sediments.
Chromium in its toxic hexavalent form (Cr®) is highly mobile, while the less
toxic trivalent chromium (Cr’*") rapidly hydrolyzes and precipitates. Nickel
occupies an intermediate position, demonstrating moderate mobility and the
ability to form complexes with organic substances'.

1.2. Comparative characteristics of heavy metal concentrations in water
bodies of Ukraine and the world

Analysis of literature data indicates significant regional differences in levels
of heavy metal contamination of aquatic ecosystems. The highest concentrations
of Pb, Cd, Cu, Zn, Cr, and Ni in surface waters and bottom sediments are
observed in industrially developed regions of the world: Southeast Asia (China,
India, Vietnam), Latin America (Mexico, Peru, Chile), Eastern Europe (Poland,
Czech Republic, Ukraine), and certain areas of Africa (South Africa, Zambia).
Table 1 presents summarized data on heavy metal concentrations in water
bodies of various regions of the world.

Table 1
Average concentrations of heavy metals (mg/L) in surface waters
of different regions of the world
Region Pb Cd Cu Zn Cr Ni
Western Europe 3-15 0.3-2 5-30 20-100 2-15 5-25
Eastern Europe 10-80 1-15 10-80 50-400 10-60 10-50
Southeast Asia 20-150 2-30 15-120 80-600 15-100 15-80
North America 2-10 0.2-1.5 3-25 15-80 1-10 3-20
Ukraine (overall) 15-60 1-10 10-70 40-300 8-50 8-40
Mykolaiv region 25-90 3-18 20-120 60—-450 15-80 12-60
MPC Ukraine* 30 5 10 100 50 20

Summarized from data™ >3,

*MPC — maximum permissible concentration for water bodies of domestic drinking
water use (according to Ukrainian regulatory documents).

10 Yepnuuuenxo L. O., Jluteuuenko O. M., babiii B. @., Kouzuparenko O. €., [nasauex /1. O. Jlo nuranms
(oHOBOTO piBHS 3a0pyNHEHHS IPYHTIB BXKUMH METATaMH JJIl BU3HAYCHHS BIUIMBY BOCHHUX iil.
JloBkimst Ta 3nopos’st. 2025. Ne 1 (114). P. 18-23. DOI: 10.32402/dovkil2025.01.018

' Environmental exposure of arsenic impairs the cardiometabolic profile, skeletal muscle health,
and neurological function. Curr Opin Biomed Eng. 2024. Ne 30. P. 100529. DOI: 10.1016/j.
cobme.2024.100529

12 Boiiiupknit B. M., Xwkusx C. B., lanuyk B. B., Mimux C. B., Kenmut O. 0., Yukanos B. O.
HamxomkeHHs 1 Mirparisi BaXKMX METaliB HAa3eMHMMH Ta BOJHHMHU e€KocucTeMaMmu. biopecypcu
i npupodoxopucmysanns. 2019. T. 11. Ne Ne 1-2. C. 59-68. DOL: 10.31548/b102019.01.007

3 XKykosa O. I, Crapxuucekuii II. C., Ilpokomenko I. O. 3abpyIqHEHHS BOIHHX EKOCHCTEM
BOXKMMH METalaMd BHACTINOK BIfiCbKOBHX Aiii Ta iX BIUIMB Ha 3[0POB’s JOAMHU. Ekonociuna
oe3nexa depocasu 2025 : marepiamu HayxoBo-mpakrmanoi xondepennii. Kuis, 2025. C. 61-63. DOL:
10.18372/2786-8168.19.19971
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As seen from Table 1, in water bodies of Ukraine, heavy metal concentrations
significantly exceed levels characteristic of Western Europe and North America
and approach those of Southeast Asia.

A particularly dangerous situation is observed in the Mykolaiv region,
where exceedances of MPC for lead, cadmium, copper, zinc, chromium, and
nickel range from 1.5 to 12 times. The high concentration of heavy metals in
the water bodies of the Mykolaiv region is associated with the activities of
large industrial enterprises, particularly the metallurgical plant “Naftokhimik”,
shipbuilding yards, machine-building enterprises, and significant anthropogenic
pressure on the Southern Bug River and its tributaries'.

1.3. Bioaccumulation and biomagnification of heavy metals in trophic
chains

One of the most dangerous properties of heavy metals is their ability for
bioaccumulation — selective accumulation in the tissues of living organisms
at concentrations significantly exceeding their content in the environment's.
Mechanisms of bioaccumulation include passive adsorption of metals on
cell surface structures (especially algae and bacteria), active transport uptake
through ion channels and transporters (for metals with physiological functions,
e.g., Cu, Zn), as well as phagocytosis and pinocytosis of metal-containing
particles. In aquatic organisms, metal bioaccumulation depends on a number
of factors: species and physiological state of the organism, temperature, pH,
salinity, metal concentration in water and food, exposure duration, presence of
chelators and other competing ions'®.

Of greatest ecological and medical concern is biomagnification — the increase
in heavy metal concentrations with each successive trophic level. Studies show
that bioaccumulation factors (ratio of metal concentration in organism tissues
to its concentration in water) for different metals and species range from tens
to hundreds of thousands'. In particular, for cadmium, the bioaccumulation
factor in algae can reach 10*-10°, in mollusks — 10>-10%, in fish — 10>-10°. This

14 Boiiminpkuit B. M., Xmkusx C. B., Januyk B. B., Miguk C. B., Kenmn O. 0., Ymkanos B. O.
HazgxomkeHHs 1 Mirparis BaKKHX MeTaliB Ha3eMHMMH Ta BOJHHMH €KOCHCTeMaMu. biopecypcu
i npupodoxopucmyeanns. 2019. T. 11. Ne Ne 1-2. C. 59-68. DOIL: 10.31548/b102019.01.007

15 Environmental exposure of arsenic impairs the cardiometabolic profile, skeletal muscle health,
and neurological function. Curr Opin Biomed Eng. 2024. Ne 30. P. 100529. DOIL: 10.1016/.
cobme.2024.100529

1o Yepuuuenko L. O., Jluteuuenxo O. M., babiii B. @., Kouzuparenko O. €., [nasauex /1. O. Jlo nuranus
(OHOBOTO piBHS 3a0pyNHEHHS IPYHTIB BAXKUMH METATaMH JIl BU3HAYEHHS BIUIMBY BOCHHUX iil.
JloBkimist ta 310poB’s. 2025. Ne 1 (114). P. 18-23. DOI: 10.32402/dovkil2025.01.018

17 Xwxnsik C. B., Boitinskuit B. M., Janayk B. M., Miguk C. B., Jlamoma O. A., Vikanos B. O.
Hlnsaxu mirpanii CTIKMX NECTHLMAIB TPO(GIYHAMH JAHIIOTAMHM HA3eMHHX 1 BOIHHX EKOCHUCTEM.
Biopecypcu i npupoooxopucmysanns. 2018. T. 10. Ne Ne 1-2. C. 36-43.
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means that even at relatively low metal concentrations in water, their content
in fish tissues (especially predatory species at the top of the trophic pyramid)
can reach toxic levels, posing a direct threat to the health of people consuming
this fish's.

In Ukraine, the problem of heavy metal bioaccumulation in aquatic ecosystems
is particularly acute. Studies conducted in the basins of the Dnipro, Dniester,
Southern Bug, and Siverskyi Donets rivers indicate significant accumulation of
Pb, Cd, Cu, Zn, Cr, and Ni in the tissues of indigenous fish species (carp, perch,
pike, zander, bream)'. It has been established that the content of lead in fish
muscles from contaminated water bodies of the Mykolaiv region is 3-5 times
higher, and cadmium — 2-8 times higher than permissible standards for food
products. Consumption of such fish by the population leads to chronic intake
of heavy metals into the body and their accumulation in critical organs (bones,
kidneys, liver, hair, nails), which is confirmed by biomonitoring data®.

1.4. Medical-ecological studies of heavy metal bioaccumulation in the
population

Results of medical-ecological studies conducted in Ukraine and abroad
convincingly demonstrate a clear correlation between the level of heavy
metal bioaccumulation in the population and increased incidence of chronic
diseases. Studies of populations living in areas of technogenic pollution reveal
a significant increase in the content of Pb, Cd, Cu, Zn, Cr, and Ni in hair,
blood, urine, and nails of residents compared to controls?'. In Ukraine, the
most indicative are studies conducted in the industrial regions of Donbas,
Prydniprovia, and Pryazovia, where the content of heavy metals in biological
substrates of the population is 2—10 times higher than background levels?.

Of particular interest are studies demonstrating a link between chronic heavy
metal intake and tissue regeneration disorders. Thus, in patients with chronic

'8 XKykoea O. I, Crapxuucekuii II. C., Ilpokomenko I. O. 3abpyqHeHHS BOXZHHX EKOCHCTEM
BaXKMMH MeTaJlaMH BHACIINOK BifiCBKOBHX Hiif Ta iX BIUIMB Ha 3/0pOB’S JIOMUHHU. Ekonoeiuna
besnexka depocasu 2025 : marepianu HaykoBo-mpaktuunoi kondepenuii. Kuis, 2025. C. 61-63. DOI:
10.18372/2786-8168.19.19971
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pubHunTBa 1 akBakyastypu. Grail of Science. 2022. Ne 17. P. 204-206. DOIL: 10.36074/grail-of-
science.22.07.2022.036

2 Jomova K., Valko M. Advances in metal-induced oxidative stress and human disease. Toxicology.
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trophic ulcers of the lower extremities living in industrial areas, concentrations
of Pb and Cd in blood and hair are significantly higher than in patients from
favorable regions, and these indicators negatively correlate with the rate of ulcer
healing?. Similar data were obtained in the study of postoperative wounds:
in patients with high body content of heavy metals, delayed epithelialization,
increased frequency of suppuration, and formation of coarse scars are observed.
Furthermore, chronic heavy metal intoxication is associated with an increased
risk of cardiovascular diseases (ischemic heart disease, arterial hypertension),
nephropathies, osteoporosis, neurodegenerative disorders (Alzheimer’s disease,
Parkinson’s disease), which additionally complicates the wound process and
hinders regeneration®.

2. Molecular and cellular mechanisms of heavy metal effects
on tissue regeneration processes

2.1. Induction of oxidative stress and its role in regeneration impairment

The primary and most universal mechanism of heavy metal toxicity in cells is
the induction of oxidative stress, which consists of excessive generation of reactive
oxygen species (ROS) and disruption of the prooxidant-antioxidant balance.

Heavy metals, especially variable-valence metals (iron, copper, chromium),
can catalyze Fenton and Haber-Weiss reactions, resulting in the formation
of highly reactive hydroxyl radicals (OH) that damage lipids, proteins, and
DNA?. In addition, metals (especially Pb and Cd) disrupt the functioning of
the mitochondrial electron transport chain, leading to increased production of
superoxide anion radical (O,") and hydrogen peroxide (H,0,)*.

Chronic elevation of ROS levels in regenerating tissues causes a number of
negative consequences. First, oxidative modification of lipid cell membranes
disrupts their permeability and receptor function, which is particularly critical
for actively proliferating cells (fibroblasts, keratinocytes, endothelial cells).
Second, oxidative damage to proteins leads to their denaturation and aggregation,
disrupting the function of enzymes, transport proteins, and signaling molecules.
Third, DNA damage (formation of 8-oxoguanine, single- and double-strand
breaks, crosslinks) activates repair systems, but under chronic oxidative stress,

3 Yeprmuenxo 1. O., Jlutsuaenko O. M., babiit B. @., Kounparerko O. €., [maBauex JI. O. Jlo nuramms
(oHOBOTO piBHS 3a0pyJHEHHs IPYHTIB BKKMMH MeTallaMH JUIs BU3HAYCHHs BIUIMBY BOEHHHX Jiil.
JloBkinns ta 3m0pos’s. 2025. Ne 1 (114). P. 18-23. DOI: 10.32402/dovkil2025.01.018

2 Cosselman K. E., Navas-Acien A., Kaufman J. D. Environmental factors in cardiovascular disease.
Nat Rev Cardiol. 2023. Ne 20 (7). P. 471-488.

> Stockwell B. R. Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic
applications. Cell. 2022. Ne 185 (14). P. 2401-2421.

% Jomova K., Valko M. Advances in metal-induced oxidative stress and human disease. Toxicology.
2023. Ne 498. P. 153645. DOI: 10.1016/j.t0x.2023.153645
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repair becomes inefficient, leading to accumulation of mutations and cellular
senescence?”’.

Particularly sensitive to oxidative stress caused by heavy metals are stem and
progenitor cells, which play a key role in tissue regeneration. Studies show that
mesenchymal stromal cells (MSCs), endothelial progenitor cells, and muscle
satellite cells demonstrate high sensitivity to oxidative stress, manifested by
decreased proliferative activity, impaired differentiation, activation of apoptosis,
and premature senescence?.

Since these cells provide continuous tissue renewal and reparative responses,
their dysfunction under heavy metal exposure leads to depletion of tissue
regenerative potential and chronicity of the pathological process.

2.2. DNA damage, epigenetic changes, and disruption of signaling
pathways

Heavy metals cause direct and indirect (via ROS) DNA damage, activating
the DNA damage response (DDR) signaling cascade, which includes
phosphorylation of ATM (ataxia telangiectasia mutated) and ATR (ATM- and
Rad3-related) kinases, activation of effector Chk1/Chk2 kinases, and cell cycle
arrest at G1/S and G2/M phases. When repair fails, proapoptotic signaling
pathways (p53, caspase cascade) are activated, leading to elimination of
damaged cells. In the context of tissue regeneration, excessive activation of
apoptosis in proliferating cell pools leads to a deficiency of cellular material
necessary for filling the wound defect and tissue remodeling.

In addition to DNA damage, heavy metals can induce epigenetic changes,
including DNA hypo- and hypermethylation, histone modifications (acetylation,
methylation, phosphorylation), and changes in microRNA expression'. These
epigenetic changes can lead to persistent alteration of gene expression regulating
proliferation, differentiation, angiogenesis, and extracellular matrix synthesis,
even after cessation of metal exposure. In particular, it has been established
that chronic lead and cadmium exposure is accompanied by hypermethylation
of promoters of tumor suppressor genes (p53, pl6, p21), leading to their
transcriptional repression and creating conditions for uncontrolled proliferation
of fibroblasts and endothelial cells, which may contribute to fibrogenesis and
disruption of normal tissue remodeling®.

7 Repair and regeneration: ferroptosis in the process of remodeling and fibrosis in impaired organs. Cell
Death Discov. 2024. Ne 10. P. 424. DOI: 10.1038/s41420-024-02181-2

2 Peters K., Stachlke S., Rebl H., et al. Impact of Metal Ions on Cellular Functions: A Focus on
Mesenchymal Stem/Stromal Cell Differentiation. Int J Mol Sci. 2024. Ne 25 (18). P. 10127. DOL:
10.3390/1jms251810127

¥ Environmental exposure of arsenic impairs the cardiometabolic profile, skeletal muscle health,
and neurological function. Curr Opin Biomed Eng. 2024. Ne 30. P. 100529. DOI: 10.1016/j.
cobme.2024.100529
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An important mechanism of regeneration impairment is the effect of heavy
metals on key signaling pathways that regulate cell proliferation, differentiation,
and migration. Studies show that metals can inhibit the Wnt/B-catenin signaling
pathway,

which plays a critical role in maintaining stemness and activating proliferation
upon tissue damage®. In addition, the TGF-f/Smad signaling pathway, which
regulates fibroblast differentiation into myofibroblasts, collagen synthesis,
and extracellular matrix production, is disrupted. The effect of metals on the
PI3K/Akt/mTOR signaling pathway leads to disruption of cellular metabolism,
reduced protein synthesis, and inhibition of angiogenesis. Disruption of the
MAPK/ERK signaling pathway, which regulates keratinocyte proliferation and
differentiation, slows epithelialization of the wound defect.

2.3. Mitochondrial dysfunction, apoptosis, and ferroptosis

Mitochondria are one of the primary targets of heavy metal toxicity. Metals
accumulate in mitochondria, disrupting the functioning of the electron transport
chain, inhibiting Krebs cycle enzymes and oxidative phosphorylation, and
causing opening of the mitochondrial permeability transition pore (mPTP).
This leads to uncoupling of oxidative phosphorylation, sharp reduction of
ATP synthesis, increased ROS production, and release of proapoptotic factors
(cytochrome c, AIF, Smac/DIABLO) from the intermembrane space into the
cytosol’!,

Mitochondrial dysfunction plays a key role in tissue regeneration impairment
for several reasons. First, energy deficiency inhibits macromolecule synthesis
(proteins, nucleic acids, lipids) necessary for cell proliferation and migration, as
well as for extracellular matrix synthesis*. Second, mitochondrial ROS initiate
chain reactions of oxidative damage spreading to other cellular compartments.
Third, release of proapoptotic factors activates the caspase cascade, leading to
massive apoptosis of cells in the wound bed, disrupting the normal course of
inflammatory and proliferative phases of healing.

In recent years, particular attention has been drawn to the phenomenon of
ferroptosis — an iron-dependent regulated form of cell death characterized by

30 Peters K., Stachlke S., Rebl H., et al. Impact of Metal lons on Cellular Functions: A Focus on
Mesenchymal Stem/Stromal Cell Differentiation. Int J Mol Sci. 2024. Ne 25 (18). P. 10127. DOIL:
10.3390/1jms251810127

3! Environmental exposure of arsenic impairs the cardiometabolic profile, skeletal muscle health,
and neurological function. Curr Opin Biomed Eng. 2024. Ne 30. P. 100529. DOIL 10.1016/.
cobme.2024.100529

32 Peters K., Stachlke S., Rebl H., et al. Impact of Metal Tons on Cellular Functions: A Focus on
Mesenchymal Stem/Stromal Cell Differentiation. Int J Mol Sci. 2024. Ne 25 (18). P. 10127. DOL:
10.3390/1jms251810127
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accumulation of lipid peroxides, iron overload of cells, and oxidative membrane
damage. Studies show that heavy metals, especially iron and copper, can
actively induce ferroptosis through ROS generation, inhibition of the glutathione
peroxidase 4 (GPX4) system, and accumulation of toxic lipid hydroperoxides.
In the context of regeneration, ferroptosis can play a dual role. On one hand, it
is necessary for elimination of damaged cells in the wound and initiation of the
inflammatory response, which is critical for the onset of regeneration. On the
other hand, excessive activation of ferroptosis in proliferating cells, endothelial
cells, and fibroblasts leads to loss of cellular material, impaired angiogenesis,
hypoxia, and chronic inflammation. Furthermore, ferroptosis is associated
with fibroblast activation and excessive collagen deposition, contributing to
fibrogenesis and disruption of normal tissue remodeling?® 3.,

2.4. Effect of heavy metals on key cellular processes of regeneration

The effects of heavy metals on key cellular processes of reparative
regeneration have been studied in models of cell cultures (fibroblasts,
keratinocytes, endothelial cells, MSCs) and experimental animals (rats, mice,
guinea pigs)*. Summarized data from these studies are presented in Table 2.

As seen from Table 2, heavy metals cause multifactorial disruption of almost
all key processes that ensure normal wound healing. Particularly critical is the
inhibition of angiogenesis and fibroblast proliferation, as this leads to hypoxia,
nutrient deficiency, delayed clearance of the wound from necrotic masses,
and formation of weak, immature scar tissue. At the same time, activation of
fibrogenesis under metal influence can create a paradoxical situation where,
despite excessive collagen deposition, the mechanical properties of the scar
remain low due to its immaturity and disorganization of collagen fibers*® 7.

Experimental studies in animals confirm that chronic heavy metal intake
leads to significant slowing of healing of various types of wounds (mechanical,
thermal, surgical), reduced mechanical strength of the scar, increased
frequency of suppuration, and formation of coarse keloid scars. In animals
with experimental diabetes mellitus additionally exposed to heavy metals,

3 Andrusyshyna I. M., Dmytrukha N. M. Biomonitoring of heavy metals in the population of Ukraine:
consequences of the impact of the Chernobyl Accident and current challenges. Ukrainian Journal of
Medical Science. 2026. Vol. 32 (1). P. 105-119. DOI: 10.37621/ujms.32.1.2026.07

34 Stockwell B. R. Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic
applications. Cell. 2022. Ne 185 (14). P. 2401-2421.

3 Cosselman K. E., Navas-Acien A., Kaufman J. D. Environmental factors in cardiovascular disease.
Nat Rev Cardiol. 2023. Ne 20 (7). P. 471-488.

% Cosselman K. E., Navas-Acien A., Kaufman J. D. Environmental factors in cardiovascular disease.
Nat Rev Cardiol. 2023. Ne 20 (7). P. 471-488.

37 Stockwell B. R. Ferroptosis turns 10: Emerging mechanisms, physiological functions, and therapeutic
applications. Cell. 2022. Ne 185 (14). P. 2401-2421.
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regeneration disorders were even more pronounced, indicating a synergistic
negative effect of metals and metabolic disorders®.

Table 2
Effects of heavy metals on key processes of tissue regeneration
Regeneration Effect of heavy Mechanisms Consequences
process metals

Fibroblast Inhibition (up Oxidative stress, DNA damage, | Deficiency of

proliferation to 40-70% inhibition of signaling pathways | extracellular matrix

depending on (PI3K/Akt, MAPK/ERK) synthesis
concentration)

Collagen Reduction (up to | Oxidative modification of Reduced mechanical

synthesis 50-80%) enzymes (prolyl hydroxylase, strength of scar
lysyl hydroxylase), disruption
of collagen gene expression

Angiogenesis Inhibition (up to | Oxidative stress, ferroptosis Hypoxia, nutrient

60-90%) of endothelial cells, inhibition | deficiency in wound
of VEGF/VEGFR signaling,
reduced MMP-2, MMP-9
activity

Keratinocyte Slowing (up to Disruption of cytoskeleton Delayed wound

migration 50-70%) reorganization, decreased epithelialization
integrin and cadherin expression

MSC Disruption Altered expression of Deficiency of tissue

differentiation transcription factors (Runx2, regenerative potential
PPARY, Sox9)

Fibrogenesis Enhancement TGF-p/Smad activation, Formation of
excessive collagen deposition, | hypertrophic and
activation of fibroblast keloid scars
ferroptosis

Summarized from data*.

3. Clinical consequences of heavy metal bioaccumulation
and conceptual research model
3.1. Clinical observations and epidemiological data
Clinical observations in humans convincingly confirm the results of
experimental studies, demonstrating a clear correlation between the level
of heavy metal bioaccumulation and tissue regeneration impairment.

3 Peters K., Stachlke S., Rebl H., et al. Impact of Metal Tons on Cellular Functions: A Focus on
Mesenchymal Stem/Stromal Cell Differentiation. Int J Mol Sci. 2024. Ne 25 (18). P. 10127. DOL:
10.3390/1jms251810127
¥ Peters K., Stachlke S., Rebl H., et al. Impact of Metal Tons on Cellular Functions: A Focus on
Mesenchymal Stem/Stromal Cell Differentiation. Int J Mol Sci. 2024. Ne 25 (18). P. 10127. DOL:
10.3390/1jms251810127
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Epidemiological studies conducted in different countries (USA, China, Poland,
Italy, Ukraine) demonstrate that populations living in areas of technogenic
heavy metal contamination have significantly higher rates of chronic trophic
ulcers, diabetic foot, slow-healing postoperative wounds, and postoperative
complications (suppuration, wound dehiscence, formation of coarse scars).

In Ukraine, the most indicative are studies conducted in the Mykolaiv,
Dnipropetrovsk, and Zaporizhzhia regions. Thus, in surgical patients in the city
of Mykolaiv with high levels of Pb, Cd, Cu, Zn, Cr, and Ni in hair and blood,
significant slowing of postoperative wound healing was observed (average
healing time increased by 5-12 days), increased frequency of suppuration (by
2-4 times), and formation of hypertrophic scars (by 3—5 times) compared to the
control group. Similar data were obtained in the study of patients with chronic
trophic ulcers of the lower extremities: high concentration of heavy metals in
the body was an independent risk factor for prolonged non-healing of ulcers,
ineffectiveness of conservative therapy, and recurrence®.

Clinical studies also confirm the link between heavy metal bioaccumulation
and microcirculation disorders, which are important factors in regeneration. In
patients with high blood levels of Pb, Cd, and Cr, decreased capillary blood flow,
slowed venous outflow, increased blood viscosity, and endothelial dysfunction
are observed, manifested by reduced vasodilation, increased endothelin-1
levels, and decreased nitric oxide (NO) levels*'. These microcirculatory
disorders create additional obstacles to the delivery of oxygen, nutrients, and
immune system cells to the wound area, slowing healing and increasing the risk
of infectious complications*.

3.2. Research gaps and justification for the need for a comprehensive
approach

Despite a significant body of scientific data confirming the negative impact
of heavy metals on tissue regeneration, there are substantial gaps that hinder the
formation of a holistic picture and the development of effective prevention and
treatment strategies. First, most studies focus on individual metals in isolated
experimental systems, while in real conditions the body is exposed to a mixture
of metals that can interact (synergistically, antagonistically, or additively).

# Xwxuask C. B., Boiiminsknii B. M., Jlanuyk B. M., Mimuk C. B., Jlanoma O. A., Ymxkanos B. O.
Hlnsxu mirpauii cTifikux HecTHUMAIB TPO(IYHUMU JIAHLIOTaMH HA3€MHHX 1 BOJHHX EKOCHCTEM
Biopecypcu i npupodoxopucmyeanns. 2018. T. 10. Ne Ne 1-2. C. 36-43.

4 Cosselman K. E., Navas-Acien A., Kaufman J. D. Environmental factors in cardiovascular disease.
Nat Rev Cardiol. 2023. Ne 20 (7). P. 471-488.

4 Peters K., Stachlke S., Rebl H., et al. Impact of Metal lons on Cellular Functions: A Focus on
Mesenchymal Stem/Stromal Cell Differentiation. Int J Mol Sci. 2024. Ne 25 (18). P. 10127. DOL:
10.3390/ijms251810127
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Second, the vast majority of work has been performed on cell cultures and
experimental animals, while extrapolation of these results to humans requires
caution due to species differences in metabolism, distribution, and sensitivity
to metals®.

Third, practically absent are comprehensive studies that combine ecological
monitoring of aquatic ecosystems (metal concentrations in water, bottom
sediments, soils) with biomonitoring of the population (metal content in
hair, blood, nails, urine), in-depth study of molecular-cellular mechanisms
of regeneration impairment (oxidative stress, mitochondrial dysfunction,
ferroptosis, disruption of signaling pathways), and clinical observations (wound
healing dynamics, complication rates, scar quality). This is particularly true for
Ukraine, where despite high levels of environmental heavy metal contamination,
systematic medical-ecological studies of the impact of this contamination on
tissue regeneration are practically absent*.

Fourth, insufficient attention has been paid to the study of populations living
in areas with varying anthropogenic loads, particularly in the Mykolaiv region.
The absence of such studies does not allow assessment of regional features of
heavy metal impact on public health, identification of vulnerable risk groups,
or development of targeted prevention and correction measures for regeneration
disorders. Furthermore, there is a lack of studies evaluating the effectiveness
of various strategies for correcting regeneration disorders (antioxidant therapy,
chelation therapy, use of regenerative technologies) in patients chronically
exposed to heavy metals®.

3.3. Conceptual research model

Based on the generalization of analyzed scientific data and identified gaps,
we have formulated a conceptual research model that describes the cascade
of events from ecological load to clinical consequences of tissue regeneration
impairment. The model includes four sequential levels that are logically
interconnected (Fig. 1).

4 Environmental exposure of arsenic impairs the cardiometabolic profile, skeletal muscle health,
and neurological function. Curr Opin Biomed Eng. 2024. Ne 30. P. 100529. DOI: 10.1016/j.
cobme.2024.100529

4 Xuxnsk C. B., Boiiuiupkuii B. M., Jlanuyk B. M., Minuk C. B., Jlanoura O. A., Vukanos B. O.
Hlnaxu mirpanii CTIHKMX HECTULMAIB TPO(IYHAMH JAHIIOTAMHM HA3€MHHUX 1 BOIHHX EKOCHUCTEM.
Kiopecypcu i npupoooxopucmysanna. 2018. T. 10. Ne Ne 1-2. C. 36-43.

# Peters K., Staehlke S., Rebl H., et al. Impact of Metal Ions on Cellular Functions: A Focus on
Mesenchymal Stem/Stromal Cell Differentiation. Int J Mol Sci. 2024. Ne 25 (18). P. 10127. DOL:
10.3390/1jms251810127
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Level 1: Ecological load:

— concentrations of Pb, Cd, Cu, Zn, Cr, Ni in aquatic ecosystems (surface
waters, bottom sediments);

— concentrations of metals in soils, atmospheric air, food products;

— sources of input (industrial discharges, agricultural runoff, atmospheric
deposition);

— factors affecting migration and bioavailability (pH, redox potential,
organic ligands).

!

Level 2: Bioaccumulation:

— metal content in hair, blood, nails, urine, tissues of the population;

— distribution of metals between critical organs (bones, kidneys, liver);

— duration of exposure, cumulative load;

— individual sensitivity (polymorphism of detoxification, antioxidant
defense, DNA repair genes).

!

Level 3: Physiological effects at the molecular-cellular level:

— oxidative stress (ROS, decreased antioxidant potential);

— mitochondrial dysfunction (reduced ATP, 1ROS, mPTP opening);

— DNA damage and epigenetic changes;

— apoptosis and ferroptosis of cells;

— disruption of signaling pathways (Wnt/B-catenin, TGF-B/Smad, PI3K/
Akt/mTOR, MAPK/ERK, VEGF/VEGFR);

— inhibition of fibroblast proliferation, reduced collagen synthesis;

— impaired angiogenesis, keratinocyte migration, MSC differentiation;

— microcirculation disorders, endothelial dysfunction.

!

Level 4: Clinical consequences:

— delayed wound healing of various etiologies;

— reduced mechanical strength of the scar;

— increased frequency of postoperative complications (suppuration,
wound dehiscence);

— formation of hypertrophic and keloid scars;

— chronicity of trophic ulcers, diabetic foot;

— reduced quality of life, economic losses.

The proposed model allows: a) logical linking of different research levels
(ecological, biomonitoring, molecular-cellular, clinical); b) identification
of critical links requiring priority investigation; c) justification of marker
selection for each level; d) planning of empirical studies aimed at assessing
the impact of specific environmental factors on tissue regeneration in specific
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regions (particularly in the Mykolaiv region); ¢) development and evaluation
of the effectiveness of strategies for prevention and correction of regeneration
disorders caused by heavy metals.

The model has particular value for planning studies in the Mykolaiv region,
where high levels of heavy metal contamination of aquatic ecosystems are
observed, yet systematic medical-ecological works integrating all four levels
are absent. Implementation of such studies will allow: 1) assessment of the real
ecological load on the region’s population; 2) determination of levels of metal
bioaccumulation in different age and professional groups; 3) identification of
molecular-cellular markers of regeneration impairment; 4) establishment of
clinical correlates of these disorders; 5) development of scientifically grounded
recommendations for the prevention and treatment of regeneration disorders
under conditions of technogenic contamination.

CONCLUSIONS

1. The generalization of current scientific data indicates that aquatic
ecosystems of Ukraine, particularly in the Mykolaiv region, are subject to
significant anthropogenic pressure from heavy metals (Pb, Cd, Cu, Zn, Cr,
Ni), the concentrations of which in surface waters and bottom sediments
exceed maximum permissible levels many times over. Due to their ability for
bioaccumulation and biomagnification, these metals enter the human body
through drinking water and food products (fish, seafood), posing a threat of
chronic intoxication.

2. The molecular and cellular mechanisms of heavy metal toxicity leading
to impairment of reparative tissue regeneration include induction of oxidative
stress, DNA damage, mitochondrial dysfunction, activation of apoptosis and
ferroptosis, disruption of signaling pathways regulating cell proliferation,
differentiation and migration, as well as epigenetic changes. These mechanisms
manifest as inhibition of fibroblast proliferation, reduced collagen synthesis,
impaired angiogenesis, slowed keratinocyte migration, as confirmed by the
results of experimental studies on animals and cell cultures.

3. Clinical observations and epidemiological studies confirm the correlation
between the level of heavy metal bioaccumulation in the population and increased
incidence of chronic diseases, delayed wound healing, increased frequency of
postoperative complications, and formation of coarse scars. Particularly indicative
are data from industrial regions of Ukraine, especially the Mykolaiv region,
where high levels of environmental heavy metal contamination are associated
with unsatisfactory tissue regeneration indicators in surgical patients.

4. Significant research gaps have been identified: the absence of
comprehensive studies that combine ecological monitoring of aquatic
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ecosystems with biomonitoring of the population, in-depth study of molecular-
cellular mechanisms of regeneration impairment, and clinical observations,
particularly in the Mykolaiv region. Insufficient attention has been paid to
individual sensitivity to metals related to genetic polymorphism, as well as the
effectiveness of strategies for correcting regeneration disorders.

5. A conceptual research model has been developed that integrates four
levels — ecological load — bioaccumulation — physiological effects (molecular-
cellular disorders) — clinical consequences — which can serve as a theoretical
basis for planning empirical studies aimed at assessing public health risks
associated with environmental heavy metal contamination and developing
scientifically grounded recommendations for the prevention and correction of
regeneration disorders under conditions of anthropogenic pressure.

SUMMARY

This article systematizes and summarizes current scientific data on the
sources of heavy metal (Pb, Cd, Cu, Zn, Cr, Ni) input into aquatic ecosystems,
their migration, transformation, and bioaccumulation in trophic chains.
A comparative characterization of metal concentrations in various water bodies
of Ukraine and the world is presented, and regional features of contamination
are identified. The molecular mechanisms of heavy metal toxicity are analyzed,
including the induction of oxidative stress, DNA damage, mitochondrial
dysfunction, apoptosis, ferroptosis, and disruption of signaling pathways that
regulate cell proliferation, differentiation, and migration. Special attention
is paid to the effects of metals on reparative tissue regeneration — fibroblast
proliferation, collagen synthesis, angiogenesis, keratinocyte migration, and
scar tissue formation. A comparative analysis of the results of experimental
studies on animals (rats, mice, guinea pigs) and cell cultures, as well as clinical
observations in humans, is presented. The results of medical-ecological studies
conducted in Ukraine and abroad are summarized, demonstrating a correlation
between the level of heavy metal bioaccumulation in the population and an
increased incidence of chronic diseases, delayed wound healing, and increased
frequency of postoperative complications. Significant research gaps are
identified, particularly the absence of comprehensive studies that combine
ecological monitoring of aquatic ecosystems with clinical observations of
tissue regeneration in people living in areas with varying anthropogenic
loads (particularly in the Mykolaiv region). A conceptual research model is
formulated that integrates ecological load, bioaccumulation, physiological
effects, and clinical consequences, which can serve as a basis for designing
empirical studies.
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CHAPTER 7

METOAUYHI 3ACAON PUSUNK-OPIEHTOBAHOIO
OLIHIOBAHHA PEKPEALLIMHUX BOL,

TA IX ANPOBALLIA HA OITAHKAX
MUKOJIAIBCbKOI OBJIACTI

Maracb HaTtanis
DOl https://doi.org/10.30525/978-9934-26-714-7-7

BCTYN

Pekpeamiiini BOmHI OO0’€KTH € BONHOYAC KOMIIOHCHTAMH MPHPOIHOTO
CEepelOBHUINA, TEPHUTOPIAMH BIAMOYMHKY Ta IOTEHIHHAMH IDISIXaMH
BIIIMBY OiONOTiUHMX i XiMiYHMX YMHHWKIB Ha 370pOB’S HACENEHHS. IXHiii
CTaH BW3HAYAETHCA BOIHICTIO, TEMIIEPaTypHHUM PEXKHAMOM, IHTEHCHBHICTIO
BOMOOOMiHY, HAIXOMKCHHSAM IIOBEPXHEBOTO ¥ KaHANI3aIIfHOTO CTOKY,
MpoIecaMy TMEePEMIIIlyBaHHS, TPUPOTHOI0 MIHEpaTi3alicl0 Ta XapaKTepoM
TOCIIOAAPCHKOTO OCBOEHHS OeperoBoi cMyrd. ToMy OIiHIOBaHHS peKpeamiiHol
BOIM HE MOXe OOMEXYBaTHCS OAMHWYHAM TIOPIBHSHHSAM J1a0OPaTOPHOTO
pe3yibrary 3 HOPMAaTMBHUM 3HAYECHHSM: BOHO Ma€ BPaxoBYBaTH IPOCTOPOBO-
YacoBY MIHJIMBICTh, THII BOAHOTO O0’€KTa, TOBTOPIOBAHICTh HEOE3NMETHMX
emi30/iB 1 MOXJIMBICTh ONMEPATHBHOTO pearyBaHHsS. Takwif miAxix BigmoBimae
CY4acCHOMY PO3YMIHHIO SKOCTI peKpealliifHoro BOJHOTO CepeIOBHIIA i TEPEXOy
BiZl CyTO HOPMATUBHOIO KOHTPOJIO 10 YIPABIiHHS PH3UKAMH'.

Pexomennarii BeecBiTHROI opranizamii OXOpOHH 3IOPOB’SI TependavdaroTh
MOEJHAHHSA  JIADOPAaTOPHOTO  MOHITOPHHTY  IHAMKATOpiB  (peKaIbHOTO
3a0pygHEeHHS i3 TpOoQUTIOBAaHHAM IULDKIB, CaHITAPHAM  OOCTEKEHHIM
BOMO300py, OIIHIOBAaHHSM KOPOTKOYAaCHHMX €Mi30[iB  3a0pymHEHHS Ta
CBOEYAaCHUM 1H(OPMYBAaHHAM HaceJeHHs. LIeHTpajlbHUM € MPUHIMII, 32 SKHM
SIKICTh BOIM JUIA KyTIaHHS Mae€ OIHIOBATHCA HE JIMIIE 32 OKPEMOI0 Mpoboro,
a 3a TOCTIOBHICTIO CIIOCTEPEKEHE 1 BIIOMOCTAMM TIPO JKepena HebGes3mekn?,

! XinsueBcokuii B. K. OmiHOBaHHS SKOCTI pEKpeAriiiHOT0 BOIHOTO CEPENOBUIIA: CBITOBI TEH/IEHIII,

pexomennanii BOO3, nupexrusa €C 1mon0 Boau Ui KynauHs. [ioponoeis, 2iopoximis i 2iopoexonocis.
2021. Ne 4 (62). C. 6-17. DOI: 10.17721/2306-5680.2021.4.1

2 Guidelines on Recreational Water Quality / World Health Organization. Volume 1 : Coastal and Fresh
Waters. Geneva : WHO, 2021. URL: https://www.who.int/publications/i/item/9789240031302
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€Bporieiicbka crucTeMa YIpaBJliHHS BOJOIO JUIsl KYIIAaHHS TaKOX I'PYHTYETHCS
Ha cepisx croctepexkenb 3a Escherichia coli Ta KHUIIKOBHMH €HTEPOKOKaMH,
Kiacudikanii JUITHOK, TiAroToBIi NpodiTiB BOIU AJsl KyNaHHS Ta BIAKPHUTOMY
iHpopMyBaHHi kopucTyBadiB. [yt YkpaiHu 1iel miaxiza € BaJIMBUM OPIEHTHPOM
rapMOHi3alil MOHITOPHHTY, OCOOJIMBO JUIS MICHKMX IUISDKIB 1 JIMMaHHO-
THPJIOBUX aKBAaTOPIii, A€ AKICTh BOAM MOXKE LIBHMJIKO 3MiHIOBaTUCS ITijl BILTHBOM
MOTOHMX 1 TIAPOAMHAMIYHUX MO’

VY 2024 poui B YkpaiHi 3aTBEpPKCHO OKpEMi Tiri€Hi4HI HOPMAaTHBH SIKOCTI
BOJM IS KyITaHHs, sIKi TOCHITIOIOTH 3HaueHHs E. coli Ta KUIIKOBHX €HTEpOKOKIB
1 mepen0ayaroTh OLIHIOBAHHS 32 JOBLIMMH PsiIaMH CIIOCTEepeXkeHb. J{1s HaykoBoro
aHamizy 1€ O3Ha4ya€ HEOOXiJHICTh BIJOKPEMJIFOBATH OIIEPAaTUBHUIA CTaTyc
KOHKPETHOI MpoOH Bill JOBrOCTPOKOBOI Kiacubikalii pekpeariitol aiasHku’.

Jus  MuxkonaiBchkoi ob0nacti mpobieMa Mae JONaTKOBY —CHEnUQiKy.
HocnimkenHss oxommoe 1wk «Padigyra» Ha piuni  [liBgennunit  Byr
y M. IlepBomaiicek, bk «Crpinka» Ha pidmi [Hrym ta ok «Yaiika» Ha
By3bkomy mnmmani B M. MuxonaiB. JlocnipKyBaHi pekpeauiiHi AiISHKA
HaJIeKaTh J0 PI3HUX TiJPOXIMIYHMX THIIIB: piuKoBa JiIsHKA B [lepBomMaichKy
penpe3enTye mpicHOBoAHI ymoBH IliBgeHHoro byry, Tomi sk MiCBbKi MiSTHKH
MukosaeBa mepeOyBaroTh Wi BIUIMBOM THPJIOBO-IMMaHHUX IPOLECIB Ta
COJIOHYBAaTHX BOJA. 3a LUX YMOB IIpsSME pPaH)XXyBaHHS MAUITHOK JIMIIE 3a
CYXUM 3aJIMIIKOM, XJOpHIaMH abo cyibharaMu MOXKe 3MILIyBaTH MPUPOIHY
MiHepaji3auilo 3 aHTPONOreHHMM HaBaHTaXeHHSIM. CydacHi [JOCIIKEHHS
pekpeauiiHuX BOJ YKpaiHM HAaroJjIoUIyloTh Ha HEOOXiJHOCTI BpaxyBaHHS
MPUPOIHOTO THITY BOAHOTO 00’€KTa i IIJIBOBOTO BHIY BOIXOKOPHUCTYBAHHS’.

Mertolo JOCHiUKEHHS € OOIPYHTYBaHHS METOAMYHUX 3acaj] PH3HK-
OpIEHTOBAHOTO OI[IHFOBAHHS PEKPEallifHUX BOX Ta iX ampoOallis Ha MPUKIAIi
ninsHok «Paitnyra», «Crpinka» Ta «Yaiika» y MukonaiBebkiit obnacri. s
JOCSITHEHHSI METH CUCTEMAaTH30BaHO apXiBHi (i3nKo-XiMiuHi i MikpoOionoriuHi
Marepianu 3a 2018, 2021 1 2024 poxu, onpanpoBaHo odiliiitHi HOBiTOMIEHHS 3a
2025-2026 poxu, BUKOHAHO OIMCOBE 3ICTABJIEHHS JUISHOK 1 OBTOPIOBAHOCTI
HECTIPUATIMBHUX C€ITi30/iB, @ TAKOXK OLIHEHO JOKA30BY CIPOMOXXHICTh HasBHUX
JaHUX JUISl XapaKTePUCTHKH HEOE3NeKH Ta KUIbKICHOTO BU3HAYEHHS PU3UKY.

3 Directive 2006/7/EC of the European Parliament and of the Council of 15 February 2006
concerning the management of bathing water quality. URL: https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX:32006L0007

4 Tlpo 3arBepmkeHHs [irieHiYHMX HOPMATHBIB SKOCTI BOMM JUIs KynaHHs : Haka3 MiHictepcrsa
OXOpOHHU 370poB’st Ykpainu Big 3 rpymust 2024 poxy Ne 2005. URL: https://zakon.rada.gov.ua/go/
z1958-24

> Xinbuecokuit B. K., 3a6okpuupka M. P. Bomai 00’exti YkpaiHu: SIKICTh BOOH Ta pEKpearis.
Koncmpyxmuena eeozpagpis ma payionanvhe gukopucmarnts npupoorux pecypcig. 2024. CreuiaabHuii
Bumyck. C. 38-43. DOI: 10.17721/2786-4561.2024.4.special-5/19
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1. TeopeTUKO-MeTOAMYHI 3acaau Ta opraHisauis A0CNi)KeHHs

1.1. Pekpeauiitni 600u AK 00’€Km €K01020-2i2i€HIYHO20 OUIHIOBAHHA

PekpearniiiHe ~ BOZOKOPHCTYBAaHHS  OXOIUIIOE  KyHaHHsS,  IJIaBaHHSA,
mepeOyBaHHS Ha MIJIKOBOIJI, BECITyBaHHs, cepdiHr, aMaTopcbke pHOaIbCTBO
Ta BiINOYMHOK TOONMM3y Bomu. Lli BHAM HiISTTBHOCTI CYTTE€BO DI3HSATHCSA 3a
TPHUBAIICTIO Ta XapakTepoM KOHTAaKTy 3 BOAHUM cepenoBuineM. HaiiBumry
MOTEHINIHHY eKCIO3UIiI0 (OpMYIOTH CIIeHapii i3 3aHYpeHHSIM TOJOBH Ta
BUIAIKOBHM IIPOKOBTYBAHHSIM BOJM; MEHIIY — KOPOTKOYACHHUI KOHTAKT IIKipH
# cIM30BUX OOOJOHOK, HaWHIDKAY — TepeOyBaHHS Ha Oepe3i 0e3 mpsMoro
KOHTaKTy. BinmoBinHO, omgHakoBa KOHIEHTpamis 3a0pyaHIOBaua HE O3HAayae
OJTHAKOBHI PU3UK U BCIX KaTETOPii peKpPEaHTIB.

OcHOBHIi HeOe3MeKH peKpealiiHoro BOIHOTO CEPEOBHUIIA TOMUTFHO MTOUIATH
Ha MiKkpoOioNoTiuHi, XiMiuHI, opraHolenTu4Hi, Qi3uuHi # IHPpPACTPYKTYpHI.
MikpobionoriuyHa rpyma 1moB’s;3aHa mepeaycim i3 pekaabHuM 3a0pyTHEHHIM Ta
MOYKJINBUM HAJIXO/DKEHHSIM ITaTOTEHHUX MIKpOOPraHi3MiB. XiMiuHI HeOe3ImeKn
OXOILTIOIOTh PEYOBUHM, 3[aTHI CIIPHUYMHATH TOCTPi a00 XpoHiuHI edekTH 3a
BIJNIOBIHOTO NUIIXy W J03M HAAXOMKEHHSA. OpraHoJeNTHYHI MOKa3HUKH
XapaKTepu3yloTb YMOBH peKpealii Ta MOXYTh CHTHANI3yBaTH PO HeOaxaHi
TIPOIIECH, alle HE 3aBKAM 0e3M0CepenHbO BiTOOPaXaloTh PH3HK UIS 30POB’S.
@i3uuHi i iHQPACTPYKTYpHI HEOE3MMEeKH BKIIOYAIOTH TeUil, CTaH THA, YIaMKH,
aBapiifHi ciopyaH, BiICYTHICTH CaHITapHOI iIHQPACTPYKTYpHU i aAMiHICTPaTHBHI
OOMEXEHHS.

Excrio3uiiss Ta CHpUHHATIMBICTD HACENCHHSA € HeomHopigHumu. Jlis
ImiTed XapakTepHi TpuBaiime nepeOyBaHHS HA MITKOBOAMI, YaCTilTHiA
KOHTaKT pPyK i3 pOTOM 1 OimbIma WMOBIpHICTH BHTIAIKOBOTO IMPOKOBTYBaHHS
Bomu. [limBumieHoi 0OepeKHOCTI MOTPEOYIOTh TAKOXK JIFOAM ITOXHUIIOTO BIKY,
BariTHI, 0COOM i3 XPOHIYHUMH 3aXBOPIOBaHHSIMH, YIIKOPKEHHSIMH IIKipH 200
0Cca0JIeHOI0 IMyHHOIO CHcTeMOr0. Halle)XHICTh 10 Bpa3nuBoi IpyIH HE 3MiHIOE
71a00paToOpHOTO pe3yNbTaTy, MPOTe Mae BpaxoByBaTHCA Mif 4ac (OpMyBaHHS
pEeKOMEHAIIH 070 0e3MeYHOCTi KyIaHH.

OkpeMoro  KOHTPONIO  TOTpedye  MmiaHOOaKTepiasbHE  «UBITIHHS.
BinmosimHicte Bogm 3a E. coli Ta KWITKOBUMH EHTEPOKOKAMH HE YCyBa€
HeOe3MeKn IIaHOTOKCHHIB. BHIuMiI CKymdeHHsS, MMOBEpXHEBA IUTIBKA, pi3Ka
3MiHa KOJNbOpYy ab0 HENPHEMHUI 3amax MaloTh PO3MIAIATHCS SK IMiJACTaBa JUIs
LITHOBOTO OOCTEXKEHHS 1 THMYACOBOTO IMOTEPEIKYyBaIFHOTO iH(MOPMYBaHHS
HaceJIeHHs /10 OTPUMAaHHS TOBHOTO KOMITJIEKCY J1a00OpaTOPHUX PE3yNbTaTiB.

DekanpHe 3a0pyAHEHHS MOXKE HaIXOAUTH 3 HEOUHIICHUMH a00 HEHAJIEKHO
OYMIIEHNMH TOCIOAAPCHKO-TIOOYTOBMMH  CTIYHHMH  BOJAMHM, YHACIiIOK
aBapiii KaHaTi3aMiHHUX MeEpexX, 3MHBY 3 ypOaHI30BaHHX TEPUTOPINA TMiCIA
OMMafiB, MisIIBHOCTI TBAPWHHHUIBKUX 00 €KTiB, MPHCYTHOCTI NTaxiB i TBapHH
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1 6e3rocepeIHFOr0 HaBaHTAXKEHHS BiJl B1JIBiyBadiB. [loTeHIIHHIMY JKepeTaMu
XIMIYHOTO HABaHTA)XCHHS € NPOMHUCIIOBI i KOMyHaJbHI BHITYCKH, 3JMBOBHH
CTiK, CUIBCBKOTOCIIONAPCHKUN JIpEHa)K, CYJHOIUIABCTBO, aBapiiiHi pPO3JIMBHU
Ta 3a0pyaHeH! AOHHI Bigkiaad. BopgHowac mpupoiHi mporecu — BOIOOOMIH
i3 JIMMaHOM, 3TiHHO-HAriHHI SBWIIA, BHUIIAPOBYBAaHHS, pPO3MHUBAHHS OeperiB
1 cKalaMy4yBaHHS JOHHUX BIJIKJIAJiB — TaKOXX MOXYTh ICTOTHO 3MiHIOBAaTH
MiHepaJi3alio, IPo30PICTh 1 BMICT 3aBUCIMX PEUYOBHUH.

1.2. Hopmamuena ocnoséa ma RNPUHUURU PUBUK-OPIEHMOBAHO20
OUIHIOGAHHA

[loBHa xapakTepHcTHKa peKpeamniiHOi BOJOHMH MOTpedye IO€AHAHHS
Tiri€HIYHOrO0, EKOJIOTIYHOIO Ta pPU3HK-OPI€EHTOBAHOro mixxoamiB. ['irieHiune
OLIIHIOBaHHs BM3HAya€ OE3MEYHICTh KOHTAKTY JIIOJIMHHU 3 BOJOIO; EKOJIOTidHE
XapaKkTepu3ye CTaH BOJHOI EKOCHCTEMHM Ta BIIXWJICHHS BiJl NPHPOAHUX
YMOB; PHU3HMK-OPIEHTOBaHWI IiJXiZl YCTAHOBIIOE, sIKi HeOe3meku, JuKepena
Ta cleHapii morpeOyroTh MepIIoYeproBoro KoHTpomo. ExonoriyHuid Kiac
MacHBYy NOBEPXHEBHX BOJ HE MO)KHA BH3HA4YaTH JIMIIE 33 KiJIbKoMa (i3uKO-
XIMIYHUMH TOKAa3HUKAaMH, a BIAMOBIAHICT OKPEeMOI MiKpOOiOIOTiYHOI mpoou
HE O3Hayae JoOpOro eKoJOTIYHOro CTaHy Bciel BopoiMu. bioiHmukamis Moxe
IHTErpyBaTH JOBrOTPUBAJI 3MiHH, OJJHAK HE 3aMIHIOE OIEPAaTHBHUX CaHITapHO-
MIiKpOOiOJIOTiYHUX BUMipIOBaHb.

E. coli Ta KMIIKOBI €HTEPOKOKH € iHIMKATOpaMK (eKaIbHOTO 3a0pyIHEHHS,
a He MNpSIMUMH BHMIPIOBaHHSAMH BCIX MOXJIMBUX TaToreHiB. IligBuinena
YHUCEJIBHICTh 1HJMKATOpiB O3HAa4a€ 3pOCTaHHS IMOBIPHOCTI HPUCYTHOCTI
MATOTCHHUX MIKPOOpPraHi3miB, aje 0Oe3 maroreHocnenuiyHux aHHX,
eKCITO3MLIITHOT MOJIeNi Ta 3aJIe)KHOCTI 71032 — BIJIIOBIAb HE Aa€ 3MOTH BU3HAYUTH
TouHY iH(eKiiHy 103y abo iHAMBIAyalbHy HMOBIPHICTH 3aXBOPIOBAHHS.

Uwunni [irieHiuHi HOPMATHBHM SKOCTI BOJAM JJIs KyIaHHS MepeadadaroTh
knacudikanito 3a E. coli Ta KHIIKOBUMHM €HTEPOKOKaMHU 3 ypaxyBaHHSIM THILY
BOJH. JIOBrocTpoKoBe OLIIHIOBaHHS 3/11HCHIOIOTH IiCIIsl 3aBEPILEHHS KYIaJIbHOTO
Ce30HY 3a IaHMMH IOTOYHOTO Ta TPHOX NomnepeHix ce3oHiB. Habip Mae MicTuTi
mjoHaiiMeHne 16 mpoO, yNpomoBK KOXKHOTO CE30HY — HE MEHIIE YOTHPHOX
po0, BKIIIOYHO 13 MPOOOIO Iepest Horo moyarkoM, a iHTepBall MiX Bigdopamu
HE Mae€ IepeBUIlyBaTH oxHOro wmicsaus. Jns kinacudikanii BUKOPHCTOBYIOTh
90-i1 i 95-1 nmpoueHTWITI JIorapr(PMOBaHUX MIKPOOIOJIOTTYHHX JaHHX, 33 SKUMHU
BOJy BiZIHOCSATH O IOTaHoOl, IOCTaTHbOI, 100poi abo BiaMiHHOI sikocTi. Tomy
OllepaTUBHHUI CTaTyc OAHI€l MPOOM Ta JOBrOCTPOKOBHMH KJIac peKpeaniiHol
JUISTHKY € PI3HUMH pe3yJIbTaTaMy OL[iHIOBaHHS.

ApxiBHi noBigomiieHHs 3a okpeMi gatu 2018, 2021 ta 2024 pokiB nepeBakHO
MICTATh JaHi PO JAKTO30MO3UTHUBHI KHIIKOBI mnamuuku (mami — JIKII),
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komiarn Ta HepiBHOMIpHI cepii BinOOpy, a He IOBHUH YOTHPHUCE30HHHUU
psan abcomoTHUX KoHIeHTpaniii E. coli Ta kumkoBux eHTepokokis. JIKII
€ ICTOPMYHHMM CaHITapHO-MIKpOOIOJIOTIYHMM 1HMKAaTOpOM; HaBEAEHI JJISl HUX
YHCIIOBI 3HAYEHHS HE TOTOXHI KOHIeHTpalisM E. coli 3a YMHHUMMU TirieHIYHUMHA
HopMaruBamu. Lli Marepianu mpuaaTHi U BUSIBICHHS €Ii3011iB HeOe3leKH,
IIPOCTOPOBO-4ACOBOTO 3icTaBlieHHs 1 (pOpMyBaHHS NMPIOPUTETIB MOHITOPUHTY,
ajie He Ul PETPOCIIEKTHBHOIO MPUCBOEHHS Cy4acHOTO (POPMaJILHOTO KJlacy
SIKOCTI BOZIM JUIsl KyTIaHHS.

HopmaruBHe MOpiBHSHHS 3aJIMIIAETHCS HEOOXIHOIO CKIIAI0OBOI0 YaCTHHOIO
OLIIHIOBAaHHSI, ITPOTE€ BOHO MA€ 3aCTOCOBYBATUCS 3 ypaxyBaHHSIM IPHU3HAYCHHS
KOHKPETHOTO HOpMaTHBY. ['irieHiYHI HOPMATHUBY ISl TOCIIOJaPCHKO-TIO0YTOBUX
norped He 3aBKAM MOXKYTh aBTOMAaTHM4YHO TI€PEHOCUTUCS Ha NPUPOAHI
COJIOHYBAaTI BOAM. 30KpeMa, IIiJBHILIEHI 3HaYEHHS CyXOro 3aJIMILIKY, XJIOPHIIB
i cyapdariB y JIMMaHHO-TUPJIOBIH cHCTEMI MOXYTb OYyTH NPHUPOTHHMH
TiIPOXIMIYHUMH XapakTepUCTHKaMH. BogHoyac BOHM € BaXKIMBUMH JUIS
THII3alil BOAM, MPOCTOPOBOTO MOPIBHSHHS Ta BHSBIEHHS PI3KUX BiAXHJICHb
BiJ (poHOBOTO cTaHy. [IopiBHSUIBHI KpUTEPil AJIsl BOXHUX 00’ €KTIB IHIIMX BHIIB
BOJIOKOPUCTYBaHHSI 3aCTOCOBAaHO 3 YpaxyBaHHSM BUMOT YMHHHX Tiri€HIYHUX
HOPMAaTHBIB®.

Puzuk-opieHTOBaHE OLIHIOBAHHS MOBHHHO PO3PI3HATH Ja0OpaTOpHHUI
(akT, XapaKTCPUCTHKY HEOC3MCKH, OI[HKY CKCIO3UI[l Ta KUIBKICHY
XapaKTepUCTUKY pu3uKy. Jlabopatopuuii akT dikcye BUMIpsSHY KOHLIEHTpALilo
a00 HEBIAMOBIAHICTh. XapaKTepPHCTHUKA HEOE3NEKH BU3HAYAE CAHITApHE YH
€KOJIOTIYHE 3HauyeHHs pe3ynbrary. KiUIbKicHHH pH3MK moTpeOye Momeli, sika
MICTUTh OOCSAT KOHTaKTy, YacTOTY EKCIIO3HIii, J030-peakliifiHy 3aJIe)XHICTh
1 HEBU3HAYEHICTh. 3a BiZICYyTHOCTI LIMX CKJIQJIHUKIB TOYHI BiJICOTKH HMOBIPHOCTI
iHQIKyBaHHS HE € HayKOBO OOIPyHTOBaHMMH. YKpaiHCBKI JOCIHIIKSHHS
HOPMAaTUBHOTO OI[IHIOBAaHHS pEKpealiiHUX BOJX TaKOXK IMiJKPECIIOIOTh
HEOOXiJHICTh PO3MEKYBaHHS pI3HUX CHCTEM HOPMYBaHHS Ta LijJed
OL[IHIOBAHHS .

1.3. Paiion 0ocnidrcennsn, mamepianu ma memoou

JociimKeHHsT OXOIUIIOE TPU peKpeauiiiHi JUstHKH MuKosaiBchKoi o0nacTi.
sk «Paiigyra» posramoBanuii 'y Mmexxax wicta [lepBomaiickk Ha piui
[TiBnennnit byr i xapakrepusye piukoBy pekpeauiiiny cucremy. Ilnspk «Ctpinka»

¢ Tlpo 3arBepmikeHHs [iri€HiYHMX HOPMATHBIB SIKOCTI BOAM BOAHHX O0’€KTIB JUIS 3a[O0BOJNCHHS

IUTHUX, TOCIONApCHKO-MOOYTOBHX Ta IHIIMX HOTPed HacelneHHs : Haka3 MiHicTepcTBa OXOPOHH
310poB’s Ykpainu Bix 2 TpaBhs 2022 p. Ne 721. URL: https://zakon.rada.gov.ua/go/z0524-22

7 Xinbuescokuit B. K., 3abokpuupka M. P. OcobmuBocTi HOPMATHBHOIO OLHIOBAHHS SIKOCTI BOAH
BOJIHUX 00 €KTIB [UI peKpealiiiux wiei B Ykpaini. [ idponoeia, eiopoximis i eiopoexonozis. 2022. Ne 1
(63). C. 40-53. DOI: 10.17721/2306-5680.2022.1.4
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y MuxonaeBi po3ramoBaHuii Ha piuni [Hryn y 30HI THpIOBOTO BILIMBY. [Ispk
«Yaiika» HaJeXHUTh 10 akpatopii By3pkoro nmMany i BimoOpaxkae yMOBH
COJIOHYBATHX JMMaHHUX BoJ. IloenHaHHS 1uX 00’€KTIB Jae 3MOry 3iCTaBUTH
MIPICHOBOAHUM 1 JIMMAaHHO-TMPJIOBUM TiAPOXIMIYHI THIM Ta BU3HAYUTH, SKi
BIJJMIHHOCTI € CHUCTEMHHMMH, a SIKI MOXYTh BiJJOOpakaTu JIOKaJIbHI emi3oan
HaBaHTa)KEHHS.

[IpocropoBe po3ramnryBaHHS —JOCTIJDKYBAaHUX PEKpEalifHUX  IISTHOK
HaBE/IEHO Ha PUCYHKY 1.
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Puc. 1. Po3ramyBanHs 10CTiKYBAHUX peKpealiiHuX AiIsTHOK
«Paiimyra», «Ctpinka» Ta «Haiika» y MukoaaiBcbKkiii o0sacTi:
a — TepUTOPist 00J1aCTi 3 MO3HAYEHHSIM MYHKTIB CMOCTEPesKeHHS ;
0 — 30ibIIeHnil pparMeHT TepuTopii B Mexkax micta MukoiaeBa

Posmomin (izuko-xiMidHUX HpoO 3a MUISHKAMH Ta POKAMH y3arajibHEHO
B Tabmuii 1.

Tabmums 1
Po3noaia ¢izuko-xiMmiuHux npod 3a aijITHKaMu i pokaMu
Pexpeauiiina aijisinka Bonnnii 06’ ekt 2018 p. | 2021 p. | 2024 p. | Pazom
Ik «Paiimgyra» p. IiBnennwnii Byr, M. ITepBomaiichk 12 12 10 34
Mo «Crpinkay p. Inryn, M. Mukonai 4 4 4 12
Tk «Yaiika» By3bkuii muman, M. Mukonais 4 4 4 12
Pazom — 20 20 18 58
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JocunimKeHHsT Ma€ PETPOCIIEKTUBHHIN CHOCTEPEIKHNUI AN3alH 1 OXOIUTIOE BCi
JOCTYIHI 3alMCH, IO BiJNOBIJAJM TPHOM OOpAaHMM JAUISHKAM i BU3HAYEHUM
mepioiaM; amnpiopHU pPO3paxyHOK o00csAry BuOipku He mnposomuid. Ilix
yac (QOpMyBaHHS aHAJIITUYHOTO MAacHBY YyHI()IKOBAaHO Ha3BH AUISHOK, AATH,
JIECATKOBI PO3JUIBHUKY I OMMHUII BUMIPIOBaHHS, [IEPEBIPEHO MIOBTOPH 3aIIMCIB
1 JIOriyHy BiAMOBiAHICTE niama3zoHiB. CrOCTEpe)XEHHsS HE BHIIYYalH JIUILE
Yyepe3 BeNMKEe a00 Malie 3Ha4eHHs 1 He 3aMiHIOBAJIM CTaTHCTHYHO OIL[IHEHUMH
BennunHaMu. [lepBHHHI J1a00paToOpHi MPOTOKONM HE Ui BCIX POKIB MiCTHIN
BIJOMOCTI NpPO NPWIAAW, MEXi BHABICHHS, HEBU3HAYEHICTh 1 BHYTpILIHIN
KOHTPOJIb SKOCTi, TOMY pPE3yJbTaTH PO3IISIHYTO SK BTOPWHHI MOHITOPWHIOBI
JlaHi, a MDKpIYHI TOPIBHSHHS IHTEPIPETOBAHO 3 BIAMOBIIHUM 3aCTEPEKEHHSIM.

VY mpobax Boau BH3Hayanu Temreparypy, pH, mposopicTb, KajllaMyTHICTb,
3amax, KOJIbOPOBICTh, 3aBHCII PEYOBHUHH, AaMOHil, HITPUTH, HITpaTH,
PO34YMHEHUH KUCEHb, XiMiuHe criokuBaHHs KucHIO (nami — XCK), GioximiuHe
CIIOKMBaHHs KHCHIO 3a 1’ath Ai0 (nani — BCKs), cyxuii 3anumox, cyiabdaru,
xyopuad, Gocdary, 3anizo Ta HaGTONPOAYKTH. [IJIs1 ONMCOBOrO y3arajabHEHHS
3a KOYKHOIO JIISIHKOIO OOYHCIIEHO MeaiaHHI, MiHIMajabHI Ta MaKCHMallbHi
3HAYEeHHS! OCHOBHUX MoKa3HuKiB. [lepeBuienns XCK Bu3Havanu mono nopora
30 mr O2/am?. Hrokumit opir 15 mr O2/aM3, 3acTocoBaHmid y YaCTUHI HAJTaHUX
paHillie po3paxyHKiB, HE BUKOPHCTOBYBaJH, OCKUIBKM BiH HE BIJIOBIiIaB
NPUHHATOMY B LBOMY JOCH/DKEHHI KPHUTEpPIl0 Ta IUTY4YHO 301IbIIyBaB
pO3paxoBaHy KpaTHICTh NMEPEBHUIIEHHS.

3aBuCIli PEYOBMHHM aHai3yBald 3a (DaKTHYHMMH KOHLEHTpauisMu 0e3
PO3paxyHKy KpaTHOCTI TepeBUIneHHs: 3HadeHHs (0,75 Mmr/mM® xapaktepusye
JOMYCTUMHH HPHUPICT 100 NPUPOAHOTO (POHOBOIO PIBHS, a HE yHIBEPCAIbHY
aOcoMOTHY MeXy. 3a BiICYTHOCTI CHMHXPOHHOI (hOHOBOi MpOOW BH3HAYECHHS
KpaTtHOCTI Oyno 6 MeroguyHo HekopekTHMM. CyxWi 3alumiox, cyibdaru
Ta XJIOPHIOM IHTEPIPETyBaJlM 3 ypaxyBaHHSIM NPUPOAHOI MiHepaiizauii Ta
BOJIOOOMIHY JIMMaHHO-TUPIIOBOT CUCTEMH. 3arajibHi 3acajiy Takoi iHTeprpeTanii
BIJIMIOBIJIAIOTh IIIXOJaM JI0 PEKPEAIiifHOTO OI[IHFOBAHHSA BOIHHUX 00 €KTiB
Vrpaiuu®.

MikpoOionoriunuii OOk BKIJItOYaB apxiBHI mnoBigomieHHs mnpo JIKII,
komiparn Ta 3araibHUH CcTaTyc BiAMOBITHOCTI mpoO 3a okpemi gatu 2018,
2021 i 2024 pokiB. s 2025-2026 pokiB CTBOPEHO MaTpHIIO JAaTOBAHUX
CTaTyCiB «BINOBiae / He BiANOBiZae» 3a OQILIHHUMH TOBIIOMIICHHSIMH.
OJIMHUIICI0 CTAaTyCHOTO aHaji3y OyJa0 OJHE MOBIIOMIICHHS ISl KOHKPETHOI
JUITHKM Ha KOHKPETHY JaTy; CTaTyc IepeHocuiu 3 odiliiHoro mxepena 0e3

8 Ximpbuencokuit B. K., [pe6irs B. B. Bommi 06’ ekt Ykpainu Ta pekpearriiiiie oIliHIOBAHHS SKOCTI BOJIH

: HaB4asbHUIT ocionuk. Kuis : JITA, 2022. 240 c.
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perpocnektuBHOl nepeknacudikarii. [ToBinoMieHHs, y SKUX HaBEIEHO JIHMIIE
KpaTHICTh TepeBHIIEHHS Oe3 aOCOJIOTHOI KOHIEHTpAlii Ta BHKOPHCTaHOTO
HOPMATHBY, aHaITi3yBau onucoBo. CTaTycHI JaHi He 00’ €IHYBAaJH 3 KUTbKICHUM
pSIOM TIOTIEPEIHIX POKiB, OCKUIBKM OUIBIIICTh HOBILIMX IOBIJOMJICHb HE
MicTnIa abCOTIOTHUX KOHIEHTpALii.

1.4. Ananimuunuil nioxio ma oomerceHHA OYIHIOBAHHIA PUSUKY

®i3uko-XiMIUHMI MacHB BUKOPHCTAHO JUISi ONKCOBOTO 31CTaBJICHHS TPHOX
JUISTHOK 32 Me/liaHaM¥ Ta Jialla30HaMH OCHOBHHUX IOKa3HHKIB. OKpeMy yBary
npuaineno pH, posumneHomy kucHio, XCK, cyxoMy 3ajMIIKy, XJIOpHAaM
i 3aBuciuM peyoBuHaM. 3HaueHHs1 XCK nopisHioBanu 3 moporom 30 mr O2/am>.
[ToporoBe 3Ha4eHHsI BUKOPUCTOBYBAJIM JIMILIE JUISI CKPUHIHIOBOI iHTEpIpeTanii
OKpEMUX CIIOCTEPEXEHb, a He ISl KITbKICHOTO BU3HaYE€HHS IMOBIpHOCTI e(heKTy
JUTSL 37I0POB L.

Hns 3aBepmieHoro crarycHoro psiay 2025 poky 0oOYMCIIIOBAJIM YacTKU
MOBIJJOMJIEHB 13 HEBINOBiAHICTIO Ta 95% noBipui iHTepBanu Bincona; monapHi
BIMIHHOCTI MiX JUISHKAMH TIEPEBIPSUIM JBOOIYHUM TOYHUM KpHUTEpiEM
®imepa 3 mompaBkoro Xonma. J[Is CTaTHCTHYHHMX NEPEBIPOK NpHEMAad
KpUTUYHUH piBeHb 3Hauymocti o = 0,05. Po3paxynku BukoHaHo y Python 3.12
i3 BukopucranusaMm SciPy 1.17.0; pucyHok noOynoBano 3acobamu Matplotlib
3.10.8. Bimomocti 2026 poky aHaji3yBajd JIMIIE SIK OINEPAaTHBHI, OCKUIBKU
KyNaJbHUH CE30H He 3aBeplleHuil. ApxiBHI KuIbKicHI pesyinbraty 3a JIKII He
00’enHyBany 3i crarycHuMy psinamu 2025-2026 pokiB 1 He TepeoLiHIOBaIH 32
cydyacHUMH KpuTepisiMu mis E. coli Ta KHIIKOBUX €HTEPOKOKIB.

OCHOBHMMH OOMEXECHHSIMH € HEpiBHOMIpHa IIUIBHICT BinOOpy, Maia
KiJbKicTh 1mpo0 Ha auisHkax «Crpinka» Ta «Yalika», HEOBHOTA BiJOMOCTEH
PO METOJMKH I KOHTPOJIb SIKOCTI B YAaCTHUHI MEPBUHHUX IPOTOKOJIIB, & TAKOX
BIJICYTHICTh aOCOJIIOTHUX KOHLEHTpaUiil y HHU3LI OQIIIHHUX ITOBiIOMIICHB.
ToMy HaBeleHI y3araJbHEHHs TPU3HAYCHI JJIST TUIMI3allii JAUITHOK, BHUSBICHHS
MIOBTOPIOBAaHMX HeOe3IeK i BU3HAUCHHs NPIOPUTETIB MOHITOPHHTY, ajle He JUIs
(hopMyBaHHsI HE3MIHHOTO PEHTHHTY TUISDKIB.

HasiBHI MeTOIMKM KUTBKICHOT MIKpOOIOJIOTIYHOI OLIHKM PU3UKY, 30KpeMa
yotupuetanHuid minxiq QMRA, pekoMeHoBaHUi YcecBITHBOIO OpraHizali€ero
OXOPOHHM 37I0pPOB’Sl, Y I[bOMY JIOCJIJUKEHHI HE 3aCTOCOBYBAIN JJISI PO3PAaXyHKY
TOYHOTO iH(eKuiifiHoro pusuky. HasBHUWII apxiBHHMII MacuB HE MICTUTh
naroreHocnennGiuHuX — KOHIEHTpalii, pO3MOAUIiB  00CsATy  BHIIAJKOBO
IIPOKOBTHYTOI BOAM Ta YacTOTH KOHTAKTIB, XapaKTEPUCTUK YPa3IMBUX TPyIl
HaceJeHHs 1 BalliIOBaHUX J1030-peakuidHux koedimientiB. Tomy momnepenHi
eKCIIOHEHLIIHHI pO3paxyHKH, B SKUX KoHIeHTpauii inaukaropuux JIKII
(aKTUYHO TPUPIBHIOBAJIM JI0 OTPUMAHOI JI03M NATOTreHy, HE BiJATBOPIOBAIH.
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BigcyTHi 3HaueHHS €HTEpOKOKIB abo KomidariB He 3aMiHIOBAIM HYISIMH;
pe3yabraTi OOMEXWIJIM YacTOTOIO 1 KPAaTHICTIO NMEPEBHUILEHb, TTOBTOPIOBAHICTIO
€Mi30liB, ONHMCOBUM  3iCTaBIEHHAM  (I3UKO-XIMIYHHUX  XapaKTepPHCTHK
1 CTATHCTHYHKMM aHAJII30M 3aBEPILNEHOTO CTaTrycHOro psiay 2025 poky’.

2. Y3arasbHeHa ¢isnKo-XiMiYHa XapaKTepucTUKa peKpeauiiHuX AiNsHOK

2.1. Onucoea xapakxmepucmurka 0CHOBHUX NOKA3HUKIG

dizuko-ximiuHMi MacuB oxommoe 58 mpob: 34 3 gimsaakm «Paiimyrax
ta mo 12 i3 minsHOKk «Crpinmka» 1 «Yaiika». Boxa Bcix Tpbox 00’€KTiB
MIEPEBAYKHO Majia CJIAOKONY>KHY peakiiifo. Y HasBHHX Pa30BUX BUMIPIOBaHHIX
KOHIICHTpALlisl PO3YMHEHOT0 KUCHIO He 3HMXKYyBajacs Hmkue 4 mr O»/nm?, ogHak
BIJICYTHICTH Oe3NepepBHUX T00OBUX CIIOCTEPEKEHb HE J1a€ 3MOTH BUKIIIOUUTH
KOpPOTKOYacHI MiHIMyMH B Terumii mepion. OKpeMi MakCHMMallbHI 3HauCHHS
16,95-17,59 mr O:/nm?, 3adikcoBani 3a Temneparypu Bogu 7—8 °C, MOXYTh
BijoOpakaTti JeHHe (DOTOCMHTETHYHE IIEPEHACHYEHHS; 4Yepe3 BiJCyTHICTh
BiJIOMOCTEH PO TOYHUH Yac BiIOOPY iX IHTEPIPETOBAHO 0OEPEKHO.

OmnucoBe 3icTaBlieHHS 3acBiquye 4YIiTKy BIIMIHHICTh TPiICHOBOJHOT
ninsHkn «Paligyray Bif BOX MHUKOJAiBCBKMX aKBAaTOPil 3a CYyXWUM 3aJIHILIKOM,
xnopugamu, XCK 1 3aBuciuMu pedoBUHaMH. Y3arajbHEHI MeJiaHd Ta IOBHI
Jliara3oHy CIIOCTEPE)KEHUX 3HaUYeHb HaBEIeHO B Taluuii 2.

Tabmunsg 2
Onucosi ¢izuko-xXiMiyHi XapaKkTepHCTHKH peKpealiiHuX TiISHOK
TMoxazuuk «Paiigyra», n =34 | «Crpinka», n =12 «Yaiika», n = 12
pH 8,13 [7,87-8,45] 8,33 [8,20-8,52] 8,39 [7,98-8,52]
PosuHeHmA KuCeHs, 8,55 [4,98-1538] | 9,78 [6,27-16,95] 10,99 [6,05-17,59]
mr Oo/am?
XCK, mr Oz/nm? 25,96 [16,00-36,00] | 36,83 [20,50-65,91] 34,47 [20,39-64,34]
Cyxuif 3aJHIIOK, MI/IM® 618 [340-697] 5474 [720-7 124] | 6 020 [1 194-10 067]
Xnopunu, Mr/om? 55,30 [29,70-66,65] 2 383’352)2&1‘33"70_3 2 879’77 579&3‘2;; 704
3aBuCITI PEIOBHHHU, MI/AM? 2,80 [0-22,80] 43,85 [0-182,40] 42,00 [1,60-150,00]

Tpumimxa. Haseoerno mediany [minimym — maxcumym]. Hokasnuku xapaxmepuzyioms
HAAGHUTE PeMPOCNEKMUBHULL MACUB | HE € J0820CMPOKOGUM HOPMAMUSHUM KIACOM 800U
071 KVRAHHS.

Menianni 3nauenns XCK nHa «Crpinui» ta «Yaitui» Oyau BUIIMMH, HiX
Ha «Paiiny3i», 1m0 BH3HA4Yae NPIOPUTET KOHTPOJIO OPraHiYHOTO W IHIIOTO

° Quantitative Microbial Risk Assessment: Application for Water Safety Management /
World Health Organization. Geneva: WHO, 2016. 204 p. URL: https:/www.who.int/publications/i/
item/9789241565370
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OKHCHIOBAHOTO HABAaHTAXCHHS B JIMMAHHO-THPJIOBHX aKBaropisx. BomHouac
XCK € iHTerpaspbHOI0 (i3MKO-XIMIYHOIO XapaKTEPHCTHKOIO 1 HE MOXKe
0e3rocepeIHb0  OTOTOXKHIOBATUCA 3 MiKpoOiosoriuHoo Hebe3nekowo abo
IHIMBITyaJbHHUM PU3UKOM 3aXBOPIOBAHHS.

2.2. Inmepnpemayia 2iopoximiunux ¢iominnocmei

PiukoBa pminsiHka «Paiimyra» xapaktepusyBanacsi 3HAuYHO —HIDKYMMHU
3HAQUEHHSIMM CyXOro 3aJIMIIKy U xyopuiiB, Tomi sk «Crpinka» Ta «Yaiika»
BioOpaXkali BIUIUB JIMMAHHO-THPJIOBOTO BOHOOOMiHY. TOMy IiBHIICHY
MiHepaJli3alilo MUKOJIAiBChKMX aKBaTOpiii HE MO)KHA aBTOMAarHYHO TPaKTyBaTH
SIK TEXHOTEHHE 3a0pyAHEeHHs1 0e3 JaHHX PO COJIOHICTh, €JIEKTPOIPOBIJHICTD,
BOJIOOOMIH 1 pUpOaHUH (OH.

[ligBumieHi # MIHIMBI KOHIEHTpAIll 3aBHCIMX PEYOBHH MOXYTh OyTH
MOB’sI3aHi 3 BITPOBMM XBHIIIOBAaHHSIM, CKaJaMy4yyBaHHSM JOHHUX BiJKJIAJiB,
TeUi€lo, pIBHEM BOAM Ta JIOKAIbHUM IIOBEPXHEBUM CTOKOM. 3Ha4eHHS
0,75 wmr/mM® xapaktepusye AOMYCTUMHH MpPUPICT I10A0 (HOHOBOTO piBHSA,
ToMy 0€3 CHHXPOHHOI (POHOBOI IMPOOM pPO3paxyHOK KPaTHOCTI NEPEBUIICHHS
€ METO/IMYHO HEKOPEKTHUM.

OnepkaHi BiAMIHHOCTI OOIPYHTOBYIOTH AM(epeHLiHOBaHYy Hporpamy
crioctepexeHb: s «Paiiryru» OpIOPUTETHUMH € KOHTPOJb  €IMi30liB
OpPraHiYHOTO ¥ MIKpPOOIOJIOTIYHOTO HaBaHTaXKEHHS, a uia «CTpiaku» Ta
«Yaliku» — N0aTKOBI BU3HAUCHHS €JIEKTPOIPOBIAHOCTI, COJIOHOCTI, OCHOBHHX
1OHIB, 3aBHC/IMX PEYOBHUH 1 TIAPOANHAMIYHUX YMOB.

2.3. Oomericenns onucoeoi ouiHKu

HepiBHoMipHicTh BUOIpKH OOMEXye NpsMe MDKAULIHKOBE Ta MIKpidHE
nopiBHSHHS: 1St «Paiiyri» nepeBa)aiiy IIOMICSIYHI CIIOCTEPEXKEHHS, TOAL 5K
st «Ctpinkny» Ta «Yallku» HasBHO 10 YOTHPH CE30HHI MpoOH Ha pik. OKkpiM
TOTrO, HE BCl apXiBHI NMPOTOKOJNM MICTSTh iH(OpPMAIio PO MEXi BHSBICHHS,
HEBM3HAUCHICTh BUMIPIOBaHb 1 BHYTPIllIHii J1aDOpaTOpHUIl KOHTPOIIb.

V3aranbHeHi 3Ha4E€HHsI BapTO PO3IVISATH SIK OIKCOBY arpoOaliio pH3MK-
OpIEHTOBAHOTO TIJIXOAYy, @ He SIK MiJACTaBy JJIsi HE3MIHHOTO paHKyBaHHS
peKpeaniiHuX JUISHOK. BusBIeHI BIAMIHHOCTI BHU3HAYAIOTh  HAMPSMHU
JIOIATKOBOTO KOHTPOJIO, aje MNOTpeOyIOTh IATBEP/PKEHHS PiBHOMIpHUMHU
CHHXPOHHHUMH PSIaMH CIIOCTEPEKEHb.

OcobnuBo 00epekHOI iHTepIpeTanii noTpedyloTh IHTerpaibHi NOKa3HUKH.
Migsumene XCK curHamizye npo HasBHICTh OKHCHIOBAaHUX DPEYOBHH, ajic HE
BU3HA4Ya€ IXHIM CKax 1 TOKCHKOJIOTIYHE 3HAYEHHS; 3aBUCII Pe4oBHHH Oe3
(oHOBOT MPOOM HE JAIOTh 3MOTH BiJIOKPEMUTH MPHUPOJIHE CKaJaMy4dyBaHHS BiJ
JIOKAJIEHOTO aHTPOIIOTEHHOTO BHECKY.
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Jus  nopmanpmioi  Bepudikanii  HEOOXiAHI  OJHOYACHI  BUMIPIOBAHHS
($i3UKO-XIMIYHUX, MIKpOOIONOTiYHUX, METEOPOJOTiYHUX 1 TLIPOJIOTTYHHX
XapaKTepUCTHK i3 (iKcalli€lo TOYHOTO Yacy BinOopy, onajiis, BiTpY, piBHS BOAU
Ta cTaHy OeperoBoi iHPPaCTPYKTypH.

3. MikpobiosioriyHa 6e3neKa, XapaKTepucTUKa pU3UKY
Ta npiopuTeTH ynpas/iHHA

3.1. Mikpobionoziuni enizoou 2018, 2021 i 2024 poxis

ApxiBHI MaTepiaji CBif4aTh NpO NOBTOPIOBaHI, aje HEPIBHOMIpHI B Yaci
enizonyu MikpoOionoriynoro 3a0pynHenHs. Y 2018 poui Ha ainsHui «Paiimgyra»
noBigomisutocs mpo 3nadeHHs JIKIT 240 000 ta migBuiieHuit BMIicT komidaris.
Ha pinsami «Crpinka» ¢ikcyBamu 24 000 i 70 000 JIKTI, na ginsami «Yaiikay —
6 200 i 24 000. Y 2021 poui omHa i3 cepiil BiAnoBigaja HOpMarHBaM Ha
ninsiakax «Padimyra» 1 «Crpinka», oqHak 3 BepecHs Ha AULMHLI «Paiimyra»
3HOBY 3adikcoBano 240 000 i 24 000 JIKTI.

KirouoBi MikpoOiosoriuHi pe3ynsraTd apXiBHOTO MEpiofy y3arajabHEHO
B Tabnuui 3.

Tabmurs 3
KurouoBi mikpo06iosioriyni pesyisTaTu apxiBHOro nepiony
Jara JinsiHka OnpuiroiHeHHii pesyJabTaT Craryc

26 numas 2018 p. «Paiimgyra» JIKIT 240 000; xomicaru 250 HEBINOBIIHICT

26 mumas 2018 p. «Crpinka» JIKII 24 000 Ta 70 000 HEBIiANOBIiIHICTE

26 munHs 2018 p. «Yaiika» JIKII 6 200 Ta 24 000 HEBINOBIIHICTH

27 cepnnst 2021 p. «Pal‘z’[;[yra» / BI/ITIOBI aJn BI/INIOBIIHICTh

«Crpinka»

3 Bepecns 2021 p. «Paiimyra» JIKIT 240 000 Ta 24 000 HEBIAMOBIAHICTE

26 numast 2024 p. «Crpinka» JIKIT 9 800 HEBINOBIIHICTE

26 munes 2024 p. «Yatika» JIKII 24 000 ta 20 000 HEBINOBIIHICTH

16 cepmmst 2024 p. «CTplf K@ / JIKII 24 000 HEBINOBIIHICTH
«Yaiika»

30 cepnust 2024 p.* «Paiimyra» JIKIT 70 000 HEBIAMOBIAHICTH

30 ceprmst 2024 p.* «Crpinka» JIKIT 20 000 HEBIAMOBIIHICTH

30 ceprust 2024 p.* «Yaiika» JIKII 24 000 HEBI/IMOBIIHICTh

Hpumimku. JIKII — icmopuunuii canimapuo-mikpoOionociuHuil NOKA3HUK, U020
3HAYeHHs He MomodcHi Konyenmpayiim E. coli 3a vunnumu nopmamueamu,; * — 0ami 3a
30 cepnusa 2024 p. nasedeHo 3a aOCOMOMHUMU 3HAYEHHAMU OQIYTlIHO20 NOBIOOMIEHHA,
ONPUNIOOHEHT] KPAMHOCIMI 3 HUMU HE Y32004CYIOMbCAL.

YV 2024 pomi cioctepiranacs mBuAKa 3MiHa cuTyaiii. CtanoM Ha 26 JIHITHS
«Patimyra» BignoBigama HopMmaruBaM, Tomi K «Crpimka» Ta «Yaiikay manm
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nigsumeHi 3savenns JIKII. Cranom Ha 16 ceprias «Pabigyra» 3H0BY BiioBinana
HOpMaTWBaM, a Ha JIBOX MHKOJAiBChKUX IULsDKax ¢ikcyBamu 24 000 JIKII.
HanpukiHii ceprHs HEBIAMOBIIHICTh OXOILIIOBANIA BCI TpH nutstHKH. Odiriiai
Marepianm LleHTpy TpoMaachKoro 370pOB’Sl MiATBEPKYIOTH KOPOTKOYACHY
MIHJIMBICTh CTATYCIiB YIPOMOBXK KyMaabHOro ce30Hy'’.

Hns 30 cepmust 2024 poky odiuiiiHe moBigomiieHHsT MMKONIaiBCHKOTO
00JIaCHOTO LIEHTPY KOHTPOJIIO Ta NPO(]iTaKTUKK XBOPOO MICTUTH KPaTHOCTI, SIKi
HE TOBHICTIO Y3TO/KYIOThCSI 3 aOCONIOTHMMH 3HAYECHHSIMHU BHXITHOT TaONIuIi.
Jlo oTpuMaHHs NEPBUHHUX MPOTOKONIB y KUIBKICHOMY aHalli3i BUKOPHUCTAHO
aOCONIOTHI 3HaYeHHs, a pO30DKHICTD JpKEpeNl pPO3NISTHYTO SIK EJIEMEHT
HEeBU3HAYCHOCTI'!.

3.2. Onepamuenuii monimopunz y 2025-2026 pokax

VY 2025 poui Ha BCiX TPbOX AUISHKAX TPAIUISIIMCS KOPOTKOYACHI €mi3oan
HeBignoBigHOoCcTl. Ha gminsHmi «Yaiika» BoHM 3adikcoBaHi 27 uepBHS,
18 nmunas Ta 1 cepnHs; 18 nuIHA KUIIKOBAa MaldM4yKa IepeBUINyBana
HOpMaTtuBHE 3HayeHHS B 1,3 pasa. Ha mumstami «Crpinka» HEBiIMOBIAHICTH
3apeectpoBano 4 ymnHs. Ha ningaui «Paiigyra» BigXuieHHS BiJ3HaueHO
25 munad Ta 1 cepnnst. [lounHaroun moHaiMeHme 3 8 cepnHsi, yci Tpu 00’ €kTn
B JIOCTYIHHX ITOBIJIOMJICHHSIX BianoBigasn HopMmaruBaMm. OQiuiiHi miacyMKn
CE30HY MiTBEPXKYIOTh HEOOXIJHICTh JaTOBAHOTO, & HE y3arajJbHEHOr0 OIHUCY
sKOCTi BoAM'%.

YacTka noBizoMiIeHs 13 HeBixnosigHicTio y 2025 poui cranoBmia 18,2%
st «Paiinyrmy (2 3 11), 9,1% ms «Crpinkm» (1 3 11) 1 27,3% nns «Yaiiku»
(3 3 11). Ilonapui Touni kpurepii Pimepa 3 nonpaBkoro XoaMa He HiITBEPIUIN
BiJMIHHOCTEW MDX AisiHKamu (1 Beix Tpbox mnopiBHsHe pHolm = 1,000).
Uepe3 Maiy KiJbKICTh CIOCTEPEXKEHb 1 LIMPOKI JOBIpYi 1HTEpBalM HAyKOBO
KOPEKTHHM € BHCHOBOK IIPO HasiBHICTh KOPOTKOYACHMX €Ii30/1iB Ha BCIX TPHOX
00’€eKTax, a He PO CTIHKUI PSHTHHT IUISDKIB 32 MIKpOO10JIOT1YHOIO HEOE3IEKOIO.
YacTky HEBIAMOBIIHUX MOBIIOMIICHb Ta 95% NOBipYi iIHTEpBAIM HABEICHO HA
PUCYHKY 2.

10 SIkicTh BoAM y BOJOIMAaX i piukax y Mexax IUDKiB craHoM Ha 16.08.2024 / LeHTp rpoManchKoro
3nopoB’s  MO3  Vkpaimm. URL:  https://phc.org.ua/news/yakist-vodi-u-vodoymakh-i-richkakh-u-
mezhakh-plyazhiv-monitoring-vodnikh-obektiv-5

' MukonaiBchkuii  OONACHWH — LEHTP KOHTPOMO Ta  npodinakriku  XxBopoO.  Pesyiemamu
MOHIMOPUH208UX Q0CHiONCeHb akocmi 6o0u Ha nasxcax Mukonaiswunu. 30 cepnast 2024 poky.
URL: https://mk.cdc.gov.ua/news/rezultaty-monitoryngovyh-doslidzhen-yakosti-vody-na-plyazhah-
mykolayivshhyny/

12 SIkicth BOOM Ha IWshKkax Ykpainu cranom Ha 29 cepmust 2025 poxy / LleHTp rpomanchkoro
3nopos’ss MO3 VYkpainu. URL: https://phc.org.ua/news/yakist-vodi-na-plyazhakh-ukraini-stanom-na-29-
serpnya-de-bezpechno-kupatisya
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Puc. 2. Yactka o¢inilinux mopigomiaeHs i3 Mikpooiosnoriunoro
HEBiANOBiHiCTIO Ha pekpeaniiiHux aiasHKax y 2025 poui.
BeprukaiubHi aiHii — 95% noeipui inTepsann Bincona

IDicepeno: nobyoosano aemopom 3a pe3yiomamamu  ONpAyrO8aHHs O IYitiHuUX
N0BIOOMAEHb | CMAMUCIMUYHUX PO3PAXYHKIE

VY mocTymHHX TOBiTOMIICHHSX 3a 25 TpaBHs, | 1 29 wepsHs, 9 Ta 16 numHs
2026 poxy mnpobu 3 «Paiimyrm», «Crpinku» Ta «Yaiikm» Biamosinamm
MikpoOiojorigauM HopMmaruBaMm. OTKe, ISl KOXKHOI HIMSHKK 3a(ikCOBaHO
0 HeBigmoBimHOCTEHW i3 5 HasBHHMX cepiil. Lleii pesynprar € TO3UTHBHUM
ONIEPaTHBHHM CHTHAJIOM, ¢ He JOBOOUTh MOKpPAIIeHHS MOPIBHAHO i3
2025 pokoM, OCKIIBKH CE30H He 3aBEepIICHWH, BHOipKa Malla, a BEpXHS MexXa
95% moBipuoro iHTEpBaTYy 32 HYJILOBOI KUTBKOCTI TTOJIiH 3aJIMIIAETHCSI IMUPOKOIO.
Cran jaHux Bimmosimae odimittaiit inpopmartii Ha 16 mumes 2026 poky's.

Y mpo6i Bix 25 tpaBHs 2026 poky mist « CTpikm» OyIIo OKpeMo TTOBiIOMIICHO
mpo nepeumeHHEs XCK y 12 pa3is. Llei pe3yasrar He BKIIOYCHO IO OTIHCOBOTO
(i3UKO-XIMIYHOTO y3arajdbHEHH:, OCKIIBKA HKEepeNlo He HABOAUTH aOCONOTHOI
KOHIICHTpAIIil Ta HOPMAaTHUBHOI MEXi, BAKOPUCTAHOI IJIs pO3PaXyHKY KPaTHOCTI.
BiH Mae posmuamathcs SK CUTHAd JUI 3allUTy HEPBHHHOIO IIPOTOKOIY
1 TIOBTOPHOTO BigOOpY, a HE AK OCTAaTOYHE KiJIbKiCHE 3HAYCHHSI.

13 [lentp rpomaacskoro 310poB’st MO3 Vkpainu. SIkicTh BOAM Ha TUIshKaX YKpaiHU CTAaHOM Ha 16 JumHs
2026 poxy. URL: https://phc.org.ua/news/yakist-vodi-na-plyazhakh-ukraini-stanom-na-16-lipnya-de-
bezpechno-kupatisya
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3.3. Xapaxmepucmuka puzuxky ma memoouuHe y3a2anbHeHHs

HasBHI MaTepiayid MiITPUMYIOTH [Ba pPIiBHI BHCHOBKIB: J1a00OpaTopHO
MiATBEPKeHUH (aKT 1 XapakTepUCTUKy HeOesmeku. J[o MepIroro HajaeKarb
BUMIpPSIHI KOHIIEHTpAIlii, CTaTyCH BIAMOBIAHOCTI Ta maroBaHi emizomu. J[o
JPYTOro — BHCHOBKH MO IMOBTOPIOBaHI BUIAAKK (HEKaTbHOTO 3a0pymMHEHHS,
BIAMIHHOCTI TiApOXiMiuHOrO THITy ¥ moTpedy B mocumieHomy koHTpomi XCK
Ta 3aBUCIUX PEYOBHH. TOYHHI IHAWBIAyalbHUN pH3HK 1H(QIKYBaHHSI 3a
IMMH TaHUMH PO3PaxyBaTH HEMOKINBO. PEKOMEHIOBaHY TPHPIBHEBY CXeMY
OLIIHIOBAaHHS PeKpealliiftHol Oe3Mneku MmomaHo B Tabmui 4.

Tabmurs 4
PexomeH10BaHA TPUPiBHEBa cXeMa OL[iHIOBAHHS peKkpeauniiiHoi 0e3nexu
PiBenn 3micT Heooxinni nani

Perynaropuuii BinmnoBinHicTh KOHKPETHOT AbcomoTHI KoHIeHTpauil E. coli
poOH Ta JJOBrOCTPOKOBA W GHTepOKOKIB, JaTH, HOPMATHBHI
kiacu(ikalist BOOH ISl KyIIaHHS. | KpUTepil.

CKpHHIHTOBHH Ipodins Hebesmex, HasBauil (i3uko-xiMiuHHI 1 cTaTyCHUH
MIOBTOPIOBAHICTH €Mi30/iB, MiKpOOi0JIOTiuHHIl MaCHB.
IPIOPUTETH MOHITOPHHTY.

KinbkicHuit ImoBipHicTh iH}iIKYBaHHS 200 [Marorenocneundivni aaHi, eKCIO3UL,
iHIIOTO e(eKTy Ui 3aJaHOTO 1032 — BiJIIOBIb, HEBU3HAYEHICTD.
CIIEHAapIIo.

MeTonuaHUM pe3yabTaTOM TOCIIIKEHHS € Y3rO[KEHHS 00CSTy BHCHOBKIB
i3 JOKa30BOIO CIIPOMOXKHICTIO BHUXITHHX TaHHWX. PeryisropHa BiINOBiTHICTBH
OKpeMoi MMpoOH, CKPHHIHTOBUH MPO(iah MOBTOPIOBaHMX HeOE3NeK i KilnbKicHa
OILliHKA IHAWBIIyaJbHOTO PU3UKY pPO3DISNAIOTHECSA K Pi3HI PiBHI, M SKUX
MOTPiOHI Pi3HI MaCHBH CIIOCTEPEIKEHD.

Ampobarrisi cxemMn Ha Matepiamax MuKomaiBChKoi 00dacTi mokaszana, Io
apxiBHi pi3uKO-XiMiUHI ¥ CTaTyCHI MiKpOOIOIOTiYHI TaH1 IpUAATHI A THITI3A i
IOUISTHOK, BUSBICHHS HECHPUATIMBUX CIMi30MiB 1 IJIaHyBaHHS MOHITOPHHTY.
BonHoyac BOHHM HE MAlOTh IMIJICTaB HPUPIBHIOBATH IPUPOTHY COJOHYBATICTH
0 TEXHOTEHHOTO 3a0pynHeHHs abo MOJaBaTH HEBAJIiTiBOBaHI PO3PAXYHKH 5K
TOYHY WMOBIPHICTh iH(IKYBaHHS.

[lpakTyHe 3HAYCHHS ONEPXKAHWX pE3YNbTAaTiB IOIArac y BH3HAYCHHI
mnpioputeTiB MoHiTOpuHTY. s «Crpinkm» ta «Yalikm» NepIIodeproBUMH
€ BCTAaHOBJICHHSA JDKepesl opraHiuHoi pedoBuHH, KoHTponb XCK 1 BCKs,
BH3HAYEHHS ENEKTPOIPOBITHOCTI, COIOHOCTI Ta PEKUMY 3aBHCIUX PEIOBUH.
i BCix TphOX AUISHOK HEOOXimHI peryisipHi Bu3sHaueHHS E. coli i kumkoBux
€HTEePOKOKIB, OIEpPAaTUBHUM IOBTOPHUM BimOip TWicis HEBiANMOBiAHOCTI Ta
peecTpais MOTOIHMX 1 TiAPOIOTIYHUX YMOB.
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4. O6roBopeHHs

4.1. Memoouuni ooMmexycenna ma nepcneKmueu Pu3uK-opiEHmosanoi
OUIHKU

OtpuMaHi pe3ynbTaTH MOTPEOYyIOTh UITKOTO PO3MEKYBAaHHS IOHATh
«Hebe3neKa» 1 «pU3KK». BUABICHHS NMEpeBUIICHHS HOPMATHBY, ITOBTOPIOBAHOT
MiKpOOi0JIOTi9HOI HEBiNMOBIMHOCTI ab0 MiABHIICHOT YacTOTH HECHPHUATINBUX
emi30/iB 3acBiAYye MOTCHIIWHY eMiJeMioNoTidYHy HeOe3meKy pekpeariiHoi
ninsakd. BomHOYac mi TOKa3HWKW HE BH3HAYAIOTH iHAWMBIMTyadbHY HMOBIpHICTH
iH(IKyBaHHS YU 3aXBOPIOBAaHHS KOHKPETHOTO BiiBimyBaya. Taka WMOBipHICTBH
3aJIeXHUTh HE JIMIIE BiJ SKOCTI BOAHW, & W Bil TPHBAJIOCTI KOHTAKTY, BUIIAJKOBO
TIPOKOBTHYTOTO 00’ €MY, 4aCTOTH KyIaHHSI, BIKY, CTaHy 3/10pOB’sI Ta BIaCTUBOCTEH
KOHKPETHOTO TaToreHy. ToMy 4YacTKH TOBiJOMIICHb i3 HEBIIMOBIIHICTIO
1 JOBipYl iHTEpBaJ W B I[OMY IOCTI/KCHHI BapTO TPAKTYBaTH SK MOKA3HHUKH
MTOBTOPIOBAHOCTI HEOE3MEYHNX CHTYyaIliil, a He SK YacTKy oci0, sSKi MOXYTb
3aXBOPITH.

HaiicytreBimmM  iHQopMamiiiHUM  OOMEKEHHAM €  HEOJHOPIIHICTH
MiKpOOIOJOTiYHUX psAIiB. ApXiBHI MOBiTOMIIEHHS 3a okpeMi patu 2018, 2021 ta
2024 pokiB mictsats nmepesaxxHo JIKII, xomidaru i okpemi abCoOMOTHI 3HAYCHHS,
Toxi sik Marepianu 2025-2026 pokiB 4acTO IMONAIOTH JIUIIE iHTETPaIbHUN CTATyC
BimoBigHOCTI 200 KpaTHicTh nepeBumeHHs. JIKIT MOXKyTh BUKOPHCTOBYBATHCS
JUISL ICTOPMYHOTO 3iCTaBIICHHS Ta BUSBICHHS ()EKaTbHOTO 3a0pyJHEHHS, aie
BOHHU HE € €KBIBAJECHTOM KOHIIEHTpalii KOHKPETHOTO MaToreHy i He MOBHICTIO
BIJIOBITAIOTh CyYacHi CHUCTEMi HOBrOCTpOKOBOi kiacuikamii 3a E. coli Ta
KHIIKOBUMH CHTEPOKOKAaMH. BiJICYTHICTH PpIBHOMIPHOTO YOTHPHCE30HHOTO
psimy HE 03BOJISIE PETPOCTIEKTHBHO MPHCBOIOBATH TUITHKaM (opMalibHI KJIACH
SIKOCTI BOIM JUISl KyTIaHHS.

Excrnionenmniiina 3anexxHicTh BUAY P = 1—exp(—rd) € omgHIM i3 MOXKIIMBHIX
THIB JI030-PEAKLIHNX MOJeNeH, ofHaK ii 3aCTOCYBaHHS € KOPEKTHHUM JIMIIIE
Toxi, Konmu d o3Hayae (PaKTUYHO OTPHMAHy 03y BH3HAUCHOTO KUTTE3AATHOTO
MaToOTeHy, a Koe(ilieHT r BalliJOBaHUN IS IIHOTO MATOTE€HY i JTOCIiKyBaHOTO
HACNiAKy. besmocepenHe MmiaCTaBIsSHHA KITBKOCTI IHIWKATOPHUX OaKTepii
y (dikcoBanomy 00’emi mpoOu o3Hayamo O HEsBHE NPHUIYIICHHS MPO 00csAr
MIPOKOBTYBAaHHS Ta MpPO Te, MI0 KOXKHA IHIWKATOpHA KIITHHA € iH(QEKIiHHIM
30yaHuKOM. Taki MpHUITyImIeHHsT HasBHUMHU MaTepiajgaMd HE IiITBEPIUKYIOTHCS.
BigmoBimno no mociommka WHO, moBHa QMRA wMae oxorumoBarth
imeHTH}IKaIifo HeOe3MeKH, OIIIHKY eKCIIO3UIIii, J030-peaKmiiHui aHai3,
XapaKTEePUCTHKY PH3HKY Ta SIBHE NPEACTABICHHS HEBU3HAUCHOCTI' .

!4 World Health Organization. Quantitative Microbial Risk Assessment: Application for Water Safety
Management... 2016.
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OxpemMoro BpaxyBaHHS MOTpPeOyIOTh TIPONYIIEHI ¥ HEMOBHI JaHi.
HeBu3HaueHnil MOKa3HUK HE MOXKHA NPHUPIBHIOBATH 10 HYJIBOBOTO, OCKLIBKU
Lle CTBOPIOE CHCTEMarMyHe 3aHIDKeHHS HeOesnekw. Tak camMo Hynb
HEBIAMOBIAHOCTEH y II’ATH ZOCTYNHUX cepix 2026 poKy He 03Ha4a€e HYJILOBOTO
PH3HKY: 32 MaJI0i BUOIpKH BepXHs Mexka 95% J0BipuOTo iHTEpBAITY 3AJIUILIAETHCS
LIMPOKOIO, a KyNaJbHUI CE30H He 3aBepluieHHH. 3 miel nmpu4yuHU crarycHUA
psaa 2026 poky pO3MISHYTO SIK ONEPAaTUBHUM CHUIHAJ, ajeé HE BKIIIOYEHO 0
MDKPIYHOTO paHXXyBaHHS 1 HE BUKOPHCTAHO SIK J0Ka3 CTIHKOTO IOKpAILEHHS.

IMonibHe po3mexxyBaHHS HEOOXimHEe IS (Di3MKO-XIMIYHMX TIOKa3HHUKIB.
[epeBunienns moporoporo 3HaueHHs XCK abo iHIIOro moka3HHWKa BH3HA4Yae
MIPIOPUTET KOHTPOJIIO Ta MOLIYKY JDKepesl HaBaHTa)XEHHs, ajle caMe Co00I0 He
JIOPIBHIOE IMOBIPHOCTI TOKCHYHOTO edekry. Iy MOBHOI OIlIHKK XiMIiYHOTO
PU3HMKY TOTPiOHI KOHUEHTpalii OKpPEeMHMX PEYOBHH, CIEHapii BHUIIaJKOBOTO
KOBTaHHS Ta J€PMaJIbHOTO KOHTaKTy, 4acTOTa W TPUBAJICTh EKCIIO3ULii, Maca
TiJa, G10IOCTYITHICT 1 TOKCHKOJIOTIYHI pedepeHTH] BeanduHu. st auMaHHO-
THPJIOBUX BOJ JIONATKOBO HEOOX1THO BiIOKPEMITFOBATH IIPUPOTHY MiHEpaTi3aIliko
BiJl aHTPOIIOTEHHOIO BHECKY, 100 HE TPaKTyBaTH CYXHMH 3aJIMILOK, XJIOPUAN
i cynbdary sIK aBTOMaTHYHI 10Ka31 HeOe3NEeYHOro XiMi4YHOTO 3a0pyJHEHHS.

OnucoBi pe3ylbTaTd TaKOX MalOTh OOMEXeHI MeXi Yy3arajJbHEHHs.
HepiBHoMipHa HIiBHICTE BifOOpY, Mana KijgbKicTh npo0d Ha «Crpinmi» Ta
«Yaiiui», BiACYTHICTh YaCTHHU NEPBUHHUX MPOTOKOIIIB 1 MIMPOKI IHTEPBAIIH AJIS
MIiKpOOIOJIOTIYHUX YacTOK HE JO3BOJSIOTH C(HOPMYBaTH HE3MIHHUI peHTHHIr
wispKiB. Haii0inpn HafiiHUMKM € BHCHOBKHU PO BIMIHHICTH TiJPOXIMIYHHX
THITIB, TOBTOPIOBaHI KOPOTKOYACHI €Mi30[u Ta HEOOXiIHICTh IIOJi€BOrO
MOHITOPHHTY.

3anpornoHoBaHa TPUPIBHEBA CHCTEMa BiIOBiae (haKTHUHIHN TOKA30Bil CHITI
nanux. [lepmmit piBeHb — peryasTopHa OL[IHKa — YCT@HOBIIOE BiJIIOBIIHICTH
KOHKPETHOT NpoOK ab0 JJOBIOCTPOKOBHH KJIac 3a IIOBHOTO HOPMATUBHOTIO PsiLy.
Jpyruii piBeHb — CKpUHIHTOBHUH Npodijabp HeOe3neKk — y3arajbHIOE YacTOTy Ta
KpaTHICTh NEPEeBUILEHb, OBTOPIOBAHICTh €Mi30iB, MOTEHLINHHI JpKepena Ta
riipoMeTeoposoriunuii koHTekcT. Came Ii JBa PiBHI PEai30BaHO B I[HOMY
nociipkenHi. Tpetiit piBeHb — KiJIbKiCHA OLIHKa PU3HUKY — Ma€ BBOJUTHUCSI JIMIIIE
micnst popMyBaHHS maroreHocnenniqyHoOro i eKCHO3UIIHOr0 MacuBy Ta He
MIOBUHEH MiAMIHSATHCS MEXaHIYHUM I€PEPaxyHKOM IHIMKAaTOPHUX MOKAa3HUKIB
y BIICOTOK 3aXBOPIOBaHHSI.

[epcnektuBra QMRA s pekpeauiiinnx Box MukonaiBebkoi oOnacti
MOBUHHA OYTH CLIEHapHOWO 1 HMOBipHiCHOW. JloniNbHO nependauynT OKpemi
cueHapii Juii IiTeld 1 JOpOCHHMX, 3BUYAaHHOTO ¥ IHTEHCHBHOTO KyIIaHHS,
(OHOBUX YMOB 1 mepionmiB micis omaaiB abo aBapiiiHux ckumiB. [lopsia
3 E. coli Ta KNIIKOBUMH E€HTEPOKOKAMHU HEOOXi/HI BH3HAUCHHS HPIOPUTETHUX
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pedepeHTHHX naToreHiB abo OOTpyHTOBaHI CITIBBIJHOILIEHHS MIXK 1HIUKATOpaMH
i marorenamu. Posmoziny KoHLEHTpaliil, 00cAry MPOKOBTYBaHHS Ta 4acTOTH
KOHTaKTiB BapToO BKJIIOYATH A0 MojeitoBaHHS MonTte-Kapno, a pesynsraru
MoAaBaTl 3 IHTepBaJaMHW HEBU3HAYEHOCTI W aHali30M YyTiIMBOCTi. Takuid
JM3aliH 1acTh 3MOTy HEPEHUTH BiJI XapaKTEpPUCTUKHU MOTEHIIHHOT HeOe3reku 10
HayKOBO OOIPYHTOB@HOI OLIHKH PU3UKY VISl 37I0pPOB’Sl HACEIEHHS.

4.2. IIpakmuuni pexomenoauii w000 pu3uK-opi€HmMoBAH020 MOHIMOPUH2Y

Koxxna pekpeaniiiHa JUIsHKa TOBHHHA Mard [AaclopT 13 TOYHHUMH
KOOp/IMHATaMU CTBOPY, OIMCOM BOJ0300pY, CXEMOIO BOJOOOMiHY, IEpeTiKoM
MOTEHLIIHUX JpKepel 3a0pyIHeHHS Ta ICTOPi€l0 KOpOTKOYacHUX emizofiB. bazosa
mporpamMa Ma€ BKJIIOYAaTH HOPMATHBHO BH3HAU€HY KUIBKICTh NMPOO MPOTArOM
KyNaJbHOTO CE30HY W JOAATKOBHH BiNOIp ITICNIS CHIIBHUX ONAaJiB, aBapiiHUX
CKHJIIB, PI3KMX 3MiH piBHs abo Temmneparypu Boau. Pasom i3 imaboparopHuMuU
MOKa3HUKaMH HEOOXITHO pEeecTpyBaTH OIaJiv, BiTep, TEMIEpaTrypy, piBeHb
BOJIH, ITPO30PICTh 1 ENEKTPONPOBITHICTS.

MikpoOionoriunuii 0ok Bapro OymyBarn HaBkosio E. coli Ta KMIIKOBUX
€HTEPOKOKIB SIK KIIIOYOBHUX iHAMKaropiB Boau st kymaHHs. JIKII 1 xomidarn
MOXYTb 30epirarucs siK J0JaTKOBi IMOKa3HUKU ISl 3ICTABJICHHS 3 iICTOPHYHUM
psizioM, ajie He MalOTh 3aMiHIOBAaTH Cy4acHi KpuTepii. Y pa3i HEBiAIIOBIJHOCTI
HEOOXiJTHO TOBTOPUTH BIIOIp y CKOPOYEHUI CTPOK, OOCTEKMTH MOXKIUBI
JoKepena (ekanbHOro 3a0pyJHEHHsI, CTaH 3JIMBOBOI Ta TOCIOAaPCHKO-II00YTOBOT
KaHami3amii Ta TMOTOJAHI yMOBHU. BiTHOBJICHHS OE3MEYHOr0 CTaTyCy Mae
MiJTBEPKYBATHUCS TIOBTOPHOIO Ccepiero mpo0.

JIJis TUMaHHO-TUPIIOBUX JINITHOK TpeOa BKIFOUMTHU €JICKTPOIPOBITHICTH 200
COJIOHICTH Ta OCHOBHI 10HH, 00 BiJIOKPEMITIOBATH NPUPOIHUI T'iIPOXIMIYHUI
(GOH BiJ aHTPONOTEHHOTO BHECKY. [l 3aBHCIMX PEYOBHH HEOOXiTHHIMA
cUHXpOHHMH (oHoBHI BinOip. IlomieBwid aHami3 IOUINBHO MPOBOAMTH 13
YacOBMMHM JlaramMu 1—7 1i0 MiX omnajami, BiTpOM, piBHEM BOJHM Ta 3MiHOIO
XCK, 3aBHCINX PEYOBHUH 1 MIKpOOIOJIOTIYHOTO CTaTyCy.

[ToBimomieHHs JUIsl HacEJeHHsS Ma€ MICTHUTH JaTy W 4yac BigOopy, TOYHY
Ha3By NUISHKH, BU3HAYCHI MOKA3HUKU, aOCOJIIOTHI 3HAYEHHS 1 OIMHHII
BHUMIpIOBaHHS, HOPMAaTWBHUI KpUTepid, CTaTyc BIANOBIAHOCTI Ta YITKY
pPEKOMEHJalilo I0oJ0 KyNaHHA. BuKopucTaHHs JMIe KpaTHOCTI 0e3
a0COIOTHOT KOHLIEHTPALI] YCKIIaJHIOE HAyKOBY IE€PEBIPKY Ta MOPIBHSHHS MiX
pokamu. JlabGopaTopHa BiINOBIAHICTE BOJAM BOAHOYAC HE Ma€ aBTOMATHYHO
OTOTOKHIOBATHCS 13 3arajIbHUM JJO3BOJIOM Ha KyIIaHHs, OCKUIBKH YIIPaBIIiHChKE
pilIEHHS MOXKe BpaxOBYBaTH BOEHHI, TiJJpOMETEOPOJIOTivuHI 1 iHIII Oe3rneKoBi
00MEXKEHHS.
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4.3. Ilepcnekmueu nodanbuiux 00C1ioNHceHs

Haii6mwkuum  mpioputeToM € (OpPMYBaHHS CTaHAAPTHU30BAHOIO PSIY
a0ComOTHUX KoHIeHTpawid E. coli Ta KMITKOBUX €HTEPOKOKIB i3 HOPMATHBHOIO
CE30HHOI0 YacTOTOI BimOopy. i JIMMaHHO-TUPJIOBHX aKBaTOPii HOTO
BapTO JOMOBHHUTH EJICKTPOIMPOBIAHICTIO abO COJIOHICTIO, OCHOBHHMH 10HAMH
Ta CHHXPOHHUMH (OHOBMMH IpoOaMH 3aBHCIHX pedoBHH. IIpocTopose
PO3LIUPEHHST MEPEXKi JOIIIBHO 3AIMCHIOBATH 3a TiAPOXIMIYHMMHU THITAMH BOJ:
JomatkoBa piukoBa aiisHka IliBneHHoro bByry, JmMMaHHO-MOpChKa MiUISTHKA
B paiioni OuakoBa ¥ omHa 3 OUIIHOK bepe3aHchbkoro abo THIIITYIBCHKOTO
JIUMaHy MOXYTb OyTH BKJIIOUEHI JIMIIIE 38 31CTABHUX METO/IMK 1 4aCTOTH BiAOODY.

[Ticnst HaKOMMYEHHsI MOBHUX JATOBAHUX PAIIB AOIILHO BUKOHATH TOI€BUIA
aHaJi3 i3 4acoBMMH JilaraMu 1-7 mi0 MK omagamu, BITpOM, piBHEM BOOH Ta
sminamMud XCK, 3aBHCIHX pEYOBHH 1 MikpoOiomoridnoro crarycy. Ilepexin
10 QMRA mis miTeit i JOpoCiaMX MMOTpeOyBaTHME IaTOreHOCHEIU(pITHNX
KOHIICHTPAIIi#, eKCIO3UIIIHHIX PO3IMOALIIB 1 J030-peaKIlifHAX MOJIEINICH; KijTbKa
MOBHUX CE30HIB TaKOX CTBOPSATh OCHOBY JUISi PO3POOJICHHS Ta HE3aJIeKHOI
TIePEBIPKU MOJIEII PAHHBOTO MOTIEPEIKEHHSI.

BUCHOBKHA

1. Pusuk-opieHTOBaHE OLIHIOBAHHS peKpealliiHUX BOJA Ma€ IMO€JAHYBaTH
HOPMAaTHUBHY NEPEBIPKY KOHKPETHHUX IMPOO, XapaKTePHCTHKY IOBTOPIOBAHUX
HeOe3mek, BIZOMOCTI IPO JpKepenaa 3a0pyJHEHHS Ta YMOBH EKCITO3MIIT
HaceJIeHH:.

2. OmnucoBe 3ictaBiaeHHs 58 (i3MKO-XIMIYHHX MPOO  MMiATBEPAMIO
BIIMIHHICTB MPICHOBOIHOI NUISHKY «Palayra» Bil TMMaHHO-THPJIOBUX AUISHOK
«Crpinka» Ta «Yaiika». Brcoky MiHepasi3allito MHKOJIAIBCAKUX aKBATOPi HE
MO’KHA aBTOMaTHYHO TPAKTYBaTH K TEXHOTeHHE 3a0pyAHEHHs 0e3 AaHHX Ipo
COJIOHICTH, BOMOOOMIH 1 MPUPOIHUI (DOH.

3. IligBumeni 3HadeHHs XCK 1 3aBHCIMX PEYOBMH Ha MHKOJATBCHKHX
IUISHKAX BU3HAYAIOTh HPIOPUTETH MOJATKOBOTO KOHTPOJIIO, OJHAK IHTETrPaIbHi
(bi3UKO-XIMIYHI MMOKa3HUKH caMi CO00I0 HE XapaKTePH3YIOTh 1HIHBITyaabHHIA
PHU3HUK IS 3A0POB’St Ta MOTPEOYIOTh YTOYHEHHS [HKEPe 1 TiApOIUHAMIYHOIO
KOHTEKCTY.

4. Mikpo0ioyori4Hi HEBIAMOBIMHOCTI MajH KOPOTKOYACHHH eIMi30AUYHUN
xapaktep. Y 2025 pori ix 3ahikcOBaHO Ha BCIX TPhOX O0’€KTax, a B II'SITH
JIOCTYMHUX cepistx 2026 poky 10 16 JTUIHS HEBIAMOBITHOCTEH HE 3apPEECTPOBAHO;
HE3aBepILECHICTh CE30HY HE J03BOJISIE POOMTH BHCHOBOK IIPO JIOBTOCTPOKOBE
MOKPAIICHHSI.

5. Apxisui 3HaueHHs JIKIT npuaatHi a1 BHSIBICHHS 1CTOPHYHHUX CITI30IIB
(dexanpHOrO 3a0pyIHCHHS, aje HE € TOTOXHMMH KoHueHTparisM E. coli 3a
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YMHHUMH HOpPMaTUBaMH 1 He 3a0e3NevyloTh PEeTPOCHEKTUBHOTO MPHUCBOEHHS
CY4acHOTO KJIacy BOIY JJIsl KyIaHHS.

6. OTpuMaHi pe3yiabTaTd XapaKTepHU3yIOTh IMOTEHLIHHY eIiJeMioJIoridyHy
HeOe3neKy Ta IOBTOPIOBAaHICTh  HECHPHUSATIMBHX  CHUTyallid, aje He
IHIMBIya bHy HMOBIpHICTH iH(IKyBaHHS a00 3axBoproBaHH:S. [ToBHa QMRA
norpedye maroreHocnennpiuHX KOHIEHTpAIil, eKCIO3ULIHHUX IapaMeTpiB
1 BaJIiZIOBAaHUX J1030-pEaKLiitHUX MOJEIICH.

7. 3anporoHOBaHa TpHpIBHEBA CXeMa PO3MEXOBYE  PErYISATOPHY
BiJIIIOBIIHICTh, CKPHHIHTOBUI NPOQisib HEOE3MeK 1 KIJIbKICHY OLIIHKY PH3HKY Ta
MoOke OyTH BHKOpHCTaHa ISl IJIaHyBaHHS MOHITOPWHTY, IOBTOPHHUX BiJOOpIB
i orepaTuBHOTO iH()OPMYBaHHS HACEIICHHSI.

AHOTAUIA

OOrpyHTOBaHO METOAMYHI 3acaiyd pPU3UK-OPIEHTOBAHOTO OLIHIOBAHHS
pekpeauiiHux Boj i ampoOoBaHo iX Ha aimsiHKax «Paiimyray, «Crpinka» Ta
«Yaiika» y MukonaiBcbkiii obnacti. @i3uKo-XiMiYHUI MacuB OXOILTIOE 58 po0
3a 2018, 2021 i 2024 poku, a MikpoOionoriyHuil OJIOK — apXiBHI pe3yJbTaTu 3a
oxpewmi narn 2018,2021 Ta 2024 pokis, 3aBepuieHu psia odiliiiHNX TOBITOMIEHB
3a 2025 pik i W’ATh omeparuBHUX cepid 2026 poky mo 16 munHs. Onmcose
3iCTaBJIeHHS! TOKa3aJo BiJMIHHICTh NPICHOBOIHOI pIYKOBOI Ta JIMMaHHO-
THPJIOBUX JUITHOK 3a MiHepaiizamieto, XCK 1 3aBuCIMMH peYOBHHAMH, IO
notpeOye BpaxyBaHHS HMPUPOIHOTO THIY BOAHOTO 00’ekta. Mikpobiomoriuni
HEBINMOBIAHOCTI XapaKTepH3yBallkCs KOPOTKOYACHOIO BHYTPIIIHHOCE30HHOIO
MIHJIMBICTIO; BIZICYTHICTh HEBIJIOBITHOCTEH y MocTymHUX cepiax 2026 poky
HE € JIOCTaTHBOIO MiJICTABOIO JUIS BUCHOBKY ITPO JIOBIOCTPOKOBE MOKPAIIEHHS.
[okazano, mo apxiBui 3HayeHHs JIKII i crarycHi NOBimOMJIEHHsS NpWAATHI
JUISl CKPHHIHTOBOI XapaKTepUCTHKH HeOe3NeKku, ajne He 3a0e31euyroTh TOYHOTO
PO3paxyHKy IHIUBIAyaJbHOI IMOBIPHOCTI 3aXBOPIOBAaHHs. 3alpONOHOBAHO
TPUPIBHEBY CXEMY OILHIOBaHHS, SIKa PO3MEKOBYE PETYJSTOPHY BiIINOBIIHICTD,
CKPUHIHTOBHH TIpo¢iib HeOe3NeK 1 MOBHY KUIBKICHY OIIHKY pH3UKY 3a
HasBHOCTI IaToreHocrnenu(iyHuX 1 eKCMO3MLIHHMX JaHuX. Pesymerarn
OOTPYHTOBYIOTh JH(epeHIiHoBaH] MPIOPUTETH MOHITOPHHTY W ONEpPaTHBHOTO
iHpOpMYBaHHS HaceJIEeHHs.
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CHAPTER 8

CURRENT APPROACHES IN MAINTENANCE

GUT HEALTH IN FARMING ANIMALS.

PART 1. THE ISOTONIC PROTEIN BLEND INHIBITS
PORCINE EPIDEMIC DIARRHEA VIRUS EXCRETION
AND AMELIORATES INTESTINAL BARRIER

Masiuk Dmytro, Nedzvetsky Victor, Kokariev Andrii
DOl https://doi.org/10.30525/978-9934-26-714-7-8

INTRODUCTION

Modern requirements for limiting the antibiotic use in animal husbandry
are becoming widespread in most countries % 3. In this regard, research into
feed additives as antibiotic substitutes or targeted aids is gaining considerable
interest* > 6. The main objective of evaluating antibiotic alternatives for
sustainable production is to assess their effectiveness to support intestinal
health, immune response, and productivity’”. A special place among the
alternatives is occupied by a feed mixture® ® !°. In addition to protein, such

' Use of colistin-containing products within the European Union and European Economic Area (EU/

EEA): development of resistance in animals and possible impact on human and animal health / B. Catry
et al. International Journal of Antimicrobial Agents. 2015. Vol. 46, No. 3. P. 297-306.

2 Tasho R. P,, Cho J. Y. Veterinary antibiotics in animal waste, its distribution in soil and uptake by
plants: a review. Science of the Total Environment. 2016. Vol. 563-564. P. 366-376.

3 McEwen S. A., Collignon P. J. Antimicrobial resistance: one health perspective. Microbiology
Spectrum. 2018. Vol. 6, No. 2.

4 Multidrug-resistant bacteria and alternative methods to control them: an overview / R. Vivas et al.
Microbial Drug Resistance. 2019. Vol. 25, No. 6. P. 890-908.

5 Potential of aromatic plant-derived essential oils for the control of foodborne bacteria and antibiotic
resistance in animal production: a review / L. Zhang et al. Antibiotics (Basel). 2022. Vol. 11, No. 11. Art. 1673.
¢ Apple Polyphenols Improve Intestinal Antioxidant Capacity and Barrier Function by Activating
the Nrf2/Keapl Signaling Pathway in a Pig Model / T. Huang et al. Journal of Agricultural and Food
Chemistry. 2022. Vol. 70, No. 24. P. 7576-7585.

7 Protective effect of berberine against LPS-induced injury in the intestine: a review / F. Izadparast et al.
Cell Cycle. 2022. Vol. 21, No. 22. P. 2365-2378.

8 Yefimov V., Kostiushkevych K., Rakytianskyi V. Effect of feeding treated peat as a supplement on
the parameters of cellular immunity, antioxidant status and performance of piglets in early post-weaning
period. Human & Veterinary Medicine. 2016. Vol. 8, No. 3. P. 133-136.

°  Multidrug-resistant bacteria and alternative methods to control them: an overview / R. Vivas et al.
Microbial Drug Resistance. 2019. Vol. 25, No. 6. P. 890-908.

10 Effects of supplemental myo-inositol on growth performance and apparent total tract digestibility of
weanling piglets fed reduced protein high-phytate diets and intestinal epithelial cell proliferation and
function / T. Z. Ogunribido et al. Journal of Animal Science. 2022. Vol. 100, No. 7. Art. skac187.
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a mixture contains a large number of nucleotides, B vitamins, amino acids and
polysaccharides' 2. Being an important component, nucleotides are particularly
important in improving growth performance, regulating immune function and
healing the animals’ gastrointestinal tract. However, protein mixtures from
different manufacturers have an extremely high divergence in respect with
biological activity'*'* 5. That is why different protein mixtures’ molecular and
cellular effects require detailed study in order to determine their effectiveness
and prospects for use as an alternative to antibiotics in animal husbandry.

The benefits for using protein mixtures in poultry production have already
been described in recent studies. However, the potential of using protein mixtures
in pig production, in particular to maintain piglet health, remains unclear. One
of the protein mixtures’ protective mechanisms may be the intestinal microbiota
modulation and improvement of intestinal resistance to external damage'®.
The intestinal barrier function is primarily provided by intercellular adhesion
proteins of the intestinal epithelial layers'” '®. The content of such proteins
causes the barrier to strengthen, or conversely, their loss leads to growth of
intestinal permeability for the number of enteropathogens'®-2%2!, The weakening
of the intestinal barrier function leads to microorganisms and toxins entering
the integumental system cells*?>. Similar invasion initiates cellular damage and
increases the infectious diseases risk.

11" Effects of dietary addition of heat-killed Mycobacterium phlei on growth performance, immune status
and anti-oxidative capacity in early weaned piglets / J. F. Zhong et al. Archives of Animal Nutrition.
2016. Vol. 70, No. 4. P. 249-262.

12 Chlorogenic acid improves intestinal morphology by enhancing intestinal stem-cell activity / Y. Qin et
al. Journal of the Science of Food and Agriculture. 2023. Vol. 103, No. 7. P. 3287-3294.

'3 Comparison of hydrated sodium calcium aluminosilicate and yeast cell wall on counteracting
aflatoxicosis in broiler chicks / J. Zhao et al. Poultry Science. 2010. Vol. 89, No. 10. P. 2147-2156.

4 Lee M. A. A global comparison of the nutritive values of forage plants grown in contrasting
environments. Journal of Plant Research. 2018. Vol. 131, No. 4. P. 641-654.

15 Petry A. L., Patience J. F. Xylanase supplementation in corn-based swine diets: a review with emphasis
on potential mechanisms of action. Journal of Animal Science. 2020. Vol. 98, No. 11. Art. skaa318.

16 Weaning stress and intestinal health of piglets : A review / X. Tang et al. Frontiers in Immunology.
2022. Vol. 13. Art. 1042778.

17 Changes in progenitors and differentiated epithelial cells of neonatal piglets / L. Yin et al. Animal
Nutrition. 2022. Vol. 8, No. 1. P. 265-276.

18 Intestinal single-cell atlas reveals novel lymphocytes in pigs with similarities to human cells /
J. E. Wiarda et al. Life Science Alliance. 2022. Vol. 5, No. 10. Art. €202201442.

19 MicroRNA-29a mediates the impairment of intestinal epithelial integrity induced by intrauterine
growth restriction in pig / Y. Zhu et al. American Journal of Physiology — Gastrointestinal and Liver
Physiology. 2017. Vol. 312, No. 5. P. 434442

2 Protecting intestinal epithelial cells against deoxynivalenol and E. coli damage by recombinant
porcine IL-22 /Y. Li et al. Veterinary Microbiology. 2019. Vol. 231. P. 154-159.

2! Combined effects of cadmium and ochratoxin A on intestinal barrier dysfunction in human Caco-2
cells and pig small intestinal epithelial cells / S. H. Kim et al. Mycotoxin Research. 2022. Vol. 38, No. 4.
P. 253-264.

22 Combined Soluble Fiber-Mediated Intestinal Microbiota Improve Insulin Sensitivity of Obese Mice /
C. Xu et al. Nutrients. 2020. Vol. 12, No. 2. Art. 351.
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Small piglets are particularly susceptible to infectious diseases. The intestinal
barrier is a critical target for many enteroviruses. One of the most contagious
and widespread in the world and in Ukraine is Porcine Epidemic Diahrrea Virus
(PEDV)* 2%, There are a lot of results which evidence that PEDV replicates in
the absorptive epithelial cells of the small intestine and induces apoptosis and
necrosis, epithelial cell detachment and involvement of villi stroma cores? 2627,
This leads to a decrease in the ratio of villi height to crypt depth and thereby
damages the intestinal barrier® *. However, at the present time the molecular
mechanisms of intestinal barrier disruption induced by coronaviruses remain
unclear. In this regard, the search for products that would contribute to the
strengthening and rapid intestinal barrier recovery under the pathogenic effect
of enteroviruses is currently an important research area’® 3!,

Therefore, our aim was to find out the role of adhesive proteins in maintaining
intestinal barrier in piglets affected with coronavirus enteric infection.

1. Materials and methods to assess the intestinal disturbances
in PEDV infected animals

A model experiment was conducted with using the PEDV infected suckling
piglets to demonstrate the state of the intestinal barrier via measuring molecular
markers level. Two groups of piglets (control and experimental) were formed
with two weeks aged 30 animals, accordingly 15 animals in each group.

The highly contagious entero-tropic epidemic diarrhea virus (PEDV) was
used to initiate the damaging of the intestinal barrier integrity. All piglets
14 days aged were infected with PEDV at the dose of 104 viral particles per

3 Molecular characteristics of the Porcine Epidemic Diarrhea Virus strains isolated in different regions
of Ukraine / D. Masiuk et al. Biopolymers and Cell. 2019. Vol. 35, No. 6. P. 486-494.

2 Porcine Epidemic Diarrhea Virus: an updated overview of virus epidemiology, virulence variation
patterns and virus-host interactions / Y. Zhang et al. Viruses. 2022. Vol. 14, No. 11. Art. 2434.

% Jung K., Saif L. J. Porcine epidemic diarrhea virus infection: Etiology, epidemiology, pathogenesis
and immunoprophylaxis. Veterinary Journal. 2015. Vol. 204, No. 2. P. 134-143.

% Cellular entry of the porcine epidemic diarrhea virus / W. Li et al. Virus Research. 2016. Vol. 226,
No. 2. P. 117-127.

27 BST2 suppresses porcine epidemic diarrhea virus replication by targeting and degrading virus
nucleocapsid protein with selective autophagy / N. Kong et al. Autophagy. 2020. Vol. 16, No. 10.
P. 1737-1752.

% The influence of porcine epidemic diarrhea virus on pig small intestine mucosal epithelial cell
function / X. Y. Wang et al. Archives of Virology. 2019. Vol. 164, No. 1. P. 83-90.

¥ LncRNA446 regulates tight junctions by inhibiting the ubiquitinated degradation of alix after
Porcine Epidemic Diarrhea Virus infection / W. Qin et al. Journal of Virology. 2023. Vol. 97, No. 3.
Art. e0188422.

30 Alterations of suckling piglet jejunal microbiota due to infection with Porcine Epidemic Diarrhea
Virus and protection against infection by Lactobacillus salivarius / W. Dong et al. Frontiers in Veterinary
Science. 2021. Vol. 8. Art. 771411.

3! Oral administration of Lactic acid bacteria inhibits PEDV infection in young piglets / S. Yang et al.
Virology. 2023. Vol. 579. P. 1-8.
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animal. The piglets of both groups were fed with a whole milk replacer, and
the experimental group was additionally fed with 3% isotonic protein mixture
(IPM) by free-access manner.

To assess the infection process in control and experimental group of piglets,
rectal swabs and blood serum were collected from piglets on day 14 (before
virus infection) and on the 21st, 28th, 35th and 42nd day of life. According
to this scheme 3 piglets of each subgroup were euthanized to study dynamic
changes of small intestine cells. Samples of duodenum tissue were taken from
the piglets and stored frozen at -18 to -22°C for examination.

All experimental procedures with piglets were carried out in compliance
with the requirements of the Law of Ukraine No. 3447-1V of 21.02.2006 “On
the Protection of Animals from Brutal Treatment”, in accordance with the basic
principles of the “European Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes™ (Strasbourg, 1986), and
approved by the Local Commission for Bioethics and Animal Experiments of
Dnipro State Agrarian and Economic University.

qPCR. The content of PEDV genetic material was determined in rectal
swabs by qPCR method.

Nucleic acids were extracted from rectal swabs in several stages. Firstly,
rectal swabs were placed in a test tube to which lysis buffer solution ATL Buffer
(Biosellal, France) and quartz beads were added according the recommendations
of producer. The test tube was placed in the rotor of the FastPrep-24 homogenizer,
where the swabs were crushed. A volume of 200 pL was collected from each
homogenate sample. Nucleic acids (NA) were extracted using a commercial
reagent kit “BioExtract Premium Mag” on a KingFisher Duo automatic nucleic
acid extraction device.

The cDNA content was determined in the NA extracts using the “oneMIX
& PEDV” test kit (Exolpol, Spain). Amplification and detection of the results
were performed using a CFX 96 instrument (BioRad, USA). Thermal cycling
was performed according to the test kit instructions.

All samples were analysed in technical triplicate, including the corresponding
negative controls (distilled water without DNase/RNase). The PCR efficiency
and correlation coefficients of the standard curves were in the 8§9.20-111.00%
range, and R2 was from 0.988 to 0.999, indicating a sufficiently high level of
linear dependence. The sensitivity limit for gPCR was assessed as 10—100 copies
of cDNA from three independent tests.

To verify the qPCR linearity and dynamic range, standard curves were
constructed by making 10 times serial dilutions of a positive PEDV ¢cDNA
control sample with a certain copy number. The qPCR results were calculated
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and analysed using the CFX Manager software, and the amplification efficiency
(E) was calculated using the formula E = (10 -1/slope) -1.

ELISA. Serum immunoglobulins of class G (IgG) specific for PEDV
antigens were determined by an indirect ELISA method using a commercial
diagnostic system “ID Screen® PEDV Indirect” (ID, France) on an ELx800
photometer analyzer (BioTek, USA).

In accordance with the recommendations for the diagnostic kit, the serum
was diluted 1/10 before testing. A sample was considered positive if the sum of
products of deviations (SP) value was more than or equal to 60%. In accordance
with the instructions of the test system used, the level of antibodies in the pig
blood serum is proportional to the SP value.

Western blot. The amount of E-cadherin, fibronectin and interferon-a proteins
was determined in duodenum tissues by Western blot (WB) method.

To prepare protein extracts of the aforementioned molecular markers small
intestine tissue every individual was homogenized with phosphate buffer pH
7.6 containing 1% Triton X100, 0.2% sodium dodecyl sulphate and inhibitors
cocktail. The total protein concentration in each sample was determined by the
Bradford method (Bradford, 1976). Protein extract samples were separated by
electrophoresis in a polyacrylamide gel (PAAG) with an acrylamide gradient
of 7-18% (Laemmli, 1970). To control the efficiency of individual polypeptide
separation, several tracks were additionally stained with a 0.1% Coomassie
G-250 solution. The transfer of proteins from PAAG to nitrocellulose was
carried out using an electric field for 120 min at a current of 250 mA. The
blocking of unspecific absorbance onto nitrocellulose was performed in a 3%
solution of skimmed milk powder at 60 min. After blocking, the nitrocellulose
membranes were treated with a 1:25 00 dilution of specific rabbit antiserum
(E-cadherin, fibronectin and interferon-a Santa-Cruz), washed in phosphate
buffer and incubated for 60 min in a solution of peroxidase-labelled secondary
antibodies (anti-mouse Santa-Cruz). To visualize the polypeptide zones, the
nitrocellulose membrane was treated with a 50 mM tris-HCl pH 7.4 solution
containing 0.05% diaminobenzidine and 0.01% hydrogen peroxide. The results
of total protein content and immunoblotting were expressed as a percentage of
the control group.

The results were statistically processed using the specialized software
Statistica 6 (StatSoft Inc, USA). The differences significance was assessed
by the Student’s t-test. The sample parameters presented in the paper had the
following designations: M — sample mean; m — standard error of the mean.
Changes in indicators were considered significant at P < 0.05 (including
P <0.01 and P < 0.001).
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2. Results on PEDV excretion dynamics
The results of the PEDV PCR study indicate that before infection both
control and experimental group had no virus RNA in rectal swabs (Fig. 1).
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Fig. 1. Duration of PEDV excretion into infected piglets’ feces of control
group and group consumed IPM (M+SEM, n = 16)

The highest amount of virus was detected in rectal swabs of piglets on the
21st day of life. Over time, the virus excretion level decreases, as indicated
by a small amount of cDNA in rectal swabs of control piglets on the 28th and
35th day of life. Complete virus excretion stops only on day 42 after infection.
In the experimental group, the virus was detected only at the 21st and 28th day
of life. In 21-day-old piglets of the experimental group, the amount of virus
in rectal swabs was significantly lower by 10 times, and the number of virus-
positive animals was 7% less than in the control group.

There was no difference found between the experimental and control group
piglets in the amount of excreted virus on day 28 of life. Besides, there was
a significant difference between the percentage of animals with the virus
replicating in their bodies. Thus, in the experimental group of piglets, 20%
fewer animals containing PEDV cDNA in rectal swabs were detected compared
to the values of the control group.

The lowest level of animals excreting PEDV was found in the control group
on day 35 of the life. At the same time, the amount of PEDV c¢DNA in rectal
swabs from these animals was the lowest for the entire study period. Besides,
there was no PEDV c¢DNA detected in the rectal swabs of the experimental
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group which exposed to IPM. Moreover, all examined rectal swabs from piglets
on the 42nd day of life did not contain PEDV cDNA.

The results of the intestinal barrier molecular markers study in the duodenum
tissues characterize the changes in the content of E-cadherin, fibronectin and
INF-a in piglets of control and experimental groups affected with PED infection
(Table 1).

Table 1
Relative content of the molecular markers in the duodenum tissues
of the piglets infected with PEDV (M+m, n=3)

Age of E-cadherin Fibronectin Interferon-a
piglets, . . .
days control experiment control experiment control | experiment

21 101,243,2 114,3+£5,8 99,7+3,1 103,1£5,2 107+4,7 105+5,5

28 99,5+4,7 116,4+6,2* 98,9+4,5 106,4+6,1 195+7,6 | 291+8,2%*

35 99,7+4,5 122,8+6,4%* 101,2+4,2 112,743,9* 31649,2 | 217+7,1%%*

42 102,343,9 | 1114445+ | 994+38 | 109,243,7* | 221464 | 151453%*

Note: changes are considered to be statistically significant at *— P<0,05, **— P<0,05,
% — P<0,001 relative to the parameters of the animals of the control group.

There was found that the content of E-cadherin in the piglets’ intestinal
tissues of the experimental group on day 28, 35 and 42 of life was significantly
higher by 17%, 23% and 9% compared to the values of the control group.

Similar results were obtained for fibronectin content alteration into intestine
tissue. The level of fibronectin in the duodenum tissues was significantly higher
in piglets of the experimental group at 35 and 42 days of age about 11.5% and
9.8% (P<0.05) accordingly compared to the values of the control group.

The results of the IFN-a study showed that its increase in piglets of the
experimental group was almost 2 times (P<0.05) on day 28 of life compared
to the values of the control group. At 35 and 42 days of life, the IFN-a level in
the duodenum tissues decreased sharply and was significantly lower by 2.0 and
1.7 times compared to the values of the control group of animals.

The study results of the PEDV antigen-specific IgG levels in the blood
showed a nonlinear rising dynamics of seroconversion processes in piglets from
day 21 to day 42 of the modelled infection (Fig. 2).
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Fig. 2. Dynamics of IgG seroconversion specific against PEDV antigens
in the piglet blood of control group and group consumed IPM
(M£SEM, n = 16)

The feeding of the experimental piglet group with an IPM increases the
number of immune animals by 15% at day 28 compared to the control group.
The SP score in piglets of this age did not differ significantly between the
experimental and control groups. All piglets of the experimental and control
groups developed specific IgG to PEDV antigens in the blood at the 35th and
42nd day of life. The SP value in animals of the experimental group at the
35th and 42nd day of life was significantly higher by 52% and 22% (P<0.05;
P<0.05), accordingly, compared to the piglets of the control group.

3. The protective effect of Isotonic Protein Formulation
on PEDV proliferation

The obtained results characterize the changes in molecular markers content
that the intestinal barrier in piglets at different stages of the infectious process
remodeled with experimental PEDV infection. The course of the infectious
process was assessed by the timing of virus elimination into environment from
the piglets as well as with modulation of immune response in both the blood
serum and duodenum tissue.

The PCR results showed that PEDV was excreted in feces up to the 35th day
of life. Similar results have been demonstrated in several studies®’. It was

2 Immune responses to porcine epidemic diarrhea virus (PEDV) in swine and protection against
subsequent infection / V. D. Krishna et al. PLoS ONE. 2020. Vol. 15, No. 4. Art. €0231723.
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found that the excretion of PEDV in feces lasted for 28 days after inoculation,
and the virus persisted in intestinal tissues for a longer time, which, according
to the authors, poses additional risks of virus spread into a pig farm.

We have found that the use of IPM in piglets reduces the PEDV excretion
time by 7 days and inhibits the excreted virus content by 10 times. Similar results
were demonstrated in the study on the treatment piglets with glycyrrhiza extract
presented by Gao et al. (2020)*. The authors note that glycyrrhizin suppresses
PEDV infection and reduces the period of virus excretion by attenuating the
secretion of proinflammatory cytokines.

Given the presented results and literature data, it can be assumed that the
increased rate of PEDV elimination from the infected piglets may be due to
intensified immunobiological response and faster restoration of the intestinal
barrier integrity*.

This hypothesis is confirmed by the results of present study. Obtained in our
study data have shown that the shortening of virus excretion was accompanied
by the immune response activation in piglets affected with PEDV infection.
Furthermore, immune response could be associated with amelioration in epithelial
cell adhesion via modulation tight junction molecular markers in the duodenum.

The results of our study demonstrated dynamic time-dependent changes
in expression all of studied molecular markers. The revealed trend towards
a more progressive increase in the content of E-cadherin and fibronectin in the
experimental piglets’ duodenum tissues is due to more significant proliferative
processes in the intestine during PEDV infection against the background
of feeding piglets with an IPM*. Recently, there was reported that PEDV
replication in enterocytes leads to the loss of tight junction proteins, including
Z0-1, Z0O-2, occludin and some claudins, indicating a disruption of intestinal
integrity®. Given that E-cadherin and fibronectin proteins are responsible for
intercellular and cell-matrix contacts and ensure the integumentary barrier
density?’, our results indicate a protective effect of the IPM and enhancement of
repair processes in intestinal tissues®.

33 Glycyrrhizin inhibits PEDV infection and proinflammatory cytokine secretion via the HMGB1/TLR4-
MAPK p38 pathway / R. Gao et al. International Journal of Molecular Sciences. 2020. Vol. 21, No. 8.
Art. 2961.

3 Wiarda J. E., Loving C. L. Intraepithelial lymphocytes in the pig intestine: T cell and innate lymphoid
cell contributions to intestinal barrier immunity. Frontiers in Immunology. 2022. Vol. 13. Art. 1048708.
3 LncRNA446 regulates tight junctions by inhibiting the ubiquitinated degradation of alix after Porcine
Epidemic Diarrhea Virus infection / W. Qin et al. Journal of Virology. 2023. Vol. 97, No. 3. Art. e0188422.
36 Jung K., Saif L. J. Porcine epidemic diarrhea virus infection: Etiology, epidemiology, pathogenesis
and immunoprophylaxis. Veterinary Journal. 2015. Vol. 204, No. 2. P. 134-143.

37 Schoultz 1., Keita A. V. The intestinal barrier and current techniques for the assessment of gut
permeability. Cells. 2020. Vol. 9, No. 8. Art. 1909.

3% Developmental changes in intercellular junctions and Kv channels in the intestine of piglets during the
suckling and post-weaning periods / J. Wang et al. Journal of Animal Science and Biotechnology. 2016.
Vol. 7, No. 1. Art. 4.
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Taking into the account that a wide range of entero-pathogens destroy
the integumentary barrier, protective effect of IPM targeted to the support
of enterocytes viability and their ability to form strong adhesive contacts as
well as to enhance the proliferation into the intestine affected areas®. All of
aforementioned cellular activity alone or together require metabolic energy
expenditure. The isotonic protein formulation biologically active components
simultaneously stimulate feed intake, cellular energy metabolism, and local
immune responses which is confirmed by observed results in present study*.

We have found that in an experimental PEDV infection feeding piglets with
IPM during all studied period of the suckling from day 14 of life contributes
to a rapid increase in IFN-a levels by day 28 compared to the values of control
group. Since interferons type I regulate a wide range of nonspecific protective
responses in the intestine, it can be assumed that stimulation of IFN-a production
could be a useful marker of increased innate immune activity*'.

Feeding piglets with an IPM to enhance immune response against a progress
of PEDV infection cam restrict the period of seroconversion and reduces the
period of immunological tolerance. Obtained results have shown that enhanced
IFN-a synthesis in the experimental group piglets’ intestinal tissues and increase
in the level of seroconversion can reflect the protective effect of IPM exposure.
This hypothesis is confirmed with observed data in respect to higher SP value
in experimental group of piglets on days 35 and 42 of life. Similar results were
obtained in a recent study of experimental infection of pigs with European
strains of PEDV*, The authors observed the appearance of blood serum IgG
specific to PEDV antigens on the 18th and 10th day after virus inoculation.
Such changes are usually associated with antigen-stimulated seroconversion®.

Therefore, the intestinal barrier is a critical component in ensuring the
pig’s health as it has a significant impact on permeability selectivity and the
intestinal immune system*. Effective recovery of the intestinal barrier integrity
leads to a reduction in the period of recovery and viral shedding, while

¥ Assessing intestinal health. In vitro and ex vivo gut barrier models of farm animals: benefits and
limitations / F. Ghiselli et al. Frontiers in Veterinary Science. 2021. Vol. 8. Art. 723387.

4 Glycyrrhizin inhibits PEDV infection and proinflammatory cytokine secretion via the HMGB1/TLR4-
MAPK p38 pathway / R. Gao et al. International Journal of Molecular Sciences. 2020. Vol. 21, No. 8.
Art. 2961.

41" Single-blinded study highlighting the differences between the small intestines of neonatal and weaned
piglets / C. Yuan et al. Animals. 2021. Vol. 11, No. 2. Art. 271.

4 Experimental infection of pigs with recent European porcine epidemic diarrhea viruses / C. M. Lazov
et al. Viruses. 2022. Vol. 14, No. 12. Art. 2751.

4 Tran T. H. T., Everaert N., Bindelle J. Review on the effects of potential prebiotics on controlling
intestinal enteropathogens Salmonella and Escherichia coli in pig production. Journal of Animal
Physiology and Animal Nutrition. 2018. Vol. 102, No. 1. P. 17-32.

4 Wiarda J. E., Loving C. L. Intraepithelial lymphocytes in the pig intestine: T cell and innate lymphoid
cell contributions to intestinal barrier immunity. Frontiers in Immunology. 2022. Vol. 13. Art. 1048708.
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enhancing the body’s immune responses and shortening the seroconversion
period®. Taking into the account aforementioned, the estimation of protein
markers including E-cadherin and fibronectin constructs usable way to monitor
the enterotropic drugs effect on the intestinal condition*®. Moreover, this strategy
is prospective tool to determine the level of damage and the effectiveness of
the intestinal barrier recovery in pigs under the influence of various alternative
factors, including PEDV.

CONCLUSIONS

The peculiarities of PEDV excretion by piglets infected with a dose
of 104 viral particles per animal showed that starting from 14 days of life,
excretion progressively increased for the 21st day and then decreased until the
35th day of age. Starting from the 42nd day of life, the PEDV excretion in feces
was finished completely.

Feeding piglets with an IPM stimulate the content increase in the adhesive
proteins E-cadherin and Fibronectin in the duodenum tissues by an average
of 17% and 11%, accordingly, and enhanced the synthesis of IFN-a and IgG
specific to the PEDV antigen by 2 and 1.5 times, accordingly. Thus, the decrease
in PEDV excretion may be due to the improvement of barrier function and
innate immunity in the animals’ intestines induced by the consumption of IPM.

SUMMARY

The intestinal barrier is an extremely important structure to maintain
piglet health. However, various enteropathogens, including coronaviruses,
are especially aggressive factors for the intestinal barrier destruction. That
is why the aim of present study was to clarify the role of adhesive proteins
in the piglet intestinal barrier maintaining affected with coronavirus enteric
infection. For this purpose, we formed two groups of 14-day-old piglets to
construct experimental model enteric disorder. Each animal was infected with
porcine epidemic diarrhea virus (PEDV) at a dose of 104 virions. The piglets
of the experimental group were additionally fed of isotonic protein mixture
(IPM). The intensity of the infectious process was assessed by the duration
of virus elimination from the piglets’ body, the amount of excreted virus,
the immune response efficacy. The level immune response was detected by
specific IgG in the blood serum and a-interferon (IFN-a) in the intestinal
tissues. The intestinal barrier integrity was assessed by the level of proteins

4 Regulation of the intestinal barrier function by host defense peptides / K. Robinson et al. Frontiers in
Veterinary Science. 2015. Vol. 2. Art. 57.

4 Effect of riboflavin on intestinal development and intestinal epithelial cell function of weaned piglets /
Y. Qin et al. Journal of Animal Physiology and Animal Nutrition. 2023. Vol. 107, No. 2. P. 518-528.
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in the tissues that form tight intercellular contacts especially E-cadherin and
fibronectin in the duodenum. The results have shown a variability in the
duration of the PEDV elimination period in piglets’ feces. The exposure to
IPM provides a protective effect that enhances the recovery processes in the
intestinal tissues. That was also reflected in an increase in the amount of
E-cadherin and fibronectin in the duodenum. Furthermore, the isotonic protein
mixture’s protective effect was reflected in an increase in the body’s immune
responses into the intestinal level. This effect was evidenced by an increase
in the amount of IFN-o in the duodenum and an increase in the synthesis
of specific IgG in the blood serum. Obtained results showed a protective
effect of IPM treatment while the intestinal barrier and immune responses
were enhanced. IPM treatment induced about 10 times decrease in the amount
of PEDV excreted in the feces in experimental animals and contributed to
a 7-day reduction in the virus excretion period.
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CHAPTER 9

CURRENT APPROACHES IN MAINTENANCE GUT
HEALTH IN FARMING ANIMALS.

PART 2. GLYCERIDES BLEND MODULATES
INTESTINAL BARRIER FUNCTIONING IN PIGLETS

Masiuk Dmytro, Nedzvetsky Victor, Kokariev Andrii
DOl https://doi.org/10.30525/978-9934-26-714-7-9

INTRODUCTION

The issue of the keeping sustainable piglet intestinal health is becoming
increasingly important to both livestock specialists and the scientific community.
Sustainable intestinal development and maintaining piglet health are key factors
for successful pig breeding. One of the innovative approaches to improve piglet
health is to maintain the barrier function of the intestinal system'. An effective
intestinal barrier consists of a columnar epithelial cell layer that performs
two interdependent functions, namely creating a protective barrier against
harmful substances and acting as a selective filter for nutrients® 3. Both of these
functions are aimed at maintaining homeostatic conditions in the intestine
and forming communication pathways between cells and the environment. In
addition, the protective property of the intestinal system is the requirement to
prevent potentially harmful substances invasion, including pathogens, antigens,
and pro-inflammatory factors, from entering the external environment to the
intestinal tissue. The intestinal barrier’s selective capabilities contribute to the
development of the intestinal immune system and the formation of immune
tolerance* .

! Integrity of the intestinal barrier: The involvement of epithelial cells and microbiota — a mutual
relationship / M. Gierynska et al. Animals. 2022. Vol. 12, No. 2. Art. 145.

? Interaction between the gut microbiome and mucosal immune system / N. Shi et al. Military Medical
Research. 2017. Vol. 4, No. 1. Art. 14.

3 Paone P., Cani P. D. Mucus barrier, mucins and gut microbiota: the expected slimy partners / P. Paone,
P. D. Cani. Gut. 2020. Vol. 69, No. 12. P. 2232-2243.

4 Turner J. R. Intestinal mucosal barrier function in health and disease / J. R. Turner. Nature Reviews
Immunology. 2009. Vol. 9, No. 11. P. 799-809.

> Sardinha-Silva A., Alves-Ferreira E. V. C., Grigg M. E. Intestinal immune responses to commensal
and pathogenic protozoa / A. Sardinha-Silva, E. V. C. Alves-Ferreira, M. E. Grigg. Frontiers in
Immunology. 2022. Vol. 13. Art. 963723.
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A disorder of the intestinal protective mechanisms, namely mucus loss and
destruction of epithelial cells contributes to the transport of both beneficial
and potentially harmful substances from the intestinal lumen to the internal
environment, thus causing an over-activated immune response®. Intestinal
barrier function depends on the interaction between several barrier components,
including the intestinal mucus layer, cytokines and chemokines, antibacterial
peptides, and intercellular adhesions’.

The basic junctions form a continuous and dense branched network between
the basolateral cell membranes, which leads to an increase in the compactness
of the apical intercellular space. The epithelial ability to maintain barrier
function depends on four types of intercellular junctions: desmosomes (DSM),
adherens junctions (AJ), tight junctions (TJ), and gap junctions (GJ)%. Adhesive
contacts and desmosomes are anchor junctions that link actin filaments of the
cytoskeleton to the plasma membrane at the sites of intercellular adhesion.
Tight junctions create a seal in the plasma membrane to regulate paracellular
transport and polarize cells by keeping proteins in their correct compartments®.
Gap junctions containing connexin electrically connect cells and allow small
molecules to diffuse from one cell to another cell.

One of the main representatives of intercellular adhesive contacts is the
cadherin subfamily, with E-cadherin being the epithelial-specific protein. This
transmembrane protein is involved in cellular processes such as signaling of
intercellular contact inhibition, cell proliferation, actin cytoskeleton remodeling,
and cell polarity'®. The functioning of the intestinal epithelial layer requires
stable intercellular adhesion to ensure barrier function''. A decrease in the
content of molecular markers of barrier function can provoke a violation of the
epithelial layer integrity and initiate the intestinal barrier destruction'?.

¢ Shen L., Turner J. R. Role of epithelial cells in initiation and propagation of intestinal inflammation.
Eliminating the static: tight junction dynamics exposed / L. Shen, J. R. Turner. American Journal of
Physiology — Gastrointestinal and Liver Physiology. 2006. Vol. 290, No. 4. P. 577-582.

7 Suzuki T. Regulation of the intestinal barrier by nutrients: The role of tight junctions / T. Suzuki.
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Art. F1000 Faculty Rev-2150.

? Johnson J. L., Najor N. A., Green K. J. Desmosomes: regulators of cellular signaling and adhesion in
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In spite of the progress in research on the role of adhesive proteins in
intestinal barrier function, the important component of barrier function is
the extracellular matrix (ECM), which is considered to be a key mediator in
many intercellular interactions. There are various components that regulate and
activate many cellular processes and ultimately affect the cellular homeostasis.
An essential component of the ECM is fibronectin, a glycoprotein involved
in tissue integrity through cell-ECM adhesion, proliferation and migration and
produced by several types of intestinal epithelial cells'.

To maintain the protective properties of intestinal system, the biological
effects of dietary supplements with short-chain fatty acids and monoglycerides
(SCA-M) as the cytoprotector for intestinal barrier have been actively studied
recently. Similar supplements contain formic, propionic, citric, and acetic acids,
which exhibit antimicrobial properties, confirming the prospects of their usage
as supportive agents. Organic acids are used by human as a feed preservative due
to their strong antibacterial and antifungal effects. An important point for fruitful
application of these compounds is that they have multifactorial effects on the
microbiome state, immune response and key intestinal components interactions.
Unfortunately, the molecular and cellular mechanisms of SCA-M effect on
piglet intestinal health are not well defined. Besides, the growth recent data
support the evidence that maintaining the functionality of the intestinal system
is a critical requirement for pig breeding to achieve high productive rates and
ensure the sustainable development of this field.

The aim of our study was to determine the SCA-M effect on fibronectin
content in the small intestine of piglets, total protein content in a blood and
average weight gain.

1. Methodological approaches to study the bioeffects of fatty acids blend

The research was carried out in the laboratory of the Research Centre for
Biosafety and Environmental Control of Agricultural Resources (Biosafety
Centre) of the Dnipro State Agrarian and Economic University (DSAE). The
work was carried out on piglets from the 42nd to the 77th day of life in an
industrial pig farm. 24 animals were included into the experiment, 2 groups
were formed — control and experimental, each consisting of 12 piglets. The
experimental group piglets were raised according to the standard protocol of
the farm. At the same time, the piglets of the experimental group received
SCA-M (C3—-C12) from the 42nd to the 77th day of life at a dose of 0.5 kg
of the drug per ton of feed. On day 42 of life, control weighing of piglets of

13 Dhanani K. C. H., Samson W. J., Edkins A. L. Fibronectin is a stress responsive gene regulated by
HSF1 in response to geldanamycin. Scientific Reports. 2017. Vol. 7. Art. 17617.
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both groups was carried out. For weighing, 4 animals from each group were
randomly selected. For laboratory studies, 4 pigs from each group were selected
on 42nd day of life.

All procedures with piglets were carried out in accordance with the
requirements of the Law of Ukraine No. 3447-1V of 21.02.06 “On the Protection
of Animals from Brutal Treatment”, in accordance with the basic principles of
the European Convention for the Protection of Vertebrate Animals Used for
Experimental and Scientific Purposes (Strasbourg, 1986) and approved by the
Commission on Bioethics of Animal Experiments of Dnipro State Agrarian and
Economic University. After euthanasia, the abdominal cavity was opened and
the fragments of the duodenum were isolated.

Protein extract samples were obtained by intestinal tissue homogenizing
in 25 mM Tris buffer (pH 7.4) containing 0.2% sodium dodecyl sulfate and
a mixture of protease inhibitors. Homogenates were incubated for 60 min at
+4°C to extract structural proteins and were centrifuged'®. The concentration of
total protein in each sample was determined by the Bradford method'®. Samples
were mixed in 1:1 ratio with Lemmli buffer containing 0.1 M dithiothreitol and
boiled for 5 min. Protein samples were frozen and stored at -20°C for up to two
weeks before analysis.

Fibronectin content was determined by immunoblotting as described
previously'. Anti-fibronectin (Abcam, ab-194586) and anti-GAPDH (Santa-
Cruz, sc-69879) antibodies diluted 1/1000 were used in this study. Densitometric
analysis of the results was performed using Total Lab TL120 software. The
molecular weight of stained polypeptide bands was identified by extrapolating
the relative mobility of each polypeptide on the pre-stained proteins with
known molecular weights (PageRuler Prestained Protein Ladder, Fermentas,
Germany).

Total protein content was measured with Bradford method (Bradford 1976).
The results of total protein content in blood serum and tissue extracts were
expressed as a percentage relative to the control group. The obtained results are
presented as an average + standard deviation (SD) on histograms. The results
were analyzed with using one-way analysis of variance (ANOVA) followed by

4 Low doses of imidacloprid induce disruption of intercellular adhesion and initiate proinflammatory
changes in Caco-2 cells / V. S. Nedzvetsky et al. Regulatory Mechanisms in Biosystems. 2021. Vol. 12,
No. 3. P. 430-437.

15 Bradford M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding / M. M. Bradford. Analytical Biochemistry. 1976. Vol. 72,
No. 1-2. P. 248-254.

16 Water-soluble C60 fullerene ameliorates astroglial reactivity and TNF-a production in retina of
diabetic rats / V. S. Nedzvetsky et al. Regulatory Mechanisms in Biosystems. 2019. Vol. 10, No. 4.
P.513-519.
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Bonferroni’s post-hoc test. Changes in indicators were considered significant at
P <0.05.

2. The results on bioeffects of fatty acids blend
To evaluate the effect of the drug SCA-M on productive parameters, the
average daily weight gain of animals in the control and experimental groups
was analyzed. The results showed a non-statistically significant increase in the
piglet weight of the experimental group compared to that of the control group

(Fig. 1).
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Fig. 1. Average weight gain of animals from 42nd to 77th days
in the control group (C) and the group of piglets treated with SCA-M
(SCA-M)

The total protein content in the blood serum and small intestine tissue
extracts of piglets was determined to control the possible effect of SCA-M on
protein metabolism and to normalize the immunoblot results corresponding
to individual data. The results of total protein determination did not reveal
a significant difference between the control and experimental groups in both
blood serum and piglet intestinal tissue extracts (Fig. 2).

The fibronectin content in the small intestine tissue of piglets was
determined to identify the SCA-M effect on the state of the extracellular matrix.
The obtained results showed a significant increase in fibronectin content in the
group of piglets consuming SCA-M compared to the control group (Fig. 3).
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Fig. 3. Fibronectin content in the small intestine of the control group (C)
and the group of piglets fed SCA-M. Significance of the differences
in compare to 42th day SCA-M group: * — P < 0,05

In general, obtained results indicate that the consumption of SCA-M initiates
an increase in the biosynthesis of ECM proteins, in particular, fibronectin.

3. The protective effects of fatty acids blend supplementation

The main tasks in the context of limited antibiotics usage are to ensure
human and animal health, food safety, and increase the efficiency and quality
of animal production. All these tasks cannot be achieved without understanding
the molecular and cellular mechanisms of antibiotic alternatives actions. An
equally important issue is the need to integrate research in nutrition, health and
veterinary medicine. Both model experiments and field trials of possible antibiotic
alternatives in different livestock production systems are considered necessary to
address these challenges'’. Such research should be effective if it is based on the
study of fundamental indicators, namely, molecular markers of central pathways
for cellular function control and whole organism viability support'®.

17" Alternatives to antibiotics: a symposium on the challenges and solutions for animal health and
production / T. R. Callaway et al. Antibiotics (Basel). 2021. Vol. 10, No. 5. Art. 471.

'8 Morphology of inner cell mass: a better predictive biomarker of blastocyst viability / S. Sivanantham
etal. Peer J. 2022. Vol. 10. Art. €13935.
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In recent years, large number research has been conducted to identify
functional feed additives with similar beneficial effects as antibiotic growth
promoters. The focus has been on prebiotics, probiotics and synbiotics, which
are proposed as means of supporting intestinal health in various animals,
including pigs'. A significant number of studies have shown some beneficial
effects of such agents when using these functional feed additives as an
alternative to antibiotics. The use of these agents can inhibit the pathogenic
microflora growth and promote the commensal microbiota taxa progress. It has
been shown that the suppression of Lawsonia intracellularis through the feed
additive of the probiotic Bacillus pumilus can be one of the ways to maintain
piglet health after weaning®.

Recent results have shown that the use of probiotics can be beneficial
in controlling intestinal infections in post-weaning piglets. It has also been
suggested that a mixture of probiotics can be used to increase microbiota
diversity, which mitigates the impact of L. intracellularis pathogenic infection®'.
The use of preparations containing Lactobacilli in piglets infected with
pathogenic Escherichia coli K88 showed a beneficial effect associated with
the villi morphology maintenance and expression of tight junction genes that
regulate intestinal barrier function and permeability®.

A special place among the probiotics suggested as a replacement for
antibiotics is occupied by Lactobacillus, which are well known and used
by humans to make yoghurts and cheeses?. Lactobacillus delbrueckii has
been shown to inhibit the proliferation of various pathogenic taxa including
Clostridiales®. In addition, Lactobacillus delbrueckii improves the morphology
of the mucosal layer, the length of villi and increases the content of butyrates,
isobutyl and isovaleric acids, which provide antimicrobial effects in the animal
intestinal system.

19 Beneficial roles of probiotics on the modulation of gut microbiota and immune response in pigs /
D. Shin et al. PLoS ONE. 2019. Vol. 14, No. 8. Art. ¢0220843.

2 Bacillus pumilus probiotic feed supplementation mitigates Lawsonia intracellularis shedding
and lesions / T. Opriessnig et al. Veterinary Research. 2019. Vol. 50, No. 1. Art. 85. DOI: https://doi.
org/10.1186/s13567-019-0696-1.

2 Muwonge A., Karuppannan A. K., Opriessnig T. Probiotics mediated gut microbiota diversity shifts
are associated with reduction in histopathology and shedding of Lawsonia intracellularis / A. Muwonge,
A. K. Karuppannan, T. Opriessnig. Animal Microbiome. 2021. Vol. 3, No. 1. Art. 22.

22 Effect of Lactobacillus plantarum on diarrhea and intestinal barrier function of young piglets
challenged with enterotoxigenic Escherichia coli K88 / K. M. Yang et al. Journal of Animal Science.
2014. Vol. 92, No. 4. P. 1496-1503.

3 Effects of varying dietary folic acid during weaning stress of piglets / L. Wang et al. Animal Nutrition.
2021a. Vol. 7, No. 1. P. 101-110.

2 Effects of dietary supplementation of Lactobacillus delbrueckii on gut microbiome and intestinal
morphology in weaned piglets / X. L. Wang et al. Frontiers in Veterinary Science. 2021b. Vol. 8.
Art. 692389.
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Another strategy based on the use of enzymatically processed plant products,
in particular, soy has shown beneficial effects on feed transformation, immune
response and intestinal barrier function in post-weaning piglets fed an antibiotic-
free diet®. Consumption of such product improved the small intestinal villi
morphometric parameters and the expression of enterocyte adhesion proteins,
including Z-occludin 1%,

Unfortunately, there is currently no experimental evidence that individual
antibiotic substitution strategies can be effective in terms of growth promotion
and antimicrobial protection. On the other hand, given the individual
properties of certain antibiotic candidates, combining individual strategies is
a promising direction in developing an effective alternative to antibiotics. For
example, a beneficial effect on intestinal health as an alternative to antibiotics
has been shown as a result of the probiotic’s combined usage with yeast
hydrolysate?”.

The multifactorial beneficial effect has also been investigated in the study
of the fatty acid mixture effects on the intestinal health of productive animals.
The study of the action mechanisms of short- and medium-chain fatty acids
on the functions of the animal intestinal system is one of the priority areas of
livestock production, as well as poultry production. In recent years, significant
progress in improving organic acid regimens for productivity has been shown
in many research studies on broiler chickens®**°. However, the rejection of the
antibiotic usage as a growth stimulant in livestock production necessitates the
search for alternative agents that simultaneously exhibit antimicrobial properties
and provide sufficient animal growth intensity. A wide range of compounds
have been suggested and investigated as potential alternatives to antibiotics. In
particular, prebiotics, probiotics, organic acids, emulsifiers, enzymes, essential

» Enzyme-treated soybean meal enhanced performance via improving immune response, intestinal
morphology and barrier function of nursery pigs in antibiotic free diets / S. Long et al. Animals. 2021.
Vol. 11, No. 9. Art. 2600.

% The effects of enzymatically treated soybean meal on growth performance and intestinal structure,
barrier integrity, inflammation, oxidative status, and volatile fatty acid production of nursery pigs /
L. A. Ruckman et al. Translational Animal Science. 2020. Vol. 4, No. 3. Art. txaal70.

¥ Effects of dietary Bacillus coagulans and yeast hydrolysate supplementation on growth performance,
immune response and intestinal barrier function in weaned piglets / R. Fu et al. Journal of Animal
Physiology and Animal Nutrition. 2021. Vol. 105, No. 5. P. 898-907.

2 Potential feed additives as antibiotic alternatives in broiler production / H. Ayalew et al. Frontiers in
Veterinary Science. 2022. Vol. 9. Art. 916473.

¥ QOrganic acid blends improve intestinal integrity, modulate short-chain fatty acids profiles and alter
microbiota of broilers under necrotic enteritis challenge / A. Kumar et al. Animal Nutrition. 2022. Vol. 8,
No. 1. P. 82-90.

30 Effect of supplemental glycerol monolaurate and oregano essential oil blend on the growth
performance, intestinal morphology, and amino acid digestibility of broiler chickens / S. A. Amer et al.
BMC Veterinary Research. 2021. Vol. 17, No. 1. Art. 312.
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oils, medium-chain fatty acids, and monoglycerides have received particular
attention in the last decade®' 3% %,

Data on the combined effect of natural compounds as an alternative to the
antibiotic use in weaned piglets are extremely limited. In particular, the combined
use of benzoic acid, Bacillus coagulans, and oregano oil had beneficial effects
on the immune status, microbiome, and intestinal barrier function in piglets®*.

The post-weaning piglet’s intestinal system is extremely vulnerable to
enteropathogens due to antibody deficiencies, lack of immune response and intestinal
barrier function. Therefore, immune response maintenance, intestinal morphology
and barrier function are considered to be the main issues for maintaining piglet
health after weaning® *. Unfortunately, the number of studies on the effects of
short-chain fatty acids and monoglycerides as an alternative strategy to antibiotics
in pig production is extremely limited. In particular, it has been shown that folic acid
feed supplementation can improve growth performance and intestinal morphology
of weaned piglets by maintaining the epithelial cell renewal balance?’.

Intestinal epithelial cells provide the most critical functions of the
intestinal system, namely nutrient transport and barrier properties to toxins and
pathogens®. Given this fact, maintaining and rehabilitating damaged epithelial
cells is a promising area for ensuring intestinal health. Recent results have
demonstrated the beneficial effect of a monoglyceride blend on the transmission
and spread of porcine epidemic diarrhea virus (PEDV) in piglets during early
weaning®. It should be noted that the monoglycerides mixture in this study

31 Role of yeast and yeast-derived products as feed additives in broiler nutrition / R. M. Bilal et al.
Animal Biotechnology. 2023. Vol. 34, No. 2. P. 392-401.

32 Organic acid blends improve intestinal integrity, modulate short-chain fatty acids profiles and alter
microbiota of broilers under necrotic enteritis challenge / A. Kumar et al. Animal Nutrition. 2022. Vol. 8,
No. 1. P. 82-90.

33 Progress on gut health maintenance and antibiotic alternatives in broiler chicken production / Q. Zhu
et al. Frontiers in Nutrition. 2021. Vol. 8. Art. 692839.

34 Effects of benzoic acid, Bacillus coagulans and oregano oil combined supplementation on growth
performance, immune status and intestinal barrier integrity of weaned piglets / J. Pu et al. Animal
Nutrition. 2020. Vol. 6, No. 2. P. 152-159.

> Enzyme-treated soybean meal enhanced performance via improving immune response, intestinal
morphology and barrier function of nursery pigs in antibiotic free diets / S. Long et al. Animals. 2021.
Vol. 11, No. 9. Art. 2600.

3¢ Bacteriophage as an alternative to antibiotics promotes growth performance by regulating intestinal
inflammation, Intestinal barrier function and gut microbiota in weaned piglets / Y. Zeng et al. Frontiers
in Veterinary Science. 2021. Vol. 8. Art. 623899.

37 Effects of dietary supplementation of Lactobacillus delbrueckii on gut microbiome and intestinal
morphology in weaned piglets / X. L. Wang et al. Frontiers in Veterinary Science. 2021b. Vol. 8.
Art. 692389.

3% Beneficial effects of phytogenic feed additives on epithelial barrier integrity in an in vitro co-culture
model of the piglet gut / D. Wendner et al. Molecules. 2023. Vol. 28, No. 3. Art. 1026.

3 Monoglyceride reduces viability of porcine epidemic diarrhoea virus in feed and prevents disease
transmission to post-weaned piglets / F. C. Phillips et al. Transboundary and Emerging Diseases. 2022.
Vol. 69, No. 1. P. 121-127.
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was constructed with using an integrated analysis of the individual properties
of the individual components, which ensured a sufficiently high efficiency in
preventing viral disease transmission to piglets from contaminated feed. Thus,
the combination of different monoglycerides may be a promising direction for
finding alternative strategies to antibiotics.

Another useful property of monoglycerides is their soft antimicrobial effect.
Mixtures of free fatty acids and monoglycerides can destabilize bacterial cell
membranes, causing a wide range of direct and indirect inhibitory effects®.
Recent studies have shown that the mechanisms of fatty acids and monoglycerides
impact are aimed at remodeling bacterial phospholipid membranes and can
cause irreversible damage that inhibits the growth of various microorganisms*'.
Recent studies have shown that the activity of fatty acids and their derivatives,
including monoglycerides, is directed against various bacteria types*.

At the same time, the antibacterial activity is largely dependent on the
composition of fatty acids and remains not fully understood. The variation of
monoglyceride compositions in feed additives is an important factor to find out
optimal bioeffect. Observed in our study results demonstrated beneficial effect
on fibronectin content in intestinal tissue that could be initiated by SCA-M.
In this line SCA-M activates cell metabolism via indirect mechanism related
to multiple regulatory pathways as well as cell reactivity. In spite of recent
reports, the chronic effect of various fatty acids and monoglycerides on the
piglet intestinal system cells, in particular, on epithelial cells as the main target
of enteropathogens and toxins, remains unexplored. Also, the possible toxic
effects of these compounds on the intestinal epithelial barrier function remain
unclear. Given the fact that epithelial cells form intercellular connections with
the help of specialized tight junction proteins, adhesion proteins make a major
contribution to the intestinal barrier function. The interaction of epithelial cells
with ECM also plays a significant role in the intestinal barrier formation®. In
our study, the fibronectin content was determined to assess the state of ECM as
an indicator of the cell-ECM adhesion strength. The results of the present study
indicate a stimulating effect of the SCA-M mixture on the fibronectin content

4 Antibacterial free fatty acids and monoglycerides: Biological activities, experimental testing, and
therapeutic applications / B. K. Yoon et al. International Journal of Molecular Sciences. 2018. Vol. 19,
No. 4. Art. 1114.

4 Competing interactions of fatty acids and monoglycerides trigger synergistic phospholipid membrane
remodeling / B. K. Yoon et al. The Journal of Physical Chemistry Letters. 2020. Vol. 11, No. 13.
P. 4951-4957.

4 Churchward C. P.,, Alany R. G., Snyder L. A. S. Alternative antimicrobials: the properties of
fatty acids and monoglycerides / C. P. Churchward, R. G. Alany, L. A. S. Snyder. Critical Reviews in
Microbiology. 2018. Vol. 44, No. 5. P. 561-570.

4 Beneficial effects of phytogenic feed additives on epithelial barrier integrity in an in vitro co-culture
model of the piglet gut / D. Wendner et al. Molecules. 2023. Vol. 28, No. 3. Art. 1026.
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and, accordingly, on the cell-ECM adhesion. The strength of such adhesion is
a component of piglet health after weaning because this period is characterized
as a trigger for the mature organism functions formation. Stimulation of ECM
protein synthesis can promote cell fixation and activation of their specialized
functions*. Thus, an increase in fibronectin content can stimulate the cells of
the intestinal system directly through interaction with the ECM, as well as
modulate intercellular interaction of epithelial cells. The increase in fibronectin
content determined in our study may reflect an increase in the epithelial cell-
ECM adhesion strength, which enhances the integrative properties of the
intestinal barrier. At the same time, the consumption of SCA-M had a slight
effect on the productive parameters, which may be the result of a short-term
exposure to the drug.

CONCLUSIONS

Consumption of SCA-M by piglets during 5 weeks contributes to an increase
in fibronectin content in the small intestine tissue. Upregulation in fibronectin
content could be a part of ECM strengthening and intestinal barrier maintaining.
The further study with respect to molecular biomarkers of intestinal barrier
modulation with organic acids is required.

SUMMARY

Searching for modern strategies to ensure productive parameters in the
context of modern requirements for the relatively limited use of antibiotics as
growth stimulants is relevant for the pig breeding industry. First and foremost,
maintaining intestinal health is the main goal of feed additive application
that have beneficial effects on the productive animals’ health. Monitoring
the intestinal system state and timely responding to the development of
enteropathogens is essential in the context of limited antibiotics usage.
Molecular markers of the intestinal system are promising tool for monitoring
the basic functions of the intestine, including the intestinal barrier. Given
the fact that protection against enteropathogens is provided by specialized
cell-cell and cell-extracellular matrix adhesions, changes in the content of
intercellular adhesion proteins may reflect the intestinal barrier density. Fatty
acid mixtures are considered to be one of the promising alternatives to the
antibiotics use in animal farming. In order to determine the intestinal barrier
function status, the modulation of fibronectin content as the extracellular
matrix marker in piglets was determined after consumption of a short-chain

4 Marlar S., Abdellatef S. A., Nakanishi J. Reduced adhesive ligand density in engineered extracellular
matrices induces an epithelial-mesenchymal-like transition / S. Marlar, S. A. Abdellatef, J. Nakanishi.
Acta Biomaterialia. 2016. Vol. 39. P. 106-113.
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fatty acid-monoglyceride mixture (SCA-M). Control group of animals
consumed a standard diet. The experimental group exposed to a mixture
of SCA-M at a dose of 5 g/kg for 4 weeks. The fibronectin content was
determined by immunoblotting in the small intestine tissue of the control
and experimental groups piglets. It was shown that the fibronectin content
in piglets of the experimental group was significantly higher (P < 0.05)
compared to the control group. The determination of total protein in the blood
serum and intestinal tissue extracts of piglets did not showed a significant
difference between the control and experimental groups. Comparative analysis
of the average daily weight gain found out a tendency to a more progressive
increase in piglet weight. In general, the obtained results indicate a beneficial
SCA-M effect on the fibronectin content modulation and intestinal barrier
density maintenance in piglets. Comprehensive molecular markers studies of
the piglet intestinal system will be useful for the advance of antibiotic-free
strategies in accordance with modern pig breeding requirements.
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CHAPTER 10

CURRENT APPROACHES IN MAINTENANCE GUT
HEALTH IN FARMING ANIMALS.

PART 3. THE PROSPECTS OF ORGANIC ACIDS
SUPPLEMENTATION IN POULTRY FEED ADDITIVES

Masiuk Dmytro, Nedzvetsky Victor, Kokariev Andrii
DOl https://doi.org/10.30525/978-9934-26-714-7-10

INTRODUCTION

Poultry farming is the most widespread form of livestock production in the
world, due to its relatively low cost and short production cycle. At the current
stage of poultry development, the best possible conditions have been created to
fulfil the genetic potential of animals. According to N. Haulisah et al. (2021)",
one of the key methods of increasing broiler productivity since the 1950s has
been the use of antibiotics as growth promoters (GPs). However, the use of
these substances has brought the issue of antibiotic resistance to a new level
that threatens humanity. The most widely used antibiotics, as GPs, have been
used to improve feed conversion and health status of poultry?. The abandonment
of antibiotics has initiated an increase in the number of studies on effective
alternative methods of monitoring and correcting animal health, welfare and
productivity, including in poultry farming.

A wide range of products have been proposed to replace antibiotics in
feed, among which organic acids (OAs) show promising results’. The pool
of carboxylic acids that are most common in living organisms is represented
by free fatty acids and those that are part of the lipids of living organisms.
According to D. Venegas et al. (2019)*, according to the chain length, fatty acids

! High levels of antibiotic resistance in isolates from diseased livestock / N. A. Haulisah et al. Frontiers
in Veterinary Science. 2021. Vol. 8. Art. 652351.

2 Salah A. S., Ahmed-Farid O. A., El-Tarabany M. S. Carcass yields, muscle amino acid and fatty
acid profiles, and antioxidant indices of broilers supplemented with synbiotic and/or organic acids /
A. S. Salah, O. A. Ahmed-Farid, M. S. El-Tarabany. Journal of Animal Physiology and Animal Nutrition.
2019. Vol. 103, No. 1. P. 41-52.

3 In vitro investigation of the antibacterial activity of nine commercial water disinfectants, acidifiers,
and glyceride blends against the most important poultry zoonotic bacteria / T. Mantzios et al. Pathogens.
2023. Vol. 12, No. 3. Art. 381. DOLI: https://doi.org/10.3390/pathogens12030381.

4 Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its relevance
for inflammatory bowel diseases / D. Parada Venegas et al. Frontiers in Immunology. 2019. Vol. 10.
Art. 277.
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are divided into short-chain fatty acids (SCFAs) — containing up to 6 carbon
atoms, medium-chain fatty acids (MCFAs) — containing 6—12 carbon atoms,
and long-chain fatty acids (LCFAs) — containing 13-21 carbon atoms. There
is also (very long) elongated chain fatty acids (VLCFAs), which have over
22 carbon atoms. All SCFAs have varying degrees of water solubility, which
distinguishes them from LCFAs, which are insoluble. In the poultry industry,
SCFAs are used more frequently and somewhat less frequently than MCFAs as
an alternative to antibacterial preparations and growth stimulants. G. Galli et
al. (2021)° note that the effectiveness of SCFAs and MCFAs is influenced by
a considerable number of factors, among which the key ones are the chemical
structure, form of additive, its amount and method of supplementation, buffer
capacity of feed, and its nutritional value.

Organic acids are widely used as additives in drinking water or as feed
additives. They are often used in the salt forms (sodium, potassium, or
calcium and/or partially esterified). According to M. Aljumaah et al. (2020)°,
the advantage of using salts is their odourlessness, solid form (the purest
organic salts are volatile), lower corrosivity, and better solubility. The
efficiency of an organic acid depends on its molecular weight, pKa value and
form (undissociated or dissociated), which together determine the difference
in antimicrobial activity and bioavailability. Several OAs have a specific
bioavailability. The bioavailability of OAs can be improved by choosing the
correct form of additive that promotes OA adsorption by cells. F. Mannelli et
al. (2019)7, N. Qi et al. (2023)® pointed out that the use of fatty acid salts is the
simplest solution, as these salts are solid, which facilitates the technology of
feed production and improves their organoleptic properties. Microencapsulation
is considered a promising way to deliver organic acids to the digestive tract.
Therewith, the composition of the coating that envelops the OA ensures a more
efficient release of these substances in the right place in the digestive tract.

The purpose of this study was to summarise the current comprehension
and prospects for the use of short- and medium-chain organic acids in poultry
farming as safe substitutes for antimicrobial agents and/or growth promoters
based on the analysis of available literature.

° Growth performance and meat quality of broilers fed with microencapsulated organic acids /
G. M. Galli et al. Animal Feed Science and Technology. 2021. Vol. 271. Art. 114706.

¢ Organic acid blend supplementation increases butyrate and acetate production in Salmonella enterica
serovar Typhimurium challenged broilers / M. R. Aljumaah et al. PLoS ONE. 2020. Vol. 15, No. 6.
Art. €0232831.

7 Effect of chestnut tannins and short chain fatty acids as anti-microbials and as feeding supplements in
broilers rearing and meat quality / F. Mannelli et al. Animals. 2019. Vol. 9, No. 9. Art. 659.

8 Study of microencapsulated fatty acid antimicrobial activity in vitro and its prevention ability of
Clostridium perfringens induced necrotic enteritis in broiler chicken / N. Qi et al. Gut Pathogens. 2023.
Vol. 15. Art. 1.
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1. Application of SCFAS in poultry farming

OAs are organic compounds with acidic properties, the most common of
which are carboxylic acids, whose acidity is related to their carboxylic group —
COOH. These acids are weak, partially dissociated and have a pKa (pH at
which the acid is half dissociated) of 3 to 5. SCFAs used in poultry production
include oil, vinegar, propionic, dairy, formic, apple, wine, fumaric, and sorbic’.

SCFAs (acetate, propionate, and butyrate) are produced by bacterial
fermentation in the intestine and have certain effects on metabolism and the
immune system. Apart from being important cross-nutrition products, microbial
metabolites also have a positive effect on the mucous membrane of the digestive
tract. SCFAs play an important role in the metabolic and immune homeostasis
of the digestive tract, as well as in the integrity of the intestinal barrier, which
opens great opportunities for therapeutic development!°.

The intestinal microbiota releases SCFAs (mainly acetate, propionate, and
butyrate) in the colon during fermentation, from where they are absorbed by
the colon epithelium through passive and active transport. The pathways of
formation of various SCFAs and the corresponding microbial producers were
identified. The products of microbial fermentation of SCFAs are the main source
of energy for colonocytes''. At the same time, all commensal gut taxa ferment
pyruvate to produce butyrate, while pathogenic bacteria, such as Fusobacterium,
use different pathways, such as glutamate (4-aminobutyrate) and lysine, which
are associated with the release of harmful by-products, such as ammonia.

The key factors that limit the production of SCFAs in the digestive tract include
pH, growth factors, and gas levels. Carbohydrates, which lead to high production
of SCFAs, lower the pH in the colon, which affects the microbial composition and
production of SCFAs. The availability of growth factors such as iron is crucial
for the production of SCFAs. Significantly lower concentrations of butyrate and
propionate were found in the faeces of iron-deficient rats. Iron deficiency induces
an increase in the number of Lactobacilli and Enterobacteriaceae species and,
conversely, a decrease in Roseburia and Eubacterium rectale species, which
are the main producers of butyrate. Oxygen and Hydrogen levels affect the
fermentation process and the production of SCFAs!2. Overall, only 4 SCFAs are
currently widely used in poultry production (Table 1).

° Ricke S. C., Dittoe D. K., Richardson K. E. Formic acid as an antimicrobial for poultry production:
A review. Richardson. Frontiers in Veterinary Science. 2020. Vol. 7. Art. 533419.

10" Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its relevance for
inflammatory bowel diseases / D. Parada Venegas et al. Frontiers in Immunology. 2019. Vol. 10. Art. 277.

' Short chain fatty acids and its producing organisms: An overlooked therapy for IBD? / S. Deleu et al.
EBioMedicine. 2021. Vol. 66. Art. 103293.

12 Louis P, Flint H. J. Formation of propionate and butyrate by the human colonic microbiota / P. Louis,
H. J. Flint. Environmental Microbiology. 2017. Vol. 19, No. 1. P. 29-41.
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Table 1
Short-chain fatty acids used in poultry production

Name Formula Mass .
. Diagram
Common Systematic Molecular Structural (g/mol)
Formic acid Methanoic acid CH,O, COOH 46.0 )I‘.-‘I-‘
H™ ~OH
o]
Acetic acid Ethanoic acid C,H,0, CH,COOH 60.1 ‘fll\
OH
o
Propionic acid | Propanoic acid C,HO, CH,CH,COOH 74.1 ‘“x\,.JL
CH
"]
Butyric acid Butanoic acid C,H,0 CH,(CH,),COOH 88.1
415U, 3 2)2 /\_“_/JL.,OH

Source: compiled by the authors of this study based on the literature data

Acetic, butyric, and propionic acids are the most abundant SCFAs in the
colon, where they have a positive effect on energy status by providing a carbon
source for the intestinal microbiota through the activation of glyoxylate pathway
enzymes. In commercial poultry production, SCFAs are mainly associated
with antimicrobial activity and increased productivity'>. The antimicrobial
effect of propionic and butyric acids is conditioned by the acid dissociation
constant (pKa=3-5). Once in the intestine, they lower the pH, which inhibits
potentially pathogenic bacteria, and increase the level of calcium, phosphorus,
and magnesium in the blood serum due to improved absorption'.

Lactic acid is used in poultry production both in pure form and in the form of
butyrates, coated/encapsulated butyrate salts'> and butyrate glycerols (butyrine).
Each product formulation has its own advantages and limitations in terms of
bioavailability, cost, biosafety, stability, processing temperature/pressure, and
digestive release. The use of an encapsulated form of lactic acid in laying hens
showed better results than butyrate.

13 Polyphenols and organic acids as alternatives to antimicrobials in poultry rearing: A Review /
F. Scicutella et al. Antibiotics. 2021. Vol. 10, No. 8. Art. 1010.

14 Effect of supplementation of salts of organic acids on serum and haematological parameters of
broilers / V. Us et al. International Journal of Current Microbiology and Applied Sciences. 2017. Vol. 6,
No. 11. P. 4211-4218.

15 Evaluation of the blend of organic acids and medium-chain fatty acids in matrix coating as antibiotic
growth promoter alternative on growth performance, nutrient digestibility, blood profiles, excreta
microflora, and carcass quality in broilers / D. H. Nguyen et al. Poultry Science. 2018. Vol. 97, No. 12.
P. 4351-4358.
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Butyric acid is one of the main acids that are successfully used in industrial
poultry farming. This acid modulates the state of symbiotic microbiota and
improves immunological homeostasis in the intestine. Butyrates (calcium or
sodium salts) are easily converted to butyric acid in the digestive tract and are
considered safe. Compared to other MCFAs, butyrate has a slight antibacterial
effect, but is not expensive. The use of butyrate reduces the concentration of total
circulating triglycerides and cholesterol in broilers'®. Sodium butyrate is the most
common form of butyric acid. There (are a series) is a number of studies showing
that the addition of butyric acid, in various doses, from 0.2 g/kg to 0.6 g/kg, to
broiler chickens’ diets improves performance, digestibility, and nutrient absorption,
and reduces the incidence of disease. The mechanism of butyrate effect is that
when sodium butyrate enters the stomach, it releases the Na ion'”. Due to the low
pH, butyrate is rapidly converted to the undissociated form of butyric acid'®.

Butyric acid is formed by microbial fermentation in the colon and is the
main source of energy for colonocytes, affects their proliferation, differentiation,
gene expression, and protein synthesis, and improves its absorption. Butyric
acid reduces bacterial colonisation of the intestinal wall by lowering the pH,
which reduces the tendency to diarrhoea. The addition of butyric acid or
butyric acid glycerides to turkey diets was shown to have a beneficial effect on
feed conversion, intestinal morphology, and bird health by reducing pathogen
concentrations in faeces'®. The use of feed additives based on butyric acid
inhibits the spread of Salmonella infection and contamination of bedding with
pathogens.

The addition of 0.5% acetic, lactic, or formic acid to drinking water limits
the growth of S. Typhimurium in chickens®. However, sublethal concentrations
of undissociated acetic acid may not always stimulate the acid resistance of
Salmonella enterica sub. enterica serovar Enteritidis Phage?'. A relatively new

1o Effects of dietary short-and medium-chain fatty acids on performance, carcass traits, jejunum
morphology, and serum parameters of broiler chickens / A. Khatibjoo et al. Journal of Applied Animal
Research. 2018. Vol. 46, No. 1. P. 492-498.

17 Dietary sodium butyrate and/or vitamin D3 supplementation alters growth performance, meat quality,
chemical composition, and oxidative stability in broilers / H. Gao et al. Food Chemistry. 2022. Vol. 390.
Art. 133138.

18 Effect of sodium butyrate on intestinal health of poultry — a review / S. S. Elnesr et al. Annals of
Animal Science. 2020. Vol. 20, No. 1. P. 29-41.

19 Makowski Z., Lipinski K., Mazur-Kusnirek M. The effects of different forms of butyric acid on
the performance of turkeys, carcass quality, incidence of footpad dermatitis and economic efficiency /
Z. Makowski, K. Lipinski, M. Mazur-Kus$nirek. Animals. 2022. Vol. 12, No. 11. Art. 1458.

2 The control of poultry salmonellosis using organic agents: An updated overview / M. T. El-Saadony et
al. Poultry Science. 2022. Vol. 101, No. 4. Art. 101716.

! Gavriil A., Thanasoulia A., Skandamis P. N. Sublethal concentrations of undissociated acetic acid may
not always stimulate acid resistance in Salmonella enterica sub. enterica serovar Enteritidis Phage Type
4: Implications of challenge substrate associated factors / A. Gavriil, A. Thanasoulia, P. N. Skandamis.
PLoS ONE. 2020. Vol. 15, No. 7. Art. €0234999.
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area is the use of dietary fermented fibres to produce bioactive fatty acids in
the intestines of animals?>. The addition of 1% wheat bran with a particle size
of 280 pm to the feed leads to its rapid fermentation in the digestive tract with
the formation of butyric acid. These feed additives improve the performance of
broiler chickens. Glycerol monolaurate is successfully used in poultry feeding,
which not only improves meat quality, but also has antibacterial properties at
a dose of 300 mg/kg against Escherichia coli and Eimeria spp.*. The expressed
antimicrobial effect of LCFAs formed as a result of fermentation of cranberry
processing waste was shown. The beneficial effect of high doses of a-linolenic
acid (21.0%) and linoleic acid (39.7%) obtained from fermentation products
was aimed at preventing encephalomalacia, improving the immune response
against infectious bursal disease virus (IBDV) and Newcastle disease®.

2. Effect of SCFA on metabolism and immune defence

SCFAs are transported through the basolateral mucosa of the colon to the
portal bloodstream, probably with the participation of SCFA-specific receptors.
SCFA receptors, which are activated by acetate and propionate, were found on
intestinal endocrine L cells. The GPR 109A receptor, which is expressed by
colon epithelial cells, is activated by butyrate and provides IL10 production
and an anti-inflammatory response. The OLFR 78 receptor is expressed in
renal blood vessels and is involved in blood pressure regulation®. Despite
a considerable amount of information on the effect of SCFAs on metabolism
and energy homeostasis, the mechanisms of transport and biological activity of
SCFAs are still understudied.

Along with the studied protective effects, there is an evidence of the
damaging effect of butyrate on the intestinal barrier in the inflammation
presence®®. Comparable results were obtained regarding the protection of colon
stem cells from microbial metabolites. Some studies have shown conflicting
data on the positive effect of butyrate on the intestinal barrier. For instance,

2 Microbial short-chain fatty acids: A bridge between dietary fibers and poultry gut health — A review /
Q. Ali et al. Animal Bioscience. 2022. Vol. 35, No. 10. P. 1461-1478.

3 Glycerol monolaurate in the diet of broiler chickens replacing conventional antimicrobials: Impact
on health, performance and meat quality / B. F. Fortuoso et al. Microbial Pathogenesis. 2019. Vol. 129.
P. 161-167.

** Dietary organic cranberry pomace influences multiple blood biochemical parameters and cecal
microbiota in pasture-raised broiler chickens / M. R. Islam et al. Journal of Functional Foods. 2020.
Vol. 72. Art. 104053.

% The olfactory G protein-coupled receptor (Olfr-78/OR51E2) modulates the intestinal response
to colitis / K. Kotlo et al. American Journal of Physiology-Cell Physiology. 2020. Vol. 318, No. 3.
P. 502-513.

2 Butyrate does not protect against inflammation-induced loss of epithelial barrier function and cytokine
production in primary cell monolayers from patients with ulcerative colitis / M. Vancamelbeke et al.
Journal of Crohn'’s & Colitis. 2019. Vol. 13, No. 10. P. 1351-1361.
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butyrate promotes the growth of SCFA-producing bacteria in patients with
digestive disorders?’. Oral administration of butyrate to mice aggravated colitis,
while its intraperitoneal administration improved the condition of the animal
health. On the other hand, inhibition of butyrate-producing microorganisms
caused an exacerbation of colitis in mice. Acetate supplementation in mice
plays a crucial role in the intestinal response to tissue damage and repair
in colitis®. Undoubtedly, further study (more research) is needed on both
microbiome-derived and dietary-supplemented SCFAs pool to apply SCFAs in
digestive tract diseases. Despite the aforementioned data, the use of SCFAs for
therapeutic purposes, their optimal therapeutic doses and indications for the use
of SCFA-producing bacteria or SCFAs are still unresolved.

In vitro studies have provided evidence of the beneficial effects of butyrate
on the intestinal barrier. Butyrate contributes to the Butyrate contributes to
the intestinal barrier integrity by activating genes whose products maintain
transepithelial electrical resistance (TEER). Butyrate has been shown to
stimulate the energy metabolism of intestinal epithelial cells, modulate the
production of hypoxia inducible factor 1 (HIF-1) and transcription factors,
which together support the intestinal barrier function. Particularly important are
the results of SCFAs’ impact on the intestinal barrier and the immune system.
SCFAs can modulate the adaptive immune system by stimulating macrophages
and dendritic cells. SCFAs can initiate the transformation of naive T cells into
regulatory T cells®. Apart from polarising regulatory T cells, SCFAs also affect
the polarisation and activation of Th1, Th2, and Th17 cells by inhibiting histone
deacetylase (HDAC). Acetate, propionate, and butyrate also promote Thl and
Th17 differentiation in vitro. HDAC inhibition by butyrate and propionate
promotes IFN-y expression, which enhances antiviral immunity*°.

The effect of SCFAs on certain types of immune cells (neutrophils,
monocytes, and macrophages) is also achieved through a decrease in histone
deacetylase (HDAC) levels?!. The effects of SCFA on cytokine transcription are
conditioned by the activation of the nuclear factor kappa B cell (NF-kB). Thus,
SCFAs are involved in the regulation of cellular response genes expression

7 Microbiota changes induced by microencapsulated sodium butyrate in patients with inflammatory
bowel disease / S. Facchin et al. Neurogastroenterology & Motility. 2020. Vol. 32, No. 10. Art. e13914.

2 A high-sugar diet rapidly enhances susceptibility to colitis via depletion of luminal short-chain fatty
acids in mice / M. Laffin et al. Scientific Reports. 2019. Vol. 9. Art. 12294,

¥ Oliveira L. M., Teixeira F. M. E., Sato M. N. Impact of retinoic acid on immune cells and
inflammatory diseases / L. M. Oliveira, F. M. E. Teixeira, M. N. Sato. Mediators of Inflammation. 2018.
Vol. 2018. Art. 3067126.

30 Regulation of the effector function of CD8+ T cells by gut microbiota-derived metabolite butyrate /
M. Luu et al. Scientific Reports. 2018. Vol. 8. Art. 14430.

' Immunomodulatory potential of gut microbiome-derived short-chain fatty acids (SCFAs) /
W. Ratajczak et al. Acta Biochimica Polonica. 2019. Vol. 66, No. 1. P. 1-12.
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to damage, including infectious agents. Stimulation of cytokine production
is a universal mechanism that ensures an adequate cellular response. In this
response, it is critical to ensure a balance between pro- and anti-inflammatory
factors. The ability of SCFAs to regulate anti-inflammatory cytokines and pro-
inflammatory cytokines including IL-1pB, IL-6, IL-8, and IFN-y was found in
broilers and piglets®. Furthermore, SCFAs affect neutrophil chemotaxis induced
by inflammatory mediators. SCFAs can affect the differentiation and function
of dendritic cells, specifically, in vitro studies showed butyrate inhibiting their
maturation during incubation with various inflammatory inducers.

In addition to their regulatory effects, SCFAs are a complete source of energy
for enterocytes. The content of SCFAs in the chicken caecum varies according
to the content of the dominant microbiota®*. Microbiota modification with
antibiotics in mice showed a strong association between SCFAs content and the
number of Bacteroides in the caecum. Elevated concentrations of SCFAs are
considered beneficial for gut health by lowering pH and inhibiting pathogens.
However, too high a SCFAs content can inhibit beneficial taxa together with
pathogens. This undesirable effect of organic acids supplementation to the diet
reduces feed intake and inhibits weight gain in broiler chickens.

SCFAs inhibit cholesterol synthesis by inhibiting the activity of the enzymes
3-hydroxy-3-methylglutaryl-CoA  synthase =~ (HMGCS) and 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR). Thus, SCFAs are involved in the indirect
regulation of energy metabolism by modulating cholesterol-dependent hormone
synthesis and lipid metabolism. Another way in which SCFAs are involved in
metabolic regulation is by reducing plasma glucose levels through the activation
of the fatty acid receptors Ffar2 and Ffar3. The lack of butyrate-producing bacteria
in the microbiome induced a decrease in FFAR2/3 receptor signalling, suppressed
mucin formation, and increased intestinal permeability**. Considering all the
above-mentioned data, the use of SCFAs in poultry production requires a detailed
(understanding) comprehension of the protective mechanisms in the intestinal
system cells, as well as the possible risks of inhibiting intestinal function.

3. Use of medium-chain fatty acids
Medium-chain fatty acids (MCFAs) are considered a promising alternative
to antibiotics due to their beneficial effects on digestion. MCFAs exhibit
antibacterial activity, activate absorption, inhibit lipase production by bacteria

32 Dietary sodium butyrate improves intestinal development and function by modulating the microbial
community in broilers / W. Wu et al. PLoS ONE. 2018. Vol. 13, No. 5. Art. e0197762.

33 16S rRNA sequencing analysis of the gut microbiota in broiler chickens prophylactically administered
with antimicrobial agents / M. Cuccato et al. Antibiotics. 2021. Vol. 10, No. 2. Art. 146.

3% Abnormalities in microbiota/butyrate/FFAR3 signaling in aging gut impair brain function /
S. P. Mishra et al. JCI Insight. 2024. Vol. 9, No. 3. Art. ¢168443.
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and have a lower ability to dissociate®*. The mechanisms of action of MCFA
are still unclear. MCFAs can act as non-ionic surfactants, incorporating into
the bacterial double layer of lipids to form pores, leading to a critical increase
in permeability and cell destruction. MCFAs are rapidly absorbed in the small
intestine, transported to the liver as free fatty acids, and enter the mitochondria
independently of fatty acyl-CoA carnitine transferases*. The administration of
MCFAs reduces lipogenesis, lipid uptake, fatty acid biosynthesis, and increases
their oxidation.

It is assumed that the antibacterial efficacy of MCFAs is comparable to
that of SCFAs, but their mechanism of impact is different in respect to that of
SCFAs. MCFAs have a pKa value of about 4.9 and their efficiency decreases
with molecular weight magnification. An important feature of MCFAs is
their ability to ecasily penetrate dense peptidoglycan (Gram+ bacteria) and/
or phospholipid (Gram— bacteria) membranes in undissociated form*’. The
MCFAs adsorbed by the cells dissociate in the protoplasm, lowering the pH,
which initiates critical damage to microbial cells. This property of MCFAs
makes them promising substitutes for antibiotics, especially against gram-
positive cocci and Escherichia coli. Campylobacter spp. infections cause an
estimated 250,000 cases of gastroenteritis in the EU and a cost of over EUR
2.4 billion annually (The European Union One Health 2018; Zoonoses Report,
2019)%. Despite the widespread occurrence of Campylobacter in warm-blooded
animals, the main source of infection is birds, specifically broiler chickens®.
Addition of MCFAs to the feed for 3 days reduces Campylobacter colonisation
in 27-day-old broilers experimentally infected with C. jejuni at 15 days of age.
Feed additives with MCFA significantly reduce Campylobacter carriage in
broiler chickens.

MCFAs, namely caproic, caprylic, and capric acids, are digested and
absorbed faster than long-chain fatty acids, improve digestion, absorption, and

3 The combined use of triacylglycerols containing medium-chain fatty acids (MCFAs) and exogenous
lipolytic enzymes as an alternative for nutritional antibiotics in piglet nutrition: 1. In vitro screening
of the release of MCFAs from selected fat sources by selected exogenous lipolytic enzymes under
simulated pig gastric conditions and their effects on the gut flora of piglets / N. A. Dierick et al. Livestock
Production Science. 2002. Vol. 75, No. 2. P. 129-142.

3 Roopashree P. G., Shetty S. S., Suchetha Kumari N. Effect of medium chain fatty acid in human
health and disease / P. G. Roopashree, S. S. Shetty, N. Suchetha Kumari. Journal of Functional Foods.
2021. Vol. 87. Art. 104724.

37 Intestinal mucus protects Campylobacter jejuni in the ceca of colonized broiler chickens against the
bactericidal effects of medium-chain fatty acids / D. Hermans et al. Poultry Science. 2010. Vol. 89,
No. 6. P. 1144-1155.

3% The European Union One Health 2018 Zoonoses Report. EFSA Journal. 2019. Vol. 17, No. 12.
Art. €05926.

¥ Peh E., Kittler S., Reich F., Kehrenberg C. Antimicrobial activity of organic acids against
Campylobacter spp. and development of combinations — A synergistic effect? / E. Peh et al. PLoS ONE.
2020. Vol. 15, No. 9. Art. e0239312.
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lipid transport. Furthermore, MCFAs prevent the adsorption of bacteria to the
intestinal wall and reduce invasion by inhibiting the production of bacterial
lipases. The beneficial effect of MCFAs (C6-C12) alone and their mixture
with SCFAs (C2-C6) was shown in (relation) respect to performance, carcass
characteristics, haematological and biochemical parameters of broiler chickens’
serum. Monoglycerides synthesised using MCFAs are also considered as
a promising alternative. Recently, the results of their beneficial effects on
performance, intestinal histomorphology, amino acid digestibility, and blood
chemistry of broiler chickens have been presented. A metagenomic analysis of
organic acid use has shown a stimulating effect on the diversity of beneficial
microorganisms, nutrient digestion, and muscle growth*.

4. Application of organic acid mixtures in poultry farming

Numerous studies on feed additives applying have shown that mixtures
of organic acids (two or more) have significantly better efficacy than any one
acid alone*!. Specifically, SCFAs enhances the antimicrobial effect of MCFAs,
which supports the gut microbiota of piglets and feed conversion in laying hens.
The polymodal effects of a mixture of fumaric, citric, malic acids with capric
and caprylic acids on productivity, Lactobacillus content, IgG concentration
and inhibition of E. coli growth were shown. The mixture of phosphoric acid
(0.2 g/kg) and lactic acid (0.3 g/kg) increases the pH of the pectoralis major
and thigh muscle within 24 hours. The use of a mixture of microencapsulated
organic acids with MCFAs has a positive effect on egg production, egg strength,
calcium concentration, and the content of Lactobacillus and E. coli in the facces
of laying hens.

There is a fairly considerable number of results showing the beneficial effect
of organic acid mixtures on the intestinal function and health of productive
poultry. Specifically, the use of mixtures of butyric, fumaric, and lactic acids
in different proportions had a positive effect on poultry body weight gain,
feed conversion rate, and increase in the height of villi in the small intestine.
A positive effect of sodium butyrate supplementation with MCFAs salts on the
intestinal health of broiler chickens has been shown*’. The addition of SCFAs
and MCFAs to the broiler diet reduces serum cholesterol levels, abdominal fat,
and thigh fat percentage and improves meat quality. Combined use of MCFA

4 A comparison study of the caecum microbial profiles, productivity and production quality of broiler
chickens fed supplements based on medium chain fatty and organic acids / A. Dauksiene et al. Animals.
2021. Vol. 11, No. 3. Art. 610.

41 Effects of short- and medium-chain fatty acids on production, meat quality, and microbial attributes —
A Review / R. T. Szabo et al. Molecules. 2023. Vol. 28, No. 13. Art. 4956.

4 Impact of dietary supplementation with sodium butyrate protected by medium-chain fatty acid salts on
gut health of broiler chickens / M. Sadurni et al. Animals. 2022. Vol. 12, No. 19. Art. 2496.
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and organic acids increases duodenal villi height and crypt depth in broiler
chickens. In addition to blends of single organic acids, blends of essential oils
with organic acids have recently been proposed. Testing of such mixtures has
shown their effectiveness against pathogen contamination of poultry feed®.
However, the scheme of feed additives use is of fundamental significance. For
instance, the use of a mixture of organic acids and essential oils throughout the
production cycle (35 days) with the addition of MCFAs for 5 days immediately
before slaughter negatively affected broiler performance*. The authors suggest
that this result may be due to changes in the microbiota of the small intestine
caused by prolonged exposure to acid. Recent results of a study in Ukraine
on the effects of the original SCFAs blend have shown the vital role of
adhesion proteins and extracellular matrix in the barrier function of the small
intestine®. Therewith, mixtures of SCFAs with MCFAs have been shown to
be effective in treating poultry infected with Clostridium perfringens, Eimeria
spp., and Salmonella typhimurium. At the same time, mixtures of formic acid,
propionic acid, and sodium formate, varying in ratio, showed no differences in
effectiveness against Salmonella.

CONCLUSIONS

According to the current regulatory framework, specifically EU regulations,
the use of antibiotics in poultry farming is critically limited. Currently, OAs
are successfully used as a prophylactic alternative to antibiotics. Research
has shown that OAs are a cost-effective means of ensuring productivity,
antimicrobial protection, and maintaining poultry health. Recent studies have
shown that certain OAs improve digestion, immune response, and suppress
pathogenic microflora. On the other hand, mixtures of OAs may have more
powerful protective and stimulating effects depending on the composition and
relative content of each component.

SCFAs have a wide range of effects on metabolism and immune defence in
poultry, but despite the available data respectively their effects on metabolism
and energy homeostasis, the mechanisms of transport and biological activity
is still understudied. Butyrate has been shown to have a positive effect on the
intestinal barrier and stimulates the metabolism of enterocytes. SCFAs can
modulate the adaptive immune system by stimulating macrophages and dendritic

4 Synergistic effects of essential oils and organic acids against Aspergillus flavus contamination in
poultry feed / T. Satterlee et al. Toxins. 2023. Vol. 15, No. 11. Art. 635.

“ An investigation of the effect of water additives on broiler growth and the caecal microbiota at
harvest / G. Greene et al. Pathogens. 2022. Vol. 11, No. 8. Art. 932.

4 Fibronectin measurement as a potential molecular marker for barrier function assessment of piglet
intestine / D. M. Masiuk et al. Theoretical and Applied Veterinary Medicine. 2023. Vol. 11, No. 2. P. 3-8.
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cells. SCFAs are involved in the regulation of gene expression in the cellular
response to damage, including infectious agents. Therewith, there is an evidence
of the damaging effect of butyrate on the intestinal barrier during inflammation.
Considering the above data, the use of SCFAs in poultry production requires
a detailed understanding of the protective mechanisms of action on the cells
of the intestinal system, as well as the possible risks of inhibiting intestinal
function. The total use of SCFAs requires further studies of their effect on the
efficiency of the intestinal barrier function and the expression of molecular
markers of epithelial cell intercellular adhesion. Along with determining the
expression, a significant criterion for assessing the beneficial effect of SCFAs is
the production of pro- and anti-inflammatory cytokines by cells of the intestinal
system, fatty acid receptors, energy metabolism, and proliferation of intestinal
epithelial cells.

Recently, MCFAs have been increasingly considered as an alternative to
antibiotics due to their high antibacterial activity, stimulation of absorption,
inhibition of lipase production by bacteria and lower dissociation ability
compared to other surfactants. However, the mechanisms of MCFAs effect are
still unclear. A significant feature of MCFAs is their ability to easily penetrate
microbial membranes in undissociated form, which is effective against Gram-
positive cocci. The study of the antimicrobial effects of MCFAs mixtures is
a crucial component of creating a modern antibiotic-free strategy.

Mixtures of OAs are more effective than their individual use. Mixtures of
SCFAs with MCFAs have the most significant beneficial effect since SCFAs act
better as growth stimulants and MCFAs have higher antibacterial properties. At
the same time, the optimal content of individual OAs in the mixture, doses, and
exposure times stays a compromise issue. The use of specific molecular markers
to evaluate the effectiveness of OA mixtures will allow the development of
criteria for the formation of antimicrobial feed additives with unique properties
and a focus that meets the challenges in poultry production. Further research
into the mechanisms of action of the OAs will allow the development of
their mixtures with optimised properties in terms of antimicrobial protection,
intestinal functions, and metabolic stimulation. In addition, OA mixtures can be
useful for the prevention of chronic diseases, such as bacterial chondronecrosis
and osteomyelitis in broiler chickens.

SUMMARY

The use of antibiotics in poultry farming is critically limited, which leads
to the search for and research of alternative compounds to replace antibiotics.
Organic acids are considered one such alternative, but the antimicrobial and
metabolic effects of fatty acid blends are still controversial and understudied.
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All this necessitates a systematic analysis of the current data on effective
antibiotic replacement strategies. The purpose of this study was to analyze and
summarize current ideas on the use of organic acid mixtures as an alternative
strategy for sustainable poultry production. An analysis of current literature
showed that one of the most promising alternatives to the use of antibiotics in
poultry farming is mixtures of organic acids and their derivatives, which have
antibacterial effects, lower pH, are involved in energy metabolism, and all this
together contributes to intestinal function. Organic acids have a positive effect
on physiological functions, namely, digestion and the immune system, are the
main source of energy for colonocytes, and reduce the pathogenic bacterial
load on the digestive tract. Mixtures of organic acids were shown to be more
effective than their individual use, specifically, mixtures of short- and medium-
chain fatty acids were shown to be highly effective in supporting the intestinal
barrier, microbiome, and immunity, with the former acting better as growth
promoters and the latter having higher antibacterial properties. The efficiency
of organic acids alone or in mixtures depends on many factors, depending on
the type of molecule, form, and dose. The expediency of further studies of
the effects of organic acids was substantiated, which will be useful for the
development of antibiotic-free strategies using the synergistic effects of their
mixtures and multidirectional cytoprotective effect. The findings of this study
will be useful for scientists and veterinarians to learn about the prospects of
using organic acid compositions as antibiotic alternatives, specifically for the
development of technological approaches to minimize their applying.
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CHAPTER 11

CURRENT APPROACHES IN MAINTENANCE GUT
HEALTH IN FARMING ANIMALS.

PART 4. THE CURRENT PROGRESS

IN MONOGLYCERIDES SUPPLEMENTATION TO PROVIDE
ANTIBIOTICS RESTRICTION IN SWINE HUSBANDRY

Masiuk Dmytro, Nedzvetsky Victor, Kokariev Andrii
DOl https://doi.org/10.30525/978-9934-26-714-7-11

INTRODUCTION

Global swine production is currently in a recovery phase following a crisis
caused by the spread of African swine fever, which reduced pig populations
and pork production volumes in many countries, as well as the COVID-19
pandemic, which temporarily impacted market activity. Global pork production
is showing growth in both volume and prices, operating within a framework
of intense competition, technological transformation, and innovative progress'.
The intensification of pork production has facilitated the spread of diseases,
complicating the maintenance of productivity without the use of antimicrobial
agents. Since the 1950s, growth promoters, including antimicrobial agents,
have played a crucial role in enhancing animal productivity?. However, their
use has led to a significant increase in antibiotic resistance. The European
Union has banned growth promoters in 2006 (European Commission, 2006)
and introduced additional restrictions on the prophylactic use of antibiotics in
2018, which took effect in 2022. These restrictions initiated an active search for
antibiotic alternatives®.

In current livestock practices, there is a growing interest in using bioactive
compounds as alternatives to antibiotics in animal feed*. Among these

! Mykhalko O. H. Current state and ways of pig production in the world and Ukraine. Bulletin of Sumy
National Agrarian University. The Series: Livestock. 2021. Iss. 3 (46). P. 61-77.

2 High levels of antibiotic resistance in isolates from diseased livestock / N. A. Haulisah et al. Frontiers
in Veterinary Science. 2021. Vol. 8. Art. 652351.

3 Effects of short- and medium-chain fatty acids on production, meat quality, and microbial attributes —
A Review / R. T. Szabo et al. Molecules. 2023. Vol. 28, No. 13. Art. 4956.

4 Effects of medium-chain fatty acids as alternatives to ZnO or antibiotics in nursery pig diets /
P. L. Dahmer et al. Translational Animal Science. 2020. Vol. 4, No. 3. P. 1-8.
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compounds, monoglycerides (MGs) are of particular interest. MGs offer several
advantages in combating animal infectious diseases compared to antibiotics.
Firstly, they possess a broad spectrum of antimicrobial activity, inhibiting both
viruses and bacteria, whereas antibiotics are only effective against bacteria.
In the second place, pathogens encounter significant barriers in developing
resistance to MGs, making them effective not only for treatment but also for
disease prevention®. Third, MGs are more effective than fatty acids and are
safer compared to other agents, such as formaldehyde®.

In present review, we provide the comprehensive views of current data on
the molecular mechanisms, the potential, and effectiveness of monoglyceride
application in swine production and to determine the impact of monoglycerides
on the physiological state, productivity, and overall health of pigs. In addition,
we also discuss about the monoglyceride effects on immune response,
microbiome state and intestinal morphology.

1. General characteristics of monoglycerides

Monoglycerides are a class of glycerides consisting of a glycerol molecule
linked to a fatty acid via an ester bond. Due to the presence of both primary and
secondary hydroxyl groups in glycerol, there are two types of monoglycerides:
1-monoacylglycerols, where the fatty acid is attached to the first alcohol group,
and 2-monoacylglycerols, where it is attached to the second alcohol group.
Owing to their structure, monoglycerides possess both hydrophilic (water-
attracting) and hydrophobic properties. Mono- and di-glycerides are generally
produced through the transesterification (glycerolysis) of triglycerides with
glycerol’. In industry, monoglycerides are primarily used as surfactants,
typically in the form of emulsifiers. However, their most promising application
appears to be as biologically active additives, providing a safe alternative to
antibiotics and hormonal products.

Monoglycerides of short-chain and medium-chain fatty acids (SCFA &
MCFA) have well-documented direct antimicrobial effect in vitro and are known
to enhance immune competence in animals, improve gut health, and reduce
disease transmission risk in the post-antibiotic era. SCFA a-monoglycerides,
such as a-monopropionin and a-monobutyrin (derivatives of propionic and
butyric acids), are primarily active against gram-negative bacteria. In contrast,

5 Churchward C. P, Alany R. G., Snyder L. A. S. Alternative antimicrobials: the properties of fatty
acids and monoglycerides. Critical Reviews in Microbiology. 2018. Vol. 44, No. 5. P. 561-570.

6 Jackman J. A., Lavergne T. A., Elrod C. C. Antimicrobial monoglycerides for swine and poultry
applications. Frontiers in Animal Science. 2022. Vol. 3. Art. 1019320.

7 Moonen H., Bas H. Mono- and Diglycerides. Emulsifiers in Food Technology. 2nd ed. / ed. by
R. Whitehurst, C. Law. Chichester : Wiley-Blackwell, 2014. P. 73-92.
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MCFA o-monoglycerides, such as oa-monocaprylin, o-monocaprin, and
a-monolaurin, are more effective against gram-positive bacteria. Numerous
studies have confirmed the antibacterial effects of a-monoglycerides in vitro and
in vivo. Additionally, recent findings indicate that MCFA a-monoglycerides,
particularly a-monolaurin, exhibit antiviral properties. The biological activity
of butyric acid is associated with the modulation of certain cellular responses,
including histone deacetylase inhibition and G-protein-coupled receptor
activation in various cell types®.

Medium-chain fatty acids (MCFAs) represent a class of saturated fatty
acids containing from 6 to 12 carbon atoms. This class includes caproic acid
(C6), caprylic acid (C8), capric acid (C10), and lauric acid (C12), which found
in natural products such as coconut oil, palm kernel oil, and milk®. Mono-,
di-, and triglycerides of MCFAs are formed via esterification with glycerol as
a rule. Apart from serving as an energy source, MCFAs demonstrated potential
for improving gut morphology, stimulating growth, preventing infections,
regulating immune response, and functioning as an alternative to antibiotics'® ',
Several results demonstrated that both mono- and tri-acylglycerol of DL-3-
hydroxybutyrate is non-toxic, stimulate metabolic energy production upon
intravenous administration as well as they can be used as nutrients for farming
animal feeding'.

The primary structure that provides the biological activity of MGs
are micelles — self-organized particles that form stable spheres at the
content above the critical micelle concentration (CMC). MGs with longer
hydrocarbon chains have lower CMC values due to stronger hydrophobic
interactions, that promote micelle self-assembly'. The non-ionic nature of
MGs allows them to form micelles at lower concentrations in compare with
MCFAs, which are anionic and prone to electrostatic repulsion. This accounts
for their greater efficacy, as MGs can form micelles at lower concentrations.

8 Salvi P. S., Cowles R. A. Butyrate and the Intestinal Epithelium: Modulation of Proliferation and
Inflammation in Homeostasis and Disease. Cells. 2021. Vol. 10, No. 7. Art. 1775.

° Short- and medium-chain fatty acids exhibit antimicrobial activity for oral microorganisms /
C. B. Huang et al. Archives of Oral Biology. 2011. Vol. 56, No. 7. P. 650-654.

10 Effects of medium-chain fatty acids as alternatives to ZnO or antibiotics in nursery pig diets /
P. L. Dahmer et al. Translational Animal Science. 2020. Vol. 4, No. 3. P. 1-8.

' Hanczakowska E., Swiqtkiewicz M., Natonek-Wisniewska M., Okon K. Medium chain fatty acids
(MCFA) and/or probiotic Enterococcus faecium as a feed supplement for piglets. Livestock Science.
2016. Vol. 192. P. 1-7.

12 Birkhahn R. H., McCombs C., Clemens R., Hubbs J. Potential of the monoglyceride and triglyceride
of dl-3-hydroxybutyrate for parenteral nutrition: Synthesis and preliminary biological testing in the rat.
Nutrition. 1997. Vol. 13, No. 3. P. vi-219.

13 Competing Interactions of Fatty Acids and Monoglycerides Trigger Synergistic Phospholipid
Membrane Remodeling / B. K. Yoon et al. The Journal of Physical Chemistry Letters. 2020. Vol. 11,
No. 13. P. 4951-4957.
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MGs can inhibit a wide range of membrane-containing viruses and bacteria
via damaging their membranes. Fatty acids and monoglycerides exhibit
significantly higher activity in micellar form, whereas their activity in
monomeric form is considerably lower or absent'. The antibacterial effect
of MGs accompanied by increased bacterial membrane permeability, local
damage, and disruption of membrane functions, including electron transport,
oxidative phosphorylation, and enzyme activity disturbance'®. MGs are also
effective against membrane-bound viruses, where membrane disruption is
a key factor of their antiviral activity.

2. Effect of monoglycerides on perfomance and feed conversion in pigs

The supplementation of monoglycerides in pig feeding attracts special
attention due to their potential to improve productivity and feed conversion
efficiency. This section examines the effects of monoglycerides on growth, feed
conversion, and the overall health of pigs based on recent scientific research.
There is a significant amount of conflicting data regarding the lack of effects
of SCFA- or MCFA-containing monoglycerides on the performance of weaned
piglets!'® 171, However, recent studies indicate that adding a monoglyceride blend
to piglet diets reduces the growth-to-feed ratio in Enterotoxigenic Escherichia
coli (ETEC) infected pigs. The addition of capric acid to piglets' diets increased
their body weight gain and exhibited moderate antibacterial activity against
E. coli”®. At the same time, studies have shown that a blend of monoglycerides
(butyric, caprylic, and capric acids) did not affect the performance of broilers
infected with necrotic enteritis®®. Conversely, feed additives containing
a-glycerol monolaurate (a-GML) improved the growth performance of broilers,

14 Spectrum of Membrane Morphological Responses to Antibacterial Fatty Acids and Related
Surfactants / B. K. Yoon et al. Langmuir. 2015. Vol. 31, No. 37. P. 10223-10232.

15 Casillas-Vargas G., Ocasio-Malavé C., Medina S., Morales-Guzman C., Del Valle R. G., Carballeira
N. M., Sanabria-Rios D. J. Antibacterial fatty acids: An update of possible mechanisms of action and
implications in the development of the next-generation of antibacterial agents. Progress in Lipid
Research. 2021. Vol. 82. Art. 101093.

16 Low-Protein Diet Supplemented with Medium-Chain Fatty Acid Glycerides Improves the Growth
Performance and Intestinal Function in Post-Weaning Piglets / Z. Cui et al. Animals. 2020. Vol. 10,
No. 10. Art. 1852.

17 Dietary Supplementation with Mono-Lactate Glyceride Enhances Intestinal Function of Weaned
Piglets / H. Li et al. Animals. 2023. Vol. 13, No. 8. Art. 1303.

18 Evaluation of different blends of medium-chain fatty acids, lactic acid, and monolaurin on nursery pig
growth performance / L. L. Thomas et al. Translational Animal Science. 2020. Vol. 4, No. 2. P. 548-557.
19 Hanczakowska E., Swiqtkiewicz M., Natonek-Wisniewska M., Okon K. Medium chain fatty acids
(MCFA) and/or probiotic Enterococcus faecium as a feed supplement for piglets. Livestock Science.
2016. Vol. 192. P. 1-7.

2 Monoglyceride Blend Reduces Mortality, Improves Nutrient Digestibility, and Intestinal Health in
Broilers Subjected to Clinical Necrotic Enteritis Challenge / A. Kumar et al. Animals. 2021. Vol. 11,
No. 5. Art. 1432.
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that attributed to increased feed intake and enhanced gut health?'. a-GML
application demonstrated potential for enhancing antimicrobial activity in sows
and promoting the growth of suckling piglets. The addition of a-GML to sow
diets increases (P <0.05) piglet body weight at weaning and overall digestibility
of crude fat in sows?.

Recent data have shown that dose of 0.1% o-GML improves the
performance and growth of weaned piglets and reduces post-weaning diarrhea,
which the authors attribute to improved nutrient digestibility, reduced systemic
inflammation and intestinal permeability, and stable gut microbiota in piglets®.

The addition of glycerol monolaurate to sow diets improves gut health in
suckling piglets. Specifically, the results of GML supplementation demonstrated
a significant increase in fat, lactose, and protein content in colostrum of sow,
while piglets exhibited a reduction in IL-12 concentration in the duodenum,
TNF-a, IL-1f, and IL-12 in the jejunum, and IL-1p in the ileum. These changes
accompanied by increase in villus height, crypt depth, and the villus-to-crypt
ratio (V/C) in the jejunum and V/C in the ileum in the experimental animals in
compare with control group?. Together, these factors contribute to the growth
and development of piglets.

The other results suggest that the addition of MCFA to pig diets enhances
growth performance, provides residual mitigating activity against PEDV, and
does not significantly alter fecal microbial composition?.

The application of monoglycerides with lysolecithin in finishing pig
diets reduces metabolic energy costs, improves pig weight uniformity within
groups, and shortens the time to reach the target slaughter weight, although it
worsens feed conversion®. Similar results in implementing feeding strategies
to minimize feed costs and improve pig performance have been obtained by

2! Effects of alpha-glycerol monolaurate on growth, immune function, volatile fatty acids, and gut
microbiota in broiler chickens / J. Lan et al. Poultry Science. 2021. Vol. 100, No. 3. Art. 100918.

22 Supplementation with alpha-glycerol monolaurate during late gestation and lactation enhances sow
performance, ameliorates milk composition, and improves growth of suckling piglets / L. Li et al.
Journal of Animal Science and Biotechnology. 2023. Vol. 14, No. 1. Art. 38.

2 Effects of combined application of benzoic acid and 1-monolaurin on growth performance, nutrient
digestibility, gut microflora and systemic inflammation levels of weaned piglets / K. Wei et al. Porc
Health Manag. 2023. 9. P. 46.

2 Maternal supplementation with glycerol monolaurate improves the intestinal health of suckling piglets
by inhibiting the NF-kppB/MAPK pathways and improving oxidative stability / H. Zhao et al. Food &
Function. 2023. Vol. 14, No. 7. P. 3290-3303.

¥ Effect of dietary medium-chain fatty acids on nursery pig growth performance, fecal microbial
composition, and mitigation properties against porcine epidemic diarrhea virus following storage /
J. T. Gebhardt et al. Journal of Animal Science. 2020. Vol. 98, No. 1. Art. skz358.

% Gonzalez Sanchez D., Toth S., Desbruslais A. P30. Supplementing lysolecithin with emulsifier
and monoglycerides to diets reformulated to lower energy on performance and lean-fat deposition in
fattening pigs. Animal — Science Proceedings. 2022. Vol. 13, No. 2. P. 166.
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other researchers?’. At the same time, the supplementation complex mixture
containing lysolecithins, monoglycerides, and synthetic emulsifier in a dose
750 g/t to post-weaning piglet diet significantly improves their performance,
enhances the digestibility of protein, fat, and fiber without increase in feed
intake®®.

Thus, the use of monoglycerides and their derivatives in pig feeding has
a beneficial effect on animal performance and health, especially in animals
challenged with infectious diseases. The inclusion of monoglycerides in
pig diets demonstrates antimicrobial properties and enhances resistance to
infectious diseases via reducing diarrhea incidence and improving intestinal
wall morphology.

3. Effectiveness of monoglycerides in the treatment and prevention
of swine diseases

Nowadays, monoglycerides are widely proposed as feed additive in pig
production to improve performance and feed conversion efficiency. They have
the potential to positively impact animal health due to their antimicrobial
properties, which help reduce disease incidence and improve metabolic
processes. Experimental studies have shown that MCFAs exhibit high
bacteriostatic activity against various pathogens, including gram-positive and
gram-negative bacteria, viruses, fungi, algae, and protozoa.

The study of fatty acids in respect with its antimicrobial properties is well-
documented in the literature. One of the most common diseases in piglets is
post-weaning diarrhea (PWD), often caused by the adhesion and proliferation
of ETEC F18 or F4 in the small intestine. Clinical signs include profuse
diarrhea, growth retardation, dehydration, and lethargy®. It has been shown
that butyrate and valerate glycerides alleviate diarrhea symptoms and modulate
immune response in piglets co-infected with ETEC*®. Specifically, pigs fed with
glycerides exhibited higher body weight, reduced diarrhea severity, and lower
levels of neutrophils and TNF-a in serum on day 4 post-inoculation. The use of

27 Wealleans A., Vasanthakumari B., Desbruslais A. P5. Improvements in digestibility and growth of
growing-finishing pigs following supplementation with a combination of lysolecithins, monoglycerides
and a synthetic emulsifier. Animal — Science Proceedings. 2022. Vol. 13, No. 2. P. 158.

# A combination of lysolecithins, a synthetic emulsifier, and monoglycerides, supports piglet
performance, nutrient digestibility, and faecal consistency / A. Desbruslais et al. Animal — Science
Proceedings. 2023. Vol. 14, No. 6. P. 810.

¥ Effects of a blend of essential oils, medium-chain fatty acids, and a toxin-adsorbing mineral on
diarrhea and gut microbiome of weanling pigs experimentally infected with a pathogenic Escherichia
coli /Y. He et al. Journal of Animal Science. 2022. Vol. 100, No. 1. Art. skab365.

3 Dietary butyrate and valerate glycerides impact diarrhea severity and immune response of weaned
piglets under ETEC F4-ETEC F18 coinfection conditions / L. Kovanda et al. Journal of Animal Science.
2023. Vol. 101. Art. skad401.
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an antimicrobial MCFAs blend (0.5%) reduced the incidence of severe diarrhea
in weaned piglets infected with F18 ETEC and improved their feed efficiency
at the final stage of the experiment. This blend also altered the microbiota
diversity in feces and ileal mucosa®'. Comparative analyses have shown that
adding monoglyceride mixtures can enhance disease resistance in weaned
piglets by reducing diarrhea severity and mitigating intestinal and systemic
inflammation*. However, monoglyceride efficiency remains not comparable to
high doses of zinc oxide to treat diarrhea symptoms.

The inclusion of glycerol butyrate in pig diets reduces release of pro-
inflammatory factors (TNFa, IL6, and IL1B) in the jejunum and ileum prior to
ETEC infection by inhibiting the NF-kB/MAPK pathway**. The results of the
other study demonstrated that monoglycerides reduce the viability of porcine
epidemic diarrhea virus (PEDV) in feed and prevent the disease’s transmission
to post-weaning piglets**. Recent studies have shown that benzoic acid,
combined with probiotics or plant essential oils, can more effectively alleviate
diarrhea and stimulate growth in weaned piglets than benzoic acid alone 3637,

Previous studies have confirmed the antiviral activity of free MCFAs,
including capric, lauric, and myristic acids, as well as long-chain unsaturated
fatty acids including like oleic, linoleic, and linolenic acids, against vesicular
stomatitis virus (VSV), herpes simplex virus (HSV), and Visna virus®® *.

3! Effects of a blend of essential oils, medium-chain fatty acids, and a toxin-adsorbing mineral on
diarrhea and gut microbiome of weanling pigs experimentally infected with a pathogenic Escherichia
coli /Y. He et al. Journal of Animal Science. 2022. Vol. 100, No. 1. Art. skab365

32 Effects of monoglyceride blend on systemic and intestinal immune responses, and gut health of
weaned pigs experimentally infected with a pathogenic Escherichia coli / S. Park et al. Journal of Animal
Science and Biotechnology. 2024. Vol. 15, No. 1. Art. 12.

3 Glyceryl butyrate attenuates enterotoxigenic Escherichia coli-induced intestinal inflammation in
piglets by inhibiting the NF-kappaB/MAPK pathways and modulating the gut microbiota / M. Tian et al.
Food & Function. 2022. Vol. 13, No. 11. P. 6282-6292.

3 Monoglyceride reduces viability of porcine epidemic diarrhoea virus in feed and prevents disease
transmission to post-weaned piglets / F. C. Phillips et al. Transboundary and Emerging Diseases. 2022.
Vol. 69, No. 1. P. 121-127.

35 Protective Effects of Benzoic Acid, Bacillus coagulans, and Oregano Oil on Intestinal Injury Caused
by Enterotoxigenic Escherichia coli in Weaned Piglets / J. Pu et al. BioMed Research International.
2018. Vol. 2018. Art. 1829632.

36 Benzoic Acid Combined with Essential Oils Can Be an Alternative to the Use of Antibiotic Growth
Promoters for Piglets Challenged with E. coli F4 / L. M. Rodrigues et al. Animals. 2020. Vol. 10, No. 11.
Art. 1978.

37 The use of an alternative feed additive, containing benzoic acid, thymol, eugenol, and piperine,
improved growth performance, nutrient and energy digestibility, and gut health in weaned piglets /
C. D. Silva Janior et al. Journal of Animal Science. 2020. Vol. 98, No. 5. Art. skaall9.

% Hilmarsson H., Kristmundsddttir T., Thormar H. Virucidal activities of medium- and long-chain fatty
alcohols, fatty acids and monoglycerides against herpes simplex virus types 1 and 2: comparison at
different pH levels. APMIS. 2005. Vol. 113, No. 1. P. 58-65.

¥ Inactivation of enveloped viruses and killing of cells by fatty acids and monoglycerides / H. Thormar
et al. Antimicrobial Agents and Chemotherapy. 1987. Vol. 31, No. 1. P. 27-31
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Furthermore, other studies have demonstrated similar antiviral activity of
MCFAs and their derivatives, including alcohols and monoglycerides, against
herpes simplex viruses 1 and 2.

Currently, there are no vaccines or effective drugs for treating Seneca Valley
virus (SVV) infection. In vitro studies have shown that monolaurin inhibits SVV
replication by 80%, while in vivo studies have demonstrated that monolaurin
reduces clinical manifestations, viral load, and organ damage in SV V-infected
piglets®”. Monolaurin significantly reduced inflammatory cytokine release
and promoted interferon-y production, enhancing viral clearance activity.
Researchers concluded that monolaurin is a potentially effective alternative for
treating SVV infection in pigs.

The antiviral activity of caprylic, capric, and lauric acids, as well as glycerol
monolaurate (GML), has been investigated concerning ASFV inhibition in
liquids and feed. Compounds and its dosages that can effectively inhibit ASFV
proliferation have been identified*'. Low GML concentrations had a minimal
effect on virulence, while sufficiently high GML concentrations caused >99%
virulence reduction. The onset concentration of antiviral activity corresponded
to the critical micelle concentration of GML, highlighting the essential role of
formulation in stimulating protective responses against ASFV*+.

The use of modern nanotechnology enables the creation of more effective
formulations without altering the chemical composition of bioactive preparations.
For example, natural GML has low water solubility and limited efficacy against
gram-negative bacteria. It deserves to be mentioned that nanoencapsulation not
only improves bioavailability but also reduces ecotoxicity*.

Fatty acids and monoglycerides have proven effective against Neisseria
gonorrhoeae. Microemulsions with a-linolenic acid are effective in treating
neonatal gonococcal ophthalmia*. In the absence of vaccines, monocaprin
may serve as a novel prophylactic agent to prevent N. gonorrhoeae growth and
colonization, to which the bacterium cannot develop resistance®.

4 In vitro and in vivo antiviral activity of monolaurin against Seneca Valley virus / B. Su et al. Frontiers
in Veterinary Science. 2023. Vol. 10. Art. 980187.

41 Inhibition of African swine fever virus in liquid and feed by medium-chain fatty acids and glycerol
monolaurate / J. A. Jackman et al. Journal of Animal Science and Biotechnology. 2020. Vol. 11, No. 1.
P. 1-10.

4 Glycerol Monolaurate Inhibits Wild-Type African Swine Fever Virus Infection in Porcine
Macrophages / J. A. Jackman et al. Pathogens. 2023. Vol. 12, No. 10. Art. 1193.

4 Ecotoxicology of Glycerol Monolaurate nanocapsules / L. Q. Lopes et al. Ecotoxicology and
Environmental Safety. 2017. Vol. 139. P. 73-77.

4 Belagal P. Current alternative therapies for treating drug-resistant Neisseria gonorrhoeae causing
ophthalmia neonatorum. Future Microbiology. 2024. Vol. 19, No. 7. P. 631-647.

4 Churchward C. P., Calder A., Snyder L. A. S. Mutations in Neisseria gonorrhoeae grown in sub-lethal
concentrations of monocaprin do not confer resistance. PloS One. 2018. Vol. 13, No. 4. Art. €0195453.
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Stress associated with piglet weaning suppresses digestion, absorptive
capacity, and intestinal energy provision. MCFAs can effectively improve
nutrient absorption and lipid metabolism in piglets to meet their energy needs,
thereby supporting the growth and development of weaned piglets*®. MCFAs,
such as hexanoic and octanoic acids, have shown significant anticandidal
activity, as have long-chain fatty acids, including lauric acid?’.

Thus, in a view of intense competition and increasing food safety requirements,
the supplementation of monoglyceride blends could be prospective strategy to
remove antibiotics in productive animals farming. Besides, both antimicrobial
and metabolic effect of monoglycerides can be important factors for reducing the
risk of antibiotic resistance and enhancing swine production profitability.

Monoglycerides, known for their antimicrobial and anti-inflammatory
properties, are emerging as promising additives to enhance immune and
antioxidant systems in pigs. The effects of monoglycerides are directed at
strengthening immunity, reducing oxidative stress, and increasing the overall
resilience of animals against enteric infections. Administering a-GML to
piglets at a dose of 1000 mg/kg increases cytokine concentrations, particularly
IL-10, and the activity of antioxidant enzymes (GSH-Px) in the serum of
weaned piglets. Under these conditions, serum MDA and TNF-a concentrations
decrease. However, no differences were found in T-AOC and SOD activity or
IL-6 concentration in serum®. It is suggested that a-GML enhances antioxidant
capacity by modulating intestinal barrier function.

In pigs, administering 0.6% a~-GML reduces malondialdehyde and hydrogen
peroxide levels in the ileum and significantly increases (p < 0.05) superoxide
dismutase and catalase activities in the ileum and colon®.

Mechanisms of antioxidant capacity transfer from the sow to the fetus through
the gut-placenta axis have also been studied, using a-GML glycerol monolaurate
feed supplements during pregnancy®. Correlational analysis demonstrated
a significant negative association between plasma lipopolysaccharide levels and
placental weight, oxidative stress, and inflammation.

4 Effects of Medium-Chain Fatty Acid Glycerides on Nutrient Metabolism and Energy Utilization in
Weaned Piglets / Z. Cui et al. Frontiers in Veterinary Science. 2022. Vol. 9. Art. 938888.

47 Short- and medium-chain fatty acids exhibit antimicrobial activity for oral microorganisms /
C. B. Huang et al. Archives of Oral Biology. 2011. Vol. 56, No. 7. P. 650-654.

8 Effects of alpha-glycerol monolaurate on intestinal morphology, nutrient digestibility, serum profiles,
and gut microbiota in weaned piglets / L. Li et al. Journal of Animal Science. 2022. Vol. 100, No. 3.
Art. skac046.

4 Supplementation with alpha-glycerol monolaurate during late gestation and lactation enhances sow
performance, ameliorates milk composition, and improves growth of suckling piglets / L. Li et al.
Journal of Animal Science and Biotechnology. 2023. Vol. 14, No. 1. Art. 38.

% Enhanced Antioxidative Capacity Transfer between Sow and Fetus via the Gut-Placenta Axis with
Dietary Selenium Yeast and Glycerol Monolaurate Supplementation during Pregnancy / J. Zhang et al.
Antioxidants. 2024. Vol. 13, No. 2. Art. 177.
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4. Effects of monoglycerides on intestinal morphology
and microbiome in pigs

Gut health is a key factor in ensuring optimal productivity in pigs and
resilience to infectious diseases. Monoglycerides have beneficial effects on the
morphology of intestinal structures and can modulate the composition of the
gut microbiota, thereby supporting intestinal barrier function®. Studies have
shown that supplementation a-GML to piglets at a dose of 1000 mg/kg increases
the villus height-to-crypt depth ratio in the duodenum and villus height in the
jejunum and ileum compared to the control group, although it did not affect
crypt depth in any intestinal section®’. Additionally, GML promotes an increase
in goblet cell numbers™.

MCFA-containing glycerides influence intestinal morphology, immune
and goblet cells in post-weaning piglets. E. coli infection is associated with
reduced villus height and crypt depth. However, in piglets exposed to LPS,
MCFA-derived glycerides restore villus morphology and increase IgA levels in
blood. A similar effect was observed in the ileum, albeit with a less pronounced
impact®.

The application of a-GML to piglets in a dose 1000 mg/kg increases the
relative abundance of Firmicutes by 17.87% (P <0.05) and decreases the
proportions of Bacteroidota and Campylobacterota (P <0.05). In the cecum,
the levels of unclassified Lactobacillus and Blautia species significantly
increased (P <0.05) while Eubacterium rectale, unclassified Campylobacter, and
uncultured bacterium Alloprevotella decreased (P <0.05)%.

Gene expression analysis indicated that linoleic acid significantly enhances
the expression of genes involved in adipogenesis and pathways dependent on
PPARy, C/EBPa, ap2, and NRF1 signaling. Cells incubated with LNA showed
reduced phosphorylation of Ser 112 in PPARy compared to cells treated with
palmitic or oleic acid. The lack of significant difference in triacylglycerol levels
upon inhibition of PPARy Ser 112 phosphorylation suggests varied metabolic

3! Fibronectin measurement as a potential molecular marker for barrier function assessment of piglet
intestine / D. M. Masiuk et al. Theoretical and Applied Veterinary Medicine. 2023. Vol. 11, No. 2. P. 3-8.
32 Supplementation with alpha-glycerol monolaurate during late gestation and lactation enhances sow
performance, ameliorates milk composition, and improves growth of suckling piglets / L. Li et al.
Journal of Animal Science and Biotechnology. 2023. Vol. 14, No. 1. Art. 38.

3 Low-Protein Diet Supplemented with Medium-Chain Fatty Acid Glycerides Improves the Growth
Performance and Intestinal Function in Post-Weaning Piglets / Z. Cui et al. Animals. 2020. Vol. 10,
No. 10. Art. 1852.

3 Medium-chain glycerides affect gut morphology, immune- and goblet cells in post-weaning piglets:
In vitro fatty acid screening with Escherichia coli and in vivo consolidation with LPS challenge / K. De
Keyser et al. Journal of Animal Physiology and Animal Nutrition. 2019. Vol. 103, No. 1. P. 221-230.

5 Supplementation with alpha-glycerol monolaurate during late gestation and lactation enhances sow
performance, ameliorates milk composition, and improves growth of suckling piglets / L. Li et al.
Journal of Animal Science and Biotechnology. 2023. Vol. 14, No. 1. Art. 38.
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pathways of dietary fatty acids in porcine adipocytes. LNA significantly
promotes lipid accumulation, likely by regulating PPARy phosphorylation®®.

The supplementation of GML increases the expression of claudin-1,
occludin, and ZO-1 in the jejunum and ZO-1 in the ileum, indicating modulation
of the intestinal barrier’’. Administering 0.6% glycerol monolactate in pigs
significantly (p < 0.05) increases occludin expression in the intestine (H. Li et
al., 2023). Additionally, GML applying to sows enhances the levels of zonula
occludens-1, occludin, and claudin-1 proteins in the small intestine (P <0.05),
along with increased mRNA expression of mucins (MUC-1, MUC-3, and
MUC-4) and porcine beta-defensins®®.

Capric acid reduces total intestinal length, while probiotics do not affect
intestinal mass or length but increase villus width and crypt depth in the
epithelial cells of the small intestine. MCFAs do not impact these parameters.
Both additives exhibit strong antibacterial action: capric acid against E. coli
and probiotics against C. perfringens®. Sequencing of 16S rDNA demonstrated
that supplementing sows with GML alters the colon microbiome of piglets and
reduces the relative abundance of Escherichia shigella®.

Thus, monoglycerides can have beneficial effects on intestinal morphology,
particularly by increasing villus height and improving the villus-to-crypt ratio,
which promotes more efficient nutrient absorption. Additionally, monoglycerides
can modulate the composition of the gut microbiota, reducing pathogenic
bacteria and supporting the balance of beneficial microbiota.

CONCLUSIONS

Monoglycerides exhibit significant potential in swine production maintenance
due to their antimicrobial, antiviral, and anti-inflammatory properties. They
not only contribute to improved animal productivity but also provide essential
protection against infectious diseases. The use of monoglycerides in pig feeding
has demonstrated high effectiveness in reducing the incidence of diarrhea

¢ PAM, OLA, and LNA are Differentially Taken Up and Trafficked Via Different Metabolic Pathways in
Porcine Adipocytes / C. Yu et al. Lipids. 2017. Vol. 52, No. 11. P. 929-938.

7 Low-Protein Diet Supplemented with Medium-Chain Fatty Acid Glycerides Improves the Growth
Performance and Intestinal Function in Post-Weaning Piglets / Z. Cui et al. Animals. 2020. Vol. 10,
No. 10. Art. 1852.

% Maternal supplementation with glycerol monolaurate improves the intestinal health of suckling piglets
by inhibiting the NF-kappaB/MAPK pathways and improving oxidative stability / H. Zhao et al. Food &
Function. 2023. Vol. 14, No. 7. P. 3290-3303.

% Effects of monoglyceride blend on systemic and intestinal immune responses, and gut health of
weaned pigs experimentally infected with a pathogenic Escherichia coli / S. Park et al. Journal of Animal
Science and Biotechnology. 2024. Vol. 15, No. 1. Art. 12.

% Maternal supplementation with glycerol monolaurate improves the intestinal health of suckling piglets
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caused by bacterial infections, particularly Escherichia coli, by stabilizing
gut microbiota and strengthening the immune system. Additionally, they can
improve intestinal morphological parameters, such as villus height and the
villus-to-crypt ratio, which enhance nutrient absorption and overall pig health.

Monoglycerides also play a crucial role in stimulating immune and
antioxidant systems, reducing oxidative stress, and helping to maintain animal
health under stressful conditions, such as weaning or intensive rearing. Their
antioxidant properties protect cells from damage and reduce inflammation,
which is critical for supporting healthy metabolism and increasing disease
resilience in animals. Given the current requirements to reduce antibiotics
supplementation in animal husbandry, monoglycerides serve as an effective
alternative capable of replacing traditional antimicrobial agents.

Thus, monoglycerides represent a promising and safe feed additive for
enhancing the productivity, health, and overall resilience of pigs. Their
application helps reduce dependence on antibiotics, supporting stable
productivity and competitiveness in swine production amid global challenges,
such as combating antibiotic resistance and meeting the growing demand for
environmentally sustainable products.

SUMMARY

The article examines the properties and prospects of using monoglycerides in
swine production as an alternative to antibiotics, aligning with modern demands
for environmental safety and sustainable livestock farming. Monoglycerides
are bioactive compounds which develop antimicrobial, antiviral, and anti-
inflammatory effects. Furthermore, monoglycerides application confirmed to be
effective tool to support the animal health, immune status, and productivity of
pig farming, especially in current intensive production requirements.

The use of monoglycerides enhances the overall resistance of the
organism to infections, which is crucial for minimizing disease incidence and
ensuring stable productivity in scenarios with limited antibiotic use. Recent
research findings indicate that monoglycerides positively impact intestinal
morphology, particularly by increasing villus height and improving the
villus-to-crypt ratio, which boosts nutrient absorption efficiency. In addition,
monoglyceride blends can modulate the composition of the gut microbiota
via the pathogenic bacteria reduction and regulation of beneficial microbial
taxa balance. This effect lead to the improvement in digestion, metabolism,
and overall animal health that is especially valuable during stress periods,
including post-weaning complications.

Besides, monoglycerides demonstrated an ability to stimulate the immune
system and enhance antioxidant defense. They reduce oxidative stress progress,
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that is an essential factor to maintain cell viability and organ functionality, and
promote cytokine synthesis, which is involved in regulating immune responses.
Furthermore, due to their antimicrobial properties, monoglycerides can serve as
an effective alternative to antibiotics in new strategy for treatment bacterial and
viral infections.

Taking into the account an absent of environmental toxicity, reduction of
antibiotic dependence, and positive effects on pig health, monoglycerides could
become an efficient tool to build the strategy of sustainable swine production.
Their application contributes to improved productivity, quality, and product
safety while supporting livestock resilience to global challenges, such as the
rising demand for environmentally friendly products and control over infectious
diseases. Thus, monoglycerides are a promising feed additive which capable
to enhance the competitiveness and efficiency of swine farms in line with
contemporary standards.
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CHAPTER 12

CURRENT APPROACHES IN MAINTENANCE GUT
HEALTH IN FARMING ANIMALS.

PART 5. MONOGLYCERIDE BLEND SUPPLEMENTATION
MODULATES INTESTINAL MOLECULAR MARKERS
EXPRESSION AND MICROBIOME STATUS

IN THE DUODENUM OF BROILER CHICKENS

Masiuk Dmytro, Nedzvetsky Victor
DOl https://doi.org/10.30525/978-9934-26-714-7-12

INTRODUCTION

The antibiotics were applicated in poultry as a growth promoter (GP) and
microbial agent to support sustainable animal farming for many decades.
However, due to the global increase in the generation of multidrug resistant
strains, the antibiotics supplementation in husbandry has been banned in
several developed countries'. Various alternatives of anti-microbial agents and
growth promoters were proposed last decade including probiotics, prebiotics,
enzymes and organic acids®**. However, all aforementioned tools confirmed as
alternatives with restricted efficiency in compare to antibiotics features. In spite
of current progress in the study of antimicrobial compounds to treat productive
animal diseases, the search for alternative strategies to remove antibiotics
remains an actual challenge’. Particularly, the engineering of antibiotic-free
growth promoters for poultry farming is a most important task in a view the
fact that modern broilers are fast-growing birds®. Poultry performance has

' Global Restriction of Using Antibiotic Growth Promoters and Alternative Strategies in Poultry
Production / H. M. Salim et al. Science Progress. 2018. Vol. 101, No. 1. P. 52-75.

2 Nutraceuticals Induced Changes in the Broiler Gastrointestinal Tract Microbiota / E. Tolnai et al.
mSystems. 2021. Vol. 6, No. 1. Art. e01124-20.

3 Prospects of Organic Acids as Safe Alternative to Antibiotics in Broiler Chickens Diet / R. U. Khan et
al. Environmental Science and Pollution Research International. 2022. Vol. 29, No. 22. P. 32594-32604.
4 Effect of prebiotics administered during embryo development on mitochondria in intestinal and immune
tissues of adult broiler chickens / A. Dunislawska et al. Poultry Science. 2023. Vol. 102, No. 6. Art. 102663.
> The Immune Enhancing Effect of Antimicrobial Peptide LLv on Broilers Chickens / X. Liu et al.
Poultry Science. 2024. Vol. 103, No. 2. Art. 103235.

¢ Dietary tributyrin improves reproductive performance, antioxidant capacity, and ovary function of
broiler breeders / J. Wang et al. Poultry Science. 2021. Vol. 100, No. 11. Art. 101429.
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been regulated with low doses of antibiotics in feed for many years, leading
to disease prevention and increased body weight gain’. However, even with
the use of low doses of antibiotics, poultry health problems still cannot be
completely eliminated®. Besides, feed additives considered to be prospective
manner to maintain profitability in poultry farming’.

The application of organic acids in feed is the most promising technic
for replacing antibacterial drugs in industrial poultry farming'. In particular,
organic acids with a short (SCFA), medium (MCFA) and long (LCFA) chains,
which are able to selectively adjust the growth or activity of particular bacteria
are already successfully used today'. Monoglycerides synthesized with use
SCFA have several advantages, including a pH-independent antimicrobial effect
and improvement of the intestinal barrier function. Monolaurin supplementation
exhibited pronounced antibacterial and anti-inflammatory effects'.

Recent data demonstrated that intercellular adhesion proteins play a key role
in ensuring the barrier function of the intestinal epithelium'’. Unique adhesion
proteins form tight intercellular junctions that prevent harmful substances,
microorganisms and toxins penetration into the internal environment of the
body'. Recent report has shown that supplementation with different levels of
organic acids can stimulate expression of a significant number of genes related
to tight junctions (TJ) and immune function in broilers'®. Butyrate can improve
intestinal barrier function via increasing Claudin-1 transcription, by improving
the association between Spl transcription factor and the Claudin-1 promoter'®.

7 Salah A. S., Ahmed-Farid O. A., El-Tarabany M. S. Carcass Yields, Muscle Amino Acid and Fatty
Acid Profiles, and Antioxidant Indices of Broilers Supplemented with Synbiotic and/or Organic Acids.
Journal of Animal Physiology and Animal Nutrition. 2019. Vol. 103, No. 1. P. 41-52.

8 Abdelli N., Sola-Oriol D., Pérez J. F. Phytogenic Feed Additives in Poultry: Achievements,
Prospective and Challenges. Animals. 2021. Vol. 11, No. 12. Art. 3471.

° Mahfuz S., Shang Q., Piao X. Phenolic compounds as natural feed additives in poultry and swine
diets: a review. Journal of Animal Science and Biotechnology. 2021. Vol. 12, No. 1. Art. 48.

1 In Vitro Investigation of the Antibacterial Activity of Nine Commercial Water Disinfectants,
Acidifiers, and Glyceride Blends against the Most Important Poultry Zoonotic Bacteria / T. Mantzios et
al. Pathogens. 2023. Vol. 12, No. 3. Art. 381.

I Desbois A. P, Smith V. J. Antibacterial Free Fatty Acids: Activities, Mechanisms of Action
and Biotechnological Potential. Applied Microbiology and Biotechnology. 2010. Vol. 85, No. 6.
P. 1629-1642.

12 Monobutyrin Reduces Live Cholesterol and Improves Intestinal Barrier Function in Rats Fed High-
Fat Diets / T. D. Nguyen et al. Nutrients. 2019. Vol. 11, No. 2. Art. 308.

13 Use of Short-Chain Fatty Acids for the Recovery of the Intestinal Epithelial Barrier Affected by
Bacterial Toxins / D. Pérez-Reytor et al. Frontiers in Physiology. 2021. Vol. 12. Art. 650313.

14 Butyrate enhances intestinal epithelial barrier function via up-regulation of tight junction protein Claudin-1
transcription / H.-B. Wang et al. Digestive Diseases and Sciences. 2012. Vol. 57, No. 12. P. 3126-3135.

!5 Surface Components and Metabolites of Probiotics for Regulation of Intestinal Epithelial Barrier /
Q. Liu et al. Microbial Cell Factories. 2020. Vol. 19. Art. 23.

16 Butyrate enhances intestinal epithelial barrier function via up-regulation of tight junction protein
Claudin-1 transcription / H.-B. Wang et al. Digestive Diseases and Sciences. 2012. Vol. 57, No. 12.
P. 3126-3135.

247



Organic acids such as butyric, amino acids, and pectin can affect the expression
of E-cadherin. E-cadherin is a protein that plays an important role in maintaining
the integrity of cell junctions in the intestinal epithelium!”. The changes in
E-cadherin expression can affect cell adhesion, migration, and invasion, which
are important for the processes of tissue remodelling, inflammatory balance,
and wound healing'®. However, to date, the issue of modulation of the molecular
markers expression, including E-cadherin, fibronectin (FN), interferon-a (IFN-a)
and interferon-y (IFN-y) in the duodenum of broiler chickens remains outside
the attention of the researchers. Aforementioned markers confirmed to be
convenient tools to assess both intestinal barrier integrity and barrier leaking'®.

Microbiome produces many various metabolites which can affect intestinal
cells and modulate they functioning thorough both beneficial and detrimental
effect. Among of similar metabolites, SCFA exhibit antimicrobial, metabolic,
and signalling features. Furthermore, several SCFA blends possess different
targeted bioactivity®”. However, the effect of SCFA and monoglyceride blend
(SCFA-M) on the intestine health also is undiscovered. Therefore, the important
field of the animal science is to clarify the effect of SCFA-M on the intestinal
barrier integrity, the microbiome community and their interaction in broiler
chickens. The understanding of the interaction between microbiome and
intestinal cells can advance the development of new approach to increasing
the productivity and resistance of animals with the minimization of the use of
antibiotics.

The aim of the current work was to study the effect of SCFA-M on the
modulation of molecular markers expression, the microbiome composition and
to evaluate the correlations between them in broiler chickens.

1. Methodology of the study of intestinal health assessment
The study was carried out in the Research Center of biosafety and
environmental control of agriculture resources (Biosafety-center) of Dnipro
State Agrarian and Economic University (DSAEU) and poultry farm located in
Dnipro region. The broiler chickens of the Cobb 500 cross were used to form
the control and SCFA-M-exposed groups.

17 Modulation of E-cadherin Monomer Folding by Cooperative Binding of Calcium Ions / O. Courjean
et al. Biochemistry. 2008. Vol. 47, No. 8. P. 2339-2349.

18 Modulation of E-cadherin Function and Dysfunction by N-glycosylation / S. S. Pinho et al. Cellular
and Molecular Life Sciences. 2011. Vol. 68, No. 6. P. 1011-1020.

1 An Isotonic Protein Solution Favorably Modulated the Porcine Intestinal Immune Response and
Cellular Adhesion Markers and Reduced PEDV Shedding in Vivo / D. M. Masiuk et al. Veterinary
Immunology and Immunopathology. 2024. Vol. 271. Art. 110753.

2 Desbois A. P, Smith V. J. Antibacterial Free Fatty Acids: Activities, Mechanisms of Action
and Biotechnological Potential. Applied Microbiology and Biotechnology. 2010. Vol. 85, No. 6.
P. 1629-1642.
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All procedures with the animals were carried out in compliance with the
requirements stated in the Law of Ukraine No. 3447-IV dated 21.02.06 “On
the Protection of Animals from Cruelty”, agreed with the main principles of the
“Directive 2010/63/EU of the European Parliament and of the Council on the
protection of animals used for scientific purposes, 22 September 2010, Official
Journal of the European Union L276, 20 October 2010, pp. 33—79”, adhere to
ethical standards concerning animal welfare in accord “Consensus Guidelines on
Animal Ethics and Welfare for Veterinary Journals — International Association
of Veterinary Editors, Geneva, Switzerland, 2010”. All experimental protocols
were approved by the Commission on Bioethics of Experiments on Animals of
the DSAEU, Ukraine (Protocol No. 19-072023).

The treatment with SCFA-M carried out to assess SCFA-M effect on
the intestinal health of productive animals in the standard conditions of the
industrial poultry farming. Two groups of 7 days old chickens were kept in
the separate production houses with stocking density in both groups averaged
20.6 chickens/m2. The number of broiler chickens in control and SCFA-M-
exposed groups was 30.000 and 36.000 chickens approximal.

Broilers were grown according to the company’s standard protocol. Poultry
breeding took place according to modern technologies implemented at the
enterprise as well as all procedures were performed in accord with the basic
requirements for biological safety. All biological safety requirements were
implemented in production in the form of relevant work instructions regarding
compliance with veterinary and sanitary rules. The birds of the exposed group
consumed the SCFA-M blend with drinking water trice on 16-18, 25-29,
32-36 days of life. The final concentration of SCFA-M blend was equal to
1% in a water. The used SCFA-M formulation contained fatty acids (from
C-3 to C-10) and monoglycerides as the major compounds of the formulation.
Diglycerides, triglycerides, and free glycerol were presented in the blend as the
minor components.

Seven chickens were separated from both control and SCFA-M-exposed
group. Duodenal tissue samples with contents were collected from chickens
on 16th, 22nd, 29th, 36th, and 45th days. The quantitative composition of
the microflora was determined by preparing tenfold dilutions according to
the standard of Ukraine (ISO 6887-1:2003) and sowing them on appropriate
nutrient media. To determine the number of bacteria of the Escherichia coli
group (BECG), seeding was carried out using Endo’s medium, staphylococci —
Beid-Parker’s medium, enterococci — yolk-esculin agar, clostridia — Wilson-
Blair’s iron-containing sulphate agar. All studied taxa (Staphylococcus,
Enterococcus, and Escherichia coli) were cultivated with aerobic conditions.
The crops were cultivated for 20-24 hours in a thermostat at a temperature of
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37+1°C. Determination and interpretation of results performed in accordance
with ISO 7218. The washed tissue samples were frozen and store at —22°C
before western blot (WB) analysis.

The study of the relative content of molecular markers carried out with
use the WB method. Briefly, the thin intestinal samples were homogenized
in the RIPA buffer contained protease and phosphatase inhibitor coctail. Total
protein concentration in each sample was determined by the Bradford method
(Bradford, 1976). After that, the proteins of the intestinal tissue homogenate
were separated by electrophoresis in a polyacrylamide gel (PAAG) with an
acrylamide gradient 5-20%?!. Protein bands separated in PAAG were stained
in a 0.1% Coomassie G-250 solution to control the quality of the distribution.
The transfer of proteins from PAAG to nitrocellulose membrane was carried out
using an electric current at 150 mA for 60 min. The blocking of nitrocellulose
membrane was performed with bovine serum albumin 1% solution in PBS.
After blocking, nitrocellulose membrane was incubated with primary antibodies
against E-cadherin (Santa Cruz, sc-271842), fibronectin (Santa Cruz, sc-8422),
interferon-o (Abcam, ab191903), and interferon-y (Santa Cruz, sc-74104) diluted
accordingly producer recommendation. After incubation with primary mouse
antibodies (anti-E-cadherin, anti-fibronectin, and anti-interferon-y) 14 hours at
4°C, the membranes were washed 3 times with PBS and probed with secondary
anti-mouse (Abcam, ab6789) horseradish peroxidase-conjugated antibody
diluted accordingly producer recommendations. Membranes were then washed
in PBS three times. Using the same protocol, samples were incubated with anti-
rabbit antibody (Abcam, ab205718) for the detection of primary anti-IFN-a. To
visualize the polypeptide zones, the nitrocellulose membrane was incubated with
a Tris-HCI solution containing diaminobenzidine (0.05%) and hydrogen peroxide
(0.02%). The results reflecting the total protein content and immunoblotting were
displayed as percentages relative to the similar results in a control group.

Statistical analysis of the obtained data was performed using the specialized
software GraphPad Prism 9. The sample parameters presented in the work
had the following designations: M — sample mean; SD — standard deviation.
Changes in all obtained data were considered reliable at P < 0.05 (including
P <0.01 and P < 0.001).

2. The results on intestinal health assessment
The content of E-cadherin and FN was determined to evaluate the integrity
of the intestinal barrier of the small intestine of chickens. The results of WB

2! Nedzvetsky V. S., Agca C. A., Baydas G. The Peptidoglycan Fraction Enriched with Muramyl
Pentapeptide from Lactobacillus bulgaricus Inhibits Glioblastoma U373MG Cell Migration Capability
and Upregulates PARP1 and NF-kappaB Levels. Biotechnology Acta. 2020. Vol. 13, No. 2. P. 65-79.
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showed that the content of E-cadherin in the duodenum of broiler chickens of
the control and experimental groups on the 16th day of life was not significantly
different (Fig. 1). During the period from 16th to 45th day of chickens’ life, the
modulation of E-cadherin expression in the duodenum of broiler chickens of
the control group demonstrated a downward trend, as indicated by a downward
regression line, and the regression equation had the form — Y = —0.1005-X +
105.4 (P =0.47).
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Fig. 1. Modulation of E-cadherin content in the duodenum
of broiler chickens exposed to SCFA-M (M£SDj; n=5).
Significant differences: *** P < 0.001

Consumption of SCFA-M by chickens of the exposed group had a significant
effect on this membrane protein expression in the duodenum. In particular, from
the 16th to the 22nd day of life the E-cadherin content in the duodenum of
broiler chickens of the research group was increased by 35.3% (P < 0.001).
After the 22nd day, the content of E-cadherin increased but somewhat slower
until the 29th day of age (by 8.7%), then it gradually decreased by 21.0%
(P <0.001) until the 45th day of life. We registered higher level of E-cadherin
expression in chickens of the research group throughout the entire period of
research, so in the duodenum of broiler chickens 22-, 29-, 36-, and 45-day-old,
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the expression of this protein was higher respectively by 30.4%, (P < 0.001),
38.8% (P < 0.001), 32.6% (P < 0.001) and 25.8% (P < 0.001) compared to
the indicators of chickens of the control group. The regression equation for
the content of E-cadherin in the duodenum of broiler chickens of the research
group was Y = 0.5612-X + 112.8 (P = 0.07).

The content of FN in the duodenum of 16-day-old broiler chickens of the
control and experimental groups did not differ (Fig. 2). During the experiment,
the expression of FN in the duodenum of broiler chickens of the control group
was increased by 4.8% from 16th to 45th day of life, which determined the
upward regression line (Y = 0.152-X + 99.1; P = 0.123).
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Fig. 2. Modulation of FN content in the duodenum of broiler chickens
exposed to SCFA-M (M+£SD; n=5). Significant differences: *** P < (.001

The content of FN in chickens of the experimental group duodenum
increased by 38.6% (P < 0.001) from the 16th to the 22nd day of life.
The FN content did not change significantly from the 22nd day to the
36th day of life, however, from the 36th to the 45th day of life, the FN
content decreased by 15.6% (P < 0.001). The level of FN expression
in the duodenum of the 22-, 29-, 36-, and 45-day-old chickens of the
experimental group was higher by 37.0% (P < 0.001), 30.0% (P < 0.001),
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33.9%, respectively (P < 0.001) and 17.8% (P < 0.001) compared to the
indicators of chickens of the control group. The regression equation for
the content of FN in the duodenum of broiler chickens of the experimental
group was — Y = 0.500-X + 113.5 (P = 0.104).

The content of IFN-a in the duodenum of 16-day-old broiler chickens of
the control and experimental groups was not significantly different (Fig. 3).
The expression of IFN-a in the duodenum did not change significantly from
the 16th to the 45th day of life of chickens of the control group. Accordingly,
the regression equation had the form — Y = 0.072-X + 101.9; P = 0.628. Along
with this, the content of IFN-a in chickens of the research group duodenum
increases by 78% (P < 0.001) by the 22nd day of life. After that it gradually
decreases, in particular, by 29 days of age by 26% (P < 0.001), by the 36th day
by 16.4% (P < 0.05) and by the 45th day by another 10.4%.
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Fig. 3. IFN-a content in the duodenum of broiler chickens exposed
to SCFA-M (M=+SD; n=5). Significant differences: ** P < 0.01, *** P < 0.001

Obtained data evidence that the level of IFN-a expression in the duodenum
of chickens of the experimental group of 22-, 29-, 36- and 45-days of age was
significantly higher, respectively by 71.6% (P < 0.001), 47.8% (P < 0.001),
29.7% (P < 0.001) and 21.0% (P < 0.01) compared to the indicators of broiler
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chickens of the control group. The regression equation for the content of
this marker in the duodenum of broiler chickens of the experimental group
was Y = —0.032-X + 138.7 (P = 0.954). Observed results demonstrated that
the content of IFN-y in the duodenum of broiler chickens of the control and
experimental groups on the 16th day of life did not differ significantly and
showed a downward trend in both groups (Fig. 4). Thus, the modulation of
IFN-y expression in the duodenum of broiler chickens of the control group was
lower by 13.9% than in a control group by the 22nd day of life and, accordingly,
the regression equation had the form — Y = —0.476-X + 100.9 (P = 0.002).
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Fig. 4. IFN-y content in the duodenum of broiler chickens exposed
to SCFA-M (M=£SD; n=5). Significant differences: ** P < 0.01, *** P < 0.001

The content of IFN-y in the duodenum of SCFA-M-exposed group decreased
by 46.4% (P < 0.001) from the 16th to the 22nd day of life, after which it
increases slightly (by 19.5%; P < 0.01) until the age of 29 days. The followed
decrease was observed until the age of 36 days (by 28.0%; P <0.001). Later, by
the 45th day of life, the content of IFN-y in chickens of the SCFA-M-exposed
group drops by 10.2%. The level of IFN-y expression in the duodenum of
the chickens of the SCFA-M-exposed group throughout the experiment was
significantly lower than that of the control group chickens, in particular at 22nd,
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29th, 36th, and 45th days by 32.7% (P < 0.001), 13.5% (P < 0.01), 32.4%
(P <£0.001) and 49.9% (P < 0.001) respectively. The regression equation for
IFN-y content in the duodenum of broiler chickens of the research group was —
Y =-1.89-X + 114.5 (P = 0.001).

Correlational analysis of present data on the modulation of molecular
markers expression in the duodenum of control group chickens didn’t detected
significant and/or statistically interrelations between these parameters.
However, the direct correlation links between the expression of E-cadherin,
FN, and IFN-a were observed in chicken duodenum equal — r = 0.21-0.58.
On the other side, inverse correlations were found between the expression of
IFN-y and E-cadherin — r = —0.36, of IFN-y and FN — r = —0.79, of IFN-y and
IFN-a — r = —0.82 (Fig. 5).
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Fig. 5. Correlation matrix of interrelation between molecular markers

(E-cadherin, FN, IFN-0, and IFN-y) and duodenal microbiome broiler
chickens of the control group
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Furthermore, the supplementation of SCFA-M induced increase in
aforementioned correlation coefficients. Besides, statistically significant
correlations in SCFA-M-exposed group were found between E-cadherin and FN —
r=0.96, between E-cadherin and IFN-a —r = 0.80, as well as between E-cadherin
and IFN-y — r = —0.54. Similar to the correlation between E-cadherin and other
markers, the interrelations between FN and IFN-o exhibited direct dependence
(Fig. 6). On the other side, the interrelation between IFN-y and modulation of FN
was decreased — r = —0.54 and as well as modulation IFN-a — r = —0.41 (Fig. 6).
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Fig. 6. Correlation matrix of interrelation between molecular markers
(E-cadherin, FN, IFN-a, and IFN-y) and duodenal microbiome broiler
chickens of the SCFA-exposed groups (r; n=5)

Observed data on the changes in relative content of the main taxa including
Escherichia coli, Enterococcus spp., and Staphylococcus spp. evidence that
all of them permanently involved in concurrent interrelations and participate
in the competition to colonize the environment of gut. This fact is supported
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by the results of the correlative analysis in respect with the calculated inverse
correlations between Escherichia coli and Enterococcus spp. (r = —0.11),
Escherichia coli and Staphylococcus spp. (r = —0.51), Staphylococcus spp. and
Enterococcus spp. (r = —0.39). However, the SCFA-M supplementation affected
multiple interactions into microbiome community and shifted the relative
content several taxa. Obtained results have shown that SCFA-M significantly
changed correlation between Escherichia coli and Enterococcus spp. — r = 0.96.
Furthermore, the direct correlation was observed between Staphylococcus
spp. and Escherichia coli (r = 0.42) relative contents as well as between
Staphylococcus spp. and Enterococcus spp. (r = 0.62).

The results on main taxa relative content demonstrated inverse correlation
in control group of chickens between Escherichia coli and the modulation of
molecular markers including E-cadherin, FN, and IFN-a (r = —0.81-0.34).
Besides, the direct correlation was observed between Escherichia coli and
IFN-y modulation (r = 0.81). Similar interrelations were detected in SCFA-M-
exposed chicken group.

Direct correlations were detected between Staphylococcus spp. content in
duodenum of chicken control group and the changes in IFN-a (r = 0.11) and
FN (r = 0.50) contents. However, inverse correlation was observed between
Staphylococcus spp. content and E-cadherin (r = —0.63) and IFN-y (r = —0.24).
The treatment with SCFA-M induced the shift of similar to control group
parameters, particularly correlation between Staphylococcus spp. content in
thin intestine SCFA-M-exposed chicken group and E-cadherin modulation was
equal r = —0.11, while this parameter of FN was equal r = —0.05. On the other
hand, direct correlations were observed between Staphylococcus spp. content
and IFN-o changes (r = 0.28) and IFN-y changes (r = 0.46).

The relative content of Enterococcus spp. in chicken duodenum of control
group exhibited the direct correlation in respect with FN and E-cadherin
modulation (r = 0.11 and r = 0.50 respectively). Invers correlation between
Enterococcus spp. content and IFN-o and IFN-y changes were observed
comparatively low (r = —0.12 and r = —0.09 accordingly). Moreover, these
interrelations were statistically insignificant. Similar to previous described
correlations, the SCFA-M exposure induced an increase in inverse correlation
coefficients between Enterococcus spp. content in thin intestine and modulation
of E-cadherin, FN, and IFN-a (r = —0.85, r = —0.78, and —0.48 respectively).
The direct correlation was detected between Enterococcus spp. content and
changes in IFN-y (r = 0.76) similarly to other studied taxa. Therefore, contrary
to aforementioned interrelations in control group, SCFA-M application initiated
the decrease in the correlation coefficients almost in all groups from 16th to
45th day of life.
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3. The intestinal health maintenance is key task
to provide poultry profitability

The correlation analysis demonstrated a complex nonlinear interaction
between molecular markers and the duodenal microbiome community of broiler
chickens. In the control group, the relationships between molecular markers
are weak and statistically insignificant, which indicates the preservation of
the balance of the microbiome community within the physiological norm.
At the same time, the addition of SCFA-M induced in the study a significant
increase in the correlation between markers and the microbiome. This effect
may be due to the signaling and regulatory properties of SCFA-M in relation to
individual microbiome taxa. In addition, the inclusion of SCFA-M in the energy
metabolism pathways of intestinal cells stimulates the expression of individual
specific proteins, including intercellular adhesion proteins. All this together can
stimulate the complex interaction of the microbiome with intestinal epithelial
cells and contribute to the improvement of barrier function.

The observed modulation of the Escherichia coli content demonstrated
significant inverse relationships with E-cadherin, FN and IFN-a, which
reflects the possible negative impact of this bacterium on structural
and immune markers. The direct relationship of Escherichia coli with
IFN-y indicates the activation of a specific immune response. Similar trends
persist in the SCFA-M-exposed group. The changes in Staphylococcus spp.
content in control group had a direct relationship with the modulation of FN
and IFN-a. On the other hand, this taxon had an inverse relationship with the
modulation of the content of E-cadherin and IFN-y. Thus, the results have
shown multifaceted regulation of innate immune and structural markers.
The effects of SCFA-M significantly modulate the correlation between the
microbiome state and the content of the above-mentioned molecular markers.
In general, the observed effects of SCFA-M can be associated with differential
regulation of individual microbiome taxa by modifying the environment
and changing the competition conditions between the main taxa. Changes
in the content of Enterococcus spp. in the control group showed weak and
unreliable relationships with the modulation of molecular markers. However,
these relationships in the SCFA-M-exposed group become significant and
strengthened. For example, the relative content of Enterococcus spp. was
inversely correlated with the content of E-cadherin, FN and IFN-a. On the
other hand, a direct correlation was found between the content of Enterococcus
spp. and changes in IFN-y. Obtained data demonstrated beneficial effect of
SCFA-M supplementation, including the commensal microflora modulation
via involving Enterococcus spp. in the regulation of both the immune system
and the intestinal barrier integrity. Therefore, SCFA-M is potent to regulate
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interrelation of various microbiome taxa and to switch the communication
from synergic type to antagonistic suppression.

Epithelial cells of the intestine, bound together by various intercellular
proteins, are the first line of defense against bacteria and their toxins. Claudins,
occludins and other TJ proteins are located on the apical surface of the basolateral
membrane, form intercellular tight contacts, regulate permeability through the
epithelial monolayer and are responsible for cell polarity??. Structural integrity
largely depends on the expression levels of intercellular junction proteins®. We
established the fundamental relationships of the modulation of the content of
molecular markers (E-cadherin, FN, IFN-a, and IFN-y) in the duodenum of
broiler chickens (r = 0.98-1.00; P < 0.001).

The results of present study have established the dynamics of modulation of
the molecular markers expression in the duodenum of broiler chickens for the
first time. In particular, the modulation of E-cadherin expression in the cecum
of broiler chickens of the control group increases by 5.7% from the 16th to the
22nd day, after which it gradually decreases (by 7.2%) until the 45th day of the
chickens’ life. At the same time, the expression of E-cadherin in the duodenum
of broiler chickens was less dynamics and shown a tendency to decrease from
16th to the 45th day. Recently, it has been shown that the content of E-cadherin
in the small intestine can be used as an indicator of the deterioration of the
barrier function of the gut*.

FN plays an important role in maintaining the small intestine health of
broilers by providing cell adhesion to the extracellular matrix, protection
against pathogens, and promoting tissue healing and remodeling processes* 2.
Optimum housing conditions and balanced nutrition are key factors contributing
to the maintenance of an adequate level of FN and ensure the health and high
productivity of birds”.

IFNs are a family of cytokines that exert biological activity by binding
to specific cell membrane receptors and triggering a signaling pathway that

2 Use of Short-Chain Fatty Acids for the Recovery of the Intestinal Epithelial Barrier Affected by
Bacterial Toxins / D. Pérez-Reytor et al. Frontiers in Physiology. 2021. Vol. 12. Art. 650313.

» Butyrate enhances intestinal epithelial barrier function via up-regulation of tight junction protein
Claudin-1 transcription / H.-B. Wang et al. Digestive Diseases and Sciences. 2012. Vol. 57, No. 12.
P. 3126-3135.

** An Isotonic Protein Solution Favorably Modulated the Porcine Intestinal Immune Response and
Cellular Adhesion Markers and Reduced PEDV Shedding in Vivo / D. M. Masiuk et al. Veterinary
Immunology and Immunopathology. 2024. Vol. 271. Art. 110753.

% The Role of the Fibronectin Synergy Site for Skin Wound Healing / I. Gimeno-Lluch et al. Celis.
2022. Vol. 11, No. 13. Art. 2100.

% Kanta J., Zavadakova A. Role of Fibronectin in Chronic Venous Diseases: A Review. Vascular
Medicine. 2020. Vol. 25, No. 6. P. 588-597.

2" Novel Models for Chronic Intestinal Inflammation in Chickens: Intestinal Inflammation Pattern and
Biomarkers / G. C. Dal Pont et al. Frontiers in Immunology. 2021. Vol. 12. Art. 676628.

259



culminates in the induction of interferon-stimulated gene (ISG) transcription
and immune enhancing effect®® ¥, Mediated by ISGs, IFNs generate
a variety of cellular and physiological responses, including antiviral, apoptotic,
antiproliferative, antitumor, and immunomodulatory effects’®. The expression
of IFN-a in the duodenum of chickens didn’t changed significantly during the
observed experimental period.

Several results have shown that some organic acids can affect the expression
level of intercellular adhesion’!. For example, butyric acid, which is one of
the main fatty acids, can reduce the expression of E-cadherin in some cells.
This may have important consequences for cell adhesion and other processes
occurring in intestinal epithelial layer’> 3.

The relationship between the state of the microbiota and the modulation
of intestinal functions has attracted the special attention of researchers. The
changes in the content of the main microbiota taxa accompanied by the
modulation of adhesion proteins expression. In particular, the microbiota effects
on the expression of E-cadherin, occludin, and claudin have been reported®.
The microbiota involved into the maintenance of the balance between these
proteins, which ensures optimal functioning of the intestinal barrier® *. The
analysis of present results established interdependencies between the modulation
of molecular markers and the duodenal microbiome of the broiler chickens
where the content of E-cadherin, FN, IFN-a, and IFN-y are interconnected with
the main taxa ratio. Additionally, obtained data have demonstrated correlation
links between microbiome community state and the modulation of intercellular
adhesion proteins and innate immune molecular markers first time.

% Molecular Analysis of Chicken Interferon-alpha Inducible Protein 6 Gene and Transcriptional
Regulation / J. W. Park et al. Journal of Animal Science and Technology. 2023. Vol. 65, No. 1.
P. 183-197.

¥ The Immune Enhancing Effect of Antimicrobial Peptide LLv on Broilers Chickens / X. Liu et al.
Poultry Science. 2024. Vol. 103, No. 2. Art. 103235.

30 Parker N., Porter A. C. G. Identification of a Novel Gene Family that Includes the Interferon-
Inducible Human Genes 6-16 and ISG12. BMC Genomics. 2004. Vol. 5. Art. 8.

3! Surface Components and Metabolites of Probiotics for Regulation of Intestinal Epithelial Barrier /
Q. Liu et al. Microbial Cell Factories. 2020. Vol. 19. Art. 23.

32 Modulation of Apoptosis and Epithelial-Mesenchymal Transition E-cadherin/TGF-beta/Snail/TWIST
Pathways by a New Ciprofloxacin Chalcone in Breast Cancer Cells / R. Alaaeldin et al. Anticancer
Research. 2021. Vol. 41, No. 5. P. 2383-2395.

3 Fomicheva M., Tross E. M., Macara I. G. Polarity Proteins in Oncogenesis. Current Opinion in Cell
Biology. 2020. Vol. 62. P. 26-30.

3 Regulation of Intestinal Barrier Function by Microbial Metabolites / S. Ghosh et al. Cellular and
Molecular Gastroenterology and Hepatology. 2021. Vol. 11, No. 5. P. 1463-1482.

35 The Gut Microbiota in Inflammatory Bowel Disease / P. Qiu et al. Frontiers in Cellular and Infection
Microbiology. 2022. Vol. 12. Art. 733992.

% Compound Probiotics Can Improve Intestinal Health by Affecting the Gut Microbiota of Broilers /
X. Liu et al. Journal of Animal Science. 2023. Vol. 101. Art. skad388.
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CONCLUSIONS

The application of SCFA-M feed additive induced an increase in the content of
E-cadherin, FN, IFN-a and a decrease in the production of IFN-y in the duodenum.
In particular, the effect of SCFA-M in chickens is characterized by statistically
significant increase in the content of E-cadherin, FN, and IFN-a through the
all periods of the exposure. Inversely, SCFA-M treatment induced statistically
significant decrease in the IFN-y production in compare with the control group.
Present results have demonstrated the effect of SCFA-M supplementation on
both microbiome community and intestinal barrier integrity of broiler chickens.
Furthermore, SCFA-M blend exhibited the modulatory effect on the bilateral
interaction between microflora and intestinal epithelial cells.

SUMMARY

The continuous antibiotics application in the animal farming caused the
generation of microbial resistant strains. Multi-drug resistant strains are extremely
weighted risk factor for both animals and human. The aim of study was to assess
the effect of short chain fatty acids plus monoglycerides (SCFA-M) blend on
microbiome community and intestinal barrier integrity of broiler chickens. Control
group fed with standard diet and antibiotics supplementation. SCFA-exposed
group fed with the same diet without antibiotics and additionally supplemented
with SCFA-M in a dose 1% four times for 5 days on 16th, 22th, 29th, and
32nd days of life. The microbiome state was estimated via detection of relative
content of principal taxa. Intestinal barrier integrity was assessed through the
measuring of E-cadherin and fibronectin contents in gut tissue. Innate immunity
was assessed via detection of interferon-o and interferon-y. The administration
of SCFA-M induced upregulation in E-cadherin, fibronectin, and IFN-o content
(P <0.01) in duodenum of SCFA-M-exposed broilers in compare to control group.
Inversely, the level of IFN-y was significantly decreased (P <0.01) in the duodenal
intestine of the exposed broilers. The correlative analysis demonstrated the link
between molecular markers and the changes of main taxa including Escherichia
coli, Staphylococcus spp., and Enterococcus spp. Molecular markers content was
correlated with microbiome changes where increase in E-cadherin and fibronectin
have a positive correlation with Escherichia coli content in 22-day-old broiler
chickens (r = 0.79-0.87) and negative correlation with Staphylococcus spp.
content in 45-day-old chickens (r = —0.83 — —0.51). The complex correlations
of all studied molecular markers expression in the duodenum of broiler chickens
significantly varied from 16th to 45th day of life in respect with both magnitude
and direction of changes. Thus, the application of SCFA-M to broiler chickens
has showed a potential to modulate intestinal barrier integrity and microbiome
community via non-linear dependence.
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CHAPTER 13

BIOLOGICAL BASIS OF INDUSTRIAL HEMP BREEDING
IN THE CONTEXT OF SUSTAINABLE DEVELOPMENT

Mishchenko Serhii
DOl https://doi.org/10.30525/978-9934-26-714-7-13

INTRODUCTION

The global agricultural sector’s shift towards sustainable development,
renewable energy and “green” chemistry has led to a large-scale renaissance
of industrial (non-psychotropic) hemp (Cannabis sativa L.). As a waste-
free crop with high carbon sequestration potential, hemp is a source of
high-quality fiber, vegetable protein, valuable oil and specific cannabinoid
compounds of a non-psychotropic profile. The high potential for biological
productivity combined with low requirements for the use of pesticides and
chemical fertilizers makes this crop an important element of environmentally
safe agricultural production.

The concept of sustainable development involves a harmonious combination
of economic efficiency, environmental safety and social responsibility. Industrial
hemp fully meets these principles thanks to its high biomass productivity,
phytoremediation ability, low need for pesticides and versatility of product use'.

The modern agricultural sector requires the creation of hemp varieties with
pre-programmed biological properties by combining classical breeding and
innovative genomic technologies.

The rapid development of molecular biology has opened up new opportunities
for improving the breeding of industrial hemp. Unlike traditional methods based
on phenotypic selection, modern biotechnology allows assessing the genotype
of a plant regardless of growing conditions and stage of development?.

One of the most promising areas is the use of molecular markers.
The use of SSR, AFLP, ISSR, and SNP markers has made it possible to
assess the level of genetic polymorphism of world cannabis collections,

' Amaducci S., Scordia D., Liu F. H., Zhang Q., Guo H., Testa G., Cosentino S. L. Key cultivation
techniques for hemp in Europe and China. Industrial Crops and Products. 2015. Vol. 68. P. 2-16. DOI:
10.1016/j.indcrop.2014.06.041

2 Kovalchuk L., Pellino M., Rigault P. et al. The genomics of Cannabis and its close relatives. Annual
Review of Plant Biology. 2020. Vol. 71. P. 713-739. DOI: 10.1146/annurev-arplant-081519-040203
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establish the degree of relatedness between varieties, and identify sources
of valuable traits®.

Special attention is paid to the genes of cannabinoid biosynthesis. After
genome sequencing, it became possible to create markers closely linked to the
CBDAS and THCAS genes, which significantly increased the efficiency of
early selection of breeding material®.

The use of biotechnological methods in hemp breeding is becoming widespread®.

A promising direction is the use of genomic sequencing and transcriptomic
analysis. The study of gene expression allows us to establish the mechanisms
of resistance to abiotic stresses, growth regulation, cannabinoid accumulation
and development of fibrous tissues. At the same time, the use of genetic editing
methods (CRISPR/Cas9) in hemp breeding is still at an early stage. The main
limitations remain insufficiently developed transformation systems and the
complexity of plant regeneration after genome editing.

The success of creating modern high-yielding varieties is based on
a deep understanding of the fundamental biological mechanisms of genetic
determination of sex and stabilization of the sexual structure of monoecious
hemp populations® ", the patterns of inheritance of the chemical chemotype
and strict control of cannabinoid biosynthesis (with the prevention of exceeding
the THC threshold® ' !!| the architectonics of fibrous structures, improving the

> Sawler J., Stout J. M., Gardner K. M. et al. The genetic structure of marijuana and hemp. PLoS ONE.
2015. Vol. 10. Iss. 8. Art. 0133292. DOI: 10.1371/journal.pone.0133292

4 Laverty K. U., Stout J. M., Sullivan M. J. et al. A physical and genetic map of Cannabis sativa
identifies extensive rearrangements at the THC/CBD acid synthase loci. Genome Research. 2019.
Vol. 29. Iss. 1. P. 146-156. DOI: 10.1101/gr.242594.118

° Hesami M., Pepe M., Alizadeh M., Rakei A., Baiton A., Jones A. M. P. Recent advances in
cannabis biotechnology. Industrial Crops and Products. 2020. Vol. 158. Art. 113026. DOI: 10.1016/j.
indcrop.2020.113026

¢ Mimenko C. B. I'eHernuni aeTepMiHAHTH TMOSBH IUIOCKOHI Y CTaTeBiil CTPYKTypi MOIyIsiit
OJIHOZIOMHHX KOHOIIEIIb Ta OCHOBHI IUISIXY 11 NOHONaHHs. JIy6 sani ma mexuiuni kyiomypu. 2017. Bum. 5
(10). C. 76-90.

7 Mimenko C. B., Mapuerko T. 10., Jlaspusenko 0. O., Tkauenko C. M. ['eHeTHYHHUI KOHTPOIb
o3Haxu ogHonoMHOCTi Cannabis sativa L. y niponeci in6pununry. Taspiticoxuii naykosuii gicrhuk. Cepis
«Cinpcprorocrnonapebki Haykm». 2022. Bum. 124. C. 85-91. DOI: 10.32851/2226-0099.2022.124.12

8 Buposeup B. I, Jaiiko 1. M., Kupuuenko I 1. Ta in. PeHecaHc MOCIBHUX KOHOIENb SIK PE3yJIBTAT
yCHiHOI cenekuii. @akmopu excnepumenmanvroi egonoyii opeanizmis. 2017. T. 20. C. 368-372. DOIL:
10.7124/FEE0O.v20.796

° Kupuuenko I L, Jlaiiko 1. M., Mimenko C. B. Ananis xonexuiitnux 3paskis Cannabis sativa L. 3a
BMICTOM KaHaOIHOITHMX CIONYK 1 XeMoTUNOM. [enemuuni pecypcu pocaun. 2019. Ne 25. C. 115-128.
DOI: 10.36814/pgr.2019.25.09.

1 Mimenko C. B., Jlaiiko 1. M. YcnaukyBaHHs O3HaKHM BMICTYy KaHaGiHOIJHMX CIIONYK TiOpuaamu
MPOMHKCIIOBUX KOHOIIENb Ta Teopis 1i reHetnuHoi nerepMminauii. Achievements of Ukraine and the EU
in Ecology, Biology, Chemistry, Geography and Agricultural Sciences : Collective monograph. Riga :
Baltija Publishing, 2021. Vol. 2. P. 410—427. DOI: 10.30525/978-9934-26-086-5-32

1 Mishchenko S. V. Phenotypic expression of cannabinoid presence and content upon self-pollination
and directional selection in monoecious hemp. Plant Breeding and Seed Production. 2020. Vol. 118.
P. 58-73. DOI: 10.30835/2413-7510.2020.222333
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technological quality of bast fiber and bioenergetic value' '* ' 15 increasing
plant tolerance to abiotic and biotic stresses under conditions of global climate
change'® 7,

This section of the monograph presents key points of the biological foundations
of industrial hemp breeding, a number of fundamental genetic and breeding tasks
that have been developed by the author over the last decade at the Institute of
Bast Crops of the National Academy of Agrarian Sciences of Ukraine.

1. Genetic and selection control of sexual structure and heterosis

Modern monoecious hemp is characterized by sexual polymorphism —
a transitional series of sexual types with masculinized and feminized habit and
different ratios of male and female flowers in the inflorescence. The sex of
hemp is a complex genetically (sex chromosome and autosome factors act) and
epigenetically regulated system. The main problem of breeding monoecious
industrial hemp remains genetic instability based on sex and population splitting
with the emergence of an undesirable plane (male plants) and a gradual reversal
to the evolutionarily formed dioeciousness.

Recently, many studies have been directed at the application of inbreeding
methods, the creation of valuable self-pollinated lines on this basis, and the
assessment of their combining ability in the topcross system, which allows for
significant stabilization of the monoecious trait'® '°. The use of self-pollination

12 Mimenko C. B., Kmeup [ JI. Minnusicrts aHaromiuHoi Oyf0BH BOJOKHHCTHX CTPYKTYyp Ha
MOTIePEeYHOMY 3pi3i cTebnma pi3HuX 3paskiB KoHomenb. Cenexyis i Hacinwuymeo. 2017. Bum. 112.
C. 82-93. DOI: 10.30835/2413-7510.2017.120425

13 Mishchenko S. Change of cells and layers sizes of hemp (Cannabis sativa L.) bast fibers in the
synthetic breeding process. Agrobiodiversity for Improving Nutrition, Health and Life Quality. 2019.
Ne 3. P. 255-264. DOL: 10.15414/agrobiodiversity.2019.2585-8246.255-264

14 Mimenko C. B., Kupuuenko I. 1., Jlaiiko I. M. HoBuii copt mpoMHCIOBHX KOHOMNENb «ApTeMizay
YHIBEpCAILHOTO HANPSIMY TOCHOIAPCHKOr0 BUKOPUCTAHHS 3 MiZABHIIEHHM YMICTOM OJIii Ta MOJIIIIEHO0
SKicTIo BoNOKHA. Plant Varieties Studying and Protection. 2021. T. 17. Ne 1. C. 43-50. DOLI:
10.21498/2518-1017.17.1.2021.228208

15 BoxeroBa P. A., JlaBpunenko 0. O., Mapuenko T. FO. ta in. IlepcrmekTuBHI KymbTypH mist
GioenepreTuxy Ykpainu. Aepapmi innosayii. 2022. Ne 11. C. 5-15. DOI: 10.32848/agrar.innov.2022.11.1

' Mimenko C. B. KiimarnuHo opieHTOBaHa cenekiis NPOMHUCIOBHX KoHomelnb. Climate-Smart
Agriculture: Science and Practice : Scientific monograph. Riga : Baltija Publishing, 2023. P. 455-488.
DOI: 10.30525/978-9934-26-389-7-22

17 Mimenko C. B. TenernuHi, cenexiiiiti Ta GiOTEXHONOTIYHI ACIIEKTH TOJNEPAHTHOCTI MPOMUCIOBAX
KOHOMeNnb 10 abioTH4HuX crpeciB. Biological Sciences and Education in the Context of
European Integration : Scientific monograph. Riga : Baltija Publishing, 2024. P. 133-165. DOI:
10.30525/978-9934-26-443-6-7

¥ Mimenko C. B. Edgextn 3aransHoi Ta Bapiancu creuudiyHoi koMOiHawiiHOT —3maTHOCTI
CaMO3aIUJICHUX JIiHIH 1 COPTIB KOHOIENb Yy CHCTEMI TONKPOCIB. Pakmopu excnepumenmanbHoi egonoyii
opeanizmis. 2017. T. 21. C. 62-67. DOI: 10.7124/FEEO.v21.808

1 Mishchenko S. V., Kabanets V. M., Kyrychenko H. I, Marchenko T. Y., Laiko H. M.
Combinational ability of varieties and self-pollinated lines of industrial hemp for seed and oil use in
the topcross system. Plant Varieties Studying and Protection. 2025. Vol. 21. Iss. 1. P. 39-45. DOL:
10.21498/2518-1017.21.1.2025.327500

267



(incrossing) allows for the elimination of undesirable recessive alleles and the
consolidation of valuable economic traits? 2!, Studies of inbreeding systems
have shown that despite inbreeding depression for individual morphological
traits, the creation of self-pollinated lines is a reliable tool for constructing
synthetic populations and interlineage hybrids*> *. Assessment of the general
(GCA) and specific (SCA) combining ability of self-pollinated lines and
varieties in the topcross system showed the presence of a high heterosis effect
in seed yield, oil yield and total biomass. Interlineal and linear-varietal hybrids
demonstrate clear stability in seed and fiber productivity?* .

In this case, one should take into account the epigenetic factor (in particular,
the photoperiodic response), which is capable of modifying the manifestation
of sex even in same-sex hybrids, but this requires strict selection control over
phenotypic expression®* %,

The use of chemical gametocides and simultaneous antioxidant plant
protection makes it possible to regulate male sterility, facilitating the production
of interline and intervarietal hybrids with a high heterosis effect in terms of
stem, fiber, seed yield, and oil content® ?° (Fig. 1).

2 Murams M. 1., Mimenko C. B., Jlaiiko I. M. TuiyxT i rereposuc koworelnb : MoHorpadis. Cymn :
OOII lepduna 1. B., 2020. 146 c.

2 Mimenko C. B., KaGanweur B. M., Kupmuenko I. I, Mapuenko T. 0., Mauynscokuii
I". M. OcobnmuBocTi mposiBY 03HAK OFHOJOMHHX KOHOIIENb y TIPOLeci iHOPUANHTY Ta HOTO BHKOPHCTAHHS
B cenekuil. Paxmopu excnepumenmanvhoi esomoyii opeanizmie. 2025. T. 37. C. 29-34. DOI: 10.7124/
FEEO.v37.1742

22 Mishchenko S. Comparative characteristics of line-variety and intervarietal hemp (Cannabis sativa
L.) hybrids by productivity. Agrobiodiversity for Improving Nutrition, Health and Life Quality. 2017.
Ne 1. P. 324-327. DOI: 10.15414/agrobiodiversity.2017.2585-8246.324-327

3 Mimenko C. B., Jlaiiko . M. MOKIHBOCTI BHKOPHCTaHHS CAMO3AMIICHUX JiHiil UL CTBOPCHHS
CHHTETHYHUX TOMYJSLINA KoHONeNb. JIy6 sini ma mexwiuni kyromypu. 2018. Bun. 6 (11). C. 38-46. DOIL:
10.48096/btc.2018.6(11).38-46

2 Mishchenko S. Comparative characteristics of line-variety and intervarietal hemp (Cannabis sativa
L.) hybrids by productivity. Agrobiodiversity for Improving Nutrition, Health and Life Quality. 2017.
Ne 1. P. 324-327. DOLI: 10.15414/agrobiodiversity.2017.2585-8246.324-327

» Miumenko C. B., Mapuenko T. 0., JlaBpunenko 0. O., Tkauenko C. M. PiBeHb mposiBy Ta
YCTaJKyBaHHS CENEKI[IHHUX O3HAK Yy MDKIIHIMHUX TiOpHIiB KOHOIEIb HACIHHEBOTO Ta BOJOKHHCTOTO
HAIpsIMIB BUKOpUCTaHHS. Taspiticokuui naykoeuti gichuk. Cepist «Ciipchkorocnoaapebki Haykmy. 2022.
Bum. 125. C. 84-90. DOI: 10.32851/2226-0099.2022.125.12

% Mimenko C. B. Emirenernuno metepMiHOBaHA 3MiHA CTaTi y OJHOCTAaTEBHX TiOPHIIB KOHOIENb
mig BmmBoM (ortonepiony. Cenexyia i wnacinnuymeo. 2018. Bum. 113. C. 102-110. DOIL:
10.30835/2413-7510.2018.134364

?” Mimenko C. B. CrareBa CTpyKTypa KOHBEPreHTHHX TiOpHAIB KOHOIENb. Azpobionoeis. 2021. Ne 1.
C. 93-103. DOIL: 10.33245/2310-9270-2021-163-1-93-103

# Miumenko C. B., Jlaiiko I. M. BrumB ramerouuaiB Ha (OopMyBaHHs 4OJNOBIYOi CTEPHIBHOCTI Ta
CEJNIeKIIIHUX 03HAK OIHOAOMHUX KoHomenb. Cenexyis i nacinnuymeo. 2017. Bum. 111. C. 88-97. DOI:
10.30835/2413-7510.2017.104890

¥ Mimenko C. B., Kupmuenko I 1., JlaBpurenko [O. O., Mapuenko T. 0. AHrHOKCHEAHTHHMIA
saxuct Cannabis sativa 1. Bim TokcmyHOi Ail XIMIYHHX TaMeTOUHAIB. TaepilicbKutl HAYKOGULL
sicnux. Cepis «Cinbcpkorocmogapeski  Haykmy. 2026, Bum. 149. 4. 2. C. 36-42. DOL
10.32782/2226-0099.2026.149.2.5
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Fig. 1. Principle genetic and breeding model of stabilization
of monoeciousness and implementation of heterosis
in Cannabis sativa L. populations

The use of ascorbic acid and Si compounds between treatments with
chemical gametocides contributed to the reduction of their suppressive effect,
which was manifested in an increase in the number of formed seeds on mother
plants by 17-21% and an increase in the yield of hybrid plants in the phase of
biological ripeness by 5—11%. Their action is aimed at protecting the generative
sphere of cannabis plants and supporting general metabolism under stressful
conditions. The antioxidants used did not affect the level of male sterility, the
stability of monoeciousness, the absence of tetrahydrocannabinol and the ratio
of non-psychotropic cannabinoids, which confirms the safety of their use in
terms of preserving the genetic characteristics of the original breeding material.

2. Genetic and biochemical foundations of breeding

for cannabinoid profiles and other biochemical traits
Modern industrial hemp breeding imposes strict requirements on the
content of psychotropic tetrahydrocannabinol (according to current Ukrainian
legislation, it should not exceed 0.2%). At the same time, there is a growing
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demand for varieties with high accumulation of non-psychotropic cannabinoids —
cannabidiol (CBD) and cannabigerol (CBG)* 3!,

The development of varieties with a high content of non-narcotic
cannabinoids (CBD and CBG) against the background of the absence of
A9-THC is a priority of the breeding direction. It allows obtaining high-value
medical and cosmetic raw materials without the risk of improper use of crops.

The expression of the trait of cannabinoid content depends on cytoplasmic
factors (to a large extent, high content is transmitted through the maternal
line), i.e. they are inherited according to the nuclear-cytoplasmic type. The
implementation of the genetic program in the phenotype regarding the synthesis
of cannabinoids depends on environmental factors (air temperature, relative
humidity, soil moisture and composition, mineral and organic nutrition regime,
daylight hours, etc.).

The multi-vector nature of the dominance of the trait of high cannabinoid
content (from positive overdominance to negative overdominance) and the
continuous, quantitative variability of the trait of cannabinoid compounds
content may hypothetically indicate the presence of polygenes that determine
its manifestation and act by the type of cumulative polymerization. Despite the
fact that the ratio of THC: CBD phenotype is consistent with a simple model
of codominant alleles at one locus, it can be assumed that many linked loci for
these genes are involved.

Among the common cannabinoids, CBD and THC are strongly correlated,
with CBG being the least correlated with other compounds. The level of
accumulation of some minor cannabinoids depends on the influence of many
genetic and external factors, and different partial and multiple correlations have
been established between them: CBDV is most closely related to CBD, CBN
is related to THC, and the content of CBG has an impact on the formation of
CBD and, especially, THC. It has been hypothesized that the CBG synthase
gene is not located in an independent locus, in this case, a more complex
genetic mechanism of cannabinoid synthesis determination operates, and the
CBG synthase gene, for example, has several linked loci, in particular with the
genes of CBDC synthase and, especially, THC synthase®.

30 Mimenko C. B., Jlaiiko 1. M. Hakonmuennst kaHaGiioqy B OHTOreHe3i POCIMH TEXHIYHHX
(nmpomucnoBux) koHonenb. Plant Varieties Studying and Protection. 2018. T. 14. Ne 4. C. 390-399. DOI:
10.21498/2518-1017.14.4.2018.151902

31 Mishchenko S. V., Laiko I. M., Kyrychenko H. I. Breeding of industrial hemp with a high content of
cannabigerol by the case of “Vik 2020’ cultivar. Plant Varieties Studying and Protection. 2021. Vol. 17.
Ne 2. P. 105-112. DOI: 10.21498/2518-1017.17.2.2021.236514

32 Mimenko C. B., Jlaiiko I. M. VemamkyBaHHS O3HAKM BMIiCTy KaHaGiHOTIHHX CIIONYK TiOpumamu
MPOMHUCIIOBUX KOHOIENb Ta Teopis il renetnynol merepMinaii. Achievements of Ukraine and the EU
in Ecology, Biology, Chemistry, Geography and Agricultural Sciences : Collective monograph. Riga :
Baltija Publishing, 2021. Vol. 2. P. 410-427. DOI: 10.30525/978-9934-26-086-5-32
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Exogenous factors and growth regulators can modify the quantitative
content of cannabinoids, but the qualitative chemotype remains a stable
genetic marker®. In plants of variety USO 31, ascorbic acid as an antioxidant,
auxins and GA, significantly reduced the content of cannabinoids, whereas
nicotinic acid and cytokinins increased it. As a result of triple exposure to
nicotinic acid and BAP, changes in the descendants persisted and epigenetic
effects were manifested. An additional method to increase the level of
non-psychotropic cannabinoids may be treatment of vegetative plants with
cytokinin BAP, which, in contrast to high concentrations of nicotinic acid,
significantly increased the content of CBD and, to a lesser extent, THC. Such
selection traits as stem total length, mass and fiber content, seed productivity
and sex underwent the biggest changes. Different genotypes of hemp may
have different reactions to phytohormones and their concentrations, which
should be established in each case.

Analysis of the accumulation of cannabinoids in ontogenesis indicates
the dependence of their biosynthetic activity not only on genetic factors, but
also on the stage of growth and development and the anatomical functioning
of glandular hairs (or trichomes)*, which should be taken into account in the
breeding process.

The biological basis for the selection of drug-free varieties is the study
of allelic polymorphism of the cannabidiolic acid synthase (CBDAS)
and tetrahydrocannabinolic acid synthase (THCAS) genes and other
synthases®: 3¢,

The final methodological scheme for creating genetically stable breeding
material for industrial hemp for medicinal use is as follows (Fig. 2).

In parallel with its cannabinoid profile, hemp is valued as an important
oilseed crop. The seeds contain up to 30-35% oil with an ideal ratio of
omega-3 to omega-6 polyunsaturated fatty acids for human nutrition.
The presence of significant intrapopulation variability allows selection
for increased oil content in hemp seeds, an increase in the proportion

33 Mishchenko S. V., Laiko I. M., Tkachenko S. M., Lavrynenko Y. O., Marchenko T. Y. Piliarska O. O.
The influence of exogenous growth regulators on the cannabinoid content and the main selection traits of
hemp (Cannabis sativa L. SSP. sativa). Journal of Agricultural Sciences (Belgrade). 2022. Vol. 67. Ne 3.
P. 237-251. DOI: 10.2298/JAS2203237M

3% Murans M. [1., Kmeus L. JI., Mimenko C. B. Oco6iuBocTi QyHKI[IOHYBAHHS CEKPETOPHUX CTPYKTYP
KOHOIIEJIb, TI0B’I3aHUX 3 BUAUICHHAM KaHAOIHOINIB. JIy60 sni ma mexuiuni kynomypu. 2017. Bum. 5 (10).
C.91-101.

3 De Meijer E. P. M., Bagatta M., Carboni A., Crucitti P., Moliterni V. M. C., Ranalli P., Mandolino G.
The inheritance of chemical phenotype in Cannabis sativa L. Genetics. 2003. Vol. 163. Ne 1. P. 335-346.
DOI: 10.1093/genetics/163.1.335

36 Weiblen G. D., Wenger J. P, Craft K. J., EISohly M. A., Mehmedic Z., Treiber E. L., Marks M. D.
Gene duplication and divergence affecting drug content in Cannabis sativa. New Phytologist. 2015.
Vol. 208. Ne 4. P. 1241-1250. DOTI: 10.1111/nph.13562
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of a particular polyunsaturated fatty acid, and an optimized Omega-3:
Omega-6 ratio®” %,

3. Anatomical and morphological differentiation of fiber
and in vitro technology

The basis of hemp breeding for fiber is the stem architecture and the ratio
between primary and secondary bast fibers. Primary fibers are characterized
by a high cellulose content and low lignin levels, which makes them an
ideal raw material for the textile industry, while secondary fibers are shorter
and more woody. The fiber: wood ratio is closely related to the length of the
plant’s growing season. Selection of late-maturing or day-neutral genotypes
allows for a longer vegetative phase, which significantly increases bast fiber
yield and overall carbon sequestration.

Chemotyping +
optimized TLC —
accurate chemotype
determination

Genetic typing for
Bj, By, By alleles —
detection of structural
loci

Comprehensive
correlation analysis
— identification of
critical relationships

v

Development of a
breeding scheme with
controlled gene flow

Family-group
selection of ancestral

Elimination of
genotypes that
increase THC content

— hybrids with forms and hybrid — creation of new
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Fig. 2. Methodological scheme for creating genetically stable breeding
material of industrial hemp for medicinal use

37 Buposeup B. T, Jlaiiko 1. M., Kupuuenko I 1. Ta in. 30inblieHHs BMIicTy OMii K HEBiIKIaJHe
3aBIAHHA CENEKIii KoHomenb. Pakmopu excnepumenmanvhoi eeomoyii opeawizmie. 2018. T. 23.
C. 40-45. DOLI: 10.7124/FEEO.v23.987

3% Laiko I. M., Kobyzeva L. N., Mishchenko S. V., Kyrychenko H. 1. Intra-population variability of
oil content and fatty acid composition in modern hemp cultivars. Plant Breeding and Seed Production.
2022. Vol. 121. P. 20-27. DOIL: 10.30835/2413-7510.2022.260990
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The quality of bast fibers is determined by the structure of the elementary
bast fiber cells (cell shape, number of layers of secondary sheaths, canal
structure, etc.), primary and secondary bundles in the stem® #°. The selection
process is aimed at increasing the size of bast cells and optimizing their location
in the stem*!.

An equally important element is the use of ionic forms of silicon, which
stimulate the formation of elementary fibrous cells, strengthening the cell wall
and increasing the technological properties of the raw material*.

Under the influence of Silicon in hemp varieties of different economic uses,
the thickness of the layer of bast fibers on the cross-section of the stem, the
size of the cells of elementary bast fibers and the thickness of their secondary
membranes increased. The thickness of the fiber layer increased mainly due to
the secondary fiber, i.e. Silicon activates the activity of the secondary forming
tissue — cambium. The size of the cells increased due to the reduction of the
channel and the thickening of the secondary membranes. An increase in the
proportion of cells of isodiametric and oval shape with a convex contour and
cells with a small channel was found, which indicates a structural reorganization
of the fiber. To increase the content of total fiber in the stems, Si treatment is
advisable to carry out during the period of intensive accumulation of secondary
fiber, and to obtain higher-quality fiber — during the period of intensive
accumulation of primary fiber.

To accelerate the breeding process, biotechnological methods have
also been developed, including modification of nutrient media®: - %,

3 Mimenko C. B., Kmenp 1. JI. MinnuBicts aHaroMiuHOi OyIOBH BOJOKHHCTHX CTPYKTYp Ha
MOTIEPEeYHOMY 3pi3i cTebnma pi3HuX 3paskiB KoHomenb. Cenexyis i Hacinwuymeo. 2017. Bum. 112.
C. 82-93. DOI: 10.30835/2413-7510.2017.120425.

4 Jlaiiko 1. M., Mimenko C. B. Cenekuiiini 0coOIMBOCTI TPOSBY O3HAK BOJOKHUCTOCTI KOHOIIEIb.
Dakmopu excnepumenmanvioi egonoyii opeanizmie. 2024. T. 35. C. 29-34. DOI: 10.7124/FEEO.
v34.1654

4 Mishchenko S. Change of cells and layers sizes of hemp (Cannabis sativa L.) bast fibers in the
synthetic breeding process. Agrobiodiversity for Improving Nutrition, Health and Life Quality. 2019.
Ne 3. P. 255-264. DOL: 10.15414/agrobiodiversity.2019.2585-8246.255-264

4 Mishchenko S. V., Lavrynenko Y. O., Marchenko, T. Y., Kyrychenko H. I. The influence of ionic form
of silicon on the formation of elementary fiber cells in Cannabis sativa L. Plant Varieties Studying and
Protection. 2026. Vol. 2. Iss. 1. P. 4-10. DOI: 10.21498/2518-1017.22.1.2026.357577

# Mimenko C. B. EdexruHicts posmuoxensst Cannabis sativa L. 3 HaCiHHS 3 HU3bKOIO CXOXKICTIO Ta
JKUTTE3ATHICTIO B YMOBaX in vitro. Taspiticexuii naykosuii éichux. 2018. Bum. 100. T. 2. C. 3-8.

4 Mimterko C. B. Moandikaris XHBUIBHOTO CEpENOBUINA U1 KyIGTHBYBAHHS HETICHXOTPOITHAUX
xononenb (Cannabis sativa L.) cepeHbOEBPONEHCHKOTO €KOIOTO-TeorpadiqHoOro THILY in Vvitro. JIyv6 'sui
ma mexniuni kyromypu. 2019. Bum. 7 (12). C. 15-23. DOI: 10.48096/btc.2019.7(12).15-23

4 Mimenko C. B. MeToguuHi acrieKTH KyJIbTUBYBaHHS KOHOIENb MOCIBHUX in vitro: orisn. Pakmopu
excnepumenmanvhoi esonoyii opeanizmie. 2025. T. 37. C. 173-178. DOI: 10.7124/FEEO.v37.1767
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use of exogenous growth regulators*® 4> % and induction of polyploidy*
(Fig. 3).

1

Biotechnological methods for accelerating the
breeding process
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Fig. 3. Biotechnological methods involved in the breeding process
with industrial hemp

4. Climate-oriented breeding of industrial hemp
In the context of global climate change, sustainable agricultural development
requires the creation of varieties with high tolerance to adverse factors (drought,

4 Mimenko C. B. Iuaykuist KanycoreHesy B TeXHiUHMX (IPOMHCIIOBUX) KOHOIENb B yMOBAx in vitro.
JIy6 'ami ma mexuiuni kynomypu. 2018. Bum. 6 (11). C. 21-28. DOI: 10.48096/btc.2018.6(11).21-28

4 Miumenko C. B. BrumB ackopGiHOBOI KHCIOTH €K30reHHOro noxoiukeHHs Ha Cannabis sativa L.
B YMOBAX in vitro Ta in vivo. Bicnux Llenmpy naykoeozo sabesneuenna AIIB Xapxiscovkoi oonacmi. 2019.
Bum. 26. C. 67-74.

# Mishchenko S. V., Laiko I. M., Tkachenko S. M., Lavrynenko Y. O., Marchenko T. Y. Piliarska O. O.
The influence of exogenous growth regulators on the cannabinoid content and the main selection traits of
hemp (Cannabis sativa L. SSP. sativa). Journal of Agricultural Sciences (Belgrade). 2022. Vol. 67. Ne 3.
P. 237-251. DOI: 10.2298/JAS2203237M

¥ Mimenko C. B. IlryyHo iHayKkoBaHa MOMIIUIOIAIs y MPOMKCIOBUX KoHomenb. Modern Aspects of
Natural Science Research in the Context of Sustainable Development of Society : Scientific monograph.
Riga : Baltija Publishing, 2023. P. 2-27. DOI: 10.30525/978-9934-26-395-8-1
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salinity, heavy metals, etc.)** %52 Foreign studies indicate that hemp can be used
for phytoremediation of contaminated soils, in particular with heavy metals®* %,

Selection of genotypes with a developed root system increases the efficiency
of nitrogen and phosphorus assimilation, which allows minimizing the use of
mineral fertilizers and significantly reduces the carbon footprint when growing
this crop.

The approaches developed in recent years at the Institute of Bast Crops of
the NAAS include:

1. Salt stress testing.

In vitro modeling of salinity allows for early screening of genotypes for salt
tolerance™ ¢,

Overcoming abiotic stresses, in particular salt, in agricultural crops can be
done in various ways (methods), the leading place among which is occupied
by genetic selection. The resistance of plants to adverse environmental
factors is genetically determined and manifests itself at different levels of life
organization, in particular at the cellular and tissue levels. This makes it possible
to use biotechnological methods to select tolerant (resistant) genotypes while
reducing material costs in a relatively short period. In the developed method for
in vitro selection of cannabis genotypes tolerant to salt stress, which includes
cultivation of explants under conditions of stress factor directed against normal
development and survival of unstable forms, selection of individual genotypes
is carried out at the level of somaclones regenerated from calluses with the
addition to the nutrient medium, depending on the type of salinity, of 0.25%
NaCl or 0.75% MgCl, - 6H20 for chloride salinity, 0.5% MgSO, - 7H,O or 1.0%
Na,SO, for sulfate salinity, 0.15% Na,CO, or 0.30% NaHCO, for carbonate

3 Mimenko C. B. KiiMarn4Ho OpieHTOBaHA CelEKLisi MPOMHUCIOBUX KoHomenb. Climate-Smart
Agriculture: Science and Practice : Scientific monograph. Riga : Baltija Publishing, 2023. P. 455-488.
DOI: 10.30525/978-9934-26-389-7-22

! Miumenko C. B. IeHernuHi, cesneuiifHi Ta GiOTEXHONOrIYHI aCIIeKTH TOJIEPAHTHOCTI HPOMHCIOBHX
KoHOmeNnb 10 abioTuyHux crpeciB. Biological Sciences and Education in the Context of
European Integration : Scientific monograph. Riga : Baltija Publishing, 2024. P. 133-165. DOLI:
10.30525/978-9934-26-443-6-7

52 Kabauneup B. M., Muxansceka JI. M., [lIsapray B. B. ta in. ®itomeniopaTiBHi BIaCTUBOCTI POCIMH
Cannabis sativa L. 3anexHo Bi copToBux ocobmuBocteil Kynerypu. Plant Varieties Studying and
Protection. 2017. Vol. 13. Ne 4. P. 423-428. DOI: 10.21498/2518-1017.13.4.2017.117752

53 Linger P., Miissig J., Fischer H., Kobert J. Industrial hemp (Cannabis sativa L.) growing on heavy
metal contaminated soil: fibre quality and phytoremediation potential. /ndustrial Crops and Products.
2002. Vol. 16. Ne 1. P. 33—42. DOI: 10.1016/S0926-6690(02)00005-5

3% Placido D. F., Lee C. C. Potential of industrial hemp for phytoremediation of heavy metals. Plants.
2022. Vol. 11. Iss. 5. Art. 595. DOI: 10.3390/plants11050595

5 Mimenko C. B. IMomonauust conmpoBoro crpecy Cannabis sativa L.: TeHETHKO-CENEKIIHHUI aCIIEKT.
3powysane semnepodocmso. 2024. Bum. 81. C. 44-49. DOI: 10.32848/0135-2369.2024.81.7

¢ Mimenxo C. B. Cxoxicts Haciuus Cannabis sativa L. 3a mTy4HO 3MOIEIEOBAHOTO COMBOBOTO CTPECY
B KYIIBTYpi in vitro. @axmopu excnepumenmanvhoi esonoyii opeanizmis. 2024. T. 34. C. 193-198. DOIL:
10.7124/FEEO.v34.1639

275



salinity. The use of the new method allows obtaining tolerant (resistant) to salt
stress hemp starting material and accelerating the selection process.

2. Gametophytic selection for heat tolerance.

The dependence of thermotolerance of hybrids on genotype has been
established, which allows for the formation of adaptive breeding programs®’.

The degree of heat resistance of industrial hemp hybrids depended on
the genotypic characteristics of the parental forms. The effectiveness of the
gametophytic selection method of heat-resistant hemp genotypes was confirmed,
according to which the cultivation of mother plants and their pollination is
carried out under fabric-film insulators under conditions of elevated air
temperature of 40-50°C (selection of female gametes), chemical sterilization
of male flowers — by double treatment with a 2.0% suspension of dibutyl
phthalate in the BBCH 15 and BBCH 61 phases, pollination — with heated
pollen at a temperature of 50-60 °C and exposure for 30—60 min (selection of
male gametes), selection of resistant genotypes at the level of the seed embryo
to elevated temperature — by warming the seeds at a temperature of 50 °C
and exposure for 15-30 min, individual selection in hybrid generations — by
a complex of valuable economic traits.

3. Ecological plasticity and phytoremediation.

The study of the soil microbiome during long-term cultivation of hemp
monoculture proves the possibility of preserving soil biodiversity under optimal
fertilization and agricultural techniques systems®® >

CONCLUSIONS

A generalization of the methodological principles of industrial hemp breeding
shows that the combination of a scientifically based seed production system
aimed at preventing cross-pollination of different varieties and generations,
mechanical removal of male plants (flathead) and reducing the frequency of
mutation of monoecious alleles in the flathead allele, classical selection and
hybridization for combining ability, genetic control of cannabinoids and
biotechnological methods ensures the creation of high-yielding varieties with
a minimal environmental footprint for bioenergy and industry.

57 Miuenko C. B., Kupuuenko I 1., Mapuenko T. 0., Kpusenko A. 1., [Tinspeska O. O. 3anexHicts
JKAPOCTIMKOCTI TiOPUIIB NMPOMHCIOBUX KOHOMENb BiJ TeHOTHNY. Aepapui innosayii. 2024, Ne 23.
C. 167-172. DOI: 10.32848/agrar.innov.2024.23.25

3% Murane M. [I., Jlaiiko I. M., Mimenko C. B., Kupuuenko I. 1., Jlaiiko I M., Biprokoa T. C.
YMoBH pO3BHUTKY Oyp’siHIB, IIKIJHHKIB i XBOPOO y MOCIBI MOHOKYJBTYPH KOHOINENb y 3aJIE)KHOCTI BiJ
ynoopenHs. JIyo'aui ma mexniyni kynemypu. 2018. Bum. 6 (11). C. 66-80. DOI: 10.48096/
btc.2018.6(11).66-80

39 Klishchova Z., de Abreu C. G., Laiko H., Primakov O., Mishchenko S., Dias E. S., Kyrylenko S.,
Pylro V. S. Soil microbiota of industrial hemp (Cannabis sativa L.) grown in a long-term monoculture.
Biotechnology for Environment. 2026. Vol. 3. Article 11. DOI: 10.1186/s44314-026-00045-w
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SUMMARY

This section of the monograph presents the key points of the biological
foundations of industrial hemp breeding, a number of fundamental genetic
and breeding tasks that have been developed in the last decade at the
Institute of Bast Crops of the National Academy of Agrarian Sciences of
Ukraine. A generalization of the methodological principles of industrial
hemp breeding shows that the combination of a scientifically sound seed
production system aimed at preventing cross-pollination of different
varieties and generations, mechanical removal of male plants (flat plants)
and reducing the frequency of mutation of monoecious alleles in the flat
plant allele, classical selection and hybridization for combining ability,
genetic control of cannabinoids and biotechnological methods ensures the
creation of high-yielding varieties.
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CHAPTER 14

SYSTEM FOR ENSURING VIROLOGICAL PURITY
OF VETERINARY IMMUNOBIOLOGICAL DRUGS
IN THE CONTEXT OF PESTIVIRUS CONTAMINATION

Napnenko Oleksandr, Solomon Vyacheslav, Midyk Svitlana
DOI https://doi.org/10.30525/978-9934-26-714-7-14

INTRODUCTION

Control and prevention of infectious diseases of domestic animals and
poultry have historically been a key vector for ensuring epizootic well-being
in livestock farming. Significant progress in the elimination and containment
of the spread of viral nosoforms has been achieved primarily due to the
widespread introduction of live (attenuated) vaccines into the practice of
veterinary medicine.

Veterinary immunobiological agents (VIA) produced by the industry
from animal raw materials are products of cell life, individual components
of endocrine-enzymatic and special raw materials. VIA from animal raw
materials differ from each other in the nature of the active base: proteins,
peptides, amino acid derivatives, nucleic acids, steroids, etc., which
determines different methods of their use. The collection and primary
processing of endocrine-enzymatic and special raw materials of animal origin
are carried out mainly at meat industry enterprises. The quality of the raw
materials at this stage is determined only organoleptically, which does not
allow objectively assessing its suitability for the production of therapeutic
and prophylactic agents. Therefore, the guarantee of the quality of the raw
materials is, first of all, strict compliance with the sanitary requirements for
its collection and primary processing.

Biotechnological features of their production are associated with the use
of complex biological substrates. As cell systems and components of nutrient
media, primary and subcultured mammalian and avian cell cultures, chicken
embryos, as well as biological additives of animal origin (in particular, blood
serum) are traditionally used. These substrates and components are characterized
by a high degree of risk regarding the presence of hidden (latent) pathogens,
which defines them as potential sources of biological contamination at all stages
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of the production cycle — from the initial biotechnological raw materials to the
final immunobiological product 2.

A separate type of biological raw material is precisely the strains of
microorganisms: bacteria, viruses, mycoplasmas, fungi, etc. Their biological
purity is one of the keys to the production of a high-quality, effective drug™“.

The absence of contamination of biological means of animal protection
is one of the most important indicators of its safety. Despite the use of
a number of antimicrobial drugs in the production of biological means
of animal protection, contamination of raw materials and products with
bacteria, fungi, yeast, mycoplasmas, viruses is quite often found. The
production process may also pose a threat of contamination with foreign
antigens, nucleic acids.

The most difficult to detect contamination is latent and persistent viruses,
which can be unrecognized for a long time in the absence of cytopathic effect
(CPA), hemagglutinating and hemadsorbing properties. The ability of viruses to
overcome species barriers is associated with their persistence in cell cultures,
which in turn can lead to contamination of drugs.

All contaminating viruses can be divided into three groups according to
their significance for vaccinated people and animals:

1) viruses with established pathogenicity;

2) viruses that do not harm the vaccinated population;

3) viruses whose pathogenicity has not been proven.

However, the lack of such evidence does not yet indicate their absolute
harmlessness to vaccinated people.

Among the possible contaminants of biological raw materials and products,
viruses occupy the lion's share. The largest risk group for contamination is cell
cultures, especially primary trypsinized ones. Virus contaminants vary greatly
in virulence, and under the influence of a biological object and environmental
factors, they can mutate and change their biological properties.

! SIBopcekuit M. L., Kosanenko B. 1., JlutBunenko JI. 1O., Opuenxo I1. A. ExnokpuaHO-dhepmenTHA

Ta CreniajbHa CHPOBHHA 1 JIKapchki mpemapard Ha i ocHoBi. J[OBigHHMK. Acomiailis BUPOOHHKIB
HaTypanbHOI MPoAyKUil i ikapcbkux 3aco0iB «Bitadapmy». Kuis : Ypoxaii, 1995. 219 c.

> Hammenxo O. O. Crangaprusamis yMOB pO3pOONCHHS Ta BHPOOHHITBA BETCPHUHAPHHX
iMyHOOionoriuHNX 3aco0iB. Marepiamn XI MDKHApOJHOTO KOHTpecy CIEMialiCTiB BeTepHHApHOL
meauuuHu (3—4 xopras 2013 p., M. Kuis, Ykpaina). Kuis, 2013. C. 95-96.

3 Hamuenko O. O., Tonosko A. M., Aped’es B. JI., Topaienko O. I. CTBopeHHSs cHCTEMH OLiHIOBAHHS
e(eKTUBHOCTI MiSUTBHOCTI KOJNEKWii mTaMiB MiKpoopraHisMiB B Ykpaini. Marepiamu MixuapoaHoi
HayKoBO-TIpakTHyHOi KoH(epenuil «biotexHonoris Ta 1i ponb B 3a0e3meyeHHi 31OpPOB’s Jroxei
i TBapun». Hixkun : [T Jlucenko M. M., 2023. C. 168-169.

4 Hanuernxo O., T'omoBko A., IBamueHko II. CucTema KOHTPONIO 3a KOHTaMIiHALIEH CTOPOHHIMH
areHTaM¥ BeTepPHHAPHHUX IMyHOOIOIOTYHIX JiKapchbkux 3aco0iB. Gapmaxom, 2021. C. 89-91.
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The most significant place among viral contaminants is occupied by viruses
of the Flaviviridae family of the Pestivirus genus, as evidenced by numerous
data from various scientists™ °.

Of particular interest as contaminants are bovine viruses, which are detected
in CK and blood serum used in virological and medical practice. The most
common among contaminants is bovine diarrhea virus.

Due to serum contamination, cell culture lines (CK) of various origins were
found to be chronically infected with bovine diarrhea virus. These included
transfected cell cultures of cattle (lines: MDBK, GBK, BKD, BK4, etc.), horses,
pigs, sheep, rabbits, cats and monkeys. The produced series of bovine serum
are usually controlled for the absence of viral contamination in primary cell
cultures of chicken embryos, calf kidneys and in HeLa cell cultures. In addition
to examination under a microscope, cell cultures are checked for hemadsorbing
properties with human, chicken and guinea pig erythrocytes.

The fact of the spread of contamination requires the development of modern
methods for detecting contaminants, a system for preventing their entry into
biological raw materials and finished products.

The provision on the inadmissibility of any foreign agents entering vaccines
is generally recognized. By decision of the World Health Organization, the
production of medical vaccines on biological systems contaminated with
foreign viruses, especially oncogenic ones, is prohibited in all countries’®.

Data from literature sources indicate a significant diversity of viral
contaminants in biological raw materials and products. There are a large number
of methods for detecting contaminating viruses. However, these methods do not
always allow us to establish contamination, especially with persistent viruses
and in the latent phase. Molecular genetic methods are only being introduced in
Ukraine and are used mainly for the purpose of diagnosing animal and poultry
diseases, and not for quality control of drugs. Most of the data provided in
the literature relate to medical devices, and in the veterinary bioindustry, the
introduction of the quality indicator of drugs “absence of contamination with
foreign viruses” as a mandatory requirement has only occurred since 2003.

5 Hannenko O. O. Cucrema 3amo0irasss Ta BUSBICHHs KOHTaMiHaL[ii BeTepHHAPHAX iMyHOGi0MI0r 9HIX
npenapariB mectiBipycamu : aBroped. Auc. ... kaHa. BeT. Hayk : 16.00.03; Opmecbkuil nepikaBHHI
arpapHuii yHiBepcuter, 2012. 18 c.

& Test for sterility and freedom from contamination of biological materials. Manual of diagnostic
tests and vaccines for terrestrial animals (mammals, birds and bees). Publisher: Paris : OIE, World
Organisation for Animal Health, 2024. https://www.woah.org/fileadmin/Home/eng/Health_standards/
tahm/1.01.09_TESTS_FOR_STERILITY.pdf.

7 JlepxkaBHa (papmakornest Ykpaitu. JlepxaBHe MiAIpHeMCTBO « YKpaiHChbKHii HAyKOBHI (papMaxoneiituii
LEHTp SAKOCTI JKapchKuX 3aco0iB», 2-re BuaaHHsA. JlomoBHeHHS 3. XapkiB : JlepkaBHe MiATIPHEMCTBO
«YKpaiHCHKUI HAYKOBUH (hapMaKomeifHui IEHTp SKOCTi TiKapchKHX 3aco0iB», 2018. 416 c.

8 European Pharmacopoeia. Sixth Edition. Edition of the Council of Europe, Strasbourg, France, 2022.
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Latent and persistent viruses, which are difficult to detect in the material
under study, pose a particular danger. During persistence in biological material
or in the animal body, these viruses can change their biological properties. It is
especially difficult to detect non-cytopathogenic types of viruses.

Virological methods for detecting contaminants require significant time
and costs, and also have a low sensitivity threshold. While molecular genetic
methods make it possible to detect the presence of proteins, nucleic acids of
microorganisms in the material in a short time and in low titers. Therefore, on
the way to solving the problem of viral contamination of biological products,
the development of a contamination prevention system and diagnostic test
systems based on the polymerase chain reaction is an urgent and extremely
necessary task.

1. Research Materials and Methods

The study was conducted at the laboratories of the State Scientific and
Control Institute of Biotechnology and Strains of Microorganisms (DNKIBSM).
Separate studies were performed at the National Scientific Center “Institute of
Experimental and Clinical Veterinary Medicine” and production laboratories of
Kherson and Sumy biological factories.

Taking into account the data from literature sources, we identified risk
groups for contamination with viruses, which included cell cultures, production
strains of microorganisms, preparations from animal blood or with its addition,
live culture vaccines, as well as antigens of microorganisms that do not undergo
the inactivation stage during the production process.

Veterinary biological preparations for research were selected directly from
the warehouses of manufacturers or from the network of pharmacies of the
corporation “Ukrzoovetprompostach”, as well as preparations that were received
for the purpose of passing state quality control. 119 batches of veterinary
immunobiological preparations were studied.

The raw materials from which the preparations are made were selected
directly at the production site: cell cultures, embryos, biotechnological sera,
strains of microorganisms, biological material from donor animals, trypsin
solutions, etc. The following were studied: 18 cell culture lines, 144 strains
of production microorganisms, 50 commercial batches of bovine blood serum.

The research methods met the requirements of the European Pharmacopoeia,
the recommendations of the International Epizootic Bureau and the regulatory
documents in force in Ukraine: standards, technical conditions, technological
regulations, etc. Each preparation, biological material was studied using
three to four methods, in particular in cell culture, on laboratory animals,
by hemagglutination reaction (HAR), hemadsorption reaction (HAR),
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immunofluorescence reaction (IFR), neutralization reaction (NR) and
polymerase chain reaction (PCR)’.

Cell culture studies were performed to detect contamination of cell cultures
themselves and contaminants of various products. Results were recorded based
on the intensity of cytopathogenic effect (CPA), immunofluorescence reaction
results, and hemadsorption reaction'® !,

Control of manufactured virus vaccines for contamination by foreign viruses
began with determining the neutralization of the vaccine virus by specific serum.
Based on data on the virus titer in the biological product and the neutralizing
titer of the specific serum, the corresponding volumes of the biological product
and specific serum were mixed. Cell cultures were contaminated with a sample
of the product after exposure for 45-60 min at a temperature of 37 °C.

The viral suspension of the main seed culture in an amount of 1.0 cm* was
distributed into monolayers with a growth area of 75 cm? cells. At least two
monolayers used in the test were maintained as uninfected controls.

The cell culture (experimental and control) was cultivated for 21 days
(3 subcultures) at a temperature of (37 = 0.5) °C, controlling under a microscope
for the presence of cytopathic changes. At the end of the observation period, the
culture was tested in the hemadsorption and immunofluorescence reactions, as
indicated above. The material was considered to have passed the control if there
were no cytopathic changes in the experimental and control cultures and a negative
hemadsorption result. If there were cytopathic changes and (or) hemadsorption
in the control cultures, the experiment was repeated on another batch of cell
cultures. For the study, samples of cell cultures obtained from various enterprises
of the biological industry of Ukraine and the DNAIBSM cell culture bank were
selected. Before the study, the cell cultures were stored in liquid nitrogen'?.

Studies on the detection of possible viral contaminants were performed
by conducting three consecutive subcultures and by reverse transcriptase
polymerase chain reaction, since it is the most sensitive method for detecting
bovine diarrhea virus.

° Hanuenko O., TomoBko A., BesBin €. Oprauisalisi cepiiiHOro KOHTPOJNIO SKOCTI BETEPHHAPHHX
iMyHOOionoriynux 3aco0iB B YkpaiHi. bionoeis meapun, 2024, T. 26, Ne 3. C. 96.

10 Brompka O., Tomosko A., Kysemuu I., Hamuenko O. biorexwomoris. Metonn TorepemKeHHs
xoHTamiHauii Kyneryp kiitus : JICTY 8115:2015. Beeneno B airo 01.01.2017. Kuis : AIT « YkpHIHL»,
2018.9¢.

' Code of Federal Regulations. Animal and Animals Products. Title 9, Parts 1.199. The Office of the
Federal Register, National Archives and Records Administration: US Government Printing Office,
Washington DC, USA, 2024. https://www.govinfo.gov/content/pkg/CFR-2024-title9-voll/pdf/CFR-
2024-title9-voll.pdf.

12 Hammenxo O. O., Tonosko A. M., Aped’es B. JI., Topaierko O. I. CTBOpEHHS CHCTEMH OIIHIOBAHHS
eeKTUBHOCTI IiSUTPHOCTI KONEKIHii ImTamiB MikpooprauismiB B Ykpaini. Marepianu MikHapoaHoi
HayKOBO-TIpakTH4HO! KoH(epeHIii «bioTexHonoris Ta 1l poiab B 3a0e3MeYeHHi 310pOB’S Irozel
i tBapuny». Hixxu : ITIT JTucenko M. M., 2023. C. 168-169.
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During the work, 18 cell culture lines of more than 50 different passages
were studied: SNEV (SPEV), VNK-21, FLK, HeLa, A-72, CV-1, KST, Marc,
RK-13, PK-15, Na, McCoy, FEK, Vero, PO-2, CHO-KI, KF, TrT".

Laboratory animals were used to detect virus contamination and monitor the
activity of control virus strains: white mice weighing from 16 g to 20 g; in the
amount of 1750 heads; rabbits weighing from 1.5 kg to 2.5 kg; in the amount of
12 heads; guinea pigs weighing 40-50 kg, in the amount of 18 heads.

In order to study the spread of viral diarrhea among cattle, seromonitoring of
this disease was carried out in different regions of Ukraine. The neutralization
reaction was performed according to the classical method in test tubes and
using the micromethod in culture plates.

Theoretical calculation of primers during the development of a diagnostic
kit for the detection of pestivirus RNA by PCR was carried out by analyzing
nucleotide sequences published in GeneBank, EMBL, DDBJ'.

The obtained research results were statistically processed using digital
indicators of the Microsoft Excel for Windows XP program on a personal
computer.

Interlaboratory commission tests were conducted with the participation of
representatives of the National Scientific Center “Institute of Experimental
and Clinical Veterinary Medicine” (NSC “IEKVM”) and the State Research
Institute for Laboratory Diagnostics and Veterinary and Sanitary Expertise.

2. Analysis of Contamination Risk Groups

In order to develop a system for preventing and detecting contamination
of VIP with pestiviruses, viral contamination risk groups were identified. The
following risk groups were identified:

— animal blood serum,;

— cell culture production lines;

— virus production strains;

— live viral vaccines, primarily cultured;

— therapeutic and prophylactic animal blood serums;

— diagnostic antigen and serum Kkits.

13 Barone P., Wiebe M. E., Leung J. C., Hussein I. T. M., Keumurian F. J., Bouressa J., Brussel A.,
Chen D., Chong M., Dehghani H., Gerentes L., Gilbert J., Gold D., Kiss R., Kreil T. R., Labatut R.,
Li Y., Miillberg J., Mallet L., Menzel C., Moody M., Monpoeho S., Murphy M., Plavsic M., Roth N. J.,
Roush D., Ruffing M., Schicho R., Snyder R., Stark D., Zhang C., Wolfrum J., Sinskey A. J., &
Springs S. L. Viral contamination in biologic manufacture and implications for emerging therapies. Nat.
Biotechnol. 2020. Vol. 38. P. 563-572.

4 U.S. Dept. of Health and Human Services, Public Health Service, Food and Drug Administration,
Center for Biologics Evaluation and Research. Guidance for Industry: Characterization and Qualification
of Cell Substrates and Other Biological Materials Used in the Production of Viral Vaccines for Infectious
Disease Indications; Availability. Federal Register. 2010. Vol. 75, No. 42. https://www.govinfo.gov/
content/pkg/FR-2010-03-04/pdf/2010-4553.pdf.
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3. Development of a Test System for Detecting Contamination

At the time of the beginning of this dissertation work, there were no
registered domestic or imported diagnostic kits in Ukraine aimed at detecting
the genome of pestiviruses'.

The theoretical basis for the development of such a diagnostic kit was
literature data and the results of our own research, which were conducted
using imported test systems for the detection of pestiviruses, which indicate
the prospects of PCR for the detection of pathogens of the genus Pestivirus'®.

The first and main stage in the development of a diagnostic kit is the
selection of sequences for oligonucleotide primers. In order to solve the
problem, a large number of nucleotide sequences of pestivirus genomes were
analyzed: classical swine fever virus (CSFV), bovine diarrhea virus (BDV),
sheep border disease virus, published as a web page on the database server of
the European Molecular Biology Library (EMBL), the Japanese Database of
Nucleotide Sequences (DDBJ) and PDB sequences.

Determination of optimal conditions for PCR. One of the factors affecting
the results of PCR is the creation of optimal temperature conditions for
primer annealing. Experimental verification of the effect of temperature was
carried out using three annealing temperature regimes, namely 58 °C, 60 °C
and 62 °C".

According to the results of the detection of the reaction products, which
was carried out by electrophoresis in a 1.5% agarose gel stained with ethidium
bromide, using Tris-borate buffer with a voltage gradient of 10 V/cm and
was evaluated by taking into account the results after electrophoresis using
a transilluminator under UV light for the presence (or absence) of red-orange
DNA fragments. The first pair of primers reacted weakly with the CSF
virus strain “K” (ASV) at temperature regimes of 58 and 62 °C, a barely
noticeable amplification product was observed at a temperature of 60 °C.
Clear luminescence of the amplification product on the transilluminator was
established with the cattle diarrhea virus strain Oregon C24V at temperature
regimes of 58, 60, 62 °C (Fig. 1).

In the second pair of primers PestF2 and PestR2, at annealing temperatures
of 58 °C, 60 °C and 62 °C, clear specific reaction bands were detected in PCR
with both CSF virus and bovine diarrhea virus, which indicates the specificity

15 Crerniit b. T., l'epinosuu A. I1., Jlumarceka O. FO. TomimepasHa NaHIFOroBa peakiiist y MPaKkTHI
BerepuHapHoi Mexurmad. Xapkis : HHIT «IEKBMy. 2006. 110 c.

!® Levings R. L., Wessman S. J. Bovine viral diarrhea virus contamination of nutrient serum, cell
cultures and viral vaccines. Dev Biol Stand, 1991. Vol. 75. P. 177-81.

17 Erickson G. A., Bolin S. R., Landgraf J. G. Viral contamination of fetal bovine serum used for tissue
culture: risks and concerns. Dev Biol Stand., 1991. Vol.75. P. 173-175.
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and sensitivity of the developed primers. This pair of primers detected both
pestivirus genotypes (Fig. 2).

T=58°CT=60°CT=62°C

1 2 3 4 5 6 7 8 9 10 11

Fig. 1. Results of amplification with primers PestF1 and PestR1 obtained
at different annealing temperatures in the range of 58-62 °C
(1, 5, 9 — blood of rabbits infected with CSF virus strain “K” (ASV);
2, 6, 10 — culture of TrT cells infected with cattle diarrhea virus strain
Oregon C24V; 3, 7, 11 — culture of TrT cells; 4, 8 — negative reaction control)

T=58°C T=60°C T=62°C

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 2. Results of amplification with primers PestF2 and PestR2 obtained
at different annealing temperatures in the range of 58-62 °C
(1, 5, 9 — blood of rabbits infected with CSF virus strain “K” (ASV);
2, 6, 10 — culture of TrT cells infected with cattle diarrhea virus strain Oregon
C24V; 3,7, 11 — culture of TrT cells; 4, 8, 12 — negative reaction control)

The control primer pair, which was taken from the article by Barbara Wirz,
showed clear specific reaction bands with both CSF virus and bovine diarrhea
virus in PCR, which indicates the specificity and sensitivity of the designed
primers. This primer pair detected both pestivirus genotypes (Fig. 3).

The obtained results give grounds to conclude that the first pair of primers
is specific to cattle diarrhea virus, and the second pair of primers is specific to
both representatives of the pestivirus family. The control pair of primers also
reacted with both representatives of the pestivirus genus.

Taking into account the obtained research results, the optimal annealing
temperature of the primers was determined to be 60 °C, at which amplification
products were formed. At temperatures of 58 and 62 °C, amplicons were formed
in small quantities or were not detected at all. Of the two developed primer
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pairs, the second pair PestF2 and PestR2 was chosen for the diagnostic kit —
with a number of 310 nucleotide pairs, since it turned out to be more sensitive
and specific compared to the others during the detection of pestivirus RNA.

T=58°C T=260°C T=62°C

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 3. Results of amplification with Barbara Wirz primers obtained
at different annealing temperatures in the range of 58-62 °C
(1, 5, 9 — blood of rabbits infected with CSFV strain “K” (ASV);
2, 6, 10 — culture of TrT cells infected with cattle diarrhea virus strain Oregon
C24V; 3,7, 11 — culture of TrT cells; 4, 8, 12 — negative reaction control)

4. Determination of Sensitivity and Specificity of the Test System

In the process of studying the sensitivity and specificity of the “PCR
Pestivir” test system, RNA of bovine diarrhea virus and CSF virus, DNA and
RNA of viruses of other families, bacteria, cell cultures, as well as samples of
biological material from patients with CSF were studied.

In the process of determining the specificity, reference strains of diarrhea
virus “Oregon C24V”, “VK-17, CSF virus “K”, “Shi-Min” and “Washington”
were analyzed in a comparative aspect with strains of viruses causing
Aujeszky's disease, parainfluenza-3 of cattle and enteroviruses, as well as
pathogens of escherichiosis, pasteurellosis of pigs and erysipelas; pathological
material from a pig sick with CSF, TrT cell culture.

The choice of these samples was due to the fact that pestivirus infections
quite often occur in association with other diseases and have similar clinical
signs.

A characteristic amplification product was observed in positive samples of
reference strains of diarrhea virus “Oregon C24V”, “VK-1”, CSF virus “K”,
“Shi-Min” and “Washington” and material from a pig sick with CSF. At the
same time, in other samples corresponding to bacterial and heterogeneous
virus strains, TrT cell culture, the amplification product was absent, which
indicated the specificity of the developed set. The sensitivity of the primers
was determined by studying the classical swine fever virus strain “Shi-Min”
and the cattle diarrhea virus strain “Oregon C24V” in different dilutions with
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a step of 10. The initial titer of the viruses was: 6 1g LD50/cm® — strain of CSF
“Shi-Min” and 6.5 Ig TCD50/cm® — strain of cattle FD “Oregon C24V”. It was
found that in the studied dilution ranges of CSF virus from 10-1 to 10-9 and
for bovine diarrhea virus from 10-1 to 10-8, RNA amplification products were
detected. Clear specific bands on the trans illuminator were detected at the level
of CSF virus from 10-1 to 10-6, and for bovine diarrhea virus — at the level of
10-1 to 10-7. Barely noticeable bands were at the level of other dilutions. The
results obtained indicate high sensitivity of the primers (Table 1).

The results of the study showed that the use of the drug makes it possible
to detect pestivirus in a titer of 0.1 lg, which is sufficient for quality control of
the drugs.

The positive result of the dossier examination for the developed diagnostic
kit gave the right to conduct interdepartmental commission tests of the
“Diagnostic kit for the detection of pestiviruses PCR-PESTIVIR”. The tests
were conducted at the DNAIBSM with the participation of employees of the
National Scientific Center “Institute of Experimental and Clinical Veterinary
Medicine” and the Research Institute for Laboratory Diagnostics and Veterinary
and Sanitary Expertise. The results of interdepartmental commission tests
confirmed the high sensitivity and specificity of the developed diagnostic kit.

5. Comparative Study of the Effectiveness of the Methods

In order to determine the effectiveness of the polymerase chain reaction, it
was studied in comparison with the neutralization reaction (RN) of the virus in
cell culture and the immunofluorescence reaction (IFR).

For this purpose, bovine blood serum was taken and artificially contaminated
with the bovine diarrhea virus cytopathogenic strain “Oregon C24 V”.
Lyophilized virus with an activity of 6.5 Ig TCD,/em® was dissolved in sterile
phosphate buffer solution to the original volume (2 ¢cm®) and tenfold dilutions
were prepared in the same solution. To contaminate serum samples, the virus
was added in dilutions of 102 (4.5 1g TCDy, of the virus), 10* (2.5 1g) and
10 (1.5 Ig). To each serum sample of 4.5 cm?, 0.5 cm® of the appropriate
virus dilution was added. In this way, we kept serum samples containing 3.5 lg,
1.5 1g and 0.5 Ig of virus, respectively.

The obtained serum samples were examined using a transfected culture
of calf tracheal cells (TpT). For the study of each serum sample, eight
tubes with cell culture were taken and eight tubes were left intact. After
15 minutes of contact of the samples with cells, 4 tubes from each group of
tubes were examined in the neutralization reaction and 4 tubes in the RIF.
Control cell cultures were contacted with blood serum without the addition
of virus.
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At the same time, serum samples containing different amounts of virus were
examined by the reverse transcriptase polymerase chain reaction method. Each
sample was examined in four replicates.

To avoid false negative and false positive PCR results, four controls were set.
As a positive control, a virus-containing culture fluid containing the bovine diarrhea
virus Oregon C 24 V strain undiluted with an activity of 6.5 1g TCD,,/cm’® and the
same fluid in a dilution of 10 were used. As a negative control, we used bovine
blood serum free from virus contamination, and we also set a blank control, which
is a reaction mixture containing all reacting components, except nucleic acid.

Studies have shown that the polymerase chain reaction has a sensitivity
higher than the neutralization reaction and the immunofluorescence reaction,
which makes it possible to use it in further work as a promising reaction for
quality control of VIP.

The reliability of the result obtained by PCR is confirmed by reaction
controls. Negative results of the blank control indicate the purity of the reaction
mixture.

The results of the study are shown in the table.

Table 1
Efficiency of Different Methods for Detecting Pestiviruses
in Bovine Serum
Of them responded positively

Serum
virus Samples Number %
titer examined neutralization immunofluorescence | polymerase chain

reaction (PH) reaction (IFR) reaction (PCR)
351g 4 4 100.0 4 100.0 4 100.0
1.51g 4 4 100.0 4 100.0 4 100.0
0.5 1g 4 1 25.0 2 50.0 4 100.0

Studies have shown that PCR is the most effective and sensitive method for
determining serum contamination with pestiviruses.

When comparing the effectiveness of PCR and IFR for detecting possible
contamination of biological systems when cultivating production strains of
different types of viruses, we conducted an experiment on artificial contamination
of cell culture in which the bovine parainfluenza-3 virus was cultivated with the
bovine diarrhea virus of the Oregon C24V strain in different titers. The studies
were accompanied by the establishment of a negative control — uncontaminated
cell culture and a positive control — bovine diarrhea virus.

The results of the study showed that the contaminant virus in the biological
system of the production strain of parainfluenza-3 virus was detected by PCR
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in titers of 3.5 1g, 1.5 Ig and 0.5 Ig of the virus in 100.0%, while in IFR — in
titer of 0.5 1g in 50.0%, which confirms the superiority of PCR for detecting
contaminant pestiviruses.

6. Research on Pestivirus Contamination
of Biological Raw Materials and Products

The research of various raw materials and products made from them was
carried out using the developed PCR test system and generally accepted
methods.

One of the main types of raw materials used in the production of VIP is
animal blood serum, most often cattle. In Ukraine, most biological industry
enterprises do not have specialized animal husbandry farms to meet production
needs. Therefore, the source of blood serum is commodity farms, which do not
always control the infection of the organism with pestiviruses' '°.

This prompted us to study the spread of the diarrhea virus among cattle in
different regions of Ukraine. This work was carried out in close cooperation
with the staff of the National Center “IEKVM?”. Seromonitoring of the presence
of specific antibodies in the serum to this pathogen in the RN was carried out.
Blood was collected from cows that were not vaccinated against viral diarrhea
of cattle.

We established the presence of antibodies to the diarrhea virus in 23.41% of
animals, which indicates a significant spread of the virus in the cattle population.

During the work, blood donor cows belonging to the Kherson State
Enterprise — Biological Factory, Zhytomyr National Agroecological University
and cows (village Kalynivka), which are blood donors for the needs of the
company “Ukrvak”, were examined. Blood serum samples were examined in
PCR by the nested method using the PCR-Pestivir kit. The level of contamination
of blood serum from donors was 10%.

50 batches of native bovine blood serum without preservatives were tested by
PCR, 7 (14.0%) were positive for pestivirus contamination. In order to confirm
the PCR results, samples from seven batches suspected of contamination were
tested at the IFR — of these, 5 (10.0%) confirmed contamination with diarrhea
virus. Contaminated batches were discarded.

'8 European Commission (2015). The Rules Governing Medicinal Products in the European
Union. Eudralex. Vol. 4-9. European Commission, DG Health and Food Safety, Public health, EU
Pharmaceutical information, Eudralex. Available online at: http://ec.europa.eu/health/documents/
eudralex/index_en.htm (accessed 25 July 2023).

! World Health Organization (WHO). 2012. WHO Expert Committee on Biological
Standardization. World Health Organization Technical Report Series, Report No. 964. World Health
Organization, Geneva, Switzerland. Available online at: https://apps.who.int/iris/bitstream/han
dle/10665/89142/9789241209779_eng.pdf (Accessed 25 July 2023).
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7. Study of Pestivirus Contamination of Cell Cultures

We studied samples of different QC lines that were in the biological
materials bank of the National Center for Microorganism Strains DNAIBSM.

QC studies in PCR were performed using two kits: “Diagnostic kit for the
detection of pestiviruses PCR-Pestivir” and “Test system for the detection of
RNA of bovine diarrhea virus “BOVI-RNA-TEST-BVDV”.

By virological research methods: by the manifestation of CPD and RGAd,
contamination with viruses was not detected, although in several cases the result
was questionable. In the latter case, a delay in cell proliferation was observed,
filling the monolayer by 60-75%.

IFR was performed using a kit for the diagnosis of viral diarrhea in cattle.
Positive PCR results were confirmed by positive IFR results.

Of the 18 studied cell culture lines, 7 (36.0%) were found to be contaminated
with pestiviruses. Of the 26 isolates, only 3 (11.5%) had a cytopathogenic effect
in cell cultures.

Research on pestivirus contamination of production virus strains in cell
cultures

For the study, samples of strains stored in the depository of the National
Center for Microorganism Strains DNAIBSM and samples of strains received
for the purpose of deposit were selected, special attention was paid to those
virus strains for the cultivation of which cell cultures are used.

We studied 144 virus strains, most of which were found to be uncontaminated
by foreign hemadsorbing, hemagglutinating and cytopathogenic viruses. As
a result of the studies, the following strains were found to be contaminated:
attenuated strains of porcine enteroviruses PS 27 (SMEDI A) serogroup 8&;
PS 026 (SMEDI B) serogroup 3; PS 37 (SMEDI E); Bereznyansky 652; Teshen
disease virus Perechensky 642, Chernihiv 2372; Aujeszky's disease virus strains
“Arsky” and “18b UNDIEV”; bovine coronavirus VS-1; bovine parainfluenza
virus-3: “ZKSM” and infectious rhinotracheitis “Moldavian”, bovine rotavirus
“Tiverval”. When studying the above strains, signs of CPD of viruses were
revealed, which were manifested by rounding of cells, their destruction, or
delayed proliferation.

The above virus strains were additionally examined in PCR using
commercial kits for the detection of pestiviruses, in particular the diagnostic
kit for the detection of pestiviruses “PCR-Pestivir” and the kit developed at
the NSC IEKVM “Test systems for the detection of bovine diarrhea virus
RNA “BOVI-RNA-TEST-BVDV”. The PCR results were confirmed by
setting the IFR.
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The results of the studies showed that the level of contamination of the
broodstock of production strains of viruses used in the production of VIP for
the pig industry ranges from 22.0 to 45.0%.

The level of contamination of the broodstock of production strains of viruses
used in the production of VIP for the cattle industry ranges from 33.0 to 50.0%.
The production strains of bovine coronavirus were contaminated in 100.0%.

Pestivirus contamination study of diagnostic Kits

Among the diagnostic kits that were tested for contamination with
foreign viruses, the majority were kits for diagnosing bovine leukemia in the
immunodiffusion reaction.

21 series of antigen specific to bovine leukemia virus and 14 series of specific
sera were tested, produced by the following companies: NPP “Leukonad”,
Poltava; SE “Veterinary Medicine”, Kharkiv and the Institute of Epizootology
of the NAAS of Ukraine, Rivne.

The absence of contamination of sera and antigens with pestiviruses was
confirmed by IFR and PCR. It was found that 52.0% of antigen series and
50.0% of blood serum series were contaminated.

Among other virological kits, in particular for diagnosing Aujeszky’s disease,
coronavirus infection of cattle, and enterovirus infections of pigs, no contaminated
series were detected. With a small sample of VIP samples (1-2 series), it cannot
be stated that the production technology provides a 100.0% guarantee of the
release of uncontaminated products.

Pestivirus contamination studies of live viral vaccines

For the study, vaccines from various manufacturers, both from Ukraine
and abroad, were selected, in particular, Kherson State Enterprise — Biological
Factory, Sumy State Biological Factory, Pokrovsky Plant of Biological Products,
Stavropol Biological Factory, Bio-Test Laboratory, Hipra Laboratory, Intervet
International.

Vaccine series not contaminated with bacteria and fungi were taken into the
study, which was confirmed by studies in accordance with DSTU 4483.

The absence of contamination of vaccines with pestiviruses, in particular
with the cattle diarrhea virus, was studied by PCR, special attention was focused
on the study of culture vaccines.

Among the vaccines studied, live culture vaccines against infectious diseases
of pigs and cattle prevailed, since pestiviruses pose a threat to them. The study
found that the degree of contamination of culture vaccines varied from 2.0 to
60.0% in different groups of vaccines. We found that no contamination was
found in drugs imported from countries where the GMP system has been
implemented in the production of VIP. Contaminated VIP batches were found
in batches of drugs manufactured in Ukraine.
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Development of a system for preventing and detecting contamination
with VIP viruses

The search for the causes and sources of contamination of finished products
turned out to be difficult and in many cases ineffective. An obstacle to resolving
this issue was the lack of requirements regulated by law for the registration of
production process protocols. Thus, only in 40.0% of cases of contamination of
cell cultures were the causes established.

Our studies confirm that the main source of contamination of veterinary
biological products with pestiviruses is cattle blood serum.

Taking into account the results we obtained, we developed a system for
preventing and detecting contamination with VIP viruses. This system includes
not only control of raw materials and products, but also control of production
conditions, control of the human factor. The basis of this system was the
scheme for controlling medicines, approved by the World Health Organization
and interpreted for use in the practice of manufacturing veterinary drugs.

The developed system provides for measures to prevent contamination
and clear documentation of all actions and their results; self-control during
research; research of the limits of permissible deviations and double control of
each sample at each stage of production.

The result of work in this direction was the development and implementation
of state standards of Ukraine: DSTU 4517:2010 and DSTU 5832:2008.

The implementation of the developed regulatory documents and the
implementation of the developed system for the prevention and detection of
viral contamination of veterinary immunobiological preparations in the practice
of VIP production allowed to significantly reduce the level of contamination.
Thus, during 2004-2005, the level of contamination of commercial batches
of blood serum reached 62.0%, cell cultures — 36.0%, passages of individual
lines of cell cultures had a significantly higher level of contamination: SNEV —
75.0%, TrT — 100.0%. While in 2011 the level of contamination of cattle blood
serum decreased to 10.0%, and cell cultures — to 8.0-12.0%. Due to the fact
that uncontaminated passages of cell cultures were taken to obtain production
virus broodstocks, uncontaminated production virus broodstocks were obtained.
Due to the provision of uncontaminated raw materials to the enterprises of the
biological industry of Ukraine over the past two years, no contaminated batches
of VIP were detected.

CONCLUSIONS

Based on the conducted virological and molecular biological, serological
studies, the situation regarding the contamination of veterinary immunobiological
preparations with pestiviruses was studied, a diagnostic kit was developed
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for their detection and identification by PCR, and a system of measures was
proposed to detect and prevent contamination of VIP with foreign viruses.

Based on the results of bioinformatic analysis of the gene sequences of
pestiviruses, in particular, the bovine diarrhea virus and the classical swine
fever virus, the nucleotide sequence of two pairs of primers PestlF and
PestlR and Pest2F and Pest2R was calculated, which in PCR (33 amplification
cycles, 2.0 mM Mg2+, 2 U of polymerase, annealing temperature 60 °C) form
amplification products with a length of 310 and 350 bp, respectively.

A diagnostic kit for the detection of pestiviruses based on PCR using genus-
specific primers has been developed and implemented, which allows for reliable
detection of the virus in biological material at a minimum titer of 0.1 Ig.

The main contaminant of veterinary immunobiological preparations is
pestiviruses and, in particular, bovine diarrhea virus, which contaminated up to
50.0% of the studied series of VIP.

Isolates of bovine diarrhea virus, which contaminated cell cultures only in
11.0% of cases showed CPD.

The main factor of VIP contamination is bovine blood serum, which is used
in the production of cell cultures and virus strains. The level of contamination
of commercial series of bovine blood serum is on average 10%.

At enterprises with a low level of implementation of measures to prevent
contamination of veterinary immunobiological drugs with viruses, its level can
reach 60.0-80.0%.

The main reason for contamination of finished products is improper control
of input raw materials used for the production of drugs. Before the introduction
of the system for preventing and detecting contamination with pestiviruses of
VIP, its level reached 62.0% of the studied series of blood serum of cattle, up to
36.0% — passages of cell culture lines, up to 30.0% — broodstock of production
strains of viruses.

During the period of implementation of the system for preventing and
detecting contamination of VIP with pestiviruses, the level of contamination
decreased in cell cultures from 36.0% in 2004 to 12.0% in 2011, blood serum
for the production of VIP from 62% to 10%; The use of uncontaminated cell
cultures and blood serum allows the risk of contamination of production virus
broodstock to be reduced to zero.

SUMMARY

Situations were studied in relation to distribution of the phenomenon of
contamination of veterinary immunobiological preparations of Pestivirus; it is
set that basic contaminant is virus of Bovine Virus Diarrhea. A diagnostic set
is worked out for an exposure of the Pestivirus method of polymerase chain
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reaction (PCR). The basic source of contamination is blood sera of Bovine,
which is used for the production of veterinary immunobiological preparations.
It is set that most isolates which contaminant preparations were does not own
a cytopathic effect that testifies to absence for them of potential pathogenicity.
The system of measures, which allows substantially bringing down the risk of
contamination the viruses of products, is worked out.
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CHAPTER 15

ATMOSPHERIC AIR: GLOBAL TRENDS,
MONITORING, AND CLIMATE CHALLENGES

Pytuliak Myroslava, Pytuliak Mykola
DOl https://doi.org/10.30525/978-9934-26-714-7-15

INTRODUCTION

Atmospheric air is one of the most important components of the natural
environment, and its condition directly affects public health, the functioning
of natural ecosystems, and the prospects for sustainable socio-economic
development. The atmosphere facilitates gas exchange among the components
of the biosphere, contributes to climate formation, participates in the cycling
of matter and energy, and helps maintain ecological balance. At the same
time, the intensive development of industry, energy, transport, agriculture, and
urbanization processes has led to a significant increase in anthropogenic pressure
on the atmosphere, making air pollution a global environmental problem.

The main anthropogenic sources of atmospheric air pollution continue to
include industrial and energy facilities, road transport, heating systems, fossil fuel
and biomass combustion, agricultural production, and waste management. A wide
range of pollutants is released into the atmosphere, among which particulate
matter (PM2.5 and PM10), nitrogen and sulfur oxides, carbon monoxide, volatile
organic compounds, heavy metals, black carbon, and other components are of
particular concern. Their accumulation adversely affects human health, the
condition of natural ecosystems, and the dynamics of climate processes.

A distinctive feature of contemporary atmospheric pollution is its transboundary
nature. The movement of air masses facilitates the transport of gaseous pollutants
and aerosols over considerable distances from their sources. As a result, industrial
emissions, smoke from wildfires, dust, and other pollutants can affect air quality
far beyond the boundaries of individual regions and countries. This highlights the
need to strengthen international cooperation, improve monitoring systems, and
ensure the timely exchange of environmental information.

The issue of atmospheric air quality is closely linked to global climate change.
On the one hand, certain atmospheric pollutants affect the Earth’s radiation
balance and the climate system; on the other hand, rising air temperatures, the
increasing frequency of droughts, heat waves, and large-scale wildfires alter
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the conditions governing the formation, transformation, and dispersion of
pollutants. Therefore, atmospheric air protection and climate policy should be
regarded as interconnected areas of environmental security.

These issues are particularly relevant to Ukraine. The full-scale war
has significantly transformed the structure of anthropogenic pressure on
atmospheric air. The destruction of industrial and energy facilities, fires,
explosions, damage to infrastructure, changes in transport flows, the relocation
of enterprises, and the widespread use of autonomous energy supply systems
are creating new environmental risks. At the same time, hostilities complicate
systematic observations and the collection of complete and reliable information
on atmospheric air quality throughout the country. Under these conditions, the
modernization of the national environmental monitoring system is becoming
particularly important.

Modern atmospheric air monitoring is gradually evolving from a traditional
network of stationary monitoring stations into an integrated digital system.
Satellite observations and European information systems play an important
role in this transformation, expanding the possibilities for spatial analysis of
atmospheric conditions and forecasting the dispersion of pollutants.

For Ukraine, the modernization of the monitoring system is also of particular
importance in the context of European integration and post-war recovery.
Harmonization of national environmental policy with the approaches adopted
by the European Union requires the improvement of air quality assessment
methods, enhanced reliability and accessibility of data, automation of data
transmission, and open public access to environmental information. At the
same time, the reconstruction of the country’s industrial and energy potential
provides an opportunity to introduce modern low-carbon technologies and
advanced emission control systems.

The aim of the study is to provide a comprehensive synthesis of contemporary
scientific approaches to assessing the state of atmospheric air, to analyze global
and national trends in air pollution, to examine modern monitoring systems, and
to identify the interrelationships between air quality, anthropogenic pressure,
and climate change.

The practical significance of the study lies in the potential application of
its findings to improve the atmospheric air monitoring system in Ukraine,
substantiate environmental protection measures, develop digital monitoring
infrastructure, and enhance the effectiveness of environmental management
decisions. The comprehensive integration of traditional observation methods
with satellite-based, sensor, geoinformation, and intelligent technologies should
become one of the key directions in developing a modern environmental
security system in Ukraine and ensuring its sustainable post-war development.
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1. Contemporary Sources and Chemical Mechanisms
of Technogenic Atmospheric Air Pollution

In recent years, the international scientific community has increasingly
regarded atmospheric air as a key link in the interactions among natural
ecosystems, public health, and socio-economic development. Within these
conceptual frameworks, atmospheric air quality is no longer viewed exclusively
as an environmental characteristic but has become one of the fundamental
indicators of sustainable development, environmental security, and the quality
of life of the population. This approach makes it possible to assess atmospheric
processes not in isolation but as an integral component of the complex
functioning of natural and anthropogenic systems.

At the same time, the rapid increase in technogenic pressure significantly
exceeds the capacity of the atmosphere’s natural self-purification mechanisms.
While natural processes are capable of maintaining a relative equilibrium in
atmospheric gas composition under conditions of moderate pollutant inputs,
the current scale of industrial emissions, transport-related emissions, fossil fuel
combustion, and urbanization processes increasingly exceeds the assimilative
capacity of the atmospheric system. This is reflected in the increasing frequency
of episodes of severe air pollution, the prolonged duration of smog events, the
intensification of transboundary pollutant transport, and the emergence of new
environmental risks to human populations and natural ecosystems.

Under current conditions, the impact of military activities on atmospheric
air quality also deserves particular attention. The destruction of industrial
enterprises, oil depots, energy facilities, transport infrastructure, and residential
buildings is accompanied by the release of a wide range of toxic substances into
the atmosphere, including nitrogen oxides, sulfur oxides, fine particulate matter,
polycyclic aromatic hydrocarbons, dioxins, heavy metals, and other hazardous
compounds. For Ukraine, this problem is not only of environmental but also
of strategic importance, as the consequences of wartime atmospheric pollution
may persist for a considerable period, affecting public health, ecosystem
productivity, and post-war territorial recovery processes.

Thus, atmospheric air constitutes an extremely complex, multi-level system
whose functioning is determined by the interaction of natural and anthropogenic
processes. Increasing technogenic pressure, the intensification of photochemical
transformations, ongoing global climate change, and the growing transboundary
transport of pollutants necessitate a transition from the traditional monitoring
of individual pollutant concentrations to integrated air quality management.
This approach forms the methodological basis of contemporary environmental
policy, international monitoring systems, and further research into the sources
and chemical characteristics of technogenic atmospheric pollution.
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The current stage of civilization development is characterized by an
unprecedented increase in anthropogenic pressure on atmospheric air, which is
a natural consequence of industrialization, urbanization, the intensification of
transport flows, economic globalization, and growing global demand for energy
resources. Over the past half-century, the scale and structure of technogenic
emissions have undergone substantial transformations in both quantitative and
qualitative terms. Whereas in the mid-twentieth century large industrial enterprises
were the predominant sources of atmospheric pollution, today a complex,
multicomponent emission system has emerged in which transport, energy
production, the agro-industrial sector, housing and municipal services, construction,
extractive industries, and other types of economic activity play significant roles.

Recent studies indicate that the structure of anthropogenic sources of
atmospheric air pollution is constantly changing under the influence of
technological development, national environmental policies, the transition
towards a low-carbon economy, and global socio-economic transformations. In
the European Union, emissions of sulfur dioxide and heavy metals have decreased
substantially over recent decades due to the modernization of the energy sector,
the implementation of best available techniques, stringent environmental
legislation, and the development of renewable energy sources. At the same
time, so-called diffuse sources of pollution are becoming increasingly important.
These comprise millions of relatively small individual sources, including motor
vehicles, private heating systems, small enterprises, construction sites, and
agricultural holdings. The cumulative impact of such sources often exceeds the
contribution of individual large industrial facilities, consi

The Energy Sector as a Dominant Source of Technogenic Atmospheric
Pollution

Despite the rapid development of renewable energy, the energy sector
remains one of the largest anthropogenic sources of atmospheric air pollution
worldwide. The generation of electricity and heat from fossil fuels is accompanied
by substantial emissions of carbon dioxide, sulfur oxides, nitrogen oxides,
carbon monoxide, particulate matter, volatile organic compounds, and heavy
metals. The magnitude of these emissions depends on the type of fuel used,
the technological level of the equipment, the efficiency of flue-gas treatment
systems, and the environmental standards in force in a particular country.

Hard coal and lignite remain among the most environmentally hazardous
types of fuel.

Significant changes in the structure of energy-related emissions have
occurred as a result of the development of renewable energy. The large-scale
deployment of solar and wind power plants, along with the increasing share
of hydropower and bioenergy, contributes to reducing the consumption of
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fossil fuels. Particular attention should be paid to bioenergy, which is often
regarded as a climate-neutral energy source. However, biomass combustion
may be accompanied by substantial emissions of fine particulate matter, carbon
monoxide, organic aerosols, and polycyclic aromatic hydrocarbons. Therefore,
the environmental performance of bioenergy technologies largely depends on
the type of biofuel used, combustion conditions, and the efficiency of flue-gas
treatment systems'.

Thus, the energy sector remains a key factor influencing the chemical
composition of atmospheric air on a global scale. Further reduction of its
adverse environmental impact requires comprehensive modernization of energy
infrastructure, the development of zero-carbon technologies, improvements in
energy efficiency, and the widespread implementation of industrial emission
control and treatment systems. At the same time, assessments of the environmental
safety of the energy sector should take into account not only direct atmospheric
emissions but also the entire life cycle of energy technologies, in accordance with
contemporary principles of sustainable development and the circular economy.

Industry as a Complex Source of Technogenic Atmospheric Air Pollution

The industrial sector has traditionally been one of the most significant
sources of anthropogenic pressure on atmospheric air. Despite the substantial
modernization of production processes in most economically developed
countries, industry continues to account for a considerable share of global
emissions of gaseous and particulate pollutants. Industrial emissions are
characterized by their high concentrations, diverse chemical composition, and
capacity to form complex multicomponent mixtures that undergo intensive
physicochemical transformations after being released into the atmosphere.

Unlike the transport or residential sectors, where fuel combustion products
predominate, industrial enterprises generate a wide range of specific substances
whose composition is determined by production technology, the type of
raw materials used, operating conditions of the equipment, and the level of
environmental modernization. Consequently, industry is a source not only
of conventional air pollutants, such as nitrogen oxides, sulfur oxides, carbon
monoxide, and particulate matter, but also of numerous toxic trace components,
including heavy metals, polycyclic aromatic hydrocarbons, dioxins, furans,
benzene, formaldehyde, persistent organic pollutants, and other hazardous
substances.

Large industrial agglomerations, where metallurgical enterprises, thermal
power plants, cement plants, chemical facilities, and oil refineries operate
simultaneously, pose a particular environmental hazard.

! Boromo6os B. M., Kimumenko M. O., Mokin B. B. Ta in. MOHITOpHHT TOBKULIS @ IAPYYHHK.
Xepcon : I'pins 1. C., 2011. 530 c.
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The metallurgical industry is among the most resource-intensive and
environmentally hazardous industrial sectors. Virtually all technological stages
involved in the production of ferrous and non-ferrous metals are accompanied by
atmospheric emissions of varying composition and intensity. Sinter production,
coke-chemical processes, blast-furnace smelting, basic oxygen steelmaking,
electric steelmaking, and rolling processes generate a specific spectrum of
pollutants dominated by nitrogen oxides, sulfur oxides, carbon monoxide,
particulate matter, heavy metals, and organic toxicants.

Particular attention should be paid to particulate emissions from metallurgical
enterprises. Unlike natural dust, metallurgical aerosols contain significant
concentrations of iron, manganese, zinc, cadmium, chromium, nickel, lead, and
other metals characterized by high biological activity.

Chemical industry enterprises represent one of the most complex sources
of atmospheric pollution, as they handle a wide range of organic and inorganic
substances. A distinctive feature of this sector is the considerable diversity of
technological processes, which results in a complex and variable composition
of atmospheric emissions.

The principal pollutants include volatile organic compounds (VOCs),
ammonia, chlorine, hydrogen fluoride, hydrogen sulfide, formaldehyde,
benzene, toluene, xylene, phenols, and other toxic substances. A significant
proportion of these compounds act as precursors of photochemical smog and
secondary organic aerosols. Once released into the atmosphere, they actively
interact with nitrogen oxides under the influence of solar radiation, contributing
to the formation of ground-level ozone, one of the most hazardous secondary
pollutants in the modern atmosphere. Accidental releases from chemical
industry facilities pose a particularly serious environmental hazard.

Cement production is one of the most energy-intensive industrial processes
and, at the same time, an important source of atmospheric emissions. Cement
plants generate large amounts of carbon dioxide, particulate matter, nitrogen
oxides, sulfur dioxide, and fine particles of mineral origin.

Oil refineries generate a specific spectrum of atmospheric pollutants, including
hydrogen sulfide, volatile organic compounds, benzene, polycyclic aromatic
hydrocarbons, nitrogen oxides, and sulfur dioxide. A significant proportion of these
emissions is associated not only with technological processes but also with the
evaporation of crude oil and petroleum products during transportation and storage.

The Transport Sector as a Dynamic Source of Atmospheric Air Pollution

At the beginning of the twenty-first century, the transport sector emerged as one
of the most dynamic factors influencing atmospheric air quality. The rapid growth
in motor vehicle use, the globalization of international trade, the expansion of air
transportation, and the intensification of logistics flows have substantially altered
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the structure of atmospheric emissions. Whereas during the second half of the
twentieth century large stationary industrial facilities were the primary contributors
to atmospheric pollution, mobile emission sources are now playing an increasingly
important role, with their number continuing to grow worldwide each year.

A distinctive feature of transport-related pollution is its spatial concentration
directly within populated areas. Unlike industrial enterprises, which are often
located outside residential zones, transport infrastructure passes through densely
populated urban areas, resulting in continuous exposure to air pollutants within
the human breathing zone.

The main components of transport emissions include nitrogen oxides (NOy),
carbon monoxide (CO), carbon dioxide (CO,), volatile organic compounds
(VOCs), fine particulate matter (PM,, and PM,,), black carbon, polycyclic
aromatic hydrocarbons, aldehydes, and numerous ultrafine particles. Their
relative proportions depend on the type of vehicle, engine technology, fuel
quality, operating conditions, and the level of vehicle maintenance.

Contemporary research pays particular attention to non-exhaust emissions,
whose contribution to air pollution has long been underestimated. These include
particles generated by the wear of tires, brake pads, and road surfaces, as well
as the resuspension of road dust by air currents. In large cities, such sources
may account for a significant proportion of the total PM,, mass. With the
increasing adoption of electric vehicles, their relative importance is expected
to grow further, since the absence of exhaust emissions does not eliminate the
mechanical generation of particulate matter.

Road transport is a major source of nitrogen oxide emissions in urban
ecosystems. In the presence of solar radiation, these compounds actively
participate in photochemical reactions leading to the formation of ground-
level ozone and secondary organic aerosols. Thus, transport not only directly
deteriorates atmospheric air quality but also triggers the formation of secondary
pollution, the magnitude of which often exceeds the impact of primary emissions?.

Diesel-powered transport remains a significant environmental challenge.

A distinct area of contemporary research focuses on the impact of transport
electrification on atmospheric air quality. The large-scale adoption of electric
vehicles undoubtedly contributes to reducing local emissions of nitrogen oxides,
carbon monoxide, and volatile organic compounds. At the same time, assessing the
environmental performance of electric transport requires consideration of its entire
life cycle, including battery production, electricity generation, and the disposal
or recycling of components at the end of their service life.

? Bawenkina H., Pynuuupkuii P. AHani3 OCHOBHMX YMHHHKIB, SIKi BIUIMBAIOTh HA PiBEHb 3a0pyHAHEHHS
aTMOC(hEpHOTO MOBITPSL. Bumiprosaibha ma 00UUCTIOBALbHA MeXHIKA 6 mexHonoiunux npoyecax. 2026.
Ne 1. C. 21-27. URL: https:/doi.org/10.31891/2219-9365-2026-85-3.
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Aviation and maritime transport are equally important, as they support
the functioning of the global economy while simultaneously creating specific
environmental challenges. Aviation is a source of nitrogen oxides, water
vapour, soot, and aerosol emissions in the upper troposphere, affecting the
formation of condensation trails (contrails) and altering the atmospheric
radiation balance. Maritime transport, particularly vessels using heavy fuel
oils, remains a significant source of sulfur dioxide, nitrogen oxides, and fine
particulate matter. In response to these challenges, the International Maritime
Organization (IMO) has introduced stricter requirements for the sulfur content
of marine fuels, which have already demonstrated positive effects in reducing
atmospheric emissions in coastal regions.

In the future, the key directions for improving the environmental
sustainability of the transport sector include the development of public transport,
electrification of the vehicle fleet, the adoption of hydrogen technologies,
improvements in urban mobility, digital management of traffic flows, and the
integration of transport policy with Smart City concepts. At the same time,
achieving a substantial environmental effect will only be possible through
a comprehensive approach combining technological innovation, environmental
regulation, and changes in the transport behaviour of the population.

Agriculture as a Specific Source of Atmospheric Pollution

For a long time, the agricultural sector was regarded primarily as an economic
activity with a relatively minor impact on atmospheric air quality. However,
contemporary research indicates that the intensification of agricultural production
has substantially altered the nature of interactions between agroecosystems
and the atmosphere. According to estimates by international environmental
organizations, agriculture is currently one of the leading anthropogenic sources
of ammonia (NHs), methane (CHa), nitrous oxide (N20), as well as secondary
fine particulate matter formed through atmospheric chemical reactions.

A distinctive feature of agricultural emissions is that most of them
are diffuse in nature, which significantly complicates their monitoring,
quantitative assessment, and regulation. For this reason, the agricultural sector
is increasingly regarded as one of the most challenging areas of contemporary
environmental policy.

Livestock farming makes the largest contribution to agricultural air pollution.
The raising of cattle, pigs, and poultry is accompanied by intensive emissions
of ammonia, methane, hydrogen sulfide, and other gaseous compounds.

Another important factor is the application of mineral fertilizers. Improper
fertilizer application practices, excessive use of nitrogen compounds, and
adverse weather conditions lead to intensive ammonia volatilization and the
formation of nitrous oxide, one of the most potent greenhouse gases. In addition
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to their direct impact on atmospheric air quality, these processes contribute to
global climate change, further emphasizing the inseparable relationship between
air quality and the Earth’s climate system’.

An additional source of atmospheric pollution is the mechanical cultivation
of soils. During ploughing, cultivation, harvesting, and the transportation of
agricultural products, considerable amounts of mineral dust are released into the
atmosphere. Under arid climatic conditions or where soil degradation occurs,
the scale of such dust emissions may increase substantially. Dust originating
from degraded arable land poses a particular hazard, as it often contains residues
of agrochemicals, heavy metals, and microorganisms.

The contemporary concept of sustainable agriculture involves a gradual
transition towards precision farming technologies, digital management of
fertilizer application, the use of biogas facilities, improvements in organic
waste management systems, and optimization of land-use patterns. Taken
together, these measures can significantly reduce atmospheric emissions without
compromising agricultural productivity.

The Residential and Municipal Sector and the Urban Environment

The residential and municipal sector occupies a significant place in the
contemporary structure of anthropogenic emissions, with its impact being
particularly pronounced in densely populated urban agglomerations. Unlike
industry, where pollution is generated by a limited number of large enterprises,
the residential and municipal sector comprises numerous small emission sources
that collectively exert considerable technogenic pressure on atmospheric air.

The main sources of pollution include individual heating systems, boiler
plants, solid fuel combustion, the use of generators, cooking, household waste
burning, and construction activities. In many Central and Eastern European
countries, residential heating with wood and coal remains one of the major
sources of winter smog.

Uncontrolled burning of household waste poses a particular environmental
hazard. The combustion of polymeric materials, rubber, paints and coatings,
and other synthetic components results in the formation of dioxins, furans,
polycyclic aromatic hydrocarbons, chlorinated organic compounds, and heavy
metals. Most of these substances are characterized by high toxicity, resistance
to biodegradation, and the ability to bioaccumulate.

In modern cities, construction activities represent an additional source of
atmospheric pollution. Building demolition, earthworks, and the production and
transportation of construction materials are accompanied by the generation of

7 Boromo6os B. M., Kimmenko M. O., Mokix B. B. Ta iH. MOHITOpHHT ZOBKII : MiAPY4YHUK. XEPCOH !
I'pins J1. C., 2011. 530 c.
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substantial amounts of PM,, and PM,; Where dust suppression systems are
not applied, particulate matter concentrations in adjacent areas may exceed
recommended limits severalfold.

At the same time, urbanized areas create specific microclimatic conditions
known as the urban heat island effect. Elevated air temperatures, reduced wind
speeds, and high building density contribute to the accumulation of pollutants
in the near-surface atmospheric layer and intensify photochemical reactions.
This results in more intensive formation of ground-level ozone and secondary
acrosols, particularly during the summer period.

Military Activities as an Emerging Factor of Technogenic Atmospheric Air
Pollution

One of the most pressing environmental issues of the twenty-first century is
the impact of armed conflicts on atmospheric air quality. Unlike conventional
sources of technogenic pressure, military activities are characterized by the
extreme intensity, unpredictability, and complexity of pollution processes. The
destruction of industrial enterprises, energy infrastructure, fuel and Iubricant
storage facilities, residential buildings, and transport hubs is accompanied by
the large-scale release of a wide range of toxic substances into the atmosphere.

A distinctive feature of wartime pollution is the simultaneous generation of
large quantities of both primary and secondary pollutants. Fires and explosions
release nitrogen oxides, sulfur oxides, carbon monoxide, fine particulate matter,
black carbon, polycyclic aromatic hydrocarbons, dioxins, heavy metals, and
numerous organic toxicants into the atmosphere. The destruction of buildings
is accompanied by the generation of mineral dust, which may contain cement,
asbestos, quartz, lead, residues of paints and coatings, and other hazardous
components.

For Ukraine, this problem has become particularly acute. The full-scale
war has placed unprecedented pressure on atmospheric air as a result of fires
at oil depots, the destruction of industrial facilities, explosions at ammunition
depots, wildfires, attacks on energy infrastructure, and the intensive use of
military equipment. It is important to emphasize that the consequences of such
events are not confined to the areas in which they occur. Due to atmospheric
circulation, fine particulate aerosols and gaseous pollutants can be transported
over hundreds or even thousands of kilometres, creating transboundary
environmental risks® °.

8 Ckok A., Xpytsba B. fkicTs armocdepHoro mositps B YkpaiHi 10 i mia 4ac moBHOMacmTaGHOro
BTOprHeHHs. MixxHapojuuii (poun Binpomkenns. Kuis, 2023. C. 5-24.

° Xonpax L., Crunenxo T. 3a0pyaHeHHs: arMOC(EPHOTo MOBITPs B yMOBax Biiiu B YkpaiHi. Bionoriumi,
XiMi4Hi Ta €KOJIOTiYHI 3arpo3u Mij 4ac BiifHM : KoJIeKTHBHA MOHorpadis / 3a 3ar. pen. B. B. [Tonosuua,
B. O. Ceprienka, H. O. Isanuenko. JIpeis : JITYBX], 2025. C. 391-399.
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An analysis of the contemporary structure of anthropogenic sources of
atmospheric air pollution indicates that technogenic pressure results from the
interaction of numerous economic sectors, each characterized by a specific
spectrum of emissions and mechanisms of atmospheric transformation.
Whereas in the second half of the twentieth century large stationary industrial
enterprises played the dominant role, the current period is characterized by
a transition towards a multicomponent pollution model in which diffuse
sources, urbanized environments, transport, the agricultural sector, and military
activities are becoming increasingly important. This transformation requires
a revision of traditional approaches to atmospheric air monitoring, a transition
towards integrated air quality management systems, and consideration of the
interrelationships among local emission sources, the transboundary transport of
pollutants, and global climate processes.

Volatile Organic Compounds (VOCs) as Precursors of Secondary
Atmospheric Pollution

Among the wide range of anthropogenic atmospheric pollutants, volatile
organic compounds (VOCs) occupy a special place, representing one of the
largest and most diverse groups of organic substances present in the atmosphere.
To date, more than 10,000 organic compounds capable of existing in the gaseous
phase of the atmosphere have been identified; however, only a small proportion
of them are systematically monitored within national monitoring programmes'’.

A distinctive feature of VOCs is that most of them are not among the most toxic
components of atmospheric air in their primary form. Their environmental hazard
is primarily determined by their high photochemical reactivity and their ability to
participate in complex atmospheric oxidation reactions, resulting in the formation
of ground-level ozone, peroxyacetyl nitrate (PAN), secondary organic aerosols
(SOAs), organic peroxides, and other oxygen-containing organic compounds''.

Photochemical Processes and the Formation of Secondary Organic Aerosols

Over the past two decades, the understanding of atmospheric chemistry
has changed substantially. Whereas aerosol particles were previously regarded
primarily as products of the mechanical fragmentation of materials or
combustion processes, contemporary research demonstrates that a significant
proportion of atmospheric aerosols is formed directly within the atmosphere as
a result of photochemical reactions'?.

10 Seinfeld J. H., Pandis S. N. Atmospheric Chemistry and Physics: From Air Pollution to Climate
Change. 3rd ed. Hoboken : John Wiley & Sons, 2016. 1152 p.

' World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM..s and
PMio), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva : WHO, 2021. 290 p.

12 Seinfeld J. H., Pandis S. N. Atmospheric Chemistry and Physics: From Air Pollution to Climate
Change. 3rd ed. Hoboken : John Wiley & Sons, 2016. 1152 p.
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In recent years, it has been established that secondary organic aerosols
not only deteriorate atmospheric air quality but also actively influence the
Earth’s climate system. They alter the optical properties of the atmosphere,
scatter and absorb solar radiation, act as cloud condensation nuclei, and modify
precipitation formation processes.

Despite significant progress in the study of atmospheric chemistry, the
mechanisms underlying the formation of secondary organic aerosols remain
among the most complex issues in contemporary atmospheric environmental
science. The quantitative contributions of anthropogenic and biogenic VOCs
to SOA formation, the role of multiphase reactions within aerosol droplets,
the influence of climate change on the rates of photochemical processes, and
the interactions between organic aerosols and black carbon remain subjects
of scientific debate. For this reason, international research programmes and
initiatives such as ACTRIS, the Copernicus Atmosphere Monitoring Service
(CAMS), and the Global Atmosphere Watch (GAW/WMO) place particular
emphasis on improving atmospheric chemistry models and integrating ground-
based and satellite observations * 1415,

Heavy Metals in Atmospheric Air: Sources, Chemical Forms, Atmospheric
Transport, and Environmental Risks

Heavy metals are among the most hazardous components of technogenic
atmospheric air pollution because they combine high toxicity, environmental
persistence, the ability to bioaccumulate, and a virtually unlimited persistence
within natural biogeochemical cycles. Unlike most gaseous pollutants, which
are gradually degraded or transformed in the atmosphere, metal atoms are
not subject to biochemical degradation. Only their physicochemical forms,
oxidation states, solubility, and bioavailability change, largely determining their
toxicological properties and environmental hazards'S.

In contemporary atmospheric environmental science, the concept of
potentially toxic elements (PTEs) is increasingly used as a broader term than
the traditional designation “heavy metals”. This is because the environmental
hazard posed by a substance is determined not only by its atomic mass but
primarily by its toxicity, bioavailability, ability to accumulate in living
organisms, and involvement in biogeochemical processes. This group includes
lead (Pb), cadmium (Cd), mercury (Hg), arsenic (As), chromium (Cr), nickel

13 IPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.

14 European Environment Agency. Air Quality Status Report 2025. Luxembourg : Publications Office of
the European Union, 2025.

15 European Commission. Zero Pollution Action Plan: Towards Zero Pollution for Air, Water and Soil.
Brussels : European Commission, 2021.

1 European Environment Agency. Air Quality Status Report 2025. Luxembourg : Publications Office of
the European Union, 2025.
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(Ni), cobalt (Co), copper (Cu), zinc (Zn), vanadium (V), manganese (Mn),
and other elements that enter the atmosphere predominantly as a result of
anthropogenic activities'”.

The principal sources of atmospheric heavy metal emissions remain thermal
power generation, metallurgical production, non-ferrous metallurgy, the cement
industry, waste incineration, mining and mineral processing, transport, and
certain technological processes within the chemical industry.

One of the most important findings of contemporary atmospheric
ecotoxicology has been the recognition that the greatest hazard is posed not
by metals alone, but by their association with fine particulate aerosols. PM, ;
particles have an exceptionally large specific surface area onto which lead,
cadmium, nickel, arsenic, and other elements can be adsorbed. As a result,
multicomponent aerosols are formed that simultaneously combine the
physical effects of fine particulate matter with the toxic effects of adsorbed
substances.

2. Fine Particulate Matter (PM,,, PM, )
and Its Transboundary Transport

Over the past two decades, the problem of fine particulate aerosol pollution of
atmospheric air has become one of the leading global environmental challenges.
Whereas in the second half of the twentieth century scientific attention was
focused primarily on the study of sulfur oxides, nitrogen oxides, and carbon
monoxide, contemporary research increasingly emphasizes atmospheric
particulate matter with small aerodynamic diameters. This is primarily because
fine particulate matter, particularly PM,, and PM,, is associated with some
of the most pronounced adverse effects on public health, the functioning of
natural ecosystems, regional climate processes, and the economic development
of countries'® °.

Fine atmospheric particulate matter is among the most compositionally
complex components of atmospheric air. Unlike gaseous pollutants, solid aerosol
particles are not individual chemical substances but rather multicomponent
mixtures of mineral, organic, and biological constituents. Their relative
proportions are determined by the nature of emission sources, meteorological
conditions, atmospheric photochemical processes, and the residence time of
particles in the atmosphere.

'7 World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM.s and
PMo), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva : WHO, 2021. 290 p.

'8 ‘World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM..s and
PMio), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva : WHO, 2021. 290 p.

19 IPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.
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According to the recommendations of the World Health Organization
and the European Environment Agency, atmospheric aerosols are classified
primarily according to their aecrodynamic diameter, which determines their
atmospheric transport characteristics, deposition rates, and depth of penetration
into the human body**?".

The PM,, category includes particles with an aerodynamic diameter
of up to 10 um. These particles are predominantly deposited in the upper
respiratory tract, although their finer fractions may penetrate into the
bronchi and bronchioles. PM, ; particles, with an aerodynamic diameter not
exceeding 2.5 um, are capable of reaching the pulmonary alveoli, crossing
the alveolar—capillary barrier, and entering the systemic circulation. For this
reason, PM, , is considered one of the most hazardous environmental risk
factors for human health.

In recent years, increasing attention has been devoted to the study of
ultrafine particles (UFPs, PM, ;), with diameters of less than 100 nm. Despite
their relatively minor contribution to the total mass of atmospheric aerosols,
they are characterized by an exceptionally large specific surface area and
high chemical reactivity. Such particles are capable of penetrating not only
into the circulatory system but also into the central nervous system via the
olfactory nerve, a process that has been associated with the development of
neurodegenerative diseases.

Chemical Composition of Fine Particulate Matter

Contemporary studies demonstrate that the chemical composition of PMz.s
and PM.o varies substantially depending on the region, season, and predominant
emission sources. Nevertheless, in most urbanized areas, fine particulate
matter typically contains the following components: sulfates (SO+*"); nitrates
(NOs7); ammonium (NH4"); organic carbon (OC); black carbon (BC); mineral
components (Si, Al, Ca, Fe); heavy metals (Pb, Cd, Hg, As, Ni, Cr); polycyclic
aromatic hydrocarbons; and biological components (pollen, bacteria, and fungal
spores).

The relative proportions of these components represent a distinctive
“chemical fingerprint” of pollution sources. For example, elevated concentrations
of black carbon and organic carbon are characteristic of transport emissions
and combustion processes, whereas high concentrations of calcium, silicon,
and aluminium generally indicate contributions from soil dust or construction
activities. The presence of vanadium and nickel may serve as an indicator of

2 World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM..s and
PMio), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva : WHO, 2021. 290 p.

2l European Environment Agency. Air Quality Status Report 2025. Luxembourg : Publications Office of
the European Union, 2025.
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heavy fuel oil combustion, while lead, cadmium, or zinc may indicate emissions
from metallurgical production or waste incineration®.

One of the most important concepts in contemporary atmospheric chemistry
is the classification of aerosols into primary and secondary aerosols.

Primary aerosols are emitted directly into the atmosphere from emission
sources. These include dust generated during industrial processes, transport
activities, construction, mining, biomass combustion, and fossil fuel combustion.
Primary aerosols may also originate from natural sources, including sea spray
aerosols, dust storms, and volcanic ash.

Secondary aerosols are formed directly in the atmosphere as a result of
chemical reactions involving gaseous precursors, including sulfur oxides,
nitrogen oxides, ammonia, and volatile organic compounds. They often account
for a substantial proportion of the PM,, mass in European cities. This fact is
of fundamental importance for environmental policy, since effectively reducing
PM, concentrations requires not only the reduction of direct particulate
emissions but also the mitigation of emissions of gaseous precursors.

Transboundary Transport of Fine Particulate Matter: Mechanisms,

Modelling, and Environmental Consequences®
One of the most important characteristics of fine particulate matter,

including PMio and PMz.s, is its ability to be transported over considerable
distances by atmospheric airflows. Whereas larger aerosol particles
generally settle relatively close to their emission sources, fine particulate
matter may remain suspended in the atmosphere for several days or
even weeks, travelling hundreds or thousands of kilometres. As a result,
atmospheric pollution is no longer merely a local or even national problem
but acquires a transboundary dimension, requiring international coordination
of environmental policies? 24,

In contemporary atmospheric science, transboundary transport is defined
as the movement of gaseous and aerosol pollutants across national borders
under the influence of large-scale atmospheric circulation. The intensity of this
process depends on the physicochemical properties of the particles, the altitude
at which they enter the atmosphere, wind speed and direction, atmospheric
temperature stratification, turbulent mixing, precipitation levels, and the
atmospheric residence time of aerosols.

2 Seinfeld J. H., Pandis S. N. Atmospheric Chemistry and Physics: From Air Pollution to Climate
Change. 3rd ed. Hoboken : John Wiley & Sons, 2016. 1152 p.

% World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM..s and
PMio), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva : WHO, 2021. 290 p.

* European Commission. Zero Pollution Action Plan: Towards Zero Pollution for Air, Water and Soil.
Brussels : European Commission, 2021.
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PM, ; particles are characterized by considerably greater mobility than PM,
particles. Due to their small aerodynamic diameter, they have a low gravitational
settling velocity, which enables them to remain suspended in the atmosphere
for extended periods. Consequently, fine particulate matter can be transported
over long distances even in the absence of major emission sources in regions
where elevated concentrations are recorded. This characteristic explains why
atmospheric air quality in one country may depend to a considerable extent on
emission levels in neighbouring countries.

The transport of atmospheric aerosols results from the simultaneous action
of several physical processes. Advection, turbulent diffusion, convective
mixing, and gravitational settling play the most important roles.

Meteorological Factors Influencing Transboundary Transport

The efficiency of fine particulate matter transport is largely determined by
meteorological conditions. The most important factors include wind speed and
direction, the height of the planetary boundary layer, air temperature, relative
humidity, the intensity of solar radiation, and precipitation.

The height of the atmospheric boundary layer plays a particularly important
role. During the daytime, when the boundary layer becomes deeper, pollutants
are actively mixed and dispersed. At night or under anticyclonic conditions, the
boundary layer becomes shallower, resulting in the accumulation of aerosols
near the Earth’s surface and a marked deterioration in air quality.

Climate change is another important factor. According to the IPCC, rising
temperatures, the increasing frequency of prolonged droughts, and large-scale
wildfires can substantially alter the spatial distribution of atmospheric aerosols.
Furthermore, climate change affects the rates of photochemical reactions
responsible for the formation of secondary PM, .*.

For Ukraine, the issue of transboundary transport is of particular importance
due to the country’s geographical location in the centre of Europe and the
presence of major industrial regions in neighbouring countries. Scientific
studies conducted by the Ukrainian Hydrometeorological Institute of the
State Emergency Service of Ukraine and the National Academy of Sciences
of Ukraine, the Borys Sreznevskyi Central Geophysical Observatory, as well
as within the framework of cooperation with the EMEP programme, confirm
that fine particulate matter concentrations in Ukraine are influenced by both
domestic emission sources and atmospheric transport from the territories of
other countries.

3 IPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.

% Orasg craHy 3a0pyIHEHHs HABKOJIMIIHBEOTO NPUPOIHOTO CEPENOBHINA HA TepUTOpii YKpaiHH 3a
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Since 2022, the nature of transboundary transport has become considerably
more complex due to large-scale fires, the destruction of industrial enterprises,
fuel and lubricant storage facilities, and energy infrastructure. Satellite
observations conducted by Copernicus and NASA have repeatedly recorded the
transport of aerosol plumes generated by fires beyond the borders of Ukraine.
This highlights the need to integrate the national monitoring system with pan-
European observation networks and to develop joint programmes for modelling
atmospheric processes.

3. Environmental Monitoring of Atmospheric Air

Effective air quality management is impossible without a modern
environmental monitoring system capable of providing reliable, timely, and
spatially representative information on the state of the atmospheric environment.
Over recent decades, the concept of monitoring has undergone substantial
transformation. Whereas in the past its primary objective was the periodic
measurement of concentrations of individual pollutants, the contemporary
approach is based on the integration of continuous measurements, mathematical
modelling, Earth remote sensing, geoinformation technologies, and tools for
analysing large datasets?’ %%,

According to the definition provided by the United Nations Environment
Programme (UNEP), environmental monitoring of atmospheric air is
a comprehensive system of regular observations, analysis, assessment, and
forecasting of atmospheric conditions aimed at the timely identification
of adverse trends, assessment of environmental risks, and provision of
information to support environmental policy. Thus, contemporary monitoring
performs not only an informational function but also predictive and
management functions.

In accordance with the requirements of Directive 2008/50/EC of the European
Parliament and of the Council on ambient air quality and cleaner air for Europe,
monitoring systems should ensure the measurement of concentrations of major
atmospheric pollutants, including PM PM, ,, PM PM,,, nitrogen dioxide (NO,),
sulfur dioxide (SO,), ground-level ozone (O,), carbon monoxide (CO), benzene
(CH,), lead, and other toxic components. Particular attention is paid to the
spatial representativeness of observations, the standardization of measurement
methods, and ensuring the comparability of results across different countries®.

27 World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM..s and
PMio), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva : WHO, 2021. 290 p.

2 European Environment Agency. Air Quality Status Report 2025. Luxembourg : Publications Office of
the European Union, 2025.

¥ Directive (EU) 2024/2881 of the European Parliament and of the Council of 23 October 2024 on
ambient air quality and cleaner air for Europe (recast). Official Journal of the European Union. 2024.
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International Atmospheric Air Monitoring Systems

Several global observation systems currently operate worldwide, providing
the information base required for assessing atmospheric air quality.

The World Meteorological Organization coordinates the Global Atmosphere
Watch (GAW) programme, which integrates hundreds of ground-based
observation stations across different regions of the world. The programme
provides long-term measurements of greenhouse gas concentrations, aerosols,
ozone, and other atmospheric constituents.

Within the European Union, the Copernicus Atmosphere Monitoring Service
(CAMS) plays a central role, integrating data from satellite observations,
ground-based monitoring, and numerical modelling. CAMS provides daily
air quality forecasts, assesses the transboundary transport of pollutants, and
analyses the impacts of large-scale natural and anthropogenic events®'.

The EMEP programme also plays an important role, providing the
scientific basis for the implementation of the Convention on Long-range
Transboundary Air Pollution (CLRTAP). Its primary objectives are to assess
the flows of atmospheric pollutants between countries, analyse the effectiveness
of environmental protection measures, and support environmental policy
development in European countries.

Ukrainian Atmospheric Air Monitoring System

In Ukraine, state monitoring of atmospheric air is carried out in accordance
with the Law of Ukraine “On Atmospheric Air Protection,” the Law of Ukraine
“On Environmental Protection,” and the Procedure for State Monitoring in the
Field of Atmospheric Air Protection. An important role in the development of
the national monitoring system is played by the Ukrainian Hydrometeorological
Center, the Ukrainian Hydrometeorological Institute of the State Emergency
Service of Ukraine and the National Academy of Sciences of Ukraine, the Borys
Sreznevskyi Central Geophysical Observatory, as well as regional monitoring
laboratories®? 3334 33,

30 World Meteorological Organization. State of Global Air Quality and Climate. Geneva : WMO, 2024.
3! European Centre for Medium-Range Weather Forecasts. Copernicus Atmosphere Monitoring Service
(CAMS): Global and Regional Air Quality Products. Reading: ECMWEF, 2024.
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In recent years, automated observation networks, municipal air quality
monitoring systems, and community-based initiatives using low-cost sensors
have been actively developing in Ukraine. At the same time, one of the major
challenges remains the harmonization of the national monitoring system with
European standards, the expansion of the network of automatic monitoring
stations, the provision of open access to environmental information, and the
integration of Ukrainian data into international information platforms.

Environmental monitoring of atmospheric air has evolved from a system of local
observations into a complex digital network that combines automated measurements,
satellite data, mathematical modelling, and geoinformation technologies. The
integration of heterogeneous data sources provides a contemporary framework for
air quality assessment and creates the necessary conditions for a transition from
responding to existing pollution to forecasting and preventing it.

Automated Air Quality Monitoring Systems and Sensor Networks

The rapid development of information technologies, the automation of
measurement processes, and the digitalization of environmental information
have contributed to the emergence of a new generation of atmospheric air
monitoring systems. Whereas traditional environmental monitoring methods
involved periodic sampling followed by laboratory analysis, modern automated
systems provide continuous real-time measurements of pollutant concentrations,
rapid data transmission, and their integration into unified information and
analytical platforms?- .

Modern automated environmental monitoring stations are sophisticated
technological systems equipped with gas analysers, particulate matter monitors,
meteorological sensors, automatic calibration systems, and telemetry equipment.
The principal advantage of such stations is their ability to continuously monitor
changes in atmospheric pollutant concentrations, making it possible to detect
episodes of high pollution in a timely manner, analyse their causes, and forecast
the subsequent development of air quality conditions.

In European Union countries, automated monitoring networks operate in
accordance with the requirements of Directive 2008/50/EC and the harmonized
EN standards. This ensures the comparability of results across countries, high
measurement accuracy, and the possibility of integrating data into the European
Environment Information and Observation Network (Eionet)®.

% World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM..s and
PMio), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva : WHO, 2021. 290 p.

37 European Environment Agency. Air Quality Status Report 2025. Luxembourg : Publications Office of
the European Union, 2025.

3 Directive (EU) 2008/50 of the European Parliament and of the Council of 23 October 2008 on
ambient air quality and cleaner air for Europe (recast). Official Journal of the European Union. 2008.
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Reference Methods for Measuring Atmospheric Air Quality

One of the fundamental requirements of contemporary environmental
monitoring is the use of reference measurement methods that ensure high
accuracy, reproducibility, and metrological traceability of results.

One of the most important trends of the past decade has been the
widespread adoption of low-cost sensors, which have substantially expanded
the capabilities of environmental monitoring. The cost of such devices is many
times lower than that of professional reference monitoring stations, making it
possible to establish dense observation networks within cities, industrial zones,
and transport corridors.

Sensor networks are primarily based on laser optical sensors that determine
aerosol particle concentrations by measuring the intensity of light scattering.
They may additionally be equipped with electrochemical sensors for measuring
NO,, SO,, CO, and O,, as well as sensors for temperature, humidity, atmospheric
pressure, and wind speed.

Alongside the development of stationary networks, mobile monitoring
systems are becoming increasingly important. Measurement equipment is
installed on cars, public transport vehicles, bicycles, and even personal devices,
making it possible to obtain highly detailed spatial maps of air pollution.

A particularly promising area is the use of unmanned aerial vehicles
(UAVs). Equipped with compact gas analysers and particulate matter monitors,
drones can perform measurements at different altitudes and investigate areas
surrounding industrial facilities, waste disposal sites, fire-affected areas, or
accident sites. For Ukraine, this approach is becoming particularly relevant
due to the need for rapid environmental assessment of territories affected by
military activities.

In Ukraine, the modernization of atmospheric air monitoring systems
is gradually gaining momentum. Alongside the state observation network,
municipal automated monitoring stations, regional information systems,
and community-based sensor networks are being actively developed.
Local authorities, universities, research institutions, and non-governmental
organizations make a significant contribution to the implementation of modern
monitoring technologies.

At the same time, a number of challenges remain, including the insufficient
density of automatic monitoring stations, limited funding, varying levels of
metrological support, and the need to harmonize measurement methodologies
with European standards. The further development of Ukraine’s monitoring
system should involve the integration of state, municipal, and community-based
networks, the establishment of a unified digital platform for environmental data,
and the expanded use of modern information technologies.
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Automated atmospheric air monitoring systems form the foundation
of contemporary environmental management. The integration of reference
monitoring stations, sensor networks, Internet of Things (IoT) technologies,
mobile platforms, and unmanned aerial vehicles creates a multi-level observation
system capable of ensuring the rapid detection of pollution, forecasting
its development, and providing information support for environmental
management decisions. For Ukraine, the modernization of such systems is an
important prerequisite for alignment with European standards, improving the
effectiveness of environmental monitoring and control, and supporting post-war
environmental recovery?’.

Conceptual Framework for Remote Monitoring of Atmospheric Air

The rapid development of space technologies over the past two decades
has substantially transformed approaches to atmospheric air quality
assessment. Whereas traditional monitoring systems are primarily based on
networks of stationary ground-based observation stations, modern satellite
systems make it possible to obtain information on the spatial distribution of
atmospheric pollutants on an almost global scale. The integration of ground-
based measurements with remote sensing data provides a fundamentally
new level of environmental monitoring, which is particularly important for
assessing the transboundary transport of pollutants and analysing large-
scale wildfires, dust storms, volcanic eruptions, and other major natural and
anthropogenic events*® 4!,

The principal advantage of satellite monitoring is its ability to simultaneously
observe vast areas, including remote and difficult-to-access regions, marine
areas, and border zones. This makes it possible to obtain a comprehensive
picture of atmospheric conditions that cannot be provided solely by ground-
based measurements. Furthermore, satellite observations are particularly
important for countries with insufficiently developed networks of automated
monitoring stations, as they can partially compensate for the lack of ground-
based data.

At the same time, the contemporary scientific community emphasizes
that satellite data cannot fully replace ground-based measurements. Satellite
observations characterize the integrated state of the atmospheric column or
individual atmospheric layers and therefore require validation against ground-
based monitoring data. For this reason, an integrated approach combining

39 MowiTopuHT 3a0pyAHeHHs MOBITps Ha Teputopii Ykpainu. URL: https:/www.saveecobot.com/maps/
kharkiv).

4 European Environment Agency. Air Quality Status Report 2025. Luxembourg : Publications Office of
the European Union, 2025.
# World Meteorological Organization. State of Global Air Quality and Climate. Geneva : WMO, 2024.
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remote sensing data, automated monitoring stations, mathematical modelling,
and geoinformation analysis is considered the most effective.

Integration of Satellite and Ground-Based Observations

One of the key trends in contemporary atmospheric science is the
integration of satellite information with data obtained from automated ground-
based monitoring stations. This approach makes it possible to compensate for
the limitations inherent in each method when used separately. Ground-based
measurements provide high accuracy in determining pollutant concentrations
in the near-surface atmospheric layer, whereas satellite observations enable the
analysis of their spatial distribution on regional and global scales.

To integrate heterogeneous sources of information, geographic information
systems (GIS), spatial interpolation methods, data assimilation techniques, and
machine-learning algorithms are being increasingly applied. These approaches
make it possible to generate highly detailed maps of PM,,, PM,,, and other
pollutant concentrations even in regions with an insufficient number of ground-
based monitoring stations.

Satellite Monitoring under Wartime Conditions

For Ukraine, remote sensing of the atmosphere has acquired particular
importance since 2022. Data from Sentinel-5P, MODIS, and VIIRS satellite
instruments are extensively used to detect large-scale fires, assess the dispersion
of smoke plumes, and analyse the consequences of damage to industrial
facilities, oil depots, and energy infrastructure. The integration of satellite data
with atmospheric transport models makes it possible to assess potential pollutant
dispersion pathways and forecast their impacts on the territory of Ukraine and
neighbouring countries.

Furthermore, remote sensing is an important tool for post-war
environmental recovery. Satellite observations can be used to assess long-term
changes in atmospheric air quality, monitor the effectiveness of environmental
protection measures, and support the development of environmental policy at
the national level.

The most advanced monitoring systems are gradually evolving from separate
information platforms into integrated environmental ecosystems.

Their structure includes automated monitoring stations; networks of low-
cost sensors; unmanned aerial vehicles (UAVs); Copernicus and NASA satellite
systems; atmospheric mathematical models; geographic information systems
(GIS); artificial intelligence algorithms; digital twins of territories; and cloud-
based data processing services.

It is precisely the integration of all these components that enables the
transition from passive observation to proactive environmental management, in
which the system not only detects pollution but also forecasts its development,
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proposes potential response scenarios, and assesses the effectiveness of
management decisions.

For Ukraine, the implementation of artificial intelligence, Big Data, and
digital twin technologies represents one of the most promising directions for
modernizing the national environmental monitoring system. This is particularly
relevant in the context of post-war recovery, when there is a need to rapidly
assess atmospheric air quality, monitor the environmental consequences of
damage to industrial facilities, model the dispersion of pollutants, and provide
a scientific basis for environmental protection measures.

Promising directions for further development include the integration of
Ukrainian monitoring systems with the Copernicus and CAMS platforms;
the application of artificial intelligence algorithms for forecasting PMoa.s
concentrations; the development of digital twins for Ukraine’s largest cities; the
establishment of a national open environmental data platform; and the use of
unmanned aerial vehicles for rapid environmental monitoring* *.

Global Trends in Atmospheric Air Pollution and the Development of
Monitoring Systems

According to research conducted by IQAir, an international company that
annually assesses atmospheric air quality using data from a global network of
monitoring stations, air pollution remains one of the most serious environmental
threats of the modern era. Analysis of data from more than 30,000 monitoring
stations located in thousands of settlements across different countries indicates
systematic exceedances of the guideline levels for fine particulate matter (PMa.s)
recommended by the World Health Organization (WHO).

The analysis presented in the 2025 World Air Quality Report confirms the
persistence of adverse trends. The report was based on data from monitoring
stations located in 9,446 cities across 143 countries, territories, and regions
worldwide, providing the broadest geographical coverage achieved over
the entire period of such assessments. Compared with the previous year,
the monitoring network was expanded to include additional countries and
territories, thereby improving the representativeness of the global assessment
of atmospheric air quality.

The results demonstrate that only 14% of cities worldwide met the WHO
guideline for annual mean PM, concentrations, while 91% of countries and
territories exceeded the recommended level. These findings highlight the global

4 MowuiTopuHr 3abpyaHeHHs moBiTps Ha Teputopii Ykpainn. URL: https://www.saveecobot.com/maps/
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nature of the problem and the need for further improvement of environmental
policies at the international level*.

The countries with the highest levels of atmospheric air pollution include
Pakistan, Bangladesh, Tajikistan, Chad, and the Democratic Republic of the
Congo, where annual mean PM, , concentrations exceed WHO recommendations
severalfold. Loni, India, was identified as the world’s most polluted city, with
an annual mean PM,, concentration of 112.5 pg/m?, more than twenty times
higher than the recommended level. In contrast, the lowest concentration of
fine particulate matter was recorded in Nieuwoudtville, South Africa, where the
annual mean PM, ; concentration was only 1.0 pg/m?.

A distinctive feature of 2025 was that all twenty-five of the world’s most
polluted cities were located in India, Pakistan, and China, confirming the
exceptionally high concentration of environmental risks in South and East Asia.
At the same time, for the second consecutive year, no city in East Asia met the
WHO guideline for annual mean PM, ; concentrations.

Regional analysis revealed considerable variation in air quality trends. In
Europe, annual mean PM, ; concentrations increased in 23 countries in 2025,
while decreases were recorded in 18 countries. Seasonal deterioration in air
quality was significantly influenced by residential wood burning for heating, the
transboundary transport of smoke from large-scale wildfires in Canada, and the
transport of dust masses from the Sahara Desert.

Countries in Latin America and the Caribbean generally demonstrated
a positive trend, with annual mean PM, concentrations decreasing in most
cities. Oceania remained one of the cleanest regions in the world, with more
than 60% of cities meeting WHO recommendations, although certain climatic
events caused short-term seasonal deterioration in air quality.

One of the major factors contributing to the deterioration of atmospheric
air quality in 2025 was the occurrence of large-scale wildfires, the increasing
intensity of which is closely associated with climate change. Substantial
emissions from biomass burning resulted in the transboundary transport of
pollutants and the deterioration of atmospheric air quality across extensive
areas of North America and Europe. In particular, smoke from wildfires in
Canada adversely affected air quality not only within Canada itself but also in
the United States and several European countries.

The report also places particular emphasis on the development of global
atmospheric air monitoring systems. The discontinuation in 2025 of the air
quality monitoring programme supported by the U.S. Department of State

4 3iT npo skicte nositps IQAir y caiti 3a 2025 pik. URL: https://www.igair.com/newsroom/waqt-
2025-pr>.
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through its network of embassies and consulates resulted in a reduction in
the availability of open environmental data in many countries. According
to estimates by the Centre for Research on Energy and Clean Air (CREA),
monitoring capacity was weakened in 44 countries, while six countries were
temporarily left without functioning air quality monitoring networks.

These trends confirm that effective atmospheric air quality management is
impossible without the development of a modern environmental monitoring
system. Particular importance is attached to the implementation of automated
observation networks, the use of affordable sensor technologies, digital platforms
for processing environmental information, geographic information systems, and
artificial intelligence tools. The expansion of monitoring networks enables the
timely acquisition of reliable information on atmospheric air quality, facilitates
the early identification of environmental risks, enhances the effectiveness of
environmental policy, and provides a scientific basis for informed management
decisions aimed at reducing the adverse impacts of atmospheric pollution on
public health and the environment®.

Atmospheric Air Pollution in Ukraine: Current Challenges and Mitigation
Strategies

The main anthropogenic sources of atmospheric air pollution in Ukraine are
stationary and mobile sources. Stationary sources include industrial enterprises,
thermal power plants, boiler facilities, production complexes, and other
facilities whose activities are associated with substantial volumes of emissions.
Mobile sources are represented primarily by road transport, which in many
cities accounts for a major share of atmospheric air pollution and significantly
affects the quality of life of the population.

Statistical data indicate that between 2020 and 2025, substantial changes
occurred in both the structure and total volume of emissions of pollutants and
greenhouse gases in Ukraine. The analysis demonstrates the clear impact of
wartime events, the structural transformation of the economy, and changes in
the intensity of industrial activity*.

In 2020, the total volume of emissions amounted to 3,675.3 thousand
tonnes, representing one of the highest values recorded during the study period.
In 2021, emissions from stationary sources decreased to 2,239.8 thousand
tonnes, representing a reduction of approximately 39.1% compared with 2020
(3,675.3 thousand tonnes). This indicates that industrial pressure had already
begun to decline before the sharp decrease in economic activity observed in 2022.

# 3Bit npo skicte nositps IQAir y cairi 3a 2025 pik. URL: https:/www.iqair.com/newsroom/waqr-
2025-pr>.

4 JlepskaBHa ciyx0a CTaTHCTHKH YKpaiHH. BHKnIM 3a0pyaHIOIOYHX PEYOBHH i MAPHUKOBHX Tra3iB
y armocdepne nositpst. URL: https://www.ukrstat.gov.ua/.
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The most substantial changes occurred in 2022. Emissions from stationary
sources decreased to 1,190.9 thousand tonnes, representing a reduction of
almost half (—46.8%) compared with 2021. This decline can be attributed to
the full-scale war, the loss of control over parts of major industrial regions, the
destruction of production infrastructure, reductions in metallurgical and energy
production, and decreased transport activity.

In 2023, emissions increased slightly to 1,225.9 thousand tonnes, which may
be associated with the gradual adaptation of the economy to wartime conditions
and the partial resumption of operations at certain enterprises.

In 2024, emissions decreased again to 997.8 thousand tonnes, after which
they remained virtually stable at 998.4 thousand tonnes in 2025. The minimal
difference between the 2024 and 2025 values indicates the emergence of a new,
relatively stable level of anthropogenic pressure.

According to [1], the total volume of emissions from all sources amounted
to 3,677.7 thousand tonnes in 2021. In 2022, it decreased to 2,990.6 thousand
tonnes, followed by an increase to 3,053.1 thousand tonnes in 2023. In 2024,
the indicator declined again to 2,845.5 thousand tonnes, before increasing
slightly to 2,876.5 thousand tonnes in 2025.

Overall, over the five-year period, the total volume of emissions decreased
by approximately 21.8%, indicating a substantial reduction in anthropogenic
pressure on atmospheric air.

Specific emissions from stationary pollution sources characterize the
intensity of environmental pressure per unit area of the country.

In 2021, this indicator amounted to 3,884.4 kg/km? whereas in 2022 it
decreased to 2,065.4 kg/km?, representing a reduction of almost 46.8%. In
2023, a slight increase to 2,126.1 kg/km? was recorded, followed by a decline
to 1,730.5 kg/km? in 2024. The indicator remained virtually unchanged in 2025,
amounting to 1,731.6 kg/km? (Table 2).

A similar trend can be observed in total specific emissions per unit area.
While in 2021 they amounted to 6,378.2 kg/km?, in 2022 they decreased to
5,186.5 kg/km?. In 2023, a slight increase to 5,294.8 kg/km? was recorded;
however, in 2024 the indicator reached its lowest value during the study period,
at 4,934.9 kg/km?. In 2025, only a minor increase to 4,988.6 kg/km? was
observed (Table 2).

The results indicate that a new trend in atmospheric pollution dynamics
emerged in Ukraine during 2020-2025. Following the sharp reduction in
emissions in 2022, the indicators gradually stabilized at a lower level; however,
this should not be interpreted as evidence of a substantial improvement in the
environmental situation. The primary reason for the decline in emissions was
not the widespread implementation of environmentally friendly technologies
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or digital monitoring systems, but rather the reduction in industrial production,
the destruction of production facilities, and structural changes in the economy
resulting from the war.

At the same time, the relative stabilization of indicators in 2024-2025
creates preconditions for the transition towards a new model of environmental
management. In the context of post-war recovery, the implementation of
digital atmospheric air monitoring systems, automated observation networks,
geographic information technologies, Earth remote sensing, and artificial
intelligence tools is becoming particularly important. Their application will
not only improve the timeliness and efficiency of atmospheric air quality
monitoring but will also facilitate scientifically informed management
decisions in the field of environmental protection and support the alignment of
Ukraine’s environmental policy with European Union standards.

Prior to the onset of the full-scale war, the main hotspots of atmospheric air
pollution in Ukraine were major industrial centres, including Mariupol, Kryvyi
Rih, Zaporizhzhia, and Dnipro, where the predominant share of emissions
originated from metallurgical, energy, and chemical industries. In Kyiv, the
capital of Ukraine, road transport remained the principal source of atmospheric
air pollution, contributing to high concentrations of nitrogen oxides, carbon
monoxide, and particulate matter*’.

Table 2
Dynamics of Pollutant and Greenhouse Gas Emissions in Ukraine*
Baseline Statistical Indicator 2021 | 2022 | 2023 | 2024 | 2025

Amount of pollutant and greenhouse gas emissions

per unit area (stationary sources of pollution, kg/km?) 3884.412065.4|2126.1 | 1730.5| 1731.6

Amount of pollutant and greenhouse gas emissions

per unit area (total, kg/km?) 6378.2| 5186.5|5294.8 | 4934.9 | 4988.6

The full-scale military aggression has caused substantial changes in
the territorial distribution of industrial production. A considerable number
of enterprises have been relocated to safer regions of the country; however,
assessing their spatial distribution and the scale of their environmental impact
is complicated by restricted access to certain state registers. As a result,
environmental pressure is gradually shifting towards areas that were previously
characterized by relatively favourable atmospheric air quality. These regions

47 Xounaxk 1., Crunenko T. 3a0pynHeHHs arMocdepHOro moBITps B yMOBax BiiiHu B YkpaiHi. bionoriusi,
XIMIYHI Ta €KOJOTIYHI 3arpo3y IijJ yac BiliHM : KoJeKTHBHA MoHOrpadis / 3a 3ar. pex. B. B. Ilonosuua,
B. O. Ceprienka, H. O. IBanuenko. JIpBis : JITYBX], 2025. C. 391-399.

4 JlepskaBHa ciyx0a CTaTHCTHKH YKpaiHH. BHUKnIM 3a0pyAHIOIOYHX PEYOBHH i MAPHUKOBHX Tra3iB
y armocdepne nositpst. URL: https://www.ukrstat.gov.ua/.
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include Ternopil, Lviv, and Volyn oblasts, where increasing industrial activity is
accompanied by a growing potential risk of atmospheric pollution.
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Fig. 1. Dynamics of pollutant and greenhouse gas emissions in Ukraine

Despite the challenging socio-economic and security conditions,
atmospheric air pollution remains one of the most pressing environmental
problems in Ukraine. Addressing this issue requires the implementation of
a comprehensive set of organizational, technical, and management measures.
For stationary pollution sources, priority measures include the modernization
of technological processes, the introduction of highly efficient gas-cleaning
systems, automated emission monitoring systems and digital environmental
monitoring platforms, as well as improvements in the reporting system for
pollutant emissions.

Reducing the adverse impact of mobile pollution sources can be achieved
through the development of environmentally sustainable transport, an increase
in the share of electric vehicles and low-emission vehicles, improvements in
transport infrastructure, and incentives for the use of alternative fuels.

Environmental awareness among the population also plays an important
role in ensuring environmental safety. Although individuals cannot substantially
influence the scale of industrial emissions, they can monitor air quality
in residential and occupational environments, use modern air purification
technologies, and comply with safety requirements for the operation of
autonomous energy supply systems. This issue has become particularly relevant
due to the widespread use of generators, battery storage systems, and inverters,
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the improper operation of which may lead to the accumulation of hazardous
concentrations of combustion products and pose a threat to human health®.

4. Atmospheric Pollution and Climate Change

For a long time, the problems of atmospheric air pollution and global climate
change were regarded as two relatively independent areas of environmental
research. Atmospheric pollution was traditionally associated primarily with
local or regional impacts on public health, ecosystem functioning, and the state
of the natural environment, whereas climate change was interpreted as a global
process driven by the accumulation of greenhouse gases in the atmosphere.
However, the findings of fundamental research conducted over recent decades
have convincingly demonstrated that these processes are interconnected
components of the Earth’s integrated climate—atmosphere system™"°!.

The development of the contemporary scientific concept of the relationship
between atmospheric air quality and climate has been made possible by
advances in atmospheric physics, atmospheric chemistry, climate modelling,
and satellite monitoring. The reports of the Intergovernmental Panel on Climate
Change (IPCC) have played a particularly important role, demonstrating that
numerous atmospheric pollutants simultaneously affect both air quality and the
energy balance of the climate system. This applies primarily to black carbon,
tropospheric ozone, methane, and secondary aerosols, which contribute to
radiative forcing and alter the properties of the atmosphere.

Contemporary environmental science considers the atmosphere as a single
dynamic system in which physical, chemical, and biogeochemical processes
are in constant interaction. Pollutants released into the atmosphere as a result
of human activities not only deteriorate air quality but also alter atmospheric
circulation patterns, cloud formation processes, the albedo of the Earth’s surface,
the intensity of solar radiation, and the global water cycle. At the same time,
climate change affects the rates of photochemical reactions, the frequency
of extreme weather events, the scale of wildfires, dust storms, and other
processes that determine atmospheric pollutant concentrations. Thus, a complex
bidirectional mechanism of interaction between atmospheric pollution and
climate change is formed.

Contemporary International Scientific Framework

In the twenty-first century, international organizations have increasingly
adopted an integrated approach according to which policies aimed at improving

¥ HosikoB M. A., Xonmak 1. I IlpoGmema 3abpymHeHHs armocepHOro MOBITpS B VYKpaiHi.
Paoioenexmponixa ma monoov y XXI cmonimmi : marepianun 29-ro MixHap. momomix. (dopymy,
16-19 kBiths 2025 p. Xapkis : XHYPE, 2025. T. 2. C. 132-134.

30 IPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.
3! World Meteorological Organization. State of Global Air Quality and Climate. Geneva : WMO, 2024.
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atmospheric air quality and mitigating climate change should be regarded as
complementary components of sustainable development.

The World Health Organization emphasizes that reducing emissions of
fine particulate matter, nitrogen oxides, black carbon, and other atmospheric
pollutants simultaneously contributes to improvements in public health
and reductions in climate-related pressures. According to WHO estimates,
the implementation of integrated clean-air policies has the potential to
substantially reduce premature mortality associated with atmospheric pollution
while simultaneously contributing to the fulfilment of international climate
commitments.

Documents issued by the United Nations Environment Programme
(UNEP) and the World Meteorological Organization (WMO) emphasize that
combating atmospheric air pollution is one of the most effective approaches to
simultaneously achieving the environmental, social, and economic objectives
of sustainable development. Particular importance is attached to reducing
emissions of short-lived climate pollutants (SLCPs), among which black
carbon, methane, and tropospheric ozone play a leading role™ %3,

An important milestone was the publication of the IPCC Sixth Assessment
Report (AR6), which confirmed that anthropogenic influence is the dominant
driver of contemporary global warming. The report emphasizes that effectively
limiting the increase in global mean temperature is impossible without
comprehensive reductions in both greenhouse gas emissions and a range of
atmospheric pollutants that directly affect the Earth’s radiative balance.

The Ukrainian scientific community also devotes considerable attention to
the interaction between atmospheric pollution and climate change. Ukrainian
research institutions, including the Ukrainian Hydrometeorological Institute
of the State Emergency Service of Ukraine and the National Academy of
Sciences of Ukraine, the Borys Sreznevskyi Central Geophysical Observatory,
and specialized universities, are actively developing research on atmospheric
pollution assessment, climate modelling, the analysis of extreme weather events,
and climate change adaptation. These studies have become particularly relevant
under wartime conditions, which have substantially altered the structure of
atmospheric pollution sources and created new challenges for environmental
monitoring.

One of the most important trends in contemporary environmental policy
is the transition towards integrated atmospheric environmental management.
This approach implies that decisions concerning emission reductions, transport

52 World Meteorological Organization. State of Global Air Quality and Climate. Geneva : WMO, 2024.

53 United Nations Environment Programme. Global Environment Outlook 6: Healthy Planet, Healthy
People. Cambridge : Cambridge University Press, 2019. 708 p.
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development, energy systems, industry, land use, and urban planning should
simultaneously take into account their impacts on both air quality and the
climate system.

The practical implementation of this concept is reflected in the European
Green Deal, which aims to achieve climate neutrality by 2050, promote clean
energy, reduce greenhouse gas emissions, modernize the transport system,
and enhance the environmental resilience of cities. For Ukraine, integration
into European environmental policy provides opportunities to modernize
the atmospheric air monitoring system, develop a low-carbon economy, and
implement contemporary nature-based solutions (NbS)*.

An analysis of contemporary international and Ukrainian research indicates
that atmospheric air pollution and global climate change should be considered
interconnected processes within a single natural-anthropogenic system.
Atmospheric pollutants can influence climatic conditions by altering the
radiative balance, cloud formation, and biogeochemical cycles, while climate
change modifies the conditions governing the formation, transformation, and
dispersion of pollutants. Therefore, effective environmental policy in the
twenty-first century should be based on an integrated approach combining
measures to improve air quality, mitigate climate change, and adapt society to
emerging environmental challenges.

Climate-Forming Role of Atmospheric Pollutants

The Earth’s atmosphere is a complex physicochemical system in which
energy transfer, substance transformation, and interactions among gaseous
components, aerosols, clouds, and the underlying surface occur continuously.
The release of anthropogenic pollutants into the atmosphere substantially
alters these processes, affecting the radiative balance, atmospheric circulation,
cloud formation, and the global water cycle. For this reason, contemporary
climatology considers atmospheric pollutants not only as factors contributing
to the deterioration of air quality but also as major drivers of transformations
within the Earth’s climate system®,

The key mechanism underlying this influence is radiative forcing, which
refers to a change in the balance between the energy received from the Sun
and the energy emitted by the Earth back into space. If a particular substance
increases the retention of thermal radiation in the atmosphere, it produces
positive radiative forcing and contributes to warming. Conversely, if it reflects
or scatters incoming solar radiation, negative radiative forcing occurs, producing
a cooling effect. At the same time, the overall climatic effect is determined by

5 European Commission. The European Green Deal. Brussels : European Commission, 2019.
55 IPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.
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complex interactions among different groups of atmospheric constituents, their
concentrations, atmospheric lifetimes, and spatial distribution patterns.

According to current IPCC estimates, anthropogenic activities have already
caused an increase in global mean temperature of approximately 1.1°C compared
with the pre-industrial period (1850-1900), with rising greenhouse gas
concentrations being the primary driver of this process. However, short-lived
climate pollutants (SLCPs), aerosols, and products of photochemical reactions
also play a significant role in shaping the contemporary climate.

Greenhouse Gases as the Main Driver of Contemporary Global Warming

Greenhouse gases constitute the principal group of atmospheric components
determining the current pattern of climate change. Their ability to absorb
longwave infrared radiation emitted by the Earth’s surface produces the natural
greenhouse effect, without which the Earth’s average temperature would be
approximately 33°C lower. However, the sharp increase in the concentrations
of these gases as a result of anthropogenic activities has disrupted the natural
energy balance of the atmosphere.

Carbon dioxide (CO,) makes the largest contribution to contemporary global
warming. Its atmospheric concentration has increased from approximately
280 ppm during the pre-industrial period to more than 420 ppm in the
twenty-first century. The main sources include fossil fuel combustion, cement
production, land-use change, and deforestation. A distinctive feature of CO,
is its long persistence in the atmosphere, with its climatic influence extending
from decades to centuries.

Methane (CH,) is the second most important greenhouse gas. Although its
atmospheric concentration is substantially lower than that of CO,, methane has
a considerably greater global warming potential over the first decades following
its emission. An important characteristic of methane is its involvement in the
photochemical formation of tropospheric ozone, which enhances its indirect
climatic effect.

Nitrous oxide (N,O) is another important greenhouse gas, with its main
sources including the application of nitrogen fertilizers, agricultural production,
and certain industrial processes.

Fluorinated gases (HFCs, PFCs, SF, and others) constitute a separate
group and are used in refrigeration equipment, the electrical industry, and the
manufacture of specialized equipment. Their atmospheric concentrations remain
relatively low; however, the global warming potential of some compounds
within this group is thousands of times greater than that of carbon dioxide.

In addition to conventional greenhouse gases, increasing attention is
being paid to short-lived climate pollutants, which remain in the atmosphere
for periods ranging from several days to several decades but exert significant
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effects on both the climate system and public health. This group includes black
carbon, tropospheric ozone, methane, and certain organic aerosols.

A distinctive feature of these substances is that reducing their emissions
can produce rapid benefits both for improving atmospheric air quality and for
slowing the rate of global warming. For this reason, international organizations
regard the control of SLCP emissions as one of the most effective approaches
in contemporary climate policy*®.

Interactions Among Different Groups of Atmospheric Pollutants

The climatic effects of individual atmospheric pollutants cannot be
considered in isolation. Under real atmospheric conditions, pollutants interact
with one another, participate in photochemical reactions, modify aerosol
properties, and influence cloud formation processes.

It is precisely the multicomponent nature of atmospheric processes that
necessitates a comprehensive approach to assessing the impacts of different
pollutants on the climate system. Contemporary climate models increasingly
integrate atmospheric physics, chemistry, biogeochemical cycles, and socio-
economic development scenarios, enabling more scientifically robust predictions
of the consequences of different environmental policy options.

An analysis of contemporary research indicates that the climatic role
of atmospheric pollutants is determined not only by the magnitude of their
emissions but also by their physicochemical properties, atmospheric lifetime,
and interactions with other components of the climate system. Whereas
the traditional approach focused primarily on reducing CO, emissions,
contemporary international practice is increasingly oriented towards the
integrated management of different groups of pollutants. For Ukraine, this
implies the need to integrate decarbonization policies with programmes aimed
at improving atmospheric air quality, enhancing energy efficiency, modernizing
industry, and adapting to climate change.

Aecrosols as Regulators of the Earth’s Radiative Balance and Climate System

Aerosols are among the most important atmospheric components
influencing the current state of the climate system. Unlike greenhouse gases,
which primarily alter the thermal balance by absorbing longwave radiation,
aerosol particles interact simultaneously with both shortwave solar radiation
and longwave thermal radiation. Their effects depend on particle size, chemical
composition, shape, colour, concentration, and altitude in the atmosphere. This
multifactorial nature makes the quantitative assessment of aerosol impacts on
climate particularly complex and explains why aerosols remain one of the
major sources of uncertainty in contemporary climate models.

6 Jacob D. J. Introduction to Atmospheric Chemistry. Princeton: Princeton University Press, 1999.
266 p.
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According to their origin, atmospheric aerosols are classified as natural or
anthropogenic. Natural aerosols include sea-salt aerosols, desert dust, volcanic
ash, biological particles, and products of naturally occurring fires. Anthropogenic
aerosols are generated through fossil fuel combustion, industrial activities,
transport, biomass burning, and agricultural production. In contemporary
urbanized regions, anthropogenic sources account for a predominant share of
fine particulate matter (PM, ), which has particularly significant impacts on
both public health and climate processes®’.

A distinctive feature of aerosols is their ability to exert both cooling and
warming effects on the atmosphere. Light-coloured particles, particularly
sulfate aerosols, efficiently scatter incoming solar radiation back into space,
thereby increasing the albedo of the atmosphere and the Earth’s surface. This
produces negative radiative forcing, which partially offsets the warming caused
by the accumulation of greenhouse gases. Consequently, during the second half
of the twentieth century, intensive industrial sulfate pollution to some extent
masked the magnitude of global warming.

In contrast, black carbon has an exceptionally high capacity to absorb solar
radiation. Once released into the atmosphere, black carbon particles rapidly
heat up and transfer heat to the surrounding air, causing localized atmospheric
warming. Furthermore, when deposited on snow or ice surfaces, black carbon
substantially reduces surface albedo, thereby accelerating the melting of
glaciers and seasonal snow cover. This mechanism is particularly pronounced
in high-altitude regions and the Arctic, where even a relatively small reduction
in surface reflectivity can result in a substantial increase in the absorption of
solar energy.

The most extensively studied mechanism through which aerosols interact
with the climate system is their direct effect on the atmospheric radiative
balance. This effect involves changes in the amount of solar energy reaching
the Earth’s surface as a result of the scattering or absorption of radiation by
acrosol particles.

Sulfate, nitrate, and certain organic acrosols have high reflective properties
and produce a cooling effect. In contrast, black carbon actively absorbs solar
energy, thereby warming the atmosphere and altering the vertical temperature
distribution. Mineral dust occupies an intermediate position, as its radiative
properties depend largely on its mineralogical composition and particle size.

The overall direct effect of aerosols is determined not only by their
concentration but also by the relative proportions of different particle types. In

7 World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM..s and
PMio), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. Geneva : WHO, 2021. 290 p.

337



industrial regions, the cooling effect of sulfate aerosols tends to predominate,
whereas in areas characterized by intensive biomass burning and extensive use
of diesel fuels, the contribution of black carbon becomes considerably more
significant.

Equally important is the indirect effect of aerosols, which occurs through
their involvement in cloud formation. Most atmospheric aerosols act as cloud
condensation nuclei around which water vapour condenses to form cloud
droplets. As the number of such nuclei increases, a greater number of smaller
droplets are formed, enhancing cloud reflectivity and increasing the amount of
incoming solar radiation reflected back into space.

In addition to modifying the optical properties of clouds, aerosols also
influence cloud lifetime. Smaller droplets coalesce more slowly, which delays
precipitation formation and prolongs the lifetime of cloud systems.

Through the combined effects of direct and indirect interactions, aerosols
are capable of altering not only air temperature but also precipitation patterns,
monsoon characteristics, cyclone trajectories, and even the frequency of certain
extreme weather events®.

Despite substantial advances in climate modelling, aerosols remain one of
the major sources of uncertainty in projections of global climate change. The
principal reasons include difficulties in determining their chemical composition,
rapid transformation processes within the atmosphere, heterogeneous spatial
distribution, and complex interactions with water vapour, clouds, and natural
biogeochemical cycles.

The IPCC Sixth Assessment Report emphasizes that improving scientific
understanding of acrosol processes is one of the key directions in the development
of contemporary climatology. Particular attention is devoted to the integration
of satellite observations, ground-based monitoring, and numerical atmospheric
models, which makes it possible to reduce uncertainty in projections of future
climate scenarios.

The analysis conducted indicates that aerosols act as distinctive “regulators”
of the climate system, capable of both amplifying and mitigating the effects of
global warming. Unlike greenhouse gases, their influence is not unidirectional
and is determined by a complex combination of physical, chemical, and
meteorological factors. Therefore, contemporary environmental policy cannot
be based solely on reducing the concentrations of individual pollutants. It must
take into account the complex interactions between aerosol particles and the
climate system, the specific characteristics of regional atmospheric pollution,
and the potential secondary effects of environmental protection measures™.

% World Meteorological Organization. State of Global Air Quality and Climate. Geneva : WMO, 2024.
3 IPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.
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MECHANISMS OF AEROSOL EFFECTS ON THE EARTH'S CLIMATE SYSTEM
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Fig. 2. Mechanisms of Aerosol Effects on the Earth’s Climate System®” ¢! 62

Black Carbon as a Short-Lived Climate Pollutant

Among all atmospheric aerosols, black carbon (BC) occupies a particularly
important position and is classified by contemporary international organizations
as a short-lived climate pollutant (SLCP). Unlike most light-scattering aerosols,
black carbon actively absorbs solar radiation, causing atmospheric warming
and altering the atmospheric energy balance. According to estimates by the
Intergovernmental Panel on Climate Change (IPCC), black carbon is among the
most significant anthropogenic contributors to positive radiative forcing after
carbon dioxide, although its atmospheric lifetime typically ranges from only
a few days to approximately two weeks®.

The main sources of black carbon include the incomplete combustion of
fossil fuels, diesel engines, thermal power generation, residential heating with
solid fuels, the burning of agricultural residues, wildfires, and other biomass
combustion processes. In highly urbanized countries, road transport accounts
for a substantial share of black carbon emissions, whereas in regions where

% Vallero D. A. Fundamentals of Air Pollution. 5th ed. Amsterdam : Elsevier, 2014. 996 p.

o' Jacob D. J. Introduction to Atmospheric Chemistry. Princeton : Princeton University Press, 1999.
266 p.

2 MBoller D. Chemistry of the Climate System. Berlin; Boston : De Gruyter, 2014. 786 p.

8 IPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.
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wood and coal are traditionally used for household purposes, residential and
communal sources tend to predominate.

A distinctive feature of black carbon is its exceptionally high optical activity.

For Ukraine, the issue of black carbon has become particularly relevant in
the context of the full-scale war. Large-scale fires resulting from hostilities, the
destruction of industrial enterprises, oil depots, energy infrastructure facilities,
and residential buildings are accompanied by significant emissions of incomplete
combustion products, among which black carbon occupies a prominent place.
In addition to directly deteriorating air quality, these emissions may potentially
affect the regional radiation balance and climate processes, highlighting the need
for their systematic monitoring and integration into post-war environmental
recovery programs.

The analysis demonstrates that black carbon is a unique atmospheric
pollutant that simultaneously acts as a toxic component of fine particulate
matter and one of the most powerful short-lived climate forcers. Its impact
extends far beyond local air pollution and manifests itself through changes in
the radiation balance, snow-cover albedo, cloud microphysics, and regional
atmospheric circulation. For Ukraine, particularly during the war and post-
war periods, controlling black carbon emissions should become one of the
priorities of environmental and climate policy, as it provides a dual benefit:
rapid improvement in atmospheric air quality and a contribution to mitigating
the effects of global climate change® .

Sulfate and Organic Aerosols as Drivers of Climate-System Cooling

Among atmospheric aerosols, sulfate and organic aerosols occupy a special
place because, unlike black carbon, they predominantly produce negative
radiative forcing and temporarily mitigate the effects of global warming. Their
climatic effect is determined by their strong ability to scatter shortwave solar
radiation, thereby increasing atmospheric albedo and reducing the amount of
energy reaching the Earth's surface. Therefore, these aerosols are regarded
as one of the natural and anthropogenic mechanisms that partially offset the
warming caused by the accumulation of greenhouse gases.

Sulfate aerosols are formed primarily through the oxidation of sulfur
dioxide (SO,), which is released into the atmosphere during the combustion of
coal, fuel oil, and petroleum products, as well as from metallurgical production
and certain chemical processes. In addition to anthropogenic sources, volcanic
eruptions make a significant contribution to the formation of sulfate aerosols.

 MomiTopuHr 3a0pyiHeHHs noBiTps Ha Teputopii Ykpainu. URL: https:/www.saveecobot.com/maps/
kharkiv).

% Crox A., Xpyteba B. fIkicts atMocdeproro mosiTps B YkpaiHi 10 i Hif 4ac MOBHOMACHITAGHOTO
BTOprHeHHs. MixkHaponuuit poun Binpomkenns. Kuis, 2023. C. 5-24.
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A distinctive feature of sulfate aerosols is their high efficiency in scattering
solar radiation. They reflect part of the incoming energy back into space, thereby
reducing the warming of the Earth's surface. According to IPCC estimates,
sulfate aerosols provide the largest cooling contribution among anthropogenic
aerosols. However, this effect is short-lived, since the average atmospheric
lifetime of such particles is only a few days to several weeks®.

Along with their direct radiative effect, sulfate aerosols significantly influence
cloud formation processes. Due to their high hygroscopicity, they readily act as
cloud condensation nuclei, increasing the number of small droplets in clouds.
As a result, cloud reflectivity increases, cloud lifetime is prolonged, and the
spatial distribution of precipitation is altered. According to IPCC assessments,
this indirect effect through cloud modification remains one of the major sources
of uncertainty in contemporary climate projections®.

Organic aerosols constitute an extremely diverse group of atmospheric
particles composed of hundreds of organic compounds of different origins.
They are commonly divided into primary organic aerosols (POA), which are
emitted directly into the atmosphere, and secondary organic aerosols (SOA),
which are formed through photochemical reactions involving volatile organic
compounds.

Sources of organic aerosols include transport, industry, biomass combustion,
forest fires, agriculture, as well as natural biogenic processes. A significant
proportion of secondary organic aerosols is formed through the oxidation
of isoprene and monoterpenes emitted by vegetation. Thus, even natural
ecosystems contribute to the formation of the background concentration of
organic aerosols in the atmosphere.

The climatic effect of organic aerosols is more complex than that of sulfate
acrosols. Most organic particles scatter solar radiation and thereby contribute
to atmospheric cooling. At the same time, a specific group of organic aerosols,
known as brown carbon, is capable of absorbing part of the incoming solar
radiation, particularly in the ultraviolet and blue spectral ranges, thereby
producing a localized warming effect. Therefore, the overall climatic impact
of organic aerosols is determined by the balance between light-scattering and
light-absorbing components®.

Another important aspect is the interaction of organic aerosols with water
vapor. Some organic compounds increase the hygroscopicity of aerosol particles,
facilitating the formation of cloud droplets. Others, by contrast, reduce their

% TPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.
¢ IPCC. Climate Change 2023: Synthesis Report. Geneva, 2023.

6 Jacob D. J. Introduction to Atmospheric Chemistry. Princeton : Princeton University Press, 1999.
266 p.
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ability to act as condensation nuclei, thereby altering cloud microphysics. This
demonstrates the complex nature of interactions between organic matter and
atmospheric processes and explains why its role in the climate system continues
to be actively investigated.

One of the most important features of contemporary climate policy is the
so-called aerosol paradox. Measures aimed at reducing emissions of sulfur
dioxide and fine particulate aerosols undoubtedly improve atmospheric air
quality and reduce morbidity and premature mortality among the population.
However, at the same time, they diminish the cooling effect of atmospheric
aerosols, which has partially offset the warming caused by greenhouse gases.

Therefore, contemporary international policy is increasingly focused on an
integrated approach that involves the simultaneous reduction of greenhouse
gas emissions, black carbon, and other atmospheric pollutants. Only such an
integrated strategy can prevent undesirable climatic consequences and ensure
the achievement of the objectives of the European Green Deal and the Paris
Agreement®- 7.

Climate Change as a Factor Contributing to the Deterioration of Atmospheric
Air Quality

For a long time, atmospheric air pollution was regarded primarily as a driver
of global climate change. However, contemporary research demonstrates the
existence of a reverse cause-and-effect relationship: climate change itself
is becoming an important factor in the transformation of the atmospheric
environment and the deterioration of air quality. Therefore, in recent years, the
concept of “Climate—Air Quality Feedback” has been increasingly used in the
international scientific literature.

The increase in global mean temperature contributes to the intensification
of photochemical reactions in the troposphere, resulting in enhanced formation
of ground-level ozone and secondary organic aerosols. Rising temperatures
also increase the evaporation and emission of volatile organic compounds from
natural and anthropogenic sources, creating additional conditions conducive to
the formation of photochemical smog.

At the same time, the increasing frequency of heat waves, droughts, large-
scale forest fires, and dust storms is accompanied by a sharp increase in the
concentrations of fine particulate matter (PM,;), black carbon, and toxic
combustion products. Such phenomena are increasingly transboundary in
nature and are capable of affecting air quality far beyond the regions in which
they originate.

% European Commission. The European Green Deal. Brussels : European Commission, 2019.
" Paris Agreement. URL: https://unfccc.int/process-and-meetings/the-paris-agreement.
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For Ukraine, risks associated with longer periods of drought, increased
wildfire risk in natural ecosystems, degradation of soil cover, and changes
in atmospheric circulation patterns are becoming particularly relevant.
The combined effects of climate change, anthropogenic pressure, and the
consequences of military hostilities create new challenges for environmental
monitoring systems and atmospheric air quality management.

Thus, contemporary environmental policy should take into account the
bidirectional nature of the interaction between climate change and atmospheric
pollution, since the effectiveness of emission reduction measures directly
depends on future climatic conditions.

Adaptation Strategies for Atmospheric Air Quality Management under
Climate Change

Climate change adaptation is one of the key areas of contemporary
environmental policy. Unlike climate change mitigation measures aimed at
reducing anthropogenic emissions, adaptation strategies are designed to enhance
the resilience of natural and socio-economic systems to climate transformations
that have already become unavoidable.

In the field of atmospheric air protection, priority areas of adaptation include
the development of integrated monitoring systems, modernization of automated
observation station networks, widespread use of satellite-based Earth remote
sensing technologies, implementation of mathematical forecasting models,
and application of artificial intelligence algorithms for the rapid assessment of
environmental risks.

Equally important are Nature-based Solutions, which involve expanding
urban green spaces, creating ecological corridors, developing green roofs
and vertical greening systems, restoring wetlands, and optimizing the spatial
structure of urban areas. Such measures not only improve atmospheric air
quality but also contribute to reducing urban temperatures, enhancing carbon
dioxide sequestration, and increasing the resilience of urbanized areas to
extreme weather events’ 773,

Of particular importance for Ukraine is the integration of climate policy
into post-war recovery programs. The reconstruction of industry, transport
infrastructure, housing, and the energy sector should be carried out in
accordance with the principles of low-carbon development, resource efficiency,
and the European Green Deal. Such an approach creates the prerequisites for
simultaneously enhancing environmental security, improving atmospheric air
quality, and strengthening the country's climate resilience.

" European Commission. The European Green Deal. Brussels : European Commission, 2019.
2 Paris Agreement. URL: https://unfccc.int/process-and-meetings/the-paris-agreement.

3 European Centre for Medium-Range Weather Forecasts. Copernicus Atmosphere Monitoring Service
(CAMS): Global and Regional Air Quality Products. Reading: ECMWEF, 2024.
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The analysis has demonstrated that atmospheric pollution and global
climate change are interdependent processes that form an integrated natural—
anthropogenic system. Greenhouse gases, aerosols, short-lived -climate
pollutants, and secondary products of atmospheric chemistry affect the
Earth's radiation balance in different ways; however, their cumulative effect is
manifested in the transformation of climatic conditions, changes in atmospheric
circulation patterns, and an increasing frequency of extreme natural events.

It has been established that climate change, in turn, exacerbates atmospheric
air quality problems by intensifying photochemical processes, increasing the
scale of wildfires and dust storms, and enhancing secondary aerosol formation.
This confirms the existence of a persistent bidirectional relationship between
atmospheric pollution and the climate system.

The transition to an integrated model of atmospheric air quality management
that combines modern monitoring systems, mathematical modelling,
geoinformation technologies, satellite observations, and artificial intelligence
tools has been substantiated. Such an approach ensures the timely identification
of environmental risks, enhances the effectiveness of environmental protection
policies, and facilitates adaptation to climate change.

For Ukraine, the integration of environmental policy with post-war
recovery and European integration processes is of particular importance.
The implementation of the principles of low-carbon development, the digital
transformation of environmental monitoring, and the introduction of Nature-
based Solutions create the necessary prerequisites for ensuring environmental
security, improving public health, and achieving the Sustainable Development
Goals.

CONCLUSIONS

The study has demonstrated that atmospheric air pollution remains one of
the most significant environmental problems of the present day, characterized
by a pronounced global and transboundary nature and directly affecting public
health, the functioning of natural ecosystems, and climate processes. Increasing
anthropogenic pressure, urbanization, the development of industry, energy
production and transport, the use of fossil fuels, as well as the growing frequency
of natural and anthropogenic emergencies necessitate further improvement of
atmospheric air protection mechanisms.

It has been established that the current structure of atmospheric pollution
is shaped by both stationary and mobile sources, whose contributions vary
considerably depending on the level of industrialization, the structure of the
energy sector, transport intensity, and the natural and climatic characteristics
of a particular area. Among the priority pollutants, particulate matter (PMoa.s
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and PM,)), nitrogen and sulfur oxides, ground-level ozone, carbon monoxide,
volatile organic compounds, heavy metals, and black carbon pose particular
environmental hazards. A significant proportion of these components are
characterized not only by their toxic effects on the human body but also by their
ability to participate in complex physicochemical processes in the atmosphere.

The problem of fine particulate matter, particularly PM..s and PM,, is of
particular importance. The small size of these particles contributes to their
prolonged residence in the atmosphere, long-range transport, and penetration
into the human respiratory system. An analysis of global trends confirms
that PM..s concentrations in a considerable number of countries and cities
remain above the levels recommended by the World Health Organization. This
necessitates strengthened control over sources of particulate matter emissions
and the expansion of continuous monitoring networks.

Black carbon is an important component of atmospheric aerosols,
combining the properties of an air pollutant and a short-lived climate forcer.
Its formation is primarily associated with the incomplete combustion of fossil
fuels and biomass. Reducing black carbon emissions can provide a dual benefit:
improving atmospheric air quality and reducing the adverse anthropogenic
impact on the climate system.

The study has also confirmed the close relationship between atmospheric
air pollution and climate change. Rising temperatures, changes in atmospheric
circulation patterns, droughts, heat waves, dust events, and the increasing scale
of wildfires can contribute to the accumulation and transport of pollutants. At
the same time, certain atmospheric components affect the Earth's radiation
balance and climate processes. This substantiates the need to integrate air quality
management policies with climate change mitigation and adaptation measures.

The analysis of the situation in Ukraine has revealed a substantial
transformation in the structure of anthropogenic pressure on atmospheric
air under the conditions of the full-scale war. Statistical data demonstrate an
overall reduction in emissions compared with the pre-war period. However,
this trend should not be interpreted unequivocally as an indication of improved
environmental efficiency of the economy. To a considerable extent, it is
associated with declining industrial production, the destruction or shutdown of
enterprises, changes in the structure of energy consumption, the occupation of
parts of the country's territory, and incomplete statistical reporting. At the same
time, military hostilities have created new sources of pollution associated with
fires, explosions, the destruction of industrial and energy infrastructure, and the
use of autonomous energy supply systems.

It has been established that one of the key areas for improving atmospheric
air protection is the modernization of the environmental monitoring system.
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The traditional model, based predominantly on stationary observation stations,
no longer fully meets the requirements of operational air quality management.
An integrated model combining reference and automated monitoring stations,
sensor networks, mobile measurement systems, satellite observations,
geographic information systems, and mathematical modelling represents
a promising approach.

For Ukraine, the modernization of the atmospheric air monitoring system
should be carried out in accordance with European principles and standards,
ensuring the compatibility of national information systems with European
platforms and making extensive use of the capabilities provided by Copernicus
and the Copernicus Atmosphere Monitoring Service (CAMS). Important
prerequisites for the effectiveness of such a system include open access to
environmental information, spatial expansion of the monitoring network,
automation of data transmission, and ensuring data accessibility for public
authorities, researchers, and the general public.

Thus, a prospective model of atmospheric air protection should be based on
a comprehensive combination of emission reduction measures, the development
of a modern monitoring system, the digitalization of environmental information,
and the integration of climate and environmental protection policies. For
Ukraine, the implementation of such an approach is particularly important in
the context of European integration and post-war recovery. The reconstruction
of industry, the energy sector, and transport infrastructure should be based
on the principles of environmental modernization, decarbonization, and the
application of modern emission control technologies.

The further development of automated and digital observation systems, the
integration of ground-based and satellite data, and the application of geographic
information technologies and artificial intelligence create the prerequisites for
establishing a fundamentally new atmospheric air quality management system.
Its implementation will contribute to the timely identification of environmental
risks, improve the evidence base for management decisions, reduce the adverse
effects of pollution on public health, and ensure the environmentally safe and
sustainable development of Ukraine.

SUMMARY

The current state and key trends in atmospheric air pollution are investigated
in the context of increasing anthropogenic pressure and global climate change.
The main natural and anthropogenic sources of air pollution are systematized,
and the environmental hazards associated with priority pollutants, including
particulate matter (PM..s and PM,;), nitrogen and sulfur oxides, ground-
level ozone, and black carbon, are characterized. The impacts of atmospheric
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pollutants on public health, natural ecosystems, and climate processes are
analyzed. Global and national trends in atmospheric air quality are examined,
with particular attention to the transformation of anthropogenic pressures in
Ukraine under wartime conditions. Contemporary approaches to atmospheric air
monitoring are summarized, and the prospects for the application of automated
monitoring stations, sensor networks, Earth remote sensing, and geographic
information technologies are identified. Particular attention is given to the
digitalization of monitoring and the application of Internet of Things (IoT), Big
Data, machine learning, and artificial intelligence technologies for air quality
analysis and forecasting. The need to establish an integrated atmospheric air
monitoring system in Ukraine in accordance with contemporary European
approaches and the objectives of environmentally sustainable post-war recovery
is substantiated.
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CHAPTER 16

CONSUMERS’ SELF-EXTENSION AND EXPERIENCES
OF SWITCHING TO MORE SUSTAINABLE
FOOD-RELATED PRODUCTS

Svietlichna Mariia, Hjelm Jonathan, Wijesinghe P. G. Sachini D.
DOI https://doi.org/10.30525/978-9934-26-714-7-16

INTRODUCTION

Environmental challenges increasingly shape everyday consumer behaviour,
particularly in relation to food, packaging and household products. Chemical
exposure, plastic pollution and climate change have moved sustainability from
a specialist ethical concern into mainstream consumer culture'. Food-related
choices are therefore no longer guided solely by price or convenience; they
are also connected to environmental responsibility, personal health, ethical
positioning and consumers’ understanding of themselves.

Sustainable consumption is especially relevant in food-related contexts
because food quality, packaging materials and product transparency are directly
connected to both individual well-being and environmental impact. Consumers
may seek organic products, reduce plastic packaging, choose reusable containers
or prefer minimally processed food not only because these practices are
perceived as environmentally responsible, but also because they are associated
with safety, health and a preferred way of life>. Sustainable consumption can
therefore be understood as a practice through which consumers express values
and construct coherence between their everyday choices and their self-concept®.

Despite growing awareness of environmental and health-related issues,
the transition to sustainable food consumption remains complex. Consumers
often encounter tensions between sustainability values and practical constraints,
including price, convenience, availability, established habits and uncertainty

' Bengtsson M., Alfredsson E., Cohen M., Lorek S., Schroeder P. Transforming systems of
consumption and production for achieving the sustainable development goals: moving beyond efficiency.
Sustainability Science. 2018. Vol. 13, No. 6. P. 1533-1547. DOI: 10.1007/s11625-018-0582-1.

2 Axmaji A., Cemtiuna M. 1. TaeMHHI OBroJiTTS WBE/IB: CIUIKYBaHHS, CIIOPT Ta HACOJIO/A KUTTAM.
Monoouii guenuii. 2024. Ne 4 (128). C. 14-16. DOI: 10.32839/2304-5809/2024-4-128-31.

3 Belk R. W. Possessions and the extended self in consumer behavior. Journal of Consumer Research.
1988. Vol. 15, No. 2. P. 139-168. URL: https://www.jstor.org/stable/2489522.
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about product information. This tension is commonly described as the attitude-
behaviour gap: consumers may express positive attitudes towards sustainability
while their actual purchasing decisions remain shaped by practical and
contextual factors. Sustainable consumption should therefore not be treated as
a simple consequence of environmental awareness, but as a negotiated process
in which health concerns, sustainability values, social influence and everyday
constraints interact®.

Existing research has shown that sustainable consumption may carry
symbolic meaning and contribute to consumers’ identity construction’.
However, much of the literature focuses on behavioural intentions, purchase
outcomes or quantitative patterns of adoption. Less attention has been given to
how consumers personally experience the transition towards sustainable food-
related products and how they interpret these practices in relation to health,
sustainability and self-extension. In particular, there remains limited qualitative
research on how concerns about plastic packaging, processed food, artificial
ingredients and product materials become connected to consumers’ values,
everyday routines and sense of self.

This study addresses this gap by examining how consumers experience the
transition towards more sustainable food-related consumption. It focuses on
everyday practices, including choosing organic food, reducing plastic packaging,
using reusable kitchen solutions and preferring natural or minimally processed
products. The study applies Extended Self Theory and Self-Congruity Theory to
examine how sustainable consumption becomes connected to identity, personal
values and self-perception.

The aim of this study is to explore how consumers experience the transition
towards more sustainable food-related consumption and how health concerns
and sustainability values contribute to self-extension and identity construction.

The study is guided by the following research questions:

(RQ1) How do consumers engage in self-extension through sustainable
food consumption, including organic food choices and reduced use of plastic
packaging?

(RQ2) How do health concerns and sustainability values shape this process
of self-extension and the construction of the extended self?

The study also relates to Sustainable Development Goal 3, “Good Health and
Well-being”, and Sustainable Development Goal 12, “Responsible Consumption

4 Johnstone M.-L., Tan L. P. Exploring the gap between consumers’ green rhetoric and purchasing
behaviour. Journal of Business Ethics. 2020. Vol. 132, No. 2. P. 311-328. DOI: 10.1007/
s10551-014-2316-3.

> Chwialkowska A. An interplay of the consumption values and green behavior. Business Strategy and
the Environment. 2024. URL: https://www.diva-portal.org/smash/get/diva2:1823835/FULLTEXTO02.pdf.
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and Production”. These goals provide a broader context for examining how
food-related consumption practices can be associated with healthier everyday
choices and reduced environmental impact.

1. Theoretical Framework and Literature Review. Self-Congruity Theory

Self-Congruity Theory explains how consumers evaluate and select products
in relation to their self-concept. Consumers are more likely to prefer products,
brands and consumption practices that correspond with how they see themselves
or how they wish to be perceived by others. Product choice is therefore not
only functional; it may also communicate personal values, desired identities
and social positioning.

In the context of sustainable food consumption, self-congruity helps
explain why consumers may choose organic food, reusable containers, glass
packaging or products with perceived natural ingredients. These choices can
reflect a consumer’s desire to act consistently with values related to health,
environmental responsibility and ethical consumption. A consumer who
considers themselves health-conscious may prefer products perceived as less
processed or less harmful, while an environmentally conscious consumer may
seek to reduce plastic use or choose products with sustainable packaging.

Self-congruity also includes social dimensions. Consumers may select
sustainable products because these choices correspond with the image they
wish to present to family members, colleagues, friends or wider social groups.
Sustainable consumption can therefore become a symbolic practice through
which individuals communicate that they are responsible, health-oriented,
environmentally aware or aligned with particular lifestyles. At the same
time, the relationship between values and purchasing behaviour is not always
consistent, because consumers also face price constraints, limited availability
and convenience-based decisions.

Consumer decision-making is shaped by social norms, reference groups
and cultural expectations®. Family members, friends, colleagues, social media
content and educational experiences may influence what consumers regard
as normal, desirable or responsible. Sustainable practices can receive social
validation when they are visible within reference groups, while consumers may
also experience discomfort when their choices diverge from perceived social
norms’.

¢ Confente 1., Scarpi D., Russo I. Marketing a new generation of sustainable products: The role of
brand symbolism and consumer values. Journal of Business Research. 2020. Vol. 112. P. 203-215. URL:
https://www.sciencedirect.com/science/article/pii/S0148296319306186.

7 Csermiuna M. I, Cenniunnii 1. B. Enigmatic realm of global tourism production system. Morooui
suenuil. 2023. Ne 12 (124). C. 111-114. DOI: 10.32839/2304-5809/2023-12-124-18.
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This social dimension is particularly relevant to sustainable consumption
because consumers often evaluate their food-related practices not only in
relation to personal preferences but also in relation to the expectations and
visible behaviours of significant others.

Extended Self Theory provides a framework for understanding how
possessions, objects and everyday routines become connected to identity.
According to this perspective, the self extends beyond the physical individual to
include objects, habits and practices that carry personal meaning. Consumption
is therefore not merely a practical activity; it can become part of how individuals
construct, reinforce and express who they are.

In sustainable food-related consumption, repeated practices may gradually
become incorporated into the extended self. Choosing reusable kitchen products,
reducing plastic packaging, purchasing local food, composting, avoiding
highly processed products or using glass containers may initially be practical
decisions. When these actions are repeated and associated with values such
as responsibility, health, safety or environmental care, they may become part
of consumers’ everyday identity. Sustainable practices are thus not necessarily
isolated purchasing decisions; they can form routines through which individuals
express broader moral priorities and preferred ways of living?®.

From a practice-oriented perspective, sustainable consumption is maintained
not by isolated purchasing decisions but by repeated routines involving shopping,
food preparation, storage and waste management. Repetition can transform
initially practical choices, such as carrying reusable bags or selecting glass
containers, into familiar elements of everyday life. When these routines are
consistently linked to values of health, responsibility and environmental care, they
may support the incorporation of sustainable practices into the extended self’.

The extended self is not fixed. Consumers may adopt, adjust or abandon
practices as their circumstances, values and social environments change.
Sustainable consumption is consequently best understood as a gradual
and negotiated process rather than an immediate identity transformation.
Consumers may identify with sustainability while still choosing less sustainable
alternatives when price, convenience, availability or familiar routines become
more influential. This tension does not invalidate sustainable values; instead,
it illustrates how identity construction through consumption is shaped by
competing priorities in everyday life.

8 Shove E., Pantzar M., Watson M. The dynamics of social practice: Everyday life and how it changes.
London : SAGE Publications, 2012. DOI: 10.4135/9781446250655.

® Ceemmiura M. L. Global tourism production systems: topical issues. [ymanimapnui
i inHoSayitinull pakypc npogeciiinoi maiicmepHocmi: noutyku monooux euenux. 2023. DOI:
10.36059/978-966-397-357-9-53.
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However, identity-related values do not automatically result in consistent
sustainable behaviour. The relationship between self-image, environmental
intentions and everyday consumption may be disrupted by price, product
availability, convenience, established routines and uncertainty about product
claims. This discrepancy, often described as the attitude-behaviour gap,
indicates that sustainable consumption should be understood as a negotiated
process rather than a direct expression of individual values.

2. Health, Social Influence and Barriers to Sustainable Consumption

Sustainable food consumption is increasingly motivated by both
environmental concern and personal health. Consumers may associate plastic
packaging, artificial ingredients, highly processed food and chemical exposure
with perceived health risks, while organic food, natural materials and reusable
products may be associated with safety, cleanliness and well-being. Health-
related motivations can be particularly immediate because they concern the
consumer’s body, family and everyday routines.

Environmental and health concerns should not be treated as separate or
competing motivations. In food-related consumption, they frequently overlap.
Reducing plastic packaging may be understood as a way to limit environmental
waste and reduce perceived exposure to harmful substances. Choosing fresh
or minimally processed food may be associated with personal health as well
as lower environmental impact. Sustainable food consumption therefore often
reflects an integrated set of values in which self-care and environmental
responsibility reinforce one another.

However, health-related and sustainability-related choices are shaped
by uncertainty. Consumers are exposed to information from social media,
advertising, family members, schools, health professionals and online platforms.
These sources may provide useful knowledge but may also create confusion
when claims about food, packaging and health risks are inconsistent or difficult
to verify. Consumers must therefore interpret competing information while
making routine decisions under practical constraints.

At the same time, sustainable consumption is constrained by structural
and practical barriers. Price, product availability, convenience, limited time,
habits and lack of trust in sustainability claims can prevent consumers from
acting consistently with their values. These factors help explain the attitude-
behaviour gap, in which positive views about sustainability do not always lead
to sustainable purchasing behaviour. Sustainable food consumption should
therefore be conceptualised as a complex process shaped by individual values,
identity-related meanings, social influence and everyday constraints'’.

1 Wijesinghe P. G. S. D., Baduge D. C. N, Cerniuna M., Date M., Tusha R. Luxury wellness and
medical tourism: A sustainable hospitality concept for Oland. Grail of Science. 2025. DOI: 10.36074/
grail-of-science.23.05.2025.153.
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Extended Self Theory and Self-Congruity Theory together provide an
appropriate framework for examining this process. Self-Congruity Theory
explains how sustainable choices may align with consumers’ self-image and
desired identity, while Extended Self Theory explains how repeated consumption
practices may become integrated into everyday routines and the extended self.
Together, these theories support an analysis of sustainable food consumption
as an identity-related process shaped by health concerns, sustainability values,
social meaning and practical realities.

Methodology. This study adopts a qualitative, interpretivist approach to explore
how consumers experience and interpret the transition towards more sustainable
food-related consumption. The approach focuses on subjective meanings, personal
experiences and socially constructed understandings of the relationships between
food choices, health, environmental responsibility, identity and everyday life.

The research uses focus group discussions as the primary method of data
collection. Focus groups were selected because they allow participants to
discuss their experiences, compare views and respond to the perspectives of
others. This interaction is particularly relevant for sustainable consumption
because consumer choices are influenced not only by individual preferences but
also by social norms, shared knowledge, family practices and peer expectations.

The study included three digitally conducted focus groups involving
a total of nineteen participants. The first and second groups each included six
participants, while the third group included seven participants. Participants
were recruited through purposive sampling. The sampling strategy focused
on consumers who had an interest in sustainable food-related consumption,
personal health or environmentally conscious practices, including the use of
organic food, reusable kitchen products or reduced plastic packaging.

Table 1
Overview of focus group discussions
Focus - . .
group Date Platform | Participants | Duration Participant profile
Focus 25 April | Microsoft 6 80 minutes Participants from Ukraine
Group 1 2026 Teams and Sweden; aged 18-78
Focus 26 April | Microsoft 6 90 minutes Participants from Sri Lanka
Group 2 2026 Teams and Sweden; aged 18-58
Focus | 28 April Google 120 Particip ants from Ukraine,
Group 3 2026 Mect 7 minutes France, Sri Lanka and Sweden;
P aged 19-48
Total B Online 19 290 Four countries; mixed-gender
minutes sample; age range 18-78

Source: compiled by the authors based on focus-group discussion records.
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In total, the study generated 290 minutes of group discussion across three
online focus groups, involving nineteen participants from Ukraine, Sweden, Sri
Lanka and France.

Semi-structured discussion guides were used to ensure that all groups
addressed the central research themes while allowing participants to introduce
additional experiences and reflections. The discussions focused on personal
health, sustainability values, food and packaging choices, identity, social
influence, future aspirations and barriers to sustainable consumption. The
digital format enabled participation by individuals from different backgrounds
and locations.

The discussions lasted 80, 90 and 120 minutes, respectively. Participants were
informed about the purpose of the study, the voluntary nature of participation
and their right to withdraw. Anonymity and confidentiality were maintained
throughout the research process. Because some participants preferred not to be
audio-recorded, the empirical material consisted of detailed discussion notes
and anonymised summaries prepared by the moderators rather than verbatim
transcripts. Accordingly, the findings should be interpreted as contextual
thematic insights rather than verbatim representations of participants’ wording.

The material was analysed through thematic analysis. This approach was
used to identify, organise and interpret recurring patterns across the focus
groups. The analysis focused on themes related to self-extension, health
concerns, sustainability values, symbolic meanings of food and packaging,
social influence, practical barriers and the gradual adoption of sustainable
practices. Extended Self Theory and Self-Congruity Theory informed the
interpretation of how participants connected everyday consumption practices
with identity, self-perception and desired lifestyles. Table 2 summarises how
participants connected particular food-related practices with symbolic meanings
and identity-related processes''.

Empirical Findings and Analysis. The thematic analysis identified
recurring patterns concerning health-related motivations, environmental
responsibility, symbolic meanings of materials and food, social influence, and
practical barriers to sustainable consumption. Table 2 presents the relationship
between the practices reported by participants, the meanings attributed to them,
and their relevance to identity and self-extension.

These thematic patterns provide the empirical basis for the conclusions
presented below.

Overall, the focus-group discussions suggest that sustainable food-related
consumption was experienced as a gradual rather than a uniform transition.

" Nowell L. S, Norris J. M., White D. E., Moules N. J. Thematic analysis: Striving to meet the
trustworthiness criteria. International Journal of Qualitative Methods. 2017. Vol. 16, No. 1.
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Participants connected sustainable practices with health, environmental
responsibility and preferred identities, but their ability to maintain these
practices was shaped by price, availability, convenience, habits and social
context. These findings are not statistically generalisable; instead, they
provide context-specific insight into how participants interpreted sustainable
consumption in everyday life.

Table 2

Sustainable practices, symbolic meanings and identity processes

Sustainable practice

Meaning attributed by
participants

Link with identity and self-extension

Avoiding plastic
packaging; choosing
glass, stainless steel
or ceramic

Cleanliness, safety, reduced
perceived chemical exposure
and environmental care

Repeated use of alternative materials
may embody a health-conscious

and environmentally responsible
self-image

Buying organic,
local or minimally
processed food

Naturalness, authenticity,
quality and care for personal
well-being

Food choices align consumption with
a preferred health-oriented identity

Reusing bags,
jars and kitchen
containers

Responsibility, thrift, waste
reduction and routine care

Repetition transforms practical actions
into normalised everyday practices

Cooking at home and
reducing food waste

Control over ingredients, self-
care and responsible domestic
practice

Household routines become part of an
individual’s lifestyle narrative

Using reusable items
in workplaces or
public settings

Professionalism, social
responsibility and role-model
behaviour

Visible choices support social
recognition of a sustainable identity

Source: compiled by the authors based on focus-group discussions.

CONCLUSIONS

This study examined consumers’ experiences of the transition towards
more sustainable food-related consumption and the role of health concerns
and sustainability values in processes of self-extension and extended self-
construction. The findings suggest that sustainable food consumption is better
understood as an ongoing identity-related process than as a series of isolated
purchase decisions. Participants described gradual changes in everyday routines,
including reducing plastic packaging, choosing organic or minimally processed
food, using reusable kitchen products and preferring materials perceived as
safer or more natural. These practices were not described solely as functional
choices; they were also connected to how participants understood themselves
and the lifestyles they wished to maintain.
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The findings address RQ1 by indicating that sustainable food-related
practices may contribute to self-extension when they are repeated, personally
meaningful and incorporated into everyday routines. Participants associated
glass, wood, stainless steel, local food and minimally processed ingredients
with cleanliness, safety, naturalness, authenticity and responsibility. In contrast,
plastic packaging and highly processed food were often associated with
perceived risks, artificiality and discomfort. These associations suggest that
participants evaluated food-related products not only according to practical
utility, but also according to their fit with a desired self-image. Sustainable
consumption therefore emerged as a form of identity-related practice through
which repeated actions could gradually become part of the extended self.

The findings also address RQ2 by showing that participants frequently
described health concerns as an immediate motivation for changing food-
related consumption practices. Participants referred to perceived risks connected
with plastic food packaging, food storage, artificial ingredients and highly
processed products. Environmental concern often coexisted with these health-
related considerations. Rather than functioning as competing motivations,
health and sustainability appeared to operate as complementary values:
sustainable practices were understood both as forms of self-care and as ways of
reducing environmental harm. This relationship was particularly visible when
participants discussed reducing plastic packaging, choosing reusable containers
and preferring fresh, organic or minimally processed food.

Social influence also played an important role in how sustainable
consumption was interpreted and adopted. Participants referred to family
members, colleagues, social media, online information and educational
settings when discussing what they considered normal, responsible or desirable
consumption behaviour. These influences could encourage sustainable practices
by providing role models, information and social validation. At the same
time, participants described uncertainty and pressure arising from conflicting
information, expectations and perceived social norms. The findings therefore
suggest that sustainable consumption is not solely an individual process; it is
also socially negotiated through reference groups, visible practices and shared
understandings of responsible behaviour.

The transition towards sustainable food-related consumption was constrained
by practical barriers. Participants referred to price, limited availability, convenience,
established habits and uncertainty about sustainability claims as reasons why their
everyday decisions did not always correspond with their sustainability ideals.
These findings are consistent with the attitude-behaviour gap, whereby positive
attitudes towards sustainability do not necessarily result in consistent sustainable
behaviour. Within this study, the discrepancy did not simply reflect a lack of
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commitment. Instead, it reflected the need to negotiate between personal values,
economic conditions, product availability and routine practices'.

The findings are relevant to Sustainable Development Goal 3, Good Health
and Well-being, because participants linked food quality and packaging choices
with everyday health-oriented practices. They are also relevant to Sustainable
Development Goal 12, Responsible Consumption and Production, because
reusable products, reduced packaging and lower food waste were interpreted as
practical expressions of responsible consumption.

Overall, the findings frame sustainable food-related consumption as a gradual
and context-dependent identity process. Sustainable practices may become part
of the extended self through repetition, symbolic meaning and social validation,
while their adoption remains shaped by health concerns, environmental values,
social influence and everyday constraints. Sustainable food consumption is
therefore not only an environmental practice or a purchasing decision. It
is a way through which consumers may connect personal well-being, moral
responsibility and everyday consumption choices.

SUMMARY

This chapter investigates consumers’ experiences of transitioning towards
more sustainable food-related consumption, with a focus on identity and self-
extension in everyday practices. Drawing on Extended Self Theory and Self-
Congruity Theory, the study examines how practices such as using reusable
kitchenware, purchasing organic food and reducing plastic packaging become
connected to consumers’ self-perception, values and identity. The study uses
a qualitative interpretivist research design based on three focus group discussions
with nineteen participants who expressed an interest in environmentally
conscious consumption.

The findings suggest that participants did not perceive sustainable
consumption solely as a functional activity. Instead, they often associated
sustainable food-related practices with personal identity, health, responsibility
and preferred lifestyles. Participants frequently described concerns about
perceived health risks related to microplastics, chemicals and highly processed
food as immediate motivations for changing their consumption practices.
Environmental concerns commonly complemented these health-related
motivations. However, price, limited product availability, convenience and
established habits sometimes constrained participants’ ability to act consistently
with their sustainability values, reflecting an attitude-behaviour gap.

12 Johnstone M.-L., Tan L. P. Exploring the gap between consumers’ green rhetoric and purchasing
behaviour. Journal of Business Ethics. 2020. Vol. 132, No. 2. P. 311-328. DOI: 10.1007/
s10551-014-2316-3.
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The study concludes that sustainable food consumption is an identity-related
and socially negotiated process shaped by health concerns, environmental
values, social norms and everyday constraints. The findings have implications
for marketing, policy and regulatory initiatives aimed at supporting the
normalisation of healthy and sustainable consumption practices.
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CHAPTER 17

ASSESSMENT OF THE CUMULATIVE

IMPACT OF WIND STATIONS ON SEASONAL
BIRD COMPLEXES WITHIN THE BOUNDARIES
OF MAN-MADE TERRITORIES

OF THE NORTHWESTERN AZOV REGION

Sydorenko Andrii
DOl https://doi.org/10.30525/978-9934-26-714-7-17

INTRODUCTION

Bird migration corridors are among the most important ecological
components to be considered during the planning and operation of wind energy
facilities. Although wind power plays a key role in reducing greenhouse gas
emissions and supporting the transition to renewable energy, poorly sited
wind farms may adversely affect birds through collision mortality, habitat
displacement, and barrier effects. Consequently, understanding the spatial
and temporal characteristics of bird migration is essential for minimizing
environmental impacts while ensuring sustainable wind energy development.

The Azov-Black Sea region of Ukraine represents one of the major
migratory systems in Eastern Europe, forming part of the Adriatic-Black Sea
flyway that connects breeding grounds across northern Eurasia with wintering
areas in the Mediterranean Basin and Africa. Every year, millions of birds
belonging to a wide range of ecological groups, including water birds, raptors,
and passerines, pass through this region during seasonal migrations. However,
migration intensity is spatially heterogeneous and largely determined by the
distribution of coastal habitats, estuaries, river valleys, and suitable stopover
sites'.

The Zaporizhzhia Wind Farm is located within the Molochna—Korsak
interfluve, adjacent to the Azov—Black Sea coastal ecological corridor. Although
this region lies close to one of Eastern Europe’s principal migration flyways,
the actual distribution of migration routes and stopover areas at the local scale

' Sydorenko A. L., Gorlov P. 1., Siokhin V. D. Assessment of the impact of technogenic monitoring sites
on seasonal migration ornithocomplexes. /OP Conference Series: Earth and Environmental Science.
2022. Vol. 1049, No. 1. Art. 012060. DOI: https://doi.org/10.1088/1755-1315/1049/1/012060.
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requires detailed assessment to evaluate potential interactions between birds
and wind energy infrastructure. Such information is particularly important for
estimating collision risk, barrier effects, and cumulative impacts associated with
existing and planned wind farms.

This study evaluates the ornithological significance of the Zaporizhzhia
Wind Farm area using long-term (2007-2022) field observations, migration
surveys, and collision risk assessment. Particular attention is given to the spatial
organization of seasonal migration, the identification of key stopover habitats,
flight altitude distributions, and the potential cumulative effects of multiple
wind farms operating within the region. The results provide a scientific basis for
assessing the compatibility of wind energy development with bird conservation
and contribute to evidence-based environmental management within one of the
most important migratory regions of Eastern Europe.

1. Migration Corridors within the Zaporizhzhia Wind Farm Area

The Zaporizhzhia Wind Farm (WPP) is located within the Molochna—
Korsak interfluve, which forms part of one of the most important avian
migration flyways in Eastern Europe-the Azov—Black Sea (Southern) Flyway.
The significance of this migration route has been recognized since the late
nineteenth century. It connects northern Africa and the Mediterranean Basin
with southeastern Europe, western Siberia, and Kazakhstan through the seasonal
movements of millions of migratory birds (Fig. 1).

More comprehensive ornithological studies conducted during the first half
of the twentieth century identified two additional major migration routes across
the territory of Ukraine. One of these, the Polissia Flyway, extends latitudinally
across northern Ukraine and links the Pannonian Plain of Central Europe with
the northern regions of Eurasia. The second route, oriented predominantly in
a meridional direction, follows the floodplain of the Dnipro River, connecting
the Azov—Black Sea Flyway with the Polissia Flyway. This corridor is used
annually, primarily during spring migration, by several bird populations moving
towards northern Eurasia®.

In addition to these three principal flyways, several secondary meridional
migration corridors exist, most of which follow the valleys of large and
medium-sized rivers where suitable habitats provide opportunities for stopovers,
allowing birds to replenish energy reserves or shelter during adverse weather
conditions. The only major meridional corridor not associated with river valleys

2 Yepumuko M. 1. 3HaueHns A30B0-UOPHOMOPCHKOTO —y30epexcks VYKpaiHM B  IiATpHMI
BHYTPIIIHBOMATEPUKOBHX MIrpaiiiifHuX HumsixiB KyaukiB y Cxiniit €spomni. Yactuna 1. OcobnuBocTi
PO3MIIIEHHs Ta Mirpamii. Bicuux 30010eii. Monoepaghiuna cepisn. Oxpemuii Bumyck Ne 33. Kuis, 2015.
120 c.
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is the Bosporus Flyway. This route is used predominantly by water birds, birds
of prey, and several other taxa migrating from the Anatolian Peninsula across
the Black Sea to Crimea, where it merges with the Azov—Black Sea Flyway?.

Fig. 1. Principal migration flyways of Eastern Europe:

(1) the Azov—-Black Sea Flyway as part of the larger Adriatic—Black Sea
Flyway; (2) the Polissia Flyway within the Central European—Siberian
migration corridor; (3) the Baltic migration corridor forming part
of the East Atlantic Flyway; (4) the eastern branch of the Black Sea—
Mediterranean Flyway, including the Don—Caucasian migration corridor;
(5) the Zaporizhzhia Wind Farm

Consequently, the spatial configuration of major flyways and subsidiary
migration corridors is highly complex, as illustrated schematically in Fig. 2.

For the conservation of migratory birds, particularly water birds, an accurate
understanding of the spatial organization of seasonal migration routes is
essential during the planning and development of wind energy projects.

The widespread occurrence of birds across virtually all inland and
especially coastal landscapes has led some researchers to question the existence
of clearly defined migration corridors. When bird occurrence is considered
without reference to species abundance, encounter frequency, or landscape
characteristics, such an interpretation may appear plausible.

3 Yepumuko M. 1. 3naueHns A30B0-UOPHOMOPCHKOTO  y30epexcks VYKpaiHM B  IiATpHMI
BHYTPIILIHHOMATEPUKOBUX MIrpaifHuX LULIXiB KymukiB y Cxigaiit €Bpomi. Yactuna 2. Biomoriumi
Ta MOMYJALiNHHI 0COOMMBOCTI Mirpamiii OKpeMHuX BHAIB, MIrpalliiHi OUIAXH Ta iX CTPYKTypa. BicHuk
300n02ii. Monozpagiuna cepis. Oxpemnii Bumyck Ne 33. Kuis, 2016. 258 c.
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Fig. 2. Principal migration routes of southern Ukraine:

(1) Azov-Black Sea; (2) Crimean—Bosporus; (3) Don—Caucasian;
(4) Dnipro—Meshchera; (5) Prut—Dnister; (6) Taman; (7) secondary
migration corridors following river channels (shown in a common

colour); (8) the Zaporizhzhia Wind Farm

However, extensive ornithological investigations conducted during recent
decades, covering large geographical regions and employing quantitative
analyses of migration intensity, have demonstrated that exceptionally high
concentrations of migrating birds occur only within specific geographical areas.

These findings have stimulated several hypotheses concerning the formation
of migration corridors, including the guiding influence of coastlines and river
basins, particularly for water birds.

More recently, the application of satellite telemetry and light-level
geolocators has provided compelling evidence for well-defined spatial patterns
in bird migration, confirming the existence of stable migration routes across
broad geographic scales.

Although migration pathways may shift laterally from year to year in
response to prevailing weather conditions, their overall spatial configuration
remains remarkably stable and is characterized by a network of key stopover
sites. The persistence of these stopover areas largely determines the long-term
stability of migration routes, even for different populations of the same species.

This principle represents one of the fundamental concepts of practical
ornithological management: effective conservation requires precise knowledge
of which species or populations form the largest concentrations, where these
concentrations occur, and during which migration season. Such information
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enables the implementation of targeted conservation measures while minimizing
potential conflicts between migratory birds and human infrastructure, including

wind energy facilities.

Within the Azov—Black Sea region, where ornithological activity remains
high throughout the annual cycle, the identification of permanent migration routes
and key stopover sites continues to be of critical importance. Future research
should therefore focus on developing a comprehensive inventory of these areas
together with scientifically based management and conservation strategies that
reconcile biodiversity conservation with regional economic development.

™
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Fig. 3. The Azov-Black Sea Coastal and Marine Ecological Corridor
(ABSCMEC), including the Berdiansk, Obytichna, Molochnyi

Lyman, Utliuk, Kulykivka, Botiieve and Tubal conservation cores,

and the location of the Zaporizhzhia Wind Farm
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The Azov—Black Sea Flyway, which constitutes the eastern continuation of
the broader Adriatic—Black Sea Flyway, gradually merges into the Azov—Caspian
migration system. Within Ukraine, one of the most important transcontinental
ecological corridors for migratory birds is the Azov—Black Sea Coastal and
Marine Ecological Corridor (Fig. 3). According to the regional ecological
network of Zaporizhzhia Oblast, the Zaporizhzhia Wind Farm is situated
adjacent to this corridor rather than directly within its core conservation areas®.

The ecological corridor extends for more than 150 km. Its maximum width,
within the Molochnyi Lyman estuary and the adjacent sector of the Sea of Azov,
approaches 50 km. The estimated area of the corridor within Zaporizhzhia
Oblast is approximately 2.730 km?. Nearly 90% of the corridor consists of open
marine and estuarine waters, whereas slightly more than 10% comprises coastal
spits and shoreline habitats (Fig. 3).

2. Seasonal Characteristics of Migration and Population Connectivity.
Stopover Sites within the Study Region

Bird migration should be analysed within a seasonal framework because
spring and autumn migrations differ fundamentally in terms of migration
intensity, species composition, population structure, and geographical
connectivity.

First, the number of migrating birds is influenced by population dynamics,
including long-term fluctuations in breeding populations, as well as by weather
conditions, which may either intensify migration or prolong its duration.
The most important factor, however, is demographic structure. During spring
migration, recently fledged juveniles are absent from the migratory population,
whereas in autumn juvenile birds may constitute more than half of the migration
flow in several species, particularly among passerines.

Second, the timing of spring migration is regulated by weather conditions
and habitat availability in species such as waterfowl and herons, whereas in
most bird species migration is initiated primarily by genetically controlled
responses to increasing photoperiod. For species breeding at high latitudes
of Eurasia, migration timing is additionally influenced by large-scale climatic
processes and temperature anomalies associated with atmospheric circulation.
Consequently, spring migration is generally more synchronized and occurs
within a shorter time window than autumn migration.

4 Cioxin B. JI., Yepumuxo M. I, Cizopenxo A. I, Topmos IL I, Aneitnicora K. I Kymynsrusua
OLliHKa BIUIMBY BITPOBHX CTaHIIi Ha IPHPOJIHI KOMIUIEKCH B MEXaX TEXHOICHHHX TEPUTOPIH MiBHIYHO-
3axigsoro Ilpmasos’s. IloBimommenus 2. Ce30HHI KOMIUIGKCH NTaxiB. Mouimopune ma oxopona
biopizHomanimms 6 YKpaii: npukiaowi acnekmu MOHimopurey ma oxopou GiopiznHomanimms. Cepis
«Conservation Biology in Ukraine». Kui ; Uepnisui : [{pyx Aprt, 2020. Bum. 16, 1. 3. C. 152-168.
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Third, many species and populations use different geographical routes
during spring and autumn migration. Although the migration network across
southern Ukraine appears highly complex, individual species often exhibit
distinct patterns of geographical connectivity reflecting their evolutionary
history, ecological requirements, and migration strategies.

Based on the evidence presented above, the principal potential stopover
sites for migratory birds within the study area can be identified. Previous
ornithological surveys conducted across selected parts of the study region have
demonstrated that intrazonal landscape elements serve as important stopover
habitats during seasonal migration. These areas provide opportunities for resting,
intensive foraging, and the accumulation of fat reserves required for subsequent
long-distance flights. The most important stopover sites are associated with the
Molochnyi and Tubalskyi estuaries, river channels, and floodplain systems.
Meadow habitats, pastures, and agricultural fields adjacent to river valleys also
provide favourable conditions for migratory birds (Fig. 4).

Fig. 4. Distribution of the principal migratory stopover sites
within the study area (1 — Zaporizhzhia Wind Farm)

Artificial forest plantations represent another important habitat type. Their
greatest extent occurs along the western (right) bank of the Molochnyi Estuary,
together with mature shelterbelts located mainly outside settlements. Particular
attention should also be paid to the narrow coastal strip of the Sea of Azov,
where dense concentrations of migratory passerines accumulate within shrub
vegetation on undisturbed coastal sections during migration periods. Adjacent
marine waters provide nocturnal roosting sites for geese, ducks, gulls, and
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grebes. In addition to these species, gulls and other waterbirds perform regular
daily movements between the coastal waters of the Sea of Azov and inland
feeding areas or the shallow upper sections of estuaries, where suitable foraging
conditions are available.

As shown in Figure 4, the majority of important stopover sites are associated
with intrazonal estuarine and riverine landscape elements. Nevertheless, large
aggregations occurring over the marine waters of the Sea of Azov also constitute
a key component of the regional migration system.

Spring Migration. According to long-term ornithological observations
conducted during 2009—-2021, spring migration over the Molochnyi Estuary and
its coastal zone begins in late February and generally ends during the final ten
days of April. The principal migration directions of selected model species are
presented in Figure 5.

The duration of continuous field observations in different years had
relatively little influence on the cumulative number of species recorded within
the study area. However, despite a cumulative total of 102 migratory species,
annual species richness varied considerably, ranging from only 14 to as many
as 69 species. These pronounced interannual differences reflect the combined
effects of multiple environmental factors, among which weather conditions
during March play the dominant role.

Species diversity along the Sea of Azov coastline is generally higher than
within inland areas, although no substantial differences are observed in the total
number of species recorded farther inland.

During March, the most abundant taxonomic groups comprise waterfowl
(Anseriformes), passerines (Passeriformes), and shorebirds (Charadriiformes).
Passerines consistently dominate either in terms of abundance or species
richness because they account for more than half of the regional avifauna.

In April, the proportion of species migrating during the night increases
substantially. Consequently, many shorebirds, passerines, and even geese become
difficult to observe directly during migration flights. Their movements are more
effectively monitored at stopover sites where birds rest or forage. During this period,
the total number of recorded migratory species increases to approximately 110.

By early May, migration of most waterfowl, herons, grebes, and gulls
has largely been completed, resulting in a reduction of transit migrants to
approximately 37 species. Of these, 31 species are shorebirds, predominantly
Arctic breeders, whose migration reaches its seasonal peak during early May.
Migration intensity remains highest within the coastal zone due to extensive
local bird movements. The farther observations are conducted inland, the lower
the overall migration intensity becomes.
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Fig. 5. Principal spring migration routes of selected waterbird species
within different sectors of the Molochnyi Estuary (long-term mean values)

July—August. During July and August, the majority of transit migrants
belong to shorebirds (Charadriiformes) and terns (Sternidae), although several
duck species, including the Garganey (4Anas querquedula), also initiate seasonal
migration during this period. Most other abundant species form post-breeding
concentrations on wetlands and perform only short-distance foraging flights. At
this time, the principal migration route for most species follows the Azov Sea
coastline, whereas only isolated flocks or single individuals migrate along the
valleys of small rivers and ravines (Fig. 6).
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Fig. 6. Main flight directions in July—August

Autumn migration along the Azov-Black Sea coast generally begins
during the second half of July. Migration intensity gradually increases from
mid-August, reaches its maximum during September and the first half of
October, and usually ends by the middle of November. Subsequently, during the
second half of November and early December, pre-winter movements occur,
involving primarily geese and ducks arriving from continental regions where
deteriorating weather conditions force birds to relocate towards milder coastal
habitats. Similar seasonal movements are also characteristic of Common
Starling (Sturnus vulgaris), thrushes, Rook (Corvus frugilegus), and several
other passerine species.

The intensity of bird movements across the wind farm area begins to increase
markedly in September owing to the migration of ducks, diurnal raptors,
starlings, and wagtails. During late September and October, these movements
are supplemented by migrating geese and cranes, while in November ducks and
geese constitute the dominant component of migration across the wind farm.

A notable characteristic of autumn migration is that the majority of passerine
species follow the elevated western bank of the Molochnyi Estuary. Only larks
and swallows migrate across the wind farm in a broad front, but the operational
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wind turbines exert virtually no measurable influence on these species. Moreover,
swallows and several falcon species regularly use wind farm infrastructure,
including temporarily inactive turbines, as resting perches during migration.
During the night, most transit migrants fly at considerably higher altitudes
than those occupied by wind turbines. Only flocks stopping at the estuary or
adjacent coastal habitats may occasionally descend into the rotor-swept zone.
The probability of such events, however, is estimated to be below 0.1%.
September—October. September and the first half of October represent
the peak migration period for the majority of bird species, including not only
waterbirds but also numerous terrestrial ecological groups. During this period,
migration intensity increases markedly over the Molochna River valley and
across most sections of the wind farm. Birds migrate along a broad front
extending approximately 30-50 km inland from the coastline (Fig. 7).

~
g

Fig. 7. Main flight directions in September—October

Late October—-November. The second half of October and November
marks the completion of Common Crane (Grus grus) migration and the
period of maximum migration intensity for the Greater White-fronted Goose
(Anser albifrons), Great Bustard (Otis tarda), several duck species, particularly

373



diving ducks, Northern Pintail (4nas acuta), Common Goldeneye (Bucephala
clangula), Rook (Corvus frugilegus), Common Starling (Sturnus vulgaris),
and other species. With regard to migration corridors and flight altitudes,
no substantial changes occur compared with the previous period, except for
a considerable increase in local bird movements within the coastal zone of the
Azov Sea. In addition to the dominant latitudinal migration routes, this period is
characterized by the emergence of a pronounced north—south migration corridor
associated primarily with the seasonal movements of ducks and geese from
continental regions of Ukraine (Fig. 8).

Fig. 8. Main flight directions in November

Thus, we observe the following situation: the regional migration system
involves 265 bird species, including 37-110 species recorded during spring
migration and 65-184 species during autumn migration. The taxonomic
composition remains relatively stable and includes representatives of 13 avian
orders, with waterfowl (Anseriformes), shorebirds (Charadriiformes), and
passerines (Passeriformes) consistently representing the most abundant groups.

Daily migration intensity is strongly influenced by the geographical location
of the survey area. The highest migration activity is consistently observed in
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coastal habitats. During spring, daily numbers range from approximately 0.7
to 2.1 thousand individuals, while during autumn migration the abundance
increases substantially to 1.2-20.8 thousand individuals per day. Daily migration
patterns also differ seasonally. In spring, the highest migration intensity occurs
during the morning hours throughout the migration period. In contrast, during
July and September, evening migration exceeds both morning and daytime
activity. Nevertheless, the first hour after sunrise consistently represents the
period of highest migration intensity throughout the year.

Flight altitude depends not only on the geographical position of the study
site but also on the species composition of migrating birds. The proportion
of birds crossing the monitored areas within the rotor-swept zone potentially
posing a collision risk to wind turbines averages 13.6% during spring migration
and 6.3% during autumn migration.

The closer a study site is located to the seacoast, the greater the diversity of
migration directions observed. This pattern reflects the high proportion of local
daily movements associated with feeding, roosting, and stopover behaviour in
coastal habitats.

The assessment of migration intensity within the study area should consider
not only the absolute abundance of birds recorded in different functional landscape
zones but also the spatial distribution of migratory movements. The principal
conclusion consistently supported by long-term observations is that the highest
migration intensity occurs within the coastal strip due to extensive local bird
movements associated with marine and estuarine habitats. Migration intensity
progressively decreases with increasing distance inland from the Azov Sea coast.

3. Cumulative Impacts within the Wind Farm Area

Wind turbines located along migration flyways, long-distance flight routes,
or regular local movements between feeding, roosting, and breeding sites may
potentially interfere with bird movements and create a barrier effect’.

To evaluate the actual significance of this effect, the results of long-term
studies conducted at the Nysted offshore wind farm in Denmark provide
an illustrative example. Since 2005, migratory flight routes in the vicinity
of the wind farm have been monitored using radar techniques. Each year,
approximately 200,000-300,000 geese migrate through the area during spring
and autumn while travelling to agricultural feeding grounds®. Monitoring began
prior to wind farm construction and has continued throughout its operational

> European Commission. Guidance document on wind energy developments and EU nature legislation.
Brussels : Publications Office of the European Union, 2020. 184 p. DOI: https://doi.org/10.2779/095188.
¢ Gémard C., Duriez O., Chappe O., Duclos G., Besnard A. Towards a better understanding of avian
collision in wind energy facilities using automatic detection systems. Journal of Applied Ecology. 2025.
Vol. 62, No. 6. P. 1437-1448. DOL: https://doi.org/10.1111/1365-2664.70055.
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period. The results demonstrate that birds consistently avoid the wind farm by
deviating approximately 500 m from their original flight paths. Considering
that the overall migration distance exceeds 1.400 km, this detour results in only
a minor increase in energy expenditure regardless of species endurance. Even
the need to circumvent approximately 160 similar wind farms along an entire
migration route would result in an estimated body mass loss of only about 1%’.

As illustrated in Figures 9 and 10, migrating birds are able to detect and
avoid wind farms during flight.

Fig. 9. Flight trajectories of migratory birds at the Nysted offshore wind
farm (Denmark) before construction. Black dots indicate the planned
turbine locations, while grey dots represent radar detections of birds®

These findings indicate that the barrier effect should be regarded as
a significant impact only under specific circumstances, particularly where
intensive local bird movements occur or where multiple large wind farms are
concentrated over extensive areas along major seasonal migration routes.

Numerous studies have documented avoidance behaviour in many bird
species, especially waterbirds and passerines. However, this response is strongly
species-specific. During daylight hours, birds generally maintain distances of
approximately 100-3.000 m from wind farms, whereas at night these avoidance

7 Keane A., Nisbet 1., Calvo G., Pickering G., Tulloch J., More G., Koronka N. Wind farm cumulative
induction zone effect and the impact on energy yield estimation. Renewable Energy. 2022. Vol. 181.
P. 1209-1222. DOI: https://doi.org/10.1016/j.renene.2021.09.056.

8 Petersen 1. K., Christensen T. K., Kahlert J., Desholm M., Fox A. D. Final Results of Bird Studies at the
Offshore Wind Farms at Nysted and Horns Rev, Denmark. Rende : National Environmental Research Institute,

2006. 161 p. URL: https:/tethys.pnnl.gov/sites/default/files/publications/NERI Bird Studies.pdf (mara
3BepHennst: 08.07.2026).
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distances may be considerably reduced’. Although avoidance behaviour clearly
reduces the immediate risk of collision, altered flight routes inevitably require
additional time and energy expenditure. In theory, repeated energetic costs
over long periods could influence individual condition and consequently affect
demographic parameters such as survival and reproductive success.

Fig. 10. Flight trajectories of migratory birds at the Nysted offshore
wind farm (Denmark) during the operational phase. Black dots indicate
turbine locations, while grey dots represent radar detections of birds'

Available scientific evidence nevertheless indicates that the barrier effect
alone is unlikely to have measurable consequences at the population level'’.
However, potential cumulative impacts resulting from multiple wind farms
located along a migration corridor should not be disregarded'?. The magnitude
of the barrier effect depends largely on wind farm design, including turbine
dimensions, spatial configuration, and distances between turbines. Consequently,
optimization of wind farm layout is widely recognized as one of the most
effective measures for minimizing interference with bird migration.

° Christiansen N., Daewel U., Schrum C. Cumulative hydrodynamic impacts of offshore wind farms
on North Sea currents and surface temperatures. Communications Earth & Environment. 2026. Vol. 7.
Art. 164. DOL: https://doi.org/10.1038/s43247-026-03186-8.

10 Petersen I. K., Christensen T. K., Kahlert J., Desholm M., Fox A. D. Final Results of Bird Studies at the
Offshore Wind Farms at Nysted and Horns Rev, Denmark. Rende : National Environmental Research Institute,
2006. 161 p. URL: https:/tethys.pnnl.gov/sites/default/files/publications/NERI_Bird Studies.pdf (mara
3BepHeHHs: 08.07.2026).

I Drewitt A. L., Langston R. H. W. Collision effects of wind-power generators and other obstacles on
birds. Annals of the New York Academy of Sciences. 2008. Vol. 1134. P. 233-266.

12 Yordanov N., Zehtindjiev P., Whitfield D. P. Long-term decline in bird collisions at operational
wind farms: evidence from systematic monitoring to support sustainable wind energy development
(2010-2024). Sustainability. 2026. Vol. 18, No. 2. Art. 992. DOL: https://doi.org/10.3390/su18020992.
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Birds flying within the rotor-swept zone frequently avoid potential collisions
by altering either their flight direction or flight altitude. The energetic cost of
bypassing a single wind turbine is generally negligible because the resulting
detour typically increases the flight path by only 5-10% relative to the original
trajectory. Considering that most migration routes extend over more than
1,000 km, such additional energy expenditure is minimal and comparable to
that required to compensate for lateral wind drift'> !4,

Early assessments estimated that approximately 99.5% of birds successfully
avoid collisions with wind turbines, implying that only about 0.5% enter the
rotor-swept zone. More conservative assessments subsequently reduced the
avoidance rate to 98.0%, providing a precautionary estimate for collision risk
modelling. For the White-tailed Eagle (Haliaeetus albicilla), the avoidance rate
has been estimated at 92.5%".

4. Barrier Effects and Cumulative Impacts of Wind Farms on Birds

During ornithological surveys conducted within the Zaporizhzhia Wind Farm
project area, particular attention was given to assessing the barrier effect and
potential flight obstruction. Bird species using the wind farm site as a feeding
area generally fly at altitudes below 50 m above ground level. Consequently,
the operational impact of wind turbines on these local movements is considered
low and, for most species, negligible. In contrast, the technical characteristics
of wind turbines, particularly the rotor-swept area, create a potential collision
hazard for migratory birds flying within the altitude range of approximately
50-170 m (or, depending on turbine specifications, 40—-180 m).

According to ornithological surveys conducted between September 2017 and
May 2018 using fixed observation points and standardized transects, a total of
10.258 migrating birds were recorded within the project area. Most individuals
(8.065; 78.62%) flew below the rotor-swept zone. A further 1,750 individuals
(17.06%) migrated above the operational height of the turbines, typically at
altitudes of 300400 m. Only 443 individuals (4.32%) were observed within the
rotor-swept zone, where collision risk exists.

Surveys carried out in 2019 revealed a similar pattern. A total of 21.250 birds
were recorded during migration, of which 16.755 individuals (78.85%) flew

13 Masden E. A., Cook A. S. C. P, McCluskie A., Bouten W., Burton N. H. K., Thaxter C. B. When
speed matters: The importance of flight speed in an avian collision risk model. Environmental Impact
Assessment Review. 2021. Vol. 90. Art. 106622. DOI: https://doi.org/10.1016/.eiar.2021.106622.

14 Desholm M., Fox A. D., Beasley P. D. L., Kahlert J. Remote techniques for counting and estimating
the number of bird-wind turbine collisions at sea: a review. Ibis. 2006. Vol. 148, Suppl. 1. P. 76-89.

'S May R., Hoel P. L., Langston R., Dahl E. L., Bevanger K., Reitan O., Nygard T., Pedersen H. C.,
Raskaft E., Stokke B. G. Collision Risk in White-tailed Eagles: Modelling Collision Risk Using Vantage
Point Observations in Smela Wind-power Plant. NINA Report No. 639. Trondheim : Norwegian Institute
for Nature Research, 2010.
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below rotor height, while 4.400 individuals (20.71%) were recorded above the
turbines. Only 95 birds (0.44%) were observed within the collision-risk zone.

These results accurately reflect the general ornithological situation in the
region and are consistent with observations from other wind farm sites. Long-
term monitoring conducted at the operational Botiieve Wind Farm between
2013 and 2019 demonstrated that the overwhelming majority of birds moved
outside the collision-risk zone, either below 50 m above ground level or above
150 m, and most frequently at altitudes exceeding 200 m. Only 252 individuals
(0.86%) were recorded within the potentially hazardous altitude interval of
51-150 m, indicating that bird movements through the rotor-swept zone were
infrequent and represented a typical migration pattern for the region'® .

Bird movements within potentially hazardous flight altitudes were not
recorded every year. No birds were observed within the 51-150 m altitude
interval during 2013, 2015, 2016, 2018 or 2021. In the remaining years, the
proportion of birds flying within the collision-risk zone never exceeded 6%,
accounting for 3.64% in 2014, 5.90% in 2017, 4.35% in 2019 and 4.44% in
2020. Similar patterns have also been documented during three-year monitoring
programmes at the Prymorska, Orlivska, and Prymorska-2 wind farms.

Cumulative impacts may arise when several wind farms and their
associated infrastructure are located within areas supporting consistently
high bird abundance, along major migration corridors, or where wind energy
developments interact with other forms of human activity. Importantly,
cumulative impact should not be interpreted simply as the arithmetic sum of
impacts from individual wind farms. Depending on ecological conditions and
species-specific responses, cumulative effects may be either greater or smaller
than the sum of individual project impacts.

For example, a single wind farm may cause a relatively low level of bird
mortality that remains well within the natural recovery capacity of the affected
population and therefore has little influence on its long-term viability. However,
when mortality associated with multiple wind farms is combined, total losses
may exceed the population’s capacity for compensation, ultimately resulting in
population decline. Consequently, although the impacts of individual projects
may each be considered insignificant, their combined effect may become

1 Topnos II. L., Cioxin B. [I., Jomuuuuii B. 1., Cugoperko A. I. Ce30HHI opHiToIOTI4HI 0cOOMMBOCTI
Tepuropii BorieBchkoro BiTpomapky (3amopi3bka 001acTh) 3a pe3ylabTaTaMH CIOCTEPEKEHb y BECHSHI
nepionu 2013-2014 poxiB. hpanma : 36ipHUK HayKOBUX IIpaib A30B0o-YOPHOMOPCHKOI OPHITOMOTIIHOL
craumii. 2014. Ne 17. C. 19-38. URL: https://branta.org.ua/ua/branta-issues/branta-17/17-02.html (zara
3sepHeHHs: 08.07.2026).

17 Topmoe II. 1., Cumopenxo A. L, Cioxin B. JI. Bararopiunuii OpHITONOTi4HHI MOHITOPHHT Ha
BorieBebKiii BITpOBIii cTaHIi K 00’€KTHBHA CKJIaJ0Ba OLIHKM BIUIMBY BITPONApKy Ha NTaxiB. Bicmi
Biocgheprozo 3anosionuxa «Ackanisi-Hosay. 2016. T. 18. C. 116-130.
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ecologically significant and influence planning decisions for both existing and
proposed developments.

The principal objective of cumulative impact assessment is therefore to
determine the threshold at which the combined effects of habitat loss (including
permanent habitat removal), habitat fragmentation, barrier effects associated
with increased energetic costs of flight, and collision mortality become
ecologically significant.

Cumulative assessment must also consider the interaction of the proposed
development with other existing or planned projects within the surrounding
landscape, including developments unrelated to wind energy. While the
environmental effect of an individual project may be negligible, its combination
with other plans or activities may produce significant cumulative consequences.
Habitat fragmentation should likewise be incorporated into cumulative impact
assessments because it may adversely affect population structure, connectivity,
and long-term demographic dynamics across a broad range of bird species.

During the planning phase of the Zaporizhzhia Wind Farm and the associated
330 kV transmission line, comprehensive ornithological field surveys were
conducted in 2014-2016 and 2017-2018 to identify local bird populations
and develop appropriate mitigation measures. Based on the survey results,
the avifauna of the study area was found to be typical of the region. Most
of the project area consists of agricultural landscapes, including arable fields
and shelterbelts. Consequently, the areas designated for the wind farm and its
associated infrastructure — including underground cable lines and the 330 kV
overhead transmission line connecting the proposed Nadezhdyne substation to
the existing Melitopol 330 kV substation — were not considered to be of high
conservation value or of particular importance for biodiversity protection.

Monitoring conducted at the Zaporizhzhia Wind Farm during 2017-2018
recorded a relatively large number of birds (13.113 individuals). However, this
result primarily reflects the high intensity of ornithological observations rather
than an exceptional attractiveness of the project area for birds. This conclusion
is supported by the very low proportion of rare species recorded during the
survey period. Between September 2017 and May 2018, species of conservation
concern accounted for only 0.37% of all recorded individuals. Subsequent
monitoring in 2019-2021 likewise revealed no important local migration routes
crossing either the wind farm site or the associated 330 kV transmission line.
Accordingly, both facilities were assessed as unlikely to produce significant
adverse impacts on birds and were considered environmentally acceptable
within the proposed project boundaries.

The abundance of threatened bird species within the project area was consistently
low. To evaluate conservation significance, three principal conservation reference
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lists were analysed: the Red Data Book of Ukraine, the European Red List, and the
TUCN Red List of Threatened Species. Particular attention was given to species
classified as Critically Endangered (CR) or Endangered (EN) by the IUCN, as
well as species listed as Endangered in the Red Data Book of Ukraine. The spatial
distribution of these threatened species recorded within the project area between
2007 and 2021 is presented in Figure 11. In total, 111 individuals representing
seven threatened species were recorded. The Eurasian Curlew (Numenius arquata)
was the dominant species, accounting for 58 individuals (52.3%), followed by the
Pallas’s Gull (Larus ichthyaetus) with 22 individuals (19.8%) and the European
Roller (Coracias garrulus) with 15 individuals (13.5%).

As illustrated in Figure 11, most records of bird species classified as
Endangered or Critically Endangered were concentrated in adjacent wetlands,
particularly the Tubalskyi Estuary and the upper reaches of the Molochnyi
Estuary. Only four individuals (3.6%) representing two threatened species were
recorded within the actual project area.

Cumulative impacts resulting from several neighbouring wind energy
projects may become significant where turbine layouts overlap with key
bird habitats, including important feeding areas, migration corridors, regular
commuting routes between feeding and breeding sites, or major stopover
locations. However, the available monitoring data indicate that the wind farm
complex investigated in this study is not situated along any major migration
corridor and is therefore unlikely to interfere with regular bird movements.
Furthermore, because the individual wind farms are located within extensive
agricultural landscapes and are spatially separated, their cumulative effects on
bird populations are expected to remain relatively limited'®.

Collision Risk Modelling (CRM)" predicted that the Zaporizhzhia Wind
Farm would result in approximately 31 bird fatalities per year, assuming the
operation of 167 wind turbines. Importantly, monitoring conducted during the
construction phase demonstrated that predicted collisions primarily involved
common and abundant species typical of open agricultural landscapes, including
the Eurasian Skylark (Alauda arvensis), Common Buzzard (Buteo buteo),
Common Swift (Apus apus), and Northern Raven (Corvus corax). In addition,
several water-associated species recorded within the project area, including the
Yellow-legged Gull (Larus cachinnans) and Grey Heron (Ardea cinerea), were
also identified as potentially susceptible to collisions.

18 Josimovi¢ B., Bezbradica L., Mani¢ B., Smi¢ D., Srebri¢ N. Cumulative impact of wind farm noise.
Applied Sciences. 2023. Vol. 13, No. 15. Art. 8792. DOL: https://doi.org/10.3390/app13158792.

1 Scottish Natural Heritage. Use of Avoidance Rates in the SNH Wind Farm Collision Risk Model.
SNH Avoidance Rate Information and Guidance Note. Inverness : SNH, 2024. URL: https://www.nature.
scot/doc/guidance-using-updated-collision-risk-model-assess-bird-collision-risk-onshore-wind-farms (zara
3BepHeHH:: 08.07.2026).

381



*+ BEY
[] Rinswxa BEC
e ER
Micus sycTpen
@ Anthwopoides virgo
@ Circus macrourus
Coracias garmulus
@ Faicochemug
@ Larus ichthyaetus
® Numenius arquata
Tringa stagnatilis
Aoy

Fig. 11. Distribution of bird species classified as Endangered or Critically
Endangered within the environmental assessment area during 2007-2021

382



Unfortunately, no ornithological monitoring data are available for the Azov
Wind Farm (“Zofia”) for 2019, including information on bird abundance, species
composition, or migration intensity within the project area. Consequently, it is
not possible to estimate collision mortality directly for this facility. Nevertheless,
according to published estimates®, wind farms cause an average mortality of
approximately 0.1 bird per MW of installed capacity per year. Assuming an
installed capacity of 750 MW and approximately 167 operating wind turbines,
the Zofia Wind Farm could theoretically result in about 75 bird fatalities
annually. Owing to the similar landscape characteristics of both wind farms, the
assemblage of species potentially affected at the Zofia Wind Farm is expected
to be broadly comparable to that recorded at the Zaporizhzhia Wind Farm.

Potential Biological Removal (PBR)?' analysis further demonstrated that the
predicted collision mortality at the Zaporizhzhia Wind Farm remains below the
maximum biologically sustainable level for all assessed species. Consequently,
the expected losses are not anticipated to have measurable adverse effects on
the long-term viability of local or regional bird populations.

If the predicted annual mortality is expressed as a percentage of the species-
specific Potential Biological Removal (PBR) threshold, a similar pattern
emerges. For most species, this proportion is very low, ranging from 0.04% to
9.24%. Consequently, the combined mortality predicted for the Zaporizhzhia
and Azov wind farms is also unlikely to exceed the allowable PBR threshold,
since most species occurring in the area do not use fixed migration corridors
and are widely distributed throughout the region.

Theoretically, the spatial arrangement of turbines belonging to several
neighbouring wind farms could alter the foraging behaviour and breeding
territory configuration of certain species, particularly birds of prey, through
displacement effects. However, the abundance of these species in the vicinity
of the wind farms considered in this study is relatively low; therefore, this
potential impact is expected to be negligible.

Large numbers of wind turbines may also potentially create a barrier to
migrating birds. Nevertheless, the study area is situated outside the principal
migration routes. Although the Zaporizhzhia Wind Farm and the Zophia Wind
Farm are located relatively close to one another (the shortest distance between

2 QOglecki P, Dabrowski P., Gnatowski T., Maluszynska I., Matuszyfiski M. J., Przybylowski J.,
Pawluskiewicz B. Bird collision risk at the interface of solar and wind farms — a cumulative effect?
Journal of Water and Land Development. 2025. No. 66. P. 152-161. DOI: https://doi.org/10.24425/
jwld.2025.155311.

2l Punt A. E., Siple M., Francis T. B., Hammond P. S., Heinemann D., Long K. J., Moore J. E.,
Sepulveda M., Reeves R. R., Sigurdsson G. M., Vikingsson G., Wade P. R., Williams R., Zerbini A. N.
Robustness of potential biological removal to monitoring, environmental, and management uncertainties.
ICES Journal of Marine Science. 2020. Vol. 77, Issue 7-8. P. 2491-2507. DOLI: https://doi.org/10.1093/
icesjms/fsaa096.
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them is approximately 12 km), the turbine layout provides sufficient open space
for bird movements. The main migration corridor between the two facilities,
extending over the waters of the Molochnyi Estuary, remains unaffected by
either project. Furthermore, numerous studies have demonstrated that 92.5-98%
of birds are able to avoid wind turbines located in open agricultural landscapes,
even during regular migratory flights. With respect to the Botiieve Wind Farm,
the distances separating it from the two aforementioned projects (15.5 km and
37 km, respectively) are sufficiently large to preclude any meaningful barrier
effect in the conventional sense. Long-term monitoring conducted by the
authors has shown that bird concentrations within the Botiieve Wind Farm and
adjacent areas reach their highest levels along the coastal zone and over the Sea
of Azov, exhibiting behavioural patterns very similar to those documented at
the Nysted Offshore Wind Farm in Denmark (Figs. 9—10)>.

Moreover, the wind turbines are located within extensive agricultural
landscapes corresponding to areas of relatively low bird density. Consequently,
the partial loss of these habitats is unlikely to be ecologically significant, even
when potential displacement effects resulting in reduced breeding bird densities
near turbines are taken into account. Habitat transformation associated with
wind farm construction, including the development of access roads and crane
pads, may locally influence the abundance of bird species characteristic of
open, dry agricultural habitats associated with human activities, such as the
Corn Bunting (Emberiza calandra), European Stonechat (Saxicola rubicola),
and Crested Lark (Galerida cristata).

Overall, the wind farms considered in this assessment are not expected to
cause significant increases in mortality of species of conservation concern,
substantial habitat loss, changes in land-use patterns, or cumulative barrier
effects®.

Despite the implementation of mitigation measures, a residual risk of
collisions between birds or bats and wind turbines cannot be completely
eliminated. Therefore, post-construction monitoring has been planned for
the above-mentioned projects. The results of this monitoring will provide an
empirical basis for evaluating the operational impacts of the wind farms on bird
and bat populations.

2 Williams K. A., Gulka J., Cook A. S. C. P,, Diehl R. H., Farnsworth A., Goyert H., Hein C., Loring P.,
Mizrahi D., Petersen 1. K., Peterson T., Press K. M., Stenhouse 1. J. A framework for studying the effects
of offshore wind energy development on birds and bats in the Eastern United States. Frontiers in Marine
Science. 2024. Vol. 11. Article 1274052. DOI: https://doi.org/10.3389/fmars.2024.1274052.

B Topmos II. I, Cioxin B. JI. AHani3a MDKHApOZHOTO J[OCBiy BHMBYCHHS BIUIMBY BITPOBHX
CJICKTPOCTAHLIN Ha WTaxiB. bionoziunuil Gichux Menimonoibcbko2o 0epicasHo20 nedazociuHozo
yuigepcumemy imeni boeoana Xmemnvnuyvkoeo. 2012. Ne 1. C. 37-47.
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CONCLUSIONS

This study demonstrates that the Zaporizhzhia Wind Farm is located
adjacent to the Azov—Black Sea migration system, one of the principal flyways
in Eastern Europe, while the wind farm itself is situated outside the areas
of highest migration intensity. Seasonal bird movements are concentrated
primarily along the coastal zone of the Sea of Azov, the Molochnyi Estuary,
and associated river valleys, whereas the project area is characterized by
comparatively low migration density and the absence of stable, high-intensity
migration corridors.

Long-term ornithological monitoring confirmed that the overwhelming
majority of birds crossed the study area either below or above the rotor-swept
zone, with only a small proportion of individuals recorded within collision-
risk heights. The observed flight altitude distribution was consistent across
monitoring years and comparable to results obtained at other wind farms in the
Azov-Black Sea region, indicating that the project area presents a relatively
low level of collision risk.

The analysis of barrier effects indicates that birds generally avoid wind
turbines by making minor adjustments to their flight direction or altitude,
resulting in negligible additional energetic costs. Consequently, under the
existing turbine layout, the Zaporizhzhia Wind Farm is unlikely to create
a significant obstacle to seasonal migration or to disrupt ecological connectivity
between key migration stopover sites.

Assessment of cumulative impacts further suggests that the combined
operation of the Zaporizhzhia Wind Farm with neighbouring wind energy
projects is not expected to result in biologically significant adverse effects. The
spacing between wind farms, the preservation of major migration corridors, the
predominantly agricultural character of the surrounding landscape, and the low
density of sensitive species collectively reduce the likelihood of cumulative
barrier effects or population-level consequences.

Collision Risk Modelling (CRM) and Potential Biological Removal (PBR)
analyses indicate that the predicted annual mortality remains well below
biologically sustainable thresholds for all assessed species. The projected
collision rates represent only a small fraction of the allowable population losses
defined by PBR, suggesting that wind farm operation is unlikely to compromise
the long-term viability of local or migratory bird populations.

Rare and threatened bird species were recorded only sporadically within the
project area, with the majority of observations occurring in adjacent wetlands
rather than within the wind farm itself. This spatial distribution further supports
the conclusion that the project does not overlap with habitats of critical
conservation importance.
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Overall, the available evidence indicates that the Zaporizhzhia Wind Farm
has a low ornithological impact with respect to collision risk, habitat loss, barrier
effects, and cumulative impacts. Nevertheless, continued post-construction
monitoring remains essential to verify predicted impact levels, detect any long-
term changes in bird behaviour or migration patterns, and support adaptive
management. Such an approach will ensure that renewable energy development
is implemented in accordance with biodiversity conservation objectives and
international best practices for environmentally sustainable wind energy
planning.

SUMMARY

The rapid expansion of wind energy requires reliable assessments of
its potential impacts on migratory bird populations, particularly within
internationally important flyways. This study evaluates the ornithological
significance of the Zaporizhzhia Wind Farm, located adjacent to the Azov—Black
Sea migratory corridor in southeastern Ukraine. Long-term field observations,
migration surveys, flight altitude analyses, and collision risk assessments were
used to characterize seasonal bird movements and estimate potential impacts
of wind turbines. The results demonstrate that the highest migration intensity
is concentrated along the Sea of Azov coastline, estuaries, and river valleys,
whereas the wind farm is situated outside the principal migration corridor.
Most birds were recorded either below or above the rotor-swept zone, while
only a small proportion of individuals crossed the area at collision-risk heights.
The predicted collision mortality remained within biologically acceptable
limits according to Collision Risk Modelling (CRM) and Potential Biological
Removal (PBR) assessments. Rare and threatened bird species occurred only
sporadically within the project area and were primarily associated with adjacent
wetland habitats. Evaluation of cumulative impacts indicated that the existing
configuration of neighbouring wind farms is unlikely to create significant
barrier effects or adversely affect bird populations at the regional scale. The
findings suggest that the Zaporizhzhia Wind Farm has a low overall impact on
migratory birds when appropriate siting principles and environmental planning
measures are applied. Continued post-construction monitoring is recommended
to verify long-term predictions and support adaptive biodiversity management.
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CHAPTER 18

THE IMPACT OF MILITARY ACTIONS

ON THE ECOLOGICAL STATE OF UKRAINE’S
TERRITORIAL COMMUNITIES AND DIRECTIONS
FOR THE RESTORATION OF NATURAL ECOSYSTEMS

Sovhira Svitlana
DOI https://doi.org/10.30525/978-9934-26-714-7-18

INTRODUCTION

The full-scale armed aggression of the russian federation against Ukraine,
ongoing since 24 February 2022, has caused not only a humanitarian catastrophe
but an environmental disaster unprecedented in scale, the consequences of
which are felt at every level of the state’s territorial organization — from the
national level down to that of an individual territorial community. Hostilities,
missile and artillery strikes, the mining of vast areas, the destruction of
industrial and municipal facilities, as well as deliberate acts of environmental
terrorism (above all, the destruction of the Kakhovka hydroelectric dam) have
led to a cumulative environmental crisis affecting atmospheric air, surface and
ground water, soils, forests, protected-area-fund sites, and biodiversity.

The relevance of this study stems from the fact that territorial communities,
as the basic units of local self-government under decentralization, bear the
main burden of the initial documentation of environmental damage, of ensuring
the environmental safety of the population, and of planning environmental-
recovery measures, while frequently lacking sufficient methodological,
human-resource and financial capacity to carry out these tasks. International
organizations — the United Nations Environment Programme (UNEP), the
Organisation for Economic Co-operation and Development (OECD), and
the Joint Research Centre of the European Commission — are conducting
a systematic assessment of the environmental consequences of the war in
Ukraine, providing an important empirical basis for the scholarly understanding
of the problem at the regional and local levels.

The purpose of this chapter is to analyse the scale, nature and categories
of the environmental damage inflicted on Ukraine’s territorial communities
as a result of hostilities, and to systematize the directions and practical
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instruments for restoring natural ecosystems at the local level in the context of
the country’s post-war reconstruction.

Structurally, the chapter consists of two subsections. The first subsection
analyses the scale, categories and regional differentiation of the environmental
consequences of hostilities for territorial communities, in particular through
the example of the Kakhovka dam breach. The second subsection systematizes
the directions, instruments and institutional mechanisms for restoring natural
ecosystems and the environmental rehabilitation of communities in the context
of the state’s post-war reconstruction.

1. The ecological state of territorial communities under armed
aggression: scale, categories and consequences of destructive processes

Methodological foundations for classifying environmental damage.
The first systematic attempt to classify the environmental consequences of
the war in Ukraine was made by UNEP in its 2022 preliminary review, which
identifies five main categories of damage: impacts on the chemical industry and
the handling of hazardous chemical substances; damage to fuel and associated
infrastructure; disruption of waste-management systems; destruction of urban
and critical infrastructure, including water supply; and damage to agriculture
and natural ecosystems'. This classification is methodologically universal
and applicable to assessing the environmental state of individual territorial
communities regardless of their location relative to the front line (Table 1).

The practical value of this classification for analysis at the level of
a territorial community lies in the fact that it allows each category of damage to
be linked to specific objects of local infrastructure and the economic complex
that fall within the remit of local self-government bodies. At the same time,
an independent perspective review of the war’s environmental consequences
confirms that the key drivers of environmental degradation are not only direct
combat impacts but also associated processes — mass displacement of the
population, disruption of logistical chains for handling hazardous waste, and
the temporary suspension of environmental regulations under martial law.

Air pollution and health risks for the population of communities.
Shelling of industrial facilities, fires at fuel-and-lubricant and agricultural-
produce storage sites, as well as large-scale fires in forest and steppe ecosystems,
cause periodic but intense emissions of pollutants into the atmospheric air of
territorial communities. Unlike the chronic industrial pollution of peacetime,
wartime conditions are characterized by the unpredictability of sources and the

! United Nations Environment Programme. The Environmental Impact of the Conflict in Ukraine:
A Preliminary Review. Nairobi : UNEP, 2022. 56 p.
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episodic nature of large-volume emissions, which complicates both forecasting
and the organization of systems for alerting the population to deteriorating air
quality within a given community.

Table 1

Categories and nature of the environmental damage inflicted
on Ukraine’s territorial communities as a result of hostilities

Category of impact

Nature of the environmental
damage

Examples of affected
objects in territorial
communities

Chemical industry and
1 | substances associated
with the armed conflict

Emissions and spills of hazardous
chemicals resulting from shelling of
industrial facilities

Chemical, oil-refining and
metallurgical enterprises in
combat zones

Fuel and associated
2 | infrastructure

Contamination of soils and water
with petroleum products, fires at
fuel and energy facilities

Oil depots, filling stations,
elements of communities’
energy infrastructure

Waste and waste-
3 | management
infrastructure

Destruction of landfills and
sorting stations, accumulation of
construction and military debris

Municipal solid-waste
landfills, destroyed
community buildings

Urban and critical
4 | infrastructure

Damage to water supply, sewerage
and wastewater treatment systems

Water utility facilities,
treatment plants of
territorial communities

Damage to agriculture
5 | and natural ecosystems

Soil degradation, biodiversity loss,
damage to protected areas

Arable land, forests,
protected-area-fund objects

of communities

Source: compiled by the author

A perspective analytical review emphasizes that armed conflict creates
a specific class of environmental risks associated with breaches to the integrity
of hazardous facilities located within or near populated areas, including the risk
of secondary technogenic accidents at chemically hazardous sites. For territorial
communities on whose territory such facilities are located, this necessitates the
advance mapping of potential sources of air pollution and the integration of this
information into local civil-protection plans.

Degradation and contamination of the soil cover. A special place among
studies of the war’s environmental consequences is occupied by research on
qualitative changes in the state of the soil cover, based on a combination of
field measurements and remote-sensing methods, which record soil degradation
and contamination in zones of active hostilities?>. The combined approach — field

2 Solokha M., Pereira P., Symochko L., Vynokurova N., Demyanyuk O., Sementsova K., Inacio
M., Barcelé D. Russian-Ukrainian war impacts on the environment: Evidence from the field on soil
properties and remote sensing. Science of the Total Environment. 2023. Vol. 902. Art. 166122. DOI:
10.1016/j.scitotenv.2023.166122.
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sampling together with satellite data — makes it possible not only to confirm the
fact of contamination but also to trace its spatial dynamics over large territories
that are inaccessible for comprehensive field surveys under ongoing hostilities.

Researchers distinguish several main types of impact of hostilities on the
soil cover: mechanical disturbance of soil structure caused by the digging of
fortifications, the movement of heavy machinery and explosions; chemical
contamination from munition-detonation products, heavy metals and residual
rocket fuel; and indirect degradation caused by the cessation of agrotechnical
measures (tillage, fertilization, erosion-control measures) on land temporarily
withdrawn from economic use due to the danger of mines.

A generalizing study of the scale of land degradation and contamination
resulting from the armed conflict at the national level confirms the systemic
nature of these processes and the need to develop a unified methodology
for assessing soil quality on territories affected by hostilities®. For territorial
communities located in the front-line zone and on de-occupied territories,
these processes are decisive for assessing the suitability of agricultural land
for further economic use, as well as for planning the priority of humanitarian
demining and reclamation works. An additional risk factor is the presence of
explosive objects in the upper soil horizons, which makes it impossible to
conduct a conventional soil survey without a prior pyrotechnic inspection of
the territory.

Damage to critical infrastructure and waste-management systems.
A separate group of consequences, distinguished in the UNEP classification,
consists of damage to urban and critical infrastructure, above all water supply,
sewerage and waste-management systems. For territorial communities, the
destruction of water-utility facilities means not only a temporary loss of access
to drinking water but also the risk of untreated wastewater uncontrollably
entering surface water bodies, which increases the burden on already vulnerable
aquatic ecosystems, discussed below.

At the same time, the war has created an unprecedented burden on
territorial communities’ systems for handling household and construction
waste: the destruction of residential buildings generates significant volumes
of construction debris, often mixed with hazardous components (asbestos-
containing materials, residual fuel and lubricant substances), while some
existing solid-waste landfills have themselves been damaged or have
temporarily lost access to environmental-safety monitoring systems. The lack
of sorting and proper handling of this mixed waste stream increases, in the

3 Solokha M., Demyanyuk O., Symochko L., Mazur S., Vynokurova N., Sementsova K., Mariychuk R.
Soil degradation and contamination due to armed conflict in Ukraine. Land. 2024. Vol. 13, No. 10.
Art. 1614. DOI: 10.3390/land13101614.
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medium term, the risk of secondary contamination of soils and groundwater
in areas adjacent to landfills.

A specific challenge for territorial communities is also the accumulation
of waste of military origin — remnants of weapons, munitions and military
equipment — the handling of which requires specialized pyrotechnic and
environmental procedures that go beyond the ordinary competence of municipal
services. This necessitates the creation, at the regional level, of specialized
facilities for the safe disposal of this type of waste, accessible to several
territorial communities simultaneously.

Impact on agriculture and food security of communities. The agricultural
sector of territorial communities is affected by the war along several interrelated
dimensions: physical destruction of agricultural infrastructure (grain elevators,
livestock complexes, land-reclamation systems), temporary or permanent
loss of access to land due to the danger of mines, and deterioration of the
qualitative characteristics of soils on land that remains in economic use*. These
processes directly affect the food security and economic resilience of territorial
communities for which agriculture has traditionally been the basis of the local
economy.

Studies of changes in the physico-chemical properties of soils, based on field
measurements and remote sensing, record, in particular, increased soil density
resulting from the movement of heavy machinery, disruption of the natural
structure of the arable layer, and localized contamination from detonation
products, which together reduce the potential yield of affected land even in the
absence of direct chemical contamination capable of rendering economic use
impossible. For territorial communities, this implies the need for a differentiated
approach to planning the restoration of agricultural production — prioritizing the
return to use of land with a minimal degree of damage, coupled with the phased
reclamation of more severely affected plots.

Water ecosystems of territorial communities. No less vulnerable are the
surface water bodies of territorial communities: a telling case is that of the Irpin
River basin, for which changes in the structure of microalgae and macrophyte
communities have been documented as a result of war-related anthropogenic
activity®, in particular due to changes in the hydrological regime caused by the
destruction of hydraulic structures in 2022, as well as the influx of pollutants

* Rawtani D., Gupta G., Khatri N., Rao P. K., Hussain C. M. Environmental damages due to war in
Ukraine: A perspective. Science of the Total Environment. 2022. Vol. 850. Art. 157932. DOI: 10.1016/j.
scitotenv.2022.157932.

5 Nezbrytska 1., Bilous O., Sereda T., Ivanova N., Pohorielova M., Shevchenko T., Dubniak S.,
Lietytska O., Zhezherya V., Polishchuk O. et al. Effects of war-related human activities on microalgae
and macrophytes in freshwater ecosystems: A case study of the Irpin River Basin, Ukraine. Water. 2024.
Vol. 16, No. 24. Art. 3604. 17 p. DOIL: 10.3390/w16243604.
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from destroyed wastewater-management infrastructure. The recorded changes
in the structure of aquatic communities are regarded by researchers as an
indicator of broader, often visually imperceptible, disruptions to the functioning
of freshwater ecosystems.

The case of the Irpin River basin has important methodological significance
for territorial communities located in the basins of other affected rivers, as it
demonstrates the value of incorporating hydrobiological monitoring — not merely
chemical analysis of water-quality indicators — into standard environmental-
assessment procedures. Structural changes in microalgae and macrophyte
communities can signal disruption of an aquatic ecosystem long before
corresponding changes become apparent through conventional chemical water-
quality indicators, making biological monitoring an important complement to
the existing control systems used by territorial communities.

Protected-area fund and biodiversity. Particular attention should be paid
to the impact of hostilities on protected-area-fund sites: studies confirm that
Ukraine’s protected areas have suffered substantial direct and indirect impacts
from hostilities, including physical destruction, fires and breaches of protection
regimes®. Direct impact manifests as the physical destruction of vegetation
cover due to explosions and fires caused by hostilities, while indirect impact is
associated with the impossibility of carrying out planned conservation measures
(population regulation, control of invasive plants, fire-prevention work) on
territories to which access is restricted for security reasons.

Since a significant share of protected-arca-fund sites are located within
or near the territorial communities of front-line and de-occupied regions, this
issue must be considered in inseparable connection with local environmental-
recovery programmes. Researchers emphasize the need to restore the protected
status and functions of the most valuable territories as soon as possible after
the end of active hostilities, since a prolonged absence of a protection regime
increases the risk of irreversible biodiversity loss, in particular of rare and
endangered species.

The case of the Kakhovka dam breach. The single most destructive act
from an environmental standpoint was the breach of the Kakhovka hydroelectric
dam in June 2023. A rapid environmental assessment conducted by UNEP at
the request of the Government of Ukraine established that a significant share
of the damage caused by the breach is irreversible, and that the hydrological,
geomorphic, chemical and ecological consequences extend to territories both

¢ Leal Filho W., Fedoruk M., Eustachio J. H. P. P, Splodytel A., Smaliychuk A., Szynkowska-
Jozwik M. L. The environment as the first victim: The impacts of the war on the preservation areas
in Ukraine. Journal of Environmental Management. 2024. Vol. 364. Art. 121399. DOI: 10.1016/.
jenvman.2024.121399.
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upstream and downstream of the dam, including protected-area-fund sites’
(Table 2, Fig. 1). The assessment drew on official data, satellite imagery and
remote-sensing methods, since the security situation in the combat zone limited
the possibilities for conducting full-scale field studies.

The consequences of the breach differ depending on a territory’s position
relative to the dam. Upstream of the dam, the rapid drawdown of the Kakhovka
reservoir caused a change in the hydrological regime of adjacent territories,
disrupted the functioning of water-supply systems that depended on the
reservoir, and altered the conditions for aquatic and riparian ecosystems that
had developed over decades of the reservoir’s existence. Downstream of the
dam, large-scale flooding led to the inundation of settlements, agricultural
land and natural territories, including areas within the Black Sea Biosphere
Reserve.

For the territorial communities of Kherson and adjacent oblasts, this event
caused a comprehensive transformation of the hydrological regime, the loss
of agricultural land through flooding and subsequent desiccation, and long-
term risks to drinking-water supply systems, a significant share of which had
depended on a stable water level in the reservoir. Of particular note is that
UNEP’s assessment classified a significant share of the damage as irreversible —
this concerns, in particular, the loss of riparian and wetland ecosystems formed
over decades, the restoration of which in their original form is practically
impossible even with the complete reconstruction of hydraulic infrastructure.

Table 2
Consequences of the Kakhovka dam breach for natural ecosystems

Indicator of the dam-breach consequences Value / characteristic

Area of affected natural and semi-natural over 500 thousand ha upstream and downstream

habitats of the dam

Number of potential pollution sources over 1000 sites (treatment plants, filling stations,

flooded as a result of the breach landfills, industrial enterprises)

Protected areas affected the Black Sea Biosphere Reserve and other areas
of national and international importance

Type of damage caused hydrological and geomorphic changes, chemical
contamination, waste accumulation, ecosystem
degradation

Reversibility of the consequences a significant share of the damage is classified as
irreversible; consequences are projected to last
decades

Source: compiled by the author

7 United Nations Environment Programme. Rapid Environmental Assessment of Kakhovka Dam
Breach, Ukraine, 2023. Nairobi : UNEP, 2023. XIII, 115 p. DOI: 10.59117/20.500.11822/43696.
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Fig. 1. Schematic map of the spread of environmental consequences
of the Kakhovka dam breach along the Dnipro river basin
(simplified, not a cartometric base; prepared by the author)

Special attention should be paid to the indirect consequences of the breach
for irrigation and industrial water-supply systems: the Kakhovka reservoir
historically supplied water to a significant share of the irrigation systems of the
southern oblasts of Ukraine and also served as a source of technical water for
a number of industrial facilities in the region, including the cooling systems of
large energy facilities located in the lower Dnipro basin. The loss of a stable
water source for these systems poses a long-term risk both to agricultural
production in the territorial communities of the southern region and to broader
industrial and energy security, extending well beyond purely environmental
concerns.

In comparative terms, the Kakhovka dam breach is regarded by researchers
as one of the largest technogenic incidents caused by the armed conflict, in
terms of the area affected, the number of ecosystem functions disrupted, and
the projected duration of recovery. Unlike point sources of pollution (individual
industrial facilities or fuel depots), the consequences of the breach display
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a pronounced cascading character: the change in hydrological regime triggers
further changes in soil conditions and the structure of plant communities,
and ultimately in the living conditions of the population of nearby territorial
communities, which complicates both the assessment of the overall scale of
damage and the planning of comprehensive recovery measures.

Regional differentiation of environmental consequences. A synthesis of
the material analysed makes it possible to state that the intensity and nature
of environmental consequences differ substantially depending on a territorial
community’s position relative to the front line. For front-line and temporarily
occupied territorial communities (in particular, significant parts of Kharkiv,
Luhansk, Donetsk, Zaporizhzhia and Kherson oblasts), the maximum intensity
of destructive processes is characteristic — direct destruction of infrastructure,
fires, the mining of large areas, and the practical impossibility of conducting
environmental or recovery measures before the end of hostilities.

For communities in de-occupied territories (individual districts of Chernihiv,
Sumy, Kyiv, Mykolaiv and Kherson oblasts), the defining tasks are related to
humanitarian demining, the reclamation of disturbed land, and the restoration
of damaged infrastructure, whereas the direct threat of hostilities is already
absent. Rear-area communities — mostly in the central and western oblasts —
mostly experience secondary consequences of the war: an increased burden on
local waste-management systems due to the placement of internally displaced
persons, changes in the water regime of transit water bodies, and logistical and
economic effects associated with the redirection of production and transport
flows. A schematic regional differentiation is presented in Fig. 2.

Managerial and socio-economic consequences for territorial
communities. In addition to purely environmental consequences, hostilities
generate a number of managerial challenges for the local self-government
bodies of territorial communities. These include, in particular, the need
for the initial documentation of environmental damage for the purposes
of subsequent compensation, the limited human-resource capacity of local
environmental services, and the lack of unified methodological guidance on
a community’s course of action in the event of detecting pollution or damage to
natural objects under martial law.

An additional challenge is the financial capacity of communities: a significant
share of the budgets of territorial communities affected by hostilities is directed
toward urgent humanitarian and reconstruction needs, while environmental
measures — monitoring, reclamation, restoration of natural objects — require
separate, often long-term financing, sources of which are largely absent at the
local level. This underscores the critical importance of external — state and
international — support, a matter examined in more detail in the second subsection.
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Fig. 2. Schematic map of the regional differentiation of environmental
consequences of hostilities for territorial communities of Ukraine
(simplified, not a cartometric base; prepared by the author)

No less important is the issue of documenting the environmental damage
inflicted, for the purposes of subsequent compensation — both within national
compensation mechanisms and in the context of possible international-
legal procedures to hold the aggressor state accountable for damage to the
environment. Rigorous, methodologically sound documentation of pollution
incidents at the level of a territorial community — linked to specific objects,
dates and, where possible, laboratory-analysis results — forms an evidentiary
base whose significance extends far beyond purely environmental tasks and
acquires weight in the broader context of post-war justice.

These managerial challenges indicate that the environmental restoration of
territorial communities is not merely an environmental issue but a complex
socio-economic and institutional problem, the resolution of which requires
coordinated action at all levels of public administration — from an individual
village, settlement or city council to the central executive authorities and
Ukraine’s international partners.

A qualitative comparison of the relative prominence of the categories of
environmental damage discussed above in the sources reviewed is presented in
a supplementary Excel file accompanying this chapter.
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Summarizing the material presented in this subsection, it can be stated
that the environmental state of Ukraine’s territorial communities under armed
aggression is characterized by a combination of direct (physical destruction,
contamination) and indirect (managerial, socio-economic) consequences,
the intensity of which is determined both by the nature of hostilities and by
the natural-economic specifics of a given territory. This forms the basis for
developing differentiated, rather than uniform, strategies for restoring natural
ecosystems, which are the subject of the second subsection.

2. Directions for the restoration of natural ecosystems and strategies
for the ecological rehabilitation of territorial communities

Monitoring and assessment of the environmental state. Formulating
an effective strategy for the post-war environmental recovery of territorial
communities requires a consistent combination of several interrelated directions.
The methodological basis for planning recovery measures is systematic
monitoring and assessment of the environmental state using remote sensing of
the Earth combined with field studies, which makes it possible to record the
dynamics of degradation processes promptly and objectively, even in territories
with limited physical access. The quality of the source monitoring data directly
determines the effectiveness of subsequent planning of recovery measures at
the national and regional levels.

In the practice of environmental monitoring of territories affected by the
war in Ukraine, a combination of several types of instruments is applied —
from international satellite emergency-response services to local observation
systems operating directly within a territorial community (Table 3). For local
self-government bodies, what matters is not so much direct access to complex
geospatial platforms as the ability to interpret and use the results of such
monitoring when planning priority recovery measures, as well as to establish
cooperation with the relevant state and international bodies that possess the
corresponding technical capabilities.

An important complement to remote methods is the development of local
civic (citizen) environmental-monitoring systems, which allow residents of
territorial communities to independently record cases of air, water or soil
pollution and pass the relevant information on to the responsible authorities.
Despite limited metrological accuracy compared with official instrumental
observations, this form of monitoring plays an important role in the
prompt detection of local environmental incidents, especially in territories
with a limited presence of state regulatory bodies during periods of active
hostilities.
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Table 3
Examples of environmental-monitoring tools and platforms
applicable to territorial communities

Tool / platform Purpose Level of application
Copernicus Emergency Satellite monitoring of emergencies, International / national
Management Service (EU) mapping of affected areas
PREEO (UNEP rapid Structured field and remote assessment | International
environmental assessment of the environmental consequences of
methodology) conflict
Geospatial services of Analysis of damage to land, crops and National / regional
Ukrainian remote-sensing infrastructure based on satellite imagery
providers
Interactive maps of Recording reports of pollution, fires and | Regional / local
environmental incidents discharges accessible to communities (community)

(state and civic initiatives)

Local environmental Regular monitoring of air, water and soil | Local (community)
monitoring systems of conditions within a specific community

territorial communities

Source: compiled by the author

Building the human-resource and methodological capacity of
communities. The effective use of monitoring results at the level of
a territorial community is impossible without appropriate human-resource and
methodological training of local self-government officials. Practice indicates an
uneven institutional capacity among Ukraine’s territorial communities to work
with environmental data, which justifies the development of centralized training
programmes and methodological guidance adapted to the needs of communities
with varying levels of resource availability.

In this context, an important role can be played by higher-education
institutions specializing in environmental, geographical and natural sciences,
which can act as methodological partners of territorial communities — both in
training specialists for local self-government bodies and in directly supporting
individual environmental-assessment and recovery projects on a contractual or
grant basis. Such a format of cooperation simultaneously addresses the task of
providing natural-science students with practical training on real-world cases
and strengthens the methodological capacity of communities.

Soil remediation and humanitarian demining. The second key direction is
the remediation of contaminated and disturbed land in territorial communities,
encompassing humanitarian demining, soil reclamation, and the elimination
of chemical and oil-contamination hotspots. In its analysis of the prospects
for a green reconstruction, the OECD emphasizes the merit of integrating
environmental priorities directly into the process of post-war infrastructure
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reconstruction, rather than treating them as a separate, secondary task®, which
is of fundamental importance precisely at the level of the territorial community,
where the reconstruction of housing stock, roads and municipal infrastructure
inevitably involves earthworks.

Humanitarian demining is a prerequisite for any further recovery measures
across much of the de-occupied and formerly front-line territories, since without
it neither a full-scale field soil survey nor practical land reclamation is possible.
Studies of land degradation and contamination resulting from the armed
conflict point to the merit of combining demining with the parallel collection of
soil samples for subsequent chemical analysis, which shortens the overall time
required to return land to safe economic use.

Reclamation measures for territorial communities should be differentiated
according to the type and intensity of contamination: for territories with
mechanical disturbance of the soil cover (craters, trenches, tracks left by heavy
machinery), measures to restore the terrain and fertile layer are the priority;
for territories with chemical contamination, containment and, where necessary,
removal of contaminated soil followed by disposal or neutralization; for
agricultural land withdrawn from cultivation for a prolonged period, the phased
restoration of agrotechnical practices with due regard to the changes in soil
physico-chemical properties recorded by field studies.

Given the limited resources available to most territorial communities,
a phased approach to land remediation is practically advisable: at the first
stage — demining and surveying territories of the highest priority for use
(land near settlements, plots with the best agro-productive characteristics); at
the second stage — reclamation of land with a moderate degree of damage;
at the third, long-term stage — restoration of the most complex, heavily
contaminated or structurally disturbed plots, which may require specialized
remediation technologies unavailable at the level of an individual community
without external technical support. The OECD emphasizes that precisely such
consistent, phased planning, aligned with a realistic assessment of available
resources, is the key to avoiding a situation in which begun but unfinished
reclamation works create additional, secondary environmental risks.

Restoration of water bodies. The third direction concerns the restoration
of aquatic ecosystems — the reconstruction of hydraulic structures, the cleanup
of water bodies from pollutants, and the restoration of the natural hydrological
regime of rivers and reservoirs affected both by direct destruction (above all
in the Dnipro basin following the Kakhovka dam breach) and by the indirect

8 OECD. Environmental impacts of the war in Ukraine and prospects for a green reconstruction. OECD
Policy Responses on the Impacts of the War in Ukraine. Paris : OECD Publishing, 2022. 11 p. DOL:
10.1787/9¢86d691-en.
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anthropogenic burden of wartime, documented in particular for the Irpin
River basin.

For territories affected by the Kakhovka dam breach, recovery measures
must take into account the dual nature of the damage caused: upstream of the
dam — measures aimed at stabilizing the hydrological regime and restoring
water-supply systems that depended on the reservoir; downstream of the dam —
measures to restore the natural state of floodplain and riparian ecosystems, as
well as to eliminate the consequences of the flooding of settlements and
agricultural land. Given the significant irreversibility of part of the damage, as
established by international experts, the recovery strategy should be oriented not
toward the literal reproduction of the previous state but toward the formation of
a new, environmentally resilient state of the affected territories.

For territorial communities located in the basins of smaller rivers, affected
by the indirect anthropogenic burden of wartime, priority measures include the
restoration of wastewater-treatment systems, the elimination of unauthorized
discharges, and the restoration of natural vegetation along riparian buffer zones,
which performs an important buffering function against pollution entering from
adjacent territories.

A separate task, closely linked to the restoration of aquatic ecosystems, is
the reconstruction of drinking-water supply and sewerage systems, damage to
which was recorded among the principal categories of environmental damage as
early as UNEP’s preliminary review. For territorial communities, the restoration
of such systems should be regarded not merely as an engineering task but also
as a component of a broader strategy for restoring aquatic ecosystems, since
the quality of wastewater treatment directly determines the burden placed
on receiving water bodies. This warrants coordination between water-utility
enterprises and the relevant environmental services of a community when
planning the sequence of reconstruction works.

Restoration of forest and protected ecosystems. The fourth direction is
the restoration of forest and protected ecosystems. Research on pathways for
Ukraine’s post-war nature recovery, focused on forest socio-ecological systems,
emphasizes the importance of combining active reforestation with support for
natural succession processes, as well as the need to reconcile economic and
conservation interests in communities where forests simultaneously perform
resource, protective and recreational functions’. This approach allows territorial
communities to view forest restoration not only as an environmental resource
but also as a socio-economic resource for local development.

® Melnykovych M., Nijnik M., Soshenskyi O. et al. Pathways for Ukraine’s post-war nature
recovery: Focus on forest socio-ecological systems. Ambio. 2026. Vol. 55. P. 817-843. DOI: 10.1007/
$13280-025-02263-0.
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Researchers note that the choice between active reforestation (artificial
planting) and support for natural succession should be made with regard to the
specific conditions of a given territory — the degree of soil-cover damage, the
presence of mine danger, the availability of locally sourced planting material,
and the community’s long-term goals for the use of forest resources. In cases of
significant contamination or mechanical soil disturbance, natural succession may
prove a slower but ecologically more resilient alternative to artificial reforestation.

For protected-area-fund sites that have suffered direct or indirect impacts
from hostilities, the priority task is the swiftest possible restoration of the
protection regime and the corresponding management functions, since
a prolonged absence of oversight increases the risks of illegal resource use,
spontaneous fires and poaching on these territories. Territorial communities
within whose boundaries such sites are located can play an active role in
restoring the protection regime by organizing civic oversight and involving the
local population in conservation measures.

The concept of forest socio-ecological systems, which underlies research
on pathways for Ukraine’s post-war nature recovery, entails viewing a forest
not merely as an aggregate of woody vegetation but as a complex system of
interaction among natural processes, economic use, and local communities
dependent on forest resources. A practical implication of this approach for
territorial communities is the need to align state (sectoral) reforestation
programmes with local interests — the recreational use of forests, traditional
forms of use of non-timber forest resources, and the role of forest tracts in
protecting agricultural land from erosion and adverse climatic phenomena, the
significance of which is growing under climate change.

Researchers also highlight the risk of a conflict of interest between rapid
commercial restoration of tree stands (dominated by monoculture plantations of
fast-growing species) and the long-term goal of restoring biologically diverse,
resilient forest ecosystems. For territorial communities primarily interested in
the fastest possible restoration of the protective and recreational functions of
forests, this creates a need for a conscious choice between faster but potentially
less resilient solutions and longer, yet more ecologically sound, reforestation
strategies that combine artificial planting with support for natural succession on
the plots best suited to it.

Institutional and legal support and financing for recovery. The fifth,
institutional-legal direction involves integrating the principles of sustainable and
green recovery into the local development strategies of territorial communities,
aligning them with national reconstruction programmes, and attracting
international technical and financial support. The success of green recovery
depends to a large extent on how consistently environmental criteria are
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integrated into the decision-making system at every level of governance — from
the national to the local — including the procedures for planning and financing
reconstruction projects at the territorial-community level.

Analytical materials of the Joint Research Centre of the European
Commission on the state of the environment and climate in Ukraine
emphasize that integrating the environmental dimension into the post-war
reconstruction process is not only an internal need of the state but also an
important precondition for further European integration, since a significant
share of the EU’s environmental legislation (the acquis communautaire in
the field of the environment) will need to be progressively implemented at
the national and regional levels'®. For territorial communities, this means the
need to progressively adapt local regulatory practices to European standards
of environmental governance, in particular in the areas of waste management,
water quality, and environmental impact assessment.

The practical dimension of such adaptation includes, in particular, the
gradual alignment of local waste-handling practices with the waste hierarchy
(prevention, reuse, recycling, disposal) enshrined in EU environmental
legislation, the introduction of a river-basin approach to water-resource
management, and the phased extension of environmental-impact-assessment
procedures to a wider range of recovery projects implemented within territorial
communities. Although full implementation of these approaches is a task for the
national level, territorial communities that begin adapting their own practices
to the relevant standards at an early stage gain an additional advantage when
preparing applications for European financing.

Climate resilience of restored ecosystems. The planning of natural-
ecosystem restoration in territorial communities should be carried out with
due regard not only for the damage caused by the war but also for long-term
climatic trends, since ecosystems restored without accounting for this factor risk
proving vulnerable to droughts, rising temperatures, or changes in precipitation
patterns characteristic of most regions of Ukraine. It is advisable to combine
the tasks of post-war environmental recovery with the tasks of climate-change
adaptation, in particular through the selection of drought-resistant species
during reforestation and the prioritization of measures that simultaneously
increase ecosystem resilience and reduce the climate-related vulnerability of
territorial communities.

The formation of mixed-age and mixed-species stands, rather than
monoculture plantations, is likewise advisable for reasons of long-term resilience

10 Belis C. A., Petrosian A., Turos O. et al. Status of Environment and Climate in Ukraine: Assessing
the Impact of War and Its Implications for Reconstruction. Luxembourg : Publications Office of the
European Union, 2025. JRC141480. DOI: 10.2760/6292177.
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to climatic and other stress factors, including the risk of repeated fires and pests.
For territorial communities, this means that decisions which at first glance appear
purely environmental in nature have, in the long term, a direct bearing on the
climatic and economic resilience of the local community as a whole.

Financing environmental-recovery measures at the level of territorial
communities requires a combination of several sources: the state budget within
national reconstruction programmes, international technical and financial
assistance, and the attraction of private investment through public-private
partnership mechanisms (Table 4). The practice of preparing applications for
international financing of environmental projects requires territorial communities
to build a solid evidentiary base regarding the damage inflicted, which further
underscores the importance of the systematic monitoring discussed above.

Table 4
Typology of financing sources for environmental-recovery measures
in territorial communities

Suitability for the

Characteristics 3
community level

Source of financing

Through regional
coordination mechanisms

State budget (national Centralized financing of priority

recovery programmes)

recovery projects

International technical
and financial assistance

Grants and programmes of international

organizations and donors for
environmental projects

Direct community
participation in
competitive procedures

EU pre-accession funds
and programmes

Support for adaptation to EU
environmental legislation

Through national/
regional programme

operators

Where investment-
attractive community
projects exist

Attraction of private investment into
recovery infrastructure

Public-private
partnership

Source: compiled by the author

Practice shows that territorial communities with more developed institutional
capacity — the presence of qualified specialists, experience in preparing project
applications, and established cooperation with regional and central authorities —
have substantially higher chances of attracting external financing compared
with communities that rely solely on their own resources. This creates a risk
of deepening the unevenness of recovery among territorial communities, which
justifies targeted methodological support for communities with limited capacity
from regional administrations, relevant ministries and partner organizations.

The role of territorial communities and public participation in
recovery. The practical implementation of the directions presented depends
to a large extent on the capacity of territorial communities themselves to act
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not as passive recipients of assistance but as active subjects of the planning
and implementation of recovery measures. This entails establishing, within
the structure of local self-government bodies, units or officials responsible
for coordinating environmental issues, developing local environmental-
rehabilitation programmes, and maintaining ongoing communication with the
population regarding the state of the environment within the community.

Involving the residents of territorial communities in recovery measures —
through civic monitoring, participation in reforestation campaigns, and oversight
of compliance with the protection regime of local natural areas — is not merely
an additional resource for local self-government bodies with limited human-
resource capacity but also an important factor in building public support for
long-term, often costly, environmental-recovery programmes. The experience
of citizen science in the field of environmental monitoring, which has become
more widespread in Ukraine in recent years, demonstrates the potential of such
involvement given appropriate methodological support from relevant specialists
and educational institutions, including higher-education institutions that train
specialists in the environmental and natural sciences.

Practical forms for institutionalizing public participation in territorial
communities can include standing or ad hoc advisory bodies on environmental
recovery (community environmental councils attached to local self-government
bodies), the inclusion of environmental projects in participatory (community)
budgeting procedures, and cooperation agreements with relevant civic
organizations and higher-education institutions for the joint implementation
of specific components of a local environmental-rehabilitation programme.
Engaging a broad range of stakeholders, including local communities, improves
both the quality of recovery-measure planning and the level of public trust
in their implementation, which is especially important given the constrained
resources of the post-war period.

At the same time, researchers caution against formal, purely declarative
public involvement that is not accompanied by real influence on decision-
making: effective community participation requires transparent access to
environmental-monitoring results, an explanation of the data obtained that is
comprehensible to a non-specialist audience, and a clear indication of how
residents’ proposals and comments are taken into account when adjusting
a local environmental-rehabilitation programme.

The monitoring-recovery cycle: the importance of feedback. An
important methodological principle uniting all the directions discussed is
the understanding of natural-ecosystem restoration not as a one-off set of
measures but as a cyclical process that requires constant feedback between
monitoring and practical action. The results of an initial assessment of
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a territory’s environmental state determine the priority and content of recovery
measures, while subsequent, repeat monitoring makes it possible to evaluate
their effectiveness and, if necessary, to adjust the strategy adopted.

For territorial communities, the practical implementation of such a cycle
means the need to build repeat (control) surveys into the plan of any recovery
project — whether the reclamation of a contaminated plot, reforestation works,
or measures to clean up a water body. The absence of such control creates
a risk of inefficient expenditure of a community’s limited resources on
measures whose real effectiveness remains unconfirmed, and also complicates
the justification of further applications for external financing, which typically
require demonstration of the results of previous stages of work.

A generalized model for a territorial community’s environmental-
rehabilitation programme. A synthesis of the directions discussed makes it
possible to propose a generalized sequence of actions for a territorial community
when developing its own environmental-rehabilitation programme: inventory
and categorization of the environmental damage sustained, in accordance with
the classification presented in Table 1; determination of the priority of recovery
directions taking into account available resources and the degree of risk to
the population; alignment of the local programme with regional and national
reconstruction strategies; and the formulation of a plan for attracting external
financing and technical support (Table 5, Fig. 3).

Table 5
Directions and instruments for the restoration of natural ecosystems
in territorial communities

Restoration Main measures at the territorial-
N . Expected outcome
direction community level
Monitoring and Remote sensing, field surveys, local Up-to-date picture of the
assessment environmental monitoring systems community’s environmental
state, basis for planning
Soil and land Humanitarian demining, reclamation of | Return of land to safe economic
remediation disturbed land, elimination of pollution use
hotspots
Restoration of Restoration of hydrological regime, Improved water quality, restored
water bodies cleanup of water bodies, reconstruction | aquatic ecosystems
of water infrastructure
Restoration of Reforestation, support for natural Conservation of biodiversity,
forest and protected | succession, expansion of the protected- increased ecosystem resilience
ecosystems area fund
Institutional and Integration of green-recovery principles | Alignment of community
legal support into local development strategies, actions with national recovery
attraction of international support policy

Source: compiled by the author
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Fig. 3. Schematic map of priority directions for the restoration
of natural ecosystems of Ukraine’s territorial communities
(simplified, not a cartometric base; prepared by the author)

The generalized model presented is not a rigid algorithm but rather
a methodological reference point, which each territorial community must
adapt to its own specific circumstances — the nature and scale of the damage
sustained, available natural resources, and the human-resource and financial
capacity of local self-government bodies. At the same time, the availability of
such a reference point ensures a minimum level of methodological consistency
among the environmental-rehabilitation programmes of different territorial
communities, which is an important precondition for their further coordination
at the regional and national levels.

In summary, effective restoration of the natural ecosystems of territorial
communities is possible only through a comprehensive combination of
technical (monitoring, remediation, reconstruction), environmental (forest and
biodiversity restoration), and institutional-managerial (legal support, financing,
community participation) components, discussed in this subsection.
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CONCLUSIONS

The analysis conducted demonstrates that hostilities have caused
a multidimensional environmental crisis which, at the level of territorial
communities, manifests itself in the pollution of atmospheric air, soils and water
bodies, the destruction of critical infrastructure, land degradation, and biodiversity
loss, with the intensity of these processes varying substantially depending on
a community’s position relative to the front line. The most destructive factor is
the combination of direct combat impacts with technogenic disasters triggered
by the war, the most illustrative example being the Kakhovka dam breach, the
consequences of which have been recognized as largely irreversible.

Restoring the natural ecosystems of territorial communities requires
a comprehensive approach combining systematic monitoring, the remediation
of contaminated territories, the restoration of aquatic and forest ecosystems,
and institutional-legal support for integrating environmental priorities into local
development strategies. The practical capacity of territorial communities to
implement such programmes depends to a large extent on access to external
financing, methodological support, and the active participation of the local
population.

Prospects for further research are associated with developing a methodology
for the quantitative assessment of environmental damage at the level of an
individual territorial community, forming standard models of local environmental-
rehabilitation programmes for communities in different categories of affected
territories, and studying the long-term dynamics of ecosystem recovery
following the Kakhovka dam breach as the largest technogenic incident of the
war from an environmental standpoint.

SUMMARY

This chapter examines the impact of hostilities caused by the full-scale
armed aggression of the russian federation against Ukraine on the ecological
state of territorial communities and substantiates directions for the restoration
of natural ecosystems. The international classification of categories of war-
inflicted environmental damage is systematized and adapted for analysis at the
level of a territorial community. The scale of soil-cover degradation, water-
body contamination, and damage to protected areas resulting from hostilities
is examined, along with the managerial and socio-economic consequences for
local self-government bodies. Particular attention is devoted to the breach of the
Kakhovka hydroelectric dam in June 2023 as the most destructive single act of
environmental impact of the war, the consequences of which are recognized as
largely irreversible. It is shown that the intensity of environmental consequences
is differentiated according to a community’s position relative to the front
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line — front-line, de-occupied and rear-area territories require different response
strategies. Five directions for restoring the natural ecosystems of territorial
communities are systematized: monitoring and assessment, land remediation,
restoration of water bodies, restoration of forest and protected ecosystems, and
institutional-legal support. The need to integrate environmental priorities into the
local post-war development strategies of territorial communities and to secure
active public participation in recovery measures is substantiated. The material
of this chapter may be used by local self-government bodies in developing
environmental-rehabilitation programmes, as well as in the educational process
of higher-education institutions in the environmental and geographical fields.
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CHAPTER 19

MOTEHLIAN EKOJTOMNYHOI PE3UJILEHTHOCTI
MICbKUX I'PYHTOBO-JIAHALWA®THUX CUCTEM
0O KOMBIHOBAHUX LUOKIB: METOAOWYHI 3ACAOUN
OBI'PYHTYBAHHA POBACTHUX

YMNPABJIIHCbKUX PILLEHb

TiTeHKo lMaHHa
DOl https://doi.org/10.30525/978-9934-26-714-7-19

BCTYN
Miceki TepuTOpii (QYHKIIIOHYIOTH SK CKJIAAHI, BiAKPUTI, TPOCTOPOBO
HEOIHOPIIHI, aanTUBHI COI[10-€KOJIOT0-TEXHOIOT1YH1 CHCTEMH,

B AKHX EKOJIOTiYHiI TpoOJIeMH 3a3BHYail 3yMOBJCHI KiTbKOMa YHHHHKAMH,
imeHTHdIKaIlisg, aHami3 Ta BpaxyBaHHS SAKHX € OOOB’SI3KOBOIO YMOBOIO
HaOMMKEHHsT 10 e(EeKTHBHOTO YIPaBIiHHA MiChbkuMH TepuTopismu' 2. Cepen
TaKUX YMHHUKIB — TIOEOHAHHSA KIIMATHYHUX EKCTPEMYMIB, XPOHIYHHX
ypOaHi3amiifHUX TUCKiB, TEXHOTEHHUX HABaHTa)KEHbB, 3MiH 3eMIICKOPHCTYBaHHS,
Jerpajanii TpUpPOAHUX cHcTeM Ta Oarato iHmoro. J[ims MicT, 0 3a3HAIOThH
BOEHHOTO BIUTHBY, JO HHUX JOJAIOTHCSA Pi3HI THUNH MOPYIICHHS IPYHTOBOI'O
TTOKPHUBY, TTOXKEXKi, HAKOIMICHHS OY/iBENFHIX YIaMKIB, JIOKalbHE 3a0pyIHCHHS
Ta iHIIi.

[ompn BU3HAHHA MHOXXHHHOCTI BIUIMBIB, y CyYacHii HAyKOBii JiTeparypi
BIICYTHS UiTKa METONOJOTIS PO3pi3HEHHS XPOHIYHUX THCKIB, CTPECOPIB
1 TOCTPHUX IIOKiB, a TAKOXK OIIHKK X B3a€MOMil B MeKaxX MICHKHUX IPYHTOBO-
nmangmadraux cuctem (IJIC). TpaHcmopTHe 3a0pyqHEHHS, 3aredaTyBaHHSI
MTOBEPXHI Ta IOCTYNOBE YIIUTBHEHHS IPYHTY (POpPMYIOTH TpHBalli TUCKH, TOMI
SIK eKCTpeMallbHa 3JIMBa, MOXKeXka abo aBapiifHe HaIXOMKeHHS 3a0pynHIOBada
MalOTh O3HaKW panToBOTO IIOKY. BaxknmBuM € He o00’e¢gHaHHS BCIiX

' McPhearson T., Cook E. M., Berbés-Blazquez M. et al. A social-ecological-technological systems

framework for urban ecosystem services. One Earth. 2022. Vol. 5, No. 5. P. 505-518. DOI: https://doi.
org/10.1016/j.oneear.2022.04.007.

2 Pickett S. T. A., Cadenasso M. L., Grove J. M., Nilon C. H., Pouyat R. V., Zipperer W. C., Costanza R.
Urban ecological systems: Linking terrestrial ecological, physical, and socioeconomic components of
metropolitan areas. Annual Review of Ecology and Systematics. 2001. Vol. 32. P. 127-157. DOI: https:/
doi.org/10.1146/annurev.ecolsys.32.081501.114012.
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HECTIPUATIMBUX YMHHUKIB, 8 BCTAHOBJIEHHS TOTO, SIK TOCTpa IOJisl B3aEMOJIi€
3 y’Ke c(hOPMOBAHOIO BPa3JIUBICTIO TEPUTOPIi’.

VY 1bOMYy IOCIHI/DKEHHI MOHATTS «KOMOIHOBAHI IOKHY» 3aCTOCOBYETHCS IO
CIieHapiiB, 3a SIKMX KiIbKa HeOe3IeYHUX MOJiH, crpecopiB abo GOHOBHX THUCKIB
OZIHOYACHO, MOCJTIJOBHO YW IIPOCTOPOBO IIOB’S3aHO (OPMYIOTH CIUJIBHUH
(GYHKIIOHANBHUNA HACHiAOK. Takuii TIiAXiN Y3TOMIKYEThCS 13 CYYacHOIO
turojorielo  compound events, y Mexkax SKOI PO3PI3HAIOTH IOINIEPEIHBO
3yMOBJICHI, 0araro(akTopHi, MOCTIIOBHI Ta MPOCTOPOBO MOEIHAHI MO,

[ToHATTS «PE3WILEHTHICTHY Yy CY4aCHMX HAayKOBHX IiJXOJax IOB’SI3YIOTH 3i
3[aTHICTIO CUCTEMHU MiATPUMYBaTH a00 JIOCUThH IIBUJIKO BiJHOBIIIOBaTH Oa)kaHi
(byHKIT, apanTyBaTHCS 10 3MiH, a 32 HE0O0X1IHOCTI TpaHC(HOPMYBATH CTPYKTYPH,
o OOMEKYIOTh MaiOyTHIO aJanTHBHY CIPOMOXHICTh. Jnst micekux TJIC 1e
O3Hauae, 10 IMOTEHLIal PE3WILEHTHOCTI HE € YHIBEpCAJILHOIO BIACTHBICTIO
TEpUTOPIi, BIH 3aJICKHUTH BiJ BUIY HIOKY, KpUTHYHOI (yHKIIi, BUXIZIHOTO CTaHy
I'PYHTY, IIPOCTOPOBOI CTPYKTYPH JIaHAMAPTY Ta MOXKIUBOCTEH yIPaBIiHCHKOTO
pearyBaHHSI.

BonHouac 3Ha4Ha YacTHHA TPAJULIIHHAX TPOLELYDP EKOJIOTTYHOTO KOHTPOIIIO
Ta TEPUTOPIAILHOTO IUIaHyBaHHS OpPIEHTOBaHAa Ha MOPIBHSHHA OKPEMHUX
MMOKAa3HUKIB 13 HOPMATHBHUMH 3HAYCHHSMH. Takuil MiAXiJ € HEeoOXiTHUM
JUIL BUKOHAHHS pEINIaMEHTIB Oe3leku, aje Mae OOMEeXEeHy 3IaTHICTh
XapaKTepu3yBaTH IMOBEJIHKY CHCTEMH 3a HECTaHIAPTHUX a00 3MIHHHUX YMOB.

AJBTEpHATUBOIO IIPOTHO3HO-ONTHMI3AIIMHIA JOTilli € OOIpyHTYBaHHS
poOacTHHUX YNPaBIiHCHKUX PILIEHb SK TaKHX, MO 3a0€3MeuyloTh NMPUHHITHUH
piBeHb 30epekeHHs a00 BiJHOBICHHS KPUTHYHHMX OQYHKLIIH 32 LIMPOKOTO
crekrpa ymoB. Metononoris Robust Decision Making (RDM) mnepenbauae
(opMyBaHHS MHOXXMHH CLICHApIiiB, TECTyBaHHS YIPABJIIHCHKUX aJbTEPHATHB Ta
TIOLIYK pillleHb, HAWMEHII Yy TJIMBUX JI0 HEBU3HAYCHOCTI BUXITHUX [TPUIYIICHb.

MeToro JOCHIKCHHS € pO3pOOJICHHS METOJUYHUX 3acajl OI[IHFOBaHHS
HOTEHI{aly €KOJOri4HOi pe3unbeHTHOCTI Mickkux I[JIC o koMOiHOBaHHX
LIOKIB Ta OOIpyHTYBaHHS pOOACTHHX YIPABIIHCHKHUX PIllICHb 32 YMOB IIIHOOKOT
HEBH3HAYCHOCTI.

Jnst MOCATHEHHs MMOCTaBICHOT METH IepeadayeHO yYTOYHUTH HOHATIHHMN
amapar JOCIiDKEeHHs, BU3HAUMTH KpuTHuHi GpyHkuii micekux [JIC, po3pobutu
TUIIOJIOTiIF0 KOMOIHOBaHHMX IIOKIB 1 MeXaHi3MiB iX B3aeMojii, chopmyBaTh
CHUCTEMYy TIOKAa3HHKIB OIPHOCTI, BIJHOBIIOBAHOCTI Ta aJaNTHBHOCTI,
OOTPYHTYBaTH IPHHIMIIN BHU3HA4YCHHS pe(EepeHTHHX 1 IOPOTOBUX CTaHIB,
3alpOIOHYBaTH IMpOLEAypy NMOOYyIOBH (DYHKIIOHAIBHO-CIIEHAPHOTO MPOQiI0

3 Zscheischler J., Westra S., van den Hurk B. J. J. M. et al. Future climate risk from compound events.

Nature Climate Change. 2018. Vol. 8. P. 469-477. DOI: https://doi.org/10.1038/s41558-018-0156-3.
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PE3WIBLEHTHOCTI, BU3HAYMTH KPUTEPIii CLIEHAPHOTO TECTYBaHHS Ta poOACTHOCTI
YIPaBIIHCHKUX AJITEPHATHUB.

06’extom jocimkerns € mickki [JIC, mo (QyHKI[{OHYIOTH TiJ BILTMBOM
MIPUPOJHUX Ta aHTPOIIOTEHHUX YMHHHUKIB.

[IpeameroM nOCHIIKEHHS € CTPYKTYpHi, (YHKIIOHAJbHI, IIPOCTOPOBI Ta
YOPABIIHCHKI MEPENYMOBHU TOTEHIIANY PE3UIbERTHOCTI Mickkux [JIC, a Takok
METOM OOTPYHTYBaHHsS YIPaBIIHCHKHX pIllIeHb, 30aTHUX 3a0e3reuyBaTu
NPUIHATHUN pe3y/bTaT 3a NEBHUX CIEHApiiB KOMOIHOBAaHMX IIOKIB.

B OCHOBY JOCHIDKEHHS TIOKJIQJIEHO TIPHUITYLICHHs, 0 MOTEHIall
peswibeaTHOCTI Mickkoi [JIC BU3HAYAETHCS HE JIUIIE ii TOTOYHUM EKOJIOTIYHIM
CTaHOM, a IO€JHAaHHAM (YHKIIOHAIBHUX pe3epBiB, IPOCTOPOBOI OpraHizarii,
XapakTepy MOXIJIMBHX LIOKiB, MPUPOJHOI BiJHOBIIOBAHOCTI Ta aJaNTHBHOI
CIIPOMOKHOCT] YIpaBJIiHHS.

1. KoHuenTyasibHi 3acaiu eKOJ1I0riYHOI pe3nIbEHTHOCTI
MiCbKUX IPYHTOBO-NaHAaWwadTHUX cuctem (I1C)

Miceka IJIC sk 0G’€KT €KOJOriYHOrO MEHEKMEHTY. Michki Teputopii
SIBJISIFOTH COOOI0 CKJIaJHI ITPOCTOPOBO HEOAHOPIIHI CUCTEMH, y MeXaX SKHX
MIPUPOJIHI MIPOIIECH B3aEMOJIIIOTH i3 3a0yJ0BOIO, TPAHCIIOPTHOO Ta IHKEHEPHOIO
iHpacTpyKTypolo, pi3HUMH (popMamMK 3eMIICKOPUCTYBaHHS U yIPaBIiHCBKUMHU
NpaKTUKAaMHU. [PYHTOBMM TOKPHB y Takiii cucTeMi He icHye i30/1b0BaHO,
HOro BIIACTUBOCTI BU3HAYAIOTHCS IOXOMKCHHSIM 1 CKJIQJIOM IPYHTOTBOPHHUX
nopin (cyocrpary), penbedoM, BOIXHHM PEKHMOM, POCIUHHICTIO, CTyNEHEM
3amevyaTyBaHHS [IOBEPXHi, XapakTepoOM TEXHOTCHHOTO HABAHTaKEHHS Ta
icTopi€lo BHMKOpHUCTaHHS TepuTopii. BoaHowyac crtaH TIpyHTY BIUIMBaE Ha
iH}inbTpanito armochepHUX omnaaiB, (OpPMyBaHHS IIOBEPXHEBOTO CTOKY,
KHUTTE3IATHICT POCIUHHOCTI, MICBKMH MIKpPOKJIIMAT, T'eOXiMi4Hy Mirpaiito
PEYOBHH 1 Oe3reKy BUKOPUCTaHHS He3aleyaTaHuX TEpUTOpid. 3 onsiay Ha 1ie
HEeoOXiJJHa CHCTEMHa OJMHULS aHaJi3y, SKa IMOEAHYE TPYHTOBI BIIACTHBOCTI
3 TIPOCTOPOBOIO OpraHizaui€ro JaHamadTy, MOTOKAMH PEYOBUHHM Ta EHEprii,
30BHIIIHIMM BIUIMBAMHM W MeXaHi3MaMH yNpaBiiHHSA. Y  BITYM3HSHUX
JMOCTI/DKCHHSX ~ METOMUYHI repeayMoBu  Qopmamizamii  ypOomanmmadry
OB’ SI3YIOTHCS 3 BU3HAYECHHSIM CUCTEMH KPUTEPIiB 1 mapamMeTpiB, HEOOXiTHUX JUIst
noOynoBu Horo Mozedni. Lle cTBOproe MiArpyHTS IJIsl IEpeXony Bifl 3arajbHOTO
OITUCY MICBKOi TEpUTOpii A0 BUOKPEMIJIEHHS II CTPYKTYpHHX KOMIIOHEHTIB,
MPOCTOPOBHUX 3B’S3KiB i PYHKIIOHAIIBHO 3HAYYIIUX XapaKTePHCTHK®.

* Tirenko I. B., Backaxosa JI. B. Kpurepii Ta mapamerpu mist po3poOku Mozeni ypOomanamadry.

Bicnux Xapkiscokoeo nayionanvnoeo yuieepcumemy imeni B. H. Kapasina. Cepia «Exonoeisy. 2013.
Ne 1070, Bum. 9. C. 91-95. URL: http:/nbuv.gov.ua/UJRN/VKhNU_2013_1070_9_15 (mara 3BepHeHHS:
30.07.2026).
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V Mexax gocumimkeHHs mig Mickkoro IJIC po3yMieMO IIPOCTOPOBO
0oOMEXeHy Ta i€papXi4HO OpraHi30BaHY COIIOCKOJOTIYHY IiJCHCTEMY MICTa,
YTBOPEHY NPUPOIHHUMH, aHTPOIIOTEHHO TPaHC(HOPMOBAHUMH 1 TEXHOTEHHUMH
IPpyHTaMH Ta [PYHTONONIOHMMH  TilamMH, penbedoM, POCIUHHICTIO,
MOBEPXHEBUMH ¥ TIPYHTOBUMH BOJaMH, 3alleyaTaHUMH TIOBEpXHSIMH Ta
IKEHEPHOK  1HQPACTPYKTYpOro, (YHKI[IOHYBaHHSA SKAX  BH3HAYAETHCA
XapakTepoOM 3eMIICKOPHUCTYBaHH, 30BHIITHIMHA HABAHTA)KEHHIMH, BHY TPILIIHIMH
B3a€MO3B’I3KaMH Ta YIPaBIIHCHKAUMHU MPAKTHKAMIE’,

Ipocroposi Mexi Mickkoi IJIC He 36iraroTbcs 3 aaMiHiCTpaTMBHUMHU
MeXaMH IUTSTHKH, KBapTaiy abo paiioHy. BoHM MarOTh BU3HAYATHCS BIAMIOBITHO
0 Tporecy, ¢QyHKIii abo pH3HKY, IO MOCHIIKYyeThCsS. s OIiHIOBaHHA
PETy/IIOBaHHS MMOBEPXHEBOIO CTOKY (DYHKIIIOHAILHOIO OIMHHIICIO MOXE OyTH
JIOKAIBHUH BON030Ip, SIKWI BKJIIOYAE SIK He3alledaTaHi IPyHTOBI IUISHKH, TaK
1 IOpOrH, MOKPIBIi, MpeHaXXHI CIIOPYAU Ta MOHIDKEHHS penbedy. s anamizy
KUTTE3AATHOCTI MICHKUX JEPeB MEXi CHCTEMH MAIOTh OXOILIIOBATH JOCTYITHHHA
KOPEHEBHUH MPOCTIP, 30HY HAIXOMKCHHS BOIHU, IPUJICTII 3arieyaraHi MoBepXHi Ta
MiJ3eMHI KoMyHikatlii. J[ys oriHroBaHHs 3a0pyIHEHHS TCPUTOpPiaIbHA ONUHUIIS
Ma€ BPaxOBYBaTH [DKEPEIO HAJXOMKEHHS PEYOBHH, HAIPSAM IIOBEPXHEBOIO
Ta BHYTPILIHBOIPYHTOBOTO IIEPEHECEHHS PEYOBMH Ta 30HM IOTEHLIHHOI
AKyMYJISILii pEYOBHUH.

OTiKe, 3aJ1€5KHO BiJl METH OLIIHIOBaHHS BOAYa€EMO MOKIJINBICTH BUKOPUCTaHHS
KUTBKOX BKIIAJICHUX THITIB MEX, SK-TO MOP(OJIOTiUHI (32 pebedoM i IpyHTOBUM
MTOKPHUBOM); TigpOJIOTiUHI (32 HampsMaMH CTOKy W MeXaMH BOHO300py);
¢byHKIIOHAJBHI (32 peani3amiero NeBHOT eKOCHCTEMHOI (PYHKIIIT); eKCIO3UIIiHI
(3a TOIIMPEHHSIM IIEBHOTO BIUIMBY) Ta YHPaBJIHCHKI (32 IOPUCIUKINEIO Ta
BiJIIOBiTATEHICTIO CY0’€KTIB YIIPABIiHHS).

Bubip Mex € He TEXHIYHHM, a METONOJIOTIYHUM pimeHHsAM. Hanro By3bKi
MeXI MOXKYTh IIPUXOBYBaTH KacKaJlHI NPOLECH, SKI BUXOISITH 32 MExi NpoOHOT
JinsHKY. Haato ImMpoki MOXYyTh YCKIIQJHIOBATH BCTAHOBJICHHS NPHUYMHHUX
3B’S13KIB 1 CTBOPIOBATH XHOHE YCEPEIHSHHS IPOCTOPOBO HEOTHOPITHUX yMOB®'.

B acmekti iepapxiumoi opramizamii miceka IJIC € 6GararopiBHEBOIO.
3 ypaxyBaHHSAM i€papXiuHO-IIATYOBOTO MMAXOMY® 10 MOIETIOBaHHS MiCHKHX

5 Meerow S., Newell J. P., Stults M. Defining urban resilience: A review. Landscape and Urban

Planning. 2016. Vol. 147. P. 38-49. DOL: https://doi.org/10.1016/j.landurbplan.2015.11.011.

¢ Lempert R. J. Robust Decision Making (RDM). Decision Making under Deep Uncertainty: From
Theory to Practice / eds. V. A. W. J. Marchau, W. E. Walker, P. J. T. M. Bloemen, S. W. Popper. Cham :
Springer, 2019. P. 23-51. DOI: https://doi.org/10.1007/978-3-030-05252-2_2.

7 Hall J. W.,, Lempert R. J., Keller K. et al. Robust climate policies under uncertainty: A comparison
of Robust Decision Making and Info-Gap methods. Risk Analysis. 2012. Vol. 32, No. 10. P. 1657-1672.
DOT: https://doi.org/10.1111/.1539-6924.2012.01802.x.

8 Zhang C., Wu J., Grimm N. B., McHale M., Buyantuyev A. A hierarchical patch mosaic ecosystem
model for urban landscapes: Model development and evaluation. Ecological Modelling. 2013. Vol. 250.
P. 81-100. DOLI: https://doi.org/10.1016/j.ecolmodel.2012.09.020.
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€KOCHCTEM, BIANOBITHO JO SKOTO JIOKallbHI EKOCHUCTEMH, THITM 3€MHOTO
MOKPHBY, 3E€MJICKOPUCTYBaHHs, JaHmmapTH Ta ypOaHi3oBaHI pErioHu
YTBOPIOIOTH BKJIAJICHY NPOCTOPOBO-(QYHKIIOHAIBHY CTPYKTYPY, Y JOCIIKeHHI
3aIpOIIOHOBAaHO  YOTHPHMPIBHEBY  Kiacuikamiro  MICBKHX  I'PyHTOBO-
MaHMUAaGTHUX CHCTEM: MIKPOIUISHKA, (YHKIIOHAJIbHA MAIISHKA, JIOKAIbHUH
naHqmadTHUE KOMIUIEKC 1 Micbka Mepexa. ABTOpcbka Kiacudikaris,
po3pobiiena Ha ocHoBi Hierarchical Patch Mosaic-Urban Ecosystem Model
(HPM-UEM) Ta xoHIermii JMHAMIYHOT HEOAHOPIAHOCT’.

1. MikponinsHKa SIK OKpeMHH I'PyHTOBUI Npodiib, MPUCTOBOYpHA 30HA,
ra3oH, CHeLiaJibHO CTBOPEHWI OlopeTeHUiiiHnil eixeMeHT abo JIOKaJbHUN
0CEpEeIOK MOPYILIEHHS IPYHTOBOTO TIOKPHUBY.

2. ®yHKuioHalmbHA NOUIAHKA, a caMe MapK, IBIp, CKBEp, TPaHCIOpPTHA
CMyTa, IIPOMHCIIOBUI MalJaHYHK, TEPUTOPIsl JKUTIOBOI 3a0y/I0BH.

3. JlokanpHuii naHmAQTHUA KOMIUIEKC, a caMme BOHO30ip, 3eJcHUi
KOPHJIOp, 3aIlaBHa ad0 CXHJIOBA CHCTEMA.

4. Micbka Mepexa SIK CYKyINHICTh OB SI3aHUX I'PYHTOBUX (KOPUYHEBHX),
3€JIeHUX, OJIAKUTHUX Ta IH)KEHEPHUX EJIEMEHTIB MicTa.

[lokasHuk, OTpUMaHMi Ha MIKPOOUISHII, HE MOXE aBTOMAaTHYHO
MIepPEHOCUTHUCS Ha BUIIMH piBeHb. Hanpukian, Bucoka iH}IIbTpaliist B OKpeMin
TOYL HE O3Ha4Yae e(EKTUBHOIO PEryJIIOBaHHS CTOKY Ha PiBHI KBapTaiy, SKIIO
Oinbllla YacTHHA TOBEPXHI 3aledaraHa, a MOTOKH BOAM OOMMHAIOTH BiJKPUTY
I'PYHTOBY AUSIHKY. AHAJIOTiYHO 3aJIOBIJIBHUI CTaH I'PYHTY B MeKaxX OKpPEMOTO
MapKy HE XapaKTepH3ye 3B’SI3HICTh YCI€T 3eJICHOT MEepexXi MicTa.

[[{on0 KOMIIOHEHTHOI CTPYKTYPH Ta BHYTpIillHiX 3B’s3kiB Mickka [JIC
OXOIUTIOE HE JIMIIE IPYHTOBUI IIOKPUB, a IOHAWMEHIIIE I1°SITh B3aEMO3aJISKHUX
KOMIIOHEHTIB.

IpyHTOBMI  KOMIIOHEHT  MPEACTABICHHH  TPUPOIHUMU  IPYHTaMU,
ypbo3emMamu, TEXHO3EMaMHM, HAaCHIIHUMHU  cyOcTparamu, IIOXOBaHHUMH
TOPU30HTAaMH, 3MIlIaHUMHU I'PYHTOBO-Oy/IiBEJIbHUMH MaTepiajaMd Ta iHIIUMHU
I'PYHTONONIOHUMH TiaMH.

I'eomopdonoriunmii KOMIIOHEHT BKJIIOYA€ NMPHUPOIHHUK 1 IITY4YHO 3MiHEHHH
penbed, CXWIH, TOHMKCHHS, HACHIM, BUIMKH, BUPBU Ta MIKpohOpMH, sKi
BU3HAYaIOTh IEPEPO3NOALT BOIHU, OCAIIB i 3a0pyIHIOBAJIBHUX PEYOBHH.

BioTH4HMIT KOMIIOHEHT OXOILIIOE JEPEBHY, YarapHHUKOBY i TpaB’sHHCTY
POCIHMHHICTB, KOPEHEBI CHCTEMH, TPYHTOBY MiKpoO0ioTy, 6e3XpeOeTHUX Ta iHmI
oprasi3mu, siki OepyTbh y4dacTh y (OpMyBaHHI CTPYKTYpH IPYHTY, Kpyroooiry
PEYOBHH 1 BiTHOBIIEHH] cucTeMU. Tak, OCHiPKEHHS MiCbKUX 3€JIEHHX IIPOCTOPIB

° Pickett S. T. A., Cadenasso M. L., Rosi-Marshall E. J. et al. Dynamic heterogeneity: A framework to
promote ecological integration and hypothesis generation in urban systems. Urban Ecosystems. 2017.
Vol. 20. P. 1-14. DOI: https://doi.org/10.1007/s11252-016-0574-9.
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y 56 mMyHinunmanitTerax Ha HIECTH KOHTHHEHTax'® MOKa3ajio 3B’S30K IPYHTOBOIO
W pocIMHHOrO GiOPI3HOMAHITTS 3 MIMPOKUM HAOOPOM EKOCHCTEMHHX (YHKIIIH,
IO MiATBEPPKYE HENOUUIBHICTh pPO3MIsiAy OiOTH JHIIE SK JIPYTOpsSAHOTO
IHIMKaTOpa 03eJICHEHHSI.

lgponoriyHuii  KOMIOHEHT  BKJIIOYaE€  HAJIXOKEHHS  arMocdepHux
omasiB, iHQIIBTpaLiio, Mepepo3Noail BOJOrU B Mpodiji, MOBEpXHEBUH CTIK,
MiJTOIUICHHS, IPEHAX 1 3B’A30K 13 BOAHUMHU 00’ €KTaMHU.

AHTPONOTEHHO-IH)KEHEPHUI ~ KOMITOHEHT  IIPEACTaBJICHUH  OymiBiIsIMH,
JOpOraMH,  TOKPUTTSMH, TIJ3EMHHMH  KOMYHIKalisMH, JApPCHAKHUMHU
cucrteMaMu, 00’ ekTaMu 0JaroycTpolo Ta JuUKepenaMi HaBaHTa)KEHHSI.

MiK 0OMMH KOMIIOHEHTaMH HasBHI TOPHU3OHTAJIbHI Ta BEPTHKAJIbHI
3B’s13kU. [OpH30HTAIBHI 3B’S13KM 3a0€3MeuyloTh NEpPEeMIllleHHs BOIHU, OCaJiB,
3a0pyIHIOBAYiB, OPTaHIYHOT PEUOBHHU Ta 0I0OTH MiX HiNsHKaMH. BepTukanbHi
OXOIUTIOIOTh B3a€MOJIII0 TOBEPXHi, I'PYHTOBOrO NpO(iII0, KOpEeHEeBOi 30HH,
HACHUITHUX MaTepiajiB, MIATPYHTS Ta MiJ3EMHUX BOI.

Oco0nuBe 3Ha4eHHs MalOTh 3BOPOTHI 3B’ SI3KH. Tak, HAIPUKIIAJ, YIIUIEHEHHS
I'PYHTY — 3MEHILUCHHS iHQUIBTpalii — MOCWICHHS NOBEPXHEBOIO CTOKYy —
epo3ist 1 BTpara OpraHiuHOi PEYOBHHHM — MOJAJIbIIE MOTIPIICHHS CTPYKTYpH
IpyHTY. AOO iHIIMKA npukian, AedinUT IPYHTOBOI BOJOTHM —> HPUTHIUYCHHS
POCIUHHOCTI — 3MCHIICHHS 3aTiHCHHS Ta TpPAaHCHipalili — IiJBUIICHHSI
TeMITepaTypy IIOBEpXHI — 3pOCTaHHs BUNIAPOBYBAHHS — MOJAJIbIIE IOCUIICHHS
nedinuty Bosord. Taki 3BOPOTHI 3B’SI3KM MOXKYTh HEPEBOIUTH THMYAacOBE
MOPYILEHHS y CTIHKHUIA JIerpaoBaHuil CTaH.

Takox BBa)Xa€EMO 3a MOTPIOHE PO3JUISATH 30BHIIIHIO JiI0 Ta BIACTHBOCTI
CHCTEMH, SIKi BU3HAYAIOTH ii peakiiito (BHYTPILIHIO Bpa3iuBicTh). EkcTpemarnbHa
37IMBa € 30BHIIIHIM BIUIMBOM, aJie Macltad MiATOIUICHHS 3aJIeKUTh BiJl YaCTKU
3amevyaTyBaHHsS, YIIUIBHEHHS, OCOONMBOCTEH penbedy, CTaHy ApPEHaKHOI
CHCTEMH M IIONepeHbOI BOJIOIOCTI IPYHTY. XBHWJIS CIIEKH € KIIMaTHYHUM
LIIOKOM, OIHAK (DYHKI[IOHAJIbHI BTPATH POCIMHHOCTI BU3HAYAIOTHCS JIOCTYITHUM
00’€MOM TIpyHTY, 3alacoM BOJIOTH, IIMOMHOIO KOPEHEBMICHOTO IIapy Ta
BUJIOBHM CKJIaJIOM Haca/KEHb.

Orxe, peakiito Micbkoi [JIC He MOXKHa TIOSCHIOBATH JIUIIE CUIIOK) IIOKY.
BoHna € pe3ynsraTtom B3aeMoii XapakTepy HEOC3MeKH + eKCIO3MINi + BUX1MHOT
BPa3IMBOCTI + (PYHKIIOHATIBHUX PE3EPBIB + YIPaBIiHCHKOI CIIPOMOXHOCTI.

Take po3mMeKyBaHHS BiIIOBIIa€ 3araibHii JIOTII OLIHIOBAHHS KITIMAaTHYHIX
PH3HKIB, Y SKil HacliAKH OPMYIOThCS HE CaMMM iCHYBaHHSIM HeOe3nekH, a ii
B33a€EMOJIIEI0 3 EKCITO3MLIEI0 Ta BPA3IMBICTIO CHCTEMHU.

1 Fan K., Chu H., Eldridge D. J. et al. Soil biodiversity supports the delivery of multiple ecosystem
functions in urban greenspaces. Nature Ecology & Evolution. 2023. Vol. 7. P. 113-126. DOI: https://doi.
org/10.1038/s41559-022-01935-4.
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Miceka IJIC crae 00’€KTOM €KOJIOIiYHOTO MEHEIKMEHTY, KOJW IS Hei
BU3Ha4Y€H! KpUTHYHI (QYHKIIT Ta HUILOBUH CTaH, Cy0’ €KTH YIPaBIIiHHS, IPABOBI
1 oprasi3aliiiHi HOBHOBa)KEHHSI, CHCTEMa MOHITOPHHTY, MOXJIMBI YIIPaBIiHCHKI
3aX0/M, pecypcH JUIs IX peasizaiii, MOKa3HUKU PE3yJbTaTHBHOCTI, & TaKOX
MOPOTU W TPUTEPH NEPErIsLy PillieHb.

VYrpaBiniHCEKUIT KOHTYp HE € 30BHILIHIM JIONIOBHEHHSM [0 IIPUPOIHOI
cucteMd. Pexxum npuOWpaHHS JIMCTS, 4YacTOTa KOCIHHS, OpraHizamis pyxy
BiJIBilyBauiB, BUKOPUCTAHHS MPOTHOXKEJIEIHUX MarepiaiiB, pO3MIlEeHHs HOBOI
3a0y/I0BH, CIOCIO MOBO/PKEHHS 31 3HATHM IDYHTOM 1 XapakTep BiJHOBIICHHS
MOUIKO/DKEHUX ~ TEPUTOpId  Oe3nocepenHbo  3MIHIOIOTH  CTPYKTYypy — Ta
(YHKIIOHAJIBHICTh CUCTEMH.

Tomy exosoriyHMi MEHEKMEHT Ma€ OXOIUIIOBaTH MOBHHUH aJalTUBHHUN
UK. Bin MiarHOCTHKM Ta BCTAaHOBJICHHS NUTROBHX (YHKINH 4epe3 aHaui3
LIOKIB 1 CIieHapiiB, BUOIp 3ax0/iB, X peaizallito, MOHITOPHHT Ta OIHIOBaHHS
pe3yabTariB JO KOPUT'YBaHHS PillIEHHS.

[Migxin 10 MICBKMX €KOJOTIYHMX 1H(PACTPYKTYp TaKOXK IiJIKPECITIOE
HEOOXiHICTh IHTErPOBAHOTO YMPABIIHHS MPUPOAHHUMH KOMIOHEHTaMH MicTa'!
Ta TOJ0JIaHHs IHCTUTYLIHHOI (pparMeHTalii, 3a AKoi IPYHTH, POCIMHHICTB, BOJa
il IHKEHEPHI CUCTEMH ILIAHYIOThCS OKpeMO'?,

IpyntoBa indpactpykrypa (brown infrastructure) y cTpykTypi Micra.
Konnerist brown infrastructure BHKOPHCTOBYETbCS B OKPEMHX HarpsMax
ypOoexosorii st NO3HA4YEeHHS IPYHTOBOI OCHOBM MICBKMX €KOJIOTIYHUX
cucteM. Y koHuenuii brown urban ecological infrastructure BumiIseTHCS
Mopsiz i3 3€JeHUMH, OJIAKUTHUMH Ta IHIIMMH €KOJOTTYHUMH KOMIIOHEHTaMH
i OXOILIIOE HEO3€eJIeHEeHI Ha3eMHI €JIEMEHTH Ta MIChbKi IPYHTH, 5IKi 3a0€31e4yI0Th
exocucTeMHl (QyHKIIT i mociyru. Y Jiteparypi 3 MICBKOTO I'PyHTO3HABCTBA
IPYHTH TakKOX OMHUCYIOThCsA siK brown infrastructure'® ¥ 3a anasnoriero i3
3€JICHOI0 1H(QPACTPYKTYPOIO.

BonHouac TepMmiH mie He Ma€ HACTLIBKM YHi()iKOBAaHOTrO W IHCTUTYLIHHO
3aKpIIUIEHOTO 3MicTy, sk green infrastructure. Tomy B po0OoTi 10 HOHATTS
«rpyHTOBa iH(ppacTpykTypa (brown infrastructure)» npornoHyeTbest Take podoue

' Fan K., Chu H., Eldridge D. J. et al. Soil biodiversity supports the delivery of multiple ecosystem
functions in urban greenspaces. Nature Ecology & Evolution. 2023. Vol. 7. P. 113-126. DOI: https://doi.
org/10.1038/s41559-022-01935-4.

12 Childers D. L., Bois P., Hartnett H. E. et al. Urban Ecological Infrastructure: An inclusive concept for
the non-built urban environment. Elementa. Science of the Anthropocene. 2019. Vol. 7. Article 46. DOL:
https://doi.org/10.1525/elementa.385.

13 Pouyat R. V., Day S. D., Brown S. et al. Urban soils. Forest and Rangeland Soils of the United States
Under Changing Conditions / eds. R. V. Pouyat, D. S. Page-Dumroese, T. Patel-Weynand, L. H. Geiser.
Cham : Springer, 2020. P. 127-144. DOI: https://doi.org/10.1007/978-3-030-45216-2_7.

!4 Shankar M., Ng M., Rogers M. et al. Unearthing the role of soils in urban climate resilience planning.
Nature Sustainability. 2024. Vol. 7. P. 1374-1376. DOI: https://doi.org/10.1038/s41893-024-01436-1.

419



BusHavyeHHs1. [1ix rpyHTOBOIO iHPPACTPYKTYpOIO MiCTa PO3yMIEMO ITPOCTOPOBO-
(YHKIIOHAJBHY CYKYNHICTh BIAKPUTUX 1 YacTKOBO TPaHC(HOPMOBAHHUX
MICBKMX IPYHTIB, TEXHO3EMiB, IPYHTOBHX KOHCTPYKLIll Ta JOCTYIHHUX
I'PYHTOBUX 00’€MiB, CTaH, PO3MIIEHHS 1 3B’SI3HICTH SKUX 3a0e3MeuyroTh
peatizaiilo  BOIOPETYJIIOBAIBHUX,  OIOMPOAYKUIHHUX,  OiOreOXiMiYyHHX,
KJIIMaTOPETYNIOBAIBHUX 1 3aXUCHUX (DYHKIIH MICHKOTO CepeIOBHILA.

Cy4acHa JMCKyCisi TpO MICBKY KIIIMaTH4YHY pE3WJIBEHTHICTh Jenaii
YiTKillle MiJKPECIIOE Poiib IPYHTIB sIK essential infrastructure, HeoOXigHOT ISt
MiATPUMaHHS BOAOPETYIIOBAHHS, POCIMHHOCTI Ta 1HIIMX (YHKUIN MicTa.

IpyHTOBA, 3€/€eHa i GnakuTHA iHpPACTPYKTYpa HE MAIOTH PO3IISIATUCS K TPH
He3alexkHi Kareropii. IpyHToBa iH(ppacTpyKTypa 3abesmneuye cyocTpar, KopeHeBUH
NpOCTip, 1HOUIBTPALil0, YTPUMaHHS BOAM, COPOLII0 PEUYOBHH 1 CEpeloBHIIE
icCHyBaHHSI IpyHTOBOI OioTu. BTpara rpyHTOBOi naHku mopynrye poOoTy Beiel
cuctemMu. CHCTEMaTyHi OIS T ATBEP/DKYIOTh IIUPOKUIA CIIEKTP €KOCUCTEMHHIX
TIOCITYT MICBKUX I'DYHTIB, aJI€ BOAHOYAC ITOKa3yIOTh, IO IX MYJIETH(YHKIIOHAJIBHICTh
1 3B’SI3KU 3 IHIIUMU MICHKUMH KOMITIOHCHTAMH YacTO OI[HIOIOTHCS ()parMeHTapHO.
BianoBigHo, IpyHTOBY iHQPACTPYKTYpy MU PO3IIISIAEMO SIK (PyHKIIOHAIBHY PaMKy
OLIIHIOBaHHS MiCHKOTO IPYHTOBOTO PECYpCY.

[oTeHmian eKOJIOTIYHOI PE3WIILEHTHOCTI. EKOJOTiYHYy pe3MIIbEHTHICTH
micekoi [JIC fOLiNBHO PO3MIAZATH HE K ii CTaTUYHY XapaKTEPUCTHKY abo
CHHOHIM 33JIOBIIEHOTO €KOJIOT1YHOTO CTaHy, a K ANHAMIYHY 31aTHICTh CHCTEMH
pearyBatu Ha MOPYIICHHs, 30epiraroun ado BiHOBIIOIOYHA KPUTHYHO BAXKIIHBI
¢yHKLiT. Y 11bOMY KOHTEKCTI TOTOUHHUH CTaH IPYHTY XapaKTepPHU3y€e BIACTUBOCTI
CHCTEMH Ha NEBHUII MOMEHT 4acy, TOMl SIK PE3WIbEHTHICTh OIMCYE XapakTep il
peakuii Ha KOHKPETHHUH 10K ab0 CYKYyINHICTh B3a€MOJIIIOYMX BIUIMBIB.

MeTo/0JI0TIYHO BaXKJIMBO PO3PI3HATH MOTEHUIHHY 1 (PaKTHYHO NPOSIBICHY
pe3wIbeHTHICT. [lOTeHIian PEe3UIbEHTHOCTI € CYKYITHICTIO CTPYKTYypHHX,
(YHKIIOHAJIBHUX, MPOCTOPOBUX Ta YHPABIIHCHKUX HEPEIYMOB, SIKIi MOXKYTh
3a0€3MCYUTH OMIPHICTh CHCTEMH, ii BIIHOBJICHHS a00 ajamnTallilo J0 3MiH.
@®akTHYHO NPOSBICHA PE3MILEHTHICTh MOXKE OyTH BCTAHOBJIEHA JIMIIE MIiCISA
BUHHUKHEHHS KOHKPETHOTO ITOPYIIEHHS Ha OCHOBI CIIOCTEPEIKEHHS 38 BETMYNHOIO
(YHKIIOHAJIBHUX BTPAT, TPUBAIICTIO BiJIHOBJIEHHS Ta CTAHOM CHUCTEMH IIiCIIA
3aBeplIeHHs BiIHOBHOro mepioxy. OTxke, 3a BiICYyTHOCTI YacOBHX PsIiB, L0
OXOIUTIOIOTh CTaH CHCTEMH JI0, IiJ Yac 1 Iicis LIOKY, HAYKOBO KOPEKTHille
OLIIHIOBAaTH caMe IOTEHIial Pe3ILEHTHOCTI.

Jist micekux [JIC moTeHMian pe3wibLEHTHOCTI MPOMOHYETLCS PO3IIISIATH
yepe3 TPH B3AEMONOB’S3aHI 3[aTHOCTI: OMIPHICTh, BIJHOBIIOBAHICTh Ta
ajantuBHicTh. Taka MoJenb Ja€ 3MOTY NEPEHTH Bij 3arajibHOTO TBEPIXKCHHS
PO «CTIHKICTh TEPUTOPI» IO aHaNi3y KOHKPETHHX MEXaHI3MIB 30epeKeHHs
1 BIATBOpeHHS i (h)yHKIIOHAJILHOCTI.
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Omipuicte Mmickkoi [JIC XapakTepusye 3IaTHICTH CHCTEMH OOMEKYBATH
Macitad (QyHKIIOHATBPHUX BTpAT Mija 4yac Ail moky. BoHa mokasye, HaCKiUIbKH
ICTOTHO 3MIHIOETHCSI (DYHKIIOHYBaHHSI CUCTEMH O€3MO0CEpeHbO IiJ] BIUINBOM
MOCYXH, XBHWJII CIEKH, IHTEHCHBHUX OINaJiB, MEXaHIYHOTO IOpYIICHHS,
3a0pyIHEHHS, TIOKEXK1 a00 THIIOT HECTIPHUSITIIMBOT TOJIT.

OmipHicTh He O3Ha4a€e IMOBHOI BiJCyTHOCTI 3MiH. HaBiTh pe3uibeHTHA
cHCTeMa MOXKE 3a3HaBaTH TUMYAacOBOTO IOTIPIIEHHS CTaHy, POTE BEIMYHHA
LBOTO TOTIPIICHHS HE MOBHHHA IIEPEBUILYBATH MEXY, MICIs SKOT BiOyBa€eThCs
BTpara KpUTHYHOI (yHKHii abo mepexij CUCTEMH IO IHIIOro, HeOa)KaHOTo
(YHKIIIOHAJIBHOTO CTaHYy.

st micekux [JIC KpuTHYHEMH MOXYTh OyTH Taki QYHKILT', sK:

— iH(inBTpauig Ta yrpuMaHHs aTMoc(epHUX Omaiis;

—  peryNOBaHHS MOBEPXHEBOTO CTOKY;

—  MiATPUMAHHS XUTTE3IATHOCTI MICBKUX HACaKEHb;

—  Oydepu3arris i copOrist 3a0pyAHIOBAYIB;

—  MiATPUMAaHHS I'PyHTOBOTO 0i0pI3HOMAHITTS;

—  aKyMyJIIOBaHHS OpraHi4HOi pEYOBUHH;

— 3abe3nedyeHHs 0E3MEYHOTO BUKOPUCTAHHS TEPUTOPIT;

—  y4acTb y peryJroBaHHI JIOKaJIbHOTO MIKPOKJIIMATY.

OmipHiCTh 3aJI€KUTh HE BiJA OIHOIO TIIOKa3HWKA, a BiA IOEIHAHHS
BlacTMBOCTEHl cucteMu. Hanpuxian, 3aTHICT IPYHTY  HPOTHCTOSTH
HaCJI/IKaM ITOCYXH BHM3HAYa€ThCs I'PAHYIOMETPHYHHMM CKJIAJIOM, IOPHUCTICTIO,
BMICTOM OpraHiqyHOi PEYOBHHH, NIHMOMHOIO (YHKLIOHAIFHOTO IPYHTOBOTO
1apy, XapakTepoM KOpEHEBOI CHCTEMH, PIBHEM 3aTiHEHHS Ta MOXIIUBICTIO
TIOTIOBHEHHS 3allaciB BOJIOTH. BHCOKHMH BMICT TyMycy MOXe MiJIBUIyBaTu
BOJIOYTPUMYBaJIbHY 3[aTHICTb, aje HE TapaHTye OMIPHOCTI, SKIIO TPYHT
CWJIbHO YIIIJIbHEHHH a00 1301b0BaHU BiJ| HaJXOJLKEHHS BOIM 3areyaTaHHMHU
TTOBEPXHSIMHU.

V pasi oLiHIOBaHHS OMIPHOCTI Ba)XKJIMBO BH3HAYaTH:

1) BuXigHHH piBeHb (YHKIIOHAIBHOCTI 0 BIUIUBY;

2) MiHIMaJbHUHA piBeHb (YHKIIOHAJIBHOCTI miJ 4Yac abo onpasy micis
LIOKY;

3) BennuuHy (YHKIIOHAJIBHOI BTPATH;

4) HasgBHICTb KPUTHYHOTO IIOPOTa;

5) mnpocropoBHil MacIiTad MOPYIICHHS;

6) MOXJIMBICTb NMOLIMPEHHS HACIIJKIB HA CyMiXHI KOMIIOHEHTH MiCBHKOTO
naHqmadry.

5 O’Riordan R., Davies J., Stevens C., Quinton J. N., Boyko C. The ecosystem services of
urban soils: A review. Geoderma. 2021. Vol. 395. Article 115076. DOI: https://doi.org/10.1016/].
geoderma.2021.115076.
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Bucoka ormipHicTh oyiHI€T yHKIIiT HE 03HAYa€ BUCOKOT OMIPHOCTI BCi€T CHCTEMH.
Hanpukiazn, rpyHT Moxke 30epiraTy 30aTHICTh MIITPUMYBATH TPaB’sSHUE HOKPHB,
ane BTpadyatu iHGinpTpauiitny GyHKi0 Yyepe3 yurinsHeHHs'S. Tak camo OydepHa
3[aTHICTh TPYHTY LIOJI0 OKPEMHUX 3a0pyAHIOBadiB MOXKE 3aJIMIIATUCS BHCOKOIO,
TOZI SIK O10JIOTIYHA AKTUBHICTB 1 KOPEHENPOHUKHICTh Y)KE€ CYTTEBO 3HMIKEHI.

Binnoemosanicts  Mmickkoi I[JIC  xapakrepusy€ 31aTHICTb  CHCTEMH
MoBepTaTty BTpadeHi (QyHKUIT micias NpunMHEHHs abo MociadiaeHHsS il IIOKY.
[i He MokHA OUiHIOBATH JHIIE 32 (AKTOM TOSBH POCITMHHOCTI a0 YacTKOBOTO
MOKpAILICHHS! OKPEMOro ToKa3sHWKa. HeoOXiHO BpaxoByBaTW IIBHJIKICTb,
MIOBHOTY, CTa0UIbHICTH 1 IPOCTOPOBY PIBHOMIPHICTh BiJHOBJICHHS.

J10 OCHOBHMX XapaKTEpUCTHK BiHOBIIOBAHOCTI HAJICXKATh!

—  dYac Moyarky BiJTHOBHOI peaxilii;

—  IIBUJKICTH BiJHOBIICHHS,;

—  YacTKa BiJHOBJIEHOI (yHKIIOHAIBHOCTI;

—  TPHBAJICTh NEPIOLy 10 JOCATHEHHS MPUHHATHOIO CTaHY;

—  CcTalOIBHICTh BITHOBICHOTO CTaHy;

—  3JIEXKHICTH Bijl 30BHIIIHHOTO BTPYYaHHS;

—  IMOBIpHICTB IMOBTOPHOT JIerpajaallii;

—  MOJJIMBICTB BIJTHOBJICHHS KiJIbKOX (PYHKIIH OJHOYACHO.

BigHoBneHHsT He OOOB’SI3KOBO O3HA4Ya€e IOBEPHEHHS 10 TOYHOTO
MoTepeHbOro  craHy. MICbki IPyHTH NEpPEBaAXHO €  aHTPOIOT€HHO
TpaHC(POPMOBAHUMH, MO3aiYHUMH Ta IIPOCTOPOBO HEOJHOPIAHUMH CUCTEMaMH.
Tomy mOBepHEHHS 1O ICTOPUYHOrO ab0 YMOBHO IIPHPOAHOIO CTaHy MOXeE
OyTH HEMOXJIMBUM a00 HEHOLUIbHUM. [IpakTHYHMM OpieHTHpOM Mae OyTH
BiJJTHOBJICHHS] BU3HAUE€HOTO HA0OpY KPUTHYHUX (YHKLIH 10 PIBHS, JOCTaTHHOTO
JUIsl BUOpaHOTO (DYHKIIIOHAJIBHOTO BUKOPUCTAHHS TEPUTOPII.

Hampuknan, st MIiCBKOro THapKy INPIOPUTETHUMH MOXYTh — OyTH
MiATPUMAaHHS IEPEBHOT POCIMHHOCTI, 1H(IBTpalis OnajiB, TEPMOPETYIIALIS Ta
Oe3reuHe pekpealliitne BUkopuctanss. J[Jist 0i0peTeHIIHHOT TiITHKA OCHOBHUM
KpuTepieM Oyne 31aTHICTh TPUHMAaTH, YTPUMYBATH Ta OUMIILyBaTH TOBEPXHEBUI
ctik. Jns Tepuropii kuTia0BOi 3a0yI0BM MEPLIOYEPTOBOTO 3HAUYCHHS MOXKYTh
HaOyBaru OE3MEYHICTh KOHTAKTy HAaceleHHs 3 IPYHTOM 1 BiJCyTHICTh
BTOPUHHOTO MIJIOBOTO 3a0pyIHEHHS.

BigHOBITIOBaHICTh BU3HAYAETHCS 30€pEKEHHSAM (QYHKLIOHAIBHUX PE3EpPBIiB
cucteMu. Jlo HUX MOXYTh HaJeXaTH:

— 30epexeHa CTPyKTypa IPYHTY;

—  JIOCTaTHS NOTY>KHICTh HE3pyHHOBAHOIO I'PYHTOBOIO IApY;

16 Frene J. P, Pandey B. K., Castrillo G. Under pressure: Elucidating soil compaction and its
effect on soil functions. Plant and Soil. 2024. Vol. 502. P. 267-278. DOI: https://doi.org/10.1007/
s11104-024-06573-2.
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— HasBHICTh OpPraHiyHOI PEUOBHHH;

—  JKUTTE3JaTHa IpyHTOBa 0i0Ta;

— HaciHHEBUH OaHK;

— 30epekeHi KOPCHEBI CHCTEMH;

—  TiApOJIOTIYHMH 3B’S30K 13 He3arneyaraHUMHU TEPUTOPISIMHU;

—  BIJICYTHICTh HE3BOPOTHOTO TOKCHYHOTO 3a0py/IHEHHS;

—  MOJKJIUBICTH NIPOBEAEHHS BIJIHOBHHUX 3aXOJIiB.

[Ticnst cuiIbHOrO MEXaHIYHOTO MOpPYIIEHHS, 3MIIIYBaHHS TOPHU3OHTIB abo
3HAYHOTO 3a0pyAHEHHs NPHPOJIHE BiJHOBJIECHHS MOXKe OyTH IMOBUIBHMM abo
HelocTarHiM. Y TakoMmy pasi Ciii po3pi3HATH BHYTPILIHIO BiJHOBJIIOBAaHICTh
CHCTEMH Ta KEpOBaHE BIJHOBJIEHHS, SKE JOCSTAEThCS 3a JIOIOMOTOIO
PO3YLIUTbHEHHSI, BHECEHHSI OpPraHiYHUX MarepialiB, BiIHOBJIEHHsS POCIMHHOTO
MOKPUBY, pETyJIIOBaHHS CTOKY, JIOKaji3amii 3a0pyaHeHHs abo iHIIUX
YIPaBIIHCHKUX 3aXOMIB.

[IBuKe BITHOBJICHHSI OKPEMOTO BUAMMOT'0 KOMIIOHEHTA HE 3aBXK/A1 CBIIYHUTh
PO BiIHOBIEHHS cucTeMH. Hampukiaz, mosiBa TpaB’sSTHUCTOI POCIMHHOCTI Ha
MOPYILEHIN TUISHI HE JOBOIUTH BiIHOBJICHHS IPYHTOBOI CTPYKTYpPH, BOAHOTO
pexuMy, OiosoriyHOro pisHOMaHiTTS 4y OydepHoi 3maTHOCTI. BinmHOBIEHHS
HEOOXIHO OILIHIOBaTH 3a (YHKIIISIMH, a HE JIUIIC 32 30BHINIHIMHI O3HAKAMHU.

Anantuericts Mickkoi [JIC XxapakTepusye 31aTHiCTh CUCTEMH Ta TIOB’ A3aHO1
3 HEI0 CHCTEMH YIIPaBIIiHHS 3MIHIOBATH CTPYKTYpY, IPOCTOPOBY OpraHizaiito,
pexxuMy  (YHKLIOHYBaHHS a00 NMPAaKTUKM YIPaBIiHHSA y BIANOBiAb Ha HOBI
YMOBH, HE IOIMYCKAIUH HEMPUIHHATHOI BTpATH KPUTHYHUX QYHKIi'.

Ha BigMiHy BiX oOmipHOCTI, Opi€HTOBaHOI Ha OOMEXeHHs Oe3mocepenHix
BTpAaT, i BiJHOBJIIOBAHOCTI, CIIPAMOBAHOI Ha MOBEPHEHHs ()YHKIIOHAJIBHOCTI,
aJanTUBHICTH  mependadyac MOXIMBICTD  (YHKLIOHAIBHOI  1epeOynoBH.
VY MicbKOMY CepeloBHIIl BOHAa YacTO 3aJeKUTh HE JIMIIE BiJi MPHUPOAHUX
BJIACTMBOCTEH IPYHTY, a ¥ BiJl IHCTUTYLIHHOI CIPOMOXKHOCTi, JOCTYITHOCTI
JAaHUX, THYYKOCTI IUIAHYBaHHS Ta MOXJIMBOCTI 3MIHIOBATH YIPaBIiHCBHKI
pileHHS.

AnanTuBHICTH MOXE TIepeadadaTh:

— 3MiHy CKJaJy PpOCIMHHOCTI BiJIOBIIHO J0 HOBOTO BOAHOrO abo
TEMIIEPaTypPHOTO PEXHUMY;

—  IIepepo3MOJiT MOBEPXHEBOIO CTOKY;

—  CTBOPEHHS JOATKOBUX 1H(IBTpaliifHUX ab0 6i0peTeHIIHHUX TUISTHOK;

—  3MEHILUCHHS YaCTKH 3areyaTaHuX OBEPXOHb;

—  3MiHYy PEXUMY PEKpealiifHOro BUKOPHUCTAHHS;

17 Ribeiro P. J. G., Pena Jardim Gongalves L. A. Urban resilience: A conceptual framework. Sustainable
Cities and Society. 2019. Vol. 50. Article 101625. DOI: https://doi.org/10.1016/j.scs.2019.101625.
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— IPOCTOPOBE MEPEHECEHHS HAWOIbII Yy TIUBUX (DYHKIIIH;

— 3MiHY (YHKIIOHAJBHOTO MPU3HAYEHHSI CHIIBHO MOPYIIEHOT TEPUTOPIT;

— MOETaIHy peMeianilo;

— 3alpOBA/KEHHS aJallTHBHOTO MOHITOPHHTY;

— IepenIsi/l yIpaBIiHChKUX PillleHb MICIs TOCATHEHHS BU3HAYEHHUX ITOPOTiB.

AZNanTUBHICT HE 3BOJUTHCS 10 HEOOMEKEHOrO MPHCTOCYBAaHHS CHCTEMHU
10 Oyab-sikux 3MiH. Jleski 3MiHH MOXYTh TPU3BOAUTH 10 30€pexeHHs EeBHUX
MIPOLIECIB, aje CyNpPOBODKYBATHCS BTPATOI0 Oa)KaHWX EKOCHCTEMHHX ITOCIYT.
Hanpuknan, 3amilmeHHst pi3HOMaHITHOTO POCIMHHOIO YIpYNOBaHHS KiIbKOMa
CTIHKUMH pylepaibHUMU a00 I1HBa3iMHMMH BHAaMH MOXe 3a0e3nedyBaTh
MOCTIfHUH ~ pOCIMHHMH  TIOKpUB, aje HEoOOB’S3KOBO  MiATPUMYBAaTH
010piI3HOMaHITTS, peKpealiiiHy LiHHICTh a00 PEeryJIroBaHHS MIKPOKIIMary Ha
HEOoOXiJHOMY piBHi.

VY NeBHUX KOHIEMISX MICHKOI PE3WIBEHTHOCTI MOpsA 13 ajanraiiero
BUAULIIOTE  TpaHchopmaniro'®.  Tpanchopmamis moTpibHa TOmi, KoM
30epeKeHHs] TONepeHboI CTPYKTypH abo0 (yHKIIOHAIEHOTO BHKOPHCTaHHS
CTa€ HEMOXJIMBHM, EKOHOMIYHO HEBHUIIPABIAHUM UM €KOJIOTTYHO HEOE3IEeUHHM.
Y Mexax 3amporoHOBAaHOI TPUKOMIIOHEHTHOI Mopeni TpaHchopMaliiHy
3[aTHICTh MM PO3IVIAJAEMO K BUIIMH PiBEHb aJarTHBHOCTI.

[puknagom TpanchopManiifHOrO pilIeHHS MOXe OyTH IepeTBOPEHHS
TEpUTOpil, HEMPHIAATHOI JUIA XHUTJIOBOTO ab0 peKpealiiiHoro BHUKOPHCTaHHS
Yyepe3 CKiIaHe 3a0py/AHEeHHS Y [TOBTOPIOBAHE i ITOIJICHHS, Ha KOHTPOJILOBaHY
OydepHy 30HY, BOJOPETYNIOBAIbHHU MPOCTIp ab0 MAUISHKY 3 OOMEKCHHM
JOCTYNoM. Y TakoMy pasi cHCTeMa He HOBEPTA€ThCs JI0 IONEPEHbOTO CTaHY,
anie HaOyBae HOBOI KOH(Irypaiii, 37aTHOi Oe3MeyHille BUKOHYBAaTH BH3HAYCHI
GbyHKIi.

OmnipHICTh, BIJHOBIIOBAHICTE 1 aNaNTUBHICTH HE € B3aEMO3aMiHHUMHU
xapaktepuctukamMu. CucreMa MO)XKE€ MarH BHCOKY OIIpHICTh, ajne HHU3bKY
BiJJHOBJTIOBAHICTb, SIKIO IICJIS HEPEBUIIECHHS KPUTHYHOTO Topora ii QyHKuii
BiJJHOBJTIOIOTECS JTy’K€ TOBUIBHO. [HIA cHcTeMa MOXKe CHIIBHO pearyBaTu Ha
KOPOTKOYAaCHHMH IIOK, ajie IIBWJIKO BiJHOBJIIOBATUCS IMICIsl HOTO 3aBEpLICHHS.
Bucoka ajanTuBHICTE MOXKE 4aCTKOBO KOMIICHCYBaTH HEIOCTATHIO OIIPHICTH,
OJIHAaK JIMILIE 332 HAsIBHOCTI CBOEYACHOTO MOHITOPHHTY, PECYPCIB 1 MOMKIIMBOCTI
3MIHIOBAaTH YIPaBJIiHHS.

Jdns  XapakTepuCTHKM  TOTEHLIaly  PE3WJIbEHTHOCTI  JOLUIBHO
BUKOPUCTOBYBaTH HE OAMH IHTErpajbHuil Oan, a (yHKUiOHambHUN Tpodiib,
SIKMH OKpEeMO BiloOpaka€ OMIpHICTh KOXKHOI KPUTHYHOI (YHKILIi, O4iKyBaHY

18 Cariolet J.-M., Vuillet M., Diab Y. Mapping urban resilience to disasters — A review. Sustainable
Cities and Society. 2019. Vol. 51. Article 101746. DOI: https://doi.org/10.1016/j.5cs.2019.101746.
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IIBUJKICTE 1 TOBHOTY TIi BIJHOBICHHS, JOCTYIHI MEXaHI3MH ajanTarii,
KPUTHYHI TOPOTH, KJIFOUOBI HEBU3HAYECHOCTI Ta 3aJIEXKHICTD Bijl yIIPaBIiHCHKOTO
BTpYYaHHS.

Takuit mpodine Jae 3MOry BHUSBUTH acCUMETPIl0 PE3HIILEHTHOCTI.
Hanpukman, tepuropiss Moke Mard JOCTaTHIO 3AaTHICTH MiATPUMYBAaTH
POCIMHHICTb, ajeé HHU3bKY 3[aTHICTb pEryjqioBaTH 3JIMBOBHH CTIK; abo
NPUHHATHAN BOJHUI PEXHUM, ajle HENPUHHATHUN PiBEHb XIMIYHOTO PH3HKY
JUIsL HaceJIeHHsS. YCEepeqHEHHS TaKUX XapaKTePHCTHK B OJJHOMY 1HJEKCI MOXe
MIPUXOBATH KPUTHYHY IpOOIEMy.

ExonoriuyHuii cTaH € Ba)JIMBOIO IEPEIYMOBOIO PE3MIBEHTHOCTI, aie He ii
JOoCTaTHIM noka3oM. [ToTouHHi cTaH OnMcye CUCTeMY B KOHKPETHHI MOMEHT,
TOAI SIK PE3WJILEHTHICTh CTOCYETHCS I MOBENIHKH IiJ| BIUIMBOM ITOPYIICHHS
i micna wporo. IpyHT Moke OyTH BIZHOCHO XiIMIYHO He3a0pyIHEHUM, ane
MepeyNIiIbHEHUM, MaJONOTYXHUAM, O10JOTiYHO 30iTHEHHM a00 130JbOBAHUM
3aneyaTaHUMH  MOBEpPXHsAMHU. [licias mocyXu, IOXKEXKi YW MEXaHIYHOTO
MOPYILEHHS BiJIHOBJIEHHs Horo QyHKLiil Moxxe OyTH TpHBanuM i morpedyBaru
3HAYHOTO 30BHIIIHHOTO BTPYYaHHS.

Tak caMo HasBHICTB 3€JI€HOI 30HH HE rapaHTye (yHKIIOHAJIBHOI CTIHKOCTI.
[Tnoma, mo3HayeHa Ha KapTi sIK mapk abo CKBep, MOXE MaTH AerpajoBaHUN
I'PYHTOBUI IOKPHMB, HHU3bKY 1H(UIBTpaliiHy 34aTHICTh, AE(QIMUT JOCTYIHOI
JUIL  POCIMH BOJIOTM, ()parMEeHTOBaHY KOPEHEBY 30HY Ta HEIOCTaTHIO
PI3HOMaHITHICTh Haca/pkeHb. DopMajbHa HAasBHICTb POCIMHHOIO MOKPHBY
B TaKOMY pa3i IPUXOBY€E BUCOKY BPA3JIMBICTh J0 OCYXH, CIIEKH, PEKpealiiiHoro
HaBaHTaKEHHS a00 IHTEHCUBHMX OMa/iB.

[TokazoBUM € mpHKJIa] MICBKOTO MapKy 3 HPUHHATHAM XIMIYHUM CTaHOM
IpyHTY. BincyTHicTh 3HauHOTO 3a0pyIHEHHS MOXKE CBIIYUTH PO OE3MEYHICTh
TepuTOpii 3a XIMIYHUMH KpUTEpisMH, ajle He XapakTepu3ye Ii 31aTHICTb
MIPOTUCTOATH KJIIMATUYHUM LIOKaM. 32 BUCOKOI IIUIBHOCTI CKJIaJIEHHs, CIIa0KOi
iHQIIBTpanii, HU3BKOI BOJOYTPUMYIOHUOi 3JIaTHOCTI Ta OOMEXEHOro 00’eMy
IPYHTY JUIi PO3BHUTKY KOPEHIB MapK MOXXe OyTH Bpa3JIMBUM JIO TPUBAJIOI
nocyxu. Y TMepioJ CHEeKH JepeBa BiA4yBaTUMYThb Je(iUUT BOJOIHU, iXHS
TpaHCHipanis i 0X0JO/KyBaJbHa (DYHKIIISI 3MEHIIYBaTUMYThCS, @ BiIMUpPaHHS
YaCTHHU HACa/PKEHb ITOCHJIIOBATHME HarpiBaHHs MOBEPXHI. Y Takii cuTyauii
NPUHHATHUN XIMIYHMH CTaH TIOEJHYETHCS 3 HU3BKOIO (DYHKIIOHAIEHOIO
OITIPHICTIO 1 HEJIOCTATHHOIO BiTHOBIIIOBAHICTIO.

OTiKe, OILIHIOBaHHS IOTEHIIAy PE3WILEHTHOCTI Ma€ BUXOAUTH 3a MEXi
HOPMAaTUBHOTO IOPIBHAHHS KOHLEHTpaliil 3a0pynHioBadiB. BoHO moBHHHO
OXOIUTIOBATU (pi3W4Hi, XiMiuHi, OIOJOTiIYHI, TIAPONOTiIYHI, MPOCTOPOBI Ta
YIPaBIIHCBKI XapaKTEpPUCTHKH, Oe3mocepenHbO TOB’s3aHi 31 30epekeHHAM
1 BITHOBJICHHSIM KPUTHYHUX (PyHKIIH.
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ITig moTeHmianoM eKONIOri9HOT pe3HIbeHTHOCTI Michkoi IJIC nmpomonyerbes
PO3YMITH CYKYIHICTh 11 CTPYKTYypHHX, (YHKIIOHAJHHHX, MPOCTOPOBHX Ta
YIPaBIIHCHKUX BIACTUBOCTEH, SKi BU3HAYAIOTh 3JIaTHICTH OOMEXKYBAaTH BTPATy
KPUTHYHUX (PYHKI[IH IMiJ] yac KOMOIHOBAaHMX IIOKIB, BiTHOBIIOBATH IIi (DYHKIIiT
MICJISL TOPYIICHHS Ta aJanTyBaTH CTPYKTYPY 1 PEKUMH YIPABIIHHS 10 3MIHH
YMOB 0€3 Mepexojy O €KOJIOTIYHO abo COLiajIbHO HENPUITHATHOTO CTaHy.

Take BH3HAYCHHS BEKTOPH3YE IOCITIIKCHHS HE HAa MONIYK aOCTPaKTHOI
«CTIMKOCTI», @ Ha BCTAaHOBJICHHS KOHKPETHHMX (YHKIIIH, MOPOTriB, YacOBHX
TOPU30HTIB, MEXaHI3MIB BITHOBJICHHS Ta MOXIIMBOCTEH aJalTHBHOTO
YIPaBJIiHHSL.

2. MeToau4HUM Nigxia A0 OLiHIOBaHHS NMOTEHLUia/ly pe3nIbEHTHOCTI
B YMOBaxX KOMGiHOBaHUX LUOKIB

OUiHIOBAHHS TIOTEHI[aNy €KOJOTiUHOi pe3rbeHTHOCTI Mickkux [JIC
nmotpelye mepexony Bill TPAIHMIIHHOTO OMUCY EKOJIOTIYHOTO CTaHY TEPUTOPIl
M0 (QYHKI[IOHAJIEHO Ta CIICHAPHO-OPIEHTOBAHOTO aHANi3y. Bu3HaucHHS
KOHIICHTpAlii 3a0pyaHIOBaviB, (Hi3UYHMX BIACTHBOCTEH IPYyHTY a00 4YacTKu
3elIeHHX HacaKeHb caMe Mo co0i He Ja€ BIAMOBIAI HA MUTAHHSA, IK CHCTEMa
MOBOJJUTUMETHCS MiJl 4ac €KCTPEMaJbHOIO BIUIMBY, sIKi (yHKLII BOHa 3MOXe
30eperTH, HaCKUIbKU LIBHIKO BIJTHOBUTHCS Ta 4YM Oyle 3JaTHOIO aJanTyBaTHCS
JI0 HOBUX YMOB.

Y Mexax 3alpOIOHOBAHOTO MIiAXOAY IIOTEHLIal PEe3HJIbEHTHOCTI
po3mIIaEThCca SK CLEHAapHO 3alie)kHa Xapakrepuctuka. OpHa U Ta cama
TEPUTOPIs MOXKE IEMOHCTPYBATH BiJTHOCHO BUCOKHMII MOTEHIiall pe3HIILEHTHOCTI
JI0 KOPOTKOYACHOI INMOCYXH, ajie OyTH BpasiHMBOIO JO €KCTPEMAJIbHOI 3IIMBH,
XIMIYHOro 3a0pynHEHHS ab0 TOE€IHAHHS IOXEXI 3 HACTYIHHM €pO3iiHUM
3MUBOM. ToMy OLliHKa He TIOBMHHA (POPMYIIIOBATHCS a0CTPAKTHO K «TEPUTOPIs
Ma€ BHCOKHMH pIBEHb pPE3WIbEHTHOCT». KOpEeKTHHM € TBEpIUKEHHS IIpO
MoTeHLia 30epe)keHHs1 a00 BiJIHOBJIEHHS KOHKPETHHUX (YHKIIIH 32 BU3HAYEHOTO
CIIEHapilo BIUIUBY, IPOCTOPOBOrO MacmTady Ta 4acoBOTO BUMIpY.

MeTonuyHy OCHOBY JOCII/DKEHHSI CTaHOBUTH NPHYMHHO-(YHKLIOHATbHUN
JIQHIFOT: BUXIMHUHA CTAH CHCTEMH —> XPOHIYHI THUCKHM 1 CTpecH — IIOK abo
KOMOIHAllisl MIOKIB — TEPBUHHA PEAaKIlisi KOMIIOHEHTIB — BTpaTa KPUTHYHUX
(dyHKLI — KackaIHI HACIIIKKM — BiHOBJIEHHS a00 TepexiJ 10 HIIOro CTaHy —
yIIpaBIliHChKa BiANOBIIb. Takuid miaxig Jae 3MOry BiIOKPEMUTH BIACTUBOCTI CaMOi
IJIC Bij XapakTepUCTHK 30BHIIIHLOTO BILIUBY, & TIPUPOIHY BiJHOBIIOBAHICTE Bil
Pe3yIIbTaTiB [JIECTIPSIMOBAHOTO YIIPABIIHCHKOIO BTPYYaHHSI.

BigHeceHHs TEBHOrO YHMHHHMKA JI0 THCKY, cTpecy a0o IIOKy HE MoOxe
I'PyHTYBaTHCS JIMIIE Ha HOro Ha3Bi. BOHO 3a11€XXNTh B IIBUAKOCTI BUHUKHEHHS,
TPUBAJIOCTI, IHTEHCHBHOCTI, IIOBTOPIOBAHOCTI, HPOCTOPOBOTO OXOIUICHHS,

426



MIOTIEPETHBOTO CTAHy CHCTEMHM, XapaKTepHOro uacy i peakuii Ta HasBHOCTI
MOpOry (PyHKIIOHAIBHOTO TOPYLIEHHS.

Hampuknan, nocyxa Moxe OyTH TpPUBAJIMM CTPECOpPOM, SKIIO AeiluT
BOJIOTH HApOCTa€ IIOCTYIOBO, aie Moxe (YHKIIOHYBard SIK IIOK, SKIIO
LIBHJIKA Ta IHTEHCHMBHA arMoc(epHa I0CyXa BHHHMKAE B KPUTUYHHUH Tepion
PO3BUTKY POCIMHHOCTI. 3a0pylHEHHS MOXXe OyTH XpOHIYHMM THCKOM 3a
MOCTYNOBOTO HAKONMHMYEHHS a00 IIOKOM 3a aBapiiHOTO BHKHAY. YIIUIbHEHHS
MOXe (POpPMYBATUCSI ITOCTYNOBO BHACIIIOK peKpeaniiHOro HaBaHTaXXKEHHs abo
BUHHMKATH PAITOBO ITICIISl IPOXOKEHHS BayKKOT TEXHIKH.

BignoBinHo, nouineHO KiacudikyBaTH BIUIMB 32 HaOOpPOM 4acoBO-
IIPOCTOPOBUX IApaMeTpiB, a He 3a (GOpMaNIbHOIO Ha3BoO (Tabi. 1).

«KomOiHOBaHMH IIOK» TPOMOHYETHCS BU3HAUaTH SIK CUTYyalilo, y sIKid /1Ba
abo Ounplie JpaiiBepiB, CTPECOPIB UM HEOE3NMEYHUX TOMAINA MiOTh OIHOYACHO,
MOCII0OBHO 200 B MPOCTOPOBO IOB’S3aHMX YAaCTHMHAX CHUCTEMH Ta CHUIBHO
BU3HAYAIOTh (YHKIIOHAJIBHUI Hacmigok. [Ipm npoMy KOMOIHOBAaHMH UIOK
HEo0O0B’A3K0BO Tiependadae AOBEJCHNI CHHEPTeTUYHUI e(EeKT.

Tabmuus 1
Kpurepii inentudikanii BuBiB y pasi oniHioBaHHSI noTeHIiaxy
€KOJIOTIYHOI pe3niIbeHTHOCTI Michknx [JIC

Ne Kpurepiii Xponiunmii Tuck | Tpusauuii crpecop Mok
1 ITouatox TocTynoswuii abo IToctymnoBuii un BigHOoCHO panToBuit
MOCTIHHMIT CE30HHUM
5 TpuBamicTb TpuBana, yacto Bin nHiB 10 pokis HepeBaXfHo KOpOTILIa
HEBH3HAUCHA 3a 4ac BiJHOBJICHHS
3 IloBroproBaHicTh CucremarnyHa Ilepiomiyna abo Pa3oBa abo cepiiina
TpUBaIa
4 OcHoBHHIT edexT Hakonmdaenss 3mMiH | BucHaxxeHHS Piske dyHKIiOHANBHE
pesepBiB BIIXVJICHHS
Ponb y pesunbentHocti | Dopmye hoHOBY 3MeHIye Iepesipsie
5. BPAa3NUBICTh (yHKLIOHATEHUI OMIPHICTB 1 3aIycKae
peseps BiJIHOBJICHHS
Tunouit npuknazn TpancnoprHe TpuBana nocyxa ExcTpemanbHa 311Ba
) 3a0pyAHEHHS

Hanpukian, koMmOiHaIif0 «creka + Tmocyxa + YIOIUIBHEHHs» TOYHIIe
OMHUCYBaTH SK KIIMATHYHUN KOMOIHOBaHWI BIUIMB, HMOCHJICHHH IMOIEPEIHBO
chopMOBaHOO (hi3UUHOO Bpa3IuBicTIO IPyHTY. CaMe YINIIBHEHHS B I[BOMY
BUNAJIKy € HEOOOB’S3KOBO IIOKOM, & YMOBOIO, sSIKa 3MEHIIYE JOCTYITHHN
(GYHKIIOHATBHUH PE3epB.

Kombinartist «<BHOyX0OBe MOPYIICHHS + MOXKeka + 3a0pynHEHHI TOBEPXHEBUI
CTIK» € CKJIaJHUM TOCIIZIOBHO-KaCKaJHUM ILIOKOM. MexaHiuHe Ta TepMiuHe
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MOPYILEHHS 3MIHIOIOTh BIIACTUBOCTI IIOBEPXHI, a MOAAJIBIII Olla (1 3a0e31eyoTh
MOO1ITi3allif0 Ta MPOCTOPOBE IEPEHECEHHS PEYOBHH.

Tumnosorico kKoMGiHOBaHUX MIOKIB st Mickkux [JIC mouinbsHo (opmyBaru
3a JIBOMa KPHUTEPiIMU — 33 IMOXO/DKCHHSIM UYWHHHKIB Ta 32 MEXaHI3MOM IX
noeHaHHsA (Tadm. 2).

Knacudikamis nuiie 3a MOXOMKEHHSIM € HEIOCTaTHBOI, OCKUIBKU OJIHA
MOJisi MOXKE€ OJHOYACHO HaJeX)aTh J0 KUIbKOX KaTeropii. Hampukman,
PYHHYBaHHS ApPEHAXy BHACIIJOK BOEHHOTO BIUIMBY!®, momajibplia 3jMBa Ta
NepeHeceHHs 3a0py/HIOBauiB ()OPMYIOTh BOEHHHH, TIIPOIOTIYHUH 1 KaCKaHUH
KOMITOHEGHTH OJTHOTO CIICHAPIIO.

Hacnigku KIIiMaTUYHOTO IIOKY 3HAYHOK MipOIO 3aJIC)KATh Bifl MOMEPEIHBOTO
CTaHy TPyHTY. YIIUIbHCHUH a00 MAaJOMOTY>KHHHA IPYHT i3 HU3BKAM BMICTOM
OpraHivYHOi PCYOBUHH MOXKE MAaTH 3HAYHO HUYKUY OIIPHICTh JI0 TIOCYXH, HIK IPYHT
i3 PO3BHHECHOIO CTPYKTYPOIO Ta JIOCTYIHHUM JUIs KOpeHiB mpodineM. Bognouac
MICJIST TPUBAJIOT MOCYXH IHTCHCHBHA 3JIMBA MOXKC BHUKIIMKATH HE BiTHOBIICHHS
3araciB BOJIOTH, a TIOBEPXHEBUI CTiK, €PO3il0 Ta JOKAIBHE i ITOIUICHHS.

BoeHHuii BIUIMB HE CIiJl ABTOMAaTHYHO OTOTOXHIOBATH 3 TOKCHYHUM
3a0pynHeHHsM. HasBHICTE BUPBH, YIIaMKiB a00 CIIi/IiB MOXKEKI € MiJACTABOKO IS
CKPHHIHTY, aJic HE JJOKa30M MEPEBUIICHHS KOHIICHTPAI[ill KOHKPETHUX PEUOBHH.
XiMIYHAN PHU3UK Ma€ BCTAHOBJIIOBATUCS AHANITHYHO 3 YPaXyBaHHSAM THUITY
o, [pKepesia 3a0pyAHEHHS, BIACTUBOCTEH IPYHTY Ta HIISAXIB MepeHeceHHs .

KackagHuii IIOK XapaKTepU3yeThCS IEpPEIaBaHHAM  HACHIIKIB MK
KOMITOHEHTaMu cucTteMu. KackaHuil aHami3 motpedye BUXOMY 32 MEXKi OKpeMoi
npoOHoi nistHKY. HeoOxiHO BpaxoByBaTH penbed, Bomo30ip, HANPSIMU CTOKY,
MPOCTOPOBY 3B’S3HICTh 3CJCHUX 30H, PO3TAllyBaHHS IHXXCHCPHUX MEPEK
1 MOXJIUBICTh TICPEHECCHHS PEUOBHH.

Binbmicte ypOaHi3auifHO-TEXHOT€HHUX BIUIMBIB € XPOHIYHUMH THCKaMu
a00 HAKONMUYYBAJIBHUMH CTPECOPAMH, a HE IIOKAMH y BY3bKOMY 3HAUCHHI.
I[Ipore BOHM BHU3HAYAKOTH TONCPEAHIO BPA3IUBICTH 1 MOXYTh CYTTEBO
MOCWJIIOBATA HACHINKKA KIIMaTHYHUX abo aBapiiiHux momid. IIpukimamom
€ TIOETHAHHS 3allcyaTyBaHHs, VINUIBHEHHS 3aJIMIIKOBUX He3a0yI0BaHUX
JUISHOK Ta IHTEHCHBHHX OMNaMiB. Y IOMY CIICHApIi 3aleuaTyBaHHS CKOPOUYE
wionyy iHGUIBTpaLii, YIIIJIbHEHHS 3MEHIIYE BOJIOIPOHUKHICTH BIAKPUTOTO
IPYHTY, a 3]IMBa CTA€ TPUTECPOM IIBHIKOTO (POPMYBAHHS MOBEPXHEBOTO CTOKY.

19 Solokha M., Demyanyuk O., Symochko L. et al. Soil degradation and contamination due to
armed conflict in Ukraine. Land. 2024. Vol. 13, No. 10. Article 1614. DOI: https://doi.org/10.3390/
land13101614.

2 Bonchkovskyi O., Ostapenko P., Bonchkovskyi A., Shvaiko V. War-induced soil disturbances in
north-eastern Ukraine (Kharkiv region): Physical disturbances, soil contamination and land use change.
Science of the Total Environment. 2025. Vol. 964. Article 178594. DOI: https://doi.org/10.1016/j.
scitotenv.2025.178594.
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Tabmuug 2
I'pynu mokiB Ta pU3MKH, sIKi BOHH CTBOPIOIOTH (IIPUKJIA/IN)

Tpyna mo'.ﬂB SBuma @yuknii mig puznKomM
Ta BILIMBIiB
Knimarnuni ta | —  XBuui crieku; —  VTpuMaHHS BOJIOTH;
TiZpomeTeo- — armoc(epHi Ta IPyHTOBI IIOCYXH; —  indinsTpanis;
pornoriuni — iHTEHCHBHI omaw; —  PeryioBaHHs [IOBEPXHEBOIO CTOKY;
IIOKH — LIBUJKE TAHCHHS CHITY; — MiATpUMAaHHS POCITHHHOCTI;
—  pi3Ki mepexonu Temneparypu depes 0° — GionoriyHa aKTHBHICTB;
—  CHIIbHI BITpH; —  PeryiiOBaHHS TEMIIEPATypH MiCbKOTO
—  MO€IHAHHS CIEKH 3 TIOCYXOI0; CepeoBHIIa;
— TIOCyXa, 3a SKOIO HACTae eKCTpeMaybHa 3IMBa. | — NPOTHEPO3iliHa QyHKILis.
Boenno — BubyxoBe MexaHi4He MOpYIICHHS; —  @i3nyHa UiTCHICTb TPYHTOBOTO
3yMOBJICHI — YTBOPEHHS BUPB i IITY4HOTo Mikpopenbedy; | mpodio;
LIOKH — TepeMilllyBaHHS IPyHTOBHX TOPH30HTIB; —  indinsTpanis;
—  TIOXKEXi; — TATpPUMAaHHA POCIMHHOCTI;
—  pyiiHyBaHHs OyaiBelib; —  Oybepu3auis 3a0pyaHIOBaYiB;
—  OCifiaHHs NIy Ta MPOIYKTiB FOPIHHS; — Oe3Me4HICTh KOHTAKTY 3 IPYHTOM;
—  HAJIXO/DKCHHS YJIAMKIB i OyiBeNbHIX —  MOXJIMBICTb TOJAIIBIIOTO
Marepiais; 3eMJICKOPHCTYBaHHS;
—  YIIiTbHEHHS BaXKKOKO TEXHIKOIO; — TPHUPOJHA BiJHOBIIIOBAHICTh
—  pyiiHyBaHHS IPCHAXKHHX CHCTEM;
— 3MiHy HanpsiMiB TIOBEPXHEBOTO CTOKY;
—  MOTEHIiifHe JoKaIbHEe XiMidHe 3a0pyIHEHHS.
Kackayni Ta 1 eapianm. — PerynioBaHHs IOBEPXHEBOTO CTOKY Ta
cucreMHi wokK | PyiiHyBaHHS ApeHaKy — iHQinbTpaLis onais;
— JIOKAJIbHE T1iATOIUICHHS— —  aKyMYJIFOBAHHSI Ta IiATPUMAHHS
— 3MiHa OKUCHO-BiIHOBHHX YMOB— JIOCTYITHHX 3aI1aciB IPyHTOBOI BOJIOTH;
— MoOiizaris 3a0pyaHIOBa4iB— —  MiATPUMAHHS JKUTTE3IATHOCTI MiCHKOT
—> NIEPCHECEHHSI JIO TIOHIKEHD penbedy— POCIMHHOCTI;
— PH3HK JUIS BOTHUX 00 €KTiB a00 HACENEeHHS. | — TEpMOpETyIsLisi MiCHKOTO CepeIOBHUIIIA;
2 eapianm. —  Oydepu3auis, copOuist i TpaHChopMALLis
HOXKexa — 3a0py/IHIOBAILHUAX PEYOBHUH;
— BTpaTa POCIMHHOTO if OpPraHiyHOTO MOKpHBY | — 30epeskeHHs (i3ndHOi cTabinbHOCTI
— SHIDKCHHS CTPYKTYpHOI cTabiIbHOCTI — IPYHTOBOTO TIOKPHBY;
— eKCTpeMalibHa 31IHBa—> — miaTpUMaHHA 610reoXiMiYHHUX LUKIIIB
— epo3iitHnii 3MuB — i IPyHTOBOTO GiOPi3HOMAHITTS;
—3aMyJIeHHs IPEHaXKHOI CHCTEMH —> —  [poCTOpOoBOi Ta PYHKI[IOHAIBHOT
— TIOBTOPHE ITiATOILICHHSL. 3B’SI3HOCTI MiCBKOI IPUPOITHOT
iH(ppacTpyKTypH.
VYpbanizauiiiso- | — YiiabHEHHS, —  Indinerpaniiino-BogoperymoBaibHa;
TEXHOTreHH1 —  3areyaryBaHHs IOBEPXHi; —  CTPYKTYpHO-(i3uuHa; GionpomyKIliiiHa;
BIUIUBU —  3HATTA 00 TMepeMilyBaHHS IPYHTOBHX —  OybepHo-dinbrpariiita;
TOPH30HTIB; — OioreoximivHa;
— 3a0pyAHEHHs NOTCHLIHHO HeOe3MeYHNMHU —  BYDJICLIEPETYIOBAIIBHA;
€JIEMEHTaMH; — GioromiuHa;
—  HaJIXO[PKeHHsI HadTOIPOLYKTIB Ta —  KiIiMaroperyoBaibHa QyHKILi.
OpraHiuHUX 3a0pyIHIOBaYiB;
—  3aCOJICHHS,
— 3MiHa pernbedy;
— (parMeHTallisl 3eJICHUX JLITHOK;
—  MOpYLICHHS IPUPOJHHUX LUIIXIiB CTOKY;
—  TEIUIOBE HABAHTAKCHHS B/l IITYYHIX
HIOBEPXOHb.
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VYrpapiiHCbka HECHPOMOXKHICTH MpAIOe K MOIU(IKATOp BPas3IHBOCTI.
BigcyTHiCTE  MOHITOPHMHTY,  3aTpUMKa  pearyBaHHsS,  HEBHU3HA4YEHICTh
BiJIMIOBiTAILHOCTI 200 iehinuT iHaHCYBaHHS HE € PI3UUHUMHE YK €KOJIOTTUHUMH
okaMu. IX IOUiNbHO TpakTyBaTH K iHCTUTYLiHHI MOXM(IKATOPH BPA3IMBOCTI.
Bonn MoxyTh 30i7bIIyBaTH TPHBANICTh HETaTWBHOIO BIUIMBY; 3MEHILIYBaTH
HWMOBIPHICTh PaHHBOTO BUSIBJICHHS; NEPEIIKO/DKATH JIOKalizalii 3a0pyHEeHHS;
301IBIIYBaTH Yac BiJIHOBJIEHHS; CIIPUSATH IIOBTOPEHHIO NOPYILIEHHS; IEPEBOIUTH
00OpOTHY Jlerpasiallifo y CTiIHKuiA HeOaKaHH CTaH.

OtKe, IOTEHILIaT PE3WIBEHTHOCTI MICBKOT TEpUTOPil BU3HAYAETHCS HE JIUILE
MIPUPOJHUMH BJIACTUBOCTSIMU IPYHTY, @ W 3IATHICTIO CHUCTEMH YIpaBIIiHHS
pO3Ii3HaBaTH IIOKH, CBOEYACHO PearyBaTH i KOPUTYBaTH PillIeHHS.

ono ¢GopMyBaHHS CHCTEMH I[OKAa3HHKIB IOTCHIIANTY PE3WIbEHTHOCTI
BBa)XAaEMO, LIO0 BHOIp MOKa3HUKIB Mae 3IIMCHIOBATHCS 3a IPHHIMIIOM
«(yHKIIS — MEXaHi3M — TIOKa3HUK.

AJNTOopUTM NPONOHYETHCS TaKUil:

1) BH3HAYEHHS KPUTHYHOI (YHKIIT;

2) BCTaHOBJICHHS MEXaHi3My il NOpYyIIEHHS;

3) BuOIp BIACTHBOCTEH, SIKi KOHTPOJOIOTH IICH MEXaHi3M;

4) BH3HAYCHHS BUMIPIOBAHUX iHIMKAaTOPIB;

5) BcTaHOBICHHS pe)epeHTHOr0 abo OPOrOBOrO 3HAYCHHS,

6) OLIHIOBaHHS HEBU3HAYEHOCTI iHTEpIIpeTaLlii.

Hanpuknan, ans GyHKUil perymoBaHHS 3TMBOBOTO CTOKY BaXJIUBHMH € HE
BCl XiMIYHI TIOKa3HUKU IPYHTY, a II€PEeAyCiM BOAONPOHHMKHICTH, IIIJIBHICTD,
CTPYKTYpa, HOTYXHICTh IPYHTOBOTO MpPOQLI0, HOI0KEHHS B penbedi, yacTka
3amevyaTyBaHHS Ta 3B’S30K i3 JPEHAXKHOI0 MEPEXKeElO.

Bbrok A. Iapamerpu moky i ekcrosumii. 3anporoHOBaHI YOTHPH OJIOKU
MMOKa3HWKIB (Tabn. 2) HEOOXiJTHO JIOMOBHUTH OKPEMHM OJIOKOM, SIKHA
XapakTepu3ye 30BHIMIHINA BIUIMB. be3 IbOro HEMOXXIMBO BiJJOKPEMHUTH BUCOKY
PE3WIBEHTHICTD BiJ C1a0KOi IHTEHCUBHOCTI LIOKY.

Jlo Onmoky Halie)XaTh THIT MOJil; IHTEHCHBHICTH, TPHBAJICTh; LIBHIKICThH
BUHUKHEHHS; 4YacTOTa IIOBTOPEHHS; CE30H; IPOCTOPOBE  OXOIUICHHS;
MOCJIIIOBHICTD TIOJiH; 4ac MiXK IOBTOPHMMH MOMAISMH; 4acTKa TEPUTOPIi, sKa
3a3Hana BIUIMBY; HAsABHICTh 30BHIIIHHOTO HAJIXO/KEHHS 3a0py/IHIOBAYiB;
MOTeHUIHI ~ IUISXM  TOMMpeHHA HacmiakiB. Hampuknan,  HeBenmka
(dyHKIIOHaJbHA BTpaTa Micisl c1a0Koi 3JIMBU HE € JJOKa30M BHCOKOI OMIPHOCTI
JI0 EKCTPEeMaJIbHUX OMaJliB.

bnox b. Cran 1 ¢yHKuioHanbHICTh IpyHTY. DIi3MYHI NOKAa3HUKU:
IpaHyJIOMETPUYHUI  CKJIaJ; LIUIBHICTh  CKJIAJEHHsS; 3arajbHa Ta
(yHKIIOHAJIbHA TOPUCTICTH; OIMIp MNEeHeTpauii; BOAOCTIHKICTH arperaris;
iHQinpTpaniiiHa 3JaTHICTH; BOJOYTPUMYBalbHA 3JIaTHICTH, MOTYXHICTh
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(YHKIIOHAJIBHOTO IPYHTOBOTO WIapy; HasBHICTh YINIJIBHEHHX abo
TEXHOT€HHHUX TOPH30HTIB.

XimiuHi oka3HUKU: pH; enexkTporpoBiHICTE; BMICT OPraHivHOTO BYIVIELIIO
abo TyMycy; €MHICTh KaTiOHHOTO OOMiHY; JIOCTYITHI €JIEMEHTH >KUBJICHHS;
BaJIOBi Ta pyXOMi ()OPMH MOTEHINIHO HEOS3MEUHUX eJIEMEHTIB; HAPTOIPOIYKTH,
MOJIIMKIIIYHI apOMaTHYHI BYIJIEBO/HI a0 iHII opraHiyHi 3a0pyaHIoBaui (Jnie
3a HAassBHOCTI OOTPYHTOBAHOTO JDKEpPEIa PU3UKY).

Bionoriuni 1Moka3HUKK: I'PyHTOBE JUXaHHS; MIKpOOHa OioMaca; aKTHBHICTh
(epMeHTiB; 4YMCENbHICTH a00 PIZHOMAHITHICTH IPYHTOBHX 0e€3XpeOeTHHX;
IHTEHCHBHICTh PO3KJIaJaHHsl OPraHiyHOI PEYOBHHH; CTaH KOPEHEBOI CHCTEMHU;
O3HAaKH 010JIOTIYHOTO BiHOBJICHHS ITiCIIs MOPYILEHHs. BKirodeHHs 6100riuHIX
MOKa3HUKIB € MPUHIUIOBUM, OCKUIbKH (DI3MKO-XIMIYHO NPUWHSATHUH TIPYHT
MOKE€ MaTH HU3bKy Oionoriuny ¢yHkuioHanbHicTh. OHAK KOHKPETHUH HaOip
Ma€ BU3HAYATUCS] MOXKJIMBOCTSAMH J1a0oparopii Ta WIHHICTIO ITOKa3HUKa JUIst
o0panoi pyHKuii.

braox B. IIpocropoBo-nanmmadTHi XapakTepucTHKU. [loKasHUKHM JuIst
BU3HAYEHHs: 4YacTKa 3aleyaTaHnX [OBEPXOHb; IUIOMA ¢ KoHQirypamis
He3areyaTaHuX JUITHOK; CTPYKTypa POCIHMHHOTO IOKPHBY; YacTKa IEPEBHOI,
YarapHUKOBOI Ta TpaB’SHUCTOI POCIMHHOCTI; 3B’SI3HICTH 3€JEHUX [UISTHOK;
TIOJIOKEHHS B pesibedi; KPYTH3HA CXMITY; HAJEXHICTh 710 BOI0300pY; HaIpsiMU
MIOBEPXHEBOTO CTOKY; BIJCTaHb 1O JDKepell 3a0pyIHEHHS; OJIM3bKICTh 10
TPAHCIIOPTHOT Mepeki; (parMeHTaIlisi KOPEHEBOIO IIPOCTOPY; MPOCTOPOBE
CYCIJICTBO 3 BOIHHMMH 00’ €KTaMH; 4acTKa TEPUTOPIi 3 HOPYIIEHUM IPYHTOBUM
npodisem.

L1i moxa3HWKK MOXKYTh BHU3HAYaTUCS 3a JOIIOMOTOIO TIOJIbOBOTO KapTyBaHHS,
GIS, undpoBux Mmozpeneil penbedy, NTUCTAHIIHHOIO 30HIYBaHHS Ta aHANIZy
3eMJIEKOPUCTYBaHHS.

braox I. O3nHaku Bpa3nuBOCTI. BpasnuBicTh Xapakrepusye CXWIBHICTH
CHCTEMH JI0 BTpaTy KOHKPETHOI (yHKILIT 32 BU3HAUEHOTO cleHapito. O3HaKaMu
BPa3IMBOCTI MOXYTb OyTH: YIIUIBHEHHS; HU3bKa CTPYKTYpPHA CTaOLIBHICTB;
aedinuT opraHiyHOi PEYOBMHHM; Majla IOTYXHICTh KOPEHEBMICHOTO IHapy;
epo3iiiHa HEeCTIWKICTh, TOKCHYHE 3a0pyJHEHHS; 3acCOJICHHS; HOpPYLICHHS
JPEHYBaHHSI; BEJIMKa YacTKa 3areyaTyBaHHs; IPOCTOPOBE PO3’€THAHHS 3€JIEHUX
JUISTHOK; HHU3bKE BHIOBE Ta (YHKIIOHAJIBHE PIZHOMAHITTS POCIUHHOCTI;
BIJICYyTHICTh aJIFTEPHAaTUBHUX UUISAXIB BIJBENEHHS CTOKY; 3aJIeKHICTh BiJl
MOCTI{HOTO 30BHILIHBOTO JOMISLY; MTONIEPE/IHS ICTOPIsl TOBTOPHUX IOPYIIEHb.

OmuH 1 TOW caMuil TIOKa3HWK MOXE XapaKTepH3yBaTH CTaH, BPas3JIHMBICTh
a00 (YHKI[IOHATBHICTh 3AJICXKHO BiJl METH OI[iHIOBaHHs. Hanpukiia, NiIbHICTh
CKJIaJIeHHs € (DI3MYHOI0 BJIACTHBICTIO, ajie 1l BUCOKE 3HA4YEHHs CTA€ O3HAKOIO
BPa3IMBOCTI MO0 1HQIIBTpalLii i PO3BUTKY KOPEHIB.
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Bnok JI. YmpamimiHChKa Ta aJanTHBHA CHPOMOXHICTB. Jl0 1bOro OJIOKY
HaJIe)KaTh: HAsIBHICTh CHCTEMAaTHYHOI'O MOHITOPHHTY; IOCTYIHICTh aKTyalbHUX
MPOCTOPOBUX 1 JJA0OPATOPHUX AHWX; BU3HAYCHICTh BiJIIOBIJAJILHOTO CY0’€KTa;
HasBHICTh IUIAHY pearyBaHHs; IIBUIKICTh MOOLIi3alii pecypciB; AOCTYNHICTh
TEpUTOpil JUIs BTPYYaHHS; TEXHIYHA 3AiHCHEHHICTh 3axofiB; (iHaHcoBa
3a0e3MeueHicTh; MOXJIMBICTH MOETANHOI peasi3alii; HasBHICTb pe3epBHUX
CIIeHapiiB; MOXJIMBICTh 3MIHM (DYHKIIOHAIBHOTO BHKOPHCTAHHS; HOPMAaTHUBHI
Ta Oe3leKoBi OOMEKEeHHS; y4yacThb MICIIEBUX 3alliKaBIEHHX CTOPiH; CHCTeMa
IHIMKATOPIB 1 TPUrepiB NEeperIsLy pillleHHS.

Leit Omok He ciij MEXaHIYHO IOEAHYBAaTH 3 I'PYHTOBUMH ITOKa3HUKaMH.
BiH xapakTepu3ye COLIOCKOJOTIYHUI KOHTYp YIpaBiiHHS Ta 3IaTHICTh
KOMIIEHCYBATH IPUPOIHI OOMEXEHHSI CUCTEMH.

lomo kmacudikamii MOKa3HUKIB 3a JUHAMiYHICTIO. [IJis OI[IHIOBAaHHS
PE3WIBEHTHOCTI ~ KOPHCHO  PO3PI3HATH  BIAHOCHO  CTali  BJIACTHBOCTI
(rpaHyJIOMETpUYHUI CKIIa, IIPUPOIHE TIOJIOKEHHS B pesibedi), HOBUIBHO 3MiHHI
BJIACTHBOCTI (IIOTYXHICTh NMPOQUII0, 3armac OpraHiYHoOro BYIJIEL0), ANHAMIYHI
BJIACTHBOCTI  (BOJIOTICTb, TeMIlEparypa, eJIEeKTPONPOBIAHICT, OioJjoriyHa
aKTHMBHICTB), IIBHIKI iHAWKarTopH peakuii (iHQUIbTpamis micias onaniB, cTaH
POCIIMHHOCTI, TIOBEPXHEBUH CTIK), YIPaBIIHCHKI 1HIUKATOPH (Yac pearyBaHH:,
HasIBHICTH JTaHMX, peaji3allis 3aX0/iB).

[NoenHaHHs TNOKAa3HWKIB 13 PI3HMM 4YacoM peakiii Jae 3MOry BiJpi3HATH
CTPYKTYpHI IIEPEIyMOBHU PE3HIBEHTHOCTI BiJl KOPOTKOCTPOKOBOI PEAKIIT HA MOIIF0.

[IporonyeMo Taky mponeaypy OLIHIOBAaHHS MOTEHIaNy Pe3MJILEHTHOCTI.
[Mo-nepure, BBa>kaeMo 3a JOLILHE HE CTBOPIOBATH OJIMH YHIBEpCAILHUIN 1HIEKC
PE3WIBEHTHOCTI. ATPErOBaHui 0a MOXKe IPUXOBATH KPUTHYHY BPasIHBiCTh, 00
BHCOKI 3Ha4€HHsI IPYTOPsIHUX ITOKa3HUKIB 31aTHI MaTeMaTHYHO KOMIICHCYBaTH
BTpary ¢yHKUii, sika (akTUYHO He MoXke OyTH KomreHcoBaHa. llo-mpyre,
BB2)KAEMO 32 MaKCHMaJIbHO HaJiliHWI minxin (opMmyBaHHsS (YHKIIOHAIBHO-
CIICHAPHOTO MPOMLTI0 PE3UITLEHTHOCTI.

Etan 1. BusnaueHHs mex cucremu. HeoOXiJHO BCTaHOBUTH IPOCTOPOBI
MEX1; BEpTUKAIBHY HOTY>KHICTh IPYHTOBOTO IPO(MLITIO; THIT 3MJIEKOPUCTYBaHHS;
MOB’si3aHi 3€JIeHi, BOAHI Ta IH)KEHEPHI EJIEMEHTH; CyO’€KTIB YNpaBIiHHS;
YaCOBHH TOPH30HT OLIIHIOBaHHSI.

Mexi MarOTh BHU3HAYaTUCS BIIMOBIAHO 10 mporeciB. J[is aHamizy CTOKy
JOLIJBHOK OJMHHICI0 MOXe OyTH JIOKadbHHH BOHO30Ip®!, 1S OLIHKK
JICPEBOCTaHy — KOPEHEBHUI MPOCTIp, I 3a0pPYIHCHHS — 30HA MOTCHIIITHOTO
TIepEeHECEHHSI.

21 Casal-Campos A., Sadr S. M. K., Fu G., Butler D. Reliable, resilient and sustainable urban drainage
systems: An analysis of robustness under deep uncertainty. Environmental Science & Technology. 2018.
Vol. 52, No. 16. P. 9008-9021. DOI: https://doi.org/10.1021/acs.est.8b01193.
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Etan 2. BusHaueHHS KpuTHYHHMX OYHKIIH. [l KOHKpeTHOI TepuTopii
BUOMPaIOThCs PyHKILIT, BTpara sKHX € eKOJIOTTYHO 200 COLialIbHO HENPUUHATHOIO,
a came iHQIIBTpalis; pErylIlOBaHHA CTOKY; MiJTPUMAHHS POCIHMHHOCTI;
Oydepuzamis  3a0pymHIOBadiB; 0iOJNOTiYHA AKTUBHICTB, TEPMOPETYIIALIS;
Oe3reyHicTh BUKOPUCTaHHS; crabiiizauis nmoBepxHi. He Bci QyHkuii moBuHHI
MarH OJIHaKOBY MPIOPUTETHICTh. BOHA 3aleXUTh Bijl IPU3HAYEHHS TEPUTOPIT Ta
noTped 3alikaBICHUX CTOPIH.

Etan 3. OuiHtoBaHHS NOTOYHOI 3a0e3rneueHocTi (QyHKuWid. JIns KoxHOT
¢yHKIi{ BU3HAUa€ThCsI HAOIp MPSAMUX 1 HENpPSMHUX IOKa3HUKIB; pedepeHTHa
OCHOBA; TOTOYHHUI pPIBEHB; NPOCTOPOBE BapilOBAaHHS; JIOCTOBIPHICTH NaHUX;
OCHOBHI 00MeXyBaJIbHI (hakTopH. Pe3ynbraToM € He 3arajibHa «JIKiCTh IPYHTY»,
a npoinp 3a0e3me4eHOCT] PyHKIIH.

Eran 4. ®opmyBaHHs creHapiiB KomOiHoBaHMX mIOKiB. CueHapiii Mae
MICTUTH CKJIJ] YHHHHKIB; MMOCIIOBHICTh, IHTCHCHBHICTB; TPHBAIICTH; YaCTOTY
TIOBTOPEHHS; IPOCTOPOBE OXOILICHHS; CE30H; (POHOBI THCKH; YIPaBIiHCHKI YMOBH.

JloninbpHO (hopMyBaTH HE OJIFH MPOTHO3, 8 HA01p MPaBAONOAIOHUX ClIeHAPIiB:
MOMIpHHUH, HECHPUSATIMBUMN, €KCTpEeMalbHUKM Ta ClEHapiil i3 HeBU3HAYEHUMHU
rapameTpamH.

Eran 5. BusnauenHs uwymmBocTi QyHkmid. Jlins KokHOT KkomOiHamii
«(yHKIIS — cLeHapiil» BCTaHOBIIOETHCS MEXaHi3M BIUIMBY; HallpsM 3MiHU;
OYiKyBaHa BeJIMYMHA BTPAaTH; IMOBIPHICTh NEPEBHUIIEHHS 1OPOTa; MOXIIHMBICTh
KacKaJTHOTO MOIIMPEHHS; PiBEHb JI0Ka30BOCTI IPUYMHHOTO 3B’S3KY.

UytnuBicTh 0akaHO IMOJAaBaTH OKPEMO BiJ ekcro3uuii. Tepurtopis Moxe
OyTH Jy’Xe 4yTJIMBOIO JIO MiJATOIUIEHHS, aje He eKCIIOHOBAHOIO JI0 HBOTO 4Yepe3
MOJIOYKEHHST Ha BOAOALTI.

Eran 6. OnintoBanHs onipHOCTi. ONipHICTh XapaKTepH3Y€ETHCS OUiKyBaHOIO
a00 (aKTUYHOIO BEIMYMHOIO BTPATH KPUTHYHOI GYHKWII I dYac MIOKY.
OIiHIOBaHHS OIMIPHOCTI mepeadayae BH3HAYCHHS MAaKCHMAIBHOI BIJIHOCHOI
BTpaTu KPUTHYHOI (yHKLIi B MeKax 3aJaHOr0 CIEHapil0 Ta YacOBOTO BiKHA.
Buxigauii 1 MiHiManbHUH PiBHI (YHKIIOHAJIBHOCTI MalOTh OyTH BH3HA4YeHI 3a
3iCTaBHHUX YMOB, a ITIOKa3HUKHU MPUBEJCHI 10 €MHOIO HANpPsIMY IHTEpIIpeTallii.
3a HasBHOCTI 4aCOBUX CIOCTEPEKECHb OIMIPHICTh PO3PAXOBYIOTh 32 (PAKTHYHOIO
TpaeKTopiero QyHKIIi; 3a IX BiACyTHOCTI (POPMYIOTh CLIEHApHY OLIIHKY Ha OCHOBI
MEXaHICTHYHOTO MOJISJIIOBAHHS, MPOCTOPOBUX a00 ICTOPUYHHMX AHAJIOTIB Ta
CTPYKTYPOBaHOTO €KCHEPTHOTO CY/PKeHHs. Pesynbrar citij mogaBatu pasoM i3
Jliara3oHOM HEBH3HAUEHOCTI, XapaKTepPUCTUKAaMH ILOKY Ta iH(OpMAII€ Mpo
MOXKJIMBE MEPETHHAHHS KPUTHYHHUX (PYHKIIOHAIBHUX MOPOTIB.

2 Urich C., Rauch W. Exploring critical pathways for urban water management to identify robust
strategies under deep uncertainties. Water Research. 2014. Vol. 66. P. 374-389. DOI: https://doi.
org/10.1016/j.watres.2014.08.020.
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Etan 7. OuiHioBaHHS BiIHOBIIOBAaHOCTI. OLIHIOIOTBCS OYIKYBaHWI dYac
MOYaTKy BiJJHOBJICHHS; TPUBAJIICTb IIOBEPHEHHS JO TNPHHHATHOIO PIBHS;
MOBHOTA BIJHOBJEHHS; CTaOUIBHICTh BIIHOBJIEHOTO CTaHy; IMOBIPHICTh
MIOBTOPHOT'O TTOPYIICHHS; 3aJE€XKHICTh BiJl 30BHIIIHBOTO BTPYYaHHs; HAsBHICTh
MIPUPOJHUX PE3EPBIB BiHOBICHHS.

€ ceHC OKpEeMO PO3Pi3HSATH HPUPOIHE BiTHOBJICHHS; KEPOBAHE BiTHOBJICHHS;
BIJHOBJICHHSI JIO IIONEPEIHbOrO CTaHy; BIAHOBJICHHS [0 IHIIOrO, aie
(YHKIIOHAJIBHO NPUUHATHOTO CTaHY.

Etan 8. OriHrOBaHHS aJanTUBHOCTI. AJIANITUBHICTh BH3HAYAETHCS 4Yepe3
HasBHICTh aJBTEPHATHBHUX CIIOCOOIB BUKOHAHHS (YHKIIl; MOMJIMBICTH
3MiHM TPOCTOPOBOI OpraHi3ailii; HasBHICTh (PYHKIIIOHAIHLHOI HA/JIHIIKOBOCTI;
MOXKJIMBICTb 3MIHHU PEXXUMY BUKOPUCTAHHS; THYUKICTh YIIPaBJIiHHS; JOCTYIHICTh
pecypciB; SKiCTh MOHITOPUHTY; MOXKJIMBICTD IIOETAITHOTO BTPYYaHHs; HAsIBHICTh
TPUTEPIB MEPEnIsAY PillIeHHS.

Etan 9. ®opmyBanHs mpodinto pe3msibeHTHOCTI. {151 KOXKHOI KPUTHUYHOT
¢yukuii GopMmyeTscs Habip XapaKTEpUCTHK, Y T.4. MOTOYHE 3a0e3IeucHHS,
OIiPHICTh, BiTHOBIIOBAHICTb, aJlaNTUBHICTD, KPUTUYHUIA opir,
HEBU3HAUCHICTb.

[podins mMoxe BimoOpakaTucst y BUDISAI MaTpHlli, TEIUIOBOI KapTH abo
panapHoi giarpamu. OnHak rpadivyHe y3arajdbHEHHs HE TIOBHHHO 3aMiHIOBATH
aHaJi3 NpUYUH QYHKLIIOHAIEHUX OOMEXKEHb.

Etan 10. BusiBiieHHsT KpUTHUHKUX Bpa3inuBocTei. J[OlijbHO 3acTOCOBYBaTH
MPUHIMN (PYHKIIOHAJIBHOTO «BY3BKOTO MICIIsD», SIKIO OJIHA KPUTHYHA (QyHKIIis
MIEPEXOIUTh Y HETTPUHHATHUN CTaH, BUCOKI 3HAYESHHS IHINMX (QYHKLIN HE 3aBKAN
MOXYTb ii KOMIIeHcyBaTu. Harpukia/, BUCOKa BOJIOIPOHUKHICTh HE KOMIIEHCY€
HeOe3nevyHe 3a0pyJHEeHHsI a00 J0Ope 03eIeHEHHS He KOMIICHCY€E PU3UK KOHTAKTY
JiTel i3 TOKCHYHUM IPYHTOM?, a0 BHUCOKHI BMICT OpraHiuHOT PEYOBHHHU HE
KOMIIEHCY€E IIOBHE 3aredaryBaHHs, a00 BHCOKa NPUPOIHA BiJHOBIIOBAHICTh
HE ycyBae HEOOXiJHOCTI TepMiHOBOI Jokaii3auii 3a0pynHenns. Tomy QyHkuii
€ CEHC MOMIIMTH Ha B3a€EMO3aMiHHI; YaCTKOBO KOMIIEHCOBaHi; He3aMiHHI a0o
00MEKyBaJIbHI.

Etan 11. OninroBanHs HeBu3HadeHocTi. [Ipodinb pe3msIbEHTHOCTI Mae
CYIPOBOJI)KYBATHCS OLIIHKOIO HeBU3HaYeHOCTi. OCHOBHI i TUIH: BUMipIOBajJbHA
(moxubka aHaji3y Ta IpOCTOPOBOIO BiIOOPY), CTPYKTypHA (HEIIOBHE PO3YMiHHS
MPUYMHHMUX 3B’S3KiB), MOJENbHA (3aJIEXKHICTh pe3yibTaTy Bix BUOpaHOi
Mojiedi), clieHapHa (HeBiIOMi XapaKTePUCTHKH MaiOyTHIX IIOKIB), HOpMaTUBHA
(HeBM3HAYEHICTh IIOAO0 MPUHHATHOTO CTaHy), YHpaBiiHChbKa (HEBiIOMIi

3 Yin D., Zhang X., Cheng Y., Jia H., Jia Q., Yang Y. Can flood resilience of green-grey-blue system
cope with future uncertainty? Water Research. 2023. Vol. 242. Article 120315. DOI: https://doi.
org/10.1016/j.watres.2023.120315.
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pPECYpCH, CTPOKU Ta CIIPOMOXKHICTBH peaizallil), emicTeMiuyHa (HecTada 3HaHb,
SIKy TIOTEHIIIHHO MOYKHA 3MEHIINTH), BapiabenbHICTh (TIprpoaHa abo cowiaibHa
MIHJIMBICTB, SIKYy HE MOXKHA YCYHYTHU JOIATKOBUMH JIOCIIDKEHHSIMH).

PesyneraroM ouiHOBaHHS Mae OyTH:

1) BH3HAYEHHS KPUTHYHUX QYHKLIH KOHKPETHOI TEpUTOPIi;

2) igeHTH(]IKaLi MOKIB 1 (POHOBUX CTPECOPIB;

3) BCTaHOBJIEHHs NPUYMHHUX MEXaHI3MiB (DYHKIIOHAIBHUX BTPaT;

4) oIiHKa OMiPHOCTI, BIHOBIIFOBAHOCTI Ta aaNTUBHOCTI;

5) BusBneHHS (QYHKIIOHAJBHUX «BY3bKHX MICLBY;

6) BU3HAYEHHs PIBHS HEBU3HAYEHOCTI;

7) dopMyBaHHSA iHQOPMAIIIHOI OCHOBH i CIIEHAPHOTO TECTYyBAaHHS
poOAaCTHUX YIPaBIiHCHKUX PIllIEHB.

TakuMm UMHOM, OLIIHFOBaHHSI ITOTEHILIAJTy PE3UIILEHTHOCTI € HE 3aBEPILAIbHUM
PEUTHHI'YBaHHSM, a ITPOMIXXHOIO aHAJITHYHOIO IPOLENYPOIO, SIKa ITOB’A3Y€ JIaHi
PO MICBKI IPYHTH, JIAHIIAQTHY CTPYKTYpY Ta YIPaBIiHCbKY CHPOMOXXHICTBH
i3 BUOOPOM 3aX0iB, 3aTHUX 3a0e3neuyBaTH NPUHHATHUHA pe3yabTar 3a pi3HUX
CIICHapiiB KOMOIHOBaHHUX IIOKIB.

3. O6rpyHTYBaHHA po6acTHUX YNpaB/liHCbKUX pilleHb
AN MiCbKUX TepuTopii

Vnpasninceki  pimenns momo Mickkux [JIC yXBamloWOTBCS 33 yMOB
HEMOBHOTH JIaHUX, IPOCTOPOBOI HEOMHOPIJHOCTI TEpUTOpii, MIHIMBOCTI
KJIIMaTUYHUX BIUIMBIB, OOMEXeHOoro (hiHaHCYBaHHS Ta HEBU3HAYEHOI
CIIPOMOXKHOCT] BIANOBIJANIBHUX CYO’€KTIB peaji3oByBaTd i MiATpUMYyBaTH
3arulaHoBaHi 3axoau. Jist MicT, o (QYHKIIOHYIOTh B yMOBaX BOEHHOTO PU3HUKY,
JI0 IIX YNHHHUKIB JIOIAIOTHCS] MOMKJIMBICTh OBTOPHHX TTOIIKO/KEHb, TOPYILEHHS
€HepronocTayaHHs, OOMEXeHHs JOCTYNy [0 TEepUTOpiil, HecTaOUIbHICTh
Oro/KeTIB 1 3MiHA NIPIOPHUTETIB BiJHOBJECHHS. 3a TaKMX yYMOB OpIi€HTAllis Ha
OJIHE «HaWKpalle» pillleHHsl, po3paxoBaHe JyIs HalOLIbII IMOBIPHOTO CLIEHAPIIO,
€ HEeJI0CTAaTHBOIO.

VY Mexax HbOTr0 AOCTI/KEHHS DPOOACTHUM YIPaBIiHCHKUM PilICHHSM
MIPONOHYETHCSl BBAXKATH PillIeHHsS a00 mopTdens B3aEMOIOB’ I3aHUX 3aXO0[iB,
SIKUH:

1) 3abesmeuye 30epexkeHHS ab0 BiJHOBJICHHS KPUTHYHHUX (YHKIIH 3a
LIMPOKOTO Jliara3oHy MpaBaoNoAiOHIX CleHapiiB;

2) He NPU3BOAUTH JI0 HEIPUHHATHUX HACIIJIKIB 32 HECHPHUSITINBUX YMOB;

3) 3anMIIaeThCs TEXHIYHO, (PIHAHCOBO i IHCTUTYLIHHO 3/1iHCHEHHNM;

4) nomyckae KOPUI'YBaHHS, pO3IIMPEHHS a00 3aMiHy OKPEMHX KOMIIOHEHTIB
y Mipy HaJIXO/KEeHHsI HOBOI iH(popMmarii;

5) He OnOKye peanizaliio MEPCHEKTUBHHUX aJIbTEPHATHB Y MaiOyTHBOMY.
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PoGacTtHicTh HE O3Hawae, MO PilICHHS € Hale(EeKTUBHIMINM Yy KOKHOMY
okpeMoMy creHapii. BoHO Moxke mocTymarucst BY3bKO ONTHMi30BaHOMY
PILICHHIO 32 CIPHUATIMBUX YMOB, ajlé Ma€ MEHIIMA PU3HK (YHKLIOHAIBHOTO
MpOBaNy, HENPUHHATHAX BHUTPAT ab0 HE3BOPOTHHWX HETaTHMBHHUX HACITIIKIB 3a
HECIPUATIUBUX KOMOIHAIIN MIOKIB.

PobGacTHe pillleHHSI HE € OKpEMUM IH)XEHEPHUM a00 TPHPOA0OPIEHTOBAHUM
3aX0I0M, a € CTPYKTYPOBAHOIO YIIPaBIIHCHKOIO KOHCTPYKII€IO, sIKa BKIIIOYA€E
MOYaTKOBI JIii, pPEe3epBHI MOXIIHMBOCTi, CHCTEMY MOHITOPHHTY, IOPOTOBI
3Ha4YCHHS Ta MMpaBHJIa NMEPEXOAY 10 HACTYITHOTO eTaIry.

OxpeMuii 3axii He 31aT€H MIATPUMYBAaTH BCi KPUTHYHI (PYHKIII MiCBKOT
TEpUTOPIi 3a Pi3HUX KOMOIHAIH ITOKIB. 301IBIICHHS TOJIMBY MOXKE THMYACOBO
3MEHIIUTH BOJHHMH CTPEC POCIMHHOCTI, aje He YCyBa€ YIIUIBHEHHs IPYHTY,
HE TapaHTy€ HaJIXOJUKEHHS BOJIM 1O AKTUBHOI KOPEHEBOI 30HHM Ta CTBOPIOE
3aJeXHICTh Bif cTabLIBHOTO BOMO- W eHepromocradaHHs. Po3mmpeHHs
3MUBOBOI TpyOM MoOXe 30UTBIIMTH BiABEOCHHS BOIHW, ale HE PO3B’s3ye
mpobJaeMn 3acMiueHHs 3THUBONPHUHMAYIB, MOBEPXHEBOTO CIPSIMYBaHHS CTOKY
JI0 MiIBAJILHUX BXOMIB a00 MiAMOPY HUXKYE 33 TEUI€rO.

Tomy 00’ €kTOM HOpPIBHSHHS MOBUHHI OyTH He 130J1b0BaHI 3aX0/IH, & MopTdei
pillIeHb, AKi TOEJHYIOT IPUPOI00PIEHTOBaHI 3aX0/IH, IPYHTOBO-BiJHOBIIIOBAJIbHI
Jii, IHKEeHepHi pillleHHs], IIPOCTOPOBE NMPOEKTYBAHHS, OpTaHi3aLiifHi IpoLenypH,
MOHITOPHHT HACIIAKIB, eKCIDTyaTalliifHe oOCIyroBYBaHHS Ta pe3epBHI il Ha
BUITAI0K IIEPEBHILEHHS IPOEKTHOT CIIPOMOXKHOCTI.

Y npuiHATTI pilieHs 3a IIHOOKOI HEBU3HAYEHOCTI HAMOLIBII POOACTHUMHU
YacTO BUSBISIOTHCSI HE OAMHUYHI 3aX0/H, a TIOPHUIHI cTpaTerii, 110 MOEJHYIOTh
IH)KEeHEpHi, MPHUPONOOPIEHTOBaHI Ta OpraHi3auiiHi KOMIOHEHTH. BomHowac
pe3ynbTar 3aJeKUTh Bil BHOpaHWX CIEHapiiB i KpuUTepiiB poGacTHOCTI, TOMY
TaKi BUCHOBKHM HE MOKHA MEXaHIYHO MTEPEHOCUTH MK TEPUTOPIsIMH.

[ocminoBHiCTF  OOTPYHTYBaHHS pOOACTHOTO  pIilIEHHS  PO3TISTHEMO
y MIPaKTUYHOMY KEHCI JJIs1 MiChKOTO MapKy y Benukomy micti (Cax imeni Tapaca
[lIeBuenka, M. XapkiB, YkpaiHa).

1. BusHadeHHS MpOCTOpOBHX 1 ympaBiiHChKMX Mex. Ha mepiiomy erarti
BHU3HAYa€EMO TEPUTOPIIO, Ha SKy Oe3lMocepeqHbO IOUIMPIOETHCS PIIIeHHS,
(YHKIIIOHATIFHO ITOB’ I3aHi TEPUTOPIT, IPKepera 30BHINTHIX BIDTHBIB, TPOCTOPOBHIA
piBeHB, Ha SIKOMY MPOSBIIETHCA HACTIIOK, BIACHUKIB i OaTaHCOyTPHMYBadiB,
Cy0’€KTIiB, BIAMOBIZaABHMX 3a peai3aliio i O0OCIyroByBaHHS, YaCOBHIA
TOPU30HT PillICHHSI.

Can imeni Tapaca IlleBueHka po3TamioBaHWil y ULEHTpajbHIA 4YacTHHI
XapxoBa.
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ITix yac pekOHCTPYKILi caxy Oyiau peanizoBaHi** %

1) Omu3bko 95 THC. M? Ta30HIB;

2) Onu3bKo 57 THC. M? ac(abTOBOIO Ta IPaHITHOTO TOPOXKHBOT'O IIOKPUTTS;

3) cucreMa aBTOMaru4HOTO TIOJIUBY;

4) 37MBOBa KaHAJI3aIlis;

5) mTy4Ha BomoiiMa;

6) mimoXiJgHi Ta pekpeauiiiHi 00’€KTH;

7) 3axomm 31 30epekeHHs CTApOBIKOBHX IyOiB, BIK SIKMX y IPOEKTHHX
Marepianax orinroBascst y 200-300 poxis.

I[i mani cBiguarh TPO 3HAYHY BHYTPIIIHIO HEOAHOPIIHICTH TEPUTOPII.
Can moenHye nepeBHI HAcaJDKEHHs, I'a30HU, BIAKPHUTI peKpeauiiHi IO,
ayei, 10 IHTEHCHBHO BHKOPHCTOBYIOTHCS, BOJHHMH OO’€KT Ta iHXKEHEpHIi
Mepexi. 3a 3aJJ0KyMEHTOBaHHMH IUIOIIAMH T'a30HIB 1 JOPOXHBOTO ITOKPUTTS
OCTaHHE CTaHOBUTH MpuOIM3HO 37,5% 1XHBOI cymapHoi miom. Ile He yacTka
3amevyaTyBaHHs BChOTO CaJly, OCKLIBKY IIPOEKTHI JIaHi HE OXOIUTIOIOTh YCiX THITIB
MIOBEPXOHb, aJie IOKAa3HUK MiATBEPKYE ICTOTHY pPOJIb TBEPAMX IOKPHUTTIB
y BOZHOMY H TEIIOBOMY PEXHMi TEPUTOPIi.

B odinifiHomy nepesniky IpupoIHO-3anoBiqHOro (oHIy OOTaHIYHA MMaM’ITKa
npuponu «Cap im. T. I. IlleByenka» mae rurorny 0,75 ra?. 1o BeauuuHy He
CJIiI TIOMMJIKOBO BHKOPHCTOBYBAaTH SIK 3arajibHy IUIOILy BChOTO Cajy, BOHA
XapaKTepHU3ye IUIOILY OXOPOHHOTO 00’€KTa Y BiIIIOBITHOMY PEECTPI.

Hns Cany imeni Tapaca IlleBuenka ¢opmaibHa Mexa MapKy HEIOCTaTHS
JUISL aHAJTI3y BOJIHOTO PEXHMMY, OCKIJIbKM HEOOXiJHO BPaXOBYBaTH HaAXOKCHHS
CTOKY 3 TBEP/MX [I0OBEPXOHb, CUCTEMY HOJIUBY, IPEHAXK 1 PO3MOJILI peKpealiiiHoro
HaBaHTa)KCHHS.

2. BusHaueHHs KpuTnuHuMX OyHKUIH. PimieHHs Mae ouiHioBaTHCS HE 3a
KUIBKICTIO peasli3oBaHMX 3aXO0/iB, a 3a 3aTHICTIO MiATPUMYBATH BU3HAYCHI (yHKIIIT.

Jns mapkoBoro Kelcy TakuMH (QYHKIISIMA € JOCTYIHICTH IPYHTOBOI
BOJIOTH?’; MiATPUMAHHS JEPEBHOI POCIMHHOCTI; TEPMOPETYIISILIs; 30epemKeHHs
I'PYHTOBOI CTPYKTYpH; CTaOLIBHICTD ITOBEPXHI; peKpeaniiHui KoMPOPT.

2 Kharkiv Development & Investment. Pexoncrpyxuis Cany imeni Tapaca Illeuerka [EnexkrponHuii
pecypc]. URL: https:/inkharkiv.com/projects/rekonstruktsiia-sadu-imeni-tarasa-shevchenka/  (mara
3BepHeHHS: 30.07.2026).

3 XapkiBcbka Micbka paia. Houil kacka, 03epo i 30HH BifIIOYMHKY — Yy XapKOBi PEKOHCTPYIOKOTh Cajl
Illeuenka [Enexrponnuii pecypc]. 11.05.2018. URL: https://city.kharkiv.ua/news/misto/noviy-kaskad-
ozero-i-zoni-vidpochinku---u-kharkovi-rekonstruyuyut-sad-shevchenka (nara 3sepuenns: 30.07.2026).

% XapkiBcbka o0nacHa JepxaBHa ajMiHicTpauis. Ilepenmik TepuTopiii Ta 00’€KTIB IPHPOAHO-
3anoBigHoro (onay Xapkicbkoi obmacti cranom Ha 01.10.2021 poky [Enexrponnuit pecypc]. URL:
https://kharkivoda.gov.ua/content/documents/1127/112691/Attaches/perelik _pzf na sayt hoda.pdf (zara
3eepHeHHs: 30.07.2026).

7 Tams L., Paton E., Kluge B. Urban tree drought stress: Sap flow measurements, model validation, and
water management simulations. Science of the Total Environment. 2024. Vol. 957. Article 177221. DOIL:
https://doi.org/10.1016/j.scitotenv.2024.177221.
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@Oynkuii MaloTh OyTH paHXOBaHI 3a KpUTHUHIcTIO. besneunicTs mronet,
3aXHCT JKUTJIOBHX NPHUMIIIEHb 1 30epe’KeHHs] CTapOBIKOBHX JI€peB HE NOBUHHI
MaTreMaTHYHO KOMIICHCYBATUCS IPYTOPSIIHUMHE OJIarOyCTPOEBUMH IepeBaraMu.

3. BcraHoBieHHS NPUWHATHOIO Ta HENPUHHATHOTO craHiB. J[ns KoxkHOT
KpUTHYHOI (YHKIIi HEOOXiJJHO BCTAHOBHTH Oa)KaHWW CTaH, TNPUHHATHHHA
MiHIMYM; ITOPIT YIPaBIiHCHKOTO pearyBaHHs; KPUTUYHUI NOPIT; HEPUHHATHUN
pesyibrar.

[Moporom Moxe Oytn ¢i3MyHME 1OKa3HMK; (YHKLIOHAaJbHA BTpaTa;
TPUBAIICTH MOPYILEHHS; TIJIOIIA YPAXKEHHS; KUIBKICTh KOPUCTYBA4iB ITi/I PU3UKOM;
TIepEeBUILICHHS OIO/PKETY; HEMOXIIMBICTD BiJIHOBJICHHS B 3aJaHUH CTPOK.

Hanpuknan, s mapky He AOCHTh BCTQHOBHUTH, IO JEPeBa 3aJIMIIHMIHCS
»uBUMH. HeoOXiZIHO BU3HAYNTH NPUHHATHUN PiBEHb 30€peXEHHS JINCTKOBOTO
MOKPHUBY, TpaHCHipalil, 0X0J0[KyBanbHOI QYHKIII*® Ta cTaHy KOPEHEBOI 30HU.

4. Inentudikanis GpyHKIIOHAIEHOTO «BY3bKOTO MiCIlsh». «By3bkuM Micuem»
€ KOMIIOHEHT a0o0 Ipolec, SKUIl NepIrM O0OMeXye 30epe)KeHHS KPUTHYHOT
dyuxuii. Moro He MOKHA BCTAHOBIIOBATH JIMIIE 33 HANMIPIINM 3HAYCHHSIM
okpemoro inaukaropa. [ToTpiOHO BU3HAUYNTH NPUYMHHUI MEXaHI3M.

Hus Cany imeni Tapaca IlleBueHKka MOXIUBHUI JIAHIIOI Ma€ BHIVISLI
pekpeauiiiHe HaBaHTaXXEHHS — YLIUIbHEHHS — 3MEHIIEHHsSI MaKpOIOPHUCTOCTI
Ta iHQUIBTpaIii — HEIOCTaTHE IOMOBHCHHS BOJIOTH B KOPCHEBIA 30HI —
BOJHUH CTpeCc — 3MEHILEHHS TpaHCIipalii — 0cinabiIeHHs OXOJIOIKEHHSI.

Skmo (akTH4HE «By3bKe MiClie» BU3HAYEHO HENPABMIBHO, HABITH TEXHIYHO
SIKICHE pINICHHS MOXE HE JaTH OYiKyBaHOTO pe3ynbrary. OIliHIOBaHHS 3a
OIHUM CepelHIM 3HAYeHHSM JUIsi BChOTO cagy Oylde METOIUYHO CIa0KHM.
[IporoHyeThCs BUIAUTUTH MIICTh TUHIB (DYHKIIOHATIBHUX 30H (Tali. 3).

Jnst xkokHOI 30HM JOUUIBHO CQoOpMyBard OKpemMuid mpodins, a MoTiM
y3araJbHIOBaTH PE3yJIbTaTd Ha PiBHI camy. OCOOIMBO BaXKIIMBHM € MOPIBHSHHS
30H Z1 1 Z3: BOHM MOXYTh MaTH IOAIOHUIA JIepeBHUI MTOKPHB, ajie Pi3HUH CTaH
KOPEHEBMICHOTO I'PYHTY Yepe3 OJIM3BbKICTb JI0 aJlel Ta peKpealiiiHe HaBaHTa)KEeHHSL.

5. ®opmyBaHHSI peecTpy HeBH3HaueHOCTeill. HeBu3HaueHOCTI Ajsi Takoro
Keiicy MOXKHA PO3/IIJIUTH Ha YOTUPH IPYIIH, @ CaMe 30BHIIIHI BIUTUBH (TPUBAJIICTH
criekd, Ae(dinuT omajiB, MOBTOPIOBAHICTh IIOCYX), CTAH CHCTeMH (IMOHMHA
VIIUTBHEHHS, JOCTYIHHUM KOpPCHEBHH 00’€M, CTaH JepeB), YIpaBliHChKa
CIIPOMOKHICTB (IOCTYITHICTD BOAM, CHIPABHICTh ITOJIMBY, KOHTPOJIb peKpearlii) Ta
30BHIiLIHI 0OMexeHHs (nepe0oi enekTpoeHeprii, BOeHHI nmomkomkeHHs ). He Bei
HEBM3HAUCHOCTI NOTPIOHO HAMAraTHCs YCYHYTH TOAATKOBHMH JI0CIIDKEHHSIMH.
YacTuHy 3 HMX JIEIIEBIlEe BPaXyBaTh Yepe3 CLiEHapHE TeCTyBaHHS.

2 Stumpe B., Bechtel B., Heil J. et al. Soil texture mediates the surface cooling effect of urban and peri-
urban green spaces during a drought period in the city area of Hamburg (Germany). Science of the Total
Environment. 2023. Vol. 897. Article 165228. DOI: https://doi.org/10.1016/j.scitotenv.2023.165228.
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Tabmuusg 3

@DyHKIiOHAJIBHI 30HH U1 QYHKIIOHAJIBLHO-CIieHapHOro npodino Caxy
imeni Tapaca IlleBuenka

DyHKIiOHATbHA . .
Kon sona OCHOBHI 03HaKH OuikyBaHa poJib y cueHapii
CrapoBiKoOBi JiepeBHi | 3IMKHEHHI HaMeT, Bucoka kiriMaToperyioBaibHa
Z1 |HacamxeHHS 3HaYHi KOpPEHEeBi LiHHICTh; BUCOKA KPUTUYHICTb
CHCTEMH, 3aTiHCHHS 30epeKeHHs] KOPEHEBUX 30H
I'azonu Ta Binkputi | Tpap’sHucTHH nokpus, | llIBuIko pearyroTe Ha MOCyXy;
Z2 | ransBHHH IHCONALIS, peKpealiliHe | iHAUKaTOp BOAHOTO AeiluTy
BUKOPHCTAHHS §l BUTONTYBAaHHA
bydepni cmyru Konraxr rpyHty HaitimoBipHimi ocepenku
Z3 | B30OBXK OCHOBHHX 3 TBEPIUM HOKPHUTTSAM, | peKpeauiifHOro yIibHeHHs
anei IHTEHCHBHHI pyX 1 OOMEKEHHSI KOPEHEBOI0 IPOCTOPY
Bysnu Bucokoi Bxoau, nam’sITHUKHY, JlokanbHe BUTONTYBaHHS, OTOJICHHS
Z4 | pexpeamniitHoi MalilaHIUKH, MicIst MIOBEPXHi, BUCOKUI aHTPOIIOTeHHUH
AKTHBHOCTI BiJITIOYMHKY TUCK
3aneyaraHi Acdansr, rpasirt, o, | HarpiBanus, ¢popmyBaHHS CTOKY,
Z5 | HanmiBOPOHUKHI OCHOBHI JIOPI’KKH 00MEXEHHS HAJAXOMKEHHS BOIU 10
MTOBEPXHI TPYHTY
Bonoiima, kackap, Hakonuuenus a6o [MorenuiitHuii pecypc mepepo3noainy
Z6 | HOHMKEHHS BiZBeIeHHS BOIU BO/IM, ajie HEOOOB’ A3KOBO JXKEPEII0
i IpeHaXKHi By31U JOCTYMHOT BOJIOTU AJIS JePEB

6. IloOymosa Habopy peamicTHuHuX cieHapiiB. CreHapii He MawTh

00MEKyBaTHCSI KATETOPLIMHU «HOPMAIIbHHUI», «ITOTaHHID» 1 «HaUTipInuiiy. Koxken
CIICHapii Mae BiZoOpakaTh KOHKPETHY KOMOIHAIIIIO CHJIM i TPHBAIOCTI IIOKY;
BHXIZIHOTO CTaHy; IOIEPEAHIX CTPECIB; TEXHIYHOTO CTaHy iH(PaCTPyKTYpH;
JOCTYITHOCTI pecypciB; e(eKTHBHOCTI yIPaBIiHCHKOTO pearyBaHHS.

Cuenapii I mapky.

P1 xopoTka XBUIISl CIIEKH, JOCTATHS BOJIOTICTh IPYHTY, CIPAaBHHI MOJHUB;

P2 TpuBana creka micis aeiliuTy OmajiB, MONMKUB TOCTYITHUT;

P3 tpuBana cneka, oOMexxeHHs BojonocTadanHs Ha 50%;

P4 crniexa, mocyxa, HECIIPaBHICTh YaCTUHHU CUCTEMH IOJIHUBY;

P5 crmeka i mocyxa 3a BHCOKOTO peKpealliiHoro HaBaHTaKEHHS;

P6 moBTOpEHHS MOCYNUIMBUAX CE30HIB 0€3 IMOBHOIO BiTHOBJICHHS IPYHTY Ta
JIepeB.

[onboBi mOCHIKEHHST MICBKUX JEpeB I0Ka3yloTh, IO BOXHHN CTpec
3aJICKUTh BiX BOJIOTOCTI IPYHTY, PO3MIpy BOMO030IpHOI IUIOII Ta YIIPaBIiHHS
BOJIOIO; 301JBIICHHS HAJXO/PKEHHS BOIU MOXKE 3MEHIIYBATH, alle HE 3aBKAu
MTOBHICTIO YCYBaTH MOCYXOBHI cTpec. OX0I0mKyBaibHa e()eKTHBHICTD 3€IICHUX
TEPUTOPIH TaKOXK 3HUIKYETHCS 32 CYXOTO IPYHTY, HaBITh SIKIIO JEPEBHUIT IOKPHB
(dhopmanbHO 30epeKeHu.
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VY3aranbHeHu#l (yHKIIOHaNBHO-clIeHapHUi T1podine caxy imeni Tapaca
[leByenka 1moOymOBaHO AJsI MIECTH NPIOPUTETHHX (YHKLIM 3 ypaxyBaHHAM
OITiPHOCTI, Bi/IHOBJIIOBAaHOCTI Ta aJalTHBHOCTI.

Tabnuusg 4

Y3aranbHenunii GpyHKIioHa/IbLHO-clieHapHuii npodine Cany
imeni Tapaca IlleBuenka

Omip- -
. . OnmnipnicTs .
Oymicuis HOTO‘IH']/IM HiCcTh no" [ —— BlIlHC!B- Fononﬂ.e
noTeHNiAN | KOPOTKOL moxii JIIOBaHICTH «BY3bKe Micie»
noxii
F1 Bonuuit Cepenniit Cepennst Husbko- Cepenns VininsHeHHs
PeKUM cepeHst i mpocTopoBe
BiJOKpEMJICHHS BOZIH
BiJl KODEHEBHX 30H
F2 CepenHbo- Cepennbo- | Cepennst Cepenns JocrynHuii
PocnuHHICTS | BUCOKHI BUCOKa 200 HU3bKa KOpEHEBHil IPOCTIp
JIOKAJILHO 1 IpyHTOBa BOJIOTa
F3 Bucoxkuit Bucoka CepenHst Cepenns Bono3abesneueHHst
OXOJIO/KEHHS | y 3BMYAlHUX | uepe3 yepe3 BTpary JiepeB
YMOBAaXx 3aTiHEHHs | TpaHcHiparii
F4 Biosnoriuni | HeBusHa- Cepenns Husbko- ToBinbHa Bonora, arperarna
[ing:iqini UYeHUH cepeHs CTPYKTypa, OpraHivHi
HaJIXODKCHHS
FS5 Crabine- | Cepenns Cepennst Huzeka Cepenns OroneHHs IpyHTY
HICTB B peKpeartii- 1 He(opMabHi
TIOBEPXHI HHX By3J1aX CTEKKH
F6 Pexpeauiii- | Bucokuii min | Cepenubo- | Cepenmiii IlIBuzka micnst | Bimkpuri Harpiti
HHiT KOMPOPT | HAMETOM BHCOKHI 3aKiHYCHHSI MOBEPXHi
CIieKH,
HOBUIBHLIIA
micrst
nerpazari
POCIHHHOCTI

Cap imeni Tapaca IlleBueHka Ma€ 3HaUHU# 0a30BHI MOTESHIIIAT KIIMAaTHIHOT

PE3UIBEHTHOCTI 3aBASKH C(OPMOBAHOMY JIEpEBHOMY HAaMETy, IPYHTOBHM
IUIOIIAaM, CTApPOBIKOBMM JepeBaM 1 CTBOpEHiM cucTemi moiauBy. BomHouac
el MOTEHINal CYTTEBO OOMEXKEHHH IMPOCTOPOBOIO MO3aiKOI 3alleyaTaHuX
MOBEPXOHb, JIOKAIbHUM  PEKpPEalliiHNM  YIIIbHEHHSIM 1 HEZOCTaTHIM
HA/IXO/KSHHSIM BOJIU 0€3M0CEPEAHBO 10 aKTHBHUX KOPEHEBHUX 30H.

7. ®opMyBaHHSI yNPABIIHCHKUX albTEPHATUB. AJIBTEPHATHBU MalOTh OyTH
B3a€MHO TOPIBHIOBAHUMH 3a CKJIAaIOM, CTPOKOM peajizaiii Ta HeoOXiTHUMH
pecypcamu. HenpaBuiabHO TMOpIBHIOBATH, HANPUKIAJ, OJMH JOLIOBHH cal
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i3 TOBHOIO PEKOHCTPYKIIEI0 JpeHaXHOI Mepexi 0e3 ypaxyBaHHS pI3HHMII
B MacTadi Ta QYHKIIIAX.

JJis KOXXHOTO 3aXOAy CKJIANAeThCSA MAcIopT 3 iH(GOPMAIIE PO 3MicT,
0COOJIMBOCTI Ta HACIIIAKH:

— 1iiboBa GYHKIA (SKy QYHKIO MIATPUMYE 3aXif);

— MEXaHi3M (JK came BiH 3MIHIOE CHCTEMY);

— TmpocTopoBHi MaciiTad (Touka, IiIsSTHKa, KBapTal, BO030ip);

—  CTpOK peaizaliii (HeraiHui, CE30HHUH, OaraTopiuHuii);

—  KamiTanbpHi BUTpaTH (IPOEKTYBAHHSA i OyNIBHUIITBO);

—  eKcIutyartauiiiHi Butparu (00CIyroByBaHHs, BOJa, €HEPTris, epcoHal);

—  TepMiH ciykOu (0YiKyBaHHI TIepiof Mpare3aaTHOCTi);

—  YMOBH HpoBaiy (KOJH 3aXiJ He 3a0e3mneuye (YHKIII0);

— moOiuHi edexTn (TIO3UTHBHI i1 HEraTHBHI);

—  00OpOTHICTH (MOXKIIUBICTH 3MiHH a00 JEMOHTAXY);

—  BIOMOBITaNBHUMA Cy0’€KT (XTO peaizye 1 mATPUMYE);

—  TIOKa3HUK PE3yJBTaTUBHOCTI (110 BUMIPIOETHCS MICIs peaizarii).

8. PoOactHuii moptdens pimeHb. PobacTHe ympaBiiHHS He MOTpPeOye
peamizamii BCiX MOXJIHMBUX 3axomiB ogHodacHO. Mertox Dynamic adaptive
policy pathways® mepenbadae peamizaiiito 0OTPyHTOBAHMX KOPOTKOCTPOKOBUX
Iiil, 30epeskeHHsT MaHOyTHIX MOXIHBOCTEH 1 Mepexi M0 HACTYIIHOTO 3aXO.Iy
TiCIsT JOCSTHEHHS 3a3/1aJIeTiib BCTAHOBJICHOTO MOPOTY.

Jast koxxHOT TepUTOpii PopMy€ETHCS aTanTHBHA TPAEKTOPIS, 110 TPEACTaBICHA
JIAHITFOTOM: 0a30Be PIIlIEHHS — MOHITOPHHI — CHUTHAJ 3MIiHH — IepeBipKa —
JOAaTKOBHUII 3aXiJ] — MOBTOpPHA OLIHKA.

OcHoBHuit nanor BrumBy i Cany imeHi Tapaca llleBdenka nponoHyeThCst
MPENCTaBUTH TaK: IHTEHCHUBHE peKpealliiiHe BUKOPUCTAHHS — YIIUTbHEHHS Ta
BTpaTa MaKpOIIOPUCTOCTI — 3HIKEHHS 1H(UIBTpamii i JOCTYITHOTO KOPEHEBOTO
00’eMy — HEIOCTaTHE IIOIIOBHEHHs 3allaciB BOJOTM —> IIOCyXa —> 3aKpHUTTS
MPOAUXIB 1 3MEHIIICHHS TPaHCIipaii — 0CIa0JICHHS OXO0I0MKYBaTbHOT (DYHKIIIT
— MIiABUILICHHS TEMIIepaTypH MOBEPXHI — MPUCKOPEHE BUCYLIyBaHHS IPYHTY.

@dopMy€eThCSl TOBUTHBHUM 3BOPOTHUI 3B’SI30K MEHILIE JOCTYITHOI BOJOTH
— cla0Iie BUNapOBYBaJIbHE OXOJOKEHHSI — BHIIA TeMIleparypa — OiIbIIui
nedimur Bomoru. KopeHi gepeB MOXYTh CYTTEBO TOKPAIIlyBaTH iH(UIBTpaIiro
HaBiTh Yy BIJIHOCHO IIUIBHUX MICBKMX IPYHTaxX, ajie e(eKT 3aJeXKHUTh Bil
PO3MOALTY KOPEHIB, IIMOMHHM IPYHTY Ta CTyNeHs yiiibHeHHs'. B oxpeMux
eKCIePUMEHTAIBHUX JOCIIKEHHAX KOPEHEeB1 CHCTEMU 301IbITYBaJIM IIBUIKICTh

¥ Haasnoot M., Kwakkel J. H., Walker W. E., ter Maat J. Dynamic adaptive policy pathways: A method
for crafting robust decisions for a deeply uncertain world. Global Environmental Change. 2013. Vol. 23,
No. 2. P. 485-498. DOI: https://doi.org/10.1016/j.gloenvcha.2012.12.006.

30 Gregory J. H., Dukes M. D., Jones P. H., Miller G. L. Effect of urban soil compaction on infiltration
rate. Journal of Soil and Water Conservation. 2006. Vol. 61, No. 3. P. 117-124. DOLI: https://doi.org/10.1
080/00224561.2006.12435870.
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iHQiIBTpaii MopiBHAHO 3 Oe31epeBHUMH UITHKAMH, MPHYOMY BaXKIIMBHUMHU
KOHTPOJIIOIOYMMHU TTOKa3HUKaMU OyJIM MOPHUCTICTH 1 WIIJIBHICTD IPYHTY.

[Tix yac mMocyxu TeIUIOperyoBaibHa (QYHKIIS MapKy CKIAJa€eThCsl 3 JBOX
YacTWH 3aTiHEHHS, SKE MOXKe IEeBHUI dYac 30epiraTucs HaBiTh 3a BOIJHOTO
CTpecy Ta e€BaTPaHCHIpaIifiHOTO OXOJOMKEHHS, ke Oe3M0CePeHbO 3aICKUTh
BiJl IOCTYITHOI BOJIOTH.

JocunimKkeHHs MICBKHX 3€JICHUX TEPUTOPii MOKa3yI0Th, 0 B YMOBAX IOCYXU
OXOJIO/DKYBaJIbHA sl POCIMHHOCTI ICTOTHO 3aJICKUTh BiJl BOMO3a0e3MCUCHHS,
TEKCTYpPH IPYHTY Ta HOro TipaBIidYHUX BJIACTHBOCTEH; MPOCTOPOBI BIAMIHHOCTI
YacTO CHWJIBHIIIE IIOB’si3aHl 3 IHAEKCAMM BOJIOTOCTI, HIK JIMIIE 3 KIJIBKICTIO
3eNeHol OiomacH.

Tpurepu (Tabin. 5) MalOTh BIINOBIAATH YOTHPHOM BHMOTAM:

1) OyTu BUMIpIOBaHUMH;

2) pearyBary paHilie, HDK CTaH CTaHEe HE3BOPOTHUM;

3) MaTh BH3HAYCHOTO BIAMOBIMAIBHOIO 3a CIIOCTEPEKEHH;

4) OyTu OGe3mocepeTHLO OB’ A3aHUMH 3 YIIPABIIHCHKOIO JTIETO.

Tabmuug 5

Po6oui Tpurepu nast Cany imeni Tapaca IlleByenka

Tpurep (curnai)

PoGoua ymoBa

Jisi (ynpagJincbka peakuist)

Jediut Bonoru

BOJIOTiCTb KOPEHEBOI 30HU HIDKYA 32
nokanbHUK 10-# mepLeHTHIb TPOTATOM
5-7 ni6

NIPIOPUTETHHH aJ[PEeCHUi TOIUB

JlucTanuiitnuii
BOJHHUIA CTpec

crilika HeraruBHa aHoMatist NDMI,
a came NDMI Hmkunii 3a cepennii
CE30HHUH piBeHb OLIBII HDX Ha

1 craHmapTHE BiAXWICHHS Y IBOX
MOCIIJOBHHUX CLIEHAX

0JIbOBA [IEPEBIpKa 1 KOPUTYBAHHS
PEKUMY TIOJIHBY

HiX Ha 3°C mepeBHILye MeaiaHy
3aTiHEHUX JUISHOK Cay

Brpara NDVI a60 npoeKTHBHE HOKPUTTS O0OMEXKEHHS IOCTYILY, BiHOBICHHS
POCIMHHOCTI 3MeHImIHcs Oimbnt Hixk Ha 20% Big MOKPUBY

pedepenty
TeperpiBanns TeMIepaTypa NOBEPXHi AUISHKA OUTbII | IOCHUJICHHS 3aTiHEHHS, IEPEerIsig

TIOKPUTTS " BOJHOI'0 PEXXUMY

ViisbHEHHS

omip nexerpauii 6inbi Hik y 1,5 pasa
BUIIMI 32 pedepeHT, a iHpiIbTpartis
Hik4a 3a 50% pedepeHTHol

JIOKaJIbHE OOMEXKEHHS JIOCTYILY,
JIOKaJIbHA JIIarHOCTUKA U 00epexHe
PO3YIIUTBHEHHS

Crnabke
BiIHOBIICHHS

¢yHkuis He moBepHynacst 1o 90%
pedepenTHoro piBHS yepe3 30—45 nHiB

nepexijl Biji O4iKyBaHHs
HIPUPOIHOTO BiHOBICHHS JI0
KEPOBAHOTO BTPYYaHHs,
nepexija 0 CTPYKTypHOT
PEKOHCTPYKIil KOPEHEBOI 30HH

Brpara noxpusy
(oroneHHst
MIOBEPXHi)

OTONICHHH IPYHT 3aiiMae moHax 20%
YIIPaBIiHCHKOT KOMIPKH

TIepEeHANpaBICHHS ITOTOKIB
Bi/IBi/lyBadiB 1 BiTHOBJICHHS
MOBEPXHi
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Mertoo pilleHHs IOA0 NPAaKTUYHOTO OOrpyHTyBaHHs noprdens mis Cany
imeHi Tapaca llleBueHKa € MiATPUMKA KHUTTE3AATHOCTI JIEPEB, BOAHOTO PEKUMY
IPYHTY Ta OXOJO/DKYBaJbHOI (YHKIII NapKy 3a IMOE€JHAHHS XBHJII CIEKH;

TPUBAJIOI TOCYXH; pPEKpealifHOro YUIUIbHEHHS; MOXJIMBOI OOMEKEHOCTI
MIOJIMBHOI BOJM; MEpeOOiB eHEPronocTayaHHs.
OyHKIIOHANBHUM ~ «BY3bKMM MiCLleM» € He 3arajbHa BiJICYTHICTh

MIOJIMBY, @ POCTOPOBA i 4acoBa HEJOCTYIHICTh BOAM ISl AaKTHMBHUX KOPEHIB
YHaCJIiIOK YIIIJIbHEHHsI, 3arledaTyBaHHs, 0OMEKEHOro I'PyHTOBOIO 00’€My Ta
HEpPiBHOMIPHOTO HA/IXO/PKEHHS BOJH.

VininbHeHHS! MICBKHX TIPYHTIB 37[aTHE ICTOTHO 3HW)KYBaTH IH(IBTpaLio;
BOJJHOYAC PO3BHHEHI KOPEHEBI CHUCTEMHM MOXYTh YacTKOBO BiJIHOBJIIOBaTH
MakKpornopucTicts 1 306impiryBati nponukHeHHs Boau®'. lle o3Hawae, o
BTPYYaHHS Ma€ 3axWIIaTH KOPEHi, a He po3NIsJaTH IPYHT SIK OJHOPIIHHUN

Cy6CTpaT, SIKMA MOKHA MEXaHIYHO PO3IMYUINTH.

Tabmuns 6
IlopiBHSAIHHA AJILTEPHATHBHUX BapiaHTIB
ikyBaHmii II
AJIbTepHATHBA Quikysanuii OcHOBHMIi pU3HK orlepe{um
pe3yabrar pobacTHicTh

Kanennapuwuii nmonus
0e3 MOHITOpUHTY

MiITpUMY€E Ta30HU
1 9aCTHHY JiepeB 3a
3BUYAHHIX YMOB

repeBUTpara BOJIH,
HEJIOTIONHB KOPEHEBIX
30H, 3aJI€KHICTD Bix
eHeprii

HHU3BbKa

HOBHX JIE€PEB

l'IepC]'[eKTI/IBHI/Iﬁ HaMET

JlokanbHe MOX€E MOKpAIIUTH TOLIKO/DKCHHS HU3BKO-CEPEe/THS
PO3YLILTBHEHHS iHdinBTpaio KOpEHiB,

KOPOTKOYaCHUI

edexT 6e3 KOHTPOITIO

pexpeartii
JInie BucamKeHHs! 30iIbLIyE HE 3aXHILAE cTapi HH3bKa B KOPOTKOMY

JiepeBa, BUCOKa
CMEPTHICTb Ca/PKAHIIB
3a MOCYXH

TOPU30HTI

noprdens

PpeKpealrtio, TOKPHTTS
il MOHITOPHHT

MoHitopuHr + KpaIle po3roziise HE yCyBa€ YIIUILHEHHS | CepEeTHs
aJIpeCHUil oJIUB BOIY 1 pekpearitHuii THCK

3axUCT KOPEHEBUX 30H | BIUIMBAE HA MPUYMHY | MOTpeOye KOOpAMHAILIi | BHCOKa
+ agpecHuit monuB + | i HACIiTOK OraroycTpolo Ta

KOHTPOJIb MOTOKIB eKCIuTyaranii

[NoBHHi1 afanTUBHUIL | IOEOHYE BOLY, [PYHT, | BHIUI OpraHisariini HaWBHUIIA

BHUMOTH

31 Xie C., Cai S., Yu B., Yan L., Liang A., Che S. The effects of tree root density on water infiltration in
urban soil based on a Ground Penetrating Radar in Shanghai, China. Urban Forestry & Urban Greening.
2020. Vol. 50. Article 126648. DOI: https://doi.org/10.1016/j.ufug.2020.126648.
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PexomenoBaHo Takuii pobactHuil moprdens? s mapkoBOro Keiicy.

Ha nepmomy erani (oauH ce30H) KapTyBaHHS KOPEHEBUX 30H CTapOBIKOBUX
1 HaiOutpl ypasnuBux JepeB; BcTaHoBieHHs 10-20 penpe3eHTaTHBHHUX
JIaTYMKIB BOJIOTOCTI 3aMiCTh PIBHOMIPHOTO JIOPOTOT0 ITOKPHUTTS BCi€l TEPUTOPIT;
MOJIbOBE BUMIPIOBaHHS iHQUIBTpauii Ta oOmopy IeHeTpauii; BHIUICHHS
pedepeHTHHUX 1 peKpealifHO HaBaHTAXKCHHUX JIITHOK, MEpeBipKa (aKTHIHOTO
pO3IOAITYy TOJNWBHOI BOAM; JIOKaJbHE IIEpEHANpPABICHHS  BiJBiAyBadiB;
30epeKeHHs] OpraHiqHOl MiJCTHIKK Y BU3HAYE€HHUX 30HAX; aJpEeCHHUH IOJIMB 3a
BOJIOTICTIO IPYHTY, @ HE JIMIIIE 33 KaJeHAapeM.

Ha ngpyromy erarmi (micisi BUSBICHHS CTaOUTbHUX OCEPEAKIB BPA3JIMBOCTI)
obepexxHe MHeBMarnyHe a0o iHINE MaJloTpaBMarTUYHE PO3YILUILHEHHS MIiCIsA
KapTyBaHHS KOPEHiB; JIOKJIbHA 3aMiHa HENPOHUKHUX MOKPHUTTIB; CIIPSIMYBaHHS
YHCTOTO TIOKPIBEIBHOTO a00 IIOBEPXHEBOI'O CTOKY JI0 KOPEHEBUX 30H;
CTBOPEHHSl HEBEIIMKMX HAKOMHWYyBadiB IOJMBHOI BOAM; Au(epeHLiiioBaHni
PEXUM YIIpaBIiHHS Fa30HaMK; Mi01p IPYHTONOKPUBHUX POCIIHH JUIS 3aTiHEHUX
1 BUTONTYBAaHHUX AUISHOK.

Ha pesepBHOMY eTami*® peKOHCTPYKIlisE OKPEMHX KOPEHEBHUX IMPOCTOPIB;
3aMiHa YaCTHHU IOKPHUTTIB; CTBOPEHHS CTPYKTYpHHX IPYHTOBHUX KOMIpOK;
KOPHMI'YBaHHSI BHJIOBOTO CKJIaJy HAca/KeHb; 3MiHA (DYHKIIOHAJIBHOTO PEXUMY
JUISHOK, SIKI HEMOXJIMBO OJIHOYAaCHO BHMKOPHCTOBYBAaTH JUIsi IHTEHCHBHOI
pekpeartii Ta 30epeKCHHST KOPCHIB.

Cepen 3axo1iB, 110 MatOTh OyTH BiJXWIIeHI 0€3 10AaTKOBOTO OOIpyHTYBaHHS,
BH3HAYa€MO MAcoOBE MEXaHi4HE PO3IyLIeHHs 0e3 KapTyBaHHS KOPEHEBOI 30HH;
30UIbIICHHS TOJMBY O€3 BHMIPIOBAaHHS BOJIOTOCTi; IE€pPMETHYHE ITOKPUTTS
MPUCTOBOYpHUX 30H; 3aMiHa CTapux JEepeB MOJOAUMH SK QopMalbHa
KOMIIEHCallis; TOBHE MpUOMpaHHS JHCTS 3 YCIX JAUISHOK; OIHIOBaHHS
pe3yabrary JIMIIe 3a KOJIbOpoM ra3oHy abo cepenniMm NDVI.

3anpornoHoBaHa METOIMKA HE 3BOAUTH PE3WJIBEHTHICTH JO 3arajbHOrO
IH/IEKCY O3€JICHEHHs], CTaHy I'PYHTYy a0 piBHs IHKEHEpHOTO OcHalleHHs. BoHa
po3pi3Hsie pi3Hy 4YacoBy NPHUPOAY WIOKIB; Pi3HI NPUYMHHI MEXaHi3MH; pi3Hi
KpUTH4YHI (yHKLIT; pi3HI THUINW BiIHOBJIEHHS; Pi3HI BUMOTH 10 MOHITOPHHIY;
pi3Hi OpTQEi ynpaBIiHCHKHUX PillleHb.

PobGacTHicTh NOBMHHA OyTH 3aKpillIeHa He JIMIIE B TIPOEKTHIN JOKYMEHTaLlii,
a i y cucremi ynpasiuiHHA. CyyacHi JOCHIKEHHS NPHPOIOOPIEHTOBAHOT
TIOJITUKY MiAKPECIIOOTh, 0 OKPEMi JAEMOHCTPALiiiHI MPOEKTH 3aJIMIIAIOTHCS

32 Holscher K., Frantzeskaki N., Collier M. J. et al. Strategies for mainstreaming nature-based solutions
in urban governance capacities in ten European cities. npj Urban Sustainability. 2023. Vol. 3. Article 54.
DOI: https://doi.org/10.1038/s42949-023-00134-9.

3 Davies C., Sheikholeslami D., Lafortezza R. Nature-based policy as a pathway to urban sustainability
transitions. Urban Sustainability. 2026. DOLI: https://doi.org/10.1038/s42949-026-00430-0.
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(parmMeHTapHUMH, SKIIO NPHUPOMHI PIIICHHS HE IHTErpoBaHI B 1HBECTHLIiIHI,
eKCIUTyaTaliiHi Ta MDKCEKTOpaJIbHI IPOLEypH MicTa.

[ToBHowuiHHA 1M(pOBa MOzENb MicTa HE € 000B’I3KOBOIO YMOBOIO ITOYATKY
pobacTHOro ympaBmiHHA. JIJI1 TUIOTHUX TEPUTOPIA JOCUTH CUCTEMH, sKa
¢ikcye kimrodoBi Gyskiii # tpurepu. s mapky e 10-20 maTyukiB BOJOTOCTI
Ha KOHTPACTHHMX JUISHKaX; CE30HHI BUMIPIOBaHHS OIOPY IEHETpallii;
iHGiBTpaniiiHi TecTH; OIliHKa cTaHy naepe; Sentinel-2 NDVI ta NDMI;
TeMIIepaTypa TOBEpXHi; KapTyBaHHS pEKpealiifHOro HaBaHTaXEHHS; OOJIK
00csriB 1moauBy. MOHITOPHHT OBMHEH BIJIIOBIAaTH YIPaBIiHCHKOMY PIlIECHHIO.
30ip MOKa3HHUKIB, AJIS SIKUX HE BU3HAYEHO ITOPOra Ta BiAMOBIIHOI Jii, CTBOPIOE
JaHi, ajie He 3a0e31euye aganTHBHOTO YIPABIiHHS.

8. Meroanuni oOMexeHHs. PobacTHMIA miXi HE yCyBae HEBU3HAYEHOCTI Ta
HE TapaHTY€ BiJCYTHOCTI TOIIKOKEHb. MOT0 3aBJaHHS 3MEHIINTH 3a/ICKHICTh
pIlLIEHHS BiJi TIOMMJIKOBOTO MPOTHO3Y Ta 3POOWUTH YMOBH IPOBATY BHIMMUMH
JI0 peai3artii.

3a BH3HAuCHOTO HA0Opy CIEHApiiB, MOpPOriB 1 OOMEXEeHb BUOpaHUMN
noprdeslb Ma€ HaWMEHIIy CXWIBHICTh JI0 KPUTHYHOIO (YHKIIOHAJIBHOTO
MPOBaTy, MPUIHATHI BUTPATH, JOIMYCTHMI MMOOIYHI HACHIAKH Ta MOXKIIHBICTBH
a/IalITUBHOTO KOPHUI'YBaHHSI.

OOrpyHTYBaHHS pOOACTHUX  YNPABIIHCBKMX pIMIEHb JUII  MICBKHX
TEpUTOpPi — 1€ TOCHIIOBHHH TIpolleC Iepexoay Bif (YHKIIOHAIbHOL
JIarHOCTHKH J0 CIEHApHOTO CTpPEC-TeCTyBaHHS MOPT(deENiB  3aXOiB.
LleHTpaJbHUM €JIEMEHTOM € BU3HAYEHHS KPUTHYHUX (QYHKLIH, NPUYUHHOTO
«BY3BKOTO MiCIs», YMOB NpOBaly albTEpHATHB 1 IpaBWJI Mepexony 0
HaCTYITHOTO €TaIry.

Ampo0arris metoguku Ha mpukiani Cany imeni Tapaca IlleBueHka moka3sye
1l IPUAATHICTH [UIS aHaji3y KOMOIHOBAHOTO CIICHAPII0, Y SKOMY XBHJIS CICKH
Ta MOCyXa B3aEMOJIIOTH 13 MONEPEIHBO CPOPMOBAHOIO BPA3JIMBICTIO IPYHTY
BHACJIIIOK pPeKpeariifHoro ynijbHEeHHS.

[i romoBHOIO mepeBarol0 € KOpPEKTHE PO3MEKYBAHHS TOCTPOTO
KJIIMaTHYHOTO MIOKY, TPUBAJOIO0 CTpecopa Ta XPOHIYHOIO AHTPOIOTEHHOTO
TUCKY, IO 3aro0irae MexaHiyHOMY 00 €IHAHHIO PI3HUX NPHYUH Jerpajarii.
e nae 3mory moOymyBaTW NPUYMHHHUK JIAHLIOT «YIIUIBHEHHS — 3HWDKCHHS
MOPHUCTOCTI Ta iHQLIBTpauii — AeiunuT JOCTYNHOI KOPEHSM BOJIOTH — BOJIHHN
CTpEC POCIMHHOCTI — OCJIa0JCHHS €BaloOTPaHCHIPaliiHOTO OXOJIOMKEHHSDY
1 TIOB’A3aTH KOKHY HOTO JIaHKy 3 BHMIPIOBAaHMMH ITOKa3HHMKaMHu. BaximBoro
NIepeBarolo € OpieHTallisl He Ha 3arajbHUI CTaH MapKy, a HA KPUTHYHI QyHKLIT,
B T.4. MiATPUMaHHS BOIHOTO PEXUMY, XKHUTTE3AATHOCTI IEPEBHOI POCINHHOCTI,
TepMOperyssinii, crabiIbHOCTI IPYHTOBOTO IOKPUBY Ta peKpeariiHoi
MIPUAATHOCTI.
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@OyHKIIOHANBHO-CIIEHAPHUN TMPOQIIb TAKOK € METOAWYHO CHIIBHIIINM
32 €IUHUNA IHTErpaIbHUI 1HAEKC, OCKUIbKM HE JIOIyCKae KOMIICHCAIil
KPUTUYHOI BTpaTh ofHi€l QyHKIIT BUCOKUMH 3HAUYEHHSIMH 1HIINX. J[0JaTKOBOIO
NepeBarol0 € MOXJIMBICTh Oe3MocepeIHbO IOB’S3aTH  BHSIBICHE «BY3bKe
Micue» 3 moprdeneM poOACTHHX 3aXOAiB, Y T.Y. 3aXHCTOM KOPEHEBHX 30H,
aIpeCHUM TIOJIMBOM, PETYIIIOBAaHHSAM peKpealiiHuX IOTOKIB, JIOKaJIbHUM
BIJHOBJICHHSIM 1H(1nNbTpauwii Ta ajganTUBHUM MOHITOpUHTOM. [loenHaHHs
MOJIbOBUX BHMIPIOBaHb, JMCTAHLIHHOTO 30HYBaHHS, IPOCTOPOBHX aHAJOTIB
1 CIIEHAPHOTO aHaNi3y POOUTH METOAMKY 3aCTOCOBHOKO HABITH 3a HEIOBHHUX
JIaHUX, aJie JIMIIE 32 YMOBH YITKOTO MIO3HAYEHHS CTATyCy KOXHOI OI[IHKH.

Paszom i3 THM HaBeleHMI MAPKOBHI KEHC € KOHIENTYaJIbHOK anpoOariiero,
a HE 3aBEpUICHOI CMIIIPUYHOK Balijaimieo MeTromuku. HaiicyTresimnie
OOMEXEHHS II0B’s3aHE 3 BIJCYTHICTIO TPHBAINX YAacOBHX PSIIB BOJOIOCTI
IpyHTY, 1H(ibTpauii, ¢i3ionorivHoro craHy AepeB, TeMIepaTypu HOBEpXHi
Ta (PaKTUYHOTO IOJMBY J0, IiJ| Yac i micis IIOKy. be3 Takux crocrepexeHb
HEMOJMJIMBO HaJIfHO BH3HAYMTH BHXITHMH piBeHb (DYHKIIOHAJIBHOCTI,
(akTUYHUI MIHIMYM I 4ac MOl Ta TPUBANICTh BiJHOBJICHHS, TOMY OLIIHKH
OIIPHOCTI 3aJIMIIAIOTHCA CLEHAPHUMH. 3allpOIIOHOBAaHI IOPOTH BOJIOTOCTI,
iHQIIBTpalii, TeMIepaTypu Ta BTpaTd POCIMHHOTO MOKPHBY MalOTh poOounit
XapakTep 1 IOBUHHI KaJiOpyBaTHCs 3a JIOKaIbHUMHU pe(hepEeHTHUMU AIISTHKAMH,
BUJAMH POCJIMHHOCTI Ta CE30HHMMH yMOBaMH. METOJHMKa TaKOX IOKH II0
He J0CUTh (opMaii3ye eKOHOMIUHY 31iHCHEHHICTb, €KCIUTyaTalliiiHi BUTPATH,
JOCTYIHICTh TIOJIMBHOI BOAM, IHCTUTYLIWHY BiJIIOBINANBHICTH 1 MOMJIMBICTH
peadtizauii 3axo/iB 32 BOEHHUX Ta EHEPrETUYHUX OOMEKEHB.

OTrxe, MapkoBUI KeWC MIiATBEPIDKYE JIOTIYHY LUIICHICTh 1 HpPaKTHYHY
CIPSIMOBAHICTh (PYHKI[IOHAIBHO-CIICHAPHOTO MiJIXOAy, alieé MHOro KilbKiCHA
JOCTOBIPHICTh ~ 3aJIe)KaTUME  BiJI CE30HHOTO MOHITOPHHTY, JIOKaJbHOTO
KaiOpyBaHHS IOPOTiB 1 MEpPEeBIpKM TOrO, YW CIpaBIi 3alpOIIOHOBAHHUN
nopt¢elb 3aX0/iB 3MEHIIY€E BTpaTd KPUTHYHUX (YHKIIH 3a Pi3HUX CleHapiiB
CIIEKH, IIOCYXH Ta PEKPEalifHOr0 HaBaHTAXKEHHSL.

BUCHOBKHA

Y  nmocmipkeHHI  OOTPYHTOBAaHO — JOUWIBHICTH — PO3DNISAAY  MICBKHX
I'PYHTOBO-JIAHIIIA(GTHUX CUCTEM SIK BIJKPUTHX, NPOCTOPOBO HEOIHOPIIHUX
i 6araTopiBHEBHX COLI0-€KOJIOrO-TEXHOIOTIYHUX MiJICUCTEM MiCTa.

3anpornoHoBaHO BU3HAYATH MOTEHIia)l €KOJIOTIYHOI Pe3HIILEHTHOCTI MiCHKOT
IJIC uepes3 i omipHiCTh, BiAHOBIKOBAHICTh Ta aJANTUBHICTE MO0 30€PEKEHHS
KOHKPETHHX KPUTHYHUX (PYHKIIH 3a 3a/laHUX CLIEHapiiB BIUIUBY.

Po3pobieno  mpuYMHHO-QYHKUIOHAIBHUKA — IMiAXiN, SKUH  1OB’s3ye
BUXIJJHUH CT@H CHCTEMH, XPOHIYHI THCKH 1 CTPECOpH, XapaKTEPUCTUKH IIOKY,
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(yHKIIOHAJBHI BTpaTH, KAacKaJHI HACJTIJKH, BIJHOBICHHS Ta YIPaBIIiHCHKY
BIJIIOBI/Ib.

VYI0CKOHANIEHO TUTIOJIOTIiI0 KOMOIHOBAHUX IIOKIB IIUISIXOM iX PO3MEKYBaHHS
3a TOXOMKEHHSAM 1 MeXaHi3MOM B3a€MOJii Ha OJHOYACHI, TOCJIIOBHI,
TIoTIepeTHbO 3yMOBJIEHI, KaCKa/IHI Ta MPOCTOPOBO MOEIHAH] BIUIUBH.

BusnadeHo, 1110 BUOIp NOKa3HHKIB PE3WSILEHTHOCTI Ma€ 3IiMCHIOBATHCS 3a
MPUHIMIOM «(QYHKIIS — MEXaHi3M IOpYIIEHHS — IHIMKaTop», a pe3yibraru
OIIIHIOBaHHS JOIUIBHO TOaBaTh SIK (DYHKIIOHATBHO-CIICHAPHUH Tpodine 0e3
HEOOIPYHTOBAHOTO 3BEACHHS 10 €JMHOTO 1HTErPaJIbHOTO iH/AEKCY.

3anpornoHoBaHO  OOIPYHTOBYBaTH poOacTHI  YNpaBIiHCBKI  pillICHHS
4yepe3 CIEHapHE CTPEC-TEeCTyBaHHs MNOPTQENiB  NPHUPOIOOPIEHTOBAHUX,
I'PYHTOBIJIHOBJIOBAJbHUX, 1HXKEHEPHHX Ta OpraHizalifHUX 3axolmiB i3
BU3HAYEHUMH MTOPOTAaMH, TPUTEPAMH i PE3EpPBHUMH JisIMH.

JocnimKkeHo MOXIIMBOCTI NPAKTHYHOTO 3aCTOCYBAaHHS METOAUMKM Ha
npukinani Cany imeni Tapaca IlleBdeHka Ta BCT@HOBJEHO, IO KIIIOYOBHM
(YHKIIOHAJIBEHUM OOMEXEHHSM MOXKe€ OyTH HEeNOCTaTHS IOCTYIHICTH BOIU
JUISl aKTUBHHMX KOPEHEBHMX 30H YHACINJIOK YIIUIbHEHHS, 3aledyaTyBaHHS Ta
HEpPiBHOMIPHOTO BOJONOCTAaYaHHsL.

BusnaueHo, 110 moJaibllia KUTBKICHA Ballifaiis METOMUKU MOTpelye
CE30HHOTO MOHITOPHHTY, JIOKAJIEHOTO KaiOpyBaHHS pe)epeHTHHX 1 IOPOTOBHX
3HAYeHb, OI[IHIOBAHHS BHUTPAT Ta IEPEBIPKH PE3YJBTAaTUBHOCTI 3aXOfiB 3a
peabHUX KIIIMaTHYHHUX, BOEHHUX, €HEPreTHYHUX 1 PECYPCHUX OOMEKEHb.

AHOTAUIA

Y crarTi mOCHiIpKEeHO TpoOIeMy OI[IHIOBAHHS MOTEHINATY EKOJIOTidHO1
PE3WIBLEHTHOCTI MICBKUX I'PYHTOBO-JAHIMIA(THUX CHUCTEM IO KOMOIHOBaHHX
KIIIMaTH4YHUX, ypOaHi3alilfHO-TeXHOI€HHNX, BOEHHO 3YMOBIICHHUX 1 KacCKaJHUX
IIOKiB. AKTYaJBHICTh JOCIHI/PKCHHS BU3HAYAETHCA HEOOXIMHICTIO TMEPEXOIy
BiJl CTaTUYHOTO OIIHIOBAHHS EKOJIOTIYHOTO CTaHy TEPUTOPIl JO aHami3y
3[aTHOCTI cucTeMH 30epiraru, BiTHOBJIIOBATH Ta aJalTyBaTH KPUTUYHI QyHKIIT
32 yMOB HEBHU3HAYEHOCTI. 3alpoloHOBAHO pO3IVISIATH MICBKI IPyHTOBO-
naHqmadTHI CUCTEMH SK BIIKPHUTI, IPOCTOPOBO HEOAHOPIIHI Ta OaraTopiBHEBi
COI[I0-€KOJIOTO-TEXHOJIOTIYHI  mificucTeMu Micta. Po3po0iieHo TIpHYMHHO-
(GYHKIIOHATPHUA METOAWYHUN MIiAXiM, IO MOB’SI3y€ BUXITHUNA CTAH CHCTEMH,
XpOHIYHI THCKM 1 CTpPEecOpH, MNapaMeTpH IIOKYy, (YHKIIOHaJbHI BTPATH,
KacKaJH1 HACJiJKH, BiJHOBJIEHHS Ta YNPaBJiHCHKY BIAINOBiJb. YIOCKOHAJIEHO
THUIIOJIOTF0 KOMOIHOBAaHMX IIOKIB 32 MIOXO/PKEHHSM YMHHUKIB 1 MEXaHi3MaMu ixX
OZIHOYACHOT, MOCIIIJOBHOI, ITOIIEPEHHO 3yMOBIIEHOT, KackaHOi 200 IPOCTOPOBO
noB’si3aHol  1ii. 3armpoIlioHOBAHO OIIHIOBAaTH IOTEHNIaNl PE3HIbEHTHOCTI
4yepe3 OMIpPHICTb, BIJIHOBIIOBAHICTh Ta aJalTHBHICTh KPUTHYHHMX (QYHKIIIH,
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a pe3ynbraT nojasard y (opmi (QyHKIIOHAIBHO-CLEHAPHOTO Npodiiro, 1o
BpaxoBy€e pedepeHTHI CTaHH, MOPOTOBi 3HAUCHHS Ta HEBU3HAYEHICTH OIIIHOK.
OO6rpyHTOBaHO Tponenypy (GopMyBaHHS pOOACTHHX YIPABIIHCHKHX DIillICHb
Ha OCHOBI CIIEHAPHOTO CTpEC-TeCTyBaHHS MOPT(ETiB MPHUPOIOOPIEHTOBAHHUX,
IPYHTOBITHOBIIOBAIPHHUX, IHXXKEHEPHUX Ta OpraizaliiHuX 3axomiB i3
BU3HAYEHUMHU TpHUrepaMu IX nepernisiay. [IpakTHuHy HpUAATHICTH MiIXomy
npoaHasizoBaHo Ha nnpukiani Cany imeni Tapaca llleBuenka y XapKoBi, JUIst SIKOTO
BH3HA4YEHO KPUTHYHI QyHKUIi, GYHKIIOHATIBHI 30HHU, CLIEHApIii CeKH 1 MOCYXH,
OCHOBHI «BY3bKi MICIs» Ta aJanTUBHHUNA mopTdens 3axoniB. BecranosneHo, mo
KUTBKiCHA BaNiJallisi METOOUKH MOTpeOye CE30HHOTO MOHITOPHHTY, JIOKaJIHHOTO
KalmiOpyBaHHS TIOPOTiB Ta TEPEBIPKH PE3yJIbTaTUBHOCTI 3alpONOHOBAHUX
pilleHb 3a peaNbHUX KIIMaTHUYHUX, BOEHHHMX, €HEPreTUYHUX 1 PEeCypCHUX
OOMEKEHB.
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CHAPTER 20

MOHITOPUHTI" TA CTAH IHTPOLOYKLIVMHUX
nonynauiv NPEACTABHUKIB POOY
PULSATILLA MILL. Y KYJIbTYPOITOLLEHO3AX

YekaHoB Muxaino, Kysemko AHHa, JiaeHKo IHHa
DOI https://doi.org/10.30525/978-9934-26-714-7-20

BCTYN

30epesxeHHsT O10PI3HOMAHITTS POCITHH € ONHIEI0 3 HAWOULTBII aKTyalbHIX
mpobJeM CydacHOCTI, OCOONHMBO II€ CTOCYETHCS PIOKICHUX Ta 3HUKAIOUMX
BuziB. IlinTpmMaHHS X TEHETHYHOTO PIZHOMAHITTS 3MIHCHIOETHCS IUIIXOM
30epeXeHHs IUTICHOCTI €KOCHCTEM y TPHUPOTHHUX MICIe3pOCTaHHAX (in situ)
1 3HAYHO TOTIOBHIOETHCS TEXHOJOTISIME 30epeKeHHS POCIHH B YMOBaX KyJIBTYpH
(boraniuHmX cajax Ta AeHaponapkax (ex sifu))'. BupolyBaHHs piIKiCHUX BHIIIB
POCITMH B yMOBaX IiHTPOXNYKIII € OTHMM i3 OCHOBHHX HampsMIB 30epeKeHHS
TXHBOTO TeHo(GOHIY?. HalimieBimuM € KyIBTHBYBaHHsS PiIKICHUX BHIIB, 3a
SIKOTO 3a0e31euy€eThCsl BHCOKA YHCENBbHICTh OCOOMH B YMOBaX, HAOMIMKEHHUX
JI0 EKOJIOTIYHOTO ONMTUMYMY IWX BHIIB. Cepel TaKuX NUIAXIB € PO3MHOKCHHS
POCIIMH Yy CIICLiali30BaHMX pO3CaJHMKaX Ta 3aKJIAJaHHSA HacaKeHb
Yy KynbTyp(iTomeHo3ax 1 MapKOBHX IICHO3aX, CTBOPEHHS IHTPOXYKIIHHHX
OIS 4,

o Bunis, Axi nepeOyBaroTh IIif] 3arp030i0 3HUKHEHHS B YKpaiHi, HAJIeXaTh
Bugn pony Pulsatilla Mill. pomman Ranunculaceae Juss.: Pulsatilla grandis
Wend., P. patens (L.) Mill, P. pratensis (L.) Mill., P. scherfelii (Ullep.)
Skalicky Ta P. taurica Juz.’. MeTta Hamux AOCHIDKCHb — 3MICHUTH aHaJi3

! Global Strategy for Plant Conservation, GSPC : Richmond, U.K., 2002. 16 c.

2 Awrtontok H. €., Bopouina P. M., Co6ko B. I, Cksopuosa JI. C. Piakicui pociunu ¢uopu Ykpainu
B KynbTypi. Kui : HaykoBa nymka, 1982. 216 c.

3 Mensuuk B. 1. MogesroBaHHS iHTPOAYKIIHHAX MOMYISLii Y KyIbTYphITOLEHO3aX SK METO/ OXOPOHH
PiAKiCHUX BULIB pociuH ex situ. Hayxosuii gicnux YHY. Bionoeis. 2002. Bun. 145. C. 25-37.

4 Tamonenko M. B. Iutpomykiuis pocimH sk MeTon 30epekeHHs Ta 30aradeHHs OioNOridHOro
PI3HOMAHITTSA B OOTaHIYHUX cajax Ta JEHApONapKax. [nmpooykyis pociun, 36epedicents ma 30a2a4ents
obiopisnomanimmsa 6 6Gomaniunux cadax i Oendponapkax : MaTepialn MDKH. Hayk. koH¢. (Kwuis,
15-17 Bepecns 2010 p.). Kuis, 2010. C. 34-36.

> UYepsona kuura Ykpainu. Pocmunnuit cBit / 3a pen. 5. I1. dinyxa. Kuis : I'mobankoncantunr, 2009.
900 c.
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CTaHy IHTPOAYKIIHHUX onynsiiit P, patens ta P. pratensis y 00TaHIYHUX caax
i IeHIponapkax YKpaiHH, a TaKOXK CIPOTHO3YBATH ILISXHU iX 30CpEIKCHHS.

1. MeTogu Ta MaTepianu gocnigkeHb

OO0’ekTaMM HalMX JOCITIPKEHb Oynu iHTpoayKuiiiHi nonymsii P, patens
ta P pratensis ex situ HanioHampHOro aenaposoriuHoro mapky «CodiiBkay
HAH VYkpaimm (M. VYmanp, Yepkacbka oOnacte). 3rigHo 3 OoTaHiko-
reorpagiuHMM paliOHyBaHHAM YKpaiHM BiH 3HAXOIUTHCS Yy LEHTPaJbHIN
yactuHi [IpaBoGepexxHoro Jlicocremy VYkpainu, 3a Qi3uko-reorpadiyHum
paiioHyBaHHSIM HAJISKUTh 10 3aXiJHOYKpaiHCHKOI JIiCOCTEIIOBOI MPOBIHIIII.
3a 3BECHUMH JaHUMH arpOMETEOPOJIOTIUYHHUX CIIOCTEPEXEHb 110 30HI, KiIiMar
XapaKTepU3YEThCSI TaKMMH pPHUCaMHU: IOMIPHO-XOJIOHA 3HMMa 31 3HauyHOIO
aMIUTITY/IOI0 KOJIMBaHHS TEMIEpaTypu TOBITPS B OKpeMi AHI, 3 HE3HAYHHMHU
orajaMy, HEBEJIMKHM CHITOBMM HOKPHBOM, I1HOJI1 13 CHJIBHUMH CXIiJIHUMH
BiTpaMK; MOMIpHO-TEIIa BECHA 31 3HAYHUM 3HIDKEHHSIM TeMIIepaTypH HOBITPs
B OKpeMi [Hi, 3 XOJIOAHWMH, IHKOJM CyXHMMH BITpaMH 1 HEpPiBHOMIpHUM
PO3IIOAINIOM OmaJiB; MOMIPHO-)KapKe JITO, B OKPEMi POKH 3 MOCYIUINBUM
BEereTaliifHuM MepioJioM i HEpIBHOMIPHUM PO3IOJIIOM ONaJiB, YaCTO Y BUIVISII
37MB, 3 NeEpEeBaXAaHHSIM 3axiJIHUX BITPIB; IOMIPHO-TEIUIA OCIHb, 1HOAI 3i
3HAYHUMH KOJHMBAHHIMH TEMIIEPATypy HANPHKIHIN mepioay’.

HasBu BuaiB HaBomAThHCA 3rigHo 3 HoBigkoBumu cucremamu World Flora
Online’.

MOHITOPHHT 3a CTAaHOM IHTPOAYKUIHHUX momyisuiil P. patens i P. pratensis
Ha JIOCHiKyBaHid Tepuropii mpoBoauBcst Brmpomoxk 2011 p. i moremep.
Pesynbratu pocmipkeHs BUCBITICHI ctanoM Ha 2025 p. HlineHICTh BU3HAYATH
Ha pgimsHKax Bim 0,25 M? g0 8 M? 3amexHO Bim IO iHTPOAYKI#HOT
nomyisAii’. BusHaueHHs KaTeropii )KUTTEBOCTI BUIB 3iHCHIOBAIN 3a JaHUMU
I. M. I'puropu ta B. A. Conomaxwu’.

Ha 3a3HaveHux OOJIKOBHMX NUISHKAX OLIHIOBAJIM KUIBKICTH POCIHH Pi3HUX
OHTOTeHETHYHUX CTaHiB'’. BCTaHOBNCHHS HANEKHOCTI POCIHUH 1O TOTO YU
IHIIOTO OHTOTEHETHMYHOIO CTaHy 3[IHCHIOBAIM 3 YypaxyBaHHSIM 3arajlbHHX
MiAXOMIB 70 Mepiofu3alii OHTOTeHe3y, CIMPAIOYUCh Ha CTYIiHb BUPAKCHHS

¢ Mapuany O. M., Hlumenxo I1. . ®@izuuna reorpadis Ykpaiun : migpydnuk. Kuis : 3nanus, 2005.

Sllec.

7 World Flora Online. Published on the Internet. URL: http://www.worldfloraonline.org. (mara
3BepHeHHs: 16.01.2026).

8 MeroauuHi peKoMeH/alil o0 BeCHHS (PEHOIONYHUX CIIOCTEPEKEHb 33 POCIMHAMH Ha TEPHTOPIi
pUpoOAHO-3amnoBigHoro Gpouay / 3a pen. I. B. Ipaduutok. PJIIT «IIpuinrynscokuit», 2016. C. 6-7.

° Tpuropa L. M., Conomaxa B. A. OcHosu ditocouionorii. Kuis : ®itocouiouentp, 2000. C. 6.

1% 31106in 10. A. Homynsuifina exoIorist poCInH: CydacHHil CTaH, To4ka pocTy : MoHorpadis. Cymu :
VHiBepcuterchka kuura, 2009. C. 108-110.
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NeBHUX MopQoo3Hak. BikoBi cTaHW AOCHKyBaHUX BUIB ineHTH(iIKyBanu
Ha miacTaBi getanpHuX gocnimkens JI. B. Bakamuau'' Ta O. B. Uyii'%,
O. ®@. llepbakoroi i K. B. Hosocaa'> 4, B. B. ITtumi'.

Ha 3axitouHOMy ertami JOCIIJUKEHHS OHTOT€HETHYHOi CTPYKTypu Oyna
BCTAHOBJICHA HAJISKHICTh MOIMYJISLIT 10 TIEBHOI 3 TPhOX KaTeropiil: iHBa3iiHO1,
SKIH [pUTaMaHHE IepeBaKaHHS OCOOMH TIepEeAreHEpaTHBHHUX  CTaHiB,
reHepaTUBHOI (HOPMaJIbHOT) — XapaKTepHe IepeBakaHHs TeHEPAaTUBHUX 0COOMH,
PErpecuBHOI — BUPI3HSAETHCS IEPEBAKAHHIM [TOCTIEHEPATUBHUX OCOOWH.

CrarucTHyHe ONpALIOBaHHS Ta y3araJbHEHHs JaHUX PO OHTOTCHETUYHY
CTPYKTYpPY  ILCHONONYJAINH  JOCHIPKYBAaHMX  BHIIB  3AICHEHO i3
BUKOPHCTaHHSIM  crerianbHoi komm’torepHoi mporpamu  ANONS 6,
po3pobuieHoi 0. A. 3106iHuM. {11 KOMIUIEKCHOT OLIHKK BIKOBOI CTPYKTYpH
TIOMYJISILIH BUKOPHCTAHO CUCTEMY IHTETpaJIbHUX OHTOI€HETHYHHX 1H/IEKCIB 3a
I. M. KoBasnenkoM. Po3paxyHOK BKJIFOYaB iHJECKCH BiHOBIIIOBAHOCTI, CTapiHHS
i TCHEpaTHUBHOCTI, a TAKOX IHJCKC BIKOBOCTI MOMYJALii, 1m0 0a3yeThCcs Ha
CHIBBIHOIIEHHI KpUTEPiiB cTapiHHA Ta BigHOBJIEHHs. /I OLIHKM NpoIleciB
CaMOBIJHOBJICHHS MOMYJISILIA BUKOPUCTOBYBAIM 1HIEKC BigHOBieHHS (IB),
SIKMH BU3HAYaIM K CIHIBBIJHOIICHHS YHCEIbHOCTI NMPEreHepaTUBHUX OCOOMH
JI0 KIUIBKOCTI T'€HEpaTHMBHMX. 3HA4YCHHs IHAEKCY IoHax | CBiAYMTH IIpo
AKTHBHE TIPUPOJHE TTOHOBICHHS MOMYIAIiS.

2. [ocsip, iHTpoayKuil npeactaBHUKiB poay Pulsatilla |. ex situ
B VkpaiHi imes OXOpOHM pIiOKICHHX Ta 3HHUKAIOYMX BUAIB POCIHH
ex situ BuHMKIA e B 50-x pokax MuHynoro crouitts. M. 1. Koros Ta
C. C. XapkeBud BIiepIlie BKa3yBajdu Ha HCOOXIHICTh OXOPOHHU PiIKICHUX Ta
3HMKAIOYUX BUJIB POCIHMH 11032 MEXaMU NPUPOIHHUX MICIE€3POCTaHb SIK OJIHE

I bakaimna JI. B. OwroreHes i momyisuiiiHa CTPYKTypa COHIB IIMPOKOJNKMCTOTO i YOPHiI0YOro
B ekocucteMax KaHiBCHKOro IPUPOIHOIO 3anoBiHUKA. 3anosiona cnpasa ¢ Yipaini. 1997. T. 1, Bum. 2.
C. 16-22.

2 Yyt O.B. Cran wuenomomymsiiii Pulsatilla grandis Wend. ta Pulsatilla patens (L.) Mill.
(Ranunculaceae Juss.) B 3axigHomy Omisuii : aBroped. muc. ... kana. 6iox. Hayk : 03.00.05. Kuis, 2016.
2l c.

13 lep6akosa O. ®., HoBocax K. B. OcobiiBoCTi CE30HHOTO PO3BHUTKY Ta MOJiBAPIaHTHICTh CTPYKTYPH
piYHUX KBITKOHOCHHX TaroHiB Pulsatilla patens (L.) Mill. i P. pratensis (L) Mill. 8 ymoBax Kuiscbkoro
meranouicy. [nmpodykyis pocaun. 2013, Ne 3. C. 34-42.

!4 lep6akoa O. ®., Hosocax K. B. IloniBapiaHTHICTh €IEMEHTAPHUX MOJYIIB Yy CTPYKTYpi pidHHX
KBITKOHOCHHX naroHiB Pulsatilla patens (L.) Mill. i P. pratensis (L) Mill. (Ranunculaceae). Ykpaincoxuii
bomaniunui scypran. 2013. T. 70, Ne 6. C. 751-761.

!5 TItnns B. B. Bionoriuni 0CHOBH 30epeeHHs papUTETHHX BUIIB POCIIMH €X Situ Ha MBICHHOMY CXOZi
Vkpainu : guc. ... kanz. Oion. Hayk : 03.00.05. Kuis, 2008. 178 c.

16 Kopanenko I. M. CrpykTypa HOMy/sLiii JOMIHAHTIB TpaB’sSHO-4arapHHYKOBOTO SIPYCYy B JIICOBHUX
¢itonenosax JlecHsHCbKO-CTapOTyTCHKOrO HAI[IOHATBHOIO MPUPOAHOro mapky. l. OHTOreHeTHYHA
CTpyKTypa. Ykpaincokuii 6omaniunuil sxcypran. 2005. T. 62. Ne 5. C. 707-714.
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3 HaWBaXJIMBINIMX 3aBJaHb y AisIbHOCTI OoTaHiuHuX camiB'’. Ilpu mpomy
KyJbTUBYBaHHS PO3INISAAAETHCS SIK JAOMNOBHEHHS [0 3aMOBIAHOTO PEXUMY
B MPHUPOAHUX yMOBAxX, /¢ 3HUKAKOUl BUAM PO3BUBAIOTHCS B OMTUMAIbHUX
yMmoBax. EX sifu CTBOPIOETHCS pe3epBHUN (OHJ MPOMarys s MOAAIBIION
penarpianii iX y mnpupoay 3 METOI0 BIJHOBJEHHS 1 BIATBOPEHHA
JCCTPYKTUBHHUX MOMYJISIIIiH'S.

3rifHo 3 KaTajaoroM AEKOPaTHBHHX TpPaB’SHHCTHX POCIHH OOTaHIYHHX
cajiB i neHaponapkiB Ykpainu, 3a kiacudikaiiero Plants of the World Online,
B YkpaiHi KynbTuByeThCs 12 BuaiB pomy Pulsatilla Mill.", 3 wux 5 Buais
3aHeceHi 10 YepBoHOT KHUTH YKpaiHu®.

IMepmmM  ocepenkoM  IHTPOAYKIii  POCIMH  OPHPOmHOI  uiopu
€ Hanionanpuuit 6otaniuyauii cax im. M. M. I'pumika (konuinHii Lenrpansaunit
pecnyonikancekuit 6otaniunuid cag AH YPCP). V 1950 p. 1o cnicky pociuH
3 kouekiii BBidtwia P. albana Stev.?'. C. C. XapkeBuueM OyJI0 iHTPOLYKOBAHO
P. ucrainica (Ugrinsky.) Wissjul. Y 1997 p. konexist 11boro 60TaHI4YHOTO caay
30uIbIIMIIacs i HapaxoByBasa 7 BumiB (P. alba Reichenb., P. cernua (Thunb.)
Bercht. et Opiz, P. grandis Wend., P. taurica Juz., P. latifolia Rupr., P. grandis
Wenderoth., P. nigricans Storck., P. ucrainica (Ugrinsky.) Wissjul.?2,

VY OGoraniunomy cany im. akag. O. B. dowmiHa 3pocrac 4OTHpH BHAM
pony Pulsatilla®. Y Kpusopisbkomy OoTaHiuHOMY camy Buau pomy Pulsatilla
KynbTUBYIOTECS 3 1982 poky?, y Kpemenerpkomy 6otaniuHOMYy cay — 3 2002 p. 2.

3aranom, pociuHu P. patens KyJIbTUBYIOTBCSl Y BOCbMU OOTaHIYHMX Cajax,
P. pratensis —y 14 (tabmn. 1, 3).

Jenaponoriuni mapku YKpaiHM € 30HOI0 KYJIBTUBYBaHHS DPI3HUX BHIIB
POCIIHH, YacTO PiAKICHUX 1 eK30THUHUX. Pociaunu P. patens 3pOCTaioTh Y TPhOX
JIeHaponapkax, P. pratensis — y 4oTHpbhOX (Tabm. 2, 4).

17 Xapkeeuu C. C. Iutpoxykuis Ha Ykpaini kopucHux pociun mpuponnoi ¢pmopu CPCP / AH YPCP,
Llentp. pecm. 6otan. cax; Bigm. pen. C. C. Xapkesuu. Kuis : Haykosa nqymka, 1972. C. 66.

18 CoGko B. I, I'arionenko M. b. IurpoyKiuist pifikicHUX 1 3HMKar0unX pocinH ¢uiopn Ykpainu / 3a pej.
M. A. Koxna. KuiB : HayxoBa nymka, 1996. 283 c.

19 Karamor IeKOpaTWBHHX TPAaB’SIHUCTAX POCIMH OOTaHIYHHX CagiB 1 [JCHAPOMapkiB Ykpaim :
JoBiiHUKOBHH nociOHuK / 3a pen. C. I1. MamikoBcbkoi. Kuis, 2015. 282 c. (enekTpoHHE BHIAHHS).

20 KaraJior papuTeTHHX POCIHH OOTaHIYHHX CalliB i JeHAponapkiB YkpaiHu : J0BiAKOBHii MOCIOHHK / 3a
pex. A. I1. Jlebenu. Kuis : Axagemnepionuka, 2011. 184 c.

2! Tpummko M. M., Cokomnoeskuii O. 1. Boramivnmii can i itoro xonexmii. Kuis : B-so AH PCP, 1950,
115¢.

22 Karanor pociut Llentpansaoro 6oraniudoro caay im. M. M. Ipuuika. Kuis : Haykosa gymka. 436 c.
» Boraniunnii can im. akax. O. B. ®owmina. Karanor pociun. [Ipupoano-3anosigni tepurtopii Ykpaitu.
Pocnunnuii cBit. Bun. 7. Kuis : ®itocomionentp, 2007. 320 c.

24 Karasor pocivH KpUBOpi3bKoro Goraniuxoro cany / 3a pex. A. T. [peBuosoi. Kuis : @itocowioueHTp.
2000. 164 c.

» Kpemenenpknii Goramiunmit cax. Karamor pocmun. Ilpuponmo-3amoBimai Tepurtopii Ykpaiuu.
Pocnunnuii ceit. Bum. 8. Kuis : ditocomionentp, 2007. 159 c.
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Tabmuus 1
KyabruByBanns P. patens y 6oraniyHux cagax YkpaiHu

Ne n/n Ha3zBa 0oTaHi4HOI ycTaHOBH

Boraniunwmii cax im. akan. O. B. ®omina KuiBChbKOro HalioHaNBHOTO YHIBEPCUTETY

! im. T. I. [lleBuenka

Boraniunuii caj JIbBiBCHKOrO HaliOHATIBHOTO yHiBepcUTeTy iM. IBana dpanka

Boraniunuii cag CyMchkoro nenaroriyioro yHipepcurery im. Bacuns Credanuka

Boraniunmii cag YKpaiHCHKOTO JIEP:KaBHOTO JICOTEXHIYHOTO YHIBEPCHUTETY

Boraniunmii cag XapkiBchKOro HalioHaJIbHOTO yHiBepcutety iM. B. H. Kapasina

Jouenpkuit 6otaniununit cax HAH Ykpainu

HarnionaneHuii 6oraniuamit cax im. M. M. I'pumka HAH Vkpaian

HJJI «boraniunumii can» HaBuansHo-HaykoBoro HeHTpy «IHCTHTYT Giomorii»
KuiBcpkoro HarioHansHOTO yHiBepcuTeTy iMeHi Tapaca IlleBuenka

[o=BN IEN B N N RV, BN SN RUST  \S)

Tabmurs 2
KynasTnByBanns P. patens y qeHAPOJIOriYHUX Napkax YKpaiHu
Ne n/m Ha3pa 60TaHiuHOI ycTaHOBH
1 Hauionanbuuii nennponoriyauii napk «Codiiskay HAH Ykpainu
2 Jenaponoriunuii napk «Ackanis-HoBa» BiocdepHoro 3anoBigHuka «AckaHisi-
Hosay» imeni ®. E. ®anbu-deiina HAAH
3 XOpOCTKIBCHKHIA JIepKaBHUN JICHAPONIOTIYHUIA napk [1oaibChkoi 10CiiIHOT
ctaHnii TepHOMmNECHKOrO IHCTUTYTY arpoIpOMHUCIOBOTO BHpoOHHITBa YAAH
Tabmurs 3
KyabsruByBanns P. pratensis y 6oTaniuyHux cagax YkpaiHu
Ne n/m Ha3Ba 6oraniuHOI ycTaHOBH
1 Boraniunmii cax JJHIMpOneTpoBCHKOrO HAI[IOHATBHOTO YHIBEPCUTETY

Boraniunnii cag iM. akaa. O. B. ®omina KuiBcbkoro HamioHaabHOTO YHIBEPCHTETY iM.
T. I. llleBueHka

Bboraniunuii can Omecbkoro HamioHaJIBHOTO yHiBepcuTeTy iM. 1. I. Meunnkoa

boraniunuii can JIbBIBCHKOTO HalliOHATBEHOTO yHiBepcHTETy iM. IBana ®dpanka

Boraniunmii cag CyMChKOTO meiaroriyHoro yHisepcutery iM. Bacuns Credanuka

boraniunuii caj XapkiBchKoro HarioHansHOro yHiBepcurery iM. B. H. Kapasina

Boraniunmii cag XMeIbHUIBKOTO HAIIOHAIBHOTO YHIBEPCUTETY

3
4
5
6 BoraniuHuil cag Y)KropoaCchKoro Hal{iOHAJIbHOTO YHIBEPCHTETY
-
8
9

Boraniunmii cax YepHiBenbKoro HalioHaJIBHOTO yHiBepcutery iM. FOpis @enpkoBuya

10 | domeupkuii 6otaniunuii cax HAH Vkpainu

11 HauionaneHuii 6oraniyauii can im. M. M. I'pumika HAH Vkpainu

12 3anopi3bKuil MiChbKHI JUTAYMil OOTaHIYHMI can

13 | KpuBopisbkuii 6otaniunuii cax HAH VYkpainu

HJJT «boraniunmii can» HaBuansHo-HaykoBoro HeHTpy «IHCTUTYT Giomorii»
KwuiBcbkoro HaiioHanbHOro yHiBepcutety iMeHi Tapaca IlleBuenka

456



Tabmuusg 4
KynabsTnByBanns P. pratensis y qeHApoOJIOriYHUX Napkax YKpaiHu

Ne n/n Ha3zsa 0oTaHi4HOI ycTaHOBH

1 Harnionansuuit genaponoriuauii napk «Cogiiskay HAH Ykpainu

Jennponoriynmii napk «Ackanisi-Hosa» biocdepnoro 3anoBinHuka «Ackanis-HoBa»

2 A .
imeni @. E. danei-Peitna HAAH
3 JlepxaBHuit neHaposnoriuanii napk «Onexcanapis» HAH Ykpainu
4 CupenpKuit ISHIPONIOTIYHNH MapK 3araJbHOAEPKaBHOTO 3Ha4eHHs J{epikaBHOTO

KOMiTeTy pralHI/I 3 MUTAHb XUTIIOBO-KOMYHAJIBHOTO TOCIiogapcTBa

He MeHm uiHHUMHE € KOJNeKHil PIAKICHHX POCIHH JOCHIIHUX CTaHI{N
Ta OOTaHIYHMX pO3CaAHMKIB. Y OOTAaHIYHOMY PO3CAJHUKY YMaHCBKOTO
HAaIiOHAJIFHOTO YHIBEPCUTETY CalliBHUIITBA KyJIBTUBYETHCS IBa BUIM — P grandis
Wend. # P. pratensis®. Pociuuu P. pratensis BUPOIIYIOThCS Ha MOCIITHIM cTaHITii
nixkapebkux pocind HAAH Ykpainu (c. bepezoroua Jlybencokoro p-Hy [lonTaBcbkoi
obmacti), y JicoBoMy nociigHomy rocmomapcTBi «Ilapk «Becemi OGOKOBEHBKIY
(c. Beceni bokosenbku JlonuHcpkoro p-Hy KipoBorpaacekoi oGmacti)?’.

[HTpONYKIIHHUME JOCHIKEHHAMH BHIIB pony Pulsatilla 3aiimaroTbcs
BiTum3HsHI BueHi. Y HamioHamsHOMY OoTamigHOMy caay im. M. M. I'pummka
B. B. I'pumenko BKkazye Ha 3pOCTaHHSA pOCIHHH P pratensis Ha OoTaHIKO-
reorpadiuniii ginsHni «Cremm  YkpailHm» Ta MigOWBaE MIACYMKH IXHBOL
inrpoaykuii’®. O. I1. [lepeboituyk npeacTaBuiia CIUCOK PiAKICHUX 1 3HUKAIOUMX
BUJIIB TpaB’siHUX OararopiyHukiB ¢uopu Ykpainu (HamionansHuii GoTaHiqHUN
cag iMm. M. M. I'pumka HAH Vkpainn) mist iX moganbIioro BUKOPUCTAHHS
B nekoparnBHOMY caaiBuuiTBi?’. V mpari C. 1. Tankina # JI. B. Kanamsikosoi
TTOJJAHO CO30JIOTIYHY Ta O10JIOTIYHY XapaKTEePUCTHKY PapUTETHUX BHIIIB TPaB’s-
HUCTHX POCIHH 3 KOJEKIi aeHmporapky «Onekcanmpisy HAH VYipaianm®® 3.
T. B. KpuBopydko HOCHiIKeHO crIOcoOn po3MHOKEHHS P. pratensis B yMoBax

26 Karanor pocinH GOTaHIYHOTO PO3CAJHHKA YMAHCHKOTO HALIOHAIILHOTO YHIBEPCHTETY CaliBHUITBA.
Josinkosuii nocionuk / T. B. Mamuyp, I. A. Yopna, M. L. Tlapy0ox Ta iH. ; 3a pexa. B. I1. Kapnenka.
‘Ymans, 2023. 238 c.

77 Kysemko A. A., Jlinenko 1. IT., seup T. A., Yikos 1. B., Jikyc JI. JI., Yekanos M. M. PixxicHi Ta
3HUKAIOYi BHAM KOJEKIi TpaB’sHUCTHX pocnuH HamionansHoro aenaposoriunoro mapky «CodiiBkay
HAH VYxpainu : nosinuuk. Kuis, 2015. 188 c.

% Tpuuenko B. B. Ilizcymkn iHTpomykuii pocime Ha Goraniko-reorpadivniii mimsHui «Crerm Ykpaim»
HauionansHoro 6oraniunoro caay iM. M. M. Ipuiika HAH Vipainu. Inmpooyryis pocun. 2009. Ne 4. C. 18-24.
¥ Tlepeboituyk O. II. IaTpomykuis piAKiCHHX i 3HHKAIOYMX BHAIB TpaB’sHUX OaraTopiyHHKiB (ropu
VkpaiHu 11 MOJANbIIOr0 BUKOPHCTAHHS B IEKOPATHBHOMY CauiBHHUTBI. Dropucmuyne i yenomuune
pizHoManimms y @iOHOGNEHHI, 30epedceHti ma OXOPOHi POCIUHHO2O CGImY : Marepiald MiKH. HayK.-
nipakT. koH®. (Kuis, 23-25 kBitHs 2018 p.). Kuis : BunaBauurso Jlipa-K, 2018. C. 154-155.

3 Tankin C. 1., Kanamnixosa JI. B. AkTyanbHi nutasHs 30epeXeHHs PIAKICHAX POCIHH Y ACHAPOMApKy
«Omnexcanapis» HAH Ykpainu. Ilumpooyxyis pocaun. 2013. Ne 2. C. 12-17.

3! KanawmnixoBa JI. B., Tankin C. . TakcoHoMiuHa, co3oioriyna Ta OioJNOriYHA XapakTepUCTHKA
PapHTETHHX BHJIB TpaB’sSHHCTHX POCIMH 3 Kojekmii memppomapky «Omexcanmpis» HAH VYkpainm.
Inmpodykyis pociun. 2017. Ne 4. C. 19-27).

457



KyibTypu bBoraniunoro cany IlonraBchkoro HalioHaJbHOTO MEJarorivHOro
yHiBepcutety imeni B. I. Kopomenka®’, I. H. Illlonp 3’scOBaHO yCHILIHICTH
imTponykii P. pratensis y Kpusopisbkomy Gotaniunomy caxy HAH VYkpaiun®.
Y [onerpkomy OotaniuHoMy camy B. B. Kosy0-Iltuiero Bmepine HamaaHo
HayKOBe OOTpYHTYBaHHsI 0i0JIOTiYHUX OCHOB 30epekeHHs P. pratensis ex situ Ha
MiBAEHHOMY CXOli YKpaiHH, po3poOIeHO eleMEHTH TEXHOJIOTil PO3MHOKEHHS
[bOTO BUIY MAPTUKYJIaMH 0€3 BUKOITyBaHHS MAaTePUHCHKOI pOCIUHU %5,

3. CtaH iHTpoayKuiiHux nonynsuin P. patens i P. pratensis ex situ
HauioHanbHoro aeHaponoriyHoro napky «CodiiBka»

Y HamionansHomy aenzapomnapky «CodiiBka» P patens BHPOIIYETHCS
3 2000 p., P. pratensis — 3 2002 p. IaTpomykuiitai momymsuii cdopmoBaHi
y CKmami KynbTypdiTomeHo3y Ha JABOX KOJEKIIMHMX naimstHKax: Ne 1 —
KOJIEKLIif{Ha JUISHKA TpaB’sSTHUCTHX OararopiyHMKiB (kB. 1). Y mepmriii sokamii
3arajJbHE TPOEKTUBHE IIOKPUTTA TpaB sSHOTO spycy cTaHOBUTH 70-80%.
3 paHHBOBECHSIHUX pOCIMH DIOPUCTHYHMH CKJIAJ CYMyTHHOI POCIUHHOCTI
JIOKAJITETy BiJOOpakae BINHOCHY 30€pekeHICTh MPHUPOTHOTO POCIUHHOTO
TOKPHUBY Ta CHpHUsE MATPUMAHHIO CTAOUIBHOCTI MOyl P. patens y Mexax
nocuimkyBanoi tepurtopii Corylus avellana L., Aquilegia vulgaris L., Elymus
repens (L.) Gould, Hemerocallis hybrida Bergmans, Vinca minor var. alba
Weston, Vinca minor L., Salvia officinalis L., Dictamnus albus L., Tradescantia
virginiana L., Epimedium alpinum L., Betonica alopecuros L.; y mokamii Ne 2 —
JIUISHKA PIAKICHUX Ta 3HUKAIOYHUX POCIIMH HA JTOCIITHO-IHTPOAYKIIAHIHN AUISHIT
im. B. B. Mirina (xB. 3). ¥ cTpyKTypi KyabsTyp(iTOIEHO31B BUALISETHCS APYT Ui
Apyc 13 MPOEKTUBHUM HOKPUTTAM 10 50%. Rhus typhina L., Cornus florida L.,
Crataegus monogyna Jacq., Acer platanoides L., Forsythia suspensa (Thunb.)
Vahl # Corylus avellana L. TpaB’saHuil sipyc pO3piIKeHUH (IIPOSKTHBHE
nokputts 40%), yrBopeHuit Aegopodium podagraria L., Elymus repens (L.)
Gould, Glaucium flavum Crantz., Muscari armeniacum H.J. Veitch., P. pratensis,
Sedum acre L., Taraxacum officinale F.H. Wigg., Trifolium fragiferum L.
it Viola odorata L.

[licns BU3HAYCHHS 30BHIMHBOI MEXi MOMYJAMIHHOTO TONS  IUIOIIA
JOCIIKyBaHOTO BHay Oyna OIiHEHa BimX MBOX 10 Tphox M2 ITOKa3HHKH

32 Kpuopyuko T. B. [lesiki acmexktn 30epeskeHHsI TeHODOHIY PifKiCHUX TepBOnBiTiB [loaTaBminHm.
IIpobaemu oxopornu 2enoghondy npupoou Iloniccs. Jyyvk: Haocmup s : 36ipHAK HayKoBHX mpaik. 2001.
C. 54-55.

3 Mome I H. [esiki acmektn 30epeKeHHS DIAKICHHX 1 3HUKAIOYHX POCIHH Ha ypOaHi30BaHHMX
Teputopisix. Iumpodykyis pocaun. 2000. Ne 1. C. 55-56.

3% Kosy6-ITruust B. B. Pulsatilla bohemica (Scalycky) Tzvelev ex situ ta in situ. IIpomucnosa 6omanixa.
2010. Bum. 10. C. 72-76.

% Ttuus B. B. JIo BUBYCHHS PENPOAYKTUBHOI 31aTHOCTI ACSKUX JIKAPCBKUX POCIHH, IHTPOLYKOBAHHX
B Jlonenpkomy 6oraniunomy caxy HAH Yrpainu. [Ipomucnosa 6omanixa. 2004. Bum. 4. C. 216-221.
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MOMYJISIIHHOT IIiIbHOCTI  0cOOMH P patens Ha MOJAENBHUX JUISHKaX
BIJIPI3HAIOTHCS Y/BiUi, IO TOB’S3aHO 3 PI3HUM CTYNEHEM aHTPOIOTEHHOTO
BIUIMBY. Y TepLIii JIOKALil CIIOCTEpPIraeTbcsi BUCOKA YPOXKAWHICTh HACIHHSA,
IO TOB’S13aHO 31 CHPHUATIMBHMH YMOBaMH (HAlliBTiHb, 3BOJIOKEHHS IDYHTY
B TEpioN JO3piBaHHA IUIOIIB, MO CHpusie (OPMYBaHHIO HOBHX TCHEpaIliid).
Y apyriii nmokamii TPOCTIIKOBYEThCS 3MCHIICHHS UI[UILHOCTI, MO3asK Ha
Hill 3IIACHIOEThCS TOCTIHHUN JOMIA] 3a TpPaB’STHUCTUMH POCIHHAMH, IO
MIPU3BOJMTH 10 HEHAaBMUCHOTO BHcaryBaHHs (Ta0um. 5).

Tabnuus 5
XapakrepucTuka Micub 3poctanss P. patens ex situ HAII «CodiiBka»
Ioma. . i
Iil > YuceabHicTh Yu € 3arpo3a | Kareropisn
Ne SIKY 3aiimMae XapakTepuc-THKa .
(3arasibHa . 3HNKHEHHSI | KHTTEBOCTI
JoKamii | momyuis- R MicIst 3pocTaHHS . o
. KiJIbKICTB) i fiKka? BHAY
wist, M
KynbTyphiTO-1IeHO3
1 3 27 (BiaKpHTa COHSIYHA rnocyxa 3a
JIISTHKA)
TIB iTO-LIeHO3
2 2 14 KymTypbiTo-i Tocyxa 3
(HariBTiHb)

3a xareropiero XUTTeBOCTI P. patens y moxamii Ne 1 mae 6an 3a, ToOTO BHI
y (iTomeHo31 MPOXOMUTh MOBHUH IUKJI PO3BUTKY, HOPMAIBHO IIOAOHOCHTH
Ta BuCiBae HaciHHA. Y Jokamii Ne 2 — Tpm Oanm, mo3ask BUI y (iTomeHo3i
MPOXOMUThH NMOBHHH IIMKJI PO3BHUTKY, SIKMH 3aBEpIIYEThCS YTBOPEHHSIM IUIOAIB
1 HaciHHA 3 MAaJIOAKTHMBHUM pO3CIIOBaHHAM HACiHHA 1 MOUIMPEHHSM IUIONIB
(tabn. 3). OCHOBHOIO 3arpo30i0 3HUKHEHHS, HMOBIpHO, MOXKE CTaTH TpHBasa
BIJICYTHICTH JONIiB i HecTada BOJOTH y IPYHTi, aje B yMOBaX KYJABTYpH IO
NPUYMHY MOKHA BHIPABHTH CTALlilOHAPHUM IIONMBOM, IO Oyxe CIPHATH
30epeXeHHIO I[FOTO BHIY.

OCKUNBKH JOCTI/KYBaHI BHIM XapaKTEPU3YIOTHCS TPUBAIAM SKUTTEBUM
LOUKIOM Ta TPHBAIUM MEPiOJOM IpeTeHepaTUBHOTO Po3BHUTKY (5—10 pokis),
CTaH IXHIX MOMYIALiN ex sifu Mae HeXapaKTePHUH BIKOBHH CIIEKTD.

Hacinus P. patens mpopocTae y ceprHi, a OCHOBHA YaCTHHA — HACTYITHOTO
poky. Ilpopoctku (p) MarOTh OAWH TPHJIOMATEBHUN JIHCTOK, ONHM3BKO 7 MM
y miametpi (y TaKOMY CTaHI BOHM 3aJIMIIAIOTHCS JI0 TepIIoi 3uMiBii). Pocimmuy,
0 CXOISTh HAaBECHI, 3a MEepiol BereTarlii yTBOPIOIOTh TPH CIIPABKHI JIMCTKH.
Jlo BepecHst BOHM BHPOCTAOTH /10 2—3 CM 1 3aJIMINAIOTHCS B IOBEHIIFHOMY CTaHi
e TPOTATOM IBOX-TPbOX pokiB. IllopiuHo B maroHi po3eTKH YTBOPIOETHCA
TPU YW YOTHPH HOBI JINCTKH, SIKI 3’SIBISIOTBCS y JAPYTid TONOBUHI TpPaBHS.
PocnuHa 3 omHmM abo 1BOMa MaJEHBKHMH JIHICTKaMH 2,5 c¢M y Oiamerpi
peecTpyBasiacsi HaMH SIK IOBeHUTbHA (j) (BikoM OIM3BKO OJHOTO POKY). Momoxmi
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OCOOMHHU pEECTpyBaJId y TpPaBHI Ta YEpBHi, TOOTO e Oyau OCOOWHH, SKi
MIPOPOCIM MPOTATOM MONEPEIHHOTO BEreTalifHOro Mepiogy Ta IepeXuin
onHy 3uMy. PocimHm imarypHoro craHy (im) po3pi3HJIM 3a 30UIBILEHHSIM
JIMCTOBUX IUIACTHHOK 1O 4-5 cM y niamerpi. BiprininbHi i reHeparuBHi
0COOMHH MiJpaxoByBalM 3 KiHIS TPaBHS JI0 ITOYATKy BepecHs. Y BIPTiHUIBHHX
0co0OuH (V) 100pe pO3BUHEHE BEPTUKAILHE KOPCHEBHIIE 3 BEIUKOK KUTBKICTIO
YepeuIKiB BiJIMEPIIOTO JIMCTS, JMCTOBA IUIAacTHHKa Jocsirae 10 cM y miamerpi.
Jo xiHIg nporo craHy (TpUBaJicTh 2—3 POKH) BiAOyBaeTbCs PO3raiy’KCHHS
KOPEHEBHILA i PO3POCTAHHS Kylla. Y MOJOIMX TEHEPATUBHUX OCOOMH (g
PO3BHTOK HEPILIOr0 FeHEPaTHBHOIO MaroHy BifOyBaeTbcs Ha 10—12 pik XHUTTA
pocnuuu. TpuBaiicTh LFOTO BIKOBOTO CTaHy TpuBae 2—3 poku. CepeaHbOBIYHI
TeHepaTUBHI 0COOMHU (g,) XapaKTePU3YIOThCSl PO3TalyXKEHHAM EHireoreHHOro
KOPEHEBHIIA, 1110 MAlOTh TPU I'eHepaTUBHUX MaroHu. Ky po3pocraerses i qae
[IOYaTOK HOBMM MAapliaJbHUM KylaM. Y CTapUX IeHepaTUBHHUX OCOOMH (g;)
KayJeKC CHJIbHO 3pYHHOBaHHMH, € YACTHHH, 11O BIIMUPAIOTh, SIKI MOXYTh JUTUTH
pociuHy Ha yacTHHU. KiNbKICTh KBITKOHOCIB 3HAYHO CKOPOYYETHCS, BCUXAIOTh
JUCTS 1 KBITKOHOCH. Y CYOCEHIIbBHUX OCOOMH (SS) KayleKC 3pyHHOBaHUM
1 Bi3yaJIbHO BOHHU CXOXKi Ha IMaTypHI.

OHTOTEHETHYHUI  CIIeKTp  IHTpoxyKuidHOi  momymsauii P patens
MIPE/ICTABJICHUI IEePeBa)KHO FOBEHUIBHMMH, IMarypHUMH, BIipTiHUIBHUMHA
Ta TEHEepaTMBHUMU ocoOumHamMu. Yepe3 MIBHIAKMHA Mepexifi MNpOpPOCTKIB
y IOBEHUIbHUH cTaH ixHs igeHTH(ikalis yckiagHeHa. CeHIIbHUX POCIHMH HE
BUSIBJICHO, 1[0, IMOBIPHO, MOB’S3aHO 3 THM, IIO eX Sifi BOHHM II€ HE JOCSIIN
LLOTO eTaly Po3BHUTKY (Tadi. 6, puc. 1).

AHaJli3 OHTOTCHETHYHOI CTPYKTYpH nomyisiuii pocnuH P. patens nokasas,
mo B 000X JIOKalisX MepeBaXkatoTb OCOOMHU IepeAreHepaTuBHOIO Mepioay
(57,15-59,25%), a uactka renepatuBHux — 22,22-28,57%. Bucokwuii BiJicOTOK
MIPOPOCTKIB (), IOBEHUIBHUX (j), iIMaTypHUX (im) Ta BipriHiipHUX (V) 0COOMH
CBIAYUTH PO €PEeKTHBHE HACIHHEBE NMOHOBICHHS Ta BUCOKY JKUTTE3JATHICTh
momyysanii  (tabm.  6), MmO MIATBEPUKYEThCS 1HAEKCOM  BiJHOBJICHHS
(59,26-64,29).

P. pratensis y HAII «CodiiBka» kyasTuByeThes 3 2012 poky, sIKi 3p0CTaOTh
y Tpbox Jokamisx: Ne 1 — konekuiiHa AiJsiHKA TpaB’SHUCTUX OaraTopiYHUKIB
(xB. 1); No 2 — pninsiHKa PIAKICHUX Ta 3HUKAIOYUX POCIMH Ha JOCIIJHO-
iHTpOoRyKUikHIN AinsHOi iM. B. B. Mirtina (kB. 3); Ne 3 — excrio3uuiiiHa ainsHka
Ha TEpUTOpii HAyKOBO-aJMiHICTpaTUBHOIO Koprmycy (kB. 2). IHTpomykuiiina
MOMyJISALs 3aranoM 3aiimae mronry 13 m? (tabm. 7). VY nmokauii Ne 1 mepeBhuit
spyc yrtBoproe Picea abies (L.) H. Karst., Corylus avellana L. i Sorbus
domestica L., NpOEKTUBHE TIOKPUTTS SKUX CTAaHOBUTH 10%. Y paHHBOBECHSHIM
cTpykTypi pominye Galanthus nivalis L., Scilla bifolia L., Chionodoxa
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luciliae Boiss., Ornithogalum umbellatum L. ta Puschkinia scilloides Adam.
[TpoekTHBHE MOKPHUTTS TpaB’sSHOTO sipycy cTaHOBUTH 80%, y HHOMY IOMiHY€
Paceonia tenuifolia L. ta P. pratensis. Y KyabTyp(iTOIICHO31 NpeACTaBICHI
Takox Aquilegia caerulea James., Aquilegia viridiflora Pall., Armeria
plantaginea (All) Willd., Helianthemum alpestre (Jacq.) DC., H. canum (L.)
Baumg., H. nummularium (L.) Mill.,, Glaucium flavum Crantz., Euphorbia
myrsinites L., Iris pumila L., Oenothera missouriensis Sims., Papaver orientale
L., Sisyrinchium angustifolium Mill. ta Thymus marschallianus Willd.
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Puc. 1. Bikosi cnexrpn nonmyJsiniii pocsimH P. patens ex situ

Tabnuns 6

OHTOreHeTM4YHa CTPYKTypa nomyJsinii pociauH P. patens ex situ

e Bikosi cranu OHTOreHeTHYHi iHIeKCH
poandl | p | i) v e e e s S | e | PR
1 | 2222] 1481 | 741 | 1481 | 741 [ 37 [ 11,11 | 1852 | 5926 | 2963 | 2222 0,50
2 1429|1429 [ 2143 | 7,14 | 1429 [714| 7,14 | 0 | 6429 | 1429 | 2857 022

VY apyriit mokarii YrceIpHICTh 0COOWH He3HAYHA Yepe3 BUCOKY 3IMKHYTICTh
apyroro sipycy (50%): Rhus typhina L., Cornus florida L., Crataegus monogyna
Jacq., Acer platanoides L., Forsythia suspensa (Thunb.) Vahl i Corylus
avellana L. Tpa’sHuil spyc pospijkeHud (mpoekTuBHE NOKPHUTTS 40%),
yTBOpeHuit Aegopodium podagraria L., Elymus repens (L.) Gould, Glaucium

461



flavum Crantz., Muscari armeniacum H.J. Veitch., P. patens, Sedum acre L.,
Taraxacum officinale F.H. Wigg., Trifolium fragiferum L. i Viola odorata L.
YucenpHICTh Y TPETil JIOKAIil € HAHMEHIIIOI0 Yepe3 PErysipHE BUKOIITYBaHHS
uiei ginsaku (tabn. 7). Tpaw’suuit spyc dopmyrwote P pratensis 1 Phlox
subulata L. Tlopy4 3poctarots Picea abies ‘Pendula’ i Thuja occidentalis L.

Tabmuus 7
XapakTtepuctuka Micub 3poctanns P. pratensis ex situ HIAII «CodiiBka»
Ilnoma, |Yucennb-HicTh .
Ne ma, Yu ¢ 3arpoza | Kareropis
sIKy 3aiimae | (3arajbHa XapakrepucTuka
JIOKa- A . 3HHKHEHHSI JKUTTE-
. nomy.s- KLIbKiCTD), Micust 3pocTanHs . .
wii AN i sika? BOCTI BHIY
wist, M wmr
KyJBTYpQiTOLICHO3
1 8 63 (BiIKpUTA COHSIYHA - 3a
JIISTHKA)
ITOLICHO3
2 3 14 KywTypditone - 3
(HariBTiHb)
3 ) 1 KyJBTYpdiTOLIeHO3 pexpeariii-He 3
(HaIiBTIHb) HaBaHTa-)KCHHS

B ontorenernuniii crpykrypi P. pratensis ex situ HJIl «Codiika»
BUSIBIICHO CIM BIKOBHX CTaHiB.

IIpopocTkn (p) MarOTh KOPOTKUM TPHJIOMATEBHH JUCTOK, IIACTUHKA
SKOTO Ma€ KIMHOBUAHY (OpMy, sSKa 3BepXy BKpuTa Bosiockamu. FOBEHiIBHI
ocoOuHM (j) ogHOmariHHi, 5—7 cM 3aBBUIIKM 3 3—5 TpocTHMHU TpiiuacTo-
po3ciueHHMH, B OOpHCI INUPOKOSHIIEBUIHMUMHU JIMCTKaMH. Y IMaTypHHX
pocinuH (im) HasBHUI PO3ETKOBUH IariH MEpIIOro MopsiaKy 3 4—5 mais4acto-
PO3CIYEHHMH JOBrOYEPEUIKOBUMH JINCTOYKaMHU. BipriHinbHi ocoOuHu (V)
OIHOTIATiHHI, = yTBOPIOIOTH  PO3eTKy 4-5  JOBrOYEpEeuIKOBHX  TpHYl
MIEPUCTOPO3CIUCHUX JIUCTKIB B OOPHCI BHIOBXCHO-IHUICBHUIHUX 3 JIIHIHHUMH
3aroCTpEeHUMH yacToukamu. JIncTosa miactuHka 9—15 cm 3aBnoBxku, 6—10 cM
3aBIIUPIIKY, Yepemok 7—10 cM 3aBOOBKKH. Moo/l reHepaTuBHI pOCIuHU (g,)
MaroTh 2—5 pO3eTKOBUX 1 HAIIBPO3ETKOBUX MAaroHiB, KayJeKC HEPO3TalyKEeHHH,
He3pylHOBaHui. JIMCTKkOBa MIacTWHKA NPOAOBTyBaTO-HIIEBUAHA B OOpHCI,
TpHUYi TEPUCTOPO3ALICHA 3 JIHIHHUMHA a00 BY3bKO-JTIHIHHUMHU 3aroCTPECHUMH
YacToukamMH. [eHepaTWBHI MaroHW TyCTOONyIIeHi, 15-25 cM 3aBBHIIKH.
VY cepeHbOBIKOBHX F'€HEPATUBHUX 0COOUH (g,) 4iTKO BUPaXKEHUI OaraToroaoBui
Kayznekc 8—13 cMm y niameTpi, yTBOPEHUI 32 paXyHOK pyHHYBaHHs KOpEHEBHUILA
i yTBOpeHHs ocelr 2—4 mopsakiB. JluctoBa miactuHka 19-35 cM 3aBIOBKKH,
12-15 cm 3aBmmpuiky, yepemok 30-35 cm 3aBnomxkku. Y HJIIT «Codiika»
Kymii kommakTHi (40—60 cM y mgiameTpi) Ta yTBOPIOIOTH 110 20—25 reHepaTuBHUX
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narosiB. CTapi reHepaTuBHi (g;) POCIMHHU MalOTh 3pyIlHOBaHUI KayJeKc, SKUH
po3masaeThcsi Ha OAHOOOKI MapTHKYAH. PO3ETKOBI IMaroHu nepeBaXkaloTh
Ha/l HalliBpPO3ETKOBUMHM, CTAapl YaCTUHU POCIMHM Hal MoyioguMH. KBiTKOBi
MaroHu y OUTBIIOCTI TaKUX KYyILiB HEJOPO3BUHEHI M, HE 3alBiBIIIM, 3aCHXAIOTh.
CyOceHinbHi 0COOMHM (SS) MalOTh 3pYHHOBaHI NMApTUKYIM 3 NPUTHIYCHUMHU
PO3ETKOBHMH TaroHamu. JINCTKM 3MEHIIYIOTBCSl Y PO3Mipi i Bi3yaJbHO CXOXi
Ha imMatypHi pocianHu. CeHUILHUX 0COOMH () BUSIBIICHO HE OyIlo, 10 IMOBIpHO
OB 5I3aHO 3 TUM, L0 POCIIMHU ex Sifu Ie He JOCATIN [[bOI0 OHTOTCHETHYHOTO
CTaHy.
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Puc. 2. Bikosi cnexrpu nonyJsiuiii P. pratensis ex situ H/II «CodiiBka»

3a pesyapraTaMH MiAPaxyHKy OCOOMH pi3HHX OHTOTCHETHYHHX CTaHIiB
P pratensis Ta iXHBOTO CHIBBIIHONICHHA YyCi JOCHIIPKYBaHI OISl
BiJJHECEHO JI0 IHBa3MBHOIO THUILY 3 IEPEBAKAHHSAM IMPEAreHEPATUBHUX POCIHH
(60,32-78,58%). Bincyrricts ocobuH cTaHiB (g;) Ta (ss) y yokamisix 2 1 3 He
CBIIYUTH NIPO JETPAAIl0 MOMYIAMii, OCKUTBKH POCIHHH ex Sifu 1Ie He JOCATIH
BiJIOBITHOTO TEHEPATHUBHOTO Ta CEHITPHOTO CTAHY.

BikoBmii crieKTp y JOCTIKSHNX JIOKAIiSX — IIBOCTOPOHHIH (3 TepeBaKaHHAM
MoJoaux ocoduH). Lle cBiqUnTh Ipo yCIilTHE BIPKUBAHHS CXO/IiB, IO TTOB’ sI3aHE
3 BIACYTHICTIO 3aJepHIHHS IPYHTY (puc. 2).

Bucoki moxasumku BimHOBIeHHS (60,32-78,57%) Ta TeHepaTMBHOCTI
(21,43-33,33%) mig 4Yac OIIHKH IHTErpaJibHOI OHTOTEHETHYHOI CTPYKTYpH
CBiUYaTh MPO CTIHKICTH IHTPOAYKUIHHUX MOMYIALii P. pratensis (Ta0i. 8).
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Tabmuus 8
OHTOreHeTHYHA CTPYKTYypa iHTpoayKuiiiHUX momyJsiniii P. pratensis

N BikoBi crann OHTOreHeTHYHi iHIeKCH
- . . BIIHOB- | cTa- | reHepa- | BiKOBO-
fowaty - p J m v & & & 51 erms piHHs | THBHOCI cri
1 19,05 | 12,70 | 3,17 254 19,52 | 11,11 | 12,7 6,35 | 60,32 19,05 33,33 0,32
2 28,57 | 14,29 | 21,43 | 1429 | 7,14 | 14,29 0 0 78,57 0 21,43 0
3 18,18 | 18,18 | 18,18 | 9,09 | 9,09 [ 9,09 0 0 72,73 9,09 27,27 0,13

BUCHOBKU

3a pesynpTataMu IOCITiIKeHb ex sifu B HarioHanbHOMY N€HIPOIOTITHOMY
mapky «CodiiBka» HAH VYkpainm 3°sicoBaHo, mo pociuHH P patens
it P. pratensis BUABIIAIOTH BUCOKY XHTT€3IaTHICTH Ta YCIIIIIHE CAMOBIJHOBJICHHS
3 iHmexcamu (59,26-64,29%) ta (60,32—78,57) BimnmosinHo. Lle cBigunTh TIpPO
yCHiITHEe TPOPOCTaHH HACIHHS Ta BIDKUBAHHA CXOZiB. BUcoka )KHTTE3MATHICTD
MOJIOAMX pOCIuH P pratensis 3a0e3medyeTbcs BiACYTHICTIO 3afepHIHHA
IPYHTY B yMOBaxX KyJbTHBYBaHHI. B yCiX HOCTIKyBaHHX MOMYIAIISX YITKO
epeBakaroTh POCIMHY TIepeAreHepaTuBHOTO (MOJIOOT0) TIepioy. IxHs yacTka
CTaHoOBUTH 57,15-59,25% nnsa P. patens ta 60,32-78,58% nns P. pratensis,
TOMY IX BiTHECEHO A0 iHBa3WBHOTO THITY (IMHAMIYHI MOMYIALii, IO aKTHBHO
3aCceIIII0Th TEPUTOPir0). JlocTaTHsS YacTKa rTeHepaTUBHUX 0co0uH (22,22-28,57%
y P. patens ta 21,43-33,33% y P. pratensis) y IO€JHaHHI 3 MaCOBHM MOJIOIUM
MTOTIOBHEHHSIM CBiAYUTH MPO BUCOKY CTIMKICTh Ta YCHIIIHY afamnTarfiio 000X
BHIB ex situ.

AHOTAULIA

306epexeHHsT 010piI3HOMAHITTA POCIHH € ONHIEI0 3 HAHOUIBII aKTyaJIbHHUX
MpoOJIeM CydYacHOCTi, OCOONUBO II€ CTOCYETHCA PIOKICHHX Ta 3HHKAIOUUX
BuiB. IliATpuMaHHS iX TEHETHWYHOTO PI3HOMAHITTS 3MIMCHIOETHCA IIITXOM
30epekeHHs IUTICHOCTI eKOCHCTEM y MPUPOAHUX MICIIE3POCTAHHAX 1 3HAYHO
JOTIOBHIOETHCSI TEXHOJIOTISIME 30€peXEHHS POCIMH B YMOBAaxX KyJIbTypH
(boTtamiuHMX camax Ta JeHIpomapkax). Hamum mpoaHami3oBaHO HOCBix
inTpoxykuii BumiB pomy Pulsatilla Mill. ex situ B VYxpaimi. 3’scoBaHO
CTaH IHTPOAYKUIMHUX NOMyIsAHid y KyibsTypdironmenozax HarionamsHOTO
neHapororigaoro napky «Codgiikay HAH Ykpainu. OCKiTbKkH T0OCHTiKyBaHi
BUIM XapaKTEpPU3YIOTbCS TPHUBAIMM OJKUTTEBUM NHKIOM Ta TPUBAINM
MepiofoM TMpereHepaTHBHOTO po3BUTKY (5—10 pokiB), CTaH IXHIX MOMYIALINA
ex sifu Mae HexapaKTepHH BikoBUil cuekTp. Pocnuan P. patens i P. pratensis
MIPOSIBIISIOTH BUCOKY JKHTTE3ATHICTh Ta YCIIIITHE CAMOBITHOBIICHHS. YCIIIIITHE
BIDKMBAaHHS MOJIOAMX pOCHHH P. pratensis 3a0e3medyeThcsl BiACYTHICTIO
3aIepHIHHS TPYHTY B YMOBaX KyJAbTYpH. B yCiX MOCHIIKyBaHHUX MOIYJIAIISNX
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NEPEeBaXAIOTh POCIUHHU IEPEeAreHepaTuBHOIO (MOJIOZOr0) Mepiofny, TOMY
iX BiZHECEHO 0 IHBa3UBHOTO THUIY (AMHAMIYHI MOMYJALii, IO AKTUBHO
3aceysIoTh TepUTOPIto). JlocTaTHs yacTka reHepaTHBHUX OCOOMH y NMOEJHAHHI
3 MacoBMM MOJIOAUM IIONOBHEHHSIM CBiYUTh HPO BHCOKY CTIHKICTh Ta
YCHILIHY ajanTaiiro 000X BUIIB ex Sifu.
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CHAPTER 21

THE DIVERSITY OF NATURAL OAK FOREST
PHYTOCENOSES IN TYPICAL STEPPE RAVINES
OF THE DNIPROPETROVSK REGION

Yakovlieva-Nosar Svitlana, Bessonova Valentina
DOl https://doi.org/10.30525/978-9934-26-714-7-21

INTRODUCTION

In Ukrainian steppe zone, natural forests cover only small areas and are found
primarily in ravines, gullies, and river valleys, where the topography creates
a more favorable water regime and mitigates the effects of the arid climate. It
is precisely the ravine (gully) forests that serve as the main centers of natural
woody vegetation in the steppe and play an important role in maintaining the
ecological balance of the landscapes. They perform soil conservation, water
regulation, climate regulation, and erosion control functions, and also help
preserve the gene pool of many plant and animal species’ 23,

Thanks to the diversity of ecological conditions created by the complex
topography, slope aspect, and variations in moisture levels and soil cover?,
ravine forests are characterized by high floristic richness®. Their composition
includes a mix of non-steppe, steppe, and meadow species, as well as rare
plants with varying conservation statuses®’. In this regard, beam forests are

Benbrapn O. JI. JlicoBa pOCIMHHICTB MiBACHHOTO cXony YKpainu. KuiBchkuii Iep)kaBHUI yHIBEPCUTET
iM. T. T. lleBuenka. Kuis : Bug-Bo KV im. T. T IlleBuenka, 1950. 263 c.
2 Boxxko K. M. Exonoro-Gionoriusa xapakTepucTHKa MiBHIYHOTO BapianTa GaiipadHuX JiciB MiBACHHO-
cxigHoi Ykpaiuu. Bicuux J[ninponemposcvkoeo yuisepcumemy. Cepis : bionozis. Exonoeis. 2007.
Bum. 15, T. 1. C. 3-8.
3 Yakovlieva-Nosar S., Bessonova V. State of coenopopulations of Qurcus robur L. growing in ravines
located in the Dnieper river’s rapids section (recreation zone of the city of Zaporizhzhya), Ukraine.
Forestry ideas. 2021. Vol. 27, Ne 1 (61). P. 256-270.
4 Bessonova V., Yakovlieva-Nosar S. Comparison of transpiration activity of Quercus robur L. and
Acer campestre L. trees under different conditions of moisture supply in the Viiskova ravine. Ukrainian
Journal of Forest and Wood Science. 2024. 15(3). P. 148-164.
5 Slkoenesa-Hocaps C. O. Buose pisHomanitTs geHapoduiopu Oaiipadnux Jicis (30Ha pekpearii Micra
Sanopixoxs). Haykosuil gichux HIITY Ykpainu. 2022, 1. 32, Ne 5. C. 13-18.
¢ Sxosnesa-Hocaps C. O. PiakicHi BUIM TpaB’sIHHCTHX POCIHH CTEMOBHX AiTAHOK Ganmku [enepaika
(octpiB Xopruus). Pociunu ma ypbanizayis : matepiamun XIII MikHapogHOI HayKOBO-IIPaKTHIHOL
xoHdepenuil (uinpo, 1 mororo 2024 p.). duinpo, 2025. C. 93-95.
7 SxoeneBa-Hocaps C. O. PigkicHi BUIM TpaB’ssHUX POCIHH cTemoBuX cxmiiB 6amku Lllupoka (octpis
Xoptuus). Pociunu ma ypbanizayis : marepianu XIV MibKHapogHOI HayKOBO-IIPAKTUYHOI KOH(pEPEeHMil
([uinpo, 3 motoro 2025 p.). [uinpo, 2025. C. 156-157.
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considered important centers of biodiversity in the steppe zone and natural
refuges for forest flora®.

Amid the significant transformation of steppe ecosystems due to human
activities, the role of ravine forests is growing substantially. Not only do they
serve as centers for the conservation of natural vegetation, but they also support
the ecological stability of landscapes while performing important ecosystem
functions®.

That is why studying the floristic composition, the structure of plant
communities, and the current state of ravine forests is a pressing task, and the
results of such studies are crucial for developing measures for their protection,
sustainable use, and conservation.

In light of the above, the objective of this study is to analyze the structure
of oak communities growing under various forest conditions across five forest
tracts in the Dnipropetrovsk region.

The subject of this study is the silvicultural-assessment and botanical-
phytocenotic characterization of naturally occurring oak associations in the
surveyed forest tracts.

1. Research objects and methods

The study focused on natural oak phytocenoses in five ravine forests — the
tracts “Zhucha Balka”, “Domashnia Balka” and “Rezynova Balka” (Fig. 1),
located on the right bank of the Dnipro river, and the “Yatsevo” and “Dibrova”
tracts, located on its left bank (Fig. 2). They belong to the ravine forests of the
southern variant of the Northern Steppe and constitute the forest-park sections
of the green belt forests of the city of Dnipro. The coordinates of the surveyed
areas are given in Table 1.

The “Zhucha Balka” forest tract belongs to the Mykilske Forestry of
the Dnipro Forest Enterprise and is located in the Solonyanskyi District of
Dnipropetrovsk Oblast (Fig. 1, 1). It borders the village of Mykilsk-na-Dnipri
to the south. It is part of the “Dnipro Rapids” Regional Landscape Park. In this
forest tract, trial areas (TA) were established in compartment 13: TA1 —stand 1,
TA2 — stand 2 (on the border with stand 1), TA3 — stand 19.

The “Domashnia Balka” tract is also located within the territory of the
Mykilske Forestry (Fig. 1, 2) on the border with the lands of the Viyskova
Village Council in the Solonyanskyi District. To the north, the ravine borders the
village of Mykilske-on-the-Dnieper. The tract is part of the “Dnieper Rapids”
Regional Landscape Park. The ravine opens into the Dnieper River valley

8 Biororm cremoBoi 30uu Ykpaiun / Pen. akamemik HAH Vipainu 5. I1. Hdinyx. Kuis — YepHiBii :
HpykAPT, 2020. 392 c.

470



opposite the former famous Nenasytetsky Rapids. Within this forest tract, trial
areas were located in compartment 15: TA1l — stand 2; and compartment 16:
TA2 — stand 3.

Table 1
Coordinates of the studied ravines
No Name of the Coordinates
’ forest tract ravine tops | mouth of the ravine
Mykilske Forestry (Right Bank)
1. “Zhucha Balka” 48°12'30.2"N 35°08'48.9"E 48°12'47.5"N 35°10'55.6"E
2. Domashnia 48°12'11.2"N 35°07'58.5"E 48°11'13.4"N 35°10'28.0"E
Balkal
3, Rgﬁ;‘,’," a 48°07'46.5"N 35°00'48.6"E 48°06'51.9"N 35°02'05.6"E
Liubymivske Forestry (Left Bank)
. “Yatsevo” 48°20'18.1"N 35°13'39.5"E 48°19'44.3"N 35°10'17.1"E
5. “Dibrova” 48°18'41.0"N 35°13'22.0"E 48°18'00.7"N 35°10'44.8"E

The “Rezynova Balka” tract is located on the border between the
Dnipropetrovsk and Zaporizhzhia regions; specifically, the northern main part,
including the side valleys, lies within the Dnipropetrovsk region, while the
administrative boundary between the two regions runs along the thalweg of the
southern main part (Fig. 1, 3). This part of it is also called “Balka Kantserka”.
The tract belongs to the Mykilske Forestry. Trial areas were established
in the northern main section, which is 2.25 km long. They were located as
follows: in compartment 40: stand 2 (TA1) (the large right-hand ravine); in
compartment 41: stand 1 (TA2) — the large middle ravine, stand 4 (TA3); and in
compartment 42: stand 3 (TA4).

The “Yatsevo” tract is a forest reserve of national significance covering
an area of 175 ha’. It is part of the Liubymivske Forestry, located on the left
bank of the Dnipro River (Fig. 2, 1). In this ravine, trial areas were established
within compartment 18: stand 3 (TA1), stand 6 (TA2); and compartment 19:
stand 2 (TA3).

The “Dibrova” tract is also located within the territory administered by
the Liubymivske Forestry, south of the “Yatsevo” tract (Fig. 2, 2). One trial
area was surveyed; it was established in the central part of compartment 22, in
stand 11.

Each of the established trial areas covered an area of 900 m?.

° Mamrok B. B., Mantok B. B. IIpupomro-3anosiguuit gporx Juinpornerposiguan. Tuimnpo, 2010. 116 c.
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Fig. 1. Location of the studied right-bank tracts: 1 — “Zhucha Balka”,
2 — “Domashnia Balka”, 3 — “Rezynova Balka”
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Fig. 2. Location of the surveyed left-bank tracts:
1 - “Yatsevo”, 2 — “Dibrova”

Tree height was determined using a Suunto PM-5/1520 optical altimeter.
The stem diameter was measured at a height of 1.3 m using a Codimex S-1
tree caliper.

The mean tree height was calculated using the following formula:
h,=h -G/ ZG, m, 1)

where /i is the mean tree height, m; 4; is the mean height of the i-th diameter
class, m; G; is the sum of cross-sectional areas of trees in the i-th diameter
class, cm?; and G is the total sum of cross-sectional areas of all trees, cm?.

The average cross-sectional area of the tree stand, g, , was calculated using
the following formula:

g,=G/N, cn?’, ()
where g is the mean basal area of the stand, cm?; G is the total basal area of

the stand, cm?; and N is the number of trees.
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The mean stand diameter (dn) was determined from the mean stem cross-
sectional area using the following formula:

d =2 g \n, cm. 3)

The primary quantitative characteristic of a forest stand is its growing stock
volume (M, m*/ha). The growing stock volume of a forest stand is equal to the
sum of the volumes of all trees comprising the stand.

The stem volume of an individual tree was calculated using the following
formula:

V=ghf, m?, 4

where V is the stem volume, m?® g is the stem cross-sectional area at breast
height (1.3 m), m% /4 is the stem height, m; and f'is the form factor. The form
factors proposed by M. Y. Tkachenko (1952) were applied using a form quotient
(g,) of 0.68.

The classes of aesthetic value, pedestrian accessibility, stand stability, and
recreational degradation stage were determined according to the'® for the forest
park sections of green-belt forests.

2. Characteristics of oak forest phytocoenoses in the Right-Bank tracts

2.1. “Zhucha Balka”

The fresh oak forest with degopodium podagraria (TA1) is located in the
thalweg and the lower part of a south-facing slope. The average canopy closure
of the stand ranges from 0.75 to 0.80. The stand is characterized by a horizontally
closed canopy. The aesthetic value class is 2, the pedestrian accessibility class
is 3, the stand stability class is 2, and the recreational degradation is first stage.

The Quercus robur individuals are of vegetative origin, with some trees
reaching up to 95 years of age. Their mensurational characteristics are presented
in Table 2.

The trees are generally healthy, exhibiting good growth and development,
while damage caused by pests, diseases, or adverse environmental factors
is minimal. The stand is capable of maintaining its structure and ecological
functions without a significant reduction in productivity.

The herbaceous layer is mainly confined to canopy openings within the forest
stand. The species composition of the spring synusia is dominated by Ficaria
verna, Corydalis solida (Fig. 3 A, B), C. cava, Anemone ranunculoides, Gagea

1" IHCTPYKTHBHO-METOAMYHI BKA3iBKM ILIOAO 3AIMCHCHHS JiCOBIOPSAKYBAaHHS. Jlep)KaBHE arcHTCTBO
nicoBuX pecypciB Ykpainu, BO «Ykpaepaiicnpoek. Ipnins, 2024. 161 c.
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lutea. The summer synusia is primarily composed of Aegopodium podagraria,
Viola mirabilis (Fig. 3 C, D), Lamium maculatum, Stellaria holostea, Poa
nemoralis, Galium odoratum, Carex pilosa, Salvia nemorosa, and other species.

Table 2
Forest mensuration characteristics of the dominant tree species
Quercus robur on the trial areas in the “Zhucha Balka” tract

Parameters Phytocoenoses
TA1 TA2 TA3
FST CL, CL, CL,,
Composition 10Qr 10Qr + Gt 10Qr
Average H,m 19.5 17.2 19.2
D, cm 32.5 22.6 322
N, pes/ha 232 253 225
M, m*/ha 162.6 174.8 162.3
Bonitet -1v -1v -1v

Notes: FST — forest site type; CL — clay-loam soil; Qr — Quercus robur;, Gt —
Gleditsia triacanthos

The forest site conditions are classified as CL, (fresh, mesophilic). Moisture
is supplied by both atmospheric-transit precipitation and groundwater.

The dryish oak forest with Poa angustifolia (TA2) is located on the
middle part of a south-facing slope. The average canopy closure of the stand
is 0.70-0.75. The stand is characterized by a horizontally closed canopy. The
aesthetic evaluation class is 2, the pedestrian accessibility class is 3, the stability
class is 3, and the stand is at the first stage of recreational digression.

This is a pure oak stand with scattered Gleditsia triacanthos individuals
that originated from the adjacent compartment 3, where a pure Gleditsia
triacanthos plantation was established over an area of 0.4 ha using artificial
forest regeneration. The Quercus robur trees are approximately 75 years old.
Their mensurational characteristics are presented in Table 2.

The stand is slightly weakened but remains viable. Partial dieback of
individual branches is observed in the crowns of some Quercus robur trees,
along with signs of leaf damage caused by insect pests.

As the stand density is approximately 0.8 (0.78 on average), the projective
cover of the herbaceous layer ranges from 30 to 60%. In spring, Corydalis
solida, Gagea minima (Fig. 4 A), Anemone ranunculoides, Ficaria verna,
Corydalis marschalliana, and other species appear. The summer synusia is
dominated by grasses and xerophytic forbs, including Poa angustifolia, Festuca
valesiaca, Carex praecox, Galium verum, Achillea millefolium, Salvia nutans,
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Thymus marschallianus, Artemisia austriaca. Hypericum perforatum occurs
locally (Fig. 4 B), while Fragaria viridis is also present, Origanum vulgare
occurs only sporadically.

Fig. 3. Typical herbaceous plants of the spring synusia: A — Ficaria verna;
B — Corydalis solida, and summer synusia: C — Aegopodium podagraria,
D — Viola mirabilis

Source: developed by the authors

The forest site conditions are classified as CL, (dryish, mesoxerophilic).
Moisture is supplied primarily by atmospheric-transit precipitation.

The slightly fresh oak forest with Polygonatum odoratum (TA3) is located
on the middle part of a northeast-facing slope. The average canopy closure
of the stand is 0.75-0.80. The stand is characterized by a horizontally closed
canopy. The Quercus robur trees are of vegetative origin, with an average
age of 90 years, while some individuals reach 100 years. The mensurational
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characteristics of this principal species are presented in Table 2. Most Quercus
robur trees (more than 75-80%) are healthy, possessing dense green crowns
and exhibiting normal growth. However, a small proportion of trees (up to
5-7%) are slightly weakened, with isolated dead branches in the upper part of
the crown and signs of insect damage.

Fig. 4. Typical herbaceous plants of the dryish oak forest:
A — Gagea minima, B — Hypericum perforatum

Source: developed by the authors

No accompanying tree species were recorded in the stands on the surveyed
trial areas within the “Zhucha Balka” tract. The only exception was TA2,
where, as noted above, Gleditsia triacanthos occurred with a minor proportion
of less than 5%.

The aesthetic evaluation class is 2, the pedestrian accessibility class is 3, the
stability class is 2, and the stand is at the first stage of recreational digression.

The herbaceous layer contains a higher proportion of mesophytic species
than the dryish oak forest. The spring synusia is represented mainly by Corydalis
solida, C. marschalliana, Scilla bifolia, Gagea lutea, G. minima, Anemonoides
ranunculoides, Ficaria verna, Viola odorata, while Pulmonaria obscura occurs
locally. The core of the summer synusia is formed by Polygonatum odoratum,
Asparagus officinalis (Fig. 5), Poa angustifolia, Carex pilosa. In some places,
Aegopodium podagraria, Galium odoratum, Fragaria vesca, Viola odorata are
present; Hypericum perforatum and Origanum vulgare occur on certain parts
of the slope, whereas Chelidonium majus is found beneath the forest canopy.

The forest site conditions are classified as CL , , (slightly fresh, xeromesophilic).
Moisture is supplied primarily by atmospheric-transit precipitation.
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Fig. 5. Typical herbaceous plants of the slightly fresh oak forest:
A - Polygonatum odoratum, B — Asparagus officinalis

Source: developed by the authors

2.2. “Domashnia Balka”

The fresh lime-ash-field maple-oak forest with Aegopodium podagraria
(TA1) is located in the lower part of a north-facing slope adjacent to the thalweg.
The Quercus robur trees are of vegetative origin. They are approximately
90-95 years old, and their mensurational characteristics are presented in
Table 3, while those of the accompanying tree species are given in Table 4.

The average canopy closure of the stand is 0.80-0.85. The stand is
characterized by a horizontally closed canopy. The aesthetic evaluation class is
2, the pedestrian accessibility class is 3, the stability class is 2, the stand is at
the first stage of recreational digression.

The stand is somewhat weakened, with isolated signs of damage and stress,
but overall it remains stable. Some trees exhibit slightly thinned crowns (5—10%
defoliation), while dieback of individual branches is observed, particularly in
the upper part of the crown. There are also isolated trees affected by fungal
diseases or infested with stem-boring insects.

The herb layer is poorly developed and confined mainly to canopy gaps.
The spring synusia is dominated by Ficaria calthifolia, Corydalis solida,
C. cava, Viola mirabilis, V. nemoralis. The summer synusia is dominated by
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Aegopodium podagraria, with a projective cover of 60—-65%. Other species
include Galium aparine, Geranium robertianum, G. sylvaticum, Urtica dioica
(Fig. 6, A), Glechoma hederacea (Fig. 6, B), and Carex pilosa. Pulmonaria
obscura occurs occasionally, whereas Asarum europaeum is encountered
only rarely.

Table 3
Mensurational characteristics of the dominant species Quercus robur
on trial areas in the “Domashnia Balka” tract

Parameters Phytocoenoses
TA1 TA2
FST CL, CL,
Composition 6Qr2AclFelTc 9Qr1 Ap+Rp+Bp
Average H, m 19.5 18.2
D, cm 30.6 30.1
N, pcs/ha 186 239
M, m/ha 115.4 136.4
Bonitet -1V v

Notes: FST — forest site type; CL — clay-loam soil; Qr — Quercus robur; Ac — Acer
campestre; Fe — Fraxinus excelsior; Tc — Tilia cordata; Ap — Acer platanoides; Rp —
Robinia pseudoacacia; Bp — Betula pendula

The forest site conditions — CL, (fresh, mesophilic). Moisture regime is
atmospheric-transitional.

Fig. 6. Herb-layer species of the fresh oak forest:
A — Urtica dioica, B — Glechoma hederacea

Source: developed by the authors
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Table 4
Mensurational characteristics of associated tree species on trial areas
in the “Domashnia Balka” tract

Associated tree Average N, M,
TAs FST species H, m £ D, cm pcs/,ha m3/l’1a
Ac 18.3 28.1 77 38.3
TA1 CL, Fe 21.4 343 23 19.1
Tc 19.2 28.3 120 19.1
Ap 19.1 343 20 15.4
TA2 CL, Rp 14.8 19.6 2 0.15
Bp 8.3 15.2 1 0.10

Note: tree species abbreviations as in Table 3

The fresh maple-oak forest with Aegopodium podagraria (TA2) occurs in
the lower part of a north-facing slope. The common oak trees are of vegetative
origin, with an average age of 85-90 years, while some individuals reach
100 years of age. The mensurational characteristics of Quercus robur are
presented in Table 3, and those of associated tree species are given in Table 4.
This oak forest contains individuals of Robinia pseudoacacia and Betula
pendula. Robinia pseudoacacia has spread from adjacent forest stands where
this species was established through forest plantations, in particular from
stand 1 of the same forest compartment 16.

In the 1950s—1970s, large-scale experimental afforestation of gullies and
ravines was carried out in the Dnipropetrovsk region. Researchers from the
Institute of Forestry often included Betula pendula in mixed planting schemes
as a buffer or temporary species!!. Over time, during the process of species
replacement, Quercus robur displaced most of its associated species; however,
individual birch trees, especially under fresh and favourable conditions in the
lower parts of slopes, have survived to the present day.

The average canopy closure of the stand is 0.75-0.8. It is characterized by
horizontal canopy closure. The aesthetic evaluation class is 2, the recreational
accessibility class is 3, the stability class is 2, the first stage of digression.

The shrub layer is formed by Crataegus monogyna and Cornus sanguinea,
with a canopy closure of 0.40.

The main herbaceous species comprising the spring synusia of this
phytocoenosis are Corydalis solida, C. marschalliana, Ficaria verna, Gagea
lutea, G. minima, Anemonoides ranunculoides, Viola odorata, V. hirta (Fig. 7,
A), with Pulmonaria mollis occurring locally. The summer synusia is composed

I Topmienko M. L., Toituyk A. ®@., Topmieanko H. M. Lltyuni micu B mibposax / pex. M. L. Topmienxo.
XKuromup : omices, 1999. 592 c.
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of Aegopodium podagraria, Galium aparine, Glechoma hederacea, Chelidonium
majus, Anthriscus sylvestris, Brachypodium sylvaticum (Fig. 7, B), Carex
spicata, Elymus caninus, Viola hirta, Alliaria petiolata, with Ballota nigra and
Carex muricata occurring locally.

Fig. 7. Herbaceous plants of the fresh maple-oak forest:
A — Brachypodium sylvaticum, B — Viola hirta

Source: developed by the authors

The forest site conditions — CL, (fresh, mesophilic). Moisture regime is
atmospheric-transitional.

2.3. “Rezynova Balka”

The slightly fresh field maple—tatar maple-oak forest with wild pear and
Poa angustifolia (TA1) located on the middle part of a north-facing slope.
Individual specimens of Quercus robur are up to 100 years old and are of seed
origin. The main forest inventory characteristics of this species are presented in
Table 5, while those of the associated tree species are given in Table 6.

The average canopy closure of the stand is 0.60-0.65, with the presence
of semi-open areas. The stand is classified as aesthetic class 2, pedestrian
accessibility class 3, stability class 2, the first stage of recreational
digression.

The sparse shrub layer is composed of Crataegus monogyna, Rosa canina,
Euonymus europaea (along the forest edge and in more open sites), as well
as E. verrucosa (Fig. 8) beneath the forest canopy. In some places, the forest
edge is formed by Prunus spinosa. Natural regeneration of Acer tataricum
and A. campestre is present, together with occasional self-sown individuals of
Quercus robur, which are confined to canopy gaps.
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The herb layer of the spring synusia is primarily composed of Corydalis
solida, Gagea bulbifera, Anemone ranunculoides, Ficaria verna, Viola odorata,
Iris pumila, and others. The summer synusia is represented by Poa nemoralis,
Brachypodium sylvaticum, Melica picta, Stellaria holostea, Galium aparine,
Viola hirta, Carex spicata, Anthriscus cerefolium, Chaerophyllum temulum,
Alliaria petiolata, and Agrimonia eupatoria. In more shaded and moist habitats,
Glechoma hederacea and Chelidonium majus occur.

Table 5
Mensurational characteristics of the dominant species Quercus robur
on trial areas in the “Rezynova Balka” tract

Parameters Phytocoenoses

TA1 TA2 TA3 TA4

FST CL, , CL, CL, CL,,
Composi-tion 4Qr3At2AclPc 8Qr2Ac+Pc 4Qr2Ac2Um2Pc | 7Qr2AclPc+Um

H,m 17.5 17.2 16.5 17.7

Average

D, cm 26.6 29.8 30.3 28.6

N, pcs/ha 96 225 65 154

M, m*/ha 40.8 123.0 36.0 78.8

Bonitet v v v v

Notes: FST — forest site type; CL — clay-loam soil; Qr — Quercus robur; At — Acer
tataricum; Ac — Acer campestre; Pc — Pyrus communis, Um — Ulmus minor

Table 6
Mensurational characteristics of associated tree species on trial areas
in the “Rezynova Balka” tract

Associated tree Average N, M,
TAs FST species H, m : D, cm pes/ha m’/ha
At 10.9 21.9 163 30,2
TA1 CL,, Ac 16.9 25.8 50 20,0
Pc 13.5 21.8 44 10,0
TA2 cL, Ac 14.2 27.8 80 30,6
Pc 12.4 23.7 2 0,4
Ac 15.4 27.6 45 18,4
TA3 CL, Um 15.1 22.1 69 18,3
Pc 13.6 23.9 66 18,3
Ac 15.6 24.3 74 22,2
TA4 CL,, Pc 13.8 21.9 47 11,0
Um 13.8 21.1 1 0,2

Note: tree species abbreviations as in Table 5
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Fig. 8. Understory shrub species:
A — Euonymus europaea, B — E. Verrucose

Source: developed by the authors

The forest site conditions are classified as CL,, (slightly fresh,
xeromesophilic). Moisture is supplied primarily by atmospheric-transit
precipitation.

The dryish tatar maple—oak forest with pear and Carex (TA2) is located on
the middle part of a south-facing slope.

The average canopy closure is 0.70-0.75. The stand is characterized by
a horizontally closed canopy. The aesthetic value class is 2, the pedestrian
accessibility class is 3, the stability class is 4, the stand is at the first stage of
recreational degradation.
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The trees are in a more weakened condition than those on the other sample
plots described above. Some individuals exhibit sparse crowns, reduced annual
growth, and dieback of individual branches. Standing dead trees are present,
and damage caused by pests and diseases is also observed.

Fig. 9. Viola matutina and Veronica persica
in the steppe-like section of the ravine

Source: developed by the authors

The spring synusia is dominated by Gagea [utea, Corydalis solida,
Anemonoides ranunculoides, Scilla bifolia, Viola odorata, Ficaria verna,
Gagea minima. The herb layer of the summer synusia is primarily composed
of Carex humilis, Melica picta, Poa angustifolia, Festuca valesiaca, Elytrigia
intermedia, Polygonatum odoratum, Stellaria holostea, Galium aparine, Viola
hirta, Veronica chamaedrys, Campanula bononiensis, Brachypodium pinnatum,
Agrimonia eupatoria, Clinopodium vulgare, Origanum vulgare, Fragaria
viridis, Asparagus officinalis. On this trial area, Viola matutina and Veronica
persica were also recorded (Fig. 9), although they are neither diagnostic
(indicator) nor characteristic species of this type of oak forest. Their presence
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does not reflect the ecological specificity of these oak forests, as Viola matutina
is a relatively plastic species that occurs not only in oak forests but also along
forest edges, in shrublands, open woodlands, and other semi-open habitats.
Likewise, Veronica persica may occur locally in natural ravine oak forests but
is not a component of the characteristic nemoral floristic assemblage.

The forest site conditions are classified as CL, (dryish, mesoxerophilic).
Moisture is supplied primarily by atmospheric-transit precipitation.

The dryish elm-tatar maple—oak forest with wild pear and Dactylis
glomerata (TA3) is located in the middle (closer to the upper) part of the north-
facing slope in the main northern section of the gully.

The pedunculate oak trees are of vegetative origin. They are 85-88 years
old. Their mensurational characteristics are presented in Table 5, while those of
the associated tree species are given in Table 6.

These are semi-open stands. The average canopy closure is 0.60-0.65.
The stand is assigned to aesthetic class 2, pedestrian accessibility class 3, and
stability class 4, and is at the first stage of recreational digression. It provides
good accessibility for recreational visitors.

The shrub layer consists of Euonymus verrucosa and Crataegus monogyna,
with occasional Rosa canina, while Prunus spinosa occurs along the forest
edge. Shrub canopy closure is 0.3, occasionally reaching 0.4.

The spring synusia includes Ficaria verna and, in more shaded sites,
occasional Corydalis solida, C. cava, C. marschalliana, Gagea lutea, G.
minima, Viola odorata, V. hirta, Stellaria holostea, Iris pumila. The summer
synusia is represented mainly by Dactylis glomerata, Poa nemoralis, Melica
picta, and Brachypodium sylvaticum, with occasional Carex praecox, Elytrigia
intermedia, Asparagus officinalis.

The forest site conditions are classified as CL, (dryish, mesoxerophilic).
Moisture is supplied primarily by atmospheric-transit precipitation.

The slightly fresh field maple—oak forest with wild pear and Stellaria
holostea (TA4) occupies the middle section of the north-facing slope.

The mature pedunculate oak trees are of vegetative origin. They are
95-100 years old.

Semi-open stands have developed here. The average canopy closure is
0.60-0.65. The stand is assigned to aesthetic class 2, pedestrian accessibility
class 3, and stability class 2, and is at the first stage of recreational digression.

The stand is sufficiently stable and in good physiological condition. Damage
is minor, the tree crowns are generally well developed.

The species composition of the shrub layer is practically the same as in
TA3; however, its canopy closure averages 0.4 and reaches 0.5 in some parts
of the trial area.
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Fig. 10. Ornithogalum boucheanum (A) in the slightly fresh field
maple—oak forest and Salvia nemorosa in the steppe patches of the tract

Source: developed by the authors

The main species of the spring synusia include Corydalis solida, Anemone
ranunculoides, Ficaria verna, Gagea pusilla, Viola odorata, Stellaria holostea,
Ornithogalum boucheanum (Fig. 10, A). The summer synusia is represented
mainly by Stellaria holostea, Melica picta, Poa nemoralis, Brachypodium
sylvaticum, Geum urbanum, Carex muricata, Galium aparine, Agrimonia
eupatoria, Hypericum perforatum, Campanula rapunculoides, Viola hirta,
Anthriscus sylvestris, Chaerophyllum temulum, Ballota nigra, Alliaria petiolata.
In open, steppe-like habitat, Salvia nemorosa occurs (Fig. 10, B).

The forest site conditions are classified as CL,, (slightly fresh,
xeromesophilic). Moisture is supplied primarily by atmospheric-transit
precipitation.

3. Characteristics of oak forest phytocoenoses in the Left-Bank tracts
3.1. “Yatsevo”
The fresh linden—field maple—oak forest with elm and Stellaria holostea
(TA1) is located in the lower part of the north-facing slope and in the thalweg.
Some pedunculate oak trees within the trial area are about 100 years old.
The mensurational characteristics of this species are presented in Table 7. The
characteristics of the associated tree species in this ravine forest are given in
Table 8.
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Table 7
Mensurational characteristics of the dominant species Quercus robur
on trial areas in the “Yatsevo” tract

Parameters Phytocoenoses
TA1 TA2 TA3
FST CL, CL, CL,
Composition 7Qr2Ac1Te+Um 10Qr 7Qr2AclTe
H, m 20.7 19.1 22.5
Average
D, cm 36.9 34.0 41.5
N, pcs/ha 98 130 97
M, m*/ha 99.3 107.1 138.5
Bonitet v v I

Note: tree species abbreviations as in Table 3 and 5

Figure 11 shows pedunculate oaks within the trial area, including a multi-
stemmed individual.

The trees are relatively sparsely distributed, forming semi-open stands.
Small glades occur in some places. The average canopy closure is 0.60-0.65.
The stand is assigned to aesthetic class 2, pedestrian accessibility class 3, and
stability class 2, and is at the first stage of recreational digression. The stand is in
good condition, with well-developed trees and only a small proportion showing
damage caused by insects or diseases (up to 5 % of all trees within the trial area).

Table 8
Mensurational characteristics of associated tree species on trial areas
in the “Yatsevo” and “Dibrova” tracts

Associated tree Average N, M,
TAs ST species H, m |g D, cm pes/ha m’/ha
“Yatsevo” tract
Ac 18.5 29.7 48 28.4
TA1 CL, Tc 19.8 27.6 25 14.1
Um 20.2 273 1 0.2
TA3 cL, Ac 20.0 38.1 38 39.5
Tc 20.7 42.1 15 19.8
“Dibrova” tract
TA | cL, | Ac [ 139 | 2728 | 30 | 123

Notes: Ac — Acer campestre; Tc — Tilia cordata; Um — Ulmus minor
The shrub layer consists mainly of Frangula alnus and Euonymus europaeus,

while patches of Prunus spinosa occur along the forest edge. The shrub canopy
closure is 0.6.
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The characteristic herbaceous species of the spring synusia in this type
of oak forest include Corydalis solida, C. cava, locally forming patches of
Anemone nemorosa, Ficaria verna, Gagea lutea, G. minima, Viola mirabilis,
V. odorata, and occasional Pulmonaria obscura. The summer synusia is
dominated by Stellaria holostea, Melica nutans, Pulmonaria obscura, Viola
mirabilis, with occasional Geum urbanum. Along the forest edge, Alliaria
petiolata occurs, while the lower, more humid part of the site is characterized
by Asarum europaeum, Aegopodium podagraria, Glechoma hederacea, and,
locally, Carex pilosa and Polygonatum multiflorum.

The forest site conditions — CL, (fresh, mesophilic). Moisture regime is
atmospheric-transitional.

A B
Fig. 11. Pedunculate oak trees within the trial area (A)
and a multi-stemmed oak tree (B)
Source: developed by the authors

The dryish oak forest with Carex (TA2) is located on the middle part of
the south-facing slope and is represented by a pure pedunculate oak stand. The
average age of the oak trees is 95-98 years. Semi-open stands have developed

488



within the trial area. The average canopy closure is 0.55-0.60. The stand is
assigned to aesthetic class 2, pedestrian accessibility class 3, stability class 2, is
at the first stage of recreational digression.

The shrub layer consists of Crataegus monogyna, Rosa canina, Euonymus
verrucosa, while patches of Prunus spinosa occur locally along the forest edge.

The herbaceous species are typical of this forest type. The spring synusia
is represented by early-flowering spring ephemeroids and nemoral species,
whereas the summer synusia is dominated by mesoxerophytic and forest-edge
species characteristic of the middle parts of south-facing slopes.

The forest site conditions are classified as CL, (dryish, mesoxerophilic).
Moisture is supplied primarily by atmospheric-transit precipitation.

The fresh linden—field maple—oak forest with Carex pilosa (TA3) occurs
in the lower part of the north-facing slope. Some pedunculate oak trees are
nearly 100 years old, while the average age is 90 years. The mensurational
characteristics of the dominant tree species are presented in Table 7, and those
of the associated tree species are given in Table 8. The trial area is characterized
by a horizontally closed stand, with an average canopy closure of 0.70-0.75.
The stand is assigned to aesthetic class 2, pedestrian accessibility class 3,
stability class 2, is at the first stage of recreational digression. A few standing
dead pedunculate oak trees occur near the trial area.

The shrub layer is composed of Euonymus europaeus, E. verrucosus,
Crataegus monogyna, Rosa canina, Sambucus nigra, Frangula alnus, with
occasional Swida sanguinea. The shrub canopy closure is 0.60-0.65.

The most characteristic herbaceous species of this type of oak forest are
Carex pilosa, Stellaria holostea, Asarum europaeum, Aegopodium podagraria.
The species composition of the herbaceous layer is similar to that recorded in
TALl.

The forest site conditions — CL, (fresh, mesophilic). Moisture regime is
atmospheric-transitional.

We investigated the mensurational characteristics of Quercus robur and
calculated the vitality indices of its stands in the natural oak forests located in
the mouth and middle sections of the Yatsevo tract'?. The stand vitality index
(Ln) indicates that the stands in the thalweg, both in the mouth and in the middle
section of the ravine, are healthy, with values of 86.3 and 84.3, respectively. In
contrast, the stand in the upper part of the slope is somewhat weakened, with an
Ln value of 76.7. The analysis of the mensurational characteristics and vitality
of the oak phytocoenoses indicates that more hygrophilous site conditions are

12 Becconosa B. I1., SIkosnea-Hocapp C. O. Takcauiiini nmokasHuku ta )uTreBuii cran Quercus robur
L. 3a pi3HKX JTiCOPOCIMHHIX YMOB THpIA Ta CEpPeIHbOI YacTuhu ypouniia Sueso (JmimpornerpoBcbka
obnacts). [Tumanns cmenosoeo aicosnascmea ma nicogoi pexynvmusayii semens. 2023. T. 52. C. 3-17.
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more favorable for the development of pedunculate oak stands than xerophilous
conditions.

During the same period, the study in this ravine was expanded by
establishing additional trial areas in the southern side ravine of the tract'®. The
mensurational characteristics of Quercus robur and the associated tree species
were analyzed under hygromesophilous, xeromesophilous, and xerophilous
conditions, corresponding to the distribution of the oak forests along the slope
elevation gradient. The oak phytocoenoses also differed in stand density,
expressed as the number of trees per hectare. The results showed that the
mensurational characteristics and vitality of the trees are influenced not only
by moisture conditions but also by stand density. Thus, under xerophilous
conditions, the height and basal area of pedunculate oak were greater than under
xeromesophilic conditions, where the number of trees per hectare, including
associated species, was excessively high. A similar pattern was observed for
tree vitality. The highest values of these parameters were recorded in oak forests
under hygromesophilic conditions.

3.3. “Dibrova”

The slightly fresh field maple—oak forest with Viola mirabilis (TA) is
located in the lower part of the north-facing slope, closer to the thalweg. The
oak trees are of vegetative origin, with some individuals being 90-95 years
old. The forest mensurational characteristics of the dominant tree species are
presented in Table 9, while those of the accompanying species, field maple,
are given in Table 8. The presence of a small number of the North American
introduced species, green ash, may be attributed to the dispersal of its seeds
from the surrounding erosion-control artificial forest plantations established
around the ravine.

Semi-open spaces have formed within the sample plot. The aesthetic value
class is 2, the pedestrian accessibility class is 3, the stability class is 2, the site
is at the first stage of recreational digression.

The principal representatives of the herbaceous layer are similar to those
of the slightly fresh field maple—oak forest in the previously described ravine,
Yatsevo tract, but with the predominance of Viola mirabilis, which flowers from
mid-April to mid-May and subsequently remains in the vegetative stage.

The forest site conditions are classified as CL,, (slightly fresh,
xeromesophilic). Moisture is supplied primarily by atmospheric-transit
precipitation.

13 SIkoBnesa-Hocaps C. O., Becconosa B. 1. Takcauiiini nokasHuku ta )uTreBuii cran Quercus robur
L. 3a pi3HUX JICOPOCIMHUX YMOB MiBACHHOTO Npusipka ypourina Slneso (JHimpomneTpoBcbka 001acTh).
Hayxosi donogioi HYBill Ykpainu. 2023. Ne 4(104).
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Table 9
Mensurational characteristics of the dominant species Quercus robur
on trial area in the “Dibrova” tract

Phytocoenoses
Parameters
TA
FST CL,,
Composition 8Qr2Act+Fp
H,m 13.7
Ave-rage D, em 323
N, pcs/ha 92
M, m’/ha 48.8
Bonitet \%

Notes: Qr — Quercus robur; Ac — Acer campestre; Fp — Fraxinus pennsylvanica

In our previous publication', we described a study of vegetation on seven
sample plots located in the central part of the Viyskovyi ravine, which also
belongs to the southern variant of ravine forests. The tract is situated within the
Mykilske Forestry. It was found that the tree species composition of the stands
varies depending on the forest site conditions and the orographic features of
the terrain. It should be noted that the elevation difference within the ravine is
50-55 m (thalweg — 50 m a.s.l.; upper edge of the slopes — 100 m a.s.l.). This
ecotopic heterogeneity promotes the formation of a considerable diversity of oak
forest phytocoenoses within the ravine, differing in their floristic composition.
In this ravine, the following oak forest phytocoenoses were identified: slightly
fresh oak forest with Aegopodium podagraria; slightly fresh field maple oak
forest with linden and Aegopodium podagraria; fresh linden—field maple oak
forest with wild pear and Aegopodium podagraria; tatar maple—field maple
oak forest with linden, wild pear and Aegopodium podagraria; ash—elm—field
maple oak forest with Viola suavis; slightly fresh oak forest with Aegopodium
podagraria and Geranium robertianum; and dry field maple—tatar maple
oak forest with wild pear and Agropyron pectinatum. It was established that
an optimal proportion of the dominant and accompanying tree species is an
important prerequisite for the stable functioning and high productivity of forest
phytocoenoses. The obtained results indicate the high conservation value of the
Viyskovyi ravine and provide grounds for recommending its inclusion in the
network of protected areas of Ukraine.

14 SIkosnesa-Hocaps C. O., Becconosa B. I1. PisHoMaHiTTs 2i6poBHUX (iTOLEHO3IB OCHOBHOI YaCTHHH
Oaiipaxy BilicekoBuit (J{HimponeTpoBcbka o6mnacts). Cinbcbke cocnodapcmeo ma aichuymso. 2025, . 36,
Ne 2. C. 189-204.

491



CONCLUSIONS

1. The species composition of the dendroflora and the herbaceous plants
forming the core of the spring and summer synusiaec was determined on trial
areas in five tracts of the Dnipropetrovsk region: “Zhucha Balka”, “Domashnia
Balka”, “Rezynova Balka”, “Yatsevo, and “Dibrova”. A forest inventory
description of the investigated natural stands is provided, including forest site
conditions, canopy closure, stand composition, and site quality class (bonitet).
For the dominant and accompanying tree species, the main forest inventory
characteristics were determined, including mean tree height and diameter, tree
density, and stem wood volume per hectare. The aesthetic value, pedestrian
accessibility, and stand stability classes, as well as the stage of recreational
digression, were also determined.

2. A diversity of oak forest phytocoenoses growing under different forest
site conditions was identified within the trial areas: fresh oak forest with
Aegopodium podagraria, dryish oak forest with Poa angustifolia, slightly
fresh oak forest with Polygonatum odoratum, fresh linden-ash-field maple-
oak forest with Adegopodium podagraria, fresh Norway maple-oak forest with
Aegopodium podagraria, slightly fresh field maple—tatar maple-oak forest
with wild pear and Poa angustifolia, dryish tatar maple—oak forest with pear
and Carex, dryish elm—tatar maple—oak forest with wild pear and Dactylis
glomerata, slightly fresh field maple —oak forest with wild pear and Stellaria
holostea, fresh linden—field maple—oak forest with elm and Stellaria holostea,
dryish oak forest with Carex, fresh linden—field maple—oak forest with Carex
pilosa, slightly fresh field maple—oak forest with Viola mirabilis.

3. Associated tree species are present in all studied phytocoenoses, except
for the trial areas located in the “Zhucha Balka” tract and trial area 2 in the
“Yatsevo” tract.

4. It was recorded on the trial areas that most pedunculate oak (Quercus
robur) trees are 80-95 years old, with some individual specimens reaching
100 years of age. Their average height is approximately 19 m, and the average
diameter is 30 cm. The stands are predominantly classified as site bonitet class
IV, indicating moderate productivity of oak stands, which is typical of the
forest-growing conditions of the steppe zone.

5. The vitality of oak stands is higher under conditions of better moisture
availability, particularly in the thalweg and the lower part of the north-facing
slope. In general, the analyzed natural oak forests are characterized by an
aesthetic evaluation class of 2, a pedestrian accessibility class of 3, a stability
class of 2, and the first stage of recreational digression.

6. The analysis of the floristic composition of the natural oak forest
phytocoenoses in the surveyed ravines demonstrated that ravine forests in both
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the right-bank and left-bank parts of the Dnipropetrovsk Region are important
centers for the conservation of the natural phytodiversity of the steppe zone.
Despite the long-term anthropogenic transformation of the surrounding
landscapes, these forest ecosystems have retained a considerable number of
characteristic nemoral species and provide habitats for many rare plant species,
including those listed in regional conservation lists.

7. The species composition of the vegetation in the studied oak forests is
shaped by a complex of ecological factors, among which slope aspect, slope
steepness, the topographic position of the sample plots, hydrothermal regime,
and soil conditions are of primary importance. The diversity of habitat types
within the ravines results in the formation of a mosaic of plant communities,
ranging from relatively dry oak forests on the upper parts of south-facing slopes
to fresh oak forests in the lower parts of the slopes and thalwegs, thereby
substantially increasing the overall floristic diversity of the ravine forests.

8. The ravine oak forests of the Dnipropetrovsk Region, located on both
banks of the Dnipro River, form a unified regional complex of forest vegetation
within the steppe zone. They support a high level of floristic diversity, contribute
to the conservation of a wide range of ecological plant groups, and enhance the
stability of forest ecosystems.

9. The obtained results confirm the important conservation role of the ravine
oak forests of the Dnipropetrovsk Region as refugia of forest flora within the
steppe zone. Their continued study, regular monitoring, and effective protection
are essential for conserving the region’s biodiversity, maintaining the ecological
stability of landscapes, and preserving natural populations of native plant
species.

SUMMARY

Natural oak phytocoenoses of five ravine forests located on the right and
left banks of the Dnipro River were investigated. These forests belong to the
Mykilske and Liubymivske Forestry of the Dnipro Forestry Enterprise. The
studied tracts are ravine forests representing the southern variant of the Northern
Steppe and form part of the forest-park section of the green belt surrounding
the city of Dnipro.

The species composition of the dendroflora and herbaceous layer, which
forms the basis of the spring and summer synusiae, was determined. Forest
mensurational characteristics of the stands were assessed, including the forest
site type, canopy closure, species composition, site quality class (bonitet). For
the dominant and associated tree species, the main mensurational parameters
were determined, including mean height, mean stem diameter, tree density,
and stemwood volume per hectare. The aesthetic evaluation, pedestrian
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accessibility, stability classes, and the stage of recreational digression were
also established.

A variety of ecotopes are formed within the surveyed ravines, resulting
in a high phytocoenotic diversity of vegetation. The investigation of the
floristic composition of the natural oak phytocoenoses demonstrated the high
conservation value of the ravine forests of the Dnipropetrovsk Region. These
forests play an important role in preserving the phytodiversity of the steppe zone
by maintaining populations of characteristic nemoral and rare plant species.
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